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1 A novel immunosuppressant FTY720 caused a signi®cant decrease in peripheral T lymphocytes,
but not in B lymphocytes upon oral administration. This decrease was mainly a result of FTY720-
induced apoptosis. In this study, we con®rmed FTY720-induced T cell selective apoptosis using
lymphoma cell lines in vitro.

2 Viability loss, DNA fragmentation, Annexin V binding, and caspases activation (caspase-3, -8,
and -9) were observed in Jurkat cells (T lymphoma cells), but not signi®cantly in BALL-1 cells (B
lymphoma cells). These results indicated that FTY720 selectively induced apoptosis in T cell
lymphoma to a greater extent than in B cell lymphoma, a ®nding that is similar to the result
observed when FTY720 was treated with T lymphocytes and B lymphocytes in vitro.

3 FTY720 released cytochrome c from mitochondria in Jurkat intact cells as well as from isolated
Jurkat mitochondria directly, but not from mitochondria in BALL-1 cells nor from isolated BALL-1
mitochondria.

4 BALL-1 cells and B cells had more abundant mitochondria-localized anti-apoptotic protein Bcl-2
than did Jurkat cells and T cells.

5 FTY720-induced apoptosis is inhibited by the overexpression of Bcl-2, suggesting that the
cellular Bcl-2 level regulates the sensitivity to FTY720.
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Introduction

Bcl-2 is localized mainly to the membranes of the
mitochondria, and possesses anti-apoptotic activity (Krajews-

ki et al., 1993). Bcl-2 prevents the opening of an apoptosis-
related pore opening called mitochondrial permeability
transition pore complex (PTPC), which is the basis for the
mitochondria-mediated apoptosis pathway (Decaudin et al.,

1997; Zamzami et al., 1998). This complex consists of several
proteins, including hexokinase, cyclophilin D, and adenine
nucleotide translocator, and a voltage-dependent anion

channel (Zoratti & Szabo, 1995). PTPC opening by pro-
apoptotic members of the Bcl-2 family of proteins, e.g., Bax,
or through the modulation of PTPC by chemicals results in a

rapid loss of mitochondrial membrane potential (DCm) and
organelle swelling (Fulda et al., 1998; Narita et al., 1998;
Zamzami et al., 1998). PTPC opening also releases

cytochrome c. Cytochrome c, with the involvement of apaf-
1, activates the initiator caspase, caspase-9, and activated
caspase-9 in turn activates the e�ector caspase, caspase-3.
Activated caspase-3 initiates further apoptotic processes (Li

et al., 1997; Liu et al., 1996; Zou et al., 1997). However, the
release of cytochrome c can also occur in the absence of DCm

loss, suggesting that PTPC may not be the only target of the

Bcl-2 family proteins to release cytochrome c (Bossy-Wetzel
et al., 1998; Eskes et al., 1998). In some types of apoptotic

cell death, the anti-apoptotic e�ect of Bcl-2 is abrogated.
Death receptors, e.g., Fas, aggregate and form a complex.
This complex recruits through several adapter proteins and
multiple procaspase-8, resulting in caspase-8 activation

through induced proximity (Muzio et al., 1996; 1998).
Activated caspase-8 in turn activates caspase-3, bypassing
the mitochondria-mediated apoptotic pathway (Sca�di et al.,

1998).
FTY720, 2-amino-2- [2-(4-octylphenyl) ethyl]-1,3-propane-

diol hydrochloride, was screened from synthesized analogues

of ISP-1, which is an immunosuppressive metabolite of
Isaria sinclairii (Fujita et al., 1994; 1996). Unlike other
conventional immunosuppressants that are currently used,

the action mechanism of FTY720 to suppress graft rejection
is thought to be a signi®cant decrease in the number of
peripheral blood lymphocytes, especially T cells (Enosawa et
al., 1996). FTY720 does not interfere with cytokine

production as do cyclosporine A and FK506 (Dumont et
al., 1990; Nelson, 1984), nor does it inhibit DNA
biosynthesis as do azathioprine, mizoribine and RS61443

(Behrend, 1996; Koyama & Tsuji, 1983; van Furth et al.,
1975), suggesting that this drug has a unique immunosup-
pressive action. We have previously demonstrated that the

British Journal of Pharmacology (2002) 137, 953 ± 962 ã 2002 Nature Publishing Group All rights reserved 0007 ± 1188/02 $25.00

www.nature.com/bjp

*Author for correspondence; E-mail: shinomy@nch.go.jp



blood lymphocyte decrease was mainly a result of FTY720-
induced apoptosis (Nagahara et al., 2000a). FTY720 also
induces apoptosis signi®cantly and rapidly in lymphoma

cells, demonstrating a potent ability for apoptosis induction
(Suzuki et al., 1996b). The FTY720-induced cell death
mechanism has been studied. FTY720-induced apoptosis is
observed in splenocytes from MRL lpr/lpr mice, and is

blocked by Bcl-2 overexpression, demonstrating that
FTY720-induced apoptosis might be involved with the
mitochondria-mediated pathway (Suzuki et al., 1996b;

1997). Recently, we clari®ed that FTY720 directly perturbed
mitochondria function, which resulted in a decrease of
mitochondrial permeability transition and a release of

cytochrome c from the mitochondria to cytosol, followed
by the activation of caspase-3 (Nagahara et al., 2000b).
Allograft rejection occurred by intragraft immune re-

sponse, including the in®ltration of mature T cells into the
graft and the activation of these T cells by Th1-associated
cytokines (Josien et al., 1995; Kupiec-Weglinski et al., 1993).
Thus, modulating and investigating the apoptosis mechan-

isms of T cells would be greatly bene®cial to the ®eld of
organ transplantation.
In this study, we examined the sensitivity to FTY720-

induced apoptosis using T cells and B cells in vitro. We also
described how these sensitivity di�erences occurred using T
cell and B cell lymphomas.

Methods

Cells

The human lymphoid B cell line BALL-1 was obtained from

Japanese Collection of Research Bioresources (Tokyo,
Japan). The human lymphoid T cell line, Jurkat, stably
transfected with a human bcl-2 expression plasmid (bcl-2) or

neomycin resistance vector (neo) was provided by Dr T.
Miyashita of the National Research Institute for Child
Health and Development (Tokyo, Japan).

Animals

PVG rats were purchased from Crea Japan (Tokyo, Japan).

All rats were 8 ± 14 weeks of age. The rats were given ad
libitum access to standard chow and water, and housed in our
departmental animal room under speci®c pathogen-free

conditions.

Drugs

2-amino-2-[2-(4-octylphenyl) ethyl]-1,3-propanediol hydro-
chloride (FTY720) was synthesized and supplied in powder

form by Taito (Tokyo, Japan), in cooperation with
Mitsubishi Pharma (Osaka, Japan). FTY720 was dissolved
in saline (1 mM).

Medium and cell cultures

Cells were cultured in RPMI-1640 medium supplemented

with 10% foetal calf serum and 75 mg l71-Kanamycin, and
maintained at 378C in a humidi®ed chamber under an
atmosphere of 95% air and 5% CO2.

Annexin V binding with selection of lymphocytes

Three to 5 ml of heparinized blood was diluted with an equal

volume of phosphate bu�ered saline (PBS), overlaid on 3 ml
of Ficoll-Conray solution (d=1.090, Lympho-Separ II;
Immuno-Biological Laboratories, Gumma, Japan), and
centrifuged at 3006g for 30 min at room temperature. The

lymphocytes in the interface were collected and washed three
times with PBS. All cells were washed, suspended at a density
of 26105 cells ml71 in fresh culture medium and incubated

for 2 h with 8 mM FTY720. Lymphocytes (16106) were
suspended in Annexin V binding bu�er (10 mM HEPES,
pH 7.4, 140 mM NaCl, 2.5 mM CaCl2, 0.2% bovine serum

albumin). Either biotinylated R73 monoclonal antibody
(mAb) (anti-rat T cell receptor; Serotec, Oxford, U.K.) or
biotinylated OX33 mAb (anti-rat B cell; Serotec) was added

at a dilution of 1 : 100 and the solution was incubated for
20 min at room temperature. The cells were washed twice
with Annexin V binding bu�er and then suspended in the
same bu�er. Next, 2.5 ml of ¯uorescein isothiocyanate

(FITC)-Annexin V and 1 : 25 dilution of streptavidin-
phycoerythrin (PE)-conjugate (PharMingen, San Diego, CA,
U.S.A.) were added and incubated for 20 min at room

temperature. The stained cells were washed once with
Annexin V binding bu�er, and the pellets were then
suspended in 0.5 ml of PBS containing 2 mg ml71 propidium

iodide (PI). Samples were analysed by 3-colour ¯ow
cytometry (FACScan; Becton Dickinson, Mountain View,
CA, U.S.A.). Lymphocyte type was detected using a

corresponding PE-mAb. PI positive cells were omitted from
the analysis. PI negative and FITC-Annexin V positive cells
were considered apoptotic.

MTT assay

Cells (26104) were incubated in 96-well ¯at-bottomed plates

for 3 h. Thereafter, 10 ml of 5 mg ml71 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma, St.
Louis, MO, U.S.A.) was added to each well and incubated

further for 1 h. The plates were centrifuged at 4006g for
5 min and the supernatants were discarded. Coloured
formazan in the living cells was developed by adding 100 ml
of dimethyl sulphoxide to each well, and the absorbance of

each well was measured using a microplate reader with
570 nm. Cell viability was expressed as a percentage of
control absorbance.

Nuclear morphology

Cells (46105) were incubated in dish culture with or without
FTY720. After incubation, 5 mM Hoechst 33342 and
2 mg ml71 PI was added and the number of viable, apoptotic,

and necrotic cells were counted by ¯uorescence microscopy.

DNA fragmentation

Apoptosis was determined by DNA fragmentation, which
was assessed by agarose gel electrophoresis. Cells (26106)
were rinsed once with 10 mM Tris-HCl bu�er, pH 8.7,

containing 3 mM MgCl2 and 2 mM 2-mercaptoethanol and
dissolved in 50 mM Tris-HCl bu�er, pH 7.8, containing
10 mM EDTA, 0.5% sodium lauryl sarcocinate, and
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1 mg ml71 proteinase K. After incubation at 508C for
30 min, RNase A was added at a concentration of
0.5 mg ml71 and further incubated at 508C for 15 min.

Lysates were mixed with an equal volume of loading bu�er
containing TBE bu�er (89 mM Tris, pH 8.4, 2.5 mM EDTA,
89 mM boric acid), 20% glycerol, and 0.01% bromophenol
blue. Samples were electrophoresed on 1.8% agarose gels in

TBE containing 0.5 mg ml71 ethidium bromide.

Annexin V binding

Cells (26105) were washed with PBS, suspended in 0.1 ml of
Annexin V binding bu�er containing 2.5 ml of FITC-Annexin

V, and incubated for 10 min at room temperature. Cells were
washed with PBS, resuspended in 0.5 ml of PBS containing
2 mg ml71 PI, and analysed by ¯ow cytometry.

Preparation of mitochondria and cytosol fractions, or cell
lysates

Cells (16107) were washed with PBS, suspended in 5 volumes
of CFS bu�er (mM: mannitol 220, sucrose 68, NaCl 2,
KH2PO4 2.5, EGTA 0.5, MgCl2 2, pyruvate 5, phenylmethyl-

sulphonyl¯uoride 0.1, HEPES 10, pH 7.4) and swollen on ice
for 20 min. Cells were disrupted by 10 aspirations through a
22 gauge needle and centrifuged at 7506g for 5 min at 48C
to remove the nuclei. The supernatant was centrifuged again
(10,0006g, for 10 min, at 48C) to recover mitochondria. The
10,0006g supernatant was ultracentrifuged at 100,0006g for

30 min at 48C and the remaining supernatant was used as the
cytosol fraction. Isolated mitochondria were used immedi-
ately for cell-free system assays. Cytosolic samples were used
immediately or stored at 7808C until immunodetection of

cytochrome c. For the preparation of cell lysates with
immunodetecting cellular Bcl-2 or caspases, cells were lysed
with lysis bu�er (mM: Tris 50, pH 7.5, 1% Nonidet-P40 50,

NaCl 150, NaF 50, EDTA 1, 10 mg ml71 leupeptin,
10 mg ml71 aprotinin, phenylmethylsulphonyl¯uoride 0.5,
and sodium orthovanadate 0.1).

Western blots

Mitochondria and cytosol fractions or cell lysates (15 mg)
prepared as described above were mixed in the same volume
of SDS sample bu�er (4% SDS, 125 mM Tris, pH 6.8, 10%
glycerol, 0.02 mg ml71 bromophenol blue, 10% 2-mercap-

toethanol) and heated at 658C for 10 min. Proteins were
separated by 4 ± 20% gradient polyacrylamide gel SDS-
electrophoresis and electrically transferred to a PVDF

membrane (Millipore, Bedford, MA, U.S.A.). After blocking
the membrane using 3% skimmed milk, cytochrome c, Bcl-2,
Bcl-xL, caspase-3, caspase-8, and caspase-9 were immunode-

tected using mouse anti-cytochrome c mAb (1 : 3000;
PharMingen), rabbit anti-Bcl-2 polyclonal Ab (1 : 2000;
Santa Cruz Biotechnologies, Santa Cruz, CA, U.S.A.),
rabbit anti-Bcl-xL polyclonal Ab (1 : 2000; Santa Cruz),

rabbit anti-caspase-3 polyclonal Ab (1 : 500; Santa Cruz),
rabbit anti-caspase-8 polyclonal Ab (1 : 500, Santa Cruz), or
mouse anti-caspase-9 polyclonal Ab (1 : 1000; MBL, Nagoya,

Japan). Thereafter, horseradish peroxidase-conjugated anti-
mouse IgG or anti-rabbit IgG were applied as second
antibodies, and positive bands were detected by enhanced

chemiluminescence (Amersham Life Science, Buckingham-
shire, U.K.).

Detection of Bcl-2 by flow cytometry

Lymphocytes (26106) were suspended in PBS. Either FITC-
R73 mAb (PharMingen) or FITC-OX33 mAb (PharMingen)

was added at a dilution of 1 : 50, and the solution was
incubated for 20 min at room temperature. The cells were
washed once with PBS, and permealized by incubating in

permealizing bu�er (0.5% saponin, 0.5% bovine serum
albumin, 0.1% NaN3 in PBS) for 10 min at room
temperature. After centrifugation, a 1 : 50 dilution of rabbit

anti-Bcl-2 polyclonal Ab was added and incubated for 30 min
at room temperature. The stained cells were washed once
with permealizing bu�er and the pellets were then suspended

in permealizing bu�er including 1 : 100 dilution of PE-
conjugated anti-rabbit IgG and incubated for 30 min at
room temperature. After the cells were washed once, the
samples were analysed by two-colour ¯ow cytometry.

Lymphocyte type was detected using a corresponding
FITC-mAb.

Determination of isolated mitochondrial cytochrome c
release

Isolated mitochondria were washed and resuspended in CFS
bu�er at a concentration of approximately 100 mg mitochon-
drial protein in 100 ml CFS bu�er. After incubating with or

without drugs for the indicated periods at 378C, the reaction
mixtures were centrifuged (10,0006g, for 10 min, at 48C).
The mitochondria pellet and supernatant were separated and
immediately used or stored at 7808C until the immunodetec-

tion of cytochrome c.

Determination of isolated mitochondrial membrane
potential

Isolated mitochondria were washed and resuspended in CFS

bu�er at a concentration of approximately 25 mg mitochon-
drial protein in 100 ml CFS bu�er. After incubation with or
without drugs for 30 min at 378C, the mitochondrial
suspensions were further incubated for 15 min with 50 nM

DiOC6 (3). Mitochondrial DCm was examined by ¯ow
cytometry.

Statistical analysis

All statistical analyses were performed using Student's t-test.

Signi®cance was established at the P50.05 level.

Results

Peripheral T cells were more sensitive to FTY720 than
peripheral B cells

Oral administration of 10 mg kg71 FTY720 to rats rapidly
decreases the number of peripheral blood lymphocytes (by

about half) within an hour, which is mainly a result of
apoptosis. Most importantly, apoptosis is induced in
peripheral T cells by the administration of FTY720, whereas

British Journal of Pharmacology vol 137 (7)

T-cell selective apoptosis by FTY720Y. Nagahara et al 955



peripheral B cells are una�ected (Nagahara et al., 2000a).
This FTY720-induced T cell selective apoptosis in vivo is
assumed to be a main action mechanism of immunosuppres-

sion. Enosawa et al. (1996) revealed with PI staining that
peripheral T cells were highly damaged with 3 h of 10 mM
FTY720 treatment in vitro. However, peripheral B cells were
relatively resistant to FTY720, though longer treatment (6 h)

induced damage also to the B cells. First, we determined
whether this T lymphocyte-selective damage was a result of
FTY720-induced apoptosis in vitro. Rat peripheral blood

lymphocytes were separated and incubated in vitro with 8 mM
FTY720 for 2 h. Thereafter, lymphocytes were analysed by
triple staining with FITC-labelled Annexin V, mAbs speci®c
to T and B cells, and PI. After excluding the PI-positive cells

as dead cells, we estimated the Annexin V binding ability of
peripheral T or B cells. Annexin V speci®cally binds with
phosphatidylserine (PS), which becomes exposed to the outer

cell membrane from the inner cell membrane during
apoptosis. PS exposure is believed to occur in the earlier
phase of apoptotic cell death. Figure 1a shows the Annexin V

binding ability to control cells and FTY720-treated cells. For
estimating the e�ect of FTY720 to each cell types, Annexin V
binding ratio of FTY720-treated groups was divided by the

ratio of the control groups (Figure 1b). FTY720 markedly
induced Annexin V binding to peripheral T cells. In contrast,
peripheral B cells had about 50% less ability to bind with
Annexin V than did T cells. This result suggested that after

the lymphocytes fell into apoptosis, PS was exposed on the
outer cell membrane, and thereafter the membrane collapsed
(cells were stained with PI). Moreover, this result was

coincident with the ®nding of Enosawa et al. (1996) that T
cells were sensitive to FTY720. FTY720 induces apoptosis
signi®cantly in peripheral T cells in vitro just as it had in the

in vivo experiment (Nagahara et al., 2000a).

T lymphoma cells were sensitive to FTY720 than B
lymphoma cells

For further analysis of peripheral T cell selective apoptosis by
FTY720, we used T and B lymphoma cells. The cell

viabilities of T lymphoma (Jurkat) and B lymphoma
(BALL-1) under FTY720 treatment were estimated. As
shown in Figure 2, the viability of Jurkat cells was

signi®cantly reduced by FTY720 in a dose-dependent

Figure 1 T cell selective apoptosis by FTY720 in vitro. Rat
peripheral lymphocytes were corrected (16106) and incubated with
8 mM FTY720 for 2 h. T cell and B cell apoptosis was detected with
FITC-Annexin V, speci®c mAbs and PI as described in Methods.
Annexin V positive and negative cells were counted and the Annexin
V binding ratio was calculated for FTY720-treated T cells, FTY720-
treated B cells, control T cells, and control B cells by dividing
positive cells by negative cells (a). Finally, the Annexin V binding
ratio of FTY720-treated groups was divided by the ratio of the
control groups (b). Each bar denotes standard deviation (n=3).
*P50.05, **P50.01 compared to T cells.

Figure 2 Viability of T, B cell lymphoma after treatment with
FTY720. Jurkat cells and BALL-1 cells (26104) were incubated for
4 h with and without FTY720 at concentrations ranging from 2 to
10 mM. At the indicated time, the cells were corrected and subjected
to MTT assay. The results are presented as the percentage of
absorbance in untreated cultures. Each bar denotes standard
deviation (n=4). *P50.05, **P50.01 compared to the same dose
of BALL-1 cells.
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manner. However, BALL-1 cells were not as susceptible to
FTY720 as Jurkat cells. BALL-1 cells did not change their
viability, even when 8 mM FTY720 was treated, though the

viability of Jurkat cells was reduced to about 30%. In
addition, when 10 mM FTY720 was treated, BALL-1 cells lost
their viability to about 50%. Overall, T lymphoma is more
sensitive to FTY720 than B lymphoma, just as T cells are

more sensitive than B cells.

FTY720 selectively induced apoptosis in T lymphoma cells
to a greater extent than in B lymphoma cells

We performed three experiments to detect whether apoptotic

cell death occurred in these cell lines. Figure 3a shows the
morphological change with FTY720. Staining with the cell
permeable ¯uorogenic substrate Hoechst 33342 and cell

impermeable ¯uorogenic substrate PI, the number of
apoptotic cell (blue- or red-stained bubbled polynuclei cells)
and necrotic cell (red-stained damaged cell) was counted.
Jurkat cells gradually fell into apoptosis, though BALL-1

cells are resistant within 8 mM of FTY720 treatment.
However, 10 mM FTY720 treatment to BALL-1 cells induced
nectrotic cell death. In addition, 12 mM FTY720 treatment to

Jurkat cells also induces necrosis (data not shown). Thus, we
used 8 mM doses of FTY720 for following studies. Figure 3b
shows DNA fragmentation, a hallmark of apoptosis, by

agarose gel electrophoresis. The DNA of Jurkat cells was
fragmented and made into a ladder form within 4 h of
FTY720 treatment, though the DNA of BALL-1 cells did not

fragment with 6 h of treatment. BALL-1 cells are resistant
until 18 h of FTY720 treatment (Matsuoka et al., in
preparation), and only a slight necrotic DNA degradation
was observed with 24 h of treatment (Figure 3b). Moreover,

the binding potential of FITC-Annexin V between FTY720-
treated cells and control cells was estimated. Results similar
to those shown in Figure 3a were obtained, namely that

Jurkat cells exposed PS more quickly and to a greater extent
than did BALL-1 cells. These results indicate that FTY720
selectively induces apoptosis in Jurkat cells to a greater extent

than in BALL-1 cells (Figure 3b). Further experiments were
performed to investigate the involvement of apoptosis-
mediator, caspase family proteases using Western blots.
FTY720 cleaved procaspase-9 (47 kD) and procaspase-3

(32 kD) to its active form (37/35 kD and 17 kD, respectively)
in Jurkat cells within 4 h treatment (Figure 4). Again, no
cleavage was observed in BALL-1 cells. BALL-1 cells have

the same level of procaspases as Jurkat cells, suggesting that
the procaspases' expression level was not attributable to the
FTY720 sensitivity between those cell types. However, only

slight activation was observed in caspase-8 (43/41 kD
cleavage), in which FTY720 seemed to activate mitochon-

Figure 3 FTY720-induced T lymphoma selective apoptosis. (a)
Jurkat (neo) cells and BALL-1 cells were incubated for 4 h with or
without FTY720 at concentrations ranging from 2 to 10 mM. At the
indicated times, the cells were corrected and stained with Hoechst
33342 and PI. Cells were counted using ¯uorescence microscopy and
percentage of blue- and red-stained bubbled nuclei cells (apoptotic
cells) and red-stained damaged cells (necrotic cells) in whole cells
were estimated. Data are representative of three independent
experiments. (b) Jurkat (neo) cells and BALL-1 cells were incubated
with 8 mM FTY720 for 0, 2, 4, and 6 h, respectively and 24 h for

BALL-1 cells. At the times indicated, the cells (16106) were lysed
and DNA was prepared. DNA fragmentation was analysed by
agarose gel electrophoresis. (c) Jurkat (neo) cells and BALL-1 cells
were incubated with 8 mM FTY720 for 0, 1, 2, and 3 h, respectively.
At the times indicated, the cells (26105) were stained with FITC-
Annexin V. Binding of Annexin V to cells was indicated by FITC
¯uorescence with ¯ow cytometry. The results are presented as the
percentage of Annexin V positive cells (FTY720-treated per control).
Each bar denotes standard deviation (n=4). **P50.01, ***P50.001
compared to the same dose of BALL-1 cells.
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dria-involved caspases (Figure 4). No fully activated caspase-
8 (18 kD) band was observed, even after 6 h treatment of
FTY720 (data not shown). In conclusion, FTY720 induced

caspases of the post-mitochondria-involved apoptosis path-
way to Jurkat cells, but not to BALL-1 cells.

FTY720 induced cytochrome c release from mitochondria
to Jurkat cells but not to BALL-1 cells

As previously reported, FTY720 induces cytochrome c release

from mitochondria to cytosol. Using pan-caspase inhibitor Z-
VAD-FMK, FTY720-induced DNA fragmentation and
caspase activation is blocked, although cytochrome c release

is not inhibited (Nagahara et al., 2000b). These results
indicate that FTY720-induced cytochrome c release is
independent of caspase activation, and this FTY720-induced

mitochondrial perturbation was essential for FTY720-
induced apoptosis. To determine cytochrome c release, both
Jurkat and BALL-1 cytosol fraction were prepared and
detected by Western blotting. FTY720 induced a cytochrome

c release to cytosol within 4 h in Jurkat cells but not in
BALL-1 cells (Figure 5), suggesting that BALL-1 mitochon-
dria are resistant to FTY720 or that FTY720 intracellular

concentration is di�erent between those cells.

Bcl-2 was highly expressed in FTY720-insensitive
BALL-1 cells

Because two hypotheses for FTY720-induced T lymphoma

cells selective apoptosis arose, as described above, we
considered the ®rst hypothesis, that the di�erence in

mitochondria regulated the susceptibility to FTY720, for
the following reasons. A recent study described that FTY720
decreased the activity of Akt (also known as protein kinase

B), which is the major mediator of survival signal that protect
cells from undergoing apoptosis (Matsuoka et al., in
preparation). Phosphorylation of Akt by tyrosine kinase
receptor-phosphatidylinositol 3'-kinase (PI3K) pathway re-

sults in activation of this kinase (Toker, 2000). However,
FTY720 did not inhibit PI3K pathway kinases or Akt itself,
but activated protein phosphatase 2A (PP2A), suggesting that

FTY720 activated PP2A and dephosphorylated Akt. In
addition, FTY720 activated puri®ed PP2A directly. FTY720
caused dephosphorylation of Akt in the same time-course in

both Jurkat and BALL-1 cells, presuming that the
intracellular concentrations of FTY720 in both cells were
equivalent. Moreover, B lymphomas tend to express

mitochondria-localized anti-apoptotic protein, Bcl-2, more
than T lymphomas do (Akagi et al., 1994; Zutter et al., 1991).

Because our previous studies revealed that Bcl-2 over-
expression prevented FTY720-induced apoptosis, including

cytochrome c release and caspase activation (Nagahara et al.,
2000b), we assumed that BALL-1 cells expressed Bcl-2 more
highly than Jurkat cells. We detected the Bcl-2 protein

expression level with Jurkat cells and BALL-1 cells. Western
blotting of Bcl-2 clearly showed that BALL-1 cells expressed
it more abundantly than did Jurkat cells (Figure 6a). The

expression level of Bcl-2 in BALL-1 was the same as in the

Figure 5 Cytochrome c released to cytosol with FTY720. Jurkat
(neo) cells and BALL-1 cells (16107) were incubated with 8 mM
FTY720 for 0, 2, 4, and 6 h, respectively. At the times indicated,
cytosolic fractions were prepared and cytosolic cytochrome c was
detected by Western blotting.

Figure 4 FTY720-induced caspases activation. Jurkat (neo) cells
and BALL-1 cells (26106) were incubated with 8 mM FTY720 for 0,
2, 4, and 6 h, respectively. At the times indicated, cells were lysed
(15 mg) and caspase-3, caspase-9, and caspase-8 were detected by
Western blotting.

Figure 6 Di�erences of Bcl-2 expression among cell lines. (a) Jurkat
(neo) cells, Jurkat (bcl-2) cells, and BALL-1 cells were lysed (15 mg)
and Bcl-2 and Bcl-xL was detected by Western blotting. (b) Rat
peripheral lymphocytes were permealized and the T cell and B cell
Bcl-2 level were detected by using speci®c antibody as described in
Methods. The results are presented as averages of the median
¯uorescence intensity. Each bar denotes standard deviation (n=4).
*P50.05 compared to T cells.
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Jurkat cells that overexpressed Bcl-2, Jurkat (bcl-2), which
abrogated FTY720-induced apoptosis in our previous study.
Another anti-apoptotic Bcl-2 family protein, Bcl-xL, was also

expressed more highly in BALL-1 than in Jurkat, suggesting
that BALL-1 cells seem to be less susceptible to mitochon-
dria-involved apoptosis (Figure 6a).
We also determined the Bcl-2 expression level in rat

peripheral T cells and B cells. Flow cytometric analysis
revealed that peripheral B cells have higher levels of Bcl-2
than do peripheral T cells (Figure 6b).

FTY720 did not affect BALL-1 mitochondria

The FTY720-insensitive BALL-1 mechanism was further
examined. Isolated mitochondria from Jurkat cells reduced
DCm and released cytochrome c as a result of FTY720

treatment. Overexpression of Bcl-2 completely blocked these
phenomena (Nagahara et al., 2000b). Because BALL-1
mitochondria expressed abundant Bcl-2, we considered the
possibility that they may inhibit FTY720-induced mitochon-

dria perturbation. Actually, cytochrome c release was
inhibited when isolated BALL-1 mitochondria were treated
with FTY720 (Figure 7a). The same results were obtained

with isolated Jurkat (bcl-2) mitochondria, but mitochondria
isolated from Jurkat cells that do not overexpress Bcl-2,
Jurkat (neo), released cytochrome c directly after FTY720

treatment. Moreover, isolated BALL-1 mitochondria did not
reduce DCm and neither did isolated Jurkat (bcl-2)
mitochondria, but DCm was greatly decreased in isolated

Jurkat (neo) mitochondria (Figure 7b).

Discussion

In the present study, we demonstrated that T lymphoma is
more susceptible to FTY720-induced apoptosis than B

lymphoma is. Viability loss, DNA fragmentation, and PS
exposure to the outer membrane occurred commonly in
Jurkat (neo) cells but not signi®cantly often in BALL-1 cells.

Cytochrome c was released by FTY720 in intact cells and
even in isolated mitochondria in Jurkat (neo) cells but not in
BALL-1 cells. Bcl-2 overexpression cells, Jurkat (bcl-2),
inhibit all FTY720-induced apoptotic e�ects (Nagahara et

al., 2000a; Suzuki et al., 1996b). BALL-1 cells highly
expressed Bcl-2 identically as Jurkat (bcl-2), Bcl-2 seemed
to be regulating the FTY720-induced apoptotic e�ect and the

sensitivity to this drug. The same results were obtained using
peripheral blood T cells and B cells.
PS is ordinarily sequestered in the plasma membrane inner

lea¯et. Upon induction of apoptosis, PS becomes exposed to
outer membrane. The exposed PS triggers recognition and
phagocytosis of the apoptotic cell. How PS becomes exposed

is not yet de®ned, though downregulation of Ca2+-dependent
aminophospholipid translocase activity and the activation of
phospholipid scramblase seem to mediate this activity (Savill
& Fadok, 2000). Bratton et al. (1997) revealed that only the

loss of aminophospholipid translocase activity is insu�cient
to exposure PS. On the other hand, overexpression of
phospholipid scramblase induces movement of PS to the cell

surface (Zhao et al., 1998), and phospholipid scramblase
activity is augmented by phosphorylation by protein kinase
Cd (Frasch et al., 2000). As caspase-3 cleaves and activates

protein kinase C, caspase-dependent PS exposure is thought

to be one of the PS-exposing pathways. In the present study,
FTY720 induced PS exposure in Jurkat cells, but not in
BALL-1 cells (Figure 3b). Since FTY720 activated caspase-3
only in Jurkat cells (Figure 4), FTY720 may expose PS in a

caspase-dependent fashion.
In the present study, FTY720 activated caspase-9, caspase-

3, and slightly activated caspase-8 in Jurkat cells. A previous

study revealed that FTY720 did not activate caspase-1 in HL-
60 cells. Fujino et al. (2001) observed the activation of other
diverse caspases by FTY720 in Jurkat cells. Those researchers

Figure 7 FTY720 did not a�ect isolated Bcl-2 rich mitochondria.
(a) Mitochondria from Jurkat (neo), Jurkat (bcl-2), and BALL-1 cells
(100 mg/100 ml) were prepared as described in Methods. Mitochon-
dria were incubated with no additives and 10 mM FTY720 for 0, 30,
and 60 min at 378C. Mitochondrial supernatant was prepared and
cytochrome c was detected by Western blotting. (b) Mitochondria
from Jurkat (neo), Jurkat (bcl-2), and BALL-1 cells (25 mg/100 ml)
were prepared as described in Methods. After incubation with or
without drugs for 30 min at 378C, the mitochondrial suspensions
were further incubated for 15 min with 50 nM DiOC6 (3).
Mitochondrial DCm was examined by ¯ow cytometry. The results
are presented as averages of the median ¯uorescence intensity
(FTY720-treated per control). Each bar denotes standard deviation
(n=3). *P50.05, **P50.01 compared to isolated mitochondria from
Jurkat (neo) cell groups.
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indicated that caspases-2, -3, -6, -8, -9, and -10 were
activated, whereas caspases-1 and -5 were not activated by
FTY720. Also, in the presence of a caspase-3 inhibitor, Ac-

DEVD-CHO, or a caspase-9 inhibitor, Ac-LEHD-CHO,
FTY720-induced caspase-8 activation was completely down-
regulated. Activated caspase-3 cleaves caspases-2 and -6.
Activated caspase-6 in turn activates caspases-8 and -10 (Slee

et al., 1999). The activation of caspases-2, -6, -8, -10 by
FTY720 is suggested to be a result of the mitochondria-
mediated apoptotic pathway.

Bcl-2 blocks the PTPC opening and does not trigger PT
nor release cytochrome c from mitochondria (Zamzami et al.,
1998). In the previous studies, FTY720 triggered PT and

released cytochrome c, which was completely inhibited by the
overexpression of Bcl-2 (Nagahara et al., 2000a). The present
study shows that Bcl-2-weakly-expressed Jurkat (neo) cells

are more susceptible to FTY720-apoptotic e�ects than Bcl-2-
highly-expressed BALL-1 cells, as shown in previous studies.
T cell lymphomas are likely to express lower levels of Bcl-2 in
contrast to B cell lymphomas (Akagi et al., 1994; Zutter et

al., 1991). This di�erence can be explained by the fact that
Bcl-2 protein was highly expressed when bearing the t(14;18)
chromosomal translation. Human B cell lymphomas tend to

have this translation (Ngan et al., 1988), although this is not
always the case, and there are many B cell lymphomas
without the t(14;18) chromosomal translation that also

express Bcl-2 (Akagi et al., 1994; Kondo et al., 1992). Some
other mechanisms might exist to regulate Bcl-2 expression,
and these may have caused the di�erence in Bcl-2 expression

between T cell lymphomas and B cell lymphomas. In
lymphocyte di�erentiation, Bcl-2 expression was highly
involved in the clonal deletion of autoreactive or low-a�nity
lymphocytes (Akbar et al., 1993; Tamaru et al., 1993). In

human peripheral blood T cells, Bcl-2 was expressed less than
B cells (Ohta et al., 1995). In the present study, FTY720
induced about a 2 fold increase of PS exposure in rat

peripheral T cells in comparison with B cells (Figure 1).
Coincidentally, Bcl-2 was expressed about 2 fold in peripheral
B cells in comparison with T cells (Figure 6b). These results

suggest that the expression of Bcl-2 regulates the FTY720
susceptibility between T cells/T cell lymphomas and B cells/B

cell lymphomas. As the FTY720 immunosuppressant me-
chanism induces apoptosis in peripheral blood lymphocytes,
T cells are the main target of FTY720 for inducing apoptosis

and for immunosuppression.
FTY720 speci®cally induces apoptosis in T lymphocytes

and lymphomas, but other cell types have resistance to it.
FTY720 induces apoptosis in human prostate cell line DU145

at doses over 40 mM (Wang et al., 1999), while IC50 for
normal human lung cells is about 150 mM (Sonoda et al.,
2001). These doses are very high, since 4 mM FTY720 can

induce apoptosis in human peripheral lymphocytes (Suzuki et
al., 1996b). Similarly, human uterine cell line HeLa cells have
resistance to FTY720. However, mitochondria isolated from

HeLa cells were as susceptible (with reduced DCm and
released cytochrome c) to those from Jurkat cells (data not
shown). Therefore, we considered that intracellular FTY720

concentration di�ers among cell types in which FTY720 has
the potential to pass through cell membranes at di�erent
doses. Also, mitochondria Bcl-2 and Bcl-xL levels regulate
FTY720-susceptibility, as described throughout this study. In

addition to the above experiment, Bcl-2 expression levels of
HeLa mitochondria and Jurkat mitochondria were almost the
same (data not shown). These mitochondria anti-apoptotic

protein expression levels and intracellular concentration level
of FTY720 assumed to regulate the FTY720-susceptibility.
FTY720 is a potent immunosuppressant that prolongs

allografts of various models of animal organ transplantation
(Furukawa et al., 2000; Nikolova et al., 2000; Ueda et al.,
2000). The combination of other immunosuppressants, e.g.,

cyclosporine A, with FTY720 signi®cantly increases its
immunosuppressive activity (Suzuki et al., 1996a; Tamura et
al., 2000). This ®nding can be explained by the fact that
FTY720 and other immunosuppressants utilize distinct

immunosuppressive mechanisms. With FTY720-induced T-
cell selective apoptosis, this immunosuppressant can be a
promising drug in transplantation and autoimmunity treat-

ments.

This work was supported in part by JSPS Research Fellowships
for Young Scientists.

References

AKAGI, T., KONDO, E. & YOSHINO, T. (1994). Expression of Bcl-2
protein and Bcl-2 mRNA in normal and neoplastic lymphoid
tissues. Leuk. Lymphoma, 13, 81 ± 87.

AKBAR, A.N., SALMON, M., SAVILL, J. & JANOSSY, G. (1993). A
possible role for bcl-2 in regulating T-cell memory ± a `balancing
act' between cell death and survival. Immunol. Today, 14, 526 ±
532.

BEHREND, M. (1996). A review of clinical experience with the novel
immunosuppressive drug mycophenolate mofetil in renal trans-
plantation. Clin. Nephrol., 45, 336 ± 341.

BOSSY-WETZEL, E., NEWMEYER, D.D. & GREEN, D.R. (1998).
Mitochondrial cytochrome c release in apoptosis occurs up-
stream of DEVD-speci®c caspase activation and independently
of mitochondrial transmembrane depolarization. EMBO J., 17,
37 ± 49.

BRATTON, D.L., FADOK, V.A., RICHTER, D.A., KAILEY, J.M.,

GUTHRIE, L.A. & HENSON, P.M. (1997). Appearance of
phosphatidylserine on apoptotic cells requires calcium-mediated
nonspeci®c ¯ip-¯op and is enhanced by loss of the aminopho-
spholipid translocase. J. Biol. Chem., 272, 26159 ± 26165.

DECAUDIN, D., GELEY, S., HIRSCH, T., CASTEDO, M., MARCHETTI,

P., MACHO, A., KOFLER, R. & KROEMER, G. (1997). Bcl-2 and
Bcl-XL antagonize the mitochondrial dysfunction preceding
nuclear apoptosis induced by chemotherapeutic agents. Cancer
Res., 57, 62 ± 67.

DUMONT, F.J., STARUCH M.J., KOPRAK, S.L., MELINO, M.R. &

SIGAL, N.H. (1990). Distinct mechanisms of suppression of
murine T cell activation by the related macrolides FK-506 and
rapamycin. J. Immunol., 144, 251 ± 258.

ENOSAWA, S., SUZUKI, S., KAFEKUDA, T., LI, X.K. & AMEMIYA, H.

(1996). Induction of selective cell death targeting on mature T-
lymphocytes in rats by a novel immunosuppressant, FTY720.
Immunopharmacology, 34, 171 ± 179.

ESKES, R., ANTONSSON, B., OSEN-SAND, A., MONTESSUIT, S.,

RICHTER, C., SADOUL, R., MAZZEI, G., NICHOLS, A. &

MARTINOU, J.C. (1998). Bax-induced cytochrome c release from
mitochondria is independent of the permeability transition pore
but highly dependent on Mg2+ ions. J. Cell. Biol., 143, 217 ± 224.

British Journal of Pharmacology vol 137 (7)

T-cell selective apoptosis by FTY720Y. Nagahara et al960



FRASCH, S.C., HENSON, P.M., KAILEY, J.M., RICHTER, D.A., JANES,

M.S., FADOK, V.A. & BRATTON, D.L. (2000). Regulation of
phospholipid scramblase activity during apoptosis and cell
activation by protein kinase Cdelta. J. Biol. Chem., 275,
23065 ± 23073.

FUJINO, M., LI, X.K., GUO, L., AMANO, T. & SUZUKI, S. (2001).
Activation of caspases and mitochondria in FTY720-mediated
apoptosis in human T cell line Jurkat. Int. Immunopharmacol., 1,
2011 ± 2021.

FUJITA, T., HIROSE, R., YONETA, M., SASAKI, S., INOUE, K.,

KIUCHI, M., HIRASE, S., CHIBA, K., SAKAMOTO, H. & ARITA,

M. (1996). Potent immunosuppressants, 2-alkyl-2-aminopro-
pane-1,3-diols. J. Med. Chem., 39, 4451 ± 4459.

FUJITA, T., INOUE, K., YAMAMOTO, S., IKUMOTO, T., SASAKI, S.,

TOYAMA, R., CHIBA, K., HOSHINO, Y. & OKUMOTO, T. (1994).
Fungal metabolites. Part II. A potent immunosuppressive
activity found in Isaria sinclairii metabolite. J. Antibiot., 47,
208 ± 215.

FULDA, S., SCAFFIDI, C., SUSIN, S.A., KRAMMER, P.H., KROEMER,

G., PETER, M.E. & DEBATIN, K.M. (1998). Activation of
mitochondria and release of mitochondrial apoptogenic factors
by betulinic acid. J. Biol. Chem., 273, 33942 ± 33948.

FURUKAWA, H., SUZUKI, T., JIN, M.B., YAMASHITA, K., TANIGU-

CHI, M., MAGATA, S., ISHIKAWA, H., OGATA, K., MASUKO, H.,

SHIMAMURA, T., FUKAI, M., HAYASHI, T., FUJITA, M.,

NAGASHIMA, K., OMURA, T., KISHIDA, A. & TODO, S. (2000).
Prolongation of canine liver allograft survival by a novel
immunosuppressant, FTY720: e�ect of monotherapy and
combined treatment with conventional drugs. Transplantation,
69, 235 ± 241.

JOSIEN, R., PANNETIER, C., DOUILLARD, P., CANTAROVICH, D.,

MENORET, S., BUGEON, L., KOURILSKY, P., SOULILLOU, J.P. &

CUTURI, M.C. (1995). Graft-in®ltrating T helper cells,
CDC45RC phenotype, and Th1/Th2-related cytokines in do-
nor-speci®c transfusion-induced tolerance in adult rats. Trans-
plantation, 60, 1131 ± 1139.

KONDO, E., NAKAMURA, S., ONOUE, H., MATSUO, Y., YOSHINO, T.,

AOKI, H., HAYASHI, K., TAKAHASHI, K., MINOWADA, J. &

NOMURA, S. (1992). Detection of bcl-2 protein and bcl-2
messenger RNA in normal and neoplastic lymphoid tissues by
immunohistochemistry and in situ hybridization. Blood, 80,
2044 ± 2051.

KOYAMA, H. & TSUJI, M. (1983). Genetic and biochemical studies on
the activation and cytotoxic mechanism of bredinin, a potent
inhibitor of purine biosynthesis in mammalian cells. Biochem.
Pharmacol., 32, 3547 ± 3553.

KRAJEWSKI, S., TANAKA, S., TAKAYAMA, S., SCHIBLER, M.J.,

FENTON, W. & REED, J.C. (1993). Investigation of the subcellular
distribution of the bcl-2 oncoprotein: residence in the nuclear
envelope, endoplasmic reticulum, and outer mitochondrial
membranes. Cancer Res., 53, 4701 ± 4714.

KUPIEC-WEGLINSKI, J.W., WASOWSKA, B., PAPP, I., SCHMID-

BAUER, G., SAYEGH, M.H., BALDWIN, 3RD, W.M., WIEDER,

K.J. & HANCOCK, W.W. (1993). CD4 mAb therapy modulates
alloantibody production and intracardiac graft deposition in
association with selective inhibition of Th1 lymphokines. J.
Immunol., 151, 5053 ± 5061.

LI, P., NIJHAWAN, D., BUDIHARDJO, I., SRINIVASULA, S.M.,

AHMAD, M., ALNEMRI, E.S. & WANG, X. (1997). Cytochrome c
and dATP-dependent formation of Apaf-1/caspase-9 complex
initiates an apoptotic protease cascade. Cell, 91, 479 ± 489.

LIU, X., KIM, C.N., YANG, J., JEMMERSON, R. & WANG, X. (1996).
Induction of apoptotic program in cell-free extracts: requirement
for dATP and cytochrome c. Cell, 86, 147 ± 157.

MUZIO, M., CHINNAIYAN, A.M., KISCHKEL, F.C., O'ROURKE, K.,

SHEVCHENKO, A., NI, J., SCAFFIDI, C., BRETZ, J.D., ZHANG, M.,

GENTZ, R., MANN, M., KRAMMER, P.H., PETER, M.E. & DIXIT,

V.M. (1996). FLICE, a novel FADD-homologous ICE/CED-3-
like protease, is recruited to the CD95 (Fas/APO-1) death-
inducing signaling complex. Cell, 85, 817 ± 827.

MUZIO, M., STOCKWELL, B.R., STENNICKE, H.R., SALVESEN, G.S.

& DIXIT, V.M. (1998). An induced proximity model for caspase-8
activation. J. Biol. Chem., 273, 2926 ± 2930.

NAGAHARA, Y., ENOSAWA, S., IKEKITA, M., SUZUKI, S. &

SHINOMIYA, T. (2000a). Evidence that FTY720 induces T cell
apoptosis in vivo. Immunopharmacology, 48, 75 ± 85.

NAGAHARA, Y., IKEKITA, M. & SHINOMIYA, T. (2000b). Immuno-
suppressant FTY720 induces apoptosis by direct induction of
permeability transition and release of cytochrome c from
mitochondria. J. Immunol., 165, 3250 ± 3259.

NARITA, M., SHIMIZU, S., ITO, T., CHITTENDEN, T., LUTZ, R.J.,

MATSUDA, H. & TSUJIMOTO, Y. (1998). Bax interacts with the
permeability transition pore to induce permeability transition
and cytochrome c release in isolated mitochondria. Proc. Natl.
Acad. Sci. U.S.A., 95, 14681 ± 14686.

NELSON, P.W. (1984). Cyclosporine. Surg. Gynecol. Obstet., 159,
297 ± 308.

NGAN, B.Y., CHEN-LEVY, Z., WEISS, L.M., WARNKE, R.A. &

CLEARY, M.L. (1988). Expression in non-Hodgkin's lymphoma
of the bcl-2 protein associated with the t(14;18) chromosomal
translocation. N. Engl. J. Med., 318, 1638 ± 1644.

NIKOLOVA, Z., HOF, A., BAUMLIN, Y. & HOF, R.P. (2000). The
peripheral lymphocyte count predicts graft survival in DA to
Lewis heterotopic heart transplantation treated with FTY720
and SDZ RAD. Transpl. Immunol., 8, 115 ± 124.

OHTA, K., IWAI, K., KASAHARA, Y., TANIGUCHI, N, KRAJEWSKI,

S., REED, J.C. & MIYAWAKI, T. (1995). Immunoblot analysis of
cellular expression of Bcl-2 family proteins, Bcl-2, Bax, Bcl-X
and Mcl-1, in human peripheral blood and lymphoid tissues. Int.
Immunol., 7, 1817 ± 1825.

SAVILL, J. & FADOK, V. (2000). Corpse clearance de®nes the meaning
of cell death. Nature, 407, 784 ± 788.

SCAFFIDI, C., FULDA, S., SRINIVASAN, A., FRIESEN, C., LI, F.,

TOMASELLI, K.J., DEBATIN, K.M., KRAMMER, P.H. & PETER,

M.E. (1998). Two CD95 (APO-1/Fas) signaling pathways. EMBO
J., 17, 1675 ± 1687.

SLEE, E.A., HARTE, M.T., KLUCK, R.M., WOLF, B.B., CASIANO, C.A.,

NEWMEYER, D.D., WANG, H.G., REED, J.C., NICHOLSON, D.W.,

ALNEMRI, E.S., GREEN, D.R. & MARTIN, S.J. (1999). Ordering
the cytochrome c-initiated caspase cascade: hierarchical activa-
tion of caspases-2, -3, -6, -7, -8, and -10 in a caspase-9-dependent
manner. J. Cell. Biol., 144, 281 ± 292.

SONODA, Y., YAMAMOTO, D., SAKURAI, S., HASEGAWA, M., AIZU-

YOKOTA, E., MOMOI, T. & KASAHARA, T. (2001). FTY720, a
novel immunosuppressive agent, induces apoptosis in human
glioma cells. Biochem. Biophys. Res. Commun., 281, 282 ± 288.

SUZUKI, S., ENOSAWA, S., KAKEFUDA, T., SHINOMIYA, T., AMARI,

M., NAOE, S., HOSHINO, Y. & CHIBA, K. (1996a). A novel
immunosuppressant, FTY720, with a unique mechanism of
action, induces long-term graft acceptance in rat and dog
allotransplantation. Transplantation, 61, 200 ± 205.

SUZUKI, S., LI, X.K., ENOSAWA, S. & SHINOMIYA, T. (1996b). A new
immunosuppressant, FTY720, induces bcl-2-associated apopto-
tic cell death in human lymphocytes. Immunology, 89, 518 ± 523.

SUZUKI, S., LI, X.K., SHINOMIYA, T., ENOSAWA, S., AMEMIYA, H.,

AMARI, M. & NAOE, S. (1997). The in vivo induction of
lymphocyte apoptosis in MRL-lpr/lpr mice treated with
FTY720. Clin. Exp. Immunol., 107, 103 ± 111.

TAMARU, Y., MIYAWAKI, T., IWAI, K., TSUJI, T., NIBU, R., YACHIE,

A., KOIZUMI, S. & TANIGUCHI, N. (1993). Absence of bcl-2
expression by activated CD45RO+T lymphocytes in acute
infectious mononucleosis supporting their susceptibility to
programmed cell death. Blood, 82, 521 ± 527.

TAMURA, A., LI, X.K., FUNESHIMA, N., ENOSAWA, S., AMEMIYA,

H., KITAJIMA, M. & SUZUKI, S. (2000). Immunosuppressive
therapy using FTY720 combined with tacrolimus in rat liver
transplantation. Surgery, 127, 47 ± 54.

TOKER, A. (2000). Protein kinases as mediators of phosphoinositide
3-kinase signaling. Mol. Pharmacol., 57, 652 ± 658.

UEDA, H., TAKAHARA, S., AZUMA, H., KUSAKA, M., SUZUKI, S. &

KATSUOKA, Y. (2000). E�ect of a novel immunosuppressant,
FTY720, on allograft survival after renal transplant in rats. Eur.
Surg. Res., 32, 279 ± 283.

British Journal of Pharmacology vol 137 (7)

T-cell selective apoptosis by FTY720Y. Nagahara et al 961



VAN FURTH, R., GASSMANN, A.E. & DIESSELHOFF-DEN DULK,

M.M. (1975). The e�ect of azathioprine (Imuran) on the cell cycle
of promonocytes and the production of monocytes in the bone
marrow. J. Exp. Med., 141, 531 ± 546.

WANG, J.D., TAKAHARA, S., NONOMURA, N., ICHIMARU, N.,

TOKI, K., AZUMA, H., MATSUMIYA, K., OKUYAMA, A. &

SUZUKI, S. (1999). Early induction of apoptosis in androgen-
independent prostate cancer cell line by FTY720 requires
caspase-3 activation. Prostate, 40, 50 ± 55.

ZAMZAMI, N., MARZO, I., SUSIN, S.A., BRENNER, C., LAROCH-

ETTE, N., MARCHETTI, P., REED, J., KOFLER, R. & KROEMER,

G. (1998). The thiol crosslinking agent diamide overcomes the
apoptosis-inhibitory e�ect of Bcl-2 by enforcing mitochondrial
permeability transition. Oncogene, 16, 1055 ± 1063.

ZHAO, J., ZHOU, Q., WIEDMER, T. & SIMS, P.J. (1998). Level of
expression of phospholipid scramblase regulates induced move-
ment of phosphatidylserine to the cell surface. J. Biol. Chem.,
273, 6603 ± 6606.

ZORATTI,, M. & SZABO, I. (1995). The mitochondrial permeability
transition. Biochim. Biophys. Acta, 1241, 139 ± 176.

ZOU, H., HENZEL, W.J., LIU, X., LUTSCHG, A. & WANG, X. (1997).
Apaf-1, a human protein homologous to C. elegans CED-4,
participates in cytochrome c-dependent activation of caspase-3.
Cell, 90, 405 ± 413.

ZUTTER, M., HOCKENBERY, D., SILVERMAN, G.A. & KORSMEYER,

S.J. (1991). Immunolocalization of the Bcl-2 protein within
hematopoietic neoplasms. Blood, 78, 1062 ± 1068.

(Received July 22, 2002
Revised September 4, 2002

Accepted September 9, 2002)

British Journal of Pharmacology vol 137 (7)

T-cell selective apoptosis by FTY720Y. Nagahara et al962


	fig_xref1
	fig_xref2
	fig_xref3
	fig_xref4
	fig_xref5
	fig_xref6
	fig_xref7
	bib_xrefR1
	bib_xrefR2
	bib_xrefR3
	bib_xrefR4
	bib_xrefR5
	bib_xrefR6
	bib_xrefR7
	bib_xrefR8
	bib_xrefR9
	fig_xref
	bib_xrefR10
	bib_xrefR11
	bib_xrefR12
	bib_xrefR13
	bib_xrefR14
	bib_xrefR15
	bib_xrefR16
	bib_xrefR17
	bib_xrefR18
	bib_xrefR19
	bib_xrefR20
	bib_xrefR21
	bib_xrefR22
	bib_xrefR23
	bib_xrefR24
	bib_xrefR25
	bib_xrefR26
	bib_xrefR27
	bib_xrefR28
	bib_xrefR29
	bib_xrefR30
	bib_xrefR31
	bib_xrefR32
	bib_xrefR33
	bib_xrefR34
	bib_xrefR35
	bib_xrefR36
	bib_xrefR37
	bib_xrefR38
	bib_xrefR39
	bib_xrefR40
	bib_xrefR41
	bib_xrefR42
	bib_xref
	bib_xrefR43
	bib_xrefR44
	bib_xrefR45
	bib_xrefR46
	bib_xrefR47
	bib_xrefR48
	bib_xrefR49

