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o-GalCer analogues featuring a phytoceramide 3- and 4-amino group have been synthesized. A Mitsunobu reaction involving phthalimide was
employed for the introduction of the amino groups at the 3- and 4-positions of suitable phytosphingosine-derived precursors. The influence
of these modifications on the interaction with the T-cell receptor of NKT cells was investigated, as well as the capacity of the amino-modified

analogues to induce a cytokine response after in vivo administration.

In the past decade, glycolipids have gained increasing
interest as immune modulatory agents due to their role in
the defense against microbial infections, tumor immuno-
surveillance, and the maintenance of immune tolerance.*
In that context, the most extensively studied glycolipid is
a-GalCer (1, also known as KRN7000, Figure 1), of
which high specificity for CD1d, a cell surface glycopro-
tein constitutively expressed by antigen presenting cells,
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is well-established. Upon recognition of the o-GalCer-
CD1d complex by their semi-invariant T-cell receptor
(TCR), natural killer T (NKT) cells are activated, resulting
in the rapid release of T helper 1 (Thl) and T helper 2
(Th2) cytokines. The concomitant release of Thl and Th2
cytokines, which antagonize each other's effects, is
believed to limit a-GalCer’s therapeutic outcome. Hence,
the development of analogues capable of inducing a biased
Thl or Th2 response is highly promising.

Crystal structures of human® and mouse® CD1d com-
plexed with o-GalCer or the ternary structures also
comprising the human® and mouse’ NKT TCR reveal that
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the galactose ring is well ordered and extends above the
surface of alipid-binding groove. Several hydrogen bonds
between 1 and CD1d are assumed to anchor a-GalCer in
a proper orientation for recognition by the TCR.® Asp-80
was found to interact with both secondary hydroxy groups
(i.e., 3-OH and 4-OH) of the phytosphingosine backbone.
A key interaction of the subsequent NKT TCR binding
involves a hydrogen bond between the TCR Arg-95
residue and the same 3-OH group.

The hypothesis stating that the Thl—Th2 baance
is determined by the overal stability of the CD1d—
glycolipid—TCR complex® is a matter of debate. Many
analogues, typically obtained by modifying the apolar regions
of 1 (Figure 1), have been synthesized in order to investigate

OH NHo OH
o-Galo CiaMee  qai0 CiHeo  calo C1aHzg
OYNH OH OYNH OH OYNH NHo
CasHsy CosHs; CasHs1
a-GalCer (1) [35]-2 [4R]-4

[3A]-3 [48]-5

Figure 1. Structures of KRN7000 (1) and amino-modified analogues
2-5.

this relationship,®** but recent studies also point toward the
importance of the mode of glycolipid loading into CD1d and
the rate of glycolipid dissociation from CD1d in the
lysosomes.*?

From the X-ray data, it can be concluded that a-GalCer’'s
3-OH is a crucia group as it interacts both with CD1d
and the TCR. Hence, we proposed to investigate the 3-
and 4-amino-3-(4-)deoxy analogues 2—5, as it was
anticipated that ionic interactions would be established
with the CD1d Asp-80, leading to increased complex
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stability. On the other hand, the interaction with the TCR
would also be affected by such modifications since a
3-ammonium group can no longer act as hydrogen bond
acceptor and the inductive effect of the 4-ammonium
group was expected to severely weaken the hydrogen bond
acceptor capacity of the 3-OH.

Synthetic procedures toward the desired 2,3-diamino-1,4-
butanediol or 2,4-diamino-1,3-butanediol aglycon scaffolds are
scarce. Noteworthy is the recently reported enantioselective
synthesis of a O-1-protected 4-deoxy-4-azido-2-phthalimido-
D-ribo-phytosphingosine, involving aregiose ective opening of
a cyclic sulfate™® The structure of prumycin, an antibiotic
isolated in 1971 that is synthetically accessible,** contains a
2,4-diamino-1,3-butanediol moiety with a configuration match-
ing that of the desired L-lyxo analogue 5.

However, for the synthesis of the four desired glycosyl
acceptors, it was decided to use a common strategy starting
from p-ribo-phytosphingosine, which is now readily available
from a yeast fermentation process.

The synthesis of the 3-amino-3-deoxy-o.-Gal Cer epimers
is shown in Scheme 1. bp-ribo-phytosphingosine was
converted to the two C3-epimeric 1,4-diprotected azido-
phytosphingosine derivatives 6—7.*> Unfortunately, all
attempts to effect invertive phthalimide introduction via
a Mitsunobu reaction resulted in an elimination side-
reaction to give 8, regardless of the configuration at C-3
or the O-1 protecting group (see the Supporting Informa-
tion). The E-configuration of the double bond in 8 was
confirmed by a ROESY experiment.

Given that the electron-withdrawing azido group pre-
sumably promoted the undesired elimination reaction, it
was decided to first convert the azido group to the required
long-chain amido moiety. Hence, Staudinger reduction,
followed by acylation with hexacosanoic acid and EDC,
gave the ceramides 9 and 10, which were now successfully
converted to the phthalimides via a Mitsunobu protocol
to afford the desired 3-phthalimidophytosphingosine ac-
ceptors 11 and 12 after deprotection of the trityl group
with zinc(Il) dibromide.

The reduced nucleophilicity of the primary hydroxyl group
of the ceramide acceptors 11 and 12, due to intramolecular
hydrogen bond formation with the NH group of the amide,
forced us to use the Mukaiyama glycosydation™® involving the
reactive galactosyl fluoride 13 as the glycosyl donor.

Reaction of 3-phthalimido-b-ribo-phytosphingosine 11
and 3-phthalimido-p-xylo-phytosphingosine 12 with ga-
lactosy! fluoride 13 afforded the desired 3-amino-a.-Gal Cer
analogues 2 and 3 after final deprotection operations.

Toward the synthesis of the 4-amino-4-deoxy-a.-GalCer
analogues 4 and 5, the 4-phtalimido-substituted phytosph-
ingosine precursors with the natural p-ribo- (22) and L-lyxo-
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Scheme 1. Synthesis of the 3-Amino-3-deoxy-a-GalCer Analogues 2 and 3
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configurations (23) were first prepared in five steps from the
advanced intermediates 16 and 17 (Scheme 2), again
accessible from p-ribo-phytosphingosine.™®

Scheme 2. Synthesis of the b-Ribo and L-Lyxo Glycosidation
Acceptors 22 and 23
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The more nucleophilic 4-phthalimidophytosphingosine
acceptors could now easily be glycosylated with the less
reactive trichloroacetimidate donor 24.' TMSOTf-
promoted galactosidation of the 4-deoxy-4-phthalimido-
D-ribo-phytosphingosine 22 afforded the a-glycoside
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without notable formation of the S-glycoside (Scheme 3).
Interestingly, Staudinger reduction of the glycoside 25 led
to the intramolecular formation of the amidine 27,

Scheme 3. Synthesis of the 4-Amino-4-deoxy-a.-GalCer
Analogues 4 and 5
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presumably via the aza-Wittig mechanism.*® To circum-
vent this side reaction, it was decided to perform a
protecting group switch to give the corresponding diben-
zylamino group (28), which alowed uncomplicated
Staudinger reduction to give the 2-NH; group. Subsequent
acylation with hexacosanoic acid and final deprotection
afforded the desired 4-amino-4-deoxy-a-galactosyl-p-ribo-
phytoceramide 4.

Similarly, glycosidation of the 4-deoxy-4-phthalimido-L-
lyxo-phytosphingosine 23 afforded the a-glycoside 26 in 81%
yield. In this case, Staudinger reduction led to the desired
free amine and a relatively small amount of the amidine,
which could be efficiently removed after acylation of the
former. Debenzylation, followed by final deprotection of the
phthalimide with methylamine, gave the desired 4-amino-
4-deoxy-a-gal actosyl-L-lyxo-phytoceramide 5.

To compare the cytokine profile induced by the amino-
modified analogues with a-GalCer, serum cytokine levels
were measured after P injection of glycolipids 1-5 into
C57BI/6 mice (Figure 2). Following injection of the 3-amino

IFN-y 16h

IL-4 2h

30000+
20000+

10004

10000+ 5004

1 2 3 4 5

Figure 2. INF-y and IL-4 secretion after intraperitoneal injection
of o-GalCer (1) and 2—5 in mice (*P < 0.01 vs a-GalCer).

epimers 2 and 3, low levels of IL-4 were detected, and also
IFN-y levels were drastically lower compared to o-GalCer.
On the other hand, atrend toward a more moderate reduction
of IFN-y was observed after stimulation with the 4-amino
epimers 4 and 5.

Surface plasmon resonance was used to measure the
binding kinetics of a soluble mouse Val4i TCR for the
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complex of mCD1d plus 1, 2, and 4. Compared to o-Gal Cer
(Kp = 12.8 nM), the TCR showed a 13-fold reduced binding
affinity to CD1d loaded with the 3-amino analogue 2 (Kp =
163 nM) and a 125-fold drop in affinity for the 4-CD1d
complex (Kp = 1.7 uM). While the association of the TCR
is 2x slower for analogue 4 (k, = 2.21 x 10* 1/Ms) and
6.5x dower for 2 (ky= 6.1 x 10* 1/Ms), the TCR dissociates
25x faster from the amino analog 4 (kg = 0.037 x 1/s) and
7.5x faster for 2 (0.01 x 1/s). Therefore, the 3- and 4-amino
modification significantly affect the overall stability of the
TCR interaction.

In summary, we showed that, despite its reasonable affinity
for the TCR when complexed with CD1d, analogue 2 shows
a very small cytokine response, while an opposite trend is
observed for analogue 4. These findings conflict with current
hypotheses, which, however have been inferred mainly from
studies involving analogues with altered aliphatic chains.
While such alterations are hidden from the TCR contact
surface, this is different for the amino modifications in this
study. Indeed, as highlighted by the crystal structure of the
ternary mCD1d-o-GalCer-TCR,’ the 3-OH group is not only
interacting with CD1d but also exposed to the TCR to form
ahydrogen bond with Arg-95 (of the CDR3a unit). Possibly,
when protonated, the 3-amino group of 2 interacts unfavor-
ably with Arg-95, thereby leading to suboptimal activation
of the TCR.

In conclusion, the present amine-modified analogues
indicate that, although TCR affinity probably accounts to
some degree for the quality of responses mediated by iINKT
cells, subtle changes to a-Gal Cer may afford analogues with
diminished capacity to provoke activation of the INKT cells,
despite good affinity for the TCR.
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