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Synthesis and human NKT cell stimulating properties of
3-O-sulfo-a/b-galactosylceramides
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Abstract—Two novel hybrid molecules 3-O-sulfo-a/b-galactosylceramide 3 and 4, which are derived from an immunostimulatory
agent a-GalCer 1 and self-glycolipid ligand sulfatide 2, were designed and synthesized. Compound 3 was shown to efficiently stim-
ulate human NKT cells to secret IL-4 and IFN-c, with activities similar to 1, suggesting that modification of the 300-OH position of
the galactose moiety with sulfate has no significant effect on NKT cell stimulation. As a comparison, the b-isomer 4 has no affinity to
NKT cells, which demonstrates that the a-glycosidic bond of galactosylceramide is crucial to the NKT cells activation.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

A marine-sponge-derived glycolipid a-galactosylcera-
mide (a-GalCer, 1) was found to exhibit antitumor
activities.1 Further investigation showed that 1 was a
highly potent immunostimulatory agent and was identi-
fied to act as a specific ligand presented by CD1d to the
invariant mouse Va14 or human Va24 antigen receptor
of natural killer T-cells (NKT cells) to activate the im-
mune system.2,3 Injection of 1 to tumor-bearing mice
was shown to be efficacious against tumor growth and
metastasis in a CD1d-mediated NKT cell-dependent
manner.4 Moreover, studies have demonstrated that
NKT cells can produce various immunoregulatory cyto-
kines such as IL-4 and IFN-c, and play a major role in
immunoregulation, tumor immunity, and the prevention
of autoimmune disease.5,6

Sulfatide, 2, broadly exists in the serum of mammals.7

From its chemical structure, sulfatide is similar to a-
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galactosylceramide with the exception of a b anomeric
linkage to the ceramide, a sulfate group at 300-OH of
the galactose moiety, and a trans-olefin instead of an
OH at the 4 position of the sphingosine base. Its cera-
mide portion is composed of hydroxy or nonhydroxy
fatty acid, which has lengths varying from C-14 to C-
26.8 It has been reported that 2 can be presented by
CD1a, CD1b, and CD1c to specific T-cells or is capable
of stimulating sulfatide-specific CD1a-restricted T-cell
clones.9,10 In addition, 2 is sufficient to prevent anti-
gen-induced experimental autoimmune encephalomyeli-
tis through suppressing both Th1 (IFN-c) and Th2 (IL-
4) cytokine secretion by pathogenic myelin protein-reac-
tive T-cells.11

Recent efforts have been directed toward the design and
synthesis of new a-GalCer analogs. However, aside from
a C-linked analog of a-GalCer, few compounds were re-
ported to possess more efficient bioactivity than a-Gal-
Cer.12,13 Furthermore, despite the clear activity of
a-GalCer against experimental mice tumors and their
metastases, a recent phase I trial with 24 patients bear-
ing solid tumors performed in The Netherlands indicates
that a-GalCer did not display antitumor activity.14 Sul-
fatide 2 is a self-glycolipid ligand recognized by a popu-
lation of CD1d-restricted T cells that is distinct from the
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Figure 1. Structures of a-galactosylceramide (1), sulfatide (2) and (2a), and 3-O-sulfo-a/b-galactosylceramides (3) and (4).
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a-GalCer-reactive NKT lymphocytes.11 On the basis of
these findings and considering the molecular similarity
of a-GalCer and sulfatide 2, we have designed and syn-
thesized two hybrid molecules of 1 and 2, which are sul-
fate derivatives 3-O-sulfo-a/b-galactosylceramides 3 and
4, and studied their human NKT cell stimulating prop-
erties (Fig. 1). We have found that 3 has immunostimu-
latory activity equivalent to, or better than, that of 1.
2. Results and discussion

Selective sulfation at 300-OH of galactose moiety is the
key step for the synthesis of 3. Traditionally, regioselec-
tive sulfation of the 3-hydroxyl of sugar ring utilizes di-
butylstannylene acetals as activated intermediates.
However, this method can only be applied to b-galacto-
sides; for a-galactosides, the dibutylstannylene acetal
can form a complex between the 2-hydroxyl and the
anomeric oxygen to give the 200-O-derivative by reaction
with an electrophile.15 Addressing this question, we pre-
pared a 200-benzyl-400,600-benzylidene-300-levulinoyl-galac-
tosyl trichloroacetimidate donor 8. The orthogonal
levulinoyl (Lev) protecting group can be selectively re-
moved after glycosylation in the presence of hydrazine.
The benzyl and benzylidene groups at the 2, and 4,6
positions, respectively, direct the next a-glycosidic bond
formation.16

As shown in Scheme 1 the preparation of 8 started with
the known thioglycoside 517 in 55% yield over three
O
O

OPh

STolHO
BnO

LevOH, EDC/DMAP O
O

OPh

STolLevO
BnO

78%

5 6

Scheme 1. Preparation of donor 8.
steps. The sphingosine building block 9 was employed
in this synthesis, which has been synthesized in the prep-
aration of a-GalCer from our previous study.16b Donor
8 was coupled to acceptor 9 with TMSOTf as promoter
to give the expected a-glycoside 10 in a moderate yield.
During the Staudinger reduction of 10 with PMe3, 1 M
NaOH was used to hydrolyze the imino-phosphorane
intermediate 11. However, the Lev group was partially
labile under this condition and approximately 50% of
the Lev group was cleaved to give an amine mixture of
12a and 12b (1:1) as determined by 1H NMR. Since
12a had already possessed a free C-3 hydroxyl, it was
crucial to choose a selective coupling reagent in the con-
densation between amine 12a and the fatty acid. It was
reported that DEPBT [3-(diethoxyphosphoryloxy)-
(1,2,3)-benzotriazin-4(3H)-one] was used in a similar
case, and can selectively form an amide bond in the pres-
ence of unprotected hydroxyl groups.18 For this pur-
pose, DEPBT was used for the reaction between
mixture 12a,b, and hexacosanoic acid to give 13a and
13b, followed by deprotection of the remaining Lev
groups using hydrazine to provide the desired galacto-
sylceramide 14 in 56% yield over three steps. Treating
the 300-OH free glycolipid 14 with PyÆSO3 led to the sul-
fate derivative 15 in high yield,19 which gave 3 upon
hydrogenation with palladium black and neutralization
with NaHCO3 aqueous solution in 78% yield (Scheme
2).

For the synthesis of 4, we firstly tried the glycosylation
between perbenzoylated trichloroacetimidate donor 16
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Scheme 2. Synthesis of 3-O-sulfo-a-DD-galactosylceramide, sodium salt, 3. Reagents and conditions: (a) TMSOTf/THF, 46%; (b) PMe3, THF; (b 0) aq

1 M NaOH; (c) C25H51COOH, DEPBT, CH2Cl2; (d) NH2NH2/HOAc/Py, 56% (three steps); (e) PyÆSO3, Py; then aq NaHCO3, 90%; (f) H2, Pd/C,

HOAc/MeOH; then aq NaHCO3, 83%.
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and sphingosine acceptor 9 and obtained the desired b-
galactosylceramide derivative 17. After the Staudinger
reduction of 17, a complex mixture was produced and
the expected amine 19 not isolated (Scheme 3). Since
the perbenzoylated galactosylceramide is sensitive to
basic conditions, a NaHSO4 solution instead of a NaOH
solution was used for the reduction workup procedure
to decompose the imino-phosphorane intermediate 18.
However, hydrolysis of 18 into 19 was very slow, and
in turn, the longer reaction time led to the degradation
9 O
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of glycosidic bond and formation of numerous side
products.

An alternative synthetic strategy to first reduce the azide
and then couple the fatty acid before the glycosylation
step was employed. Compound 22 was prepared from
the sphingosine derivative 2016b in 54% yield over two
steps (Scheme 4). In the presence of TMSOTf as pro-
moter, the ceramide acceptor 22 was reacted with donor
16 to give the b-glycoside 23 in 54% yield. After deben-
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zoylation and hydrogenation of 23, the b-galactosylcer-
amide 24 was obtained in quantitative yield. Compound
24 was finally sulfated by Bu2SnO/Me3NÆSO3 and subse-
quently neutralized by NaHCO3 to give the expected 4
in 80% yield (Scheme 5).10

Various glycolipids were used to determine their immu-
nostimulatory activities in this study. The structures of
compounds 25–34 were shown in Figure 2. As illustrated
in Figure 3a–c, the response of human NKT cells to gly-
colipid presented by CD14+ DCs, 3-sulfo-a-GalCer 3
was found to be similar to or even better than a-GalCer
at 10–20 lg/mL. Other glycolipids including sulfatide 2a
and 3-sulfo-b-GalCer 4 had weak or no affinity to NKT
cells. Compound 3 can efficiently stimulate IL-4 and
IFN-c secretion, suggesting that modification of 300-
OH position of galactose moiety with sulfate is helpful
to NKT cells stimulation. These results were confirmed
by the studies using a human NKT cell line, in which
the stimulatory activity of 3-sulfo-a-GalCer 3 against
human NKT cells to secrete IFN-c and IL-4 was similar
to that of a-GalCer regardless of the dosage, that is, 10,
O O
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Scheme 5. Synthesis of 3-O-sulfo-b-DD-galactosylceramide, sodium salt, 4. R
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Figure 2. Structures of additional glycolipid compounds examined for immu
2, 0.4, and 0.08 lg/mL (Fig. 4a and b). Figure 4a and b
further demonstrate that the reactivity of compound 3
with human NKT cells requires CD1d molecules, be-
cause Hela cells transfected with a human CD1d gene
but not wild-type Hela cells lacking the CD1d, were able
to stimulate a human NKT cell line. These results con-
firm the binding of compound 3 to the CD1d molecules.

NKT cell activation is sensitive to the configuration of
the anomeric carbon of the glycolipid antigen molecule.2

3-Sulfo-b-GalCer 4 has no affinity to NKT lymphocytes
due to the b-linkage of the glycosidic bond, indicating
that an a-linkage is essential to NKT cell recognition
even despite having binding, even the helpful sulfate
group existing at the 300 position of the sugar ring.
3. Conclusion

In summary, two novel hybrid molecules 3-O-sulfo-a/b-
galactosylceramides 3 and 4, which are derived from an
immunostimulatory agent a-GalCer 1 and self-glyco-
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Figure 3. (a) In vitro IFN-c secretion by human CD161+ NK + NKT cells (4 · 105/well) in the presence of CD14+ DCs (2 · 105/well) and 10 lg/mL

of various glycolipids. (b) In vitro IFN-c secretion by human CD161+ NK + NKT cells (2 · 105/well) in the presence of CD14+ DCs (4 · 105/well)

and 20 lg/mL of various glycolipids. (c) In vitro IL-4 secretion by human CD161+ NK + NKT cells (2 · 105/well) in the presence of CD14+ DCs

(4 · 105/well) and 20 lg/mL of various glycolipids.

Figure 4. (a) In vitro IFN-c secretion by human NKT cell line co-

cultured with Hela-hCD1d in the presence of compounds 1 and 3. (b)

In vitro IL-4 secretion by human NKT cell line co-cultured with Hela-

hCD1d in the presence of compounds 1 and 3.
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lipid ligand sulfatide 2, were devised and synthesized in
this research. Compound 3 was prepared from a newly
designed 200-benzyl-400,600-benzylidene-300-levulinoyl pro-
tected trichloroacetimidate donor 8 and the known
sphingosine acceptor 9 in 19% overall yield by a linear
six-step procedure. DEPBT was utilized for the key cou-
pling between hydroxy amine derivative 12a and hexa-
cosanoic acid to yield the amide bond of the ceramide
moiety. For the synthesis of 4, we employed an alterna-
tive synthetic strategy to first accomplish the ceramide
portion and then perform the glycosylation. Compound
4 was efficiently prepared in 23% total yield over seven
steps. The human NKT cell stimulating activity of 3-sul-
fo-a-GalCer 3 was found to be as effective as, or better
than, that of 1. As a comparison, 3-sulfo-b-GalCer 4
has no affinity to NKT cells. The development described
herein should accelerate further understanding of
CD1d-mediated NKT cell activation and development
of new therapeutics.
4. Experimental

4.1. General methods

All chemicals were purchased as reagent grade and used
without further purification. Dichloromethane (CH2Cl2,
DCM) was distilled over calcium hydride and tetrahy-
drofuran (THF) over sodium/benzophenone. Anhy-
drous methanol (MeOH) and pyridine (Py) were
purchased from a commercial source. Reactions were
monitored with analytical thin-layer chromatography
(TLC) on silica gel 60 F254 glass plates and visualized
under UV (254 nm) and/or by staining with acidic ceric
ammonium molybdate. Flash column chromatography
was performed on silica gel 60 Geduran (35–75 lm
EM Science). 1H NMR spectra were recorded on a
400, 500, or 600 Hz NMR spectrometer at 20 �C. Chem-
ical shift (in ppm) was determined relative to tetrameth-
ylsilane (d 0 ppm) in deuterated solvents. Coupling
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constant(s) in hertz (Hz) were measured from one-
dimensional spectra. 13C Attached Proton Test (C-
Apt) spectra were obtained with the NMR-400, -500,
or -600 spectrometer (100, 125, or 150 Hz) and were cal-
ibrated with either CDCl3 (d 77.23 ppm) or Py-d5 (d
123.87 ppm).

4.2. p-Methylphenyl 2-O-benzyl-4,6-O-benzylidene-3-O-
levulinoyl-1-thio-DD-galactopyranoside, 6

Compound 5 (3 g, 6.45 mmol) was dissolved in DCM.
LevOH (0.9 mL, 1.35 equiv), EDC (1.6 g, 1.3 equiv),
and DMAP (197 mg, 0.25 equiv) were added. The reac-
tion was allowed to proceed overnight while covered in
foil. The reaction was then diluted with DCM, washed
with water, saturated sodium bicarbonate solution,
brine, and dried over sodium sulfate. After removal of
the solvent the mixture was purified by column chroma-
tography (hexanes–EtOAc–DCM 3:1:1) to give 2.83 g of
6 in 78% yield.

1H NMR (CDCl3, 500 MHz): d 7.61–7.03 (m, 14H), 5.48
(s, 1H), 4.98 (dd, 1H, J = 3.7, 9.6 Hz), 4.77 (d, 1H,
J = 11.0 Hz), 4.63 (d, 1H, J = 9.5 Hz), 4.51 (d, 1H,
J = 11.0 Hz,), 4.36–4.32 (m, 2H), 3.99–3.97 (m, 1H),
3.90–3.86 (m, 1H), 3.51 (s, 1H), 2.56–2.50 (m, 2H),
2.46–2.40 (m, 2H), 2.31 (s, 3H), 2.09, (s, 3H); 13C
NMR (CDCl3, 125 MHz): d 206.05, 172.09, 138.18,
137.76, 137.64, 133.11, 129.61, 128.98, 128.57, 128.22,
128.01, 127.68, 127.57, 126.45, 100.83, 86.53, 75.41,
75.05, 73.77, 73.71, 69.09, 37.70, 29.60, 27.99; HRMS
(MALDI-FTMS) calcd for C32H34O7SNa [M+Na]+

585.1923. Found: 585.1900.

4.3. 2-O-Benzyl-4,6-O-benzylidene-3-O-levulinoyl-DD-
galactopyranoside, 7

Compound 6 (600 mg, 1.07 mmol) was dissolved in
50 mL of acetone. The reaction mixture was cooled to
0 �C, and NBS (228 mg, 1.28 mmol, 1.2 equiv) was
added. The reaction mixture turned orange immediately.
After 10 min the reaction was quenched by addition of
solid NH4Cl. The mixture was diluted with water and
ethyl acetate, and the aqueous layer was extracted with
ethyl acetate (3 ·). The combined organic layer was ex-
tracted with brine, dried over sodium sulfate, and evap-
orated. The residue was subjected to column
chromatography (hexanes–EtOAc–DCM 1:1:1) to give
442 mg (91%) of 7.

1H NMR (CDCl3, 500 MHz): d 7.50–7.25 (m, 10H), 5.48
(d, 1H, J = 4.8 Hz), 5.38 (s, 1H), 5.32 (dd, 1H, J = 3.7,
10.3 Hz), 4.94–4.90 (m, 1H), 4.73–4.62 (m, 3H), 4.36
(d, 1H, J = 3.3 Hz), 4.05 (dd, 1H, J = 3.3, 10.3 Hz),
4.00–3.98 (m, 2H), 3.93, (s, 1H), 3.52–3.51 (m, 1H),
2.71–2.53 (m, 4H), 2.08 (s, 3H); 13C NMR (CDCl3,
125 MHz): d 206.43, 177.73, 172.35, 172.24, 138.41,
137.78, 137.63, 137.57, 128.89, 128.85, 128.38, 128.21,
128.03, 127.75, 127.67, 127.51, 126.15, 126.12, 100.61,
97.50, 91.98, 77.57, 74.68, 74.10, 73.82, 73.56, 73.38,
73.28, 70.55, 69.17, 68.93, 66.24, 62.18, 37.82, 37.79,
29.67, 28.38, 28.11, 28.04; HRMS (MALDI-FTMS)
calcd for C25H29O8 [M+H]+ 457.1862. Found: 457.1856.
4.4. O-(2-O-Benzyl-4,6-O-benzylidene-3-O-levulinoyl-DD-
galactopyranosyl)trichloroacetimidate, 8

To a solution of 7 (188.5 mg, 0.46 mmol) dissolved in
4 mL of DCM was added CCl3CN (0.46 mL,
4.62 mmol) and DBU (31 lL, 0.21 mmol). After 2 h at
room temperature, the dark solution was concentrated
and then purified by flash chromatography hexanes–
EtOAc (2:1) and 1% triethylamine to yield 8 (211 mg,
77%).

1H NMR (CDCl3, 500 MHz): d 7.59–7.34 (m, 10H), 5.61
(s, 1H), 5.45 (dd, 1H, J = 3.2, 10.7 Hz), 4.80–4.72 (m,
2H), 4.60 (d, 2H, J = 3.3 Hz), 4.38–4.33 (m, 2H), 4.13–
4.10 (dd, 1H, J = 1.8, 12.5 Hz), 4.05 (s, 1H), 2.79–2.72
(m, 2H), 2.65 (m, 2H), 2.16 (s, 3H); 13C NMR (CDCl3,
125 MHz): d 206.43, 177.73, 172.35, 172.27, 138.41,
137.78, 137.63, 137.57, 128.89, 128.85, 128.38, 128.21,
128.03, 127.86, 127.75, 127.67, 127.51, 126.15, 126.12,
100.61, 97.50, 91.98, 77.57, 74.68, 74.10, 73.56, 73.38,
73.28, 70.55, 69.17, 68.93, 66.24, 62.18, 37.82, 37.79,
29.67, 29.38, 28.11, 28.04.

4.5. 2-Azido-3,4-di-O-benzyl-1-O-(2-O-benzyl-4,6-O-benz-
ylidene-3-O-levulinoyl-a-DD-galactopyranosyl)-DD-ribo-
octadeca-6-ene-1-ol, 10

A solution of trichloroacetimidate 8 (150 mg, 0.25
mmol, 1.5 equiv) and sphingosine derivative 9 (86 mg,
0.16 mmol) in 2.5 mL of anhydrous THF was added
over freshly dried powdered AW-300 molecular sieves
and cooled to �20 �C. TMSOTf (23 lL, 0.8 equiv) was
slowly added to the solution, and the mixture was
warmed up to 0 �C in 2.5 h. The reaction was quenched
by addition of Et3N (0.1 mL), and the mixture was
diluted with EtOAc and filtered through Celite. The
organic layer was washed with saturated aqueous
NaHCO3 and brine, dried (Na2SO4), and concentrated.
The residue was purified by column chromatography on
silica gel (hexanes–EtOAc 6:1) to furnish 10 (57 mg, 46%
based on consumed acceptor 9) as a syrup, and recover 9
(18 mg).

1H NMR (CDCl3, 400 MHz): d 7.49–7.23 (m, 20H),
5.56–5.45 (m, 3H), 5.32 (dd, 1H, J = 3.5, 10.5 Hz),
4.98 (d, 1H, J = 3.1 Hz), 4.70–4.51 (m, 6H), 4.38 (m,
1H), 4.13–3.82 (m, 5H), 3.71–3.62 (m, 4H), 2.75–2.40
(m, 6H), 2.08 (s, 3H), 2.06–1.97 (m, 2H), 1.25 (br s,
18H), 0.88 (t, 3H, J = 7.0 Hz); 13C NMR (CDCl3,
125 MHz): d 206.30, 172.25, 138.21, 137.93, 137.67,
132.60, 128.89, 128.37, 128.35, 128.33, 129.29, 128.08,
127.27, 128.08, 127.78, 127.73, 127.69, 127.63, 127.60,
127.17, 124.69, 100.65, 98.61, 79.41, 78.95, 74.06,
73.65, 73.41, 73.10, 71.94, 70.79, 69.02, 68.21, 62.41,
61.97, 37.93, 31.89, 29.71–29.32, 28.19, 27.58, 22.66,
14.10; ESI-MS (positive-ion mode): m/z 982.4 [M+Na]+.

4.6. Di-O-benzyl-1-O-(2-O-benzyl-4,6-O-benzylidene-a-
DD-galactopyranosyl)-2-hexacosylamino-DD-ribo-octadeca-
6-ene-1-ol, 14

The azide 10 (57 mg, 0.059 mmol) was dissolved in
2.0 mL of anhydrous THF and cooled to 0 �C. PMe3
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(0.4 mL of 1.0 M in toluene, 0.4 mmol) was added to the
solution, and the reaction was warmed up to room tem-
perature and stirred overnight. After the almost disap-
pearance of the starting material, 0.8 mL of aq 1 M
NaOH was added to the mixture and stirred for 5 h.
CH2Cl2 was then added to dilute the solution, and the
mixture was washed with brine, dried over Na2SO4,
and concentrated. The residue was used for the next step
without further purification. Hexacosanoic acid (35 mg,
0.088 mmol, 1.5 equiv) was suspended in CH2Cl2
(2.0 mL), and then DEPBT (26 mg, 0.087 mmol,
1.5 equiv) and DIEA (15 lL, 1.5 equiv) were added.
The mixture was vigorously shaken for 1 h to give a
clear light-yellow solution in which the above crude
amine mixture 12a and 12b was added subsequently.
The solution was stirred overnight at room temperature
and then diluted with EtOAc and washed with saturated
NaHCO3 and brine. The organic phase was dried over
Na2SO4 and concentrated to afford a solid (13a and
13b, 57 mg), which was dissolved in 2 mL Py–HOAc
solution (3:1 v/v, contains 0.30 M NH2NH2ÆHOAc)
and stirred for 1.5 h at room temperature. After the
usual workup similarly as above, the residue was puri-
fied by column chromatography on silica gel (hexanes–
EtOAc 2:1) to furnish 14 (40 mg, 56% over three steps)
as a solid.

1H NMR (CDCl3, 400 MHz): d 7.47–7.23 (m, 20H), 5.67
(d, 1H, J = 8.6 Hz), 5.51–5.44 (m, 3H), 4.95 (d, 1H,
J = 2.7 Hz), 4.77–4.49 (m, 6H), 4.40 (m, 1H), 4.21 (d,
1H, J = 2.7 Hz), 4.12–4.07 (m, 2H), 3.94–3.58 (m, 8H),
2.45 (m, 2H), 2.08–1.88 (m, 4H), 1.49 (m, 2H), 1.25
(br s, 62H), 0.88 (t, 6H, J = 7.0 Hz); 13C NMR (CDCl3,
100 MHz): d 173.14, 138.50, 138.33, 137.74, 132.57,
129.32, 128.62, 128.40, 128.08, 127.95, 127.85, 126.45,
125.20, 101.37, 99.04, 79.97, 79.22, 76.29, 73.48, 73.41,
71.79, 69.50, 68.86, 68.19, 62.94, 50.26, 36.96, 32.13,
29.91–29.56, 28.14, 27.78, 25.93, 22.90, 14.34; HRMS
(MALDI-FTMS) calcd for C78H119NO9Na [M+Na]+

1236.8777. Found: 1236.8741.

4.7. 3,4-Di-O-benzyl-1-O-(2-O-benzyl-4,6-O-benzylidene-
3-O-sulfo-a-DD-galactopyranosyl)-2-hexacosylamino-DD-
ribo-octadeca-6-ene-1-ol, sodium salt, 15

To a solution of 14 (40 mg, 0.033 mmol) in Py (2.5 mL)
was added SO3ÆPy complex (79 mg, 0.5 mmol, 15 equiv).
The mixture was stirred at room temperature for 2.5 h.
Water solution (2.5 mL) of NaHCO3 (62 mg) was added
to quench the reaction. The reaction mixture was diluted
with CH2Cl2, and washed with brine, dried (Na2SO4),
and concentrated. The residue was purified by column
chromatography on silica gel (CH2Cl2–MeOH 15:1) to
give 15 (39 mg, 90%) as a solid.

1H NMR (CDCl3–CD3OD 1:1, 400 MHz): d 7.87 (d,
1H, J = 8.9 Hz), 7.58–7.17 (m, 20H), 5.59 (s, 1H), 5.43
(m, 2H), 4.96 (m, 3H), 4.82 (m, 1H), 4.73 (d, 1H,
J = 2.3Hz), 4.62–4.58 (m, 2H), 4.52–4.44 (m, 2H),
4.19–3.99 (m, 5H), 3.78 (br s, 2H), 3.66 (br s, 1H),
3.56 (m, 1H), 2.47 (m, 1H), 2.34 (m, 1H), 2.13 (t, 2H,
J = 7.0 Hz), 2.01 (m, 2H), 1.54 (br s, 2H), 1.27 (br s,
62H), 0.89 (t, 6H, J = 7.0 Hz); 13C NMR (CDCl3/
CD3OD 1:1, 100 MHz): d 173.92, 138.30, 137.66,
137.57, 131.42, 128.43, 128.01–127.03, 125.95, 125.66,
100.59, 98.99, 80.16, 79.75, 75.04, 74.84, 73.97, 73.60,
73.49, 71.09, 68.74, 67.00, 62.70, 49.71, 49.62, 31.56,
29.29–29.02, 27.01, 25.59, 22.27, 13.44; HRMS (MAL-
DI-FTMS) calcd for C78H118NO12SNaK [M+K]+

1354.7909. Found: 1354.7933.

4.8. 2-Hexacosylamino-1-O-(3-O-sulfo-a-DD-galactopyr-
anosyl)-DD-ribo-1,3,4-octadecantriol, sodium salt, 3

Compound 15 (39 mg, 0.030 mmol) was dissolved in
HOAc–MeOH (1:1 v/v, 6 mL). Palladium black (80
mg) was added and the reaction solution was saturated
with hydrogen by a balloon. After stirring at room
temperature for 20 h, the catalyst was removed by filtra-
tion over Celite and washed with CH2Cl2–MeOH (1:1)
thoroughly. Evaporation of the solvent gave a residue
which was dissolved in CH2Cl2–MeOH (1:1) mixed sol-
vent again and then saturated NaHCO3 (3 mL) was
added to stir at room temperature for 0.5 h. After re-
moval of the solvent, the residue was purified by column
chromatography on silica gel (CH2Cl2–MeOH 6:1) to
give 3 (24 mg, 83%) as a light-yellow solid.

1H NMR (CDCl3–CD3OD 1:1, 400 MHz): d 4.95 (d,
1H, J = 3.5 Hz), 4.49 (dd, 1H, J = 2.7, 10.2 Hz), 4.35
(m, 1H), 4.17 (m, 1H), 4.02 (dd, 1H, J = 2.7, 9.8 Hz),
3.88–3.85 (m, 2H), 3.80–3.72 (m, 4H), 3.69–3.65 (m,
2H), 3.61–3.57 (m, 1H), 2.24 (t, 2H, J = 7.4 Hz), 1.59
(m, 4H), 1.27 (br s, 68H), 0.89 (t, 6H, J = 7.0 Hz); 13C
NMR (CDCl3–CD3OD 1:1, 100 MHz): d 174.31,
99.08, 77.57, 73.42, 71.64, 70.44, 67.81, 67.19, 66.48,
61.28, 49.90, 35.89, 31.51, 31.32, 29.29–28.94, 25.53,
22.22, 13.34; HRMS (MALDI-FTMS) calcd for
C50H98NO12SNa2 [M+Na]+ 982.6599. Found: 982.6585.

4.9. 3,4-Di-O-benzyl-2-hexacosylamino-1-O-triisopropyl-
silyl-octadec-6-ene, 21

Compound 20 was reduced to an amine derivative
according to the literature.16b The amine (26.7 mg,
0.041 mmol) was dissolved in 1 mL of anhydrous
DCM and 1,4-dioxane (1:1). Hexacosanoic acid
(26 mg, 0.06 mmol, 3 equiv) and 2-(1H-benzotriazole-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) (24 mg, 0.062 mmol) were added to the solu-
tion. The pH was adjusted with n-morpholine
(10.1 lL, 0.082 mmol). The mixture was stirred at room
temperature for 24 h and then diluted with DCM and
washed with water (3 ·) and brine (1 ·). The solution
was dried (MgSO4) and concentrated, and the residue
was purified by column chromatography on silica gel
(toluene–EtOAc 40:1) to furnish 21 (25 mg, 60%) as an
amorphous solid.

1H NMR (CDCl3, 600 MHz): d 7.33–7.26 (m, 10H), 5.74
(d, 1H, J = 8.8 Hz), 5.50–5.47 (m, 2H), 4.86–4.84 (m,
1H), 4.65–4.62 (m, 1H), 4.56–4.53 (m, 2H), 4.15–4.12
(m, 1H), 4.02–3.99 (m, 1H), 3.82–3.81 (m, 1H), 3.74–
3.72 (m, 1H), 3.59–3.58 (m, 1H), 2.55–2.51 (m, 1H),
2.45 (m, 1H), 2.07–2.03 (m, 2H), 1.98–1.96 (m, 3H),
1.54 (m, 2H), 1.25 (m, 64H), 1.04–1.03 (m, 18H), 0.87
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(t, 6H, J = 7.0 Hz); 13C NMR (CDCl3, 125 MHz): d
172.35, 138.69, 131.90, 128.30, 128.26, 128.25, 127.82,
127.75, 127.72, 127.53, 127.46, 125.99, 80.25, 78.74,
73.43, 71.96, 62.23, 51.20, 36.90, 31.92, 29.70–29.36,
27.51, 25.62, 22.69, 18.02, 14.11, 11.90; ESI-MS (posi-
tive-ion mode): m/z 1031 [M+H]+.

4.10. 3,4-Di-O-benzyl-2-hexacosylamino-octadec-6-
en-1-ol, 22

Compound 21 (13 mg, 0.0126 mmol) was dissolved in
0.5 mL of dry THF. The reaction mixture was cooled
to 0 �C, 25 lL of a 1 M TBAF solution was added,
and the reaction mixture was allowed to warm to room
temperature. After 10 min, the reaction was controlled
by TLC and found to be almost complete. After
20 min, the reaction was stopped by addition of 1 mL
saturated NaHCO3. The aqueous layer was extracted
with ethyl acetate (4 ·), and the combined organic layer
extracted with brine, dried, and evaporated. The residue
was chromatographed on silica gel (hexanes–EtOAc 9:1)
to yield 22 (10 mg, 0.011 mmol, 90%).

1H NMR (CDCl3, 400 MHz): d 7.38–7.26 (m, 10H),
5.99–5.97 (m, 1H), 5.50–5.49 (m, 1H), 4.70–4.65 (m,
2H), 4.60–4.57 (m, 1H), 4.43–4.40(m, 1H), 4.21–4.20
(m, 1H), 3.89–3.96 (m, 1H), 3.72–3.71 (m, 2H), 3.61–
3.60 (m, 1H), 3.07–3.05 (m, 1H) 2.51–2.42 (m, 1H),
2.05–1.90 (m, 4H), 1.51 (m, 2H), 1.25 (m, 64H), 0.88
(t, 6H, J = 6.4 Hz); 13C NMR (CDCl3, 100 MHz): d
172.80, 137.96, 134.08, 132.76, 128.66, 128.41, 128.12,
128.07, 127.88, 127.77, 125.36, 124.63, 82.03, 78.56,
73.05, 72.40, 62.94, 50.47, 36.65, 31.89, 29.68–29.27,
28.48, 27.54, 25.60, 22.67, 14.10; HRMS (MALDI-
FTMS) calcd C58H99NO4Na [M+Na]+ 896.7471.
Found: 896.7496.

4.11. 3,4-Di-O-benzyl-1-O-(2,3,4,6-tetra-O-benzoyl-b-DD-
galactopyranosyl)-2-hexacosylamino-DD-ribo-octadeca-6-
ene-1-ol, 23

A solution of trichloroacetimidate 16 (64 mg,
0.086 mmol, 1.5 equiv) and ceramide derivative 22
(50 mg, 0.057 mmol) in 1 mL of anhydrous CH2Cl2
was added over freshly dried powdered AW-300 molecu-
lar sieves. TMSOTf (8 lL, 0.8 equiv) was slowly added
to the solution, and the mixture was stirred at room tem-
perature for 2.5 h. The reaction mixture was diluted with
EtOAc and filtered through Celite. The organic layer
was washed with saturated NaHCO3 and brine, dried
(Na2SO4), and concentrated. The residue was purified
by column chromatography on silica gel (hexanes–
EtOAc 4:1) to furnish 23 (45 mg, 54%) as an oil.

1H NMR (CDCl3, 400 MHz): d 8.03–7.22 (m, 30H), 5.98
(d, 1H, J = 3.5 Hz), 5.79 (dd, 1H, J = 7.6, 10.3 Hz), 5.64
(dd, 1H, J = 3.2, 10.2 Hz), 5.51–5.40 (m, 3H), 4.87–4.80
(m, 2H), 4.70 (dd, 1H, J = 2.9, 11.1 Hz), 4.60–4.56 (m,
3H), 4.42–4.37 (m, 2H), 4.26 (t, 2H, J = 6.7 Hz), 3.83
(dd, 1H, J = 2.6, 8.2 Hz), 3.63 (dd, 1H, J = 3.5,
9.4 Hz), 3.49–3.40 (m, 1H), 2.52–2.36 (m, 2H), 2.04–
1.94 (m, 2H), 1.52 (t, 2H, J = 7.7 Hz), 1.25–0.99 (m,
64H), 0.88 (t, 6H, J = 7.0 Hz); 13C NMR (CDCl3,
100 MHz): d 172.53, 166.18, 165.70, 165.65, 138.82,
133.81, 133.54, 132.13, 130.12, 129.96, 129.48–127.75,
126.04, 101.56, 79.83, 78.88, 74.52, 71.59, 71.51, 70.60,
68.84, 68.19, 62.05, 49.47, 36.46, 32.15, 30.50–29.29,
27.84, 27.73, 25.58, 22.92, 14.36; HRMS (MALDI-
FTMS) calcd for C92H125NO13Na [M+Na]+

1474.9043. Found: 1474.9027.

4.12. 1-O-(b-DD-Galactopyranosyl)-2-hexacosylamino-DD-
ribo-1,3,4-octadecantriol, 24

Compound 23 (45 mg, 0.031 mmol) was dissolved in
EtOAc (8 mL). Pd(OH)2/C (40 mg) was added and the
reaction solution was saturated with hydrogen by a bal-
loon. The mixture was stirred at room temperature for
4 h. The catalyst was removed by filtration over Celite
and washed with CH2Cl2–MeOH (1:1) thoroughly.
Evaporation of the solvent gave a solid, which was dis-
solved in CH2Cl2–MeOH (1:1, 3 mL) mixed solvent and
then NaOMe methanol solution (50 lL, 25% wt/wt) was
added. The reaction was stirred at room temperature for
2 h. Amberlyst 15 (H+-form) was added to neutralize the
sodium methoxide, the mixture was then diluted with
CH2Cl2–MeOH, and the exchange resin was filtered
off. The resin was washed thoroughly and the filtrate
was concentrated. The residue was purified by column
chromatography on silica gel (CH2Cl2–MeOH 8:1) to
give 24 (27 mg, quantitative) as a white solid.

The obtained 1H NMR spectroscopic data is identical to
the one reported in the literature.12a 13C NMR (Py-d5,
100 MHz): d 173.53, 106.30, 77.03, 75.76, 75.36, 72.70,
72.63, 70.81, 70.22, 62.32, 52.26, 36.91, 33.52, 32.15,
30.34–29.65, 26.68, 26.40, 22.97, 14.31; HRMS (MAL-
DI-FTMS) calcd for C50H99NO9Na [M+Na]+

880.7212. Found: 880.7241.

4.13. 2-Hexacosylamino-1-O-(3-O-sulfo-b-DD-galactopyr-
anosyl)-DD-ribo-1,3,4-octadecantriol, sodium salt, 4

Compound 24 (24 mg, 0.028 mmol) and Bu2SnO
(10 mg, 0.040 mmol) were stirred in MeOH (2 mL) at re-
flux under argon for 2 h. The solvent was evaporated off
under reduced pressure and the dibutylstannylene com-
plex was treated with Me3NÆSO3 (8 mg, 0.057 mmol) in
THF (2 mL) at room temperature for 3 h. Methanol
(1 mL) was added to quench the reaction. Then water
solution (1 mL) of NaHCO3 (25 mg) was added and
the mixture was stirred at room temperature for half
an hour. The solvent was removed under reduced pres-
sure, and the residue purified by column chromatogra-
phy on silica gel (CH2Cl2–MeOH 7:1) to give 4
(21.6 mg, 80%).

1H NMR (Py-d5, 600 MHz): d 5.32 (d, 1H, J = 7.5 Hz),
5.26 (m, 1H), 5.12 (br s, 1H), 5.06 (m, 1H), 4.72–4.66 (m,
2H), 4.53 (m, 1H), 4.32–4.29 (m, 3H), 4.20 (t, 1H,
J = 7.0Hz), 4.04 (m, 1H), 2.40 (m, 2H), 2.22–2.12 (m,
2H), 1.92 (m, 2H), 1.78–1.66 (m, 4H), 1.45–1.22 (m,
64H), 0.90–0.87 [6H (0.891, t, J = 7.0 Hz), 0.875, t,
J = 7.0 Hz)]; 13C NMR (Py-d5, 150 MHz): d 174.96,
105.47, 81.19, 77.38, 76.50, 73.16, 71.21, 70.92, 69.46,
62.77, 52.58, 37.53, 34.32, 32.74, 30.98–30.24, 27.19,
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27.02, 23.56, 14.91; HRMS (MALDI-FTMS) calcd
for C50H98NO12SNa2 [M+Na]+ 982.6599. Found:
982.6589.

4.14. In vitro cytokine secretion assay using CD161+ cells
and CD14+ immature dendritic cells

The frequency of human NKT cells that co-express
Va24 + T-cell receptor and CD161 are approximately
0.01–0.1% among PBMCs. Therefore, in order to enrich
NKT population, we isolated CD161+ cells from leu-
kopaks, using anti-CD161 monoclonal antibody cou-
pled to magnetic beads (Miltenyi biotec, Auburn, CA),
and used as a source of responder cells. CD161+ cells
represent both NKT and NK cells, and approximately
2–10% of CD161+ cells are NKT cells. We also isolated
CD14+ cells from leukopaks, using anti-CD14 monoclo-
nal antibody coupled to magnetic beads (Miltenyi bio-
tec, Auburn, CA) as a source of antigen-presenting
cells. Immature dendritic cells were generated from the
CD14+ cells after a 2 days incubation in the presence
of 300 U/mL GM-CSF (R&D systems, Minneapolis,
MN) and 100 U/mL IL-4 (R&D systems, Minneapolis,
MN). Following irradiation with 2000 rads, 4 · 105

immature dendritic cells were co-cultured with 5 · 105

syngeneic CD161+ cells in the presence of the glycolipid
compounds at the indicated concentrations in a 96-well
flat-bottom plate. Twenty-hours later, the culture super-
natants were collected and the concentration of IFN-
and IL-4 in the supernatants was determined by ELISA
(BD Pharmingen, San Diego, CA).

4.15. Generation of Va24+ human NKT cell line

Human NKT cell lines, expressing the Va24+ T-cell
receptor as well as CD161, were generated as follows.
Anti-CD161 monoclonal antibodies and anti-CD14
monoclonal antibodies, each coupled to magnetic beads
(Miltenyi biotec, Auburn, CA), were used sequentially
to isolate CD161+ cells and CD14+ cells from leuko-
paks. Immature dendritic cells were generated from the
CD14+ cells after a 2 days incubation in the presence
of 300 U/mL GM-CSF (R&D systems, Minneapolis,
MN) and 100 U/mL IL-4 (R&D systems, Minneapolis,
MN). Following irradiation with 2000 rads, the imma-
ture dendritic cells were co-cultured with syngeneic
CD161+ cells in the presence of 100 ng/mL of a-galacto-
sylceramide and 10 IU/mL of IL-2 (Invitrogen, Carlsbad
CA) for 10–14 days. After stimulating the CD161+ cells
a second time with a-galactosylceramide-pulsed, irradi-
ated immature dendritic cells, NKT cell lines were
shown to flow cytometrically to express both CD161+

and Va24+ TCR (99% purity).

4.16. In vitro cytokine secretion assay using human NKT
cell lines

IFN-c and IL-4 secretion by the Va24+ human NKT
cell line was determined by ELISA (BD Pharmingen,
San Diego, CA) after culture for 16 h. For these assays,
5 · 104 Va24+ human NKT cells were co-cultured with
1 · 104 irradiated, Hela cells transfected with human
CD1d gene (kind gift from Dr. Mitch Kronenberg), in
the presence of the glycolipid compounds at 10 lg/mL
in a 96-well flat-bottom plate. Untransfected Hela cells
that lack human CD1d molecules were used as a nega-
tive control to ensure the necessity of the CD1d for pre-
senting glycolipids to NKT cells.
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