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The synthesis and evaluation for iNKT stimulation of a-S-galactosylceramide is reported. Prepared by
alkylation of a galactosylthiol, this analog of the potent immunostimulatory agent, KRN7000, did not
stimulate iNKT cells either in vitro or in vivo.

� 2008 Elsevier Ltd. All rights reserved.
Invariant Natural Killer T (iNKT) cells are potent regulatory T
cells that have been shown to either initiate or shut down a wide
range of immune responses.1 A variety of bacteria, viruses and par-
asites have been demonstrated to trigger the anti-infective activity
of iNKT cells,2 and iNKT cells have also been implicated in anti-tu-
mor responses.3 In the absence of microbial or neoplastic triggers,
it appears that iNKT cells may regulate the immune system in such
a way as to prevent autoimmunity.4 A little more than a decade ago
it was revealed that glycolipids, particularly a-galactosylceramides
(a-GalCers), could activate iNKT cells by a pathway involving their
binding to a class of antigen presenting protein, CD1d.5 This dis-
covery has sparked intense efforts to understand the CD1d path-
way of iNKT cell activation and to harness it for therapeutic
purposes.6

A synthetic a-GalCer, KRN7000 (Fig. 1), has been an invaluable
tool for dissecting the function of CD1d activated iNKT cells. For
example, the use of KRN7000 as a specific agonist for in vivo stim-
ulation has provided evidence suggesting that NKT cell-mediated
pathways may be used to inhibit hepatitis B virus replication7 or
protect against cancer,5 diabetes,8 malaria9 and tuberculosis.10

Not surprisingly, considerable effort has been spent on structure/
activity investigations. These studies have more recently been
aided by crystal structures of ligand-bound mouse11—and hu-
man12—CD1d and even more recently by the report of a ternary
structure of human iNKT T cell receptor (TCR)/CD1d/KRN7000.13
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ell).
One key compound to emerge from SAR investigations is a-C-
GalCer (Fig. 1).14 Part of the reason it has inspired so much interest
is its superiority to KRN7000 in murine model cure ratios for ma-
laria (1000/1 a-C-GalCer/KRN7000) and melanoma (100/1)15 and
for eradication of tumors in mice.16 The strong activity of a-C-Gal-
Cer is not well understood. Both human and mouse CD1d/glyco-
lipid binary structures show a hydrogen bond between CD1d and
the anomeric oxygen of the bound a-GalCers (this hydrogen bond
is not present in the ternary iNKT TCR/CD1d/KRN7000 complex).
Consequently, it would be anticipated that the stability of the com-
plex of a-C-GalCer, lacking an anomeric oxygen, with CD1d would
be decreased and that this might result in less NKT cell prolifera-
tion and lower cytokine production. Since this is not the case, it
is apparent that, even with the information provided by the crystal
structures and prior SAR studies, it can still be difficult to predict
how structural modifications will affect stimulatory properties.
The results with a-C-GalCer suggest that looking at other anomeric
replacements would be relevant. Herein we report the synthesis
Figure 1. KRN7000, a-C-GalCer and a-S-GalCer.
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and evaluation of a-S-GalCer as an activator of NKT cells. Just prior
to the submission of this manuscript a synthesis of a-S-GalCer was
reported online,17 but no biological data was given.18

S-Glycosides have been used as replacements for O-glycosides
because of their similar conformational preferences about the ano-
meric bonds19 and because of the lower susceptibility of thioglyco-
sides to enzymatic cleavage.20 Although a C–S bond is longer than a
C–O bond, the C–S–C bond angle is significantly smaller than the
C–O–C angle, which results in relatively small differences between
the positions of the atoms along the glycosidic linkage. However, S-
glycosides have substantially more flexibility because of the longer
bonds and weaker stereoelectronic effects.

Our initial target was a-S-GalCer 1, since we had ceramide 2 in
hand, and we had demonstrated that sphinganine-containing a-
GalCers showed similar iNKT cell stimulation in murine models
to the corresponding phytosphingosine-containing a-GalCers.21

Thiol ceramide 3 was prepared in a straightforward fashion by
treatment of 2 with P2S5 (Scheme 1).22 There was no literature
precedent for a-glycosylation with such a complex thiol acceptor.
Most a-glycosides prepared with thiol acceptors have employed
simple alkylthiols or thiophenols and have used trichloroacetimi-
dates23 that can be activated with Lewis acids. With 3 no glycosyl-
ation resulted in attempted coupling with a galactosyl
trichloroacetimidate. Consequently, we decided to examine a sub-
stitution reaction using a thioglycoside nucleophile.

To examine a substitution approach thiol sugar 4 and a bromi-
nated derivative 5 of ribo-phytosphingosine were prepared. Thiol-
monosaccharide 4 was prepared in three steps as an inseparable
anomeric mixture, as described by Yamamoto et al.24 ribo-Phyto-
sphingosine was converted to 5 in four steps, as shown in
Scheme 2. Schmidt’s procedure for the synthesis of a-linked thio-
glycopeptides was employed for the substitution reaction,25 and
the anomers were separable at this stage. Attempted one-pot
cleavage of the Boc and silyl groups of 6 with TFA left one silyl
group intact; so the silyl groups were first cleaved with TBAF.
Easier purifications were realized when the acetates were cleaved
prior to Boc-deprotection. Boc-deprotection was achieved with
HCl, and acylation gave a-S-GalCer. We believe that the low yield
in the unoptimized final coupling was a result of the poor solubility
of the fully deprotected glycosylated sphingoid base.

Activation of iNKT cells with a-GalCer has long been known to
potently stimulate rapid cytokine secretion and induce iNKT cell
proliferation both in vitro and in vivo.26 Since a-C-GalCer is known
to be much more potent when used in vivo,15,27 in part due to the
activation of NK cells, and other analogs have elicited very different
cytokine profiles,28 the ability of a-S-GalCer to induce cytokine
secretion and cell proliferation was tested both in vivo and
in vitro. To evaluate the ability of a-S-GalCer to activate NKT cells
in vivo the lipid was administered ip (5 or 10 lg) in PBS 0.05%
Tween-20 (200 lg/mL) to NOD and C57Bl/6 mice, and NKT cell fre-
quency and intracellular cytokine expression was determined by
Scheme 1.
FACS analysis. For the in vitro analysis splenocytes were isolated
from the same strains, labeled with CFSE, and activated with a-S-
GalCer (100 and 200 ng/mL). At 24 and 48 h the induction of cyto-
kine expression was determined by intracellular staining for IFNc
and cell proliferation by CFSE dilution. Despite the expected simi-
larity between KRN7000 and a-S-GalCer along the glycosidic link-
age, a-S-GalCer induced no detectable cytokine or proliferative
response. With the complete lack of stimulation we decided to
see if any explanation could be deduced by docking a-S-GalCer into
the ternary crystal structure.

The interactions of a-S-GalCer with CD1d and the NKT TCR were
examined by modeling the compound in the ternary crystal struc-
ture (PDB 2PO6).13 The anomeric oxygen atom of KRN7000 was re-
placed with an sp3 hybridized sulfur atom. The resulting a-S-
GalCer, along with residues within a 6 Å shell, were minimized
for approximately 50,000 iterations (Fig. 2). The calculated RMSD
between 2PO6 and the minimized structure with a-S-GalCer was
0.12 Å, while the RMSD value between the ligands in these com-
plexes was found to be 1.21 Å. Without the aid of an experimental
structure, conclusions regarding the strength of interactions must
be carefully interpreted; nevertheless, it appeared that several
key hydrogen bonds are conserved between the two complexes,
including bonds to Arg 95, Ser 30 and Phe 29 (see Table 1). The
Figure 2. The two molecules, a-S-GalCer (purple) and KRN7000 (cyan) are shown
modeled into the ternary complex with CD1d and NKT-TCR. Surrounding amino
acids are shown as sticks if they form hydrogen bonds with the molecules (residues
are purple if they are in hydrogen bonding distance to a-S-GalCer and cyan for
bonds with KRN7000).



Table 1
H-Bond contacts between iNKT TCR and a-GalCera or a-S-GalCer.b,c

TCR residue KRN7000 a-S-GalCer

Arg 95 O3 O3
Ser 30 O400 O300d

Phe 29 O400 O400

Asp 80 — O4
Asp 151 O200 ,O300 O300e

Gly 96 O200 —
Thr 154 N2 —

a From crystallographic data.
b From modeling studies.
c For numbering of positions of ligands see Figure 1.
d O400 also within H-bonding distance at 2.91 Å.
e Loose H-bond.
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complex with a-S-GalCer seems to make an additional hydrogen
bond to Asp 80, relative to the complex with KRN7000. However,
three key hydrogen bonds formed between KRN7000 and the pro-
tein appear to either be absent or weakened in the modeled a-S-
GalCer/-protein structure.

In the structure with KRN7000, there are two hydrogen bonds
involving Asp 151, a hydrogen bond to the carbonyl of Gly 96 and an-
other to the OH of Thr 154. In the a-S-GalCer complex, only one
hydrogen bond to Asp 151 is detected; however the other would
be possible with a slight shift of Asp 151. There is no hydrogen bond
to Gly 96, due to a shift of both the donor and acceptor atoms. In fact,
the geometry ofa-S-GalCer may prevent the formation of this hydro-
gen bond. Finally, the hydrogen bond to Thr 154 is weak (3.35 Å) but
may be possible with a slight shift of the threonine. From the model-
ing studies it is not clear why there should be no activation of the
iNKT cells by a-S-GalCer. It is likely that the explanation is related
to an earlier stage of the iNKT cell activation process. For the
in vivo system degradation or oxidation of the a-S-GalCer are possi-
bilities. Even in the in vitro assays, loading of the glycolipid onto
CD1d is generally aided by cofactors in the medium.

In summary, unlike KRN7000 and the closely related a-C-Gal-
Cer, a-S-GalCer does not stimulate iNKT cells either in vitro or
in vivo under standard conditions. Since reasons for the lack of
activity are not obvious, we are investigating potential
explanations.
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