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FTY720: A Most Promising Immunosuppressant Modulating Immune Cell

Functions
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Abstract: FTY720, the pharmacological analog of S1P, acts as an agonist of sphingosine-1-phosphate receptors, resulting
in the inhibition of lymphocyte egress from secondary lymphoid tissues and thymocytes from the thymus, peripheral lym-
phopenia and interfering with normal functions of several other cell types. FTY720 has been clinically tried for transplan-
tation and multiple sclerosis, showing promising protective effects. This review will summarize potential applications and

effects of FTY720.
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INTRODUCTION

2-amino-2[2-(4-octylphenyl)ethy]-1,3-propanediol, known
as FTY720, is a structural analog of myriocin, which is a
metabolite of the ascomycete Isaria sinclairii that was an
eternal youth nostrum in traditional Chinese herbal medicine
[1]. Myriocin, also known as ISP-1, has strong immunosup-
pressive effects through effective inhibition of serine palmi-
toyl transferase, the first enzyme in the biosynthesis of
sphingolipid [2]. As treatment with myriocin has shown to
cause severe gastrointestinal side effects, great effort was put
to the development of less toxic myriocin analogs [3]. Among
the numerous synthesized myriocin derivatives, FTY720
turned out to be most promising one [3, 4]. FTY720 has
more potent immunosuppressive activity and less toxicity
than myriocin and it does not inhibit serine palmitoyl trans-
ferase [5]. At therapeutic relevant concentrations, FTY720
suppresses lymphocyte egress from secondary lymphoid
tissues, resulting in peripheral lymphopenia but not in im-
pairment of lymphocyte functions. FTY720 has currently
been developed by Novartis Pharma AG and has shown to be
highly effective in transplantation and autoimmune diseases,
clinically and experimentally.

Within one hour of administration, most of FTY720 is
phosphorylated by sphingosine kinases (SphK) [6] and plas-
ma levels of phosphorylated FTY720 (FTY720-P) are 2 to 6
times higher than that of FTY720 [7, 8]. Two SphKs have
been identified in mammals, SphK1 and SphK2. It has been
demonstrated that FTY720 is effectively phosphorylated by
SphK2 [6]. Sphingosine-1-phosphate (S1P), which is a natu-
ral lysophospholipid with high concentrations in serum [9],
shares striking structural homology with FTY720-P: both
having a lipophilic tail, a 2-amino group, and a phosphate
head group (Fig. 1).

S1P is mainly converted from sphingosine by SphK1 and
released from the platelet during platelet activation and
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Fig. (1). Chemical structures of myriocin, sphingosine, SI1P,
FTY720 and FTY720-P.

thrombotic processes [10], from the mast cells during in-
flammatory activation [11], and from other nonhematopoietic
cells like endothelial cells [12]. S1P binds to five G-protein-
coupled receptors (GPCRs), namely S1P;, S1P,, S1P;, S1P,
and S1Ps, and activates these receptors in a nanomolar range.
S1P receptors were initially termed as endothelial differen-
tiation gene receptors. S1P;, S1P, and S1P; are widely ex-
pressed, with S1P; being the dominant receptor on lympho-
cytes. S1Py4 is strictly expressed by lymphoid tissues and
S1Ps in spleen and white matter tract of the central nervous
system [13, 14]. The fundamental differences of signaling
through S1P receptors rely on the variations in G-protein
coupling. Two articles recently reviewed the specificity and
redundancy of S1P receptors [15, 16]. Binding of S1P to its
receptors activates different signaling pathways, resulting in
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calcium mobilization from intracellular stores, polymeriza-
tion of actin, chemotaxis/migration, proliferation and escape
from apoptosis [13, 17]. The different activities triggered by
S1P depend on the expression pattern of SIP receptors in
each cell type.

FTY720-P is a potent agonist for four of the five S1P
receptors, S1Py, S1P;, S1P4 and S1Ps [18]. Naive T and B-
lymphocytes express higher amounts of SIP; than S1P;,
S1P4 and SIPs. In the thymus, S1P; mRNA is highly ex-
pressed by CD4 or CD8 single positive lymphocytes but is
comparatively low in CD4 and CDS8 double positive cells,
and is the highest in most mature, L-selectin-high single-
positive thymocytes [19, 20]. S1P; is the dominant receptor
on lymphocytes and the interaction of S1P with S1P; has
been proven to be essential for lymphocyte (T and B cells)
egress from peripheral lymphoid tissues, and for thymocyte
egress from thymus [21, 22]. Naive T cells regularly circu-
late between blood and lymphoid tissues. Most T and B cells
need S1P; to facilitate their escape from peripheral lymphoid
organs into blood and thymocytes require it to egress into
circulation as well. When S1P;-deficient thymocytes are
transferred intravenously into wild-type recipients, these T
cells conveniently enter secondary lymphoid organs but they
are unable to exit. S1P;-deficient B cells are however, suc-
cessful in exiting the bone marrow of fetal liver chimeras
and enter secondary lymphoid organs, but like T cells, they
are very poor in exiting from secondary lymphoid organs. In
mice, whose hematopoietic cells lack S1P;, no T cells are
observed in the periphery because of the inability of the ma-
ture T cells to exit the thymus and secondary lymphoid tis-
sues [22-24]. During the course of an immune response, one
day after antigen exposure, the specific lymph node T-cells
had lost their responsiveness to S1P and they had down regu-
lated S1P; expression 100-fold. Three days after immuniza-
tion, many recently divided antigen-specific T-cells had ap-
peared in the circulation, and at that time, the activated
draining lymph node cells exhibited restored SI1P respon-
siveness and increased S1P; receptor levels [14, 23]. There-
fore, the egress of lymphocytes from thymus and secondary
lymphoid organs depends on S1P; expression by the lym-
phocyte.

Exposure to FTY720-P induces S1P; down-regulation
and inactivation, resulting into a functional S1P; deficient
phenotype, which might be best explained by FTY720-P
functioning as an S1P; agonist that cannot be readily dissoci-
ated or inactivated following receptor internalization, caus-
ing the receptor to be directed to a catabolic pathway [20, 23,
25, 26]. Therefore, it has been revealed that FTY720-P ex-
erts immunosuppressive effects mainly through the inhibi-
tion of lymphocyte egress, resulting into peripheral lym-
phopenia by down-regulation of S1P; on lymphocytes [27].

This review summarizes reports on the current under-
standing of effects of FTY720 on different cells and dis-
cusses the potential applications of this drug in transplanta-
tion, autoimmune disorders and tumors.

EFFECTS OF FTY720 ON DIFFERENT CELL TYPES

FTY720 is phosphorylated by SphK2 to FTY720-P in
vivo, which interacts with S1P;, S1P;, S1P4 and S1P;s to exert
its immunosuppressive effects. SphK2 is essential for the
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immunomodulatory activity of FTY720, indicating FTY720-
P to be the active metabolite following FTY720 administra-
tion [28, 29]. Due to their wide expression and complex sig-
naling pathways of S1P receptors, FTY720 has distinguished
effects on different cell types among which lymphocytes
are considered to be the major target cells which have
been well investigated [for reviews see 20-22, 30, 31]. How-
ever, the effects of FTY720 on non-lymphocytes are not
fully investigated.

FTY720 Inhibits Lymphocyte Egress

Naive lymphocytes continually circulate to reach secon-
dary lymphoid tissues to survey antigens. Most naive lym-
phocytes however, fail to detect antigens in one lymphoid
organ and migrate to enter into the circulation after about 12-
18 h for T cells and 24 h for B cells in order to survey further
lymphoid organs. If the naive lymphocytes eventually come
across antigens in the secondary lymphoid organs, after acti-
vation and division, the need gradually arises to migrate
from the lymphoid tissues to inflammatory sites to carry out
effector functions [20]. Mature thymocytes (CD4 or CD8
single positive T cells) also need to exit the thymus to exert
their functions.

Treatment with FTY720 has long been known to reduce
the number of T and B cells in the blood and spleen and
causes accumulation of these cells in the lymph nodes and
Peyer’s patches [32, 33]. In rats, one oral administration of
FTY720 with therapeutic relevant concentrations (0.1 to 1
mg/kg) results in a blood concentration of FTY720 to be less
than 100 ng/mL and markedly reduce lymphocyte numbers
in peripheral blood within 3 to 24 h, while the numbers of
lymphocytes in the secondary lymph nodes, mesenteric
lymph nodes and Peyer’s patches, increase significantly.
Furthermore the inhibition of mature lymphocyte circulation
is considered to be the major mechanism of FTY720 immu-
nosuppressive activity [32-35]. Moreover, FTY720 inhibits
egress of mature thymocytes from thymus as well. Long-
term daily administration of FTY720 causes a 3- to 4-fold
increase of mature thymocytes in the thymus. Using intra-
thymic fluorescein-labeling technique, only % of fluorescein-
labeled cells were found in peripheral lymph nodes and
spleen, indicating that the inhibition of mature thymocyte
egress from thymus also contributes to immunosuppressive
activity of FTY720 [36]. Despite its egress inhibition effects
on lymphocytes and thymocytes, FTY720 does not impair
the activation, proliferation and effector functions of T- and
B-cells at therapeutic relevant concentrations [37]. Interest-
ingly, FTY720 was found to increase the CD4"/CD25" regu-
latory T cell number in vivo and the suppressive activity of
these regulator T cells in vitro, which may play a role in the
immunosuppression of FTY720 [38] (Fig. 2).

FTY720 was observed to induce apoptosis of lympho-
cytes at high (4 uM or more) but not at lower concentrations
(lower than 100 nM). As the blood concentration of FTY720
was shown to be lower than 100 nM at therapeutic dosage
(lower than 1 mg/kg daily), lymphocyte apoptosis could not
be considered responsible for FTY 720 effects [39, 40].

Monocytes/Macrophages

Depletion of circulating monocytes and alteration of
macrophage functions following FTY720 treatment have not
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Fig. (2). Mechanisms of FTY720 inhibiting lymphocyte egress. A: Under physiological conditions, the interaction of S1P with S1P; regu-
lates the egress of lymphocytes from secondary lymphoid nodes and thymocytes from thymus. B: FTY720 is phosphorylated by SphK to be
FTY720-P after administration. FTY720-P is a potent agonist for S1P, and induces S1P; down-regulation and inactivation resulting into a
functional S1P; deficient phenotype, thereby inhibiting lymphocytes egress from secondary lymphoid nodes and thymocytes egress from
thymus, resulting into peripheral lymphopenia. In contrast, FTY720 does not affect the level of polymorphonuclear leukocytes or monocytes

in the blood circulation.

been reported. S1P; expressed on the surface and within the
cytoplasm of macrophages is not affected by FTY720-P.
Overnight exposure to FTY 720 significantly increases macro-
phage accumulation in subcapsular sinuses of FTY720-P-
treated mesenteric lymph nodes [41]. Under pathological
conditions, like experimental autoimmune encephalomyelitis
and amyloid beta-protein stimulated monocyte infiltration,
administration of FTY720 inhibits macrophage infiltration to
inflammatory lesions [42, 43].

Endothelial Cells

Constitutive depletion of S1P; in mice causes embryonic
lethality due to the impaired ability of vascular smooth mus-
cle cells to migrate, cover and stabilize the nascent vascular
network [44]. S1P; also plays a role in angiogenesis [45].
FTY720 is a potent agonist of SIP; and S1P; and can en-
hance the adherent junction assembly, strengthen the endo-
thelial barrier and assist in preserving the integrity of the
vascular system [27, 31]. In vitro, FTY720 causes transloca-

tion of vascular endothelial cadherin to the focal contact site
between endothelial cells to promote adherent junction as-
sembly [46]. In mice, FTY720 inhibits vascular endothelial
cell growth factor causing vascular permeability [47]. In vivo
administration of FTY720 helps in the prevention of vascular
leakage and angiogenesis and has proven to be protective in
abnormal-vessel-related disorders, such as endotoxin-
induced inflammatory lung injury [48] and tumor angiogene-
sis [49, 50]. Moreover, FTY720 enhances endothelial junc-
tional complex formation in lymph nodes, which may pre-
vent lymphocyte leakage from lymph nodes causing periph-
eral lymphopenia [41].

Dendritic Cells

Dendritic cells (DCs) are the most important class of an-
tigen-presenting cells in the immune system, holding an es-
sential role in regulating adaptive immune responses. S1P,
the endogenous analog of FTY720, mediates the migration
of mature DCs [51]. Expression of all five S1P receptors was
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demonstrated on murine dendritic cells (DCs). In vivo, ad-
ministration of FTY720 greatly enhanced DC numbers in the
blood, but reduces numbers in the lymph nodes and spleen.
The inhibition of migratory activity of DCs by FTY720 may
contribute to the immunosuppressive activity of FTY720
[52]. In vitro, FTY720 and FTY720-P reduce chemotaxis of
DCs and thereby favor a shift from Thl to Th2 differentia-
tion of T cells [53]. Therefore, DCs are potent targets of
FTY720.

Others Cell Types
Neutrophils

In a kidney post-transplant preservation/reperfusion in-
jury model, FTY720 was shown to decrease neutrophil in-
flux though the number of peripheral neutrophils remained
unchanged [54]. In vitro evaluation showed that FTY720-P
did not influence neutrophils’ ability of phagocytosis and the
production of reactive-oxygen species, but increased their
migratory activity, suggesting that FTY720 does not inhibit
critical functions of peripheral neutrophils in vitro [55].

Mpyocytes

In animal models and clinical trials, FTY720 induced a
mild and transient reduction of heart rate after the initial two
dosages [56, 57]. FTY720 did not reduce heart rate in S1P;
deficient mice, which is expressed in rodent atrial and ven-
tricular tissue, indicating that S1P; plays a role in the regula-
tion of heart rate [58]. However, the high expression of S1P,
but not of S1P; in human atrium and ventricle suggests a
species difference [59]. Currently, FTY720 induced heart rate
decrease is considered to be mediated by G protein-gated
potassium channel Igacn of atrial myocytes as in wild-type
mice, acute FTY720 administration produced a dose-depen-
dent, robust heart rate reduction and the heart rate reduction
induced by FTY720 in Ixacp-deficient mice was blunted [27,
31, 60].

POTENTIAL THERAPEUTIC APPLICATIONS OF
FTY720

Circulation of lymphocytes in the blood in order to enter
lymph nodes, the lymph and then back to the blood is impor-
tant for lymphocytes to exert immune functions. Interaction
between S1P and S1P receptors is essential in regulating
lymphocyte egress from secondary lymph nodes and Peyer’s
patches. FTY720 inhibits lymphocyte egress from secondary
lymph nodes and Peyer’s patches, and thymocytes from the
thymus to induce significant immunosuppression in models
of transplantations and autoimmune diseases. FTY720 is the
first compound of a new and promising class of immunosup-
pressive drugs. Combination of this drug with classical im-
munosuppressants, like calcineurin antagonists or prolifera-
tion signal inhibitors, offers a possibility of considerable
reduction in exposure to and mitigated toxicity of existing
drugs. FTY720 is now progressing through human clinical
trial III showing safety and tolerability in humans. Therapeu-
tic applications of FTY720 in allograft and autoimmune dis-
eases are the topics of several recent reviews [20-22, 30, 31,
61] and will therefore be discussed here only briefly. Appli-
cation of FTY720 in tumor therapy is a recently emerging
field and will be reviewed here.
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Transplantation and Autoimmune Diseases

FTY720 has been shown to be effective in the inhibition
of acute and chronic rejection, prolonging survival of al-
lografted skin, kidney, heart, liver, small bowel and islet of
pancreas. It has been demonstrated that FTY720 has more
potent immunosuppressive activity than other immunosup-
pressive drugs, such as CsA, FK506, mycophenolate mofetil,
and azathioprine on graft rejection in rat allograft models.
Furthermore, FTY720 has synergistic effects in combination
with calcineurine inhibitors. In phase Ia and Ila clinical tri-
als, FTY720 showed promising immunosuppressive activity
in renal transplantation.

Promising protective effects of FTY720 were also re-
ported from various experimental autoimmune disease mod-
els, like myocarditis, uveoretinitis, systemic lupus erythema-
tosus, autoimmune diabetes and experimental autoimmune
encephalomyelitis (EAE). In adjuvant- or collagen-induced
rat arthritis, FTY720 inhibited disease progression at doses
of 0.3 mg/kg/day, showing equal or even better efficacy than
mizoribine and prednisolone. The therapeutic potential of
FTY720 is rather marked by the reduction of EAE, an ani-
mal model of multiple sclerosis (MS), as compared to cur-
rently used interferon-beta. Recently, a clinical trial of
FTY720 in MS revealed that FTY720 reduced the number of
lesions detected on magnetic resonance imaging and clinical
disease activity in patients with MS [62].

Tumors

S1P is implicated in cell proliferation, transformation and
migration, inhibition of apoptosis, promoting blood-vessel
formation and in mediating inflammatory responses. In can-
cer, S1P regulates cancer-cell viability, angiogenesis and the
activity of cancer-promoting factors (for example, prosta-
glandin E2). So, overall, SIP functions as a tumor promoter
[63]. FTY720 antagonizes S1P functions and therefore has
the potency to suppress tumor growth, induce tumor cell
apoptosis and reduce angiogenesis.

It is already known that at a high concentration (micro-
molar range), FTY720 induces lymphocyte apoptosis in vitro
and in vivo [40]. In vitro, FTY720 was shown to induce
apoptosis of a variety of tumor cells, including prostate can-
cer DU145 [64, 65], human glioma [66], mouse breast can-
cer [67, 68], human T cell leukemia Jurkat [69], human
bladder cancer [70], human hepatoma [71, 72] and multiple
myeloma cells [73]. However, the molecular mechanisms of
FYT720 induced apoptosis remain unclear and seem to pro-
mote apoptosis through modification of apoptosis regulators
such as Bcl-2 and caspases [64, 65, 68, 69, 71].

In vivo, anti-cancer effects of FYT720 were tested in
several tumor models, including melanoma [50], hepatocel-
lular carcinoma [74, 49], androgen-independent prostate can-
cer [75], Lewis lung carcinoma [76], bladder cancer [77] and
breast cancer [67] and showed significant tumor suppression.
In vivo application of FTY720 in tumor-induced cell apopto-
sis inhibited tumor cell growth, suppressed angiogenesis and
inhibited tumor cell migration.

CONCLUSION

FTY720 is the archetype of a new class of immunosup-
pressive agents that act through S1P signaling pathway to
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sequestrate lymphocytes into secondary lymphatic tissues
and thus away from inflammatory lesions and graft sites.
FTY720 shows promising protective effects in animal mod-
els and clinical trials of transplantation, certain autoimmune
diseases and tumor therapy and has proven to be well toler-
ated in humans. Due to its completely new mechanism of
action, FTY720 is a promising member in immunosuppres-
sive regimens.

ACKNOWLEDGEMENT

We thank Dr. Jan-Hinrich Guse for drawing all chemical

structures.

REFERENCES

[10]
(11]
[12]
[13]
[14]

[15]

Fujita, T.; Inoue, K.; Yamamoto, S.; Ikumoto, T.; Sasaki, S.; To-
yama, R.; Chiba, K.; Hoshino, Y.; Okumoto, T. J. Antibiot. (To-
kyo), 1994, 47, 208.

Miyake, Y.; Kozutsumi, Y.; Nakamura, S.; Fujita, T.; Kawasaki, T.
Biochem. Biophys. Res. Commun., 1995, 211, 396.

Kiuchi, M.; Adachi, K.; Kohara, T.; Teshima, K.; Masubuchi, Y.;
Mishina, T.; Fujita, T. Bioorg. Med. Chem. Lett., 1998, 8, 101.
Kiuchi, M.; Adachi, K.; Kohara, T.; Minoguchi, M.; Hanano, T;
Aoki, Y.; Mishina, T.; Arita, M.; Nakao, N.; Ohtsuki, M.; Hoshino,
Y.; Teshima, K.; Chiba, K.; Sasaki, S.; Fujita, T. J. Med. Chem.,
2000, 43, 2946.

Chen, J.K.; Lane, W.S.; Schreiber, S.L. Chem. Biol., 1999, 6, 221.
Paugh, S.W.; Payne, S.G.; Barbour, S.E.; Milstien, S.; Spiegel, S.
FEBS Lett., 2003, 554, 189.

Mandala, S.; Hajdu, R.; Bergstrom, J.; Quackenbush, E.; Xie, J.;
Milligan, J.; Thornton, R.; Shei, G.J.; Card, D.; Keohane, C.;
Rosenbach, M.; Hale, J.; Lynch, C.L.; Rupprecht, K.; Parsons, W.;
Rosen, H. Science, 2002, 296, 346.

Brinkmann, V.; Davis, M.D.; Heise, C.E.; Albert, R.; Cottens, S.;
Hof, R.; Bruns, C.; Prieschl, E.; Baumruker, T.; Hiestand, P.; Fos-
ter, C.A.; Zollinger, M.; Lynch, K.R. J. Biol. Chem., 2002, 277,
21453.

Kimura, T.; Sato, K.; Kuwabara, A.; Tomura, H.; Ishiwara, M.;
Kobayashi, 1.; Ui, M.; Okajima, F. J. Biol. Chem., 2001, 276,
31780.

English, D.; Welch, Z.; Kovala, A.T.; Harvey, K.; Volpert, O.V;
Brindley, D.N.; Garcia, J.G. FASEB J., 2000, 14, 2255.

Prieschl, E.E.; Csonga, R.; Novotny, V.; Kikuchi, G.E.; Baum-
ruker, T. J. Exp. Med., 1999, 190, 1.

Ancellin, N.; Colmont, C.; Su, J.; Li, Q.; Mittereder, N.; Chae, S.S.;
Stefansson, S.; Liau, G.; Hla, T. J. Biol. Chem., 2002, 277, 6667.
Hla, T.; Lee, M.J.; Ancellin, N.; Paik, J.H.; Kluk, M.J. Science,
2001, 294, 1875.

Brinkmann, V.; Cyster, J.G.; Hla, T. Am. J. Transplant., 2004, 4,
1019.

Taha, T.A.; Argraves, K.M.; Obeid, L.M. Biochim. Biophys. Acta,
2004, 1682, 48.

Sanchez, T.; Hla, T. J. Cell Biochem., 2004, 92,913.

Pyne, S.; Pyne, N. Pharmacol. Ther., 2000, 88, 115.

Kiuchi, M.; Adachi, K.; Tomatsu, A.; Chino, M.; Takeda, S.; Ta-
naka, Y.; Maeda, Y.; Sato, N.; Mitsutomi, N.; Sugahara, K.; Chiba,
K. Bioorg. Med. Chem., 2005, 13,425.

Allende, M.L.; Dreier, J.L.; Mandala, S.; Proia, R.L. J. Biol.
Chem., 2004, 279, 15396.

Cyster, J.G. Annu. Rev. Immunol., 2005, 23, 127.

Chiba, K.; Matsuyuki, H.; Maeda, Y.; Sugahara, K. Cell Mol. Im-
munol., 2006, 3, 11.

Chiba, K. Pharmacol. Ther., 2005, 108, 308.

Matloubian, M.; Lo, C.G.; Cinamon, G.; Lesneski, M.J.; Xu, Y.;
Brinkmann, V.; Allende, M.L.; Proia, R.L.; Cyster, J.G. Nature,
2004, 427, 355.

Lo, C.G.; Xu, Y.; Proia, R.L.; Cyster, J.G. J. Exp. Med., 2005, 201,
291.

Graler, M.H.; Goetzl, E.J. FASEB J., 2004, 18, 551.

Hale, J.J.; Neway, W.; Mills, S.G.; Hajdu, R.; Ann Keohane, C.;
Rosenbach, M.; Milligan, J.; Shei, G.J.; Chrebet, G.; Bergstrom, J.;
Card, D.; Koo, G.C.; Koprak, S.L.; Jackson, J.J.; Rosen, H.; Man-
dala, S. Bioorg. Med. Chem. Lett., 2004, 14,3351.

[27]

[28]

[29]

[30]
[31]
[32]

[33]

[34]
[35]
[36]
[37]

[38]

[39]
[40]

[41]

[42]
[43]
[44]
[45]
[46]

[47]

[48]

[49]

[50]

[51]
[52]

[53]

[54]

[55]
[56]
[57]

[58]

Mini-Reviews in Medicinal Chemistry, 2007, Vol. 7, No. 8 849

Brinkmann, V.; Cyster, J.G.; Hla, T. Am. J. Transplant., 2004, 7,
1019.

Zemann, B.; Kinzel, B.; Muller, M.; Reuschel, R.; Mechtcheriak-
ova, D.; Urtz, N.; Bornancin, F.; Baumruker, T.; Billich, A. Blood,
2006, 107, 1454.

Kharel, Y.; Lee, S.; Snyder, A.H.; Sheasley-O'neill, S.L.; Morris,
M.A.; Setiady, Y.; Zhu, R.; Zigler, M.A.; Burcin, T.L.; Ley, K.;
Tung, K.S.; Engelhard, V.H.; Macdonald, T.L.; Pearson-White, S.;
Lynch, K.R. J. Biol. Chem., 2005, 280, 36865.

Gardell, S.E.; Dubin, A.E.; Chun, J. Trends Mol. Med., 2006, 2, 65.
Brinkmann, V. Yonsei Med. J., 2004, 45,991.

Chiba, K.; Yanagawa, Y.; Masubuchi, Y.; Kataoka, H.; Kawa-
guchi, T.; Ohtsuki, M.; Hoshino, Y. J. Immunol., 1998, 160, 5037.
Chiba, K.; Hoshino, Y.; Suzuki, C.; Masubuchi, Y.; Yanagawa, Y.;
Ohtsuki, M.; Sasaki, S.; Fujita, T. Transplant Proc., 1996, 28,
1056.

Chiba, K.; Yanagawa, Y.; Kataoka, H.; Kawaguchi, T.; Ohtsuki,
M.; Hoshino, Y. Transplant Proc., 1999, 31, 1230.

Yanagawa, Y.; Masubuchi, Y.; Chiba, K. /mmunology, 1998, 95,
591.

Yagi, H.; Kamba, R.; Chiba, K.; Soga, H.; Yaguchi, K.; Nakamura,
M.; Itoh, T. Eur. J. Immunol., 2000, 30, 1435.

Pinschewer, D.D.; Ochsenbein, A.F.; Odermatt, B.; Brinkmann, V.;
Hengartner, H.; Zinkernagel, R M. J. Immunol., 2000, 164, 5761.
Sawicka, E.; Dubois, G.; Jarai, G.; Edwards, M.; Thomas, M.;
Nicholls, A.; Albert, R.; Newson, C.; Brinkmann, V.; Walker, C. J.
Immunol., 2005, 175, 7973.

Suzuki, S.; Li, X.K.; Enosawa, S.; Shinomiya, T. Immunology,
1996, 89, 518.

Suzuki, S.; Enosawa, S.; Kakefuda, T.; Shinomiya, T.; Amari, M.;
Naoe, S.; Hoshino, Y.; Chiba, K. Transplantation, 1996, 61, 200.
Singer, II.; Tian, M.; Wickham, L.A.; Lin, J.; Matheravidathu, S.S.;
Forrest, M.J.; Mandala, S.; Quackenbush, E.J. J. Immunol., 2005,
175,7151.

Rausch, M.; Hiestand, P.; Foster, C.A.; Baumann, D.R.; Cannet,
C.; Rudin, M. J. Magn. Reson. Imaging., 2004, 20, 16.

Kaneider, N.C.; Lindner, J.; Feistritzer, C.; Sturn, D.H.;
Mosheimer, B.A.; Djanani, A.M.; Wiedermann, C.J. FASEB J.,
2004, /8, 1309.

Allende, M.L.; Yamashita, T.; Proia, R.L. Blood, 2003, 102, 3665.
Yamasaki, T.; Inoue, K.; Hayashi, H.; Gu, Y.; Setoyama, H.; Ida,
J.; Cui, W.; Kawakami, Y.; Kogire, M.; Imamura, M. Cell Trans-
plant., 1998, 7, 403.

Lee, M.J.; Thangada, S.; Claffey, K.P.; Ancellin, N.; Liu, C.H.;
Kluk, M.; Volpi, M.; Sha'afi, R.I.; Hla, T. Cell, 1999, 99, 301.
Sanchez, T.; Estrada-Hernandez, T.; Paik, J.H.; Wu, M.T.; Venka-
taraman, K.; Brinkmann, V.; Claffey, K.; Hla, T. J. Biol. Chem.,
2003, 278, 47281.

Peng, X.; Hassoun, P.M.; Sammani, S.; McVerry, B.J.; Burne,
M.J.; Rabb, H.; Pearse, D.; Tuder, R.M.; Garcia, J.G. Am. J. Respir.
Crit. Care Med., 2004, 169, 1245.

Ho, J.W.; Man, K.; Sun, C.K.; Lee, T.K.; Poon, R.T.; Fan, S.T.
Mol. Cancer Ther., 2005, 4, 1430.

LaMontagne, K.; Littlewood-Evans, A.; Schnell, C.; O'Reilly, T.;
Wyder, L.; Sanchez, T.; Probst, B.; Butler, J.; Wood, A.; Liau, G.;
Billy, E.; Theuer, A.; Hla, T.; Wood, J. Cancer Res., 2006, 66, 221.
Czeloth, N.; Bernhardt, G.; Hofmann, F.; Genth, H.; Forster, R. J.
Immunol., 2005, 175, 2960.

Lan, Y.Y.; De Creus, A.; Colvin, B.L.; Abe, M.; Brinkmann, V.;
Coates, P.T.; Thomson, A.W. Am. J. Transplant., 2005, 5, 2649.
Muller, H.; Hofer, S.; Kaneider, N.; Neuwirt, H.; Mosheimer, B.;
Mayer, G.; Konwalinka, G.; Heufler, C.; Tiefenthaler, M. Eur. J.
Immunol., 2005, 35, 533.

Dragun, D.; Bohler, T.; Nieminen-Kelha, M.; Waiser, J.; Schnei-
der, W.; Haller, H.; Luft, F.C.; Budde, K.; Neumayer, H.H. Kidney
Int., 2004, 65, 1076.

Chen, Y.J.; Kyles, A.E.; Gregory, C.R. Am. J. Vet. Res., 2006, 67,
588.

Kovarik, J.M.; Schmouder, R.; Barilla, D.; Wang, Y.; Kraus, G. Br.
J. Clin. Pharmacol., 2004, 57, 586.

Schmouder, R.; Serra, D.; Wang, Y.; Kovarik, J.M.; DiMarco, J.;
Hunt, T.L.; Bastien, M.C. J. Clin. Pharmacol., 2006, 46, 895.
Sanna, M.G.; Liao, J.; Jo, E.; Alfonso, C.; Ahn, M.Y.; Peterson,
M.S.; Webb, B.; Lefebvre, S.; Chun, J.; Gray, N.; Rosen, H. J. Biol.
Chem., 2004, 279, 13839.



850

[59]

[60]

[66]

[67]

[68]

Mini-Reviews in Medicinal Chemistry, 2007, Vol. 7, No. 8

Mazurais, D.; Robert, P.; Gout, B.; Berrebi-Bertrand, I.; Laville,
M.P.; Calmels, T. J. Histochem. Cytochem., 2002, 50, 661.
Koyrakh, L.; Roman, M.L; Brinkmann, V.; Wickman, K. Am. J.
Transplant., 2005, 5, 529.

Chun, J.; Rosen, H. Curr. Pharm. Des., 2006, 12, 161.

Kappos, L.; Antel, J.; Comi, G.; Montalban, X.; O'Connor, P.;
Polman, C.H.; Haas, T.; Korn, A.A.; Karlsson, G.; Radue, EW_;
FTY720 D2201 Study Group. N. Engl. J. Med., 2006, 355, 1124.
Ogretmen, B.; Hannun, Y.A. Nat. Rev. Cancer., 2004, 4, 604.
Wang, J.D.; Takahara, S.; Nonomura, N.; Ichimaru, N.; Toki, K.;
Azuma, H.; Matsumiya, K.; Okuyama, A.; Suzuki, S. Prostate,
1999, 40, 50.

Permpongkosol, S.; Wang, J.D.; Takahara, S.; Matsumiya, K.;
Nonomura, N.; Nishimura, K.; Tsujimura, A.; Kongkanand, A.;
Okuyama, A. Int. J. Cancer, 2002, 98, 167.

Sonoda, Y.; Yamamoto, D.; Sakurai, S.; Hasegawa, M.; Aizu-
Yokota, E.; Momoi, T.; Kasahara, T. Biochem. Biophys. Res.
Commun., 2001, 281, 282.

Azuma, H.; Takahara, S.; Ichimaru, N.; Wang, J.D.; Itoh, Y.;
Otsuki, Y.; Morimoto, J.; Fukui, R.; Hoshiga, M.; Ishihara, T.;
Nonomura, N.; Suzuki, S.; Okuyama, A.; Katsuoka, Y. Cancer
Res., 2002, 62, 1410.

Azuma, H.; Horie, S.; Muto, S.; Otsuki, Y.; Matsumoto, K.; Mori-
moto, J.; Gotoh, R.; Okuyama, A.; Suzuki, S.; Katsuoka, Y.; Taka-
hara, S. Anticancer Res., 2003, 23, 3183.

Received: 30 October, 2006

Revised: 24 November, 2006 Accepted: 27 November, 2006

[69]
[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Zhang and Schluesener

Matsuoka, Y.; Nagahara, Y.; Ikekita, M.; Shinomiya, T. Br. J.
Pharmacol., 2003, 138, 1303.

Azuma, H.; Takahara, S.; Horie, S.; Muto, S.; Otsuki, Y.; Katsu-
oka, Y. J. Urol., 2003, 169,2372.

Lee, T.K.; Man, K.; Ho, J.W.; Sun, CK.; Ng, K.T.; Wang, X.H.;
Wong, Y.C.; Ng, 1.0.; Xu, R.; Fan, S.T. Carcinogenesis, 2004, 25,
2397.

Lee, T.K.; Man, K.; Ho, J.JW.; Wang, X.H.; Poon, R.T.; Sun, CK.;
Ng, K.T.; Ng, 1.O.; Xu, R.; Fan, S.T. Carcinogenesis, 2005, 26,
681.

Yasui, H.; Hideshima, T.; Raje, N.; Roccaro, A.M.; Shiraishi, N.;
Kumar, S.; Hamasaki, M.; Ishitsuka, K.; Tai, Y.T.; Podar, K.; Cat-
ley, L.; Mitsiades, C.S.; Richardson, P.G.; Albert, R.; Brinkmann,
V.; Chauhan, D.; Anderson, K.C. Cancer Res., 2005, 65, 7478.
Lee, T.K.; Man, K.; Ho, J.W.; Wang, X.H.; Poon, R.T.; Xu, Y.;
Ng, K.T.; Chu, A.C.; Sun, CK.; Ng, 1.O.; Sun, H.C.; Tang, Z.Y.;
Xu, R.; Fan, S.T. Clin. Cancer Res., 2005, 11, 8458.

Chua, C.W.; Lee, D.T.; Ling, M.T.; Zhou, C.; Man, K.; Ho, J.;
Chan, F.L.; Wang, X.; Wong, Y.C. Int. J. Cancer, 2005, 117, 1039.
Schmid, G.; Guba, M.; Papyan, A.; Ischenko, I.; Bruckel, M.;
Bruns, C.J.; Jauch, K.W.; Graeb, C. Transplant Proc., 2005, 37,
110.

Azuma, H.; Takahara, S.; Horie, S.; Muto, S.; Otsuki, Y.; Katsu-
oka, Y. J. Urol., 2003, 169, 2372.



Copyright of Mini Reviews in Medicinal Chemistry is the property of Bentham Science Publishers
Ltd. and its content may not be copied or emailed to multiple sites or posted to a listserv without
the copyright holder's express written permission. However, users may print, download, or email
articles for individual use.



