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ABSTRACT

A representative r-galactosylceramide (r-GalCer), KRN7000, can activate NKT cells through CD1d molecules, which play an essential role in
the generation of the strong antitumor activity of KRN7000. Our previous study has demonstrated that r-GalCer binds directly to CD1d
molecules. However, it is controversial whether CD1d binds r-GalCer in endosomal compartments. To address this question, we synthesized
NBD-r-GalCer, which has strong fluorescent properties. We found that the NBD-r-GalCer has immunostimulatory activity that is stronger
than that of KRN7000.

KRN7000 (1), anR-galactosylceramide (R-GalCer, galactose
bound to ceramide in anR-configuration, Figure 1), has
shown significant immunostimulatory1 and antitumor activity
in mice.2 Our studies concerning the mechanism of immu-
nostimulation byKRN7000 have indicated thatKRN7000
is presented to mouse VR14/Vâ8 natural killer T (NKT) cells
and human VR24/Vâ11 NKT cells, a counterpart of mouse
VR14/Vâ8 NKT cells, by mouse CD1 and human CD1d
molecules on antigen-presenting cells, leading to activation
of these NKT cells.3-8 Because it is well-known that NKT
cells activated byKRN7000and interleukin-12 can suppress

tumor metastases9,10 and that NKT cells may play an
important role in regulating the progress of several auto-
immune diseases such as systemic sclerosis and type 1
diabetes,11,12R-GalCer has drawn significant attention as an
interesting immunomodulator which will be useful for
treatment of these and related diseases.
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The human CD1 family contains five members, designated
CD1a, CD1b, CD1c, CD1d, and CD1e. CD1 can be classified
into two groups based upon amino acid sequence homolo-
gies: CD1a-c (group 1) and the CD1d-like group of mouse,
rat, and humans (group 2).13 Among the group 1 CD1
molecules, CD1b has been well characterized by several
research groups. These studies have demonstrated that
glycolipids such as glucomonomycolate (GMM) and lipo-
arabinomannan (LAM) fromMycobacteriaspp. can function
as antigens for subsets of human T cells expressingRâ T
cell receptors.14 In addition, it has been shown that LAM,
fragments derived from LAM and GMM, can bind to CD1b
molecules.15 Furthermore, CD1b molecules broadly distribute
in endosomal and lysosomal compartments of antigen-
presenting cells, where the binding of glycolipid and CD1b
molecules likely occurs.16-18 However, while CD1d-like
molecules also distribute in similar endosomal compart-
ments,19,20 it remains controversial whether CD1d binds
R-GalCer in these intracellular locations.

We have recently demonstrated thatR-GalCer directly
binds to CD1d molecules by the method of surface plasmon
resonance using immobilized biotinylatedR-GalCers such

as AGL-592 (2, Figure 1) and soluble CD1d molecules.21

These results suggest that biotinylatedR-GalCer will be a
useful tool to study the distribution of CD1d molecules in
antigen-presenting cells. We therefore examined the distribu-
tion of CD1d on CD1d-transfected cells and parental
untransfected cells using biotinylatedR-GalCers and fluo-
rescein isothiocyanate (FITC)-conjugated avidin. However,
we could not clearly detect differences in CD1d distribution
between these two types of cells, which exhibit distinct CD1d
expression patterns in experiments using a biotin-conjugated
anti-CD1d monoclonal antibody and FITC-conjugated avidin.
This result suggested that anR-GalCer bearing a fluorescent
group might be necessary to study the distribution of CD1d
in antigen-presenting cells. We therefore synthesized an
R-GalCer bearing a fluorescent group.

It has been reported that paclitaxel (Taxol) and docetaxel
(Taxotere), potential anticancer agents, bearing a 7-nitrobenz-
2-oxa-1,3-diazol (NBD) group are useful tools for the
investigation of the binding site for these compounds.22 On
the basis of this finding, we synthesized anR-GalCer bearing
a NBD group (NBD-R-GalCer) as shown in Scheme 1.
Briefly, the lyso sphingosine (3)21 was amidated with 12-
N-(trifluoroacetoxyamino)dodecanoic acid (4)23 in the pres-
ence of 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide
hydrochloride (WSC‚HCl) to afford galactosylceramide (5).
Deprotection of the trifluoroacetyl group under basic condi-
tions provided the galactosylceramide containing anω-amino
fatty acid (6). The NBD group was coupled with6 through
its N-hydroxysuccinimide ester (7), which was purchased
from Molecular Probes, to generate the NBD-R-GalCer
(AGL-597, 8).24

We previously reported thatKRN7000 stimulates the
proliferation of murine spleen cells, which indicates the
immunostimulatory properties of the glycolipids, in a con-
centration-dependent manner and has one of the strongest
immunostimulatory activities among theR-GalCers which
were synthesized in our laboratory.1,25 On the basis of this
finding, we examined the effect ofAGL-597 on murine pleen
cells and usedKRN7000 as a positive control. At the same
time, we evaluated the spleen cell proliferation stimulatory
activity of the biotinylatedR-GalCer,AGL-592, to estimate
the role of fatty acid side chains in the ceramide moiety in
the immune response induced byR-GalCers.

As shown in Table 1,KRN7000 significantly stimulated
the proliferation of spleen cells beginning at concentrations
as low as 0.1 ng/mL.AGL-592 showed siginificant spleen
cell proliferation stimulatory activity at concentrations of 10

(13) Porcelli, S. A.AdV. Immunol. 1995,59, 1.
(14) Beckman, E. M.; Porcelli, S. A.; Morita, C. T.; Behar, S. M.;

Furlong, S. T.; Brenner, M. B.Nature1994,372, 691.
(15) Ernst, W. A.; Maher, J.; Cho, S.; Niazi, K. R.; Chatterjee, D.; Moody,

D. B.; Bersa, G. S.; Watanabe, Y.; Jensen, P. E.; Porcelli, S. A.; Kronenberg,
M.; Modlin, R. Immunity1998,8, 331.

(16) Sugita, M.; Jackman, R. M.; Van Donselaar, E.; Behear, S. M.;
Rogers, R. A.; Peters, P. J.; Brenner, M. B.; Porcelli, S. A.Science1996,
273, 349.

(17) Prigozy, T. I.; Sieling, P. A.; Clemens, D.; Stewart, P. L.; Behar,
S. M.; Porcelli, S. A.; Brenner, M. B.; Modlin, R. L.; Kronenberg, M.
Immunity1997,6, 187.

(18) Jackman, R. M.; Stenger, S.; Lee, A.; Moody, D. B.; Rogers, R.
A.; Niazi, K. R.; Sugita, M.; Modlin, R. L.; Peters, P. J.; Porcelli, S. A.
Immunity1998,8, 341.

(19) Brossay, L.; Tangri, S.; Bix, M.; Cardell, S.; Locksley, R.;
Kronenberg, M.J. Immunol. 1998,160, 3681.

(20) Chui, Y.-H.; Jayawardena, J.; Weiss, A.; Lee D.; Park, S.-H.; Dautry-
Varsat, A.; Bendelac, A.J. Exp. Med. 1999,189, 103.

(21) Sakai, T.; Naidenko, O.; Iijima, H.; Kronenberg, M.; Koezuka, Y.
J. Med. Chem. 1999,42, 1836.

(22) Dubois, J.; Le Goff, M.-T.; Gueritte-Voegelein, F.; Guenard, D.;
Tollon, Y.; Wright, M. Bioorg. Med. Chem.1995,3, 1357.

(23) Kamio K.; Gasa S.; Makita A.J. Lipid Res. 1992,33, 1227.
(24)AGL-597 (8): [R]23

D +9.6° (c 0.1, methanol); mp 126-127 °C;
FDMS m/z953 (M + H)+, 975 (M+ Na)+; 1H NMR (500 MHz, CD3OD)
δ 8.52 (1H, d,J ) 9.0 Hz), 6.35 (1H, d,J ) 9.0 Hz), 4.80 (1H, d,J ) 3.4
Hz), 4.19 (1H, m), 3.87 (2H, m), 3.83 (1H, m), 3.75 (1H, m), 3.66-3.72
(3H, m), 3.60 (1H, t,J ) 6.1 Hz), 3.54 (2H, m), 3.30 (2H, m), 3.13 (2H,
t, J ) 7.1 Hz), 2.21 (2H, t,J ) 7.6 Hz), 2.20 (2H, t,J ) 7.3 Hz), 1.80 (2H,
m), 1.68 (2H, m), 1.60 (2H, m), 1.47 (4H, m), 1.28 (14H, m) 0.89 (3H, t,
J ) 7.1 Hz). Anal. (C48H84N6O13) C, H, N.

(25) Iijima, H.; Kimura, K.; Sakai, T.; Uchimura, A.; Shimizu, T.; Ueno,
H.; Natori, T.; Koezuka, Y.Bioorg. Med. Chem. 1998,6, 1905.

Figure 1. Chemical structures ofKRN7000 (R-GalCer) andAGL-
592 (biotinylatedR-GalCer).
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and 100 ng/mL with a potency that was approximately 10-
fold weaker than that ofKRN7000. By contrast, whenAGL-
597was similarly evaluated, it was observed thatAGL-597
indicated a strong proliferative response of spleen cells even
at concentrations as low as 0.1 ng/mL, predicting a potency
that is 10-fold stronger than that ofKRN7000.

It has been reported that the docetaxel analogues bearing
biotinyl or NBD probes are almost as active as docetaxel in

an in vitro microtubular protein assay, although their
activities in living cells, followed by the appearance of
microtubule bundles, are diminished significantly in com-
parison to that of the parental docetaxel.22 It is likely that
the relationship betweenKRN7000 and the biotinylated
compound,AGL-592, is similar to that of the docetaxel
analogues. It is therefore interesting that theR-GalCer
modified with a NBD probe,AGL-597, exhibits a stronger
immunostimulatory activity than the parentalR-GalCer,
KRN7000. These results clearly demonstrate that the im-
munostimulatory activity ofR-GalCer depends on the
chemical structure of the fatty acid side chain in the ceramide
portion of the molecule. Furthermore, these studies suggest
that the inability ofAGL-592 to detect CD1d in transfected
cells may be due to its limited capacity to bind CD1d and
that AGL-597 may have a high affinity interaction with
CD1d. It is likely, therefore, that NBD-R-GalCer will be a
useful tool for the study of the antigen-presenting pathways
related to CD1d-like molecules.
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Scheme 1

Table 1. Effects ofKRN7000, Agl-597, andAgl-592 on the
Proliferation of Murine Spleen Cellsa

[3H]-TdR incorporation (cpm)

sample 0.1 ng/mL 1 ng/mL 10 ng/mL 100 ng/mL

vehicle 5226 ( 311 4628 ( 302 5054 ( 662 4375 ( 302
KRN7000 7270 ( 809b 13499 ( 246b 17438 ( 967b 17636 ( 515b

AGL-597 12564 ( 390b 17263 ( 262b 16973 ( 909b 16243 ( 722b

AGL-592 5074 ( 201 5273 ( 306 10951 ( 244b 15292 ( 262b

a 2.5 × 105 cells/100 µL/well of spleen cells from C57BL/6 mice
suspended in RPMI 1640 medium containing 10% FCS were plated on a
96-well plate. At the same time, various concentrations of samples (10µL/
well) were added into each well and the cell suspension was cultured at 37
°C, 5% CO2 for 18 h. Subsequently, 0.5µCi/well of [3H]-TdR was added
to each well and, 8 h later, the [3H]-TdR uptake into the cells was assayed
with a liquid scintillation counter. Each value shows the mean(S.D.bp <
0.05 (vs vehicle treated control group).
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