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Four 3 - and 4 -deoxy and -fluorogalactosyl ceramides were synthesized, and their ability to stimulate
iNKT cells, based on levels of IL-2 production, was assessed in three NKT cell receptor hybridomas. In
two of the hybridomas, 1.2 and 2H4, all of the analogs were immunostimulatory, while in the 1.4 hybrid-
oma only the 400-fluoro analog led to the production of significant levels of IL-2.

� 2009 Elsevier Ltd. All rights reserved.
Figure 1. Structures of KRN7000, its related sphinganine analog 1 and the targets
2–5 of this study.
Cluster of differentiation 1 (CD1) proteins are cell surface glyco-
proteins distantly related to the class I and II antigen-presenting
molecules of the major histocompatibility complex (MHC).1 Unlike
the MHC-encoded molecules, which bind and present peptide anti-
gens, CD1 proteins bind a variety of lipids and present them to sub-
sets of lipid-specific T cells. CD1d, a member of the CD1 family, has
been shown to present lipid antigens to a specialized subset of
lymphocytes known as invariant natural killer T (iNKT) cells.2–7

Over the past decade CD1d activated iNKT cells have been demon-
strated to elicit a range of immune responses with potential impli-
cations for treating viral and bacterial infections, cancer and a
variety of autoimmune conditions.8–14 Most studies of the role of
iNKT cells have utilized the a-galactosyl ceramide (GalCer),
KRN7000 (Fig. 1), identified by Kirin Brewery in SAR studies cen-
tered around agelasphin-9b, a potent immunostimulatory com-
pound isolated from the Agelus genus of marine sponge.15 The
activity of KRN7000 was found to be mediated by its binding to
CD1d and subsequent activation of iNKT cells.16 Because of the
therapeutic potential of iNKT cell stimulation, there has been a
growing interest in understanding how the glycolipid structure im-
pacts the immune response. Thus, numerous a-glycosyl ceramides
(a-GlyCers) have been synthesized and evaluated for their ability
to stimulate iNKT cells.

Using KRN7000 as a lead structure the majority of variations
have been in the lipid portion.17–23 Nevertheless, the carbohydrate
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moiety has been of interest24–27 because it was assumed and later
confirmed that it was this region of the antigen that protruded
from the CD1d/glycolipid complex and interacted with the iNKT
T cell receptor (TCR). SAR studies had shown that the C200–OH
(for numbering see Fig. 1) was essential for iNKT cell activation
and that there was wide tolerance for functional group and size
variations on C600.24,27,28 In contrast, much less was known about
the influence of the C300 and C400–OH’s. The GluCer analog of
KRN7000 was not as active but was still potent,24 and substitution
of the C300–OH by OSO3

� gave similar results (less than KRN7000,
but still potent).27 We synthesized 300- and 400-deoxy and -fluoro-
galactosyl ceramides 2–5 to probe the importance of the OH’s in
these positions in terms of iNKT cell stimulation. After this work
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was completed a ternary structure (KRN7000/CD1d/iNKT TCR) was
reported.29 It shows hydrogen bonding interactions between the
C200–OH and both CD1d and the iNKT TCR, while the 600-OH is lo-
cated in a large, open pocket. The structure also appears to show
hydrogen bonding between the TCR and the C300– and C400–OH’s.
In this paper we describe the syntheses of compounds 2–5 and re-
port their ability to stimulate iNKT cells, based on IL-2 production,
in three hybridomas.

Although C18-ribo-phytosphingosine, the aminotriol found in
KRN7000, is now readily available and inexpensive, this was not
the case at the time of our initial studies, and we synthesized
and evaluated the more easily accessible sphinganine analog 1.30

In assays using mouse cells it was shown to be nearly equipotent
to KRN7000 and to elicit a similar cytokine profile. Therefore, we
decided to prepare sphinganine-containing analogs 2–5. Glycosy-
lations to synthesize 2–5 were done with either ceramide 6, pre-
pared as previously described,30 or sphingoid base 7, derived by
deprotection of known 8,30 as shown is Scheme 1.

The synthesis of 300-deoxyGalCer 2 began with a-methyl galac-
topyranoside (Scheme 2). Acid catalyzed acetal formation using
benzaldehyde diethyl acetal,31 followed by non-regioselective
acylation with benzoyl chloride under phase transfer catalyzed
conditions, gave a mixture of mono- and diacylated sugars from
which the desired 2-benzoyl derivative 9 was isolated by careful
chromatography.32 The undesired benzoate esters could be recy-
cled by hydrolysis and reesterification. Deoxygenation at C3 was
achieved via tin hydride reduction following acylation with phenyl
chlorothionoformate. Cleavage of the benzoate provided 10. Re-
moval of the acetal was followed by perbenzylation. The anomeric
methyl group was then hydrolyzed and the resulting mixture of
anomers activated as the 2-mercaptopyridyl thioether according
to a literature procedure.33 b-Anomer 11 was the major product,
and it was coupled with ceramide 6 in the presence of silver triflate
Scheme 1.

Scheme 2.
to give an a-GalCer which was deprotected under standard condi-
tions to give 2.33 Although the yield was low,34 no b-anomer was
detected, and significant amounts of both starting materials were
recovered.

The synthesis of 400-deoxyGalCer 3 began with commercially
available glucose pentaacetate (Scheme 3). The derived b-thiogly-
coside was prepared by activation with boron trifluoride and addi-
tion of thiophenol. Global deacylation and selective acetalization
gave 12. Dibenzylation and regioselective, reductive acetal cleav-
age provided 13.35 A two stage removal of the 400-OH similar to that
used for 2, glycosylation of sphingoid base 7 under standard condi-
tions, and removal of the Boc-protecting group gave amine 14.
Acylation with the PNP ester of cerotic acid and subsequent
hydrogenolysis provided 400-deoxyGalCer 3.

The synthesis of 300-fluoroGalCer 4 began with 1,2:5,6-di-O-
ispropylidene-a-D-glucofuranose (Scheme 4). Inversion of stereo-
chemistry at the free OH and C4 was achieved by a three step pro-
cess,36–39 oxidation to the corresponding ketone,40,41 conversion to
the enol acetate and stereoselective reduction, presumably direc-
ted to the beta face by the bulky 1,2-a-acetonide. Selective cleav-
age of the acetate of 15 and fluorination with inversion gave
16.42 The bis-acetonide was then hydrolyzed with simultaneous
ring enlargement using an acidic ion exchange resin; subsequent
acylation gave 17. The anomeric acetate was converted to the thio-
glycoside, and the remaining acetates were cleaved. Tribenzylation
gave 18, which was coupled with ceramide 6 using NIS/AgOTf acti-
vation. Global hydrogenolysis gave 4.
Scheme 4.



Scheme 5.

Figure 2. NKT cell responses to glycolipid analogs of KRN7000 with alterations in
the galactose moiety.
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The synthesis of the 400-fluoroGalCer 5, like that of 3, used b-
thioglycoside 13 (Scheme 5). Inversion of the OH at C4 was realized
by triflation, followed by treatment with tris(dimethylamino)sul-
fonium difluorotrimethylsilicate (TASF), to give sugar donor 19.43

Glycosylation and debenzylation then followed standard condi-
tions to give 5.

The compounds were assessed in antigen presentation assays
that have been described previously.44 Three well-characterized
iNKT cell hybridomas,44 which are cells immortalized by cell–cell
fusion, were used. These T cell hybridomas have TCRs containing
the identical Va14 chain characteristic of the iNKT cell population,
paired with different TCR b chains. Hybridoma 2H4 has Vb7, 1.2
has Vb8.2, and 1.4 has Vb10. While more than 50% of iNKT cells
contain a Vb8.2 TCR, and Vb7 is also common, Vb10 is only very
rarely expressed in this population. To assay for antigenic potency,
1 � 105 A20 B lymphoma cells transfected to express high amounts
of mouse CD1d were incubated overnight with the indicated
amounts of the compounds; they were not toxic at any dose tested.
These antigen-presenting cells were washed and cultured with
2 � 105 iNKT cell hybridoma cells. After a further overnight incuba-
tion, the supernatants of the cultures were assayed for the pres-
ence of the cytokine, interleukin-2 (IL-2), by enzyme-linked
immunoassay (ELISA). Hybridoma cells only produce IL-2 when
their TCR is engaged, and therefore the IL-2 measurement provides
a bioassay for antigen recognition by the TCR.

Figure 2 shows the antigen dose–response curve of the three
hybridomas. It contains representative data from one of three sim-
ilar experiments. It is evident that the two hybridomas expressing
the more commonly used Vb8.2 (1.2) and Vb7 (2H4) b chains re-
spond nearly equivalently to all of the compounds, with the excep-
tion of compound 400-deoxyGalCer 3, which is a much weaker
antigen. By contrast, the Vb10 containing hybridoma (1.4) was
much more sensitive to changes in the sugar, as it responded only
to KRN7000, the sphinganine analog 1 of KRN7000 and the 400-flu-
oroGalCer 5.

The results of our studies provide a deeper understanding of the
recognition of glycolipid antigens presented by CD1d to the invari-
ant TCR expressed by iNKT cells. First, our data demonstrate that
the TCR b chain can have a strong influence on antigen recognition.
This must be an indirect influence, however, as the structural anal-
ysis shows that the b chain does not make direct contacts with the
hexose sugar,29 but instead it only makes a few contacts with
CD1d.45 It is possible, therefore, that the reduced affinity of the
TCR a chain for the altered sugars, combined with the reduced
affinity of Vb10 for CD1d, causes the absence of reactivity of
hybridoma 1.4 to compounds 2, 3 and 4. The complementarity
determining regions (CDR) 3 of the b chain are highly diverse.
Although NKT cells expressing Vb10 are rare, the differences ob-
served in this study may be important for understanding how b
chain diversity influences a reactivity that is otherwise dominated
by the TCR a chain. Second, our data demonstrate that the different
H bonds the invariant TCR a chain makes with the 200-, 300- and 400-
positions of the galactose do not make equal contributions to the
avidity of the TCR interaction, although this was not obvious from
the TCR-aGalCer-CD1d tri-molecular structure. While the 200-
deoxy- and 200-fluoroGalCers lost antigenic activity completely,46

this was not true for the same modifications at the 300- and 400-posi-
tions. The antigen-presenting cells we used express high amounts
of CD1d, which might mask differences in TCR avidity for glycolipid
antigens weaker than KRN7000. Furthermore, the results from
testing compound 3 show the hydroxyl in the 400 position does
have a clear influence on antigenic potency. The influences of the
300- and 400-position modifications are subtle, however, when com-
pared to the absolute requirement for the hydroxyl at the 200-posi-
tion. In the trimolecular structure of the human TCR bound to an
aGalCer human CD1d complex,29 each of the three galactose
hydroxyls makes multiple contacts with the TCR a chain that in-
clude van der Waals interactions and hydrogen bonds. However,
the 200 position makes unique contacts with TCR a chain amino
acids 95–96 in the critical CDR3, while the 300 and 400 hydroxyls
both contact amino acid positions 28–30 in the TCR a chain
CDR1. Therefore, we hypothesize that the 300 OH can compensate
partially for the absence of the 400 OH, and vice versa. Further stud-
ies of KRN7000 analogs may help in the design of more potent and
selective agonists for iNKT cells.
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