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FTY720 is a sphingosine-derived immunosuppressant. Phosphorylated FTY720 promotes T cell homing from spleen and
peripheral blood to LNs by acting as an agonist for sphingosine-1-phosphate (S1P) receptors. Here we demonstrate that
FTY720 enhances the activity of the sphingosine transporter Abcb1 (Mdr1) and the leukotriene C4 transporter Abcc1
(Mrp1). Both transporters must be active for FTY720-mediated T cell migration and LN homing. Migration and homing
driven by FTY720, phosphorylated FTY720, or S1P also require 5-lipoxygenase–mediated synthesis of cysteinyl
leukotrienes and their efflux from the cell. FTY720-mediated LN homing events further downstream are dependent on
CCL19, CCL21, VLA-4α, and CD44. Use of T cells deficient in 5-lipoxygenase, Abcb1, and Abcc1, and comparison of the
effects of FTY720 with those of S1P, suggest a model of sequential engagement of Abcb1, SP1 receptors, 5-
lipoxygenase, and Abcc1 to enhance T cell migration and homing.
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Introduction
FTY720 is a synthetic sphingosine immunosuppres-
sant that prolongs the survival of allografts without
impairing normal T and B cell activation (1). In vitro
studies have proposed that FTY720, like other sphin-
gosine derivatives, may cause apoptotic death of the
T cell, although the concentrations needed for this
effect are greater than the normal therapeutic dose
(2). FTY720 may also prolong graft survival by
decreasing T cell infiltration into allografts or other-
wise altering normal T cell trafficking. Recent studies
demonstrate the disappearance of lymphocytes, espe-
cially T cells, from peripheral blood and spleen with-
in 3–24 hours after a single oral dose of the drug.
Concurrently, there is a marked increase in the num-
ber of lymphocytes in peripheral LNs, mesenteric LNs,
and Peyer’s patches (3). The LN sequestration of lym-
phocytes may be involved in the immunosuppressive
effects of FTY720, as regulated trafficking of lym-
phocytes is necessary for systemic immune responses
and allograft rejection (4, 5).

A recent report demonstrates that FTY720 becomes
phosphorylated in vivo and then acts as a potent ago-
nist for multiple sphingosine-1-phosphate (S1P) recep-
tors (S1PRs) (6). S1PR activation seems responsible for
downstream events that lead to lymphocyte homing.
However, the cellular and molecular mechanisms are
not understood. Recent studies demonstrate a novel
role for lipid mediators in LN homing of DCs. A blind
screening of neutralizing mAb’s led to the discovery
that the lipid transporter ABCB1 (previously called
MDR-1 and P-glycoprotein; for new nomenclature, see
http://www.gene.ucl.ac.uk/nomenclature/genefami-
ly/abc.html) regulates human DC migration to affer-
ent lymphatics (7). Coupled with the hydrolysis of ATP,
ABCB1 transports a wide range of compounds with
various structures and targets, including ceramide
analogs (8) and platelet-activating factor (9, 10), from
the cytosol to the extracellular environment. A subse-
quent study demonstrated a role for another lipid
transporter, Abcc1 (previously called Mrp1), in the
migration of DCs to lymphatics. Abcc1 physiological-
ly transports sphingolipid analogs and cysteinyl
leukotriene C4 (LTC4), which is metabolized in the
extracellular environment to LTD4 and LTE4 (11, 12).
Mice lacking the Abcc1 gene show markedly decreased
migration of Langerhans cells to LNs. Administration
of exogenous cysteinyl leukotrienes (cysLTs) restores
DC migration in these mice (13). These studies also
demonstrate that both transporters are required for
human DC migratory activity. However, whether the
two transporters function in an interactive manner
remains unclear (13, 14).

The mechanism by which Abcc1 causes LN homing
of DCs was further shown to be chemokine-mediated.
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Experiments demonstrated a moderate decrease in
chemotaxis of DCs to the chemokine CCL21, and a
marked decrease in chemotaxis to submaximal doses
of CCL19, in cells that lacked the Abcc1 transporter.
Pretreatment with exogenous cysLTs, however, was
able to induce strong chemotaxis to CCL19 in these
cells (13). The LTC4 that is transported through Abcc1
appears to act in an autocrine fashion to trigger
chemotaxis to CCL19 and migration from the epider-
mis to the LNs. How the cysLTs promote chemotaxis
is still not understood (14).

We have investigated the mechanism of FTY720-
induced migration of T cells to LNs by focusing on
these molecular activities. Our results demonstrate that
FTY720 enhances T cell Abcb1 and Abcc1 efflux activ-
ity and promotes the accumulation of 5-lipoxyge-
nase–dependent (5-LO–dependent) metabolites in cul-
ture medium. This activity in turn enhances CCL19-
and CCL21-dependent T cell migration and VLA-4α–
and CD44-dependent LN homing. Use of T cells defi-
cient in 5-LO, Abcb1, and Abcc1, and comparison of
the effects of FTY720 to those of S1P, suggest a model
of sequential engagement of Abcb1, S1PRs, 5-LO, and
Abcc1 to enhance T cell migration and homing.

Methods
Mice. C57BL/6, fvb, C57BL/6 CD62L–/– (15), B6/129 
5-LO–/– (16), and B6/129 hybrid mice 8–10 weeks of age
were purchased from The Jackson Laboratory (Bar Har-
bor, Maine, USA). Fvb Abcb1–/– (17) mice were purchased
from Taconic Laboratories (Germantown, New York,
USA). Fvb Abcc1–/– (18) mice and C57BL/6 plt mice (19)
were maintained in our facility. C57BL/6 FucTVII–/–

mice (20) were a gift from John Lowe (University of
Michigan, Ann Arbor, Michigan, USA). CX3CR1–/– mice
(21) were a gift from Steffen Jung and Dan Littman
(New York University, New York, New York, USA). All
mice were housed in a specific pathogen–free facility in
microisolator cages. All experiments were performed
with age- and sex-matched mice in accordance with
Association for the Assessment and Accreditation of
Laboratory Animal Care–approved criteria.

Reagents. The R1-2 rat IgG2b anti–murine VLA-4α,
KM-201 rat IgG1 anti-CD44, and MEL-14 rat IgG2a
anti–murine CD62L hybridomas were purchased from
the American Type Culture Collection (Rockville,
Maryland, USA). All hybridomas were grown in culture,
and supernatants were purified over protein G or A
columns (Amersham Pharmacia Biotech, Piscataway,
New Jersey, USA). R-PE–conjugated rat anti–mouse
CD8α mAb, FITC-conjugated rat anti–mouse CD4
mAb, and the annexin V apoptosis detection kit were
purchased from Pharmingen (San Diego, California,
USA). R-PE–conjugated rat IgG2b isotype standard and
rat IgG2b mAb isotype standard were purchased from
Caltag Laboratories Inc. (Burlingame, California, USA).
MRPr1 rat IgG2a anti–human ABCC1 Ab was pur-
chased from Alexis Biochemicals (San Diego, Califor-
nia, USA). R-PE–conjugated goat F(ab′)2 anti-rat Ig was

purchased from Biosource International Inc. (Camar-
illo, California, USA). LTD4, MK571, AA-861, S1P, and
cinnamyl-3,4-dihydroxy-α-cyanocinnamate (CDC)
were purchased from BIOMOL Research Laboratories
Inc. (Plymouth Meeting, Pennsylvania, USA). PSC833
was a gift from Novartis Pharma AG (Basel, Switzer-
land). Fluo-3 and DiOC2 were obtained from Molecu-
lar Probes Inc. (Eugene, Oregon, USA). Murine CCL19,
human CCL21, murine RANTES, and murine CXCL13
were purchased from R&D Systems Inc. (Minneapolis,
Minnesota, USA). FTY720, phosphorylated FTY720,
the biologically active R-enantiomer AAL151, and the
inactive L-enantiomer AAL149 (22) were kind gifts
from V. Brinkmann (Novartis Pharma AG).

Cell preparations. Mice (two to three per group) were
sacrificed, and spleen and LNs (cervical, periaortic,
and mesenteric) were removed and gently dissociated
into single-cell suspensions. Red blood cells were
removed by tris-NH4Cl lysis. If indicated, cell suspen-
sions were passed through T cell enrichment columns
(R&D Systems Inc.); routinely, 85–95% of these cells
were T cells. Cells were placed in complete RPMI
medium (RPMI-1640 supplemented with 10% FCS, 1
mM sodium pyruvate, 2 mM L-glutamine, 100 IU/ml
penicillin, 100 µg/ml streptomycin, 1× nonessential
amino acids, and 2 × 10–5 M 2-mercaptoethanol).
Lymphocytes were isolated from peripheral blood
using density separation medium (Cedarlane Labora-
tories Ltd., Hornby, Ontario, Canada).

Flow cytometry. Cell washes and antibody dilutions
were performed in PBS plus 1% BSA at 4°C. Flow cyto-
metric analysis was performed on a FACScan flow
cytometer (Becton Dickinson Immunocytometry Sys-
tems, San Jose, California, USA). Results are expressed
as percentage of cells staining above background. To
ensure that saturating concentrations were used,
mAb’s were titered at regular intervals during the
course of these studies. For intracellular staining, a
Cytofix/Cytoperm kit was used according to the man-
ufacturer’s instructions (Pharmingen).

Efflux assays. T cells were incubated at 37°C for 30
minutes in 4 µg/ml Fluo-3 or 20 ng/ml DiOC2, washed
twice in cold PBS, and resuspended in complete medi-
um. An aliquot was kept at 4°C to document the extent
of dye uptake. FTY720 at the indicated concentrations,
25 µM MK571, or 15 µM PSC833 was added at this
point, and cells were then incubated at 37°C for 60
minutes. Cells were then washed twice in cold PBS and
analyzed by flow cytometry.

Apoptosis assays. T cells were purified from mouse
spleens as described above and suspended in complete
medium containing various doses and combinations
of FTY720, MK571, PSC833, and camptothecin
(Sigma-Aldrich, St. Louis, Missouri, USA). Cells were
then incubated at 37°C for 4 hours. Following incu-
bation, cells were resuspended in cold PBS and washed
twice. Then cells were stained with annexin V–PE and
7-AAD according to the manufacturer’s instructions
(Pharmingen) and analyzed by flow cytometry.
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Migration assays. We incubated 5 × 105 T cells at 37°C
for 1 hour with various doses of FTY720. Then the cells
were resuspended in RPMI-1640 containing 0.5% BSA,
and added in a volume of 100 µl to the upper wells of a
24-well transwell plate (Corning International, Corning,
New York, USA). Lower wells contained various doses of
chemokines in 600 µl RPMI-1640/0.5% BSA. The size of
the pores separating the upper and lower wells was 5
µm. Control wells received medium without chemoat-
tractant. The number of T cells that migrated to the
lower well following a 2-hour incubation was counted
in three high-power fields using a hemocytometer.

Statistics. In vivo migration results represent pooled
samples from two to three mice per experiment. In vitro
migration results represent mean values of triplicate
samples. All experiments were performed two to five
times. Standard deviations and P values were calculat-
ed by Student’s t test using Microsoft Excel software.

Results
FTY720 stimulates multidrug transporter efflux activity. Given
the importance of Abcc1 and Abcb1 in DC migration to
the LNs and the fact that FTY720 bears structural fea-
tures consistent with Abcb1 and Abcc1 substrates, we
examined whether FTY720 would affect the function of
these transporters in T cells in vitro. We assessed their
functional activity by loading purified T cells with a flu-
orescent transport substrate in the presence of various
doses of FTY720, and measuring the units of fluores-
cence retained in the cells over a period of time (23). Loss
of fluorescence at 37°C indicates transport of the dye
from the intracellular to the extracellular compartment,
while cells held at 4°C do not export dye (7, 24). The sub-
strate Fluo-3 requires Abcc1 for transport (13), while the
substrate DiOC2 is transported by Abcb1 more effi-
ciently than by Abcc1 (G.J. Randolph, unpublished data).

Figure 1a shows that T cells from wild-type mice treat-
ed with FTY720 had a dramatic increase in Abcb1-medi-
ated DiOC2 efflux compared with controls. This dose of
FTY720 had no adverse effects on cell viability. Abcc1
activity in resting T cells was very low but was signifi-
cantly enhanced by FTY720 (Figure 1b). FTY720-medi-
ated efflux was effectively blocked by the Abcb1 antag-
onist PSC833 (25) (Figure 1c) or the Abcc1 antagonist
MK571 (26) (Figure 1d), indicating that FTY720 acts on
the transporters to enhance efflux activity. Efflux assays
performed on T cells purified from Abcc1–/– mice
showed no efflux of Fluo-3 in cells either treated or not
treated with FTY720 (Figure 1f). The effects of FTY720
on Abcb1 efflux remained intact in Abcc1–/– cells (Figure
1e). Flow cytometry using an antibody to Abcc1 showed
that FTY720 had no effect on the level of Abcc1 expres-
sion (supplementary Figure 1, http://www.jci.org/cgi/
content/full/111/5/627/DC1). Conversely, Abcb1–/– cells
demonstrated little efflux activity for either substrate,
and neither substrate’s efflux activity was significantly
enhanced by FTY720 (Figure 1, g and h). These results
suggest that FTY720 sequentially activates Abcb1
upstream of Abcc1.

Efflux activity correlates with in vitro migration triggered by
FTY720. Next, the relation of multidrug transporter
efflux activity to cell migration was examined. In vitro
chemotaxis to CCL19 and CCL21 was assessed, since
DC migration to these chemokines is sensitive to mul-
tidrug transporter efflux (13). Dose-response experi-
ments demonstrated effective migration of purified T
cells to 1 µg/ml CCL19 or CCL21, with 20–40% of the
total number of T cells migrating in individual experi-

The Journal of Clinical Investigation | March 2003 | Volume 111 | Number 5 629

Figure 1
FTY720 enhances efflux activity of the Abcb1 and Abcc1 trans-
porters. (a–d) Abcb1 efflux activity (a and c) and Abcc1 efflux activ-
ity (b and d) in wild-type C57BL/6 T cells. (e and f) Abcb1 (e) and
Abcc1 (f) efflux activity in Abcc1–/– T cells. (g and h) Abcb1 (g) and
Abcc1 (h) efflux activity in Abcb1–/– T cells.



ments. Only about 10% of cells migrated to 0.5 µg/ml
CCL19 or CCL21, and little migration above back-
ground occurred at lower doses. The migration
response was chemotactic, since addition of chemokine
to the upper chamber alone, or to both the upper and
the lower chambers, resulted in no migration (not
shown). Pretreating purified T cells from wild-type mice
with doses of FTY720 that enhance efflux led to a shift
of the migration curve, with enhanced chemotaxis to
the lower doses of CCL19 and CCL21 (Figure 2, a and b)
and 1–5 µg/ml FTY720 eliciting optimal responses. The
results in Figure 2a also show evidence of desensitiza-
tion with high doses of FTY720 plus high doses of

chemokine, resulting in diminished chemotaxis. Other
experiments demonstrated that viability was unaffect-
ed by this dose of FTY720 (see Figure 7) and that, as
expected, desensitization was dependent on time of
incubation with FTY720 (not shown). Furthermore, T
cell chemotaxis occurred only in response to the bio-
logically active R-enantiomer, not the L-enantiomer
(not shown), proving specificity of the migration effect.

To determine whether chemokine- and FTY720-
induced migration was dependent on multidrug trans-
porter function, wild-type cells were pretreated with
MK571 or PSC833, with or without FTY720, and
chemotaxis was then measured. Cells pretreated with
the multidrug transporter blockers failed to migrate
in response to CCL19, with or without FTY720 (Fig-
ure 2c). In vitro migration assays with T cells purified
from Abcc1–/– and Abcb1a/1b–/– showed some migrato-
ry response to CCL19 alone, but FTY720 did not
enhance migration (supplementary Figure 2, http://
www.jci.org/cgi/content/full/111/5/627/DC1). Thus,
multidrug transporter activity plays a pivotal role in
both chemokine-mediated and FTY720-mediated
migration of T cells.

Since phosphorylated FTY720 and S1P initiate S1PR
activation and T cell homing (6), in vitro migration
assays with wild-type or knockout T cells, in response
to S1P or phosphorylated FTY720, were performed.
Dose-response studies showed that, like FTY720, S1P
enhanced the migration response to chemokines and
shifted the migration curve (Figure 2d). S1P also
enhanced the migration to CCL19 in wild-type and
Abcb1–/– cells and cells treated with PSC833 (an Abcb1
blocker), but not Abcc1–/– cells or cells treated with
MK571 (an Abcc1 blocker) (Figure 2e and supplemen-
tary Figure 2, http://www.jci.org/cgi/content/full/
111/5/627/DC1). Similar experiments with phospho-
rylated FTY720 likewise demonstrated its dependence
on Abcc1 but not Abcb1 to enhance migration (Table
1). Since Abcb1 transports ceramides and sphingosines
(8), these results suggest a molecular sequence in which
sphingosines are directly or indirectly dependent on
Abcb1 for transport to the extracellular space so that
phosphorylated sphingosines can then act in an
autocrine fashion to activate S1PRs. The results sug-
gest that Abcb1 acts upstream of Abcc1. These results
are consistent with the transporter studies shown in
Figure 1, in which FTY720 sequentially activates Abcb1
proximal to Abcc1.

Multidrug transporters are required for FTY720-driven in
vivo migration. The role of the multidrug transporters
in in vivo migration to FTY720 was examined in
Abcc1–/–, Abcb1a/1b–/–, and wild-type control mice. Ani-
mals were treated orally with either 60 µg/d FTY720 or
vehicle alone. After 6 days, LNs, peripheral blood, and
spleens were harvested, and total lymphoid cells were
counted, stained for CD4 and CD8, and analyzed by
flow cytometry. As expected, wild-type mice treated
with FTY720 showed an increase in total cell number
and total T cell number in the LNs, with concurrent
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Figure 2
FTY720 and S1P cause Abcc1- and Abcb1-dependent migration to
CCL19 and CCL21. In vitro chemotactic response of T cells from
wild-type mice to CCL19 or CCL21 is shown. FTY720, S1P, PSC833,
and MK571 were added as indicated.



decreases in the spleen and peripheral blood. On the
other hand, both Abcc1–/– and Abcb1–/– mice treated
with FTY720 showed a decrease in peripheral blood T
cell counts but did not demonstrate an increase in LN
T cell counts (T cell results, Figure 3; total cell counts,
supplementary Figure 3, http://www.jci.org/cgi/
content/full/111/5/627/DC1). Interestingly, the deple-
tion of spleen cells that is normally observed in
FTY720-treated wild-type mice was not observed in
Abcb1–/– mice and was less substantial in Abcc1a/1b–/–

mice. These data suggest that FTY720 may redirect T
cell trafficking to the spleen in the absence of a capac-
ity to promote LN homing of T cells. Also, while T cell
counts changed in peripheral blood or spleen, the total
number of cells in the three lymphoid compartments
remained insensitive to FTY720. Overall, the results
demonstrate that multidrug transporter activity is
critical for FTY720-induced LN homing or sequestra-
tion of T cells in vivo.

FTY720-induced in vitro migration is dependent on 5-LO.
Abcc1-mediated migration of DCs is dependent on the
efflux of cysLTs, specifically LTC4, through the mul-

tidrug transporters (13). Since
5-LO is normally expressed in
both resting and activated T
cells (27) and mice that lack 
5-LO are incapable of produc-
ing cysLTs, we examined
whether the cysLTs played a
similar role in FTY720- and
S1P-mediated T cell migration.
The results demonstrate that
purified T cells from 5-LO–/–

mice, or wild-type T cells treat-
ed with the 5-LO blocker AA-
861, did not migrate to CCL19
or CCL21 plus FTY720 or S1P
in vitro. In contrast, T cells pre-
treated with the 12-LO blocker
CDC demonstrated normal
FTY720-mediated migration
(Figure 4, a–d; and supple-
mentary Figure 4, http://
www.jc i .org/cgi/content/
full/111/5/627/DC1). The
addition of the exogenous
cysLT LTD4, following pre-
treatment with AA-861, re-
stored migration (Figure 4e).
In contrast to DCs, T cells do
migrate to the higher doses of
CCL19 alone when 5-LO is

absent (Figure 4b) or blocked (Figure 4a). Additional
controls showed that neither 5-LO deficiency nor the
5-LO blockers affect the activity of the multidrug
transporters in response to FTY720 (not shown). In
conjunction with migration results showing that nei-
ther FTY720 nor S1P enhances migration in cysLT
transporter–deficient Abcc1–/– T cells (Figures 2 and 3),
these findings support a molecular sequence in which
S1PR activation directly or indirectly enhances 5-LO
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Table 1
Migration to phosphorylated FTY720 depends on Abcc1 but not Abcb1

In vitro migration Cells migrated
CCL19 FTY720-P MK571 PSC833 (× 104) ± SEMA

(1 µg/ml) (50 nM) (25 µM) (15 µM) Strain

1 – – – – Wild type 2.04 ± 0.68
2 + – – – 6.84 ± 1.0
3 + – + – 3.12 ± 0.27
4 + – – + 2.88 ± 0.27
5 – + – – 1.20 ± 0.42
6 + + – – 9.12 ± 0.50
7 + + + – 1.61 ± 0.71B

8 + + – + 6.12 ± 0.99
9 – – Abcc1–/– 1.3 ± 0.5
10 1 µg – 28.5 ± 1.1
11 0.5 µg – 19.2 ± 1.5
12 0.5 µg FTY720 (1 µg) 23.6 ± 3.9
13 0.5 µg FTY720-P (50 nM) 20.0 ± 1.9C

14 1 µg FTY720-P (50 nM) 22.3 ± 1.9
15 – – Abcb1–/– 0.8 ± 0.3
16 1 µg – 21.8 ± 1.4
17 0.5 µg – 17.9 ± 1.6
18 0.5 µg FTY720 (1 µg) 12.7 ± 1.7
19 0.5 µg FTY720-P (50 nM) 24.7 ± 1.4D

20 1 µg FTY720-P (50 nM) 30.8 ± 1.8E

21 – FTY720-P (50 nM) 1.2 ± 0.9
22 – FTY720 (1 µg) 1.3 ± 1.0

A5 × 105 cells initial input. BP < 0.001 vs. groups 6 and 8. CP not significant vs. group 11. DP < 0.001 vs. groups
17 and 18. EP < 0.001 vs. group 16.

Figure 3
FTY720 causes Abcc1- and Abcb1-dependent LN homing in vivo. In
vivo migration from peripheral blood and spleen to LNs in response
to FTY720 in fvb wild type (a), Abcc1–/– (b), and Abcb1–/– (c). Total 
T cells are indicated.



activity, LTC4 synthesis, and cysLT transport by Abcc1
from the cytosol to the extracellular space with
autocrine activation of the cysLT receptor (cysLTR). In
vivo migration studies using 5-LO–/– mice were per-
formed as well. The results showed that FTY720 was
not able to cause LN homing in these mice (Figure 4j).
In sum, 5-LO is required for in vitro and in vivo migra-
tion to FTY720.

5-LO activity causes cysLT secretion. Since this model
predicts that cysLT secretion is necessary for migra-
tion, supernatants from FTY720-treated cells should
contain cysLTs and enhance in vitro migration. To
test this, purified T cells from wild-type mice were
treated with FTY720, and the supernatant was col-
lected and diluted 1:5 to make the final concentration
of FTY720 in the supernatant too low to enhance
migration. The supernatant was then added, along
with CCL19, to purified T cells from wild-type mice.
The results show that FTY720 supernatant but not
the direct addition of FTY720 caused enhanced

migration to the suboptimal dose of chemokine (Fig-
ure 4f). The activity of the supernatant was abrogated
by addition of the 5-LO blocker AA-861 to the cells,
but not by addition of the 12-LO blocker CDC (Fig-
ure 4g). The undiluted supernatant also enhanced
migration in both fvb and Abcc1–/– cells, while FTY720
was effective only in both fvb wild-type and fvb Abcc1–/–

cells (Figure 4, h and i; and Figure 2), giving further
evidence against direct effects of FTY720. Since LTC4

is the only 5-LO metabolite transported by Abcc1,
these data are most consistent with cysLT secretion
via Abcc1 as the mechanism for FTY720-mediated
increases in T cell migration.

T cell migration in response to FTY720 is dependent on
CCL19 and CCL21. As shown previously and above,
CCL19- and CCL21-driven migration of DCs and T
cells is dependent on the multidrug transporters (13).
The results above also demonstrate that FTY720
enhances T cell migration to suboptimal doses of
CCL19 and CCL21 in a manner also dependent on the
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Figure 4
FTY720-mediated migration and S1P-mediated migration are dependent on cysLTs. (a and b) In vitro chemotactic response of T cells from wild-
type or 5-LO–/– mice to CCL19 and FTY720 plus the 5-LO blocker AA-861 or the 12-LO blocker CDC. (c and d) Chemotactic response of T cells
from 5-LO–/– and wild-type mice to CCL19 and S1P plus AA-861 or CDC. (e) Chemotactic response of T cells treated with CCL19 and with
FTY720, FTY720 plus AA-861, or FTY720 plus AA-861 plus LTD4. (f) In vitro chemotactic response of T cells treated with FTY720 or FTY720
supernatant. (g) Chemotactic response of T cells treated with supernatants from FTY720, FTY720 plus AA-861, or FTY720 plus CDC-treated T
cells. (h and i) Chemotactic response of fvb wild-type or fvb Abcc1–/– T cells treated with CCL19 and FTY720 or supernatant from FTY720-treat-
ed T cells. (j) In vivo migration from peripheral blood and spleen to LNs in response to FTY720 in 5-LO–/– mice. Total T cells are indicated.



multidrug transporters. To determine whether other
chemokine responses are sensitive to this pathway, we
examined in vitro migration to the chemokines CCL5
(RANTES) and CXCL13 (BCA-1), both of which are
involved in T cell migration. The results show that both
CCL5 and CXCL13 caused T cell migration at a dose of
1 µg/ml, but not at a dose of 0.5 µg/ml. Pretreating the
cells with 1 or 5 µg/ml FTY720 for 1 hour did not
enhance migration to either chemokine, indicating
that these chemokines and their receptors CCR1,
CCR3, CCR5, and CXCR5 are unlikely to be involved in
LN homing mediated by FTY720, multidrug trans-
porters, or cysLTs (supplementary Figure 5, http://
www.jci.org/cgi/content/full/111/5/627/DC1).

To determine whether CCL19 and CCL21 are
required for in vivo LN sequestration, FTY720 was
given orally at 60 µg/d for 5 days to plt mice, natural
mutants that lack the genes for CCL19 and stromal
cell CCL21 but not for lymphatic CCL21. It was
expected that FTY720 would not cause LN sequestra-
tion in these animals. Indeed, the numbers of LNs and
of T cells in plt mice receiving FTY720 were similar to
those in plt mice receiving vehicle alone (Figure 5a and
supplementary Figure 5, http://www.jci.org/cgi/con-
tent/full/111/5/627/DC1). FTY720 did, however,
cause a decrease in the numbers of splenic and periph-
eral blood T cells and total cells, similar to the effects
of FTY720 in Abcc1–/– (Figure 3). It is possible that
lymphatic CCL21 contributes to peripheral blood or
splenic egress; it is also possible that other uncharac-
terized deletions in the plt mutant contribute to the
observed defect. FTY720 was also given to mice that
lacked the chemokine receptor CX3CR1, which binds
fractalkine. FTY720 caused an increase in the number
of LN T cells in these mice compared with mice that
received vehicle alone, and there was a decrease in the

number of peripheral blood and splenic lymphocytes
(Figures 5c). Thus, FTY720 requires CCL19 and/or
stromal cell CCL21, but not a variety of other
chemokines and their receptors, in order to promote
LN sequestration or homing in vivo.

T cell migration in response to FTY720 requires specific adhe-
sion receptors. While FTY720 acts on the multidrug
transporters to cause cysLT efflux and subsequent
migration to CCL19 and CCL21, the cells still require
adhesion receptor molecules in order to attach to spe-
cific anatomic sites such as the LNs. We sought to
determine which adhesion receptors are involved in
FTY720-mediated LN sequestration, using in vivo
migration assays. Wild-type mice were treated orally
with 60 µg/d FTY720, and intravenously on days 0 and
1 with 100 µg/d of anti-CD62L (L-selectin), anti-CD44,
or anti–VLA-4α mAb. Control groups either received
the mAb’s alone or were untreated. Spleen, peripheral
blood, and LNs were harvested and analyzed. The mice
that received anti-CD62L mAb plus FTY720 showed a
decrease in spleen and peripheral blood T cells, with a
concurrent increase in LN T cells, indicating that
FTY720-mediated LN sequestration is not dependent
on the CD62L adhesion receptor (Figure 6 and supple-
mentary Figure 6, http://www.jci.org/cgi/content/full/
111/5/627/DC1). This finding is particularly notable
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Figure 5
FTY720 enhances migration to CCL19 and CCL21 but not to other
chemokines. FTY720 causes T cell LN homing in vivo in C57BL/6
wild-type (a) and CX3CR1–/– (c) but not plt (b) mice.

Figure 6
FTY720 causes CD44- and VLA-4α–dependent T cell LN homing in
vivo. C57BL/6 wild-type (a), L-selectin–/– (b), and FucTVII–/– (c) mice
and mice treated with anti-CD62L (d), anti-CD44 (e), or anti–VLA-4α
(f) mAb received either vehicle or FTY720.



since this mAb is able to drive naive T cells out of the
LNs and into the spleen and peripheral blood (28, 29).
However, mice that received anti-CD44 or anti–VLA-4α
mAb plus FTY720 showed a decrease in spleen and
peripheral blood T cells, without an increase in LN cell
number, indicating the importance of VLA-4α and
CD44 in FTY720-induced LN sequestration of T cells.
We further examined the importance of adhesion
receptors using knockout mice. Mice lacking L-selectin
(CD62L–/–) or an L-selectin ligand (FucTVII–/–) and treat-
ed with FTY720 likewise showed an increase in LN cell
numbers, with a decrease in cell numbers in the spleen
and peripheral blood. These findings are similar to
those of Chiba et al. (3), who showed in a rat model that
the actions of FTY720 were independent of CD62L but
not VLA-4α. Flow cytometric analysis was performed
to determine whether FTY720 affected the level of
expression of the adhesion receptors.

Purified T cells were treated with FTY720 or medium
and stained for CD44, VLA-4α, or CD62L. The results
showed similar levels of expression of VLA-4α, CD44,
and CD62L in cells treated or not treated with FTY720
(not shown). Since naive cells are generally CCR7+,
while many memory and/or activated T cells are
CCR7–, CD44+, and VLA-4α+, the mAb’s may be inter-
fering with LN adhesion after entry. Further, CCL21
can stimulate integrin α4–dependent adhesion (30).
Overall, the results from these in vivo migration assays
demonstrate that FTY720-mediated LN homing is 
L-selectin– and L-selectin ligand–independent, and
VLA-4α– and CD44-dependent.

The effect of FTY720 on efflux is not related to apoptosis.
Previous studies described an apoptotic effect of
FTY720 on T cells in vitro. In order to test whether
apoptosis was occurring at the doses of FTY720 used
in our in vitro assays, cells were treated for 4 hours with
1, 5, 10, and 50 µg/ml FTY720, 4 µM camptothecin as
a positive control, or complete medium alone. Apop-
tosis was measured using annexin V and 7-AAD stain-
ing. Cells that received 1 or 5 µg/ml FTY720 showed

minimal apoptosis, while cells that received 10 µg/ml
showed increased apoptosis (Figure 7). Dramatic apop-
tosis was seen with a dose of 50 µg/ml FTY720. Impor-
tantly, adding the multidrug transporter inhibitors
MK571 and/or PSC833 had little effect on the levels of
apoptosis seen at the various doses of FTY720. Addi-
tional experiments demonstrated that the 5-LO block-
er and the CCL19 ligand did not inhibit the apoptotic
response (not shown). These results demonstrate that
FTY720 causes multidrug transporter–independent
apoptosis, but not at the doses used in our study.

Discussion
FTY720 causes LN homing or sequestration of T cells,
and the mechanism for that action relates to S1PR acti-
vation and chemokine activity (6). Our results demon-
strate that LN homing in response to FTY720 involves
the multidrug transporters, 5-LO, and cysLTs. FTY720
enhances the efflux activity of both multidrug trans-
porters, which results in enhanced chemokine-mediat-
ed migration. Blocking Abcb1 prevents FTY720-
enhanced Abcc1 efflux activity, but blocking Abcc1
does not prevent enhancement of Abcb1 activity.
Blocking of or deficiency in either Abcb1 or Abcc1 pre-
vents FTY720-enhanced T cell migration, while exoge-
nous S1P or phosphorylated FTY720 enhances migra-
tion in T cells lacking Abcb1 activity but not Abcc1
activity. Given the evidence that S1P and phosphory-
lated FTY720 activate S1PRs, this suggests that sphin-
gosines require Abcb1 transport activity to gain access
to the extracellular space and activate S1PRs in an
autocrine fashion. It remains to be determined how
FTY720 enters the cell, whether it is phosphorylated
primarily intracellularly or extracellularly, whether
Abcb1 transports phosphorylated or only nonphos-
phorylated sphingosines, and how FTY720 stimulates
Abcb1 efflux activity (31, 32).

These results in Figure 4 suggest that S1PR activation
enhances Abcc1 efflux of LTC4, which then acts in an
autocrine fashion on cysLTRs. This conclusion is
strengthened by the finding that supernatants from
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Figure 7
FTY720 causes multidrug transporter–independent apoptosis. Per-
cent apoptosis after the indicated treatments with FTY720 plus mul-
tidrug transporter blockers is shown.

Figure 8
Model for interactions among transporters and enzymes for
autocrine or paracrine signaling in T cells leading to chemotaxis.



FTY720-treated T cells enhance migration in Abcc1–/–

cells and that supernatant activity is blocked by inhibi-
tion of 5-LO. It is not yet clear whether S1PR activation
directly affects 5-LO, Abcc1, or another molecular tar-
get(s). We propose a model in which multidrug trans-
porters act in series with a number of G protein–linked
transmembrane receptors (e.g., S1PR, cysLTR, and
CCR7) and intracellular enzymes (e.g., 5-LO) to direct
chemokine-mediated migration and homing (Figure
8). Clearly, not all chemokines function in this fashion,
suggesting other pathways for their regulation. Fur-
ther, while T cell migration in vitro and LN sequestra-
tion in vivo rely on these mechanisms, egress or accu-
mulation of T cells and non-T cells in peripheral blood
and spleen in Abcb1a/1b–/–, Abcc1–/–, and 5-LO–/– mice
(Figures 3 and 4) likely depends on other mechanisms
of chemotactic regulation. Alternatively, in the absence
of LN homing, cells may be migrating to interstitial or
other lymphoid areas not sampled (e.g., gastrointesti-
nal-associated lymphoid tissue, bronchial-associated
lymphoid tissue, liver). The proposed molecular inter-
actions may not necessarily take place within a single
cell. It is possible that multiple cell types are involved
in vivo, depending on their sensitivity to FTY720 and
levels of expression of the various receptors and
enzymes. Recent data show that phosphorylated
FTY720 is generated poorly in whole blood but very
rapidly in vivo (6), implying that vascular endothelial
cells may be the site for this step. Preliminary data from
our laboratory suggest that after ex vivo FTY720 treat-
ment, adoptively transferred T lymphocytes induce
migration of other lymphocytes in a paracrine fashion
(our unpublished data).

The current study shows that homing to the CCR7
ligands CCL19 and CCL21 of whole T cell popula-
tions is sensitive to FTY720. Among T cell subsets it
is likely that responsiveness to FTY720 varies. For
example, memory T cells enter LNs via afferent lym-
phatic vessels, while naive T cells traffic directly from
the blood through specialized high endothelial
venules, implying the use of different molecular
mechanisms (33). Additionally, memory T cells can be
divided into two functionally distinct subsets, CCR7–

and CCR7+. This suggests CCR7-independent hom-
ing to FTY720, for which Henning et al. have recently
provided evidence in CCR7–/– mice (34). Even among
CCR7+ lymphocytes, there are distinct differences in
response to CCL19 and CCL21. Reif et al. (35) recent-
ly showed that antigen engagement of LN B cells
alters CCR7 expression, response to CCL19 and
CCL21, and movement within LN microdomains.
Thus, FTY720 may function to sensitize T cells to
CCR7 ligands, thereby promoting LN retention.

Henning et al. also found that in plt mice FTY720
caused egress from the peripheral blood, suggesting
CCL19- and CCL21-independent migration. However,
while egress of T cells from peripheral blood was docu-
mented, accumulation in the LNs was not reported in
plt mice. We also found that FTY720 caused egress of T

cells from peripheral blood, but that it did not induce
T cell homing to LNs in plt mice. As mentioned above,
this may imply a role for lymphatic CCL21 or for
CCL19- and CCL21-independent egress. Since CCL19
and CCL21 can bind CCR11 (36) and CCL21 can stim-
ulate CXCR3 (37), and these receptors in turn can be
stimulated by a variety of other chemokines (38), there
may be CCR7-independent (34), and CCL19- and
CCL21-dependent or -independent, FTY720-mediated
LN homing. The receptor(s) that might mediate this is
currently unknown; and additional experiments did
not show a role for FTY720-enhanced migration to
CXCL9 (MIG) or CXCL10 (IP-10), conventional ligands
for CXCR3 (S.M. Honig and J.S. Bromberg, unpub-
lished data). We also observed that mice lacking Abcc1,
CCL19 and CCL21, or CD44 and VLA-4α mediated
adhesion still had a decrease in peripheral blood and
splenic T cells in response to FTY720 (Figures 3, 5, and
6) without LN accumulation. This suggests mechanis-
tic differences among FTY720-induced egress from
peripheral blood, splenic egress, and LN accumulation.
Since we examined only a small number of chemokines
and their receptors, it is likely that other chemokines
and receptors are involved in FTY720-induced migra-
tion. Further examination of which specific T cell sub-
sets, chemokines, and anatomic compartments are
influenced by FTY720 will better define alternative
mechanisms of action. As mentioned above, when
some pathways are blocked, T and non-T cells may also
be migrating to lymphoid organs or interstitial sites
not sampled in our current studies.

Recent studies have examined the differences in dis-
tribution of the multidrug transporters in T cells.
Older mice have a progressive accumulation of Abcb1+

cells in both naive and memory subsets and CD4 and
CD8 populations (39). Within the CD4 memory pop-
ulation, cells expressing Abcb1 from both young and
old mice showed reduced ability to proliferate and pro-
duced relatively low levels of cytokines during in vitro
responses (40). Therefore, heterogeneity in transporter
expression may also lead to heterogeneity in T cell
responses to FTY720.

While this report shows the involvement of Abcc1
and Abcb1 in T cell migration, Robbiani et al. original-
ly showed the importance of Abcc1 and Abcb1 in
CCL19-dependent DC migration (13). Gunn et al.
demonstrated that plt mice have decreased DC migra-
tion into the T cell zone of the LN, further illustrating
the importance of CCL19 and CCL21 in DC homing to
the LNs (41). It is noteworthy that T cells can migrate
in response to optimal doses of CCL19 and CCL21 in
the absence of 5-LO (Figure 4), while DCs may be more
dependent on this enzyme activity in vivo (13). 5-LO
activity and cysLT efflux are required, however, for
FTY720-enhanced T cell migration. Thus, T cells and
DCs appear to differ in molecular regulation of
responses to CCL19 and CCL21. Future studies will
need to examine how FTY720 affects DC migration.
DCs, like T and B cells, also differ in their expression of
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CCR7. DCs treated with type 1 IFN showed an upregu-
lation of CCR7 (42). Also, mature DCs express higher
levels of CCR7 than do immature DCs (43). Thus,
FTY720 may have different effects on DC subpopula-
tions, depending on the levels of CCR7 expression.

The ability of FTY720 to cause homing of T cells to
the LNs may explain one immunosuppressive proper-
ty of the drug, as it may prevent effector cells from
entering the graft. This is supported by the findings of
Pinschewer et al., who demonstrated that FTY720 did
not affect induction and expansion of cytotoxic T cells
but caused a shift in distribution of lymphocytes from
the spleen to the peripheral LNs (1). Conversely, fail-
ure of the contribution of the cysLT pathway to LN
migration may be responsible for accelerated renal
allograft rejection observed in 5-LO–/– mice (44). It is
also possible that FTY720-driven homing to the LNs
contributes to other aspects of immunosuppression.
Previous studies suggest that the LN environment can
be tolerogenic. Townsend and Goodnow reported that
T-B and T-APC interactions in the LNs of TCR trans-
genic mice led to T cell activation, proliferation, and
eventual disappearance, most likely due to activation-
induced cell death (45). Starzl and Zinkernagel argue
that direct localization of microbial antigen or
alloantigen to the LNs results in tolerance via clonal
deletion (46). Bromley et al. found that engagement of
the CXCR3 and CCR7 chemokine receptors leads to
immunosuppressive effects (47). In light of the
demonstration that murine CCL21 binds to both
CCR7 and CXCR3 (37), this may indicate that both
receptors are important in FTY720-mediated LN hom-
ing and immunosuppression. Recent experiments in
our laboratory demonstrate an important relationship
between LN homing and alloantigen-specific tolerance
(28). Mice treated with a tolerogenic mAb regimen had
long-term allograft survival with alloantigen-specific
tolerance. Administration of anti-CD62L mAb to these
recipients caused rapid shedding of L-selectin and exit
of T cells from the LNs, and anti-CD62L mAb–treated
and CD62L–/– mice were unable to be tolerized. These
results indicate that LN homing is necessary for toler-
ance induction. Importantly, graft survival and LN
homing were restored in these mice when FTY720 was
given concurrently (28). The presence of an LN hom-
ing pathway that is dependent on multidrug trans-
porters, cysLT, CCL19, and CCL21 may therefore
explain some of the immunosuppressive properties of
FTY720. LN homing in the setting of an immunosup-
pressive or tolerogenic regimen could create an envi-
ronment within the LNs that results in prolonged
graft survival and alloantigen-specific tolerance.
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