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Murine contact photosensitivity (CPS) to 3.3'.4'.5-
tetrachlorosalicylanilide (TCSA) is a cutaneous de
layed-type hypersensitivity reaction in which both 
positive and negative regulatory pathways exist. The 
latter pathway is ntediated by antigen-specific. CD4+ 
suppressor T cells (CPS-Ts) that are Th2 cells. We 
exantined the effects of sphingosine and synthetic 
cell-pernteable analogs of cerantide on the cellular 
kinetics of CPS-Ts and intntune lyntph node cells 
frOnt TCSA-photosensitized ntice (CPS-LNC). along 
with other nturine T-cell populations. The addition 
of sphingosine at 10 or 3 #-lM to iu vitro cultures 
suppressed DNA synthesis of CPS-Ts and Th2 clones. 
including Dl0 cells and 24-2 cells. but not that of 
CPS-LNC or Thl clones. including 23-1-8 and 28-4 
cells. This suggested that sphingosine exerts its in
hibitory effects preferentially on the proliferation of 
Th2 cells. Although suppressing DNA synthesis. 
sphingosine augntented the production and ntRNA 

M
urine contact photosensitivity (CPS) is a highly 
specific delayed-type hypersensitivity reaction 
(Takigawa and Miyachi, 1982) in which both 
positive (Takigawa and Miyachi, 1982) and 
negative (Takigawa et ai , 1984; Tokura et aI, 

1987, 1990) regulatory pathways exist. T his cutaneous allergic 
reaction is induced and elicited by skin application of photohapten 
plus ultraviolet A (UV A) irradiation of skin (revi ew ed in Tokura 
and Takigawa, 1993 ). The studies on both ultraviole t Blight 
(UVB)-induced local immunosuppression (Takigawa et aI, 1984; 
Tokura e( aI, 1987; Vagi el ai, 1996) and unresponsiveness of mice 
possessing the H_2k haplotype (Tokura el ai , 1990) demonstrate 
that CPS to a strong photohapten, 3,3',4' ,5- tetrachlorosalicylani-
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expression of interleukin-4 (IL-4) and enhanced the 
expression of the IL-4 receptor in CPS-Ts. In addi
tion. the ability of sphingosine to induce signal trans
duction of CPS-Ts was confirnted by elevation of 
the intracellular free Ca + + concentration. Because 
CPS-Ts exposed to sphingosine exhibited a lower 
G 2M1G1 ratio than control. these seentingly antbiva
lent phenontena ntay be caused by retardation of the 
G t to S phase progression. a cell-cycle dysregulation 
known to augntent cytokine production. In contrast 
to sphingosine. cell-pernteable cerantide did not af
fect the proliferation of these cells when stintulated 
with ntitogen/antigen and did not augntent IL-4 pro
duction by CPS-Ts. Our study suggests that sphin
gosine ntodifies the ThllTh2 balance by preferentially 
affecting the cellular kinetics of Th2. Key words: splli1t
golipidslT lympllocyteslDNA sYlltllesislgltokilles. ] Invest Der
ma.toi 107:34-40, 1996 

lide (TCSA), is downregulated by antigen-specifi c, afferent limb
acting, CD4+CD8- suppressor T cells (Ts). Murine CD4+ helper 
T cells are divided into T h1 cells, which release interleukin-2 (IL-2) 
and interferon-y (IFN-y) and mediate delayed-type hypersensitiv
ity, and Th2 cells, which produce lL-4 , IL-5 , and IL-10 and are 
involved in the production of immunoglobulins (Mosmann and 
Coffman, 1989). Our recent study has shown that T ce ]]s in contact 
photosensitivity to TCSA (CPS-Ts) be long to the Th2 cell class 
with regard to production and mRNA expression of cytokine (Yagi 
el ai, 1996) . 

Sphingomyelin turnover is a novel pathway for transmembrane 
signal transduction in whi ch sphingolipids, such as ceramide and its 
breakdown product sphingosine, participate in cell growth and 
differentiation, oncogenic transformation, and immune recognition 
and responsiveness (Hannun and Bell , 1989; Hakomori, 1990; 
Merrill and Jones, 1990; Ballou , 1992). In tlus process, ceramide 
produced by hydrolysis of sphingomyelin at the plasma membrane 
initiates a cascade of multiple signal-transduction pathways (Oka
zaki et aI, 1989; Kim ef aI, 1991; Wiels e( aI, 1991; D ressler e( aI, 
1992). Splungosine commonly derived by deacylation of ceramide 
inhibits the activity of prote in kinase C (Hannun and Bell, 1989; 
Imboden ef ai, 1985). In several types of cells, including fibroblasts 
(Olivera et ai, 1992), HL-60 ceLIs (Okazaki c( aI , 1989; Kim el ai , 
1991), and B-Iymphocytes (Wie ls e( ai, 1991), sphingomyelin
derived lipids act as endogenous modulators, but little is known 
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concernin g the partic ipation of sphingolipids in the cellular kinetics 
ofT cells. 

Recent observations have demonstrated that signal transduction 
ofTh 2 cells is unique in that parti c ipation of protein kinase C is not 
essential for events associated w ith cell growth and cytokine 
production (Gajewski ct aI, 1990; Munoz cl aI, 1990; Kawakami and 
Parker, 1992; Tamura el aI, 1993). Furthermore, our preliminary 
study suggested that the inhibitory effect of sphingosine on T-cell 
prolife ration W'lS specific for Th2 cell s . Because a large amount of 
free sphingosine exists in the stratum corne um of e pidermis (Wertz 
and Downing, 1990; Wakita cl aI, 1992), it is thought that 
sphingosine diffuses backwards ill lIillo and affects infil trating T cells 
in some skin disorders, su ch as c ontact dermatitis . Whether sphin
golipids up- or downregulate cutaneous sensitivity is an issue to be 
explored . T h e e ffect of synthetic cell-permeable ceramide on 
cellular functions is mimic ke d by exogenous addition of sphingo
myelinase (Kim et aI, 1991; Dressler el aI, 1992; Wakita el ai, 1994) , 
and t hus cell-permeable sphingolipids are widely used for ana lysis 
of the sphin gomyelin p a thway in signa l transduction. In this study, 
therefore, we investigated th e modulatory effects of th e cell
permeable sphingolipids on the kinetics of T cells concerned with 
positive and negative pathways of CPS. T h e resu lts show that 
exogenous sphingosine and ceramide affect the prolife ration of T 
cells d e pending on the cell type, and that sphingosine inhibits DNA 
synth es is but augments IL-4 production, w ith re tardation of G I to 
S phase progression in CPS-Ts. 

MATEIUALS AND METHODS 

Animals Female DALB/c and AKR mice were obtained from Japan SLC 
(I-Iamamatsu. Japan) . BALB/c mice, 8-12 wk o ld , were used unless 
otherwise JTl cntiol1cd. 

Ceraulides, Sphingosine, and 1-1-7 Trnll.H)-erythro-2-amino-4-octa
decene-l ,3-diol (sphingosine) was purchased fi'om Sigma C hemical Co. (St . 
Louis, MO). Short-chai n ceramides, including N-acetylsphingosine (C2) , 
N-hexanoylsphingosine (C6) , and N-octanoylsphingosine (C8), were pre
pared by N-acylation of D-erythro-sphingosine using anhydrotic acetic acid, 
hexanoylchloride. and octanoylchloride (Aldrich C hemica ls, Milwaukee. 
W I) (molar ratio, 1 :10), as reported previously (Gaver and Sweeley, 1966). 
After removing residuals on a diethylaminoethyl-Sephadex column (Sig
ma) , we incubated the e luate in 1 N NaOH to dissect este rifi ed bonds. The 
products were purified by preparative thin-layer chromatography. and 
purity greate r than 95% was verified by high-performance liqui~ chroma
tography analysis (Wakita el nl, '\992). 

Ceram ides and sphingosine were conjugated with f.,tty acid-fi'ee bovine 
serum albumin (BSA ; Boehringer Mannheim , Ind ianapolis, IN) (Men;1I el 

nl, 1989). Briefly, the aliquot of sphingolipid di sso lved in abso lu te ethano l 
(100 mM) was added to 2 mM f.1tty acid-fi:ee BSA d issolved in phosphate
buffered sa line (PDS, pH 7.4) to form stock so lu tio ns of sphingosine- or 
ceramide-albumin complex at a molar ratio of1.:1. The same concentration 
ofBSA without sphingolipid was used as control. 

A protein kinase C inhib ito r. H-7 (Seikagaku Co .. Tokyo, Japan) was 
used at final concentrations of 5 and 25 /LM. 

Culture Mec;liuIU RPMI-1640 (Gibco Laboratories. Grand Island, NY) 
was supplemented with '10%, heat-inactivated feta l bovine se rum, 2 mM 
L-glutamine. 5 X 105 M 2-l11ercaptoethanol, 10- 5 M sodium pyruvate, 25 
mM N-2-hydroxyethylpiperazine-N' -2-ethanesul fonic acid. 1 % nonessen
tial amino acids (Gibco) , '100 U / ml penicillin, and 100 /Lg/m l streptomycin . 

Preparation of Langerhan. Cell (LC)-Enriched Epidermal Cells 
LC were prepared and used as antigen-presenting cell s. as described 
previously (Tokura Ci nl, 1994b) . T he LC-enriched cell population con
tained approximate ly 15'y., of I-A'" cell s, represen ting LC, and had strong 
antigen-presenting ability for hapten, protein antigen, and superantigen 
(Tokura el nl, 1994 01 , 1994b). 

Spleen Cells Erythrocyte-lysed DALB/c sp leen cell s (3 X lOs cell s/ well) 
(Tokura el (/1. 1994b) were stimulated with concana va lin A (Con A; Sigllla 
C hemica l Co.) at a final concentration of 3 /Lg/ml. 

Lymph Node Cells Primed by Contact Photosensitization With 
TCSA Plus UVA (CPS-LNC) Lymph node cells were taken fi'om 
BALB/ c mice that were sensitized 7 d before with 1% T SA painting plus 
UVA irradiation , as reported previously (Takigawa and Miyachi , 1982). 
T hl ce ll s in these lymph node cell s were responsib le for TCSA photosen
sitization in 1-1_2" mice (Takigawa and Miyachi, 1982; Tokura and Taki-
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gawa. 1993) . As assessed by enzyme-linked immunosorbent assay. the 3-d 
culnlre supernatants from CPS-LNC (3 X 10"/ml) of BALB/c mice 
contained substantial amounts of IFN-y (295 pg/ ml) and IL-2 (1.3 U/ml), 
whereas IL-l0 and I L-4 (less than 0 .1 U / ml) were undetectable. Thus, we 
used BALB/c CPS-LNC as a representative of Th1 ce lls that counteract 
CPS-T h2, as mentioned later. In stimulatory experiments. CPS-LNC (2 X 
105 ce lls/well) were cultured with 5 U / m l recombinant IL-2 (rlL-2; 
Genzyme Co ., Boston, MA). 

CPS-Ts To induce CD4 + CPS-Ts. the shaved abdomen ofDALB/c mice 
was preirradiated with UVB and sensiti zed with TCSA/ UVA. as described 
previously (Tokura el nl, 1987). Spleen cell s taken fro m these mice were 
cultured by pulsing with TCSA-photomodified sp leen ce LI s (Tokura el nl, 
1988) plus rlL-4 (Genzyme Co.) every 2 wk for 8-12 wk. The cell s thus 
propagated had a CD4+CD8- phenotype. suppressed the ;11";"0 and;1I vitro 
afferent limbs of contact photosensitivity to TCSA, and exclusively pro
duced IL-4 and IL-l 0. but not IL-2. IFN-y. or transforming growth 
f.1ctor-/3, together with transcription of mRNA for the corresponding 
cytokines-indicative of a Th2 nantre (Yagi ci nl, 1996). CPS-Ts consisted 
of two populations, 50-60% V{37 + ce lls and 40-50% V{313 + cells. as 
assessed by flow cytometry using T-cel l receptor V {3-specific monoclonal 
antibodies (Yagi cl nl, 1996). For stimulation assay, CPS-Ts (10· cells/well) 
were cultured with TCSA-photomodified spleen cells in the presence of 
r1L-4 (20 U / ml) . 

CTLL-2 A murine cytotoxic T-ce ll line, CTLL-2, was kindly provided by 
Dr. J. Vagi (Tokyo Women's Medical College) . The ce ll s were maintained 
by subculture every 3 d in the culture medium containing Con A-srimulated 
rat sp leen cell culture supernatants (Collaborative Research Inc .. Bedford, 
MA) at 10%. For stimulation assay, 10· cells/well were cultured for 24 h in 
the presence of 10% Con A supematant. 

D10 Cells D10.G4 .1 (010) (Kaye Cl nl. 1984), a murine T h2 clone 
derived from AKR mice that reacts specifically with conalbumin, was 
provided by Dr. C. Janeway (Yale University School of Medicine) through 
the courtesy of Drs. J. Vagi (Tokyo Women's Medica l College) and K. 
Takagi (Un ivcrsity of Shizuoka). 010 cell s were used at least 3 wk after 
feeding with conalbumin (Sigma C hemica l Co.; fina l concentration. 100 
/Lg/ml). feeder cells, and Con A-stimulated rat spleen cell supematants. In 
proli feration expe,;ments. 010 ce ll s (2 X 10· ce lls/well) were srimulated 
with 5% Con A superna tants or with conalbumin plus LC-enriched 
epidermal cells (10 ' ce LI s/well) prepared from AKR mice. 

Keyhole Limpet Hemocyanin (KLH)-Specific T-Cell Clones 24-2, 
23-1-8, and 28-4 Three KLI-I + I-Ak-specific T-cell clones-24-2 (Th2 
type), 23-1-8 (Thl type), and 28-4 (Till type) (Nakayama cl nl. 1988, 
1989)-were kindly provided by Dr. Y . Asallo (Department of Immunol
ogy. Faculty of Medicine, Tokyo University). These cell clones were used 
3 wk after feeding with KLH (Sigma C hemica l Co.; final concentration, 10 
/Lg/ ml). feeder cell s, and Con A-stimulated rat sp leen cell supernatants. In 
the present experi.ments , these ceLl clones (4 X 10· cells/well) were 
stimulated with 5% Con A supernatants. 

Lymph Node Cells Primed by Contact Sensitization With Trinitro
phenyl (TNP) (TNP-LNC) DALB/c mice were sensitized with picryl 
chlo ride (2 .4,6-trinitrochlorobenzene: Tokyo Kasei Co., Tok-yo. Japan) by 
painting 50 /LI of 5% picryl chlOl'ide in ethallo l:acctonc (3: I) ontO the 
clipped abdomens. Inguinal and axillary lymph node cells (3 X 105 
cells/well ) taken 7 d after sensitization were stimu lated with TNP-modified 
LC-enriched epidermal cells (10' cell s/ well) . For TNP modification. LC
enriched epidermal cells (107/ml) in PBS were incubated with an equal 
volume of 1 0 mM 2,4,6-trini trobenzenc sulfonic acid (Tokyo Kasci Co.) in 
PBS at room tcmperature for 30 min (Greene ct nl, 1978) . 

Assay for T-Cell Responses and Calculation of Percentage En
hancenlent by Sphingosine and C2 Various cell typcs were culturcd in 
trip licate in the presence or absence of relevant stimulants in 96-wel.l 
microtiter plates (Conling Glass Works. Corning, NY) at 37°C under 5% 
CO 2 in air for 66-72 h. Sphingosine, ceramides, and BSA as a control were 
added at the sta rt of culture. Methyl tritiated thymidine ([3HJTdR) (Am
ersham Inti ., Arlington, IL; 1 /LCi / well) was added to the cu.lture 14 -16 h 
before harvest. The cell s were harvested on glass fiber filters using a cell 
harvester (Cambridge Technologies. Watertown, MA) , and tllCir radio
uptake \vas nlcaslIrcd in a scinti llation counter. 

T he percen tage enhancement of the response was ca lcu.lated as follows: 
(cpll! of sphingosine or ceramide-addition g roup - cpm of BSA-addition 
group)/(cpm of BSA-addition group - cpm of nonsrimulated group) X 
100. W hen stimulant(s) was not added. percentage enhancement repre
sented : (cpm of sphingosine or ccramide-addition group - cpm of BSA
addition group) /(cpm of DSA-addition group). 
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Table I. Effects of Sphingosine (Sph), C2, and H-7 o n the Proliferation of Various T-Cell Populations 

Percentage Enhanccment of R esponse (Mean ± SO)" 

Sph (fLM) C2 (fLM) 1-1-7 (fLM) 

Cells Type Stimulation With: 10(01'3") 1 10 5 25 

CPS-Ts T h2 Photo TCSA-SC' + r1L-4 - 36 ± 2 - 56 ± 3 - 3 ± 2 - 10 ± 4 - 31 ± 5 - 91 ± 2 - ---
C PS-LN C Mainly T hl dL-2 5 ± 4 2 ± 3 4 ± 3 - 3 ± 5 - 29 ± 4 - 93 ± 3 

None 4 ± 2 8 ± 4 5 ± 3 30 ± 5 NT NT 
010 T h2 Conalbumin + LC - 23 ± 5 - 46 ± 6 - 3 ± 1 - 3 ± 1 - 5 ± 6 - 73 ± 7 

Con A supernatant -20 ± 6 - 48 ± 9 7 ± 3 8 ± 3 NT NT 
None - 8 ± 3 - 15 ± 5 - 3 ± 2 - 3 ± 3 N T NT 

24-2" T h2 Con A supernatant - 29 ± 3 - 97 ± 2 - 12 ± 5 - 13 ± 3 NT NT ----
23-1-8" T hl Con A supernatant - 3 ± 3 - 31 ± 6 2 ± 4 - 24 ± 5 NT NT ----
28-4" T hl Con A supernatant - 5 ± 4 - 30 ± 7 1 ± 3 -20 ± 4 NT NT 
TNP-LNC Mai nly T hl TNP-LC 5 ± 4 4 ± 2 7 ± 3 - 2 ± 3 - 32 ± 6 - 92 ± 2 

None - 5 ± 4 15 ± 8 3 ± 5 58 ± 7 NT N T 
Spleen ce ll s Mixed Con A - 10 ± 3 - 12 ± 5 - 5 ± 4 2 ± 3 NT NT 

None 2 ± 3 10 ± 5 35 ± 7 50 ± 5 NT NT 

.. T he l11 e:1n ± SO of p crccl1w gc augmentation was obtained from three independent experiments . T he underlined v" lues represent 1110rc th,HI 25% o r less than - 25% 
e nhan cemen t. NT, not tested . 

" In KLI-I-specific cell clones 24-2, 23-1-8, and 28-4 , Sphingosine was used at 3 /J.M instead ar l O p.M. 
, Photo TCSA-SC, TCSA-photo111odifi ed spleen cells. 

Assay for IL-4 C PS-Ts (2 X 104 /150 fLl) were cul tured for 48 o r 72 h in 
a 96-welJ microtiter plate in the presence of sphjngosinc o r C2. T he culture 
supernatants wcre subjected to the IL-4 assay using CTLL-2. The CTLL-2 
used in tills study were sens itive to IL-4 as well as IL-2. Because CPS-Ts 
produce excl usively IL-4, but not IL-2, at both the protein and mRN A 
levels when stimulated with Con A (Yagi el nl, 1996) , the proliferative 
response of CTLL-2 to the supernatan ts reflected the amount of IL-4. 
Neither sphingosine nor C2 alone in the supernatant samples affected the 
proliferation of CTLL-2 . 

As described previously (Yagi el aI, 1996) , CTLL-2 were cul tured in the 
presence of seriall y 4-fold diluted supernatants. [' H]Td.R. (1. fLCi/well) was 
added for the last 4 h. Murine recombinant IL-4 (Genzymc Co.) was used 
as a standard for all assays. Units of IL-4 in the test samples werc calculated 
using the ·fo llowillg equation: Units oftest sample = (reciprocal tite r of test 
sample at 20% of maximal cpm of standard / reciprocal titer o f standard at 
20% of maximal cpm) X activity of standard preparation. 

Assay for IFN-y CPS-LNC (2 X 105/150 fLl ) were cultured for 72 h in 
a 96-well l11icrotiter plate in the presence of sphingosine or C2. A 
commercially available enzyme-linked immunosorbent assay kit (Endogen 
Inc., Boston, MA) was used for mcasuring IFN-y in the culture supernatants 
according to thc manufacturer' s d i.rections. 

Reverse Transcriptase-Polymerase Cha in Reaction (RT-PCR) 
C PS-Ts (107 /m l) were cultured in the presence of sphingosine or BSA 
(control) at 10 fLM . After 3 h, total RNA was prepared from an equa l 
number of viable cell s, as described pre viously (Chomczynski and Sacchi , 
1987). First- strand cDNA was reverse transcribed using each RNA sample 
and was amplified by PCR with an RNA PCR kit (GeneAmp RNA PCR 
Kit; Takara Biomedicals, Osaka, J apan) according to the manuf., cturer' s 
directions. All pairs of primers fo r /3-actin, TL-2, IL-4, IL-I0, and IFN-y and 
PCR conditions were desc ribed previously (Yagi el aI, 1996). T he PCR 
products and DNA molecular-weight marker VI (Boclu'inger Mannheim 
GmbH, Mannheim, Germany) w ere separated ill 2% aga rose ge ls and 
stained with 1 fLg/ml ethidiul11 bromidc. T he o rig in of amplifted DNA 
bands was confirmed by noniso topic Southern blot hybridization, as 
described previously (Yagi el aI, 1996). 

Determination of IL-4 Receptor (IL-4R) Expression H anks' bal
anced salt solu tion conta ining 0.1% NaN3 and 1 % fetal bovine serum was 
used for sta ining and washjng. CPS-Ts were ftrst incubated with rat 
anti-IL-4R monoclonal antibody (lgG2a , /( chain , Genzymc Co.) for 30 
min at 4°C, then washed three times and stained with an excess amount of 
purified flu orescein-conjugated goat anti-rat /( chain (Cosmo Bio Co. Ltd , 
Tokyo, Japan). T he stained cell s were allalyzed on a FACScan (Becton 
Dickinson Immunocytometry Systems. Mountain View, CAl. To determine 
the background level of flu orescence. a monoclonal immunoglobu lin 
iso type standard for rat IgG2a, K (PharMingen , San Diego, CAl was used as 
the first antibody. 

Measurelnent of Intracellular Free C a++ Concentration ([Ca ++];) 
CPS-Ts and CPS-LNC were enriched for T cell s with nylon wool-column 

passage Ouljus el aI, 1983). As described previo usly (Wakita el aI , 1995) , 
cells (10(' cells/ml) were incubated in the dark for 1 h at 37"C with 20 fLM 
acetoxymethyleste r of Fura-2 (Dojin Laboratories . Kumamoto, Japan) in 
phenol red-free minimal essential medium . T he cell s were washed ftve 
tim es and rcsuspended in the same medium before thc addition of sphin
gos ille . T he flu orescence in tensity of approx imately 40 cell s in each group 
was m onito red with computerized color change on a di splay using a Digita l 
Image Processing System (Argus-l00/CA; designed by Hamamatsu Pho
tonics Co., Hamamatsu, J apan) . T he data were expressed as the mean of 
rela tive flu orescence ill tensity of four cell s. 

Cell Cycle Analysis C PS-Ts were ftxed with 70% ethanol in PBS, 
incuba ted with 1 mg/ml ribonuclease A (Sigma C hemical Co.) for 30 min 
at 37°C and thell with 50 fLg/ ml propidium iodide for 20 m in at room 
tcmperature, and analyzed by flow cytometry using a compu ted DNA cell 
cycle program (SFlT; Becton D ickinson). Each reaction stcp was fo llowed 
by w ashing in PBS. 

Statistical Analyses Student's t test was used to determine thc statistical 
d i£fc ren ces between 111can s. 

lliSULTS 

Effects of Sphingosine and Ceramides on the Proliferation 
of Various T Cells In a pre liminary experime nt, the prolifera
tive response of sp leen cell s to Con A was not inhibi ted b y C2, C6, 
or C8 at con centrations less than 10 J-lM . A t 100 J-lM, both C6 and 
C8 abolish e d DNA synthesis b y T cells, whereas C2 did not affec t 
the response (data not shown). Because the pro liferatio n of kera
tinocytes is not influen ced by the addition of C6 or C8 at this 
con cen tration (Wakita et aI, 1.994), T ce LI s were con side re d to b e 
more susceptible to C6 and C8 than were keratinocytes. T hus, we 
used C2 to inves tigate the bi o logic activi ty of ceramides in the 
foll owing exp e rime n ts . 

Sphingosine and C2 were adde d a t con centratio n s of 1 and 10 
J-lM to the c ultures of e ig ht types ofT cell s, which were stimu la te d 
to variable d egrees (Table I) . B ecause sphingosin e is known to 
inhibit protein kiJlase C activity, its effect was a lso compared with 
that o f a protein kinase C inhibito r , B-7, at 5 and 25 J-lM. Figure 
1 shows th e typical effects of sphin gosine and C2 o n the [3B]TdR 
incorpo ration of six criti cal T - cell types, and Table I summarizes 
the m ean values of th eir percentage au gm e ntation obtaine d from 
three independe nt experim e nts. 

The addition of sphingosin e did not afl:ect th e pro liferatio n of 
CPS-LN C, TNP-LNC, or sp leen cells. On the other h a nd, sp h in
gosine at 101' 10 J-lM suppressed the DNA synthesis ofCPS-Ts in 
response to TCSA-photomodified spleen ceUs plus IL-4. Sphin
gosine at 1.0 J-lM also inhibite d the prolifera tion of D10 cell s in 

response to Con A supernatant and to con albumin p lu s LC. Because 
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Figure 1. Sphingosine-induced suppression of DNA synthesis in 
Th2-type but not Thl-type cells. The six types ofT cells were cultured 
for 72 h with C2 or sphingosine at the indicated concentrations (ill 
parellfileses) in the presence of the following stimulants: CPS-Ts, TCSA
photomodified spleen cells plus r1 L-4; 010, Langerhans cell- enriched 
epidermal cells (LC-EC) plus conalbumin ; 24-2, con A superna tants; 
TCSA-LNC, recombinant IL-2; T NP-LNC, TNP-modifled LC-EC; and 
28-4, con A supernatants. Erro l' bars. SO. *p < 0.05, compared with 
corresponding stimulant-addition group (seaJ/lel CO IIlIllIl ). Sph, sphingosine. 

CPS-LNC contain Thl with a minimal number of Th2 cells 
(Tokura et nl, 1990) (see !\I[nferinls nlld Methods) , these data suggest 
that the pro liferation ofTh2 cells , but not Thl cells, was susceptible 
to exogenous addition of sphingosine. Because sphingosine at 10 
J.LM suppressed the DNA synthesis of all the three KLH-specific 
T -cell clones by 95-100%, its effect was tested at concentrations of 
3 and 1 f.LM. Whereas sphingosine inh.ibited the proliferation of 
Th2 clone 24-2 by 97% at 3 f.LM and by 29% at 1 f.LM, Thl clones 
23-1-8 and 28-4 were suppressed by approA':imately 30% at 3 f.LM 
and were not signifi cantly inhibited at 1 f.LM , confirming the 
susceptibility of T h2 cells to sphingosine. The inhibition seemed to 
be due to the direct e ffect of sphingosine on the T cells and not to 
perturbation ofLC function, beca use the response of 010 to Con A 
supernatant as well as antigen plus LC was suppressed by sphin
gosine. 

In contrast to sphingosin e, no significant e ffect of C2 ' was 
observed in any types of cells when stimulated with mitogen , 
cytokine, or antigen/LC. The DNA synthesis of nonstimulated 
spleen cells, TNP-LNC, or C PS-LNC was only marginally aug
m ented by C2 at 10 f.LM. 

H - 7 inhibited pro liferation not on ly ofCPS-Ts and DIO cells, but 
also of CPS-LNC and TNP-LNC. These results suggest that 
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sphingosine did not suppress the DNA synthesis ofCPS-Ts and DI0 
cells exclusively by inhibiting protein kinase C activity. 

Augmentation of C y tokine Production by Sphingosine in 
CPS-Ts But Not in CPS-LNC C PS-Ts were cultured with 
sphingosine or C2 at 1 and 10 f.LM for 48 or 72 h , and the am ount 
of IL-4 in the supernatants was assayed . As shown in Table II, 
CPS-Ts cultu.red with 10 f.LM sphingosin e for 48 h (experiment 1) 
and those exposed to sphingosine at 1 and 10 J.LM for 72 h 
(experim ent 2) released significantly highe r amounts of IL-4 than 
did the control groups. The IL- 4 production was unchanged wi th 
C2 (experiment 1). The augmenting effect of sphingosine on TL-4 
production was specific for CPS-Ts, because sphingosine did not 
enhance, but rather suppressed, IFN--y production by CPS-LNC. 
C2 was more suppressible than sphingosine for CPS-LNC (exper
iment 3). 

To exclude the possibili ty that C PS-Ts are changed to produce 
T h1-type cytokines after exp osure to sphin gosin e, we performed 
R T -PCR to de tect mRNA of CPS-Ts that were incubated with 
sphingosine or BSA (control) using primers sp ecific for TL-2, IL-4, 
IL-l0, and IFN- -y. As shown in Fig 2, IL-4 and IL-10 mRNA were 
clearly present in both sphingosine-additi on and BSA-addition 
samples. T he expression of IL-4 mRN A was augmented by expo
sure to sphingosine as compared Witll the sample with BSA. On the 
other hand, mRNA for neither IL-2 nor IFN--y was detected in 
th ese two samples, whereas control PCR product from 28-4 cells 
exhibited these messages. These findin gs indicate th at the T h2-type 
cytokine pattern is unch anged by sphingosin e in CPS-Ts and 
confirm tllat sphingosine has an augmenting effect on IL-4 produc
tion by CPS-Ts. 

Augmentation of IL-4R Expression on CPS-Ts by Sphin
gosine and C2 CPS-Ts were cultl1l'ed fo r 72 h in the presence of 
sphingosine or C2, and IL-4R expression on the cell surface was 
assessed by flow cytometl),. As shown in Fig 3, both sphin gosine 
and C2 increased IL-4R e:-..-p ression, as monito red by both peak 
fluorescence intensity and m ean fluorescent value . 

Elevation of rCa + +1. by Sphingosine in CPS-Ts and CPS
LNC We next examined whether sphingosine induces sign al 
transduction in CPS-Ts o r CPS-LN C by monitoring [Ca ++];. 
Figure 4 illustrates the pattem of [Ca -I- " ]; change in these two 
types of cells. T he addition of sphingosine promptly increased 
cytoplasmic levels of Ca + in C PS-Ts and CPS-LNC, suggesting 
that signaling was inducible by sphingosine . T he two cell types 
diffe red from each other, however , in that C PS-Ts showed a more 
sustained elevation of [Ca + +J. than CPS-LNC . C2 did not e levate 
[Ca ++J. in either type of cells (data not shown) . 

Sphingosine-Induced Retardation ofGt to S Phase Progres
sion in CPS-Ts After cultivation for 96 h with sphingosine or 
C2, the cell cycle of C PS-Ts was examined by computed flow 
cytometric analysis. As shown in Table III, the percentage of cells 
at G2 + M phase and the G2 M/G , ratio were substantially decreased 
by incubation with sphingosine but n ot with C2, as compared Witll 
tlle control group. T his suggests that sphingosine retarded the 
prog ression fro m G , to S phase . Such retardation of the cell cycle 
was not observed in T hl cell clone 28-4 exposed to sphingosine at 
3 f.LM, as tll e G 2M /G , ratios of the sphingosine-add ed g roup and of 
the BSA-added control group were 2 .15 and 2 .08 , respectively. 

DISCUSSION 

This study showed that the add ition of exogenous sphingolipids, in 
particular sphingosine, differentially modulated T -cell proliferation 
and cytokine prodnction , depending on the T-cell type. This 
indicates that in addition to the phosphatidylinositol pathway, 
sphingomyelin turnover participates profoundly in the biologic 
events of certain types ofT cells. Sphingosin e preferentially inhib
ited DNA synthesis in CPS-Ts but stimulated tlle cells to produce 
fL-4 and to enhance IL-4R expression , w hereas this sphin golipid 
did not a/l:ect the DNA syntllesis and inhibi ted the cytokine 
production in CPS-LNC. Because CPS-Ts belong to T h2 cells, and 
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Table II. Sphingosine (Sph) Augmentation ofIL-4 Production by CPS-Ts But Not IFN-l' Production by CPS-LNC 

BSA, 10 JLM Sph, 1 JLM 

IL-4 concentration in supernatants of CPS-Ts (± SD, U/ml)" 
Experiment 1 4.8 ± 0.34 4.6 ± 0.1 i' 
Experiment 2 3 .6 ± 0.46 7.2 ± 0.29' 

INF-y concentration in supernatants of CPS-LNC (± SD, pg/ml)" 
Experiment 3 253 ± 23 .9 177 ± 18.8" 

Materials Added 

Sph, 10 JLM 

11.2 ± 1.25' 
9.8 ± 0.83" 

138 ± 3.8" 

4.7 ± 0.28" 
NT 

52 ± 5.3'/ 

C2, 10 JLM 

5.2 ± 0.45/' 
NT 

47 ± 5.8" 

"CPS-Th2 (2 X 104 / 1501-'1 medium) and CPS-LNC (2 X 105 /1501-'1) were cultured in triplicate fo r 48 h (experiment 1) or 72 h (experiments 2 and 3) at the indicated doses 
of sphingosine and C 2. The culture supernata nts were subjected to IL-4 assay using CTLL-2 cells and to IFN-y assay using enzyme-linked immunosorbent assay. NT, not tested . 

I, StatisticaUy not significant compared with co ntrol (BSA) group. 
, p < 0.05 compared with control (USA) group. 
" p < 0.01 compared with control (BSA) group . 

the proliferating cells in response to antigen in CPS-LNC are Th1 
cells, sphingosine seems to inhibit DNA synthesis in Th2 but not 
T h1 cells. This notion was supported by the fmding that D10 and 
24-2 cells were more susceptible to sphingosin e than were 23- 1-8, 
28-4 celis, or TNP-LNC. T he elevation of [Ca+ +];, a known 
marker for signal transduction, further showed the ability of 
sphingosine to promote cell kinetics of CPS-Ts. In addition, 
sphingosine retarded the cell cycle of CPS-Ts by blocking the G 1 to 
S phase progression, which seems to be associated with the 
reduction in DNA synthesis. CPS-Ts used in this study consisted of 
a comparable number of V{37- and V{313-bearing T -cell popula
tions (Yagi et ai, 1996), both of which are reactive with antigen plus 
IL-4 and have a Th2 cytokine profile. V {37 + T cells have an ;1/. Ilillo 

and in vitro suppressive activity, whereas V{313 + cells are nonfunc
tional (Yagi et ai, 1996). It remains unknown which population is 
predominantly responsible for these sphingosine-induced alter
ations of Th2 kinetics. 

Th2 but not Th l cells are activated by IL-1 (Solari et ai, 1990) 
and tumor necrosis factor-a in a synergistic manner (Tokura et ai, 
1994b), !Ind both cytokines are agonists of sphingomyelin turnover 
(Kim et ai, 1991; Wiels et 01, 1991; Dressler et ai, 1992; Mathias e/ 
ai, 1993). Our results together with these observations raise the 
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Figurc 2. RT-PCR for detection of cytokinc mRNA in CPS-Ts 
incubatcd with sphingosinc. CPS-Ts were cultured with sphingosine o r 
BSA (control) at 10 JLM for 3 h. RT-PCR was performed with primers 
specific for each cytokine. The Illlll/ucrs indicate the size (base pairs) of 
amp ti fied products. The positive control samp le for lL-2 and IL-4 was 
obtained from 28-4 cell s. Sph, sphingosine. 

possibility that the sphingomyelin signaling pathway plays a more 
important role in activation of Th2 than of Th1 cells. It h as been 
reported recently that Th2 differ from Thl cells in the signaling 
pathway for cytokine production. Whereas phosphatidylinositol 
breakdown, protein tyrosine kinase activation, and [Ca++]; eleva
tion are essential for IL-2 production by Th 1 cells (Rosoff et 01, 
1987; Gajewski e/ ai, 1990; June et aI, 1990; Abbas et ai, 1991; 
Glaichenhaus et ai, 1991; Tamura and N ariuchi , 1992; Baldari and 
Telford, 1994), neither protein kinase C activation nor protein 
tyrosine phosphorylation is a prerequisite, and only [Ca + +]; eleva
tion is mandatory for IL-4 production by Th2 cells (Gajewski et 01, 
1990; Munoz et aI, 1990; Abbas et 01,1991; Kawakami et 01,1992; 
Tamura e/ 01, 1993). These observations indicate that sphingosine 
can exert its protein kinase C- inhibiting ability (Hannul1 and Bell, 
1989) only for Th1 and not Th2 cells, with respect to cytokin e 
production. T illS concept is in accordance with the present fmding 
that sphin gosine reduced IFN-y production by CPS-LN C but not 
IL-4 by CPS-Ts . Rather, sphingosine induced IL-4 production by 
CPS-Ts, presumably because of its ability to promote the elevation 
of [Ca + +);. [Ca + +1. elevation by spillngosine is due to Ca + + 
release from intracellular stores and not to the influx of extracellular 
Ca++ (Ghosh et 01,1990). In Th2 cells, the elevation of[Ca++]; by 
anti-CD3 antibody is suggested to be caused by Ca + + influx 
(Tamura et aI, 1993). [Ca ++ ]; was promptly elevated immediately 
after the addition of sphingosine, as observed in this study, whereas 
[Ca ++1. is increased slowly without a prompt rise after anti-CD3 
stimulation (Tamura et aI, 1993). Thus, sphingosine seems to differ 
from T-cell receptor/CD3-mediated signaling in both the elevation 
pattern and the source of [Ca ++];. 

Sphingosine blocked the progression from G 1 to S phase in 
CPS-Ts, whereas C2 had no inhibitory effect on the cells. Spllln
gosine, but not C2, has been reported to bind DNA (Koiv and 
Kinnuen, 1994). Such a direct interaction between sphingosine and 
nucleic acid might be a key issue to elucidate the mechanism(s) of 
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F igurc 3. Augmcntation ofIL-4R cxpression on CPS-Ts by sphin
gosinc and C2. CPS-T s were cultured for 72 h in the presence of BSA 
(control), sphingosine (Sph), or C2 at 10 JLM. After cu ltivation , the 
expression of IL-4R was analyzed by flow cytometry. Do/.tcd lili es , fluo res
cence intensity of isotype immunoglobulin contro!' Nllll/uers and Illlllluel:1 ill 
parel/theses , peak Auorescence intensity and l11 ean fluorescent value, respec
tively. 
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Figure 4 . Induction of intracellular calcium mobilization by 
sphingosine in CPS-Ts and CPS-LNC. Fluorescence of Fura-2 was 
monitored in approximately 40 cells of C PS-Ts and C PS-LN C with 
computerized color change using a Oigitallmage Processing System. All the 
m onitored ce lls had vittuaUy the same color change on the disp lay. The data 
are expressed as the m ean of four cells. E rror hnrs , SO. 

the observed G I arrest. It is known that retardation of the G1 to S 
phase progression augm ents IL-2 production in Th1 celis, because 
the late G I phase is the most productive period for IL-2 (Droge , 
1986; Farrar el ai, 1980; Stndler ct ai , 1981). Given that the late G I 
phase is associated with IL-4 production in Th2 cells , the abiJjty of 
sphingosine to re tard the cell cycle from G I to S phase m ay result 
in increased production of IL-4 and decreased DNA synthesis in 
Th2 ,cells. It is the refore like ly that both sphingosine-induced 
elevation of [Ca + +], and retnrdation of G I to S phase progression 
result in augmented IL-4 production. 

C2 did not affect the prolife ration of any of the types of cells 
examined, except for only marginal augmentation in nonstimulated 
lymph node cells and spleen cells . When monitored ",,jth cytokine 
production, C2 inhibited C PS-LNC but not CPS-Th2 cells. Cer-

Table III. Sphingosine (Sph)-Induced Retardation of the 
G 1 to S Phase Progression in CPS-Ts 

Perccntage of Cclls ( :t SO) 
Materials GzM / G, Ratio 
Added" GuG , S+ G, M (:t SO) 

BSA 85 :!: 3 15 :!: 2 2.08 :!: 0.05 
Sph 94 :t 3/' 6 :t 1/' 1.87 :!: 0.04/' 
C2 81 :t 2' 19 :t 2" 1.95 :t 0.06' 

,I C PS-T s were cultured fo r 96 h in the presence or sphin gosine, C2. or BSA 
(co ntrol) at 5 /LM. T hc data were exprcsscd :IS the mcan :!: SO of thrce indcpendcn t 
experiments. 

/1 p < 0.05 compared with correspo ndin g OSA group . 
e Statistic:1Uy not Sigl1ificlll1 t compared \"lith correspo ndin g: nSA grOllI" 
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amides have pleiotropic fun ctions in cell proliferation and differen
tiation , depending on the cell type. C2 inhibi ts proliferation and 
induces the differentiation of a leukemic cell line HL-60 (Okazaki 
el ai, 1989) and of transformed keratinocytes (Wakita el ai, 1994), 
whereas cultured fibroblasts proliferate in response to C2 (Olivera 
el ai, 1992). T he present study suggests that the involvement of 
ceramides in Th2-ceU kinetics was minimal , but endogenously 
synthesized ceramides might exert different effects on T celJs. In 
fact, our preliminary studies have shown that DNA synthesis in 
24-2 and 28-4 cells is increased when natural ceramides are used 
instead of synthetic ceramides (Tokura el aI, unpublished observa
tion). 

Because a large amollnt of free sphingosine eA;sts in the stratum 
corneum (Wertz and Downing, 1990; Wakita el ai, 1992), it is 
pl ausibl e that sphingosine diffuses backwards and affects infiltrating 
T cells in some skin disorders. On the other band, beca use of their 
complicated structure (Wertz and Donald, 1991) , naturally occur
ring cerall1ides in the stratum com e U111 are less cdl penneating than 
synthetic ceramides and thus are unlikely to penetra te from the 
stratum corneum to the viable epidermal layer. Because the kera
tinocyte-derived cytokines fL-1 a and tumor necrosis facto r-a are 
indu ced after epidermal injury (Kupper, 1990) and activate T h2, 
but not T h1 cells (Sol a I-i el ai, 1990; Tokura el ai, 1994b), the 
injured epidermis m ay permit T h2 propagation. Such an expanded 
T h2 cell population may be further stimulated to produce cyto
kines, wi th concomitant G I arrest when exposed to sphingosine 
that diffu ses from th e destroyed stratum corneum. As a result, Th2 
cells may suppress delayed-type hypersensitivi ty effector T h 1 cells 
by release of IL-1 0 (Li el ai, 1994; Yagi el ai, 1996), resulting in 
down regulation of exaggerated cutaneous hypersensitivity reac
tions. On the other hand , sphingosine in the epidermis might play 
a provocative rol e Ul T h2-mediated skin disorders, such as atopic 
dermatitis (Van der Heijden el ai , 1991) and cutaneous T-cell 
lymphoma (Vowels et ai , 1992). In addition, the most biologically 
potent species of sphingosine, dihydro:\:ysphingenine, is increased 
in psoriatic lesions (Gaver and Sweeley, 1966). Whether such 
increased amounts of sphingosine arc involved in the pathogenesis 
of psoriasis is a question to be e lucidated . 

r,Ve grnlgi /lly Illnllk Dr. Yasl/ihil'O Asnllo for pI'IJlliriillg KLH-spccific T-cell c/Cllles. 
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