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a b s t r a c t

We describe the synthesis and bioactivity of analogues of a-galactosylceramide (1) bearing a long-chain
alkyl group substituted at the meta or para position of an aryl group embedded within the amide chain.
We compared the ability of these compounds and of 1 and C6Ph (2, which has a phenyl group at the
amide chain terminus) to stimulate murine invariant Natural Killer T cells and to dock with human CD1d.

� 2013 Elsevier Ltd. All rights reserved.

KRN7000 (a-galactosylceramide; a-GalCer, 1) is a synthetic
analogue of agelasphins, which was obtained from the marine
sponge Agelas mauritianus,1 and is a ligand for CD1d of antigen-
presenting cells.2 The KRN7000/CD1d complex binds to T cell
receptors on the surface of invariant Natural Killer T (iNKT) cells.3,4

On activation in vivo, iNKT cells rapidly secrete large amounts of
both T helper 1 (Th1) and T helper 2 (Th2) cytokines, such as inter-
feron-c (IFN-c) and interleukins-4, -10, and -13 (IL-4, IL-10, IL-13),
respectively, which play critical roles in the regulation of innate
and adaptive immune responses.5,6 Unfortunately, the results of
early human clinical trials of a-GalCer have been disappointing
probably because (i) the simultaneous secretion of Th1 and Th2
cytokines can antagonize the biological functions of each type
alone, and (ii) an anergic state of iNKT cells is induced by a-Gal-
Cer.7 Therefore, analogues of a-GalCer have been sought that can
modulate the iNKT cell response by increasing the selectivity to-
ward either Th1 or Th2 cytokines responses, with a retention of
activity to stimulate iNKT cells. A wealth of structure–activity rela-
tionships have been established by introducing modifications in
the D-galactosyl moiety, the a-anomeric glycosidic linkage, the lin-
ker region between the sugar and the sphingolipid chain, and in
the structures of both lipid chains. Some of these modifications
were guided by the crystal structures of the mouse and human
CD1d/a-GalCer complex, which were first reported in 2005.8,9

The X-ray studies revealed how the two lipid chains of 1 fit into
the two CD1d binding pockets and how hydrogen bonding

interactions orient 1 in the CD1d groove. In the fatty amide chain,
up to 26 carbons can be accommodated in the A0 pocket of CD1d,
and up to 18 carbons in the phytosphingosine can fit into the F0

pocket.8,9 Decreasing the length of the phytosphingosine chain re-
sults in an incomplete filling of the F0 hydrophobic channel, result-
ing in multiple conformations of human CD1d, whereas decreasing
the amide chain length and resultant incomplete filling of the A0

channel did not influence the orientation of the a-GalCer head
group.10 More recently, the structures of NKT TCR/CD1d/glycolipid
complexes have been determined, showing the interactions that
affect the recognition of the a-galactosyl head group of 1 by the
iNKT TCR.11,12 The TCR affinity and stability of the CD1d/glycolipid
complexes affect the cytokine response, and a prolonged stimula-
tion of NKT cells enhances IFN-c production by NK and dendritic
cells.

Since the molecular basis for the promotion of Th1- versus
Th2-biased responses by 1 and its analogues is still unclear, many
recent investigations have focused on glycosphingolipids with
modified lipid chain structures. For example, previous studies
showed that installation of an aryl group at the terminus of the
amide chain, such as in C6Ph (2) and C8Ph,13 7DW8–5,14 7b
(which is an a-C-GalCer analogue),15 and C3416 (see Fig. 1), gener-
ally yielded analogues that induce human iNKT cells in vitro to
secrete more IFN-c than a-GalCer.13,14,17–19 Only a limited number
of analogues of 1 with an aryl-substituted amide chain have been
prepared to date, all of which bear the aryl group at the chain
terminus. Therefore, we decided to prepare and evaluate the
bioactivity of new analogues of 1 bearing an aryl group within
the fatty amide chain. Figure 2 shows the structures of a-GalCer
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Scheme 1. Synthesis of analogues 3–6. (a) 5-hexynoic acid, Pd(PPh3)4, CuI, NEt3, 60 �C, 12 h; (b) 1-tetradecyne (for 10a and 10b), 1-hexadecyne (for 10c and 10d), Pd(PPh3)4,
CuI, NEt3, 60 �C, 24 h; (c) EDCI, DMAP, 10a–d, CH2Cl2, rt, 12 h; (d) H2, Pd(OH)2/C, EtOH/CH2Cl2 (3:1), rt, 12 h.
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Figure 1. Structures of 1 and of its known analogues bearing a terminal aryl group.
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Figure 2. Structures of analogues 3–6.
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