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Migration of CD4 T Cells and Dendritic Cells toward
Sphingosine 1-Phosphate (S1P) Is Mediated by Different
Receptor Subtypes: S1P Regulates the Functions of Murine
Mature Dendritic Cells via S1P Receptor Type 3

Yasuhiro Maeda, Hirofumi Matsuyuki, Kyoko Shimano, Hirotoshi Kataoka, Kunio Sugahara,
and Kenji Chiba1

Dendritic cells (DCs) and lymphocytes are known to show a migratory response to the phospholipid mediator, sphingosine
1-phosphate (S1P). However, it is unclear whether the same S1P receptor subtype mediates the migration of lymphocytes and DCs
toward S1P. In this study, we investigated the involvement of S1P receptor subtypes in S1P-induced migration of CD4 T cells and
bone marrow-derived DCs in mice. A potent S1P receptor agonist, the (S)-enantiomer of FTY720-phosphate [(S)-FTY720-P], at
0.1 nM or higher and a selective S1P receptor type 1 (S1P1) agonist, SEW2871, at 0.1 �M or higher induced a dose-dependent
down-regulation of S1P1. The pretreatment with these compounds resulted in a significant inhibition of mouse CD4 T cell mi-
gration toward S1P. Thus, it is revealed that CD4 T cell migration toward S1P is highly dependent on S1P1. Mature DCs, when
compared with CD4 T cells or immature DCs, expressed a relatively higher level of S1P3 mRNA. S1P at 10–1000 nM induced a
marked migration and significantly enhanced the endocytosis of FITC-dextran in mature but not immature DCs. Pretreatment
with (S)-FTY720-P at 0.1 �M or higher resulted in a significant inhibition of S1P-induced migration and endocytosis in mature
DCs, whereas SEW2871 up to 100 �M did not show any clear effect. Moreover, we found that S1P-induced migration and
endocytosis were at an extremely low level in mature DCs prepared from S1P3-knockout mice. These results indicate that S1P
regulates migration and endocytosis of murine mature DCs via S1P3 but not S1P1. The Journal of Immunology, 2007, 178:
3437–3446.

C irculation of mature lymphocytes between blood and sec-
ondary lymphoid tissues plays a central role in the es-
tablishment of the immune response to foreign Ags (1,

2). Homing of lymphocytes from blood into secondary lymphoid
tissues beyond the high endothelial venules is highly dependent on
an interaction between the chemokines CCL19, CCL21, CXCL12,
and CXCL13 and their receptors CCR7, CXCR4, and CXCR5 on
lymphocytes (1). These chemokines involved in lymphocyte hom-
ing are constitutively expressed in secondary lymphoid tissues and
can induce migration of T cells, B cells, and dendritic cells (DCs)2

into lymph nodes and Peyer’s patches. Recently, it has been clar-
ified that sphingosine 1-phosphate (S1P) plays an important role in
lymphocyte egress from secondary lymphoid tissues and the thy-
mus (3, 4).

S1P, a pleiotropic lysophospholipid mediator, is converted pri-
marily from sphingosine by sphingosine kinase (SPHK) and stim-
ulates multiple signaling pathways that result in calcium mobi-
lization from intracellular stores, polymerization of actin,
chemotaxis/migration, and escape from apoptosis (5–7). S1P is
formed in various cells, including mast cells, platelets, and mac-
rophages, in response to diverse stimuli such as growth factors,
cytokines, G-protein-coupled receptor agonists, and Ags (7–9).
Significant amounts (100–300 nM) of S1P are found in human
plasma (10), and S1P binds with nanomolar affinities to five related
G-protein-coupled receptors termed S1P1–5 (formerly Edg-1, -5,
-3, -6, and -8) (11, 12). In mice whose hemopoietic cells lack a
single S1P receptor, S1P receptor type 1 (S1P1), there are no T
cells in the periphery because mature T cells are unable to exit
secondary lymphoid tissues and the thymus (4). Because expres-
sion of S1P1 on the surface of lymphocytes is highly dependent on
the extracellular concentration of S1P, S1P1 expression on lym-
phocytes is down-regulated in the blood, up-regulated in secondary
lymphoid tissues, and down-regulated again in the lymph node
(13). S1P1 is clearly demonstrated as essential for lymphocyte re-
circulation, especially lymphocyte egress from secondary lym-
phoid tissues and the thymus.

FTY720 (fingolimod) is a new class of immunomodulator with
a sphingosine-related chemical structure. Its most striking feature
is the induction of a marked decrease in the number of peripheral
blood lymphocytes at doses that display an immunomodulating
activity in various experimental allograft and autoimmune disease
models (14–20). Our previous studies suggested that FTY720 in-
duces the sequestration of circulating mature lymphocytes into
secondary lymphoid tissues such as lymph nodes and Peyer’s
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patches and thereby decreases the number of lymphocytes in pe-
ripheral blood, thoracic duct lymph, and the spleen (14). In addi-
tion, Yagi et al. (21) reported that FTY720 inhibits mature thy-
mocyte emigration from the thymus to the periphery in mice. It has
been demonstrated that FTY720 is phosphorylated to a (S)-enan-
tiomer of FTY720-phosphate [(S)-FTY720-P] by SPHK1a and
SPHK2 (22, 23). (S)-FTY720-P acts as an agonist at S1P receptors
except for S1P2, internalizes S1P1 on lymphocytes, and thereby
inhibits the migration of lymphocytes toward S1P (24). Conse-
quently, treatment with FTY720 down-regulates S1P1 and creates
a temporary pharmacological S1P1-null state in lymphocytes. This
provides an explanation for the mechanism of FTY720-induced
lymphocyte sequestration. It is likely that FTY720 reduces circu-
lating lymphocytes by inhibiting S1P/S1P1-dependent lymphocyte
egress from secondary lymphoid tissues and the thymus.

DCs, as well as lymphocytes, are key constituents of the im-
mune system. DCs play pivotal roles in the induction of Ag-spe-
cific immune responses as powerful APCs (25–27). In contrast to
the widely accepted importance of S1P/S1P1 interation in lympho-
cyte recirculation, the involvement of S1P and its receptors in mi-
gration and trafficking of DCs is largely unknown. Idzko et al. (28)
described that S1P stimulates pertussis toxin-sensitive Ca2� in-
crease, actin polymerization, and chemotaxis in only immature
DCs, although similar amounts of mRNA for S1P1, S1P2, S1P3,
and S1P4 are expressed in both immature and mature DCs derived
from human blood monocytes. Moreover, S1P inhibits the secre-
tion of TNF-� and IL-12, whereas it enhances the secretion of
IL-10 from human immature DCs (28). In contrast, mouse bone
marrow-derived mature, but not immature, DCs are reported to
migrate toward S1P. This phenomenon seems to be correlated to
the up-regulation of S1P1 and S1P3 (29). Renkl et al. (30) reported
that S1P has chemotactic activity in human immature DCs,
whereas S1P induces chemotaxis and actin polymerization in both
immature and mature DCs in mice. As described above, there are
several studies regarding the effect of S1P on DC migration (28–
30). However, it is unclear whether the same S1P receptor subtype
mediates the migration of lymphocytes and DCs toward S1P.

In this study, we investigated the involvement of S1P receptor
subtypes in S1P-induced migration of CD4 T cells and bone mar-
row-derived DCs in mice. By real-time PCR analysis, mature DCs,
as compared with CD4 T cells and immature DCs, expressed rel-
atively high level of S1P3 mRNA. S1P at 10–1000 nM induced a
marked migration and enhanced the endocytosis in mature but not
immature DCs. Moreover, we found that S1P-induced migration
and endocytosis were at an extremely low level in mature DCs
prepared from S1P3-knockout mice. Based on these results, we, for
the first time, demonstrate in this study that S1P regulates migra-
tion and endocytosis of murine mature DCs via S1P3.

Materials and Methods
Mice

Inbred strains of male C57BL/6 mice were purchased from Charles River
Japan. Male S1P3-knockout mice on the C57BL/6 background were ob-
tained from Deltagen. All mice were used at 6–12 wk of age. All animal
experiments were performed under an experimental protocol approved by
the ethics review committee for animal experimentation of Pharmaceuti-
cals Research Division, Mitsubishi Pharma.

Reagents and Abs

An active metabolite of FTY720, (S)-FTY720-P, was synthesized with
high enantioselectivity (�99.5% enantio excess) in Mitsubishi Pharma ac-
cording to the method as previously described (24) and dissolved in eth-
anol. S1P1-selective agonist, SEW2871 (31), was also synthesized in Mit-
subishi Pharma. S1P, FITC-dextran (FITC-Dx), and LPS were purchased
from Sigma-Aldrich. Recombinant mouse (rm)-GM-CSF, rm-CCL21, and
anti-human S1P1 mAb were purchased from R&D Systems. Anti-HA poly-

clonal Ab (Y-11) and Alexa 488-conjugated anti-rabbit IgG were obtained
from Santa Cruz Biotechnology. FITC-conjugated mouse anti-human CD4
mAb (RPA-T4) and PE-Cy5-conjugated mouse anti-human CD3 mAb
(UCHT1) were purchased from eBioscience. FITC-, PE-, CyChrome-, or
biotin-conjugated mAbs recognizing the following mouse surface markers
were obtained from BD Biosciences: CD4 (GK1.5), CD3 (RA3-6B2), CD8
(53-6.7), CD11c (HL3), CD86 (GL1), I-Ab (KH74), CD40 (3/23), and
CD80 (16-10A1). PE-conjugated goat anti-mouse Ig-specific polyclonal
Ab and streptavidin-CyChrome conjugate were also purchased from BD
Biosciences.

Human S1P1 expression in CHO cells

Chinese hamster ovary (CHO) cells purchased from Dainippon Pharma-
ceutical were transfected with DNAs encoding human S1P1 using Lipo-
fectAMINE (Invitrogen Life Technologies). Then the cells stably express-
ing human S1P1 (hS1P1-CHO cells) were selected in Ham’s F-12 medium
(Sigma-Aldrich) supplemented with 10% FCS (Invitrogen Life Technolo-
gies) and 600 �g/ml geneticin (Sigma-Aldrich) at 37°C. hS1P1-CHO cells
were grown on culture dishes, followed by serum starvation using RPMI
1640 medium supplemented with 10 mM HEPES, 100 U/ml penicillin, 60
�g/ml kanamycin sulfonate, 50 �M 2-ME, and 0.5% fatty acid-free BSA
(Sigma-Aldrich) for 18 h at 37°C, and were incubated with S1P, (S)-
FTY720-P, or SEW2871 at various concentrations for 1 h at 37°C. After
the incubation, the cells were collected and stained with anti-human S1P1

mAb or isotype-matched control IgG, followed by detection with PE-
conjugated goat anti-mouse Ig specific polyclonal Ab. The expression
of human S1P1 on the cell surface was analyzed by flow cytometry with
FACScan (BD Biosciences), and the results were expressed as the mean
fluorescence intensity of triplicate determinations.

S1P1 expression in human CD4 T cells

Peripheral blood anticoagulated with EDTA was obtained from volunteer
healthy donors with approval of the ethics review committee of Pharma-
ceuticals Research Division, Mitsubishi Pharma. PBMCs were isolated by
density gradient centrifugation using Lymphosepar I (IBL). After serum
starvation for 18 h, human PBMCs were incubated with S1P, (S)-FTY720-P,
or SEW2871 at various concentrations for 1 h at 37°C. Cell surface expression
of S1P1 in human CD4 T cells was analyzed by the method as described
above. To identify human CD4 T cells, human PBMCs were stained with
anti-human CD3 mAb and anti-human CD4 mAb.

Mouse S1P1 expression in CHO cells

CHO cells stably expressing C-terminal hemagglutinin (HA)-tagged mouse
S1P1 (mS1P1-CHO cells) were obtained by transfection as described
above. mS1P1-CHO cells were grown on Lab-Tek chamber slide (Nunc),
followed by serum starvation for 18 h, and then incubated with S1P, (S)-
FTY720-P, or SEW2871 at various concentrations. After incubation, the
cells were washed and fixed with 3.7% formaldehyde in PBS at room
temperature for 20 min. After permeabilization and blocking, the cells were
stained with anti-HA polyclonal Ab, followed by detection with Alexa
488-conjugated anti-rabbit IgG. The slides were rinsed in water and
mounted on to glass sides using Mowiol 4-88 (Calbiochem). The cell im-
ages were digitally captured under a confocal laser microscope (Carl
Zeiss).

Preparation of mouse CD4 T cells from spleen

Spleens were removed from mice and single-cell suspensions were pre-
pared by mincing and passing through stainless mesh. After removing
RBCs by lysis with Tris-NH4Cl solution, the spleen cells were suspended
in RPMI 1640 medium with 0.5% fatty acid-free BSA. For real-time PCR
analysis, the spleen cells were purified to �95% of CD4 T cells by passing
through mouse CD4 subset enrichment columns (R&D Systems).

Preparation of DCs from bone marrow

DCs were prepared from mouse bone marrow cells according to the
method as described Son et al. (32). Briefly, the bone marrow cells were
flushed out from femurs and tibias using RPMI 1640 medium and were
passed through cotton to remove bone marrow particles. After removing
RBCs by Tris-NH4Cl solution, the bone marrow cells were suspended in
RPMI 1640 medium supplemented with 10 mM HEPES, 100 U/ml peni-
cillin, 60 �g/ml kanamycin sulfonate, 50 �M 2-ME, 10% FCS, and 10
ng/ml rm-GM-CSF. The bone marrow cells at 2 � 105 cells/ml were cul-
tured in 6-well plates at 37°C in 5% CO2, and 10 ng/ml rm-GM-CSF was
added on day 4 of the culture. After culturing for 6 days, both nonadherent
and loosely adherent cells were collected and purified to �95% of CD11c�
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immature DCs by incubation with anti-CD11c MACS beads (Miltenyi Bio-
tec) for 15 min at 4°C, followed by two cycles of MACS-positive selection.
In some experiments, immature DCs at 5 � 105 cells/ml in 10-cm culture
dishes were cultured for an additional 24 h with LPS (1 �g/ml). More than
90% of I-Ab high/CD86high mature DCs were obtained by LPS-stimulation
of immature DCs as determined by flow cytometry with FACScan. For
real-time PCR analysis, each of immature and mature DCs was further
purified to �98% of I-Ab int/CD86low immature and I-Ab high/CD86high

mature DCs by a MoFlo cell sorter (DakoCytomation).

Chemotaxis assays

Migration assays were conducted according to the method described pre-
viously (33). After serum starvation using RPMI 1640 medium with 0.5%
fatty acid-free BSA for 3 h at 37°C, spleen cells or bone marrow-derived
DCs (5 � 105 cells) were added to the upper wells of 5-�m pore, poly-
carbonate 24-well tissue culture inserts (Costar) in 100 �l, with 600 �l of
S1P, (S)-FTY720-P, or rm-CCL21 dilution (or medium) in the bottom
wells. Three chemotactic wells were set up for each chemoattractant. All
migration assays were conducted in RPMI 1640 medium with 0.5% fatty
acid-free BSA for 3 h at 37°C in 5% CO2. In some experiments, the cells
were pretreated with (S)-FTY720-P or SEW2871 for 5 min. The migrated
cells recovered from each well were counted using comparison to a known
number of beads as an internal standard of Flow-Count fluorosphere
(Beckman Coulter) and were stained with appropriate mAbs to identify
CD3�CD4�CD8� T cells, CD11c� CD86low I-Ab int immature DCs,
and CD11c�CD86highI-Ab high mature DCs. The number of the cells in
the starting population and the migrated population was determined by
flow cytometry with an Epics-XL (Beckman Coulter) and calculated for
each phenotype, and the percentage migration was determined from these
values.

Real-time chemotaxis assay

The microchemotaxis chamber (TAXIScan; Effector Cell Institute) was
used to detect real-time horizontal chemotaxis according to the method
described previously (34). After serum starvation for 3 h, mature DCs (1 �
103 cells/�l) and S1P (10 �M) were put into the space in each side of the
chamber and incubated for 2 h at 37°C. A charge-coupled device camera
was used to record the migration of input cells toward S1P on the
microchannel.

Endocytosis assay

Mouse immature and mature DCs (1 � 105 cells) were incubated in RPMI
1640 medium with 0.5% fatty acid-free BSA for 3 h at 37°C in 5% CO2,
and then FITC-Dx (1 mg/ml) and S1P (100 nM) were added concurrently
before 1- to 60-min incubation. Endocytosis of FITC-Dx was halted at the
indicated time points by rapid cooling of the cells on ice. The cells were
then washed three times with ice-cold PBS containing 0.1% NaN3 and stained
with mAbs to identify CD11c�I-Ab int immature DCs or CD11c�I-Ab high

mature DCs. The percentage of FITC-Dx-positive population in both types
of DCs was analyzed by flow cytometry with FACScan. Incubation of the
cells with FITC-Dx on ice was used as a background control. The results
were plotted after the subtraction of background control from each exper-
imental sample. S1P or (S)-FTY720-P was added to a final concentration
of 1–1000 nM following incubation with FITC-Dx for 2 min. In some
experiments, the cells were pretreated with (S)-FTY720-P or SEW2871 for
5 min. Each experiment was performed in triplicate determinations.

Real-time PCR for S1P receptor mRNA expression

Total RNA was isolated from splenic CD4 T cells and bone marrow-de-
rived immature and mature DCs using the RNeasy kit (Qiagen). Comple-
mentary DNA was synthesized with TaqMan Reverse Transcription Re-
agents (Applied Biosystems) using random hexamers and 0.5 �g of total
RNA. Real-time PCR was performed with an ABI PRISM 7700 sequence
detector (Applied Biosystems), using SYBR Green PCR Master Mix (Ap-
plied Biosystems). The initial step was at 50°C for 2 min and 95°C for 10
min, followed by 40 cycles of a denaturing step for 15 s at 95°C and an
annealing extension step for 1 min at 60°C. For normalization of data,
determination of expression of a housekeeping gene, GAPDH, was per-
formed using predeveloped primers (TaqMan rodent GAPDH control re-
agents; Applied Biosystems). Data were analyzed using Sequence Detector
software (Applied Biosystems). Relative quantitation of mRNA levels was
performed using the standard curve method and calculated as the ratio
between each S1P receptor mRNA and GAPDH. Each experiment was
performed in triplicate. The following primer pairs were used (5�33�):
S1P1 forward, AAA TGC CCC AAC GGA GAC T; S1P1 reverse, CTG
ATT TGC TGC GGC TAA ATT C; S1P2 forward, GCC ATC GTG GTG

GAG AAT CTT; S1P2 reverse, AGG TAC ATT GCT GAG TGG AAC
TTG; S1P3 forward, GCG CAT CTA CTG CCT GGT CAA GTC C; S1P3

reverse, AGC CAG CAT GAT GAA CCA CTG ACT C; S1P4 forward,
GGC TAT GCC CAT TGT CCA GTA; S1P4 reverse, GGC TCT GAG
CTA GAG AGC ATG AT; S1P5 forward, CAT GGC TAA CTC GCT
GCT GAA; and S1P5 reverse, AGC TGT TGG AGG AGT CTT GGT T.

Determination of the number of peripheral blood CD4 T cells

(S)-FTY720-P was dissolved in 20% hydroxypropyl-�-cyclodextrin solu-
tion and was administered to mice i.v. Control mice received vehicle only.
The peripheral blood was obtained 24 h after the administration, and the
number of CD4 T cells in peripheral blood was determined by three-color
flow cytometry using FITC-conjugated anti-CD4 mAb, PE-conjugated anti-
CD3 mAb, and CyChrome-conjugated anti-CD8 mAb.

Results
S1P receptor agonists induce S1P1 down-regulation in
hS1P1-CHO cells and human CD4 T cells

We first examined the effect of S1P, (S)-FTY720-P, and a selective
S1P1 agonist, SEW2871, on S1P1 down-regulation using hS1P1-
CHO cells and mAb specific against human S1P1 by flow cytom-
etry. As shown in Fig. 1A, S1P (10–1000 nM), (S)-FTY720-P
(0.1–10 nM), and SEW2871 (100–10,000 nM) induced a dose-
dependent down-regulation of human S1P1 on hS1P1-CHO cells.
In human CD4 T cells, these compounds also induced a dose-
dependent down-regulation of S1P1 (Fig. 1B). Particularly, S1P at
1,000 nM and (S)-FTY720-P at 1 nM or higher induced a marked
down-regulation of S1P1 in human CD4 T cells. Fig. 1C shows the
dose-response relationships of (S)-FTY720-P, S1P, and SEW2871
on S1P1 down-regulation in hS1P1-CHO cells. (S)-FTY720-P at
0.1 nM or higher induced a significant and dose-dependent down-
regulation of S1P1 with IC50 of 0.44 nM, and the cell surface
expression of S1P1 on hS1P1-CHO cells was reduced almost com-
pletely at 10 nM or higher. S1P also induced a dose-dependent
down-regulation of S1P1 at 30–300 nM with IC50 of 98 nM and a
maximal down-regulation at 1,000 nM. Furthermore, SEW2871
induced S1P1 down-regulation at 300–10,000 nM with IC50 of 480
nM, and a marked down-regulation was observed only at high
concentrations (�3,000 nM). Similar results were obtained when
human CD4 T cells were treated with (S)-FTY720-P, S1P, and
SEW2871 (data not shown).

S1P1 receptor agonists induce S1P1 down-regulation in
mS1P1-CHO cells and inhibit mouse CD4 T cell migration
toward S1P

To examine the effect of S1P, (S)-FTY720-P, and SEW2871 on
mouse S1P1 down-regulation, we used HA-tagged mS1P1-CHO
cells and mAb specific against HA because there is no available
anti-mouse S1P1 mAb for flow cytometric analysis. Fig. 2 shows
representative data. Both S1P and (S)-FTY720-P induced rapid
S1P1 down-regulation in mS1P1-CHO cells. S1P1 down-regulated
by S1P recycled back to the plasma membrane at 3 h, whereas a
long-term down-regulation of S1P1 was induced by (S)-FTY720-P
in mS1P1-CHO cells.

Next, we examined the inhibitory effect of (S)-FTY720-P and
SEW2871 on the migration of CD4 T cells toward S1P by Trans-
well assay. Consistent with our data previously reported (24), CD4
T cells showed a significant migratory response toward S1P in a
dose-dependent manner, peaking at 10 nM (Fig. 3A, f). In addi-
tion, we found that (S)-FTY720-P at 0.1–1 nM could also induce
CD4 T cell migration, although its activity was about half that of
S1P (Fig. 3A, �). Furthermore, SEW2871 at 1000 nM also in-
duced CD4 T cell migration (data not shown). The migration of
CD4 T cells toward 10 nM S1P was inhibited significantly and in
a dose-dependent manner by pretreatment with (S)-FTY720-P at
0.1 nM or higher with IC50 of 0.22 nM (Fig. 3B). Particularly,
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pretreatment with (S)-FTY720-P at 1 nM or higher resulted in
almost complete inhibition of S1P-induced CD4 T cell migration.
SEW2871, like (S)-FTY720-P, almost completely inhibited S1P-
induced CD4 T cell migration at concentrations of 300 nM or

higher with IC50 of 220 nM (Fig. 3C). From these data, it is
strongly suggested that inhibition of S1P-induced CD4 T cell mi-
gration by (S)-FTY720-P or SEW2871 is caused by the down-
regulation of S1P1. Thus, we confirmed that the migration of CD4
T cells toward S1P is highly dependent on S1P1.

FIGURE 1. The effect of S1P receptor agonists on the expression of
S1P1 in hS1P1-CHO cells and human CD4 T cells. After serum starvation
for 18 h, hS1P1-CHO cells or human CD4 T cells were incubated with
(S)-FTY720-P (E), S1P (F), and SEW2871 (‚) for 1 h at 37°C. Cell
surface expression of S1P1 was determined by flow cytometry. The typical
results of S1P1 down-regulation induced by S1P receptor agonists in
hS1P1-CHO cells (A) and human CD4 T cells (B). Human CD4 T cells
were determined by staining with anti-CD3 and anti-CD4 mAbs. C, The
results of hS1P1-CHO cells were expressed as the mean fluorescence in-
tensity in triplicate determinations.

FIGURE 2. The effect of S1P and (S)-FTY720-P on the expression of S1P1

in mS1P1-CHO cells. After serum starvation for 18 h, mS1P1-CHO cells were
incubated with 100 nM S1P (upper panels) or (S)-FTY720-P (lower panels) at
37°C. At indicated times, the cells were fixed, permeabilized, and then stained
with rabbit anti-HA polyclonal Ab and Alexa 488-conjugated anti-rabbit IgG.

FIGURE 3. The effect of S1P receptor agonists on mouse CD4 T cell mi-
gration. A, After serum starvation for 3 h, mouse spleen cells were performed
to migration assays toward 0.01–1000 nM S1P (f) or (S)-FTY720-P (�). The
percent migration of CD4 T cells was determined by flow cytometry, and the
results were expressed as the mean � SEM of triplicate wells. ��, p � 0.01,
when compared with medium control (Dunnett’s test). B and C, After serum
starvation, the spleen cells were pretreated with 0.1–3 nM (S)-FTY720-P (B)
or 100-3000 nM SEW2871 (C) for 5 min, and then migration assays toward 10
nM S1P were performed. The migration of CD4 T cells toward medium alone
or S1P at 10 nM was designated as 0 or 100%, respectively. Data are expressed
as the mean � SEM of triplicate wells. ��, p � 0.01, when compared with
S1P-induced CD4 T cell migration (Dunnett’s test).
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S1P induces migration of mature, but not immature, DCs

We examined the effect of S1P, (S)-FTY720-P, and SEW2871 on
mouse bone marrow-derived DCs. On day 6 of culture, CD11c�

cells were sorted by MACS column and used as immature DCs.
Following treatment with LPS for 24 h, DCs exhibited a mature
phenotype with increased expression of CD86 and MHC class II (I-
Ab) molecules and were used as mature DCs. These immature and
mature DCs were discriminated by their expression profile (immature
DCs, CD86low I-Ab intermediate; mature DCs, CD86high I-Ab high) and
were used in a chemotaxis assay to analyze their response to S1P,
(S)-FTY720-P, and SEW2871.

S1P at 10–1000 nM induced a strong migratory response in
mature DCs, with migration of �70–90% of input cells (Fig. 4A,
f). To confirm a mature differentiation status of the tested DCs,
migration was examined in response to the CCR7 ligand CCL21,
known as a strong chemotactic inducer for mature DCs (27, 35–
37). The treatment with rm-CCL21 at 500 ng/ml led to a potent
migration comparable to that of S1P. In contrast, we did not ob-
serve any clear migration of mouse immature DCs toward S1P up
to 1000 nM or rm-CCL21 (Fig. 4A, �). The addition of S1P to
both sites of the filter revealed that both chemotaxis and chemo-
kinesis contribute to the S1P-mediated cell motility (data not
shown). By conducting the real-time chemotaxis assay using a
microchemotaxis chamber, most of the mature DCs were found to
start migrating toward the S1P gradient after 10 min (Fig. 4B).
These migrating cells spread lamellipodium widely toward the
high concentration of S1P. In contrast, no directional migration
was observed when immature DCs were incubated with S1P in the
chamber (data not shown).

As shown in Fig. 4C, S1P induced a marked migration, whereas
(S)-FTY720-P at 100 nM produced only a slight, but significant,
migratory response in mature DCs (Fig. 4C, �). However,
SEW2871 did not induce the migration of mature DCs (data not

shown). When mature DCs were pretreated with (S)-FTY720-P for
5 min, the migration toward 10 nM S1P was inhibited, partially at
100 nM and completely at 1000 nM or higher concentrations, re-
spectively, with IC50 of 97 nM (Fig. 4D). However, the amount of
(S)-FTY720-P necessary to inhibit the migration of mature DCs
was �1000-fold higher than that of CD4 T cells (Figs. 3B and 4D).
In contrast, SEW2871, which inhibits S1P-induced CD4 T cell
migration, did not show any clear effect on S1P-induced mature

FIGURE 4. The effect of S1P receptor agonists on the migration of immature and mature DCs. A, After serum starvation for 3 h, immature (imDCs;
�) and mature DCs (mDCs; f) derived from bone marrow cells were performed to migration assays toward 1–1000 nM S1P or 500 ng/ml rm-CCL21.
The percent migration of imDCs and mDCs was determined by flow cytometry, and the results were expressed as the mean � SEM of triplicate wells.
##, p � 0.01, when compared with medium control (t test). ��, p � 0.01, when compared with medium control (Dunnett’s test). B, After serum starvation,
1 �l of 1 � 106 mDCs was put into one hole of the microchemotaxis chamber, and 1 �l of 10 �M S1P was put into another hole. A charge-coupled device
camera was used to record the migration of mDCs under the gradation of S1P. C, Migration assays of mDCs toward 1–1000 nM S1P (f) or (S)-FTY720-P
(�) were performed. Data are expressed as the mean � SEM of triplicate wells. �, p � 0.05; ��, p � 0.01, when compared with medium control (Dunnett’s
test). D and E, After the pretreatment with 0.01–10 �M (S)-FTY720-P (D) or 0.1–100 �M SEW2871 (E) for 5 min, mDCs were performed to migration
assays toward 100 nM S1P. The migration of mDCs toward medium alone or S1P at 100 nM was designated as 0 or 100%, respectively. Data are presented
as the mean � SEM of triplicate wells. ��, p � 0.01, when compared with S1P-induced mDC migration (Dunnett’s test).

FIGURE 5. The effect of S1P on the endocytosis of FITC-Dx by immature
and mature DCs. A and B, After serum starvation, immature (imDCs; A) and
mature DCs (mDCs; B) were incubated with 1 mg/ml FITC-Dx in the presence
or absence of 100 nM S1P for 2–60 min. The percentage of FITC� DC
population was determined by flow cytometry, and the results were expressed
as the mean � SEM of triplicate wells. ��, p � 0.01, when compared with
S1P-untreated control (t test). ‚, imDCs; Œ, imDCs incubated with S1P;
E, mDCs; F, mDCs incubated with S1P.
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DC migration in the range of 0.1–100 �M (Fig. 4E). These results
suggest that different S1P receptor subtypes mediate the migration
of CD4 T cells and mature DCs toward S1P.

S1P enhances endocytosis in mature DCs

We examined the effect of S1P on endocytosis of FITC-Dx in
immature and mature DCs. Approximately 80% of immature DCs
became FITC-Dx positive after 60 min of incubation and S1P at
100 nM did not influence FITC-Dx uptake by immature DCs (Fig.
5A). On the contrary, the proportion of FITC-Dx-positive mature
DCs at 60 min was �26.0% of the total cells and was significantly
increased to 45.0% after treatment with S1P for 2 min (Fig. 5B).
As shown in Fig. 6A, treatment with S1P at 10–1000 nM signif-
icantly increased the endocytosis of FITC-Dx by mature DCs in a

dose-dependent manner and only a high concentration (1000 nM)
of (S)-FTY720-P slightly, but significantly, enhanced the endocy-
tosis of mature DCs. Moreover, pretreatment with (S)-FTY720-P
resulted in an inhibitory effect on S1P-induced endocytosis of ma-
ture DCs at 100 nM or higher concentrations (Fig. 6B). In contrast,
SEW2871 did not show any clear effect on the endocytosis of
mature DCs, suggesting that S1P-induced endocytosis is indepen-
dent on S1P1 (Fig. 6C).

The mRNA expression patterns of S1P receptors in CD4 T cells
and immature and mature DCs in mice

Because there are significant differences in the responsiveness of
mouse mature DCs and CD4 T cells for S1P, (S)-FTY720-P, and
SEW2871 (Figs. 3 and 4), we further characterized the involve-
ment of specific receptors. To analyze the mRNA expression pat-
terns of S1P receptors on CD4 T cells and immature and mature
DCs, we performed real-time PCR analysis for S1P receptor
mRNA. The mRNA expression of S1P1 and S1P4 was the most
prominent on CD4 T cells (Table I). Furthermore, we found sub-
type-specific differential expression of S1P1–5 mRNA between im-
mature and mature DCs (Table I). Especially, the expression level
of S1P3 mRNA was massively increased in mature DCs (�20-
fold), whereas S1P1 and S1P4 mRNA levels showed approxi-
mately a 2-fold increase and a slight decrease (0.7-fold), respec-
tively. In contrast, both differentiation stages showed similar
expression patterns of S1P2 and S1P5. It showed clearly a lower
level expression of S1P1 mRNA in mature DCs than in CD4 T
cells, whereas the expression level of S1P3 mRNA in mature DCs
was higher than that in CD4 T cells (Table I).

S1P3 is essential for S1P-induced migration and endocytosis of
mature DCs but not CD4 T cells

Because S1P3 was expressed more abundantly in mature DCs than
immature DCs, we used S1P3-knockout mice to test whether this
receptor was required in mature DC migration toward S1P. Mature
DCs prepared from S1P3-knockout mice had similar expression
levels of S1P1, S1P2, S1P4, and S1P5 mRNA transcripts compared
with those from littermate control mice; however these cells
showed an extremely low level of migration toward S1P (Fig. 7, A
and B). Furthermore, S1P at concentrations up to 1000 nM could
not enhance the endocytosis of FITC-Dx in mature DCs prepared
from S1P3-knockout mice (Fig. 7C). To confirm a mature differ-
entiation status of the LPS-treated DCs from S1P3-knockout mice,
we performed phenotypic analysis and chemotaxis assays. The ex-
pression levels of CD40, CD80, CD86, and MHC class II (I-Ab),
and the chemotactic responsiveness to rm-CCL21 in mature DCs
was indistinguishable between S1P3-knockout mice and littermate
control mice (Fig. 7, D and E). These results demonstrated that
S1P induces not only migration but also endocytosis in mature
DCs via S1P3.

There was no significant difference in the mRNA levels of S1P
receptors, except for S1P3, in CD4 T cells between S1P3-knockout

FIGURE 6. The effect of (S)-FTY720-P and SEW2871 on S1P-induced
endocytosis of FITC-Dx by mature DCs. A, After serum starvation, mature
DCs (mDCs) were incubated with 1 mg/ml FITC-Dx in the presence of
1–1000 nM S1P (f) or (S)-FTY720-P (�) for 2 min. The results were
expressed as the mean � SEM of triplicate wells. �, p � 0.05; ��, p �
0.01, when compared with medium control (Dunnett’s test). B and C, After
the pretreatment with 0.01–10 �M (S)-FTY720-P (B) or 0.1–100 �M
SEW2871 (C) for 5 min, mDCs were performed to migration assays toward
100 nM S1P. The migration of mDCs toward medium alone or S1P at 100
nM was designated as 0 or 100%, respectively. Data are presented as the
mean � SEM of triplicate wells. ��, p � 0.01, when compared with S1P-
induced mDC migration (Dunnett’s test).

Table I. The mRNA expression patterns of S1P receptors in CD4 T cells and immature and mature DCs in micea

S1P1 S1P2 S1P3 S1P4 S1P5

CD4 T cells 5.73 � 0.14 0.08 � 0.01 0.41 � 0.02 2.76 � 0.06 0.77 � 0.05
Immature DCs 0.14 � 0.01 0.05 � 0.00 0.07 � 0.00 0.49 � 0.02 0.08 � 0.00
Mature DCs 0.25 � 0.02 0.05 � 0.00 1.56 � 0.05 0.33 � 0.01 0.06 � 0.00

a Real-time quantitative PCR analysis of the mouse S1P receptors in CD4 T cells and immature and mature DCs was performed as described in
Materials and Methods. The amount of product for each PCR was calculated from the incorporation of SYBR green and normalized to GAPDH. (Mean �
SEM of individual three experiments.)
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and wild-type mice (Fig. 8A). As shown in Fig. 8B, in vivo ad-
ministration of (S)-FTY720-P at 1 mg/kg i.v. to S1P3-knockout
and wild-type mice resulted in indistinguishable reduction of CD4
T cells in peripheral blood. Similar data were obtained in the num-
ber of total lymphocytes, CD3 T cells, and CD8 T cells in periph-
eral blood from both types of mice after treatment with (S)-
FTY720-P (data not shown). Thus, we confirmed that S1P/S1P3

interaction is not essential to reduce circulating lymphocytes by
(S)-FTY720-P administration. In addition, the migratory response
toward S1P and the inhibitory effect of (S)-FTY720-P on S1P-
induced migration in CD4 T cells showed almost the same patterns
between S1P3-knockout and wild-type mice (Fig. 8, C and D).
Based on these results, we concluded that S1P3 and S1P1 mediated
S1P-induced migration of murine mature DCs and CD4 T cells,
respectively.

Discussion
In the immune system, S1P is involved in immune cell migration,
proliferation, differentiation, and cytokine production (5–7). Five
types of specific receptors for S1P, termed S1P1–5, are suggested to
play several roles in the immune systems; however, their precise
involvement in the function of immune cells remains unclear. Re-
cently, results from gene-targeted mice have revealed that inter-
action of S1P and S1P1 plays a critical role in lymphocyte egress
from secondary lymphoid tissues and the thymus (38). When
FTY720 is administered to animals, its active metabolite, (S)-
FTY720-P, is rapidly converted from FTY720 by SPHK and acts
as an agonist at four of five S1P receptors (11, 12). Moreover, it
has been reported that (S)-FTY720-P can inhibit lymphocyte
egress from secondary lymphoid tissues and the thymus by induc-
ing long-term down-regulation of S1P1 (6, 18). Indeed, T cells
from S1P1-knockout mice show no migratory response toward S1P
(4). However, there has been no report on a correlation between
S1P1 down-regulation and inhibition of T cell migration by
(S)-FTY720-P.

FIGURE 7. S1P3 is essential for S1P-induced migration and endocytosis of mouse mature DCs. A, Quantitative PCR analysis of S1P receptors in mature DCs
(mDCs) from S1P3 wild-type (WT; f) or S1P3-knockout (S1P3-KO; �) mice expressed as relative amount of mRNA normalized to GAPDH. B and E, After serum
starvation for 3 h, mDCs from WT (f) or S1P3-KO (�) mice were performed to migration assays toward 1–1000 nM S1P (B) or 500 ng/ml rm-CCL21 (E). The
percent migration of mDCs was determined by flow cytometry, and the results were expressed as the mean � SEM of triplicate wells. ��, p � 0.01, when compared
with medium control (Dunnett’s test). ##, p � 0.01, when compared with medium control (t test). C, After serum starvation, mDCs from WT (f) or S1P3-KO
(�) mice were incubated with 1 mg/ml FITC-Dx in the presence of 1–1000 nM S1P for 2 min. The percentage of FITC� mDC population was determined by
flow cytometry and were expressed as the mean � SEM of triplicate wells. ��, p � 0.01, when compared with medium control (Dunnett’s test). D, Immature
(imDCs) and mature DCs from WT or S1P3-KO mice were analyzed for the expression of costimulatory molecules CD40, CD80, and CD86 as well as for MHC
class II (I-Ab). Shaded area, isotype control; dotted line, imDCs; solid line, mDCs.

FIGURE 8. S1P3 is not essential for S1P-induced migration of mouse CD4
T cells. A, Quantitative PCR analysis of S1P receptors in purified CD4 T cells
from S1P3 wild-type (WT; f) or S1P3-knockout (S1P3-KO; �) mice ex-
pressed as relative amounts of mRNA normalized to GAPDH. B, (S)-
FTY720-P at 1 mg/kg was i.v. administered to WT and S1P3-KO mice. Twen-
ty-four hours after the administration, the number of CD4 T cells was
determined by flow cytometry and expressed as the mean � SEM (n 	 3).
��, p � 0.01, when compared with vehicle-treated control mice (t test). There
was no statistical difference between WT and S1P3-KO mice in the number of
peripheral blood CD4 T cells by t test. C, After serum starvation, the spleen
cells from WT (f) or S1P3-KO (�) mice were performed to migration assays
toward 1–1000 nM S1P. The percent migration of CD4 T cells was determined
by flow cytometry, and the results were expressed as the mean � SEM of
triplicate wells. �, p � 0.05; ��, p � 0.01, when compared with medium
control (Dunnett’s test). D, After the pretreatment with 0.1–10 nM (S)-
FTY720-P for 5 min, the spleen cells prepared from WT (f) or S1P3-KO (�)
mice were performed to migration assays toward 10 nM S1P. The migration
of CD4 T cells toward medium alone or S1P was designated as 0 or 100%,
respectively. The results were expressed as the mean � SEM of triplicate
wells. �, p � 0.05; ��, p � 0.01, when compared with S1P-induced CD4 T cell
migration (Dunnett’s test).
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In this study, we clarified the dose-response relationship of (S)-
FTY720-P between S1P1 down-regulation and the inhibition of
CD4 T cell migration using (S)-FTY720-P with high enantiose-
lectivity (�99.5%). We, for the first time, demonstrated that (S)-
FTY720-P at a concentration of 1 nM or higher induced a marked
down-regulation of S1P1 in human CD4 T cells as well as hS1P1-
CHO cells (Fig. 1). At the same concentration range, S1P-induced
migration of mouse CD4 T cells was almost completely inhibited
by pretreatment with (S)-FTY720-P (Fig. 3B). In addition, we
found that CD4 T cells can migrate toward lower concentrations of
(S)-FTY720-P (Fig. 3A). Because (S)-FTY720-P at 0.1–1 nM par-
tially induced S1P1 down-regulation, it is presumed that residual
S1P1 on the surface of lymphocytes can respond to (S)-FTY720-P.
Similar results were obtained when S1P and the S1P1-selective
agonist, SEW2871, were used (data not shown). Thus, it is likely
that promotion or inhibition of CD4 T cell migration toward S1P
depends on the magnitude of S1P1 down-regulation by S1P, (S)-
FTY720-P, or SEW2871. SEW2871 has been reported to induce
S1P1 internalization and recycling but not receptor degradation
(31), and long-term, in vivo treatment with SEW2871 induces a
marked decrease in peripheral blood lymphocytes in mice (39).
Like FTY720, SEW2871 reduces the circulating lymphocytes by
sequestering lymphocytes into secondary lymphoid tissues and the
thymus (39). We showed here that SEW2871 inhibits S1P-induced
migration of CD4 T cells at concentrations that induce internal-
ization of S1P1 (Figs. 1 and 3C). These results indicated that S1P-
induced CD4 T cell migration is mediated by S1P1.

It has been demonstrated that DCs, as well as lymphocytes,
migrate to S1P; however, several studies have observed differences
in the responsiveness of immature and mature DCs to S1P (28).
Idzko et al. (28) described that, by using DCs derived from human
monocyte, both immature and mature DCs show similar mRNA
expression patterns to S1P1, S1P2, S1P3, and S1P4 and that S1P
stimulates a pertussis toxin-sensitive (Gi-sensitive) Ca2� increase,
actin polymerization, and chemotaxis of immature, but not mature,
DCs. In contrast, it has been reported that, by using mouse DCs
prepared from bone marrow cells, TNF-�/PGE2-stimulated mature
DCs express relatively higher mRNA levels of S1P1 and S1P3 and
show a strong migratory response toward S1P, compared with im-
mature DCs (29). The same pattern of S1P receptor expression was
observed on DCs that reside in draining lymph nodes after FITC
painting in vivo. Lan et al. (40) reported that immature DCs from
blood, spleen, and bone marrow-derived DCs in mice express the
mRNA of all five S1P receptors, and mRNA expression of S1P1,
S1P2, and S1P3 is elevated in bone marrow-derived mature DCs
after LPS stimulation. LPS-matured DCs exhibit a modest, but
significant, migratory response to S1P, corresponding to the higher
expression of S1P1–3 mRNA on these DCs (40). Radeke et al. (41)
provided evidence that S1P1 and S1P3, but not S1P4, are respon-
sible for the S1P-induced migratory response in murine Langer-
hans cell line, XS52 cells.

Consistent with previous studies that used mouse bone marrow-
derived DCs (29), our results in this study revealed that S1P, at
10–1000 nM, can induce the migration of LPS-matured but not
immature DCs derived from mouse bone marrow cells (Fig. 4A).
By using real-time PCR analysis, we have found that mature DCs,
as compared with CD4 T cells or immature DCs, expressed rela-
tively higher levels of S1P3 mRNA (Table I). There are three dif-
ferences in migratory responses between CD4 T cells and mature
DCs: 1) the dose-response relationship between S1P concentra-
tions and S1P-induced migration; 2) the inhibitory concentration
of (S)-FTY720-P for S1P-induced migration; and 3) the inhibitory
effect of SEW2871 on S1P-induced migration.

The migratory response of CD4 T cells was induced by S1P at
10–100 nM but was decreased at 1000 nM (Fig. 3A). On the con-
trary, the migration of mature DCs was increased by S1P at 10–
1000 nM in a dose-dependent manner (Fig. 4A). Pretreatment with
(S)-FTY720-P resulted in a marked inhibition of S1P-induced CD4
T cell migration at 1 nM or higher; however, the inhibition of
mature DC migration by (S)-FTY720-P was observed at 100 nM or
higher (Figs. 3B and 4D). (S)-FTY720-P strongly induces S1P1

inactivation via receptor down-regulation, thereby inhibiting the
migration of CD4 T cells toward S1P in a noncompetitive manner.
Because it has been reported that S1P3, unlike S1P1, is not down-
regulated by agonist stimulation (42), the higher concentration of
(S)-FTY720-P may be required for the inhibition of S1P-induced
migration of mature DCs. Furthermore, pretreatment of SEW2871
inhibited S1P-induced migration of CD4 T cells but not mature
DCs. These observations strongly suggested that S1P-induced mi-
gration of CD4 T cells and mature DCs was regulated by a dif-
ferential mechanism.

Because mRNA expression of S1P3 was relatively high in ma-
ture DCs and SEW2871 did not affect S1P-induced mature DC
migration, it is highly probable that the migration of mature DCs
toward S1P is mediated by S1P3 but not S1P1. To confirm this
hypothesis, we performed chemotaxis assays using S1P3-knockout
mice. As expected, mature DCs that lacked S1P3 could not mi-
grate toward S1P, whereas CD4 T cells prepared from S1P3-
knockout mice reacted to S1P as well as CD4 T cells from
wild-type mice (Figs. 7B and 8, C and D). Consequently, we
concluded that S1P-induced migration of mature DCs is medi-
ated by S1P3, but not S1P1.

DCs developmentally regulate the activity of endocytosis: im-
mature DCs exhibit vigorous acquisition of fluid-phase molecules,
whereas mature DCs capture only low levels of exogenous Ags
(43, 44). In this study, we found that a short exposure to S1P
markedly enhanced endocytosis of FITC-Dx by mature but not
immature DCs (Fig. 5). Endocytosis, as well as migration, of ma-
ture DCs induced by S1P was also at an extremely low level in
S1P3-knockout mice, suggesting that S1P induced dextran endo-
cytosis in mature DCs via S1P3. Yanagawa and Onoe (45) reported
that the CCR7-ligand chemokines, CCL19 and CCL21, induce not
only chemotaxis but also dextran endocytosis by mature DCs.
Thus, it is likely that S1P and homing chemokines share certain
characteristics of function, such as induction of migration and en-
docytosis. Recently, it has been reported that the CCR7-ligand
chemokine-induced rapid uptake of Ag by mature DCs does not
necessarily lead to efficient presentation of Ag on the cell surface
(46). Consequently, it is presumed that the endocytosis of mature
DCs plays different functional roles from immature DCs, such as
rapid removal of the bacteria (46).

In circulating T cells, which require S1P1 for egress from lymph
nodes, FTY720 and other S1P1 agonists cause S1P1 inactivation
via receptor down-regulation and induce sequestration of circulat-
ing lymphocytes into secondary lymphoid tissues and the thymus.
This demonstrates their immunosuppressive effects against several
types of autoimmune disorders (18, 20, 39, 47). DCs migrate to
lymph nodes through afferent lymphatic vessels, whereas T cells
do so via high endothelial venules (1, 2). Both processes for entry
are dependent on CCR7. Our preliminary results suggested that the
process for entry did not depend on S1P3 because LPS-stimulated
mature DCs prepared from S1P3-knockout mice injected into the
mouse footpad can migrate to draining lymph nodes (Y. Maeda, K.
Sugahara, and K. Chiba, unpublished observation).

In contrast to T cell migration, it has been widely believed that
after DCs migrate to a lymph node they die there and do not leave
through efferent lymphatic vessels (48, 49). This idea was based
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partly on the experimental difficulties in detecting the few DCs in
the efferent lymph. Recently, Cavanagh et al. (50) reported that
DCs are found not only in the blood but also in thoracic duct
lymph in mice, suggesting that they can reenter the circulation
from the periphery. Therefore, DCs released into the efferent
lymph would reach the bloodstream and might have an effect on
the induction of immune responses in distal organs. Indeed, injec-
tion of DCs into the skin can lead to priming of T cells in the
spleen: suggesting that DCs can migrate into the bloodstream from
the skin or skin-draining lymph nodes (51). Furthermore, Bonasio
et al. (52) reported that circulating DCs can home to the thymus
and induce clonal deletion of developing Ag-specific T cells in the
thymus, suggesting that peripheral DCs may contribute to central
tolerance. In conclusion, we provide evidence that S1P-inducd mi-
gration of murine mature DCs and T cells is mediated by S1P3 and
S1P1, respectively. Therefore, S1P3 may be also involved in the
egress of DCs from lymph nodes, as well as S1P1, on T cells. To
clarify the role of S1P3 on DC migration in vivo, we are currently
analyzing turnover of DCs under steady-state or inflammatory con-
ditions in S1P3-knockout mice.

Acknowledgments
We thank Drs. Masatoshi Kiuchi, Masao Chino, and Kunitomo Adachi for
synthesizing (S)-FTY720-P and SEW2871 and Dr. Kazunori Iwata, Noriko
Sato, and Sachiko Mochizuki for technical assistance in the experiments
using S1P3-knockout mice.

Disclosures
The authors have no financial conflict of interest.

References
1. Miyasaka, M., and T. Tanaka. 2004. Lymphocyte trafficking across high endo-

thelial venules: dogmas and enigmas. Nat. Rev. Immunol. 4: 360–370.
2. Randolph, G. J., V. Angeli, and M. A. Swartz. 2005. Dendritic-cell trafficking to

lymph nodes through lymphatic vessels. Nat. Rev. Immunol. 5: 617–628.
3. Allende, M. L., J. L. Dreier, S. Mandala, and R. L. Proia. 2004. Expression of the

sphingosine 1-phosphate receptor, S1P1, on T cells controls thymic emigration.
J. Biol. Chem. 279: 15396–15401.

4. Matloubian, M., C. G. Lo, G. Cinamon, M. J. Lesneski, Y. Xu, V. Brinkmann,
M. L. Allende, R. L. Proia, and J. G. Cyster. 2004. Lymphocyte egress from
thymus and peripheral lymphoid organs is dependent on S1P receptor 1. Nature
427: 355–360.

5. Cyster, J. G. 2005. Chemokines, sphingosine-1-phosphate, and cell migration in
secondary lymphoid organs. Annu. Rev. Immunol. 23: 127–159.

6. Chiba, K., H. Matsuyuki, Y. Maeda, and K. Sugahara. 2006. Role of sphingosine
1-phosphate receptor type 1 in lymphocyte egress from secondary lymphoid tis-
sues and thymus. Cell. Mol. Immunol. 3: 11–19.

7. Rosen, H., and E. J. Goetzl. 2005. Sphingosine 1-phosphate and its receptors: an
autocrine and paracrine network. Nat. Rev. Immunol. 5: 560–570.

8. Spiegel, S., and S. Milstien. 2003. Sphingosine-1-phosphate: an enigmatic sig-
nalling lipid. Nat. Rev. Mol. Cell Biol. 4: 397–407.

9. Ishii, I., N. Fukushima, X. Ye, and J. Chun. 2004. Lysophospholipid receptors:
signaling and biology. Annu. Rev. Biochem. 73: 321–354.

10. Pyne, S., and N. J. Pyne. 2000. Sphingosine 1-phosphate signalling in mamma-
lian cells. Biochem. J. 349: 385–402.

11. Brinkmann, V., M. D. Davis, C. E. Heise, R. Albert, S. Cottens, R. Hof, C. Bruns,
E. Prieschl, T. Baumruker, P. Hiestand, et al. 2002. The immune modulator
FTY720 targets sphingosine 1-phosphate receptors. J. Biol. Chem. 277:
21453–21457.

12. Mandala, S., R. Hajdu, J. Bergstrom, E. Quackenbush, J. Xie, J. Milligan,
R. Thornton, G. J. Shei, D. Card, C. Keohane, et al. 2002. Alteration of lym-
phocyte trafficking by sphingosine-1-phosphate receptor agonists. Science 296:
346–349.

13. Lo, C. G., Y. Xu, R. L. Proia, and J. G. Cyster. 2005. Cyclical modulation of
sphingosine-1-phosphate receptor 1 surface expression during lymphocyte recir-
culation and relationship to lymphoid organ transit. J. Exp. Med. 201: 291–301.

14. Chiba, K., Y. Yanagawa, Y. Masubuchi, H. Kataoka, T. Kawaguchi, M. Ohtsuki,
and Y. Hoshino. 1998. FTY720, a novel immunosuppressant, induces sequestra-
tion of circulating mature lymphocytes by acceleration of lymphocyte homing in
rats, I: FTY720 selectively decreases the number of circulating mature lympho-
cytes by acceleration of lymphocyte homing. J. Immunol. 160: 5037–5044.

15. Yanagawa, Y., K. Sugahara, H. Kataoka, T. Kawaguchi, Y. Masubuchi, and
K. Chiba. 1998. FTY720, a novel immunosuppressant, induces sequestration of
circulating mature lymphocytes by acceleration of lymphocyte homing in rats, II:
FTY720 prolongs skin allograft survival by decreasing T cell infiltration into
grafts but not cytokine production in vivo. J. Immunol. 160: 5493–5499.

16. Chiba, K., Y. Yanagawa, H. Kataoka, T. Kawaguchi, M. Ohtsuki, and
Y. Hoshino. 1999. FTY720, a novel immunosuppressant, induces sequestration
of circulating lymphocytes by acceleration of lymphocyte homing. Transplant.
Proc. 31: 1230–1233.

17. Yanagawa, Y., Y. Hoshino, H. Kataoka, T. Kawaguchi, M. Ohtsuki, K. Sugahara,
and K. Chiba. 1999. FTY720, a novel immunosuppressant, prolongs rat skin
allograft survival by decreasing T cell infiltration into grafts. Transplant. Proc.
31: 1227–1229.

18. Chiba, K., Y. Hoshino, M. Ohtsuki, H. Kataoka, Y. Maeda, H. Matsuyuki,
K. Sugahara, M. Kiuchi, R. Hirose, and K. Adachi. 2005. Immunosuppressive
activity of FTY720, sphingosine 1-phosphate receptor agonist: I. Prevention of
allograft rejection in rats and dogs by FTY720 and FTY720-phosphate. Trans-
plant. Proc. 37: 102–106.

19. Kataoka, H., M. Ohtsuki, K. Shimano, S. Mochizuki, K. Oshita, M. Murata,
K. Sugahara, N. Sato, Y. Hoshino, and K. Chiba. 2005. Immunosuppressive
activity of FTY720, sphingosine 1-phosphate receptor agonist. II. Effect of
FTY720 and FTY720-phosphate on host-versus-graft and graft-versus-host reac-
tion in mice. Transplant. Proc. 37: 107–109.

20. Kataoka, H., K. Sugahara, K. Shimano, K. Teshima, M. Koyama, A. Fukunari,
and K. Chiba. 2005. FTY720, sphingosine 1-phosphate receptor modulator, ame-
liorates experimental autoimmune encephalomyelitis by inhibition of T cell in-
filtration. Cell. Mol. Immunol. 2: 439–448.

21. Yagi, H., R. Kamba, K. Chiba, H. Soga, K. Yaguchi, M. Nakamura, and T. Itoh.
2000. Immunosuppressant FTY720 inhibits thymocyte emigration. Eur. J. Im-
munol. 30: 1435–1444.

22. Billich, A., F. Bornancin, P. Devay, D. Mechtcheriakova, N. Urtz, and
T. Baumruker. 2003. Phosphorylation of the immunomodulatory drug FTY720
by sphingosine kinases. J. Biol. Chem. 278: 47408–47415.

23. Paugh, S. W., S. G. Payne, S. E. Barbour, S. Milstien, and S. Spiegel. 2003. The
immunosuppressant FTY720 is phosphorylated by sphingosine kinase type 2.
FEBS Lett. 554: 189–193.

24. Kiuchi, M., K. Adachi, A. Tomatsu, M. Chino, S. Takeda, Y. Tanaka, Y. Maeda,
N. Sato, N. Mitsutomi, K. Sugahara, and K. Chiba. 2005. Asymmetric synthesis
and biological evaluation of the enantiomeric isomers of the immunosuppressive
FTY720-phosphate. Bioorg. Med. Chem. 13: 425–432.

25. Banchereau, J., and R. M. Steinman. 1998. Dendritic cells and the control of
immunity. Nature 392: 245–252.

26. Banchereau, J., F. Briere, C. Caux, J. Davoust, S. Lebecque, Y. J. Liu,
B. Pulendran, and K. Palucka. 2000. Immunobiology of dendritic cells. Annu.
Rev. Immunol. 18: 767–811.

27. Sallusto, F., and A. Lanzavecchia. 2000. Understanding dendritic cell and T
lymphocyte traffic through the analysis of chemokine receptor expression. Im-
munol. Rev. 177: 134–140.

28. Idzko, M., E. Panther, S. Corinti, A. Morelli, D. Ferrari, Y. Herouy, S. Dichmann,
M. Mockenhaupt, P. Gebicke-Haerter, F. Di Virgilio, et al. 2002. Sphingosine
1-phosphate induces chemotaxis of immature and modulates cytokine-release in
mature human dendritic cells for emergence of Th2 immune responses. FASEB J.
16: 625–627.

29. Czeloth, N., G. Bernhardt, F. Hofmann, H. Genth, and R. Forster. 2005. Sphin-
gosine-1-phosphate mediates migration of mature dendritic cells. J. Immunol.
175: 2960–2967.

30. Renkl, A., L. Berod, M. Mockenhaupt, M. Idzko, E. Panther, C. Termeer,
P. Elsner, M. Huber, and J. Norgauer. 2004. Distinct effects of sphingosine-1-
phosphate, lysophosphatidic acid and histamine in human and mouse dendritic
cells. Int. J. Mol. Med. 13: 203–209.

31. Jo, E., M. G. Sanna, P. J. Gonzalez-Cabrera, S. Thangada, G. Tigyi, D. A.
Osborne, T. Hla, A. L. Parrill, and H. Rosen. 2005. S1P(1)-selective in vivo-
active agonists from high-throughput screening: off-the-shelf chemical probes of
receptor interactions, signaling, and fate. Chem. Biol. 12: 703–715.

32. Son, Y. I., S. Egawa, T. Tatsumi, R. E. Redlinger, Jr., P. Kalinski, and T. Kanto.
2002. A novel bulk-culture method for generating mature dendritic cells from
mouse bone marrow cells. J. Immunol. Methods 262: 145–157.

33. Ngo, V. N., H. L. Tang, and J. G. Cyster. 1998. Epstein-Barr virus-induced
molecule 1 ligand chemokine is expressed by dendritic cells in lymphoid tissues
and strongly attracts naive T cells and activated B cells. J. Exp. Med. 188:
181–191.

34. Kanegasaki, S., Y. Nomura, N. Nitta, S. Akiyama, T. Tamatani, Y. Goshoh,
T. Yoshida, T. Sato, and Y. Kikuchi. 2003. A novel optical assay system for the
quantitative measurement of chemotaxis. J. Immunol. Methods 282: 1–11.

35. Dieu, M. C., B. Vanbervliet, A. Vicari, J. M. Bridon, E. Oldham, S. Ait-Yahia,
F. Briere, A. Zlotnik, S. Lebecque, and C. Caux. 1998. Selective recruitment of
immature and mature dendritic cells by distinct chemokines expressed in different
anatomic sites. J. Exp. Med. 188: 373–386.

36. Chan, V. W., S. Kothakota, M. C. Rohan, L. Panganiban-Lustan, J. P. Gardner,
M. S. Wachowicz, J. A. Winter, and L. T. Williams. 1999. Secondary lymphoid-
tissue chemokine (SLC) is chemotactic for mature dendritic cells. Blood 93:
3610–3616.

37. Cyster, J. G. 1999. Chemokines and cell migration in secondary lymphoid organs.
Science 286: 2098–2102.

38. Chi, H., and R. A. Flavell. 2005. Cutting edge: regulation of T cell trafficking and
primary immune responses by sphingosine 1-phosphate receptor 1. J. Immunol.
174: 2485–2488.

39. Sanna, M. G., J. Liao, E. Jo, C. Alfonso, M. Y. Ahn, M. S. Peterson, B. Webb,
S. Lefebvre, J. Chun, N. Gray, and H. Rosen. 2004. Distinct S1P receptor sub-
types S1P1 and S1P3 respectively regulate lymphocyte recirculation and heart
rate. J. Biol. Chem. 14: 13839–13848.

3445The Journal of Immunology

 by guest on A
ugust 4, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


40. Lan, Y. Y., A. De Creus, B. L. Colvin, M. Abe, V. Brinkmann, P. T. Coates, and
A. W. Thomson. 2005. The sphingosine-1-phosphate receptor agonist FTY720
modulates dendritic cell trafficking in vivo. Am. J. Transplant. 5: 2649–2659.

41. Radeke, H. H., H. von Wenckstern, K. Stoidtner, B. Sauer, S. Hammer, and
B. Kleuser. 2005. Overlapping signaling pathways of sphingosine 1-phosphate
and TGF-� in the murine Langerhans cell line XS52. J. Immunol. 174:
2778–2786.

42. Graler, M. H., and E. J. Goetzl. 2004. The immunosuppressant FTY720 down-
regulates sphingosine 1-phosphate G-protein-coupled receptors. FASEB J. 18:
551–553.

43. Sallusto, F., M. Cella, C. Danieli, and A. Lanzavecchia. 1995. Dendritic cells use
macropinocytosis and the mannose receptor to concentrate macromolecules in the
major histocompatibility complex class II compartment: downregulation by cy-
tokines and bacterial products. J. Exp. Med. 182: 389–400.

44. Mellman, I., and R. M. Steinman. 2001. Dendritic cells: specialized and regulated
antigen processing machines. Cell 106: 255–258.

45. Yanagawa, Y., and K. Onoe. 2003. CCR7 ligands induce rapid endocytosis in
mature dendritic cells with concomitant upregulation of Cdc42 and Rac activities.
Blood 101: 4923–4929.

46. Kikuchi, K., Y. Yanagawa, and K. Onoe. 2005. CCR7 ligand-enhanced phago-
cytosis of various antigens in mature dendritic cells-time course and antigen

distribution different from phagocytosis in immature dendritic cells. Microbiol.
Immunol. 49: 535–544.

47. Suzuki, C., M. Takahashi, H. Morimoto, A. Izawa, H. Ise, J. Fujishiro,
T. Murakami, J. Ishiyama, A. Nakada, J. Nakayama, et al. 2006. Efficacy of
mycophenolic acid combined with KRP-203, a novel immunomodulator, in a rat
heart transplantation model. J. Heart Lung Transplant. 25: 302–309.

48. Steinman, R. M. 1991. The dendritic cell system and its role in immunogenicity.
Annu. Rev. Immunol. 9: 271–296.

49. Kamath, A. T., S. Henri, F. Battye, D. F. Tough, and K. Shortman. 2002. De-
velopmental kinetics and lifespan of dendritic cells in mouse lymphoid organs.
Blood 100: 1734–1741.

50. Cavanagh, L. L., R. Bonasio, I. B. Mazo, C. Halin, G. Cheng, A. W.
van der Velden, A. Cariappa, C. Chase, P. Russell, M. N. Starnbach, et al. 2005.
Activation of bone marrow-resident memory T cells by circulating, antigen-bear-
ing dendritic cells. Nat. Immunol. 6: 1029–1037.

51. Catalina, M. D., M. C. Carroll, H. Arizpe, A. Takashima, P. Estess, and
M. H. Siegelman. 1996. The route of antigen entry determines the requirement for
L-selectin during immune responses. J. Exp. Med. 184: 2341–2351.

52. Bonasio, R., M. L. Scimone, P. Schaerli, N. Grabie, A. H. Lichtman, and
U. H. von Andrian. 2006. Clonal deletion of thymocytes by circulating dendritic
cells homing to the thymus. Nat. Immunol. 7: 1092–1100.

3446 S1P REGULATES DC FUNCTIONS BY S1P3

 by guest on A
ugust 4, 2022

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/

