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Eosinophilia in the blood and skin is frequently ob-
served in patients with certain inflammatory skin dis-
eases, such as atopic dermatitis. However, the mech-
anism underlying eosinophil circulation and the role
of eosinophils in cutaneous immune responses re-
main unclear. In repeated hapten application-in-
duced cutaneous responses in BALB/c mice, the ad-
ministration of FTY720 before the last challenge
decreased the number of skin-infiltrating eosinophils
and reduced the late-phase reaction. A similar reduc-
tion of the late-phase reaction was observed by a
sphingosine-1-phosphate G protein-coupled receptor
(S1P1)-selective agonist, SEW2871. We monitored nu-
merous alterations of eosinophils in the blood,
spleen, bone marrow, and lymph nodes of interleu-
kin-5 transgenic mice, used as an eosinophilia model,
following FTY720 administration. The number of cir-
culating eosinophils was significantly decreased after
treatment with FTY720, and eosinophils accumulated
in the bone marrow. In addition, eosinophils ex-
pressed S1P1, S1P3, and S1P4 mRNAs, and their che-
motactic response to S1P was abolished by FTY720 as
well as by SEW2871. These findings suggest that
FTY720 affects the number of eosinophils in both the
blood and skin by inhibiting the egress of eosinophils
from the bone marrow and thus downmodulating the
late-phase reaction. (Am J Pathol 2010, 177:1881–1887;
DOI: 10.2353/ajpath.2010.100119)

Eosinophils are thought to be involved in the pathogen-
esis of several skin disorders. For example, atopic der-
matitis is characterized by an infiltrate of inflammatory

cells, mainly consisting of CD4� memory T cells, but
distinct eosinophils constitute the inflammatory infiltrate in
conjunction with T cells.1 The trafficking of eosinophils
into inflammatory sites is regulated by a number of cyto-
kines such as Th2 cell-derived interleukin (IL)-4, IL-5, and
IL-13, chemokines such as regulated on activation nor-
mal T cell expressed and secreted/CCL5, and the eotax-
ins/CCL11 and adhesion molecules.2– 6

Although accumulating studies have provided a signif-
icant insight on the association of cytokines and chemo-
kines with cutaneous tissue eosinophilia, little information
exists on eosinophil localization and functional role of
cutaneous eosinophils.7 To study eosinophil kinetics and
recruitment, IL-5 transgenic mice have been established
and used as an eosinophilia model.8 In our preliminary
study, when IL-5 transgenic mice were repeatedly sensi-
tized to hapten and subsequently challenged with the
same antigen, mice developed a late-phase cutaneous
reaction and tissue eosinophilia, suggesting that eosino-
phils may be involved in the establishment of cutaneous
late-phase reactions. Therefore, we speculated that the
migration of eosinophils from lymphoid organs is a crucial
step in the eosinophil localization to the skin, and this
migration could be targeted to prevent the development
of cutaneous diseases.

Sphingosine-1-phosphate (S1P) is a biologically active
metabolite of plasma-membrane sphingolipids that is es-
sential for immune-cell trafficking.9 The immune functions
of S1P result from the engagement of five subtypes of G
protein-coupled receptors, S1P1–S1P5. Initial studies for
evaluating the roles of S1P were performed with the com-
pound FTY720. S1P1 expression on T cells determines
the retention of naïve T cells, but not memory T cells, in
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lymph nodes and their exit into the lymph in response to
the S1P gradient,10,11 thereby modulating immune re-
sponses in vivo.12 Moreover, recent studies have identi-
fied that S1P is required for natural killer cell egress from
lymph nodes and bone marrow.13 These findings raise a
possibility that S1P and S1P receptors may function in the
egress of lymphoid organs of eosinophils. However, the
mechanism of migration of eosinophils from the lymphoid
organs into the peripheries remains unelucidated.

In this study, we investigated the modulatory effect of
FTY720 on eosinophil and late-phase reaction in mice.
We evaluated the migration and trafficking of eosinophils
between the systemic circulation and the skin. FTY720
inhibited eosinophil infiltration into the skin and attenu-
ated the late-phase reaction of the skin. Our results pro-
pose a novel therapeutic approach of FTY720 on eosin-
ophil localization and trafficking.

Materials and Methods

Animals and Reagents

Female C57BL/6 (B6), BALB/c, and New Zealand White
(NZW) mice were purchased from Japan SLC (Hamamatsu,
Japan). All experiments were conducted on 8-week-old
mice. IL-5 transgenic mice were obtained from RIKEN
BioResource Center (Tsukuba, Japan). These mice were
maintained on a 12-hour light/dark cycle under specific
pathogen-free conditions. All protocols were approved
by the Institutional Animal Care and Use Committee of the
University of Occupational and Environmental Health.
2,4,6-Trinitrochlorobenzene (TNCB) was obtained from
Tokyo Kasei (Tokyo, Japan).

For treatment with FTY720 (Cayman Chemical, Ann Ar-
bor, MI), mice were injected i.p. with 3.0 mg/kg FTY720 or
with an equivalent volume of normal saline as a control at
the indicated time points. Alternatively, mice were adminis-
tered with S1P1 selective agonist SEW2871 (Calbiochem,
San Diego, CA) before the final TNCB challenge by gavage
because of its low solubility in aqueous solution. SEW2871
was dissolved in 10% dimethyl sulfoxide and diluted with
25% Tween 20 as described previously.14 The dosage of
20 mg/kg was chosen based on the previous study showing
a consistent lymphocytopenia up to 12 hours.14

Flow Cytometry

For flow cytometry, cells were plated at a density of 1 � 106

cells/well in 96-well U-bottomed plates (Falcon; BD Bio-
sciences, San Jose, CA). Cells were stained for 20 minutes
on ice with monoclonal antibodies (mAbs) in 25 �l of PBS
containing 2% FCS, 1 mmol/L EDTA, and 0.1% NaN3 and
washed twice with 200 �l of this buffer. Data were collected
on a FACSCanto system (BD Biosciences) and analyzed
with FlowJo software (Tree Star, San Carlos, CA). The mAbs
used were as follows: fluorescein isothiocyanate-conju-
gated anti-CD4 mAb, phosphatidylethanolamine-
conjugated anti-Siglec-F mAb, phosphatidylethano-
lamine-Cy5-conjugated anti-CD8 mAb, antigen-presenting
cell-conjugated anti-B220 mAb (all from BD Biosciences),

and phosphatidylethanolamine-Cy7-conjugated anti-Gr-1
mAb (eBioscience, San Diego, CA). Eosinophils were de-
tected as Siglec-F�Gr-1int� population.15,16 The number of
cells was determined by flow cytometry using Flow-Count
Fluorospheres (Beckman Coulter, Fullerton, CA).17

Inflammatory Skin Disease Model and Histology

BALB/c mice were sensitized through the application of
50 �l of 3% TNCB in 4:1 acetone/olive oil to their shaved
abdomens on day 0. They were challenged on both sides
of each ear with 20 �l of 0.2% TNCB in 1:9 acetone/olive
oil on day 5 to evaluate contact hypersensitivity. To eval-
uate the inflammatory skin disease, mice sensitized in the
same way 5 days before the first elicitation (day 0) were
repeatedly challenged on the originally elicited ears with
20 �l of 0.2% TNCB in 1:9 acetone/olive oil from days 8 to
29 at 3-day intervals as outlined in a previous report, with
some modifications.18 On day 30, they were then chal-
lenged on both sides of each ear with 20 �l of 0.2%TNCB
in 1:9 acetone/olive oil. Ear thickness change was calcu-
lated as follows: (ear thickness after final challenge) �
(ear thickness before final challenge). FTY720 was ap-
plied by i.p. injection (3 mg/kg body weight) 24 hours
before final TNCB challenge.

At 48 hours after the challenge with hapten, the ears of
the mice were excised for histology and fixed in 10%
formaldehyde. Five-micrometer-thick sections were pre-
pared and stained with H&E. Papanicolaou staining was
used for eosinophil evaluation.

5- (and 6-)Carboxyfluorescein Diacetate
Succinimidyl Ester Cell Labeling and Tracking

The axillary and inguinal lymph node cells, splenocytes,
blood cells, and bone marrow cells from IL-5 transgenic
mice were prepared, and single-cell suspensions were
labeled with 6.5 �mol/L 5- (and 6-)carboxyfluorescein
diacetate succinimidyl ester (CFSE) (Molecular Probes,
Eugene, OR) as outlined in a previous report.6 Twenty-
four hours before cell transfer, wild-type NZW mice were
injected i.p. with 3 mg/kg FTY720 or normal saline. The cells
resuspended in RPMI 1640 containing 0.2% FCS were in-
jected i.v. in NZW mice (2 � 107 cells/mouse). Twelve hours
after the cell transfer, the number of fluorescent cells in the
bone marrow was enumerated by flow cytometry.

Effect of IL-5 and FTY720 on Levels of
Circulating and Bone Marrow Eosinophils

B6 mice were administered with or without FTY720, and
24 hours later, the mice were injected i.v. with 100 �l of
PBS containing IL-5 (500 pmol/kg) or PBS alone accord-
ing to methods outlined in a previous study, with some
modifications.19 Blood and bilateral femurs were taken 1
hour after i.v. injection of IL-5, and the number of eosin-
ophils was determined by flow cytometry.
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Cell Sorting and Quantitative PCR

Eosinophils and CD4� T cells from the bone marrow of
IL-5 transgenic mice were isolated with a cell sorter
(FACSAria II; BD, Franklin Lakes, NJ). The purity of the
sorted cells was typically �95%. RNA was prepared from
sorted cells with RNeasy (Qiagen, Valencia, CA), and cDNA
was used for quantitative PCR. Murine S1P receptor expres-
sions were quantified using TaqMan Gene Expression As-
say (Applied Biosystems, Foster City, CA) in the ABI PRISM
7000 sequence detection system (Applied Biosystems) as
follows: S1P1 (Assay ID: Mm00514644_m1), S1P2 (Assay
ID: Mm01177794_m1), S1P3 (Assay ID: Mm00515669_m1),
S1P4 (Assay ID: Mm00468695_s1), and S1P5 (Assay ID:
Mm00474763_m1). As an endogenous reference for these
PCR quantification studies, �-actin gene expression was
measured using the TaqMan rodent �-actin control re-
agents (Applied Biosystems). The relative expression was
calculated using the 2T

���C method.20 The expression of
the target gene normalized to an endogenous, �-actin, ref-
erence and relative to a calibrator was given by the formula
2T

���C. Gene expression in untreated mice was used as
the calibrator to calculate ��CT.

Chemotaxis Assay

Eosinophils in the bone marrow of IL-5 transgenic mice
were tested for transmigration across uncoated 5-�m
Transwell filters (Corning Costar, Corning, NY) to S1P
(Sigma-Aldrich, St Louis, MO) or medium in the lower
chamber over 3 hours. In some experiments, the cells
were pretreated with FTY720 or SEW2871 described pre-
viously.21 The migrated cells were enumerated by flow
cytometry.22 The medium used in this assay was RPMI

1640 with 0.5% fatty acid-free bovine serum albumin
(Calbiochem, San Diego, CA).

Statistical Analysis

Data were analyzed using an unpaired two-tailed t-test.
P � 0.05 was considered to be significant.

Results

Reduction of Eosinophil Infiltration into the
Skin by FTY720 in a Murine Repeatedly
Hapten-Challenged Dermatitis

In a murine model of contact hypersensitivity, repeated
application of a hapten such as TNCB to the same skin
site in BALB/c mice results in a shift from a typical de-
layed-type hypersensitivity to an immediate type one. As
a result, the late-phase reaction and eosinophil infiltration
occur, usually 4 to 8 hours after the final challenge.18 We
used this model to evaluate the effect of FTY720 on tissue
eosinophilia. Skin infiltration of eosinophils was inhibited
by FTY720 treatment, but infiltration of lymphocytes was
not changed (Figure 1A). This was further confirmed by
Papanicolou staining, which showed reduced eosinophil
infiltration by FTY720 (Figure 1B).

Impairment of Cutaneous Late-Phase Reaction
by FTY720 in IL-5 Transgenic Mice

A previous study has demonstrated that the late-phase
reaction caused by repeated painting with hapten is po-

Figure 1. Effect of FTY720 on eosinophil accumulation in the skin. A: BALB/c mice were sensitized with TNCB on their shaved abdomens on day 0. They were
then challenged on both sides of each ear on day five. The mice were repeatedly challenged on the original sensitized ears with 0.2% TNCB from days 8 to 29
at 3-day intervals. At 48 hours after the final challenge, histological sections were prepared from the skin. The total numbers of lymphocytes and eosinophils were
counted in five high-power fields. *P � 0.05. B: Representative pictures of skin sections from control and FTY720-treated mice challenged with TNCB. Data are
from two independent experiments. Arrows indicate eosinophils. C: The ear swelling responses were measured before and at 1, 4, 8, and 24 hours after the final
challenge. Data are from three independent experiments. *P � 0.05. D: Similar results were obtained when mice were treated with SEW2871. Data are from
two independent experiments. *P � 0.05.
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tentiated in IL-5 transgenic mice.8 This enhancement
may be related to tissue eosinophilia in the skin. There-
fore, we investigated the significance of FTY720 on cu-
taneous late-phase reaction in vivo using IL-5 transgenic
mice. IL-5 transgenic mice were sensitized with TNCB on
day 0 and elicited with TNCB on the abdomen from days
5–29 at 3-day intervals. On day 30, they were challenged
on both sides of each ear.

The treatment of mice with FTY720 12 hours before the
challenge yielded reduced ear swelling responses at 4
and 8 hours after challenge (Figure 1C). Because the skin
infiltration of eosinophils was suppressed by FTY720, the
data were interpreted to result from the direct effect of
FTY720 on eosinophils. Similar findings were observed
when SEW2871 were administered (Figure 1D).

Numerical Alterations of Eosinophils after
FTY720 Treatment

To clarify the mechanisms underlying the FTY720-in-
duced reduction of skin eosinophils, we first evaluated
the kinetics of eosinophils in the blood. It is known that
FTY720 inhibits T cell egress from the secondary lymph
nodes and decreases circulating T cells.23–26 We exam-
ined the time course of decrease in the circulating Siglec-
F�Gr-1int� eosinophils after treatment of IL-5 transgenic
mice with FTY720. The blood was drawn by intraocular
venipuncture before and 1, 3, 5, and 7 days after FTY720
administration. The number of eosinophils was de-
creased markedly 1 to 5 days after FTY720 treatment and
returned to the baseline level on day 7 (Figure 2). A
similar reduction of circulating eosinophils was observed
6 hours after SEW2871 administration: vehicle, 13.6 �
2.0 � 10/mm3; and SEW2871 treatment, 2.2 � 0.1 �
10/mm3 (P � 0.001, mean � SD of three mice). However,
the decreased number of eosinophils in the blood re-
turned to the normal range 48 hours after treatment with
SEW2871 (12.5 � 2.1 � 10/mm3).

Because blood eosinophils were decreased by
FTY720, we examined the localization of eosinophils after
treatment with FTY720. At 24 hours after administration of

FTY720, the levels of eosinophils homing to the lymph
nodes and spleen remained unchanged, but the number
of eosinophils in the bone marrow increased (Figure 3A).

To examine the involvement of S1P in the regulation of
eosinophil trafficking, CFSE-labeled cells collected from
IL-5 transgenic mice were adoptively transferred to wild-
type naïve NZW mice treated with or without FTY720.
Treatment of the mice with FTY720 increased the number
of CFSE-labeled eosinophils in the bone marrow (Figure
3B). These results suggest that FTY720 regulates the
localization of eosinophils by inhibiting the egress of eo-
sinophils from the bone marrow.

Inhibition of IL-5-Induced Eosinophilia by
FTY720 Treatment

It is known that i.v. administration of IL-5 induces a rapid
and sustained increase in the number of circulating eo-
sinophils by mobilization from the bone marrow in B6
mice.19 In confirmation of this notion, i.v. administration of
500 pmol/kg IL-5 induced pronounced blood eosinophilia
in B6 mice (Figure 4, A and B). This increase was atten-
uated by treatment with FTY720 (Figure 4, A and B). In
another study, B6 mice were pretreated with or without
FTY720, and IL-5 was injected i.v. 24 hours later. The num-
ber of eosinophils was significantly increased in the bone
marrow of FTY720-treated mice 12 hours after injection
(Figure 4C). Thus, FTY720 depresses the recruitment of
eosinophils from the bone marrow pool to the blood.

S1P Receptor mRNA Expressions in Eosinophils

To measure S1P receptor abundance in eosinophils,
bone marrow cells were prepared from IL-5 transgenic
mice, and Siglec-F�Gr-1int�eosinophils and CD4� T cells
were purified by a cell sorter. We evaluated the expres-
sion levels of S1P receptor mRNAs by quantitative PCR.
S1P1, S1P3, and S1P4 mRNAs were expressed in eosin-
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Figure 2. Numerical alterations of eosinophils in the peripheral blood
following FTY720 administration. FTY720 was administered to IL-5 trans-
genic mice, and peripheral blood samples were periodically collected. Data
are expressed as the mean � SD. Data are from three independent experi-
ments. *P � 0.05.
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Figure 3. Accelerated accumulation of eosinophils by FTY720 in the bone
marrow. A: FTY720 was administered to IL-5 transgenic mice. At 24 hours,
lymph node cells, splenocytes, and bone marrow cells were harvested, and
single-cell suspensions were analyzed by FACS for the presence of eosino-
phils. The homing of eosinophils to the bone marrow in the IL-5 transgenic
mice was higher than that in the control mice. B: CFSE-labeled cells from IL-5
transgenic mice were adaptively transferred into control or FTY720-treated
wild-type NZW mice. After 12 hours, the mice were killed, and eosinophils
were harvested. Single-cell suspensions were analyzed by flow cytometry for
the presence of CSFE-positive donor eosinophils. Error bars indicate the
mean � SEM from at least four mice per group. Data are from three
independent experiments. *P � 0.05.
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ophils, and their levels were higher than those in keratin-
ocyte cell line PAM212. In contrast, S1P1 mRNA level
was higher in T cells than eosinophils, and S1P4 level
was comparable in T cells and eosinophils (Figure 5).

Eosinophil Chemotactic Response to S1P

FTY720 inhibits T cell emigration through inhibition of S1P–
S1P1 signaling.27 Therefore, as readout of S1P1 function on
eosinophils, we evaluated the chemotactic response to
S1P. The cells were isolated from the bone marrow of IL-5
transgenic mice that were treated with FTY720. Chemotaxis
assay using transwells showed that naive T cells had a
good chemotactic response to S1P, which was ablated by
FTY720 as reported previously.12,21 Eosinophils had a sig-
nificant chemotactic response to S1P but lost the ability to
respond to S1P when mice were pretreated with FTY720
(Figure 6A). Similar inhibition of eosinophil chemotaxis to
S1P was observed with SEW2871 (Figure 6B). The chemo-
tactic response to stromal-cell derived factor-1 was not
affected by the administration of FTY720 or SEW2871 (Fig-
ure 6). These data suggest that the migration of eosinophils
toward S1P is highly dependent on S1P1.

Discussion

Our study demonstrated that the administration of
FTY720 before the final challenge decreased the number
of skin-infiltrating eosinophils and the cutaneous late-
phase reaction. The egress of eosinophils from the bone
marrow was inhibited by FTY720 treatment. This may
subsequently lead to attenuate the accumulation of eo-
sinophils in the skin.

By acting as an agonist for S1P receptors and thereby
inhibiting lymphocyte egress from lymphoid organs, it
has been reported that FTY720 shows a strong therapeu-
tic potential for preventing the rejection of transplanted
organs and for treating autoimmune diseases, such as
autoimmune encephalomyelitis and systemic lupus ery-

Figure 4. Effect of FTY720 after i.v. administration of IL-5 on circulating and
bone marrow eosinophils. A–C: FTY720 was i.p. injected into B6 mice 24
hours before IL-5 injection. Mice were injected with IL-5 or vehicle alone. A
and B: Circulating eosinophil numbers were determined 1 hour after injec-
tion of IL-5. C: After 12 hours, bone marrow samples were harvested, and
single cell suspensions were analyzed by flow cytometry for the presence of
eosinophils. Error bars indicate the mean � SEM from at least four mice per
group. Data are from three independent experiments. *P � 0.05.
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Figure 5. Quantitative PCR analysis of S1P receptor mRNAs from eosino-
phils. Bone marrow cells from IL-5 transgenic mice were sorted into Siglec-
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Figure 6. Chemotactic response of eosinophils to S1P. A: Bone marrow cells
were prepared from IL-5 transgenic mice with or without FTY720. B: In some
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Chemotactic activities of eosinophils to stromal cell-derived factor 1 (SDF)
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absence of chemokine or in response to S1P were analyzed by flow cytom-
etry to detect eosinophils. Bars represent means of triplicated Transwells, and
data are from three independent experiments. *P � 0.05.
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thematosus.28 In fact, some of these possible therapeutic
uses are currently being clinically evaluated.29 We have
demonstrated that FTY720 impairs naive T cell circulation
and markedly disrupts the acquired skin Th1 type im-
mune response.12 Consequently, FTY720 may have the
potential to prevent the onset of disease rather than to
treat memory T cell-mediated acquired skin immune
responses.12

It remains unclear from this study how S1P-S1P recep-
tor signaling participate in the infiltration of eosinophils
from the blood to the skin. Several possible mechanisms
for the regulation of eosinophil trafficking into the skin can
be proposed. First, FTY720 might directly inhibit the mi-
gration of eosinophil toward the skin constituents, be-
cause eosinophils express S1P1, and S1P is induced at
the epidermis of the skin.30,31 This idea is supported by
the results of our chemotaxis assay, which showed a
direct suppressive effect of FTY720 on eosinophil migra-
tion toward S1P. Second, a significant reduction of the
eosinophilic inflammation in the skin was observed with
FTY720, suggesting that the decrease in circulating eo-
sinophils may affect the eosinophil recruitment process.
Indeed, FTY720 enhanced the accumulation of adap-
tively transferred eosinophils in the bone marrow, indicat-
ing that eosinophil retention in this organ is also regulated
by S1P.

Eosinophils play a key role in the development of cu-
taneous late-phase reactions. Circulating eosinophils are
complemented from the bone marrow in an S1P-S1P1-
dependent manner. Previous studies have reported that
a decrease in S1P release by sphingosine kinase inhib-
itors controls a mouse asthmatic model. The authors
demonstrated that inhaled delivery of sphingosine kinase
inhibitors prevented eosinophilic inflammations and gob-
let hyperplasia induced by OVA administration.32 Their
observation and our finding provide a possibility that
FTY720 may be a candidate of treatment modalities for
eosinophilic cutaneous inflammations, such as atopic
dermatitis, hypereosinophilic syndrome, and Churg-
Strauss syndrome.33,34

There have been few studies on S1P receptor expres-
sions on murine eosinophils and the functional role of
S1P1 on eosinophils in vivo.9,35 Our current study indi-
cated that S1P1 expression was lower in eosinophils than
T cells. Therefore, the S1P-S1P1 dependency of eosino-
phils may be lower than that of T cells, which might
explain the less inhibitory effects of FTY720 on eosino-
phils in the blood. In the model where mice were repeat-
edly challenged with a hapten, FTY720 also reduced the
number of skin-infiltrating eosinophils but not T cells.
Consequently, FTY720 attenuated the late-phase reac-
tion along with a reduction of eosinophil infiltration. S1P1
is known to be required for normal B cell development.36

S1P4 signaling in migratory response of murine T cells
toward S1P remains controversial.37,38 In contrast to
S1P1 and S1P4 in B and T cells, the roles of these
receptors for eosinophils remain unclear. In human, the
eosinophil recruitment process has been reported to de-
pend on not only S1P1 but also S1P2 and S1P3 mRNA
levels.35 Although we cannot rule out a possibility that the
localization of eosinophils is related to S1P3, our in vivo

and in vitro studies using SEW2871 and FTY720 strongly
suggest that S1P1 is involved in bone marrow egress and
peripheral tissue localization of eosinophils.
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