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FTY720 (fingolimod) in Multiple Sclerosis:
therapeutic effects in the immune and the central
nervous systembph_451 1173..1182
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FTY720 (fingolimod) is a first-in-class sphingosine 1-phosphate (S1P) receptor modulator that was highly effective in Phase II
clinical trials for Multiple Sclerosis (MS). FTY720 is phosphorylated in vivo by sphingosine kinase-2 to form the active moiety
FTY720-phosphate that binds to four of the five G protein-coupled S1P receptor subtypes. Studies using conditional S1P1
receptor-deficient and sphingosine kinase-deficient mice showed that the egress of lymphocytes from lymph nodes requires
signalling of lymphocytic S1P1 receptors by the endogenous ligand S1P. The S1P mimetic FTY720-phosphate causes internal-
ization and degradation of cell membrane-expressed S1P1, thereby antagonizing S1P action at the receptor. In models of
human MS and demyelinating polyneuropathies, functional antagonism of lymphocytic S1P1 slows S1P-driven egress of
lymphocytes from lymph nodes, thereby reducing the numbers of autoaggressive TH17 cells that recirculate via lymph and
blood to the central nervous system and the sciatic/ischiatic nerves. Based on its lipophilic nature, FTY720 crosses the
blood–brain barrier, and ongoing experiments suggest that the drug also down-modulates S1P1 in neural cells/astrocytes to
reduce astrogliosis, a phenomenon associated with neurodegeneration in MS. This may help restore gap-junctional commu-
nication of astrocytes with neurons and cells of the blood–brain barrier. Additional effects may result from (down-) modulation
of S1P3 in astrocytes and of S1P1 and S1P5 in oligodendrocytes. In conclusion, FTY720 may act through immune-based and
central mechanisms to reduce inflammation and support structural restoration of the central nervous system parenchyma.
Beyond the autoimmune indications, very recent studies suggest that short-term, low-dose administration of FTY720 could
help treat chronic (viral) infections. Differential effects of the drug on the trafficking of naïve, central memory and effector
memory T cell subsets are discussed.
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Introduction

Since 2002, a large number of studies reported efficacy of
FTY720 in models of autoimmune diseases, particularly
experimental autoimmune encephalomyelitis (EAE), a model
of human Multiple Sclerosis (MS) (Brinkmann et al., 2002;
Fujino et al., 2003; Webb et al., 2004; Kataoka et al., 2005;

Balatoni et al., 2007; Brinkmann, 2007; Foster et al., 2009).
More recent data showed that the drug was also highly effec-
tive in rat experimental autoimmune neuritis (EAN), a model
of human demyelinating polyneuropathies (Zhang et al.,
2009). Meanwhile, clinical Phase II studies suggest that the
drug may provide an effective treatment for human relapsing
remitting MS (Kappos et al., 2006; O’Connor et al., 2009).

In vivo, FTY720 is phosphorylated by sphingosine kinase
(SphK)-2 (Brinkmann et al., 2002; Zemann et al., 2006) to
yield the biologically active (S)-configured FTY720-phosphate
(FTY720-P) (Albert et al., 2005). FTY720-P represents a close
structural analogue of sphingosine 1-phosphate (S1P), a sph-
ingolipid mediator that regulates multiple biological pro-
cesses through binding to five G protein-coupled S1P
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receptors (Chun et al., 2002; Hla, 2004; Brinkmann, 2007).
The biological activity of FTY720 and its phosphates was first
assessed in S1P receptor assays, which detect agonist-induced
GTP[g-35S] binding as functional readout of receptor activa-
tion. It was found that the (S)-configured FTY720-P [but not
the (R)-FTY720-P or parent FTY720] acts as a full agonist at
S1P1 (0.3 nM), S1P4 (0.6 nM) and S1P5 (0.3 nM) and with
approximately 10-fold lower potency at S1P3 (3.1 nM), but
has no activity at S1P2 (>10 000 nM) (Brinkmann et al., 2002;
Mandala et al., 2002; Albert et al., 2005). Comparable low-nM
affinities to the receptors were reported using competitive
receptor binding assays (Mandala et al., 2002). The differing
receptor affinities and potencies between FTY720-P and S1P
suggest the possibility of inducing distinct responses in target
cells in vivo, either via agonistic signalling or via functional
antagonism/internalization of S1P receptors.

As described below, conditional deletion of S1P1 receptors
from lymphocytes (Matloubian et al., 2004) or neural cells/
astrocytes (Choi et al., 2008) mimicked the effects of FTY720
in vivo. This suggests that the drug acts as a functional antago-
nist of S1P1 to interrupt the pro-inflammatory S1P-S1P1 axis,
modulating MS pathology on immune and central levels.

Sphingosine 1-phosphate

S1P is generated from intracellular sphingosine, a break-down
product of the cell membrane constituent sphingomyelin,
and all cells are thought to be able to generate S1P in the
process of normal sphingolipid turnover (Hla, 2004). During
this process, sphingomyelin is degraded via ceramide to sph-
ingosine, which is then phosphorylated by SphK1 and SphK2
to yield S1P. Platelets had long been considered to be the
major source of plasma S1P; however, recent studies revealed
the importance of erythrocytes as a major supply (Pappu
et al., 2007). Although both erythrocytes and platelets can
produce S1P, only platelets synthesize and release FTY720-P
(Kihara and Igarashi, 2008). The release of S1P from cells may
involve the ATP-binding cassette family of transporters that
catalyse the transport of lipids from the inner to the outer
leaflet of the plasma membrane (Van Meer and Lisman, 2002),
and FTY720/FTY720-P may also use this transport system
(Honig et al., 2003).

During embryogenesis, S1P is critically involved in the
development of the cardiovascular (Allende et al., 2003) and
the central nervous system (CNS) (Mizugishi et al., 2005). In
the adult, plasma S1P is tightly associated with albumin and
lipoproteins, particularly high-density lipoprotein (Okajima,
2002), and a significant concentration gradient of S1P exists
between plasma and interstitial fluids. Tissue levels of S1P are
generally low, whereas plasma S1P levels are high and many
fold above the dissociation constant Kd for S1P receptors
(Toman and Spiegel, 2002; Schwab and Cyster, 2007; Kim
et al., 2009). Excessive production of S1P can occur at inflam-
matory sites as a result of cell activation by pro-inflammatory
stimuli, including interleukin-1, tumour necrosis factor and
vascular endothelial growth factor (Alvarez et al., 2007; Brink-
mann, 2007), leading to activation of S1P receptors. The dif-
ferent S1P levels in tissues/body fluids at steady state, as well
as its local production at inflammatory sites, appears to be

crucial to the maintenance of directed immune cell trafficking
(Matloubian et al., 2004), the maintenance of the vascular
tone and endothelial barriers (McVerry and Garcia, 2004) and
the gap-junctional communication of neural cells in the CNS
(Rouach et al., 2006; Brinkmann, 2007).

S1P receptors

S1P binds to five related G protein-coupled receptors (GPCRs),
termed S1P1–5 (formerly Edg-1, -5, -3, -6 and -8 respectively)
(Chun et al., 2002; Hla, 2004). S1P1, S1P2 and S1P3 receptors
are widely expressed in the immune, cardiovascular and
central nervous systems, with S1P1 being the dominant recep-
tor also on lymphocytes/leukocytes (Chae et al., 2004). S1P4 is
specifically expressed in lymphoid tissue (Graeler and Goetzl,
2002), and S1P5 is present in spleen and white matter tracts of
the CNS [primarily on oligodendrocytes (OGC)] (Jaillard et al.,
2005). To date, S1P receptor expression in tissues has prima-
rily been studied at the mRNA level, due to a lack of specific
monoclonal antibodies. The reported mRNA levels may not
always match receptor protein expression, and they do not
unravel the distribution in intracellular compartments versus
the cell membrane, the latter being critical for S1P-dependent
cell migration (Matloubian et al., 2004; Pappu et al., 2007).
Furthermore, S1P receptor expression patterns significantly
change with the activation status of cells (Matloubian et al.,
2004; Miron et al., 2008), and receptor expression in cell
membranes is modulated by S1P levels present in body fluids/
tissues (Shiow et al., 2006). Finally, S1P receptors cross-talk to
various growth factor receptors that are also regulated by cell
activation processes and modulated by their specific ligands
(Igarashi et al., 2003; Pyne et al., 2003; Alvarez et al., 2007). It
is therefore difficult to model S1P/S1P receptor homeostasis
and modulation that occurs in vivo by using in vitro cultures of
serum/S1P-starved cells. Thus, the mechanistic data discussed
below refer primarily to in vivo analysis of S1P receptor-
deficient mice or reverse pharmacology approaches using in
vivo treatment with S1P or functional antagonists of S1P
receptors.

Regulation of egress from lymph nodes by
lymphocytic S1P1

Lymphocyte egress from lymphoid organs must be controlled
during a normal immune response. Within the first hours
after an antigenic stimulus (i.e. an infection), exit from the
draining lymph nodes (LNs) is blocked to increase the
number of antigen-specific T cells in the node, a phenomenon
known since 50 years as ‘shutdown’ (Schwab and Cyster,
2007). Only recently it was found that ‘shutdown’ is associ-
ated with a striking down-modulation of S1P1 mRNA expres-
sion in LN T cells (Matloubian et al., 2004). A key role of S1P
and S1P1 receptors in LN egress was finally demonstrated by
using foetal liver chimeric mice with specific deletion of the
receptor from haematopoietic cells (Matloubian et al., 2004).
In such mice, S1P1-deficient thymocytes and T cells were
unable to egress from thymus and LNs respectively. Further,
elimination of the receptor ligand S1P (via genetic deletion of
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SphKs) also blunted lymphocyte egress, suggesting that sig-
nalling of S1P at lymphocytic S1P1 receptors was promoting
egress. Accordingly, restoration of S1P to plasma of SphK-
deficient mice rescued egress of wild type but not S1P1-
deficient lymphocytes (Pappu et al., 2007). Visualization of
the branched organization of LN cortical sinuses showed that
S1P1-deficient T cells probed the (LYVE-1+) lymphatic vascu-
lar endothelial surface of cortical sinuses but failed to enter. In
contrast, wild-type T cells probed and entered the cortical
sinuses, were then captured in a region of flow, passaged to
medullary sinuses and were flushed into the subcapsular
space and the efferent lymph (Grigorova et al., 2009)
(Figure 1).

Treatment of wild-type mice with FTY720 mimicked the
effects of S1P1 deletion from haematopoietic cells, strongly
suggesting that the drug acts as a functional antagonist of
S1P1 receptors to prevent egress (Matloubian et al., 2004).
Accordingly, FTY720 treatment caused an internalization of
membrane-expressed S1P1 in LN T cells in vivo (Pham et al.,
2008), and the drug could promote ubiquitinylation and pro-
teasomal degradation of the receptor in endothelial cells
in vitro (Oo et al., 2007). Western blot analysis further revealed
that treatment of mice with FTY720 dose-dependently
reduced S1P1 receptor protein in cytosolic and membrane
fractions of organ tissues (unpublished), suggesting that
receptor degradation also occurs in vivo. It is likely that the
10-fold higher concentrations of FTY720 and its phosphate in
LNs compared with blood (Sensken et al., 2008) provide some
tissue specificity of S1P1 modulation.

All together, the data propose an obligatory role of lympho-
cytic S1P1 receptors in the egress from lymphoid organs, and
suggest that FTY720 down-modulates lymphocytic S1P1 to
slow S1P-S1P1-dependent egress into cortical sinuses of LNs.
As a consequence, autoaggressive T cells remain in the

antigen-draining LNs, and this reduces their recirculation via
blood and lymph to the CNS and abrogates EAE/MS relapses
and central inflammation (Fujino et al., 2003). Importantly,
FTY720 neither affected the functionality of T cells (Pin-
schewer et al., 2000; Brinkmann et al., 2001; Kursar et al.,
2008) nor the motility of CNS-resident T cells (Bartholomäus
et al., 2008), and this could be important for the maintenance
of central immunesurveillance under FTY720 therapy.

Experiments using green-fluorescent protein-transgenic
bone marrow chimeric mice showed that the development of
single positive thymocytes in the thymus was normal. Fur-
thermore, mature T cells developed and recirculated to blood
and lymphoid organs. Similar maximal levels of T cell chi-
merizm were achieved in FTY720-treated and untreated mice,
but the egress of T cells from thymus and the repopulation of
lymphoid organs was delayed by FTY720 (Metzler et al.,
2008). These data suggest that in FTY720-treated animals, the
trafficking of T cell precursors from bone marrow to the
thymus is grossly normal, and that a repopulation of lym-
phoid and peripheral organs with T cells occurs, however,
with delayed kinetics.

Does endothelial S1P1 contribute to inhibition of
T cell egress?

Initial reports suggested that S1P receptor drugs like FTY720
may act as pure agonists (rather than functional antagonists)
and activate endothelial S1P1 to increase barrier function in
LNs and prevent egress (Mandala et al., 2002; Sanchez et al.,
2003). This concept was further supported by: (i) short-term
in vitro studies with serum/S1P-deprived cells that show acti-
vation if re-exposed to S1P receptor ligands (Mullershausen
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Figure 1 FTY720 inhibits the egress of lymphoytes from lymph nodes. T cells recirculate between blood and lymph nodes (LNs) in search for
foreign antigen, entering LNs either from blood via high endothelial venules or from tissues via afferent lymphatics. Once in the LNs, the cells
up-regulate sphingosine 1-phosphate (S1P)1 on cell membranes as a consequence of the S1Plow environment. To egress from LNs, T cells
transmigrate through the sinus-lining endothelium into the S1Phigh cortical sinus. Imaging studies showed that this process depends on
lymphocytic S1P1, as only wild type but not S1P1-deficient T cells transmigrate through the endothelium. In the cortical sinuses, T cells are
captured in a region of flow, passaged to medullary sinuses and flushed into the subcapsular space and the efferent lymph. Treatment with
FTY720 causes internalization of lymphocytic S1P1 on T cells, thereby inhibiting the egress from LNs.
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et al., 2009); (ii) T cell motility studies in explanted LNs (Wei
et al., 2005); and (iii) the finding that novel direct competitive
S1P1 antagonists did not block lymphocyte egress in vivo
(Sanna et al., 2006). However, in contrast to this concept,
administration of the natural S1P receptor agonist S1P pro-
moted, rather than inhibited, egress in SphK-deficient mice
(Pappu et al., 2007). Furthermore, studies with explanted LNs
may not appreciate S1P gradients and physiological flow that
exist between LNs and efferent lymph in vivo, and the inef-
fective S1P1 antagonists may not be present at sufficiently
high concentrations in LNs to mask the endogenous S1P
gradient. Accordingly, mice with as little as 3–5% of plasma
S1P concentrations of wild-type mice showed normal egress
and, thus, synthetic antagonists would have to be exceedingly
efficient (Pappu et al., 2007). Indeed, in contrast to the inef-
fective S1P1 antagonists, S1P1-blocking antibodies with high
effective avidity for the receptor were able to inhibit egress,
suppressed T cell chemotaxis to S1P in vivo and reduced the
severity of colitis (Liao et al., 2009). These considerations
further support the concept that natural S1P acts as an agonist
at lymphocytic S1P1 receptors to promote egress, and that
FTY720 slows egress by down-modulating/internalizing lym-
phocytic S1P1 (Brinkmann et al., 2004; Matloubian et al.,
2004).

Internalization of GPCRs occurs via endocytosis after ligand
binding and provides a general mechanism to terminate
receptor signalling and regulate receptor degradation and
recycling (Marchese et al., 2008). Specific sorting signals,
including intracytosolic domains of GPCRs and endocytic
adaptor proteins, regulate trafficking of the internalized
receptor-ligand complexes through the intracellular
endosomal-lysosomal system. The internalized receptor-
ligand complexes may continue to signal from endosomes for
several hours (Mullershausen et al., 2009), until the ligand is
finally shed and the receptor either recycled to the cell mem-
brane or degraded (Marchese et al., 2008). In case of S1P
binding to S1P1, internalized receptors are rapidly recycled,
whereas S1P1-FTY720-P complexes are sorted from endo-
somes to lysosomes and fed into the proteasomal degradation
pathway (Oo et al., 2007).

Differential trapping of naive and memory
T cell subsets

FTY720 differentially affects the recirculation of naive and
memory T cells subsets between LNs and the blood (Figure 2).
In MS patients, FTY720 primarily reduced the numbers of
CCR7+ CD45RA+ naive T cells and of CCR7+ CD45RA- central
memory T cells in blood, presumably because these cells
express the homing receptor CCR7, recirculate through LNs
on a regular basis and, thus, can be trapped by FTY720
(Mehling et al., 2008a). In contrast, CCR7- CD45RA- and
CCR7- CD45RA+ effector memory T cell subsets remained in
blood. Upon restimulation in vitro, these blood T cells dis-
played a reduced potential to secrete IL-2 and to proliferate
but rapidly produced IFNg. FTY720 did not directly affect
proliferation and cytokine expression (Brinkmann et al.,
2001; Mehling et al., 2008a), suggesting that the altered IL-2/

IFNg ratios in the remaining blood T cells reflected a func-
tional effector memory phenotype. Earlier reports had already
shown that antigen-specific, long-lived memory T cells pref-
erentially home to non-lymphoid tissue where they can pro-
liferate in response to IL-7 and IL-15 (Sallusto et al., 1999;
Masopust et al., 2001; Tan et al., 2002), and that CD8 cells
isolated from such tissues exhibit direct cytolytic activity ex
vivo (Masopust et al., 2001; Sallusto et al., 2004). Thus, effector
memory T cells constitute a reservoir of tissue-resident cells
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Figure 2 Redistribution of naive, memory and TH17 T cell subsets in
FTY720-treated Multiple Sclerosis (MS) patients. (A) The percentage
of naive and memory T cell subsets within blood CD4+ and CD8+

populations was determined by flow cytometry. The characterized
subsets are CCR7+ CD45RA+ naive T cells (naive), CCR7+ CD45RA-

central memory T cells (TCM), CCR7- CD45RA- effector memory T
cells (TEM) and CCR7- CD45RA+ effector memory T cells (TEMRA).
The subsets were determined in healthy controls (HD, n = 7), drug-
untreated MS patients (MS, n = 3), IFNb-treated MS patients (MS-
IFNb, n = 3) and FTY720-treated MS patients (MS-FTY720, n = 5). (B)
The production of IL-17 by equal numbers of anti-CD3/anti-CD28-
stimulated CD3+ T cells isolated from indicated donor populations
was determined by ELISA (HD, n = 5; MS, n = 4; MS FTY720, n = 6;
MS-IFNb, n = 6). Data represent means � SD.
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whose function is likely not to be affected by FTY720. In
immune-experienced humans, FTY720 preferentially traps
CD4 T cells in LNs since they contain predominantly CCR7+

naive and central memory T cells, whereas the blood CD8 T
cell pool consists primarily of CCR7- effector memory T cells
that are not trapped in LNs (Figure 2).

Trapping of TH17 cells

There is now evidence that the T cells trapped in LNs by
FTY720 contain the pro-inflammatory CD4+ TH17 subset
(Mehling et al., 2008b). Th17 cells produce IL-17 and IL-22,
thereby inducing a massive tissue reaction owing to the broad
distribution of the IL-17 and IL-22 receptors. TH17 cells trans-
migrate efficiently across the blood–brain barrier (BBB) and
disrupt tight junctions, highly express granzyme B and kill
human neurons, and promote CNS inflammation through
additional CD4 T cell recruitment (Kebir et al., 2007). Accord-
ingly, large numbers of TH17 cells are found in brain tissues
from MS patients, particularly at the borders of acute and
chronic active lesions (Tzartos et al., 2008). In FTY720-treated
MS patients, the numbers of circulating CD4+ TH17-like cells
(which produced large amounts of IL-17 upon restimulation)
were reduced by >95%, and this related to the preferential

trapping of CD4+ (compared with CD8+) T cells in LNs. In line
with the human data, FTY720 attenuated lesional TH17 cell
accumulation in rat EAN, a model of human demyelinating
polyneuropathies (Zhang et al., 2009). In sciatic nerves of EAN
rats, TH17 cells were found around blood vessels and corre-
lated with severity of neurological signs. FTY720 strikingly
reduced TH17 cells in sciatic nerves and this correlated to
trapping of these cells in LNs. The data are consistent with the
possibility that TH17 cells contribute to the pathogenesis of
MS and polyneuropathies, and that FTY720 prevents traffick-
ing of such cells to the CNS and the sciatic nerves (Figure 3).

S1P receptors and dendritic cells

Dendritic cells (DCs) represent the major antigen-presenting
cell population that is crucial to the induction of primary
immune responses. Depending on their maturation stage and
tissue origin, DCs can express mRNA for all S1P receptors (Lan
et al., 2005; Idzko et al., 2006), and skin DCs showed activa-
tion of S1P1 and S1P3 genes after stimulation by antigen and
migration into the LNs (Czeloth et al., 2005). Treatment of
mice with FTY720 or the S1P1-selective agent SEW2871
slightly increased the numbers of CD11c+ DCs in blood, while
decreasing blood lymphocyte counts (Lan et al., 2005). Later
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studies proposed that the anti-inflammatory effects of FTY720
in models of asthma (Idzko et al., 2006), skin transplantation
(Lan et al., 2008) and allergic contact dermatitis (Reines et al.,
2009) may relate, at least in part, to a reduction of DC
numbers in the antigen-draining LNs. However, the FTY720-
induced redistribution of lymphocytes from blood to LNs
may have caused relative rather than absolute changes in DC
counts in the analysed tissues, and the anti-inflammatory
effect of the drug could relate solely to T cell trapping in LNs.
Indeed, general effects of FTY720 on DC function in vivo are
unlikely, given the unimpaired antigen-specific T and B cell
activation and proliferation observed in models of vaccina-
tion and viral/bacterial infections (Pinschewer et al., 2000; Xie
et al., 2003; Kursar et al., 2008; Marsolais et al., 2009). Condi-
tional deletion of S1P receptors in macrophage/DC lineages
may be needed to determine in more detail the immunologi-
cal consequences of S1P receptor modulation in DCs.

S1P1 receptor modulation and infection

Effects of FTY720 on anti-viral and anti-bacterial immune
responses were studied in models of lymphocytic choriomen-
ingitis virus (LCMV), vesicular stomatitis virus (Pinschewer
et al., 2000) and Listeria monocytogenes (Lm) infection
(Kursar et al., 2008). Administration of FTY720 at EAE-
therapeutic doses of 0.3 mg·kg·day-1 did not impair the gen-
eration of specific cytotoxic CD8 T cells in either model, and
did not affect the induction of anti-viral humoral immunity
that requires functional DCs, CD4+ T cells and B cells (Pin-
schewer et al., 2000). However, the drug reduced the numbers
of antigen-specific naive T cells being recruited from other
sites/LNs to the antigen-draining LNs (Xie et al., 2003), and
slowed the egress kinetics of antigen-activated T cells from the
LNs (Pinschewer et al., 2000; Xie et al., 2003; Kursar et al.,
2008). Together these effects may be relevant particularly to
primary infections where immune responses develop in the
absence of preformed memory T cells present in non-
lymphoid tissues and bone marrow.

Interestingly, FTY720 treatment did not affect Lm-specific
memory responses in wild-type mice and in lymphotoxin-b
receptor-deficient mice that lack functional LNs, and the drug
only marginally changed the frequencies and numbers of
Lm-specific T cells in LNs, spleen and liver, allowing clearance
of the bacteria (Kursar et al., 2008). However, a recall response
was profoundly inhibited if intravenously infected mice were
splenectomized subsequently to recovery from a primary
infection, suggesting a key role of the spleen in generating the
observed recall response. It has been suggested that FTY720
may not trap T cells in the spleen because, unlike in LNs,
lymphocytes do not egress from the spleen via lymphatics
(Mandala et al., 2002; Hofmann et al., 2006). The spleen is
specialized to present blood-borne antigens, whereas LNs
filter lymph draining from skin or mucosal surfaces, and
Peyer’s patches obtain antigen by transepithelial transport
from the intestinal lumen (Schwab and Cyster, 2007). Taken
together, potential effects of S1P receptor drugs on anti-
infective immunity may depend on the invasion route of the
infectious agent and the numbers of preformed memory T
cells in the infected non-lymphoid tissues and the bone
marrow.

Notably, FTY720 completely cleared a severe chronic LCMV
infection if administered only transiently for 3 days and at very
low dosing of 0.004 mg·kg-1 (Premenko-Lanier et al., 2008).
Under these conditions, FTY720 treatment augmented LCMV-
specific CD4 and CD8 T cell responses, particularly in LNs that
are also a significant site of LCMV virus production and pathol-
ogy. It has been shown earlier that optimal activation of LN T
cells by antigen (in the absence of S1P receptor drugs) required
T cell receptor-induced down-modulation of S1P1 to delay T
cell egress (Matloubian et al., 2004). In situations of chronic
infection, suboptimal down-modulation of S1P1 may occur (as
a result of low-antigen exposure), and this could be compen-
sated by FTY720. After withdrawal of the drug, the fully acti-
vated T cells could now recirculate and fight the virus in the
periphery. The demonstration of anti-viral activity of FTY720 is
so far limited to the single example of the murine LCMV
model, and it remains to be determined whether the effect
could translate to the successful treatment of other chronic
infections, including those that afflict humans.

A more recent study evaluated effects of a transient, low-
dose FTY720 regimen in simian human immunodeficiency
virus (SHIVSF162P3)-infected rhesus macaques (Kersh et al.,
2009). Under the applied conditions, FTY720 did not induce
significant deviations from the natural pattern of viral control
and did not change T cell activity throughout the drug course.
It is possible that in this model, CD8+ T cells were already
controlling the infection to a maximal extent, without
FTY720 administration, which could not be improved by the
drug. More work is needed to reveal whether FTY720 could be
beneficial in more pathogenic SHIV, simian immunodefi-
ciency virus or HIV.

Down-modulation of S1P1 receptors
on neural cells

Besides their role in the immune system, S1P receptors may
also be critical to the regulation of neural cell migration/
function, particularly during central inflammation in MS. In
the CNS, S1P receptors are expressed in astrocytes (Sorensen
et al., 2003; Wu et al., 2008), OGCs (Jaillard et al., 2005),
neurons (Kimura et al., 2006) and microglia/macrophages
(Kimura et al., 2006). Furthermore, increased production of
S1P has been detected locally in the spinal cord after contusion
injury (Kimura et al., 2006), and injection of natural S1P
directly into the striata of mice produced astrogliosis (Sorensen
et al., 2003), a phenotype also seen in human MS. A recent
study demonstrated a functional role of S1P synthesis and S1P
receptor expression, particularly S1P3, in astrocyte prolifera-
tion leading to astrogliosis during the terminal stages of
neurodegeneration in Sandhoff disease, a prototypical neu-
ronopathic lysosomal storage disorder (Wu et al., 2008).
Because astrocyte responses are involved in many types of
neurodegeneration, the SphK/S1P receptor signalling axis may
be generally important during the pathogenesis of neurode-
generative diseases. Interestingly, an abstract reporting pre-
liminary results using a conditional deletion of S1P1 supports
a role for astrocytic S1P1 during the progression of EAE (Choi
et al., 2008). In this model, astrogliosis was a histopathological
feature of EAE, but was attenuated by either conditional S1P1
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deficiency in astrocytes or by FTY720 treatment. Taken
together, the above data may indicate a role for both S1P1 and
S1P3 in promoting astrogliosis, perhaps with differential
involvement in early acute and later chronic disease.

FTY720 readily crosses the BBB (Meno-Tetang et al., 2006),
resulting in high pM concentrations of free FTY720-P in the
cerebrospinal fluid (Foster et al., 2007). At 100 pM concentra-
tion, the bioactive S-configured FTY720-P internalizes S1P1
and S1P3 receptors in transfected cell lines by 50–80%
(unpublished). Thus, the drug may also down-modulate and
functionally antagonize these receptors in astrocytes in vivo to
modulate their functional properties, without changing astro-
cyte numbers, and this could reduce the reported negative
effects of increased S1P levels and astrocytes on gap junctions
between neural cells (Rouach et al., 2006; Choi et al., 2008).
This may help restore effective communication of astrocytes
with neurons and with endothelial cells in the BBB, as gap
junction channels connect the cytoplasm of contacting cells
and coordinate electric and metabolic activity (Rouach et al.,
2006) (Figure 3).

It remains to be determined whether FTY720 affects other
cells of the CNS. In OGCs, FTY720 could produce process
extension or retraction in vitro, depending on culture condi-
tions, and induced reciprocal and cyclic modulation of S1P1
and S1P5 mRNA levels (Antel and Miron, 2008; Miron et al.,
2008). OGCs expressed particularly high levels of S1P5
mRNA; however, genetic deletion of S1P5 in vivo did not affect
the myelination process (Jaillard et al., 2005). In vitro, activa-
tion of S1P receptors and down-stream signalling pathways by
FTY720 is often observed if cell cultures are performed with
serum-starved cells in the absence of S1P (Chen et al., 2001;
Osinde et al., 2007). In contrast, the drug down-modulates
and functionally antagonizes the very same receptors in vivo
to suppress for example S1P-S1P1-dependent egress of T cells
from LNs (Matloubian et al., 2004; Grigorova et al., 2009).
The data imply that conditional S1P receptor knock-out
approaches in specific CNS cell lineages in vivo are needed to
unravel the role of individual S1P receptor subtypes in the
pathophysiology of EAE/MS.

In neurons, transactivation of distinct S1P receptors by
neurite growth factor in vitro modulated neuronal develop-
ment in a reciprocal manner, whereby S1P1 acted in opposi-
tion to S1P2 and S1P5 to coordinate neurite extension
(Milstien et al., 2007). Neurons express S1P1 (Chae et al.,
2004); however, preliminary data suggest that conditional
deletion of S1P1 in neuronal cell lineages may not alter EAE
scores and FTY720 efficacy (Choi et al., 2008). In contrast, the
sub-cellular distribution of S1P and SphKs in neurons may be
critical to their survival (Maceyka et al., 2005), as S1P induced
neuronal apoptosis when accumulating above a certain thresh-
old in the endoplasmatic reticulum (Hagen et al., 2009). It
remains to be determined whether FTY720 could directly affect
neurodegeneration by modulating the intracellular SphK/S1P
metabolism to alter S1P-sphingosine-ceramide rheostats.

Experimental autoimmune encephalomyelitis

FTY720 is highly effective as prophylactic and therapeutic
treatment in EAE, the rodent model of human MS (Brink-

mann et al., 2002; Fujino et al., 2003; Webb et al., 2004;
Chiba, 2005; Kataoka et al., 2005; Brinkmann, 2007). As dis-
cussed above, the therapeutic effects of FTY720 in all autoim-
mune models may relate primarily to a reduced recruitment
of autoaggressive T cells to the disease-relevant tissues and, in
MS, to a direct reduction of astrogliosis.

Recent studies analysed in more detail the effects of FTY720
on inflammation, BBB leakiness, demyelination and nerve
conductance in a rat model of EAE (Balatoni et al., 2007;
Foster et al., 2009). Therapeutic treatment reversed central
inflammation by blocking T cell infiltration, and this was
associated with a down-regulation of inflammatory genes
and vascular adhesion molecules. Drug treatment further
decreased expression of matrix metalloproteinase gene
MMP-9 and increased its counter-regulator, the tissue inhibi-
tor of metalloproteinases TIMP-1, resulting in a proteolytic
balance that favours preservation of BBB integrity. Accord-
ingly, there was no evidence for immunoglobulin precipita-
tion in the CNS of FTY720-treated animals. Most importantly,
late-stage rescue therapy started up to 1 month after EAE
onset also reversed inflammatory infiltrates and demyelina-
tion, and normalized disturbances to visual and somatosen-
sory evoked action potentials. None of the FTY720-treated
animals showed active demyelinating lesions, but they
showed Schwann cell remyelinated areas in the spinal cord,
whereas vehicle controls exhibited actively demyelinating
and inactive demyelinated lesions. In conclusion, the data
indicate a rapid blockade of ongoing disease by FTY720, and
structural restoration of the CNS parenchyma, which is likely
due to inhibition of autoimmune T cell infiltration and direct
modulation of neural cells/astrocytes.

Clinical trials

FTY720 was highly effective in Phase II clinical trials involving
255 patients with relapsing remitting MS (Kappos et al., 2006).
The median total number of gadolinium-enhanced lesions on
magnetic resonance imaging was lower with 1.25 mg of
FTY720 (1 lesion, P < 0.001) and 5.0 mg (3 lesions, P = 0.006)
than with placebo (5 lesions). The annualized relapse rate was
0.77 in the placebo group, as compared with 0.35 in the group
given 1.25 mg of FTY720 (P = 0.009) and 0.36 in the group
given 5.0 mg (P = 0.01). During the 2 year extension phase,
patients who switched from placebo to FTY720 also showed
clear reductions in annualized relapse rates and lesion counts
compared with the placebo phase (O’Connor et al., 2009).

FTY720 was generally well tolerated and the safety profile
was in line with previous experience (Kappos et al., 2006;
O’Connor et al., 2009). The transient reduction of heart rate
observed in all FTY720 clinical trials may relate to a short,
S1P1-dependent activation of the G protein-gated potassium
channel IKAch in atrial myocytes, prior to internalization
and/or desensitization of the S1P1 receptors by the drug
(Mazurais et al., 2002; Koyrakh et al., 2005; Brinkmann, 2007).
A reduction of heart rate comparable to FTY720 was also
reported in a Phase I clinical trial exploring the novel S1P1-
selective agonist ACT-128800 (http://www1.actelion.
com/en/investors/events/actelion-day-2009.page). Earlier
studies in mice suggested a preferential role for S1P3 in heart
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rate regulation (Sanna et al., 2004); however, species differ-
ences may exist. Indeed, S1P1 mRNA and protein are strongly
expressed in human ventricular, septal and atrial cardiomyo-
cytes, whereas S1P3 is only weakly expressed in cardiomyo-
cytes from both atria and ventricles (Mazurais et al., 2002). The
mild increase in blood pressure observed in the FTY720 clinical
trials may relate to a down-modulation of S1P1 in vascular
endothelium (Oo et al., 2007), which would reduce activation
of the vasodilatory endothelial nitic oxide synthase pathway
by endogenous S1P (Igarashi et al., 2003; Brinkmann, 2007).

An abstract summarizing results from the 1 year Phase III
TRANSFORMS study of FTY720 in relapsing remitting MS has
recently been published, and the data suggest superior effi-
cacy of oral FTY720 at 0.5 and 1.25 mg doses compared with
a standard of care, the injectable interferon-b 1a (IFNb)
(Avonex®) (Cohen et al., 2009 and Trial watch: Phase III
promise for oral MS therapy. Nat Rev Drug Discov 2009; 8:
98–99). Two other ongoing studies – FREEDOMS and FREE-
DOMS II – are 2 year placebo-controlled Phase III studies to
assess the impact of FTY720 in reducing the frequency of
relapses and slowing the progression of disability. In depth
analyses of all Phase III studies will soon provide a compre-
hensive assessment of FTY720’s benefit–risk profile.

Conclusions

Current data suggest that FTY720 acts as a functional antago-
nist of S1P1 receptors. Down-modulation of S1P1 on lympho-
cytes slows egress kinetics of pro-inflammatory T(H17) cells
from LNs, preventing their recirculation to the CNS to reduce
central inflammation. Functional antagonism of S1P1 in
astrocytes may directly reduce MS-associated astrogliosis to
improve gap-junctional communication between cells and
allow structural restoration of the CNS parenchyma. Recent
clinical trials indicate that FTY720 could provide an effective
treatment for human relapsing remitting MS. Further studies
are needed to confirm whether short-term, low-dose FTY720
treatment regimens could translate into effective treatments
for chronic infections, including those that afflict humans.
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