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Abstract

KRN7000 is an important ligand identified for CD1d protein of APC, and KRN7000/CD1d
complex can stimulate NKT cells to release a broad range of bioactive cytokines. In an effort to
understand the structure—activity relationships, we have carried out syntheses of 26 new KRN7000
analogues incorporating aromatic residues in either or both side chains. Structural variations of the
phytosphingosine moiety also include varying stereochemistry at C3 and C4, and 4-deoxy and 3,4-
dideoxy versions. Their biological activities are described.
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In the early 1990s potent antitumor activity was found with agelasphins, the glycolipids
extracted from Okinawan sponge Agelas mauritianus by Kirin Pharmaceuticals, and
synthetic a.-galactosyl ceramide (a.-GalCer) named KRN7000 was identified to have the
best antitumor activity in a series of structurally modified glycolipids.! Subsequent studies
have shown that T cell receptors (TCRs) of NKT cells recognize the KRN7000 molecule
presented by CD1d of antigen presenting cells (APC). The CD1 family of the antigen
presenting glycoproteins mediates T-cell responses through the presentation of foreign
lipids, glycolipids, lipoproteins and amphiphilic small molecules to TCR in a manner
analogous to the peptide presentation by major histocompatibility complex (MHC) class 1
and Il molecules. Various CD1 isoforms (CD1a, -b, -c, -d, and -e) have been identified in
humans, and their crystal structures have been studied.2 Upon recognition of KRN7000/
CD1d complex, NKT cells release a number of cytokines, including pro-inflammatory T
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helper 1 (Th1) cytokines such as interferon-y IFN-y and tumor necrosis factor-a, and anti-
inflammatory Th2 cytokines such as interleukin-4, -10, and -13 (IL-4, -10, and -13).3 Th1
cytokines are thought to correlate with the antitumor, antiviral and antibacterial activities,
whereas Th2 cytokine are believed to promote immune tolerance and modulate the onset of
autoimmune diseases such as type-1 diabetes.* However, the opposing activities displayed
by Th1 and Th2 cytokines induced by a-GalCer limits its value as a potential therapeutic
agent.

A number of KRN7000 (a-GalCer) analogues were prepared and their biological properties
evaluated in order to shed some light on the binding interaction between a-GalCer and
CD1d, and also to selectively control the cytokine release profile by NKT cells either toward
Th1 or Th2. Modification studies focused on the sugar moiety of a-GalCer suggested that
the a-anomeric galactose group is critical for a-GalCer to bind CD1d and to active NKT
cells through their TCR.® The equatorial C2-OH group of the galactose was also found to be
crucial for the activity of a-GalCer; any modification at this position largely abolished
activity. Modifications at the C3- and C6-OH groups of the galactose was found to be
tolerated.” The structure—activity relationship (SAR) studies centered on the ceramide
moiety of a-GalCer may be grouped into modifications of the acyl and phytosphingosine
chains, and of the polar portion of the ceramide. It was found that truncations of either the
phytosphingosine or acyl chain resulted in a-GalCer that biased NKT cells toward release of
Th2 cytokines (IL-4),8 and insertion of double bonds into the acyl chain of a-GalCer
(C20:2) also biased toward Th2 responses.® On the other hand, introduction of an aromatic
residue into either the acyl or phytosphingosine chain enhanced the Th1 cytokine profiles.10
The C-glycoside variant of KRN7000 (a-C-GalCer, in which the glycosidic oxygen was
replaced by a methylene group) stimulated strong Th1 responses in vivo from NKT
cells.11a-C The carbasugar analogues of KRN7000, in which the oxygen in the sugar ring
was replaced by methylene, also showed to release Th1l-biased cytokines, that is, IFN-y in
mice.11d The C3- and C4-OH groups of the phytosphingosine were reported to contribute to
the activity of a-GalCer, although the C3—OH group appeared to be more important than the
C4-OH group.® The observed results have been rationalized in relation to the structures of
the binding domains of the CD1d and NKT cell TCR proteins as determined by X-ray
crystallography. Two X-ray studies of the CD1d/a-GalCer complexes have shown that the
lipid chains of a-GalCer fit tightly into the CD1d binding groove (A" and F” pockets). In
addition, hydrogen-bonding interactions were indicated between CD1d and a-GalCer [2-OH
group of the galactose group and Asp151 (mouse Asp153) of the CD1d; 3-OH group of the
phytosphingosine and Asp80 of CD1d]. These bonds serve to anchor a-GalCer in a distinct
orientation and position it in the lipid binding groove.12:13 The recent crystal structure of
human NKT TCR-CD1d-a-GalCer complex showed that a-GalCer protrudes minimally
from the CD1d cleft with only the galactose group and portions of the proximal polar head
of the phytosphingosine exposed for recognition by the NKT TCR.14

In the related efforts we have previously carried out synthesis of a complete set of the eight
KRN7000 stereoisomers, and examined their biological activities, since a systematic study
of phytosphingosine core-modified KRN7000 sterecisomers had not been carried out before.
With both mouse and human iNKT cells, the sterecisomers with 25 (derived from L-serine)
generally showed much higher potency (IFN-vy, IL-4/1L-13 production) than the isomers
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with 2R (derived from p-serine). However, the 2S isomer having the inverted C4—OH group
stereochemistry (p-/yxo based on phytosphingosine) displayed comparable potency
(proliferation and cytokine secretion) with those of KRN7000.1° These data suggest that the
spatial orientations of C2—-NH, group and C3—-OH group of phytosphingosine are both
important for the activity, with the configuration of C2-NH, group having a greater impact
than that of C3—-OH group. In contrast, stereochemical variation of the C4—OH group seems
to have at most a minor effect which is less significant than what was suggested in some
earlier studies.> Based on our stereochemical studies of the phytosphingosine backbone and
the earlier results obtained by Wong et al. from the analogues having an aromatic residue in
the acyl or phytosphingosine chain,19 we have now prepared a series of compounds in which
various combinations of the aromatic residue in both chains and the backbone
stereochemistry have been made, and examined their biological properties (Fig. 1).

Our syntheses of new KRN7000 analogues commenced with the Garner’s aldehyde, which
was readily prepared from L-serine. The Wittig reaction with tripheny-(4-phenylbutyl)-
phosphonium bromide in the presence of 7-BuLi provided predominantly the (2)-olefin (Z/E
=22/1) in 88% yield. Removal of the oxazoline protecting group in aq acetic acid gave 9 in
95%. On the other hand, the Wittig reaction in the presence of KHMDS followed by
quenching with excess methanol at =78 °C gave the corresponding (£)-olefin (10) in 93%.
The Sharpless dihydroxylation16 of 9 and 10 each with the AD-mix-a and AD-mix-f
conditions provided in good yields all four diastereomers corresponding to o-arabino (11), o-
ribo (12), o-lyxo (13), and p-xy/o (14) configurations (Scheme 1). The stereoselectivities
observed in the dihydroxylation were found to be about 10:1 for products 11 and 13, and
about 5:1 for 12 and 14; they were separated to pure diastereomers. Each of compounds 11—
14, after removal of the Boc group, was treated with TfN3, CuSO4 and K,COg3 for diazo
transfer reaction (ca. 90% over two steps), in which the amino group was converted to azido
functionality.1’ The 1°-OH group was protected with trityl chloride and Et3N, and the 2°-
OH with benzyl bromide and NaH, respectively. Removal of the trityl group followed by
glycosylation with perbenzylated galactosyl iodide with TBAI as promoter exclusively
provided the desired a-glycoside in better than 90%.18 The azide group was reduced under
the Staudinger conditions,® and the resulting amine (19-22) was efficiently acylated with
four different Athydroxysuccinimide activated esters.20 In the final step all benzyl protecting
groups were removed with H, over Pd(OH),/C to yield 16 analogues (1-4) of a-GalCer
(Scheme 2).

Reaction of the Garner’s aldehyde with tripheny-pentadecylphosphonium bromide in the
presence of KHMDS, followed by quenching with excess methanol at =78 °C gave the (£)-
olefin product in a good yield, and the subsequent hydrolysis of the oxazoline ring provided
23. The Sharpless dihydroxylation of 23 with Ad-mix-a provided two diastereomeric
products in 4:1 ratio. The major product was separated and the Boc group was removed, and
the amino functionality was converted to the azido group. Selective manipulations of the 1°
and 2° hydroxy!l groups as described in the previous series yielded compound 24. The
terminal OH group was glycosylated, and the azide was reduced to amino functionality with
trimethylphosphine to give 25. Compound 25 was acylated with three different N-
hydroxysuccinimide activated esters, and all benzyl groups were removed to yield 3
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analogues (5a—c) of a-GalCer. (Scheme 3) The remaining analogues were prepared as
follows. p-erythro- and L-threo-sphingosine?! were separately converted to the
corresponding azide with N3Tf and CuSOy, and the 2°-OH group in the products was
protected as benzyl ether (26 and 27). The terminal OH group was glycosylated, and the
azide reduced to the amino group to give 28 and 29. The amino group was acylated with
three different A-hydroxysuccinimide activated esters, and removal of all benzyl groups
together with saturation of the double bond were accomplished by using Hy and Pd(OH),/C
in MeOH and CH,Cl;, to yield 3 analogues each (6 and 7) of a-GalCer (Scheme 4). A
second product was obtained in the last reduction step with H, over Pd(OH), catalyst, and it
turned out to be the hydrogenolysis product of the benzyl ether at the allylic position,
namely compound 8.

The biological activity of these phenyl-containing a-GalCer analogues for stimulation of
human NKT cells was evaluated by induction of cytokines such as INF-y, IL-4 and 1L-13
(Figs. 2 and 3). Fig. 2 summarizes IL-13 releasing activity of all analogues (at 400 nM
concentration), which was used as the primary screen since I1L-13 production is known to be
an extremely sensitive indicator of iNKT cell activation.?2 Panel A shows IL-13 production
from a representative CD4* T cell clone and Panel B shows a similar analysis using a
representative CD4~ T-cell clone. A subset of compounds were observed to be strongly
stimulatory, while others were weakly active or inactive. Figure 3 shows expanded analysis
(IL-4, IL-13 and IFN-y) of a human CD4" iNKT cell clone stimulated with various
concentrations (400 nM, 100 nM and 25 nM) of the most active compounds identified in the
initial screen. Compounds such as 3d, 5a, 7b, 7c and 8b were highly active even at low
dosage, and also showed some selectivity toward stimulation of 1L-13 (a Th2 cytokine),
whereas compound 2d showed activity more similar to KRN7000. It is also of interest to
note the relatively strong activity of compounds 8a and 8b, which have a simple a-amino
alcohol skeleton, indicating that the C3—-OH group of the sphingosine skeleton was not
essential for activity in this series of compounds. In fact, the presence of an aromatic ring in
the acyl chain of compound 8a appeared to completely rescue any attenuation of activity due
to the lack of a C3—OH group of the sphingosine skeleton. A more extensive study of the
biological activities of these KRN7000 analogues and further structural modifications
including their conversion to the carbasugar analogues are in progress.
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Structures of KRN7000 analogues.
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Figure 2.
IL-13 production by human iNKT cell clones as primary screen for activity. Panel A shows

IL-13 production by cultures in which a CD4* NKT cell clone (HDD11) was cultured with
antigen presenting cells (CD1d-transfected HelLa cells) and the indicated glycolipids at a
concentration of 400 nM. Panel B shows the same analysis using a CD4~ NKT cell clone
(HDAY). Cultures were done in 96 well microtiter plates, and medium was RPMI-1640
supplemented with 10% fetal bovine serum. 2.5 x 10* CD1d-transfected HeLa cells per well
in 0.2 ml medium with the indicated glycolipids were cultured for 18 h at 37 °C, followed by
removal of the medium, a brief wash with medium and then replacement with 0.3 ml fresh
medium (without glycolipids) containing 2.5 x 10* cloned human iNKT cells. IL-13 levels
were determined by standard capture ELISA in culture supernatants harvested after 18 h of
incubation at 37 °C.
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Dose dependence of production of IL-13, IL-4 and IFN-y by human NKT cells in response

to selected compounds. Human CD4* NKT cell clone (HDD11) was stimulated in cultures
as described in Figure 2 using the indicated glycolipids at a range of concentrations (black
bar, 400 nM; hatched bar 100 nM; open bar 25 nM).
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