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Focus on the Controversial Activation of Human iNKT Cells by 4-Deoxy Analogue of KRN7000
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4-Deoxy-a-GalCer analogues are considered weaker agonists than KRN7000 for the stimulation of
human iNKT cells, but this remains strongly debated. In this work, we described a strategy toward
4-deoxy-o-GalCers with, as a key step, a metathesis reaction allowing sphingosine modifications from a
single ethylenic a-galactoside precursor. The 4-deoxy-KRN7000 derivative 2, described here, induced
potent cytokinic responses, comparable to those of KRN7000, both from human iNKT cells in vitro and

from their murine counterpart in vivo.

Introduction

Natural killer T cells (NKT?) are a subset of T cells, which
play a major role at regulating immune responses.! A major
subpopulation of the CD1d restricted T lymphocytes, called
iINKT cells, can elicit a proinflammatory response through the
secretion of T helper 1 (Thl) cytokines (IFN-y, TNF-o) or an
immunomodulatory response when releasing Th2 cytokines
(IL-4, IL-10). Disruption of the balance between Th1 and Th2
cytokines is involved in a broad range of diseases, and
therapeutic strategies could imply its restoration through in
vivo modulation of NKT cells.” iNKT cells stimulation is
mediated by the formation of a ternary complex between the
semi-invariant T cell receptor (Va24Jal8 human TCR and
Val4Jol8 for mouse) at the surface of the lymphocyte and the
CD1d membrane protein of antigen presenting cells (APCs),
complexed with a glycolipid.® Surprisingly, while the first
sugar unit of all mammalian glycolipids is in B-anomeric
position, the first active glycolipid antigens (e.g., agelasphin
9b), isolated from the marine sponge Agelas mauritianus, were
identified as a-galactosylceramides (a-GalCers) by the Kirin
Brewery Company in 1993.* Recently, various a-glucuronyl-
ceramides (a-GluCers, GSL-1) and iso-globotrioside (iGb3-
Galo3Galp4Glep-Cer) have also been shown to stimulate
both human and mouse NKT cells.’ Because of their strong
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therapeutic potential, extensive structure—activity rela-
tionship (SAR) studies have been conducted to optimize
a-GalCers activity. Initial studies by Koezuka and co-workers
focused on the ceramide portion of the molecule and led to the
synthetic 2'-deoxy-GalCer analogue (KRN7000, 1) as a po-
tential candidate for clinical application (Chart 1).> Advances
in the elucidation of SARs for a number of synthetic
KRN7000 analogues have been widely reviewed in recent
update publications.” We focused here on 4-deoxy-GalCer
analogues of KRN7000. Those latter derivatives, devoid of
4-OH group, failed to stimulate human iNKT lymphocytes
when presented by CD1d-transfected Hela cells.® However,
subsequent data obtained from mouse iNKT cells indicated
that 4-deoxy-a-GalCer was an active agonist, albeit weaker,
than parent KRN7000.” Crystal structure of the ternary
complex of human NKT TCR with CD1d and KRN7000
highlighted the involvement of the 3 and 4 hydroxyl groups on
the phytosphingosine scaffold through concomitant hydrogen
bonding with CD1d Asp80 residue and an additional H-bond
between the donating Arg95 of the CDR3a-loop and the
3-OH group of the glycolipidic ligand.'® Nevertheless, these
studies did not identify a specific interaction between the
4-OH group and the hCD1d binding domains. This contra-
dicts the assumption, postulated for now a decade, that this
position could be responsible for a loss of activity in the
human context. A comparison between human and mouse
empty CD1d crystal structures confirmed that the A’ and C’
hydrophobic binding pockets were superimposable in size and
shape.11 From these observations, it was admitted that a-
GalCer should adopt a similar conformation in both CDI1d
molecules. Thus, even if a somewhat more potent activation of
mouse NKT cells by KRN7000, versus its 4-deoxy analogue,
has been attributed to an increased stability of the ternary
complex, the structural information available to date does not
fit well with the loss of IFN-y and IL-4 stimulation with
4-deoxy a-GalCers mentioned in the human context. In the

© 2009 American Chemical Society



Brief Article

present work, we propose to investigate the in vitro activity on
human iNKT cells, in complement to the in vivo activity in
mice, of the 2/,4-dideoxy-a-galactosylceramide 2

Chemistry. To reinvestigate the ambiguous influence of
the 4-OH group in CD1d recognition inducing human iNKT
cell stimulation, we first focused our efforts on developing an
original and efficient access toward a variety of 2/,4-dideoxy-
a-GalCer derivatives A (Scheme 1).'*'? Until now, all the
strategies developed to synthesize deoxy a-GalCers analo-
gues suffered from the constraint of building the variable
sphinganine fragments from a specific chiral pool at an early
step of the synthesis for each proposed variation.'* We deal
with the possibility of introducing both the sphingosine and
acyl chains of the glycosylceramide in the last few steps of the
synthesis. Thus, as a key step of our retrosynthetic approach
(Scheme 1), the sphingosine fragment would be completed
using an olefin cross metathesis process from a same pre-
cursor C to provide a variety of ai-galactosylsphingosines B.
This original procedure widens the access to a large range of
4-deoxy-a-GalCer analogues A, from a galactosyl donor E
and the ethylenic aminodiol D.

The required acceptor D (P =TBDPS, compound 3) was
prepared through diasterereoselective aldol reaction with
slight modifications of the procedure described in the litera-
ture'® from commercially available glycinethylester hydro-
chloride and (+)-(1R,2R,5R)-2-hydroxy-3-pinanone in 36%
yield over six steps.'® The targeted 4-deoxy-Galcer analogue

Chart 1. Structure of KRN7000 and Targeted 4-Deoxy-o-Gal-
Cer Analogue 2
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2 was prepared following our original strategy as illustrated
in Scheme 2. Because of an unsuitable removal of Boc group
during the glycosidic coupling of the a-fluoro-galactopyra-
nosyl donor 4 with the alcohol acceptor 3, using Mukaiyama
procedure,'® the target glycoside 5a was in first attempt
isolated in a modest 30% yield (Scheme 2). To overcome this
side degradation, the crude glycosidic mixture So.f was
submitted to another Boc,O, Et;N treatment, and the silyl
protecting group was removed (85%) subsequently from the
allylic alcohols, anticipating a steric crowding of the terminal
olefin. This procedure significantly improved the yield of
isolated galactoside 6a. to 40% over three steps from the
ethylenic intermediate 3, while the anomer 6f was present in
only 20% yield. Olefin metathesis, in the presence of Grubbs
II catalyst,'” on the free allylic alcohol 6o was then efficiently
performed with tetradecene in refluxing dichloromethane to
give 7 in 77% yields. The synthesis was then completed by
removal of the N-Boc protecting group, acylation of the
resulting hydrochloride amine, with 4-nitrophenyl hexaco-
sanoate, in the presence of Et;N and catalytic DM AP (44%
yield over two steps), prior hydrogenation of the intermedi-
ate 8, to furnish the targeted 4-deoxy-KRN7000 analogue 2
in 67% yield.

Results and Discussion

First, we assessed NKT cell cytokine responses after
4-deoxy-a-GalCer 2 stimulation in vivo in order to determine
precisely the ability of this compound to induce the release
of key immunomediators TNF-o, IFN-y, and IL-4 in mice
(A, B, and C of Figure 1, respectively, of Supporting In-
formation). The kinetics of cytokine release were followed at
various antigen concentrations (10, 50, 100, and 1000 ug/kg)
at further times after ip injection. TNF-au and IL-4 were
detected at their highest level 4 h after ip injection for each
concentration, whereas IFN-y secretion peaked at 18 h after

Scheme 1. Retrosynthetic Approach to 4-Deoxy KRN7000 Analogues
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“Conditions: (a) AgClO4, SnCl,, THF/Et,0, 0 °C, 30 min (5. 30% and 56 18%); (b) TBAF, THF, RT, 24h, 85% from pure 5a (c) one-pot procedure:
(a), then Boc,O, Et;N, DMF, RT, 12h then (b) (6. 40% and 6 20%, from 3); (d) Grubbs second generation catalyst 5%, C;,H,s—CH=CH,, CH,Cl,,
reflux, 24h, 77%; (e) HClg, THF, RT, 1h; (f) para-nitrophenyl hexacosanoate, Et;N, cat. DM AP, 44% (over 2 steps); (g) Hp, Pd/C 10%, THF/MeOH,

RT, 72h, 67%.
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Figure 1. Relative potencies of KRN7000 and 4-deoxy-KRN 2 to stimulate TNF-a (A), IFN-y (B), and IL-4 (C) releases by a human Va24
iNKT cell line stimulated for 6 h, by CD1d-transfected Hela cells loaded with increasing concentrations of KRN7000 (—H—) or 2 (—O—).
Results are shown as means of triplicates from one representative experiment out of three. The mean half-maximal effective concentrations for
eliciting a TNF-a response (ECsy) of tested compounds are given in nM + SD (Mann—Whitney two-tailed test p=0.12). (A). Cytokine release
in cell culture supernatants was determined by a cellular assay (TNF-a) or ELISA (IFN-y, IL-4).

injection. The kinetic profiles appeared identical to those of
KRN7000 (100 ug/kg), and there were no significant differ-
ences between the various 2 concentration groups, with the
exception of the IFN-y amount (Figure 1B of Supporting
Information), which was higher at 1000 ug/kgthan at 10 ug/kg
of 2 (P < 0.05). Thus, we confirmed that the in vivo activity of
4-deoxy-a-GalCer 2 did not differ from that of KRN7000 and
correlated with previous results of Kronenberg,” showing that
in mice both antigens had the same activity in terms of the
IFN-y and IL-2 production at two time points (2 and 14 h).

We further assessed cytokine responses after in vitro sti-
mulation by compound 2 of human iNKT cells. When loaded
on control cells devoid of CDI1d, 2 failed to stimulate the
iNKT cell line at concentrations as high as 20 uM because
TNF-o, IFN-y, or IL-4 productions always remained at
background levels (Figure 2 of Supporting Information). By
contrast, when loaded on CD1d expressing Hela cells, analo-
gue 2 proved as active as KRN7000 in stimulating TNF-o.
release because the mean half-maximal effective concentra-
tions (ECsg) to elicit a response of each glycolipid were not
significantly different (2.7 & 0.57 nM vs 5.0 £ 1.1 nM)
(Figure 1). Compound 2 also stimulated a clear production
of IFN-y and IL-4 cytokines from human CDI1d-transfected
Hela cells, and at each of the concentrations tested, KRN7000
induced only slightly higher responses but not significantly
different (p > 0.05). Noticeably, 2 proved more difficult to
solubilize than KRN7000 and optimal results were obtained
following prolonged solubilization times, a couple of hours in
DMSO at 37 °C, prior to overnight loading onto presenting
cells.

Conclusions

In conclusion, in vitro data indicated that a 4-deoxy
analogue can be nearly as active as KRN7000 to stimulate
hiNKT cells. The removal of an hydroxyl group may have
decreased the solubility of the 4-deoxy-o-GalCer analogues,
explaining why earlier reports suggested that such compounds
had more severely decreased potency. This data paves the
route to a novel potent series of immunostimulating agents
easier to prepare than KRN7000. Several 4-deoxy analogues
of KRN7000 bearing modified sphingosine moieties have
been prepared following the exposed strategy, and details of
their synthesis and their biological evaluation will be reported
elsewhere.

Experimental Section

Chemical shifts are quoted in ppm, and values of coupling
constants (J) are given in Hz. The compound tested (2) is > 95%
pure by elemental analysis.

Preparation of 7. Compound 6a (327 mg, 0.44 mmol), in dry
CH,Cl, (22 mL), was reacted under reflux for 24 h with
tetradecene (1.11 mL, 4.41 mmol) and Grubbs II catalyst
(18 mg, 0.02 mmol). Purification by flash chromatography on
silica gel (petroleum ether/EtOAc 85:15) afforded 7 as a color-
less oil (309 mg, 77%); [0]*° +31.4 (¢ 0.7, CHCl;). 'H NMR
(300 MHz, CDCl3) 6 7.37—7.28 (m, 20H), 5.66 (dt, J=15.4, 6.8,
1H), 5.45 (m, 2H, Hy), 4.96 and 4.58 (AB syst, J=11.4,2H), 4.87
and 4.73 (AB syst, J=11.8, 2H), 4.83—4.75 (m, 3H), 4.50 and
4.41 (ABsyst, J=11.8,2H), 4.20 (m, 1H, H3), 4.07 (dd, J=10.0,
3.6, 1H), 4.03 (m, 1H), 3.95—3.86 (m, 3H), 3.70 (m, 2H), 3.60—
3.49 (m, 3H, 2.01 (m, 2H), 1.48 (s, 9H), 1.29 (s, 20H), 0.91 (t, J=
6.7, 3H). '*C NMR (75 MHz, CDCl;) 6 155.7, 138.6—137.8,
132.8,129.5,128.4—127.5,98.9,79.5,79.3,75.7,74.8,74.5, 74.2,
74.0,73.6,72.8,69.7,69.3, 68.6, 53.6,32.4,31.9,29.7—29.1, 28 4,
22.7, 14.2. HRMS (ESI+): caled for CssH77NNaOg [M + Na]*
930.5496; found 930.5466.

Preparation of 8. Compound 7 (130 mg, 0.14 mmol) was
dissolved in dry THF (15 mL), and HCI gas was bubbled until
total consumption of starting material. THF was evaporated to
remove excess of HCI, and the crude was dissolved in THF
(6 mL) in the presence of 4-nitrophenyl hexacosanoate (74 mg,
0.14 mmol), triethylamine (24 uL, 0.17 mmol), and a catalytic
amount of DMAP. After 16 h, the reaction mixture was diluted
with saturated aqueous NaHCOj5 solution (10 mL). The aqu-
eous layer was extracted with Et;O (2 x15 mL). The organic
layers were combined, dried over MgSQO,, and concentrated.
Flash chromatography on silica gel (petroleum ether/EtOAc
86:14) afforded 8 as white solid (75 mg, 44% over 2 steps);
[a]*p +27.5 (¢ 1.2, CHCl;); mp 80—81 °C. 'H NMR (300 MHz,
CDCl3) 6 7.37—7.24 (m, 20H), 6.45 (d, J=8.1, 1H), 5.65 (dt, J=
15.6,6.9,1H), 5.41 (dd, J=15.6,5.4, IH),4.91 and 4.55 (AB syst,
J=11.4,2H),4.87 and 4.70 (AB syst, J=11.7,2H), 4.75 (m, 3H),
4.47 and 4.37 (AB syst, J=11.4,2H), 4.14 (m, 1H), 4.03 (dd, J=
10.2, 3.6, 1H), 4.01 (m, 2H), 3.89—3.82 (m, 4H), 3.69 (dd, J =
10.2, 3.3, 1H), 3.50 (m, 2H), 2.12 (t, J=7.5, 2H), 1.98 (m, 2H),
1.60—1.10 (m, 66H), 0.88 (t, J= 6.3, 6H). *C NMR (75 MHz,
CDCl3) 0 173.4, 138.4—137.6, 133.0, 129.1, 128.4—127.5,99.1,
79.2, 75.8, 74.8, 74.4, 74.2, 74.0, 73.6, 72.7, 69.8, 69.1, 68.7,
52.8, 36.7, 324, 32.0, 29.7, 29.4, 25.8, 22.4, 14.2. HRMS
(ESI+): caled for C77H,9NNaOg [M+Na]* 1208.8833; found
1208.8866.

Preparation of 2. Compound 8 (64 mg, 54 umol) was dissolved
in MeOH (5 mL) and THF (2.5 mL) in the presence of palladium
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on activated carbon (64 mg). The mixture was stirred under H,
for 3 days, and the mixture was filtered through celite washed
with hot MeOH and CHCl;. The filtrate was concentrated, and
the residue was purified on silica gel (CHCl3/MeOH 100:0 to
95:5) to provide 2 as a white solid (30 mg, 67%); [0]*°p +32.7 (c
1.0, pyridine); mp 170—171 °C. "H NMR (300 MHz, pyridine) 0
8.56 (d, J=8.7, 1H), 5.46 (d, /=3.9, 1H), 5.10 (m, SH), 4.74 (m,
1H), 4.65 (dd, /=9.9, 3.9, 1H), 4.57—4.29 (m, 8H), 2.48 (t, J =
7.2,2H), 1.95—1.82 (m, 6H), 1.26 (s, 66H), 0.87 (t, /J=16.3, 6H).
13C NMR (75 MHz, pyridine) 6 173.4, 102.1, 73.1, 71.9, 71.6,
71.0, 70.5, 69.6, 62.7, 54.9, 36.8, 35.1, 32.1, 30.0, 29.6, 26.6,
26.4,22.9, 14.3. HRMS (ESI+): calcd for C49Ho7NNaOg [M +
Na]* 850.7112; found 850.7154. Anal. (C4Hy;NOg-H>0)
Calced: C, 69.54; H, 11.79; N, 1.66. Found: C, 69.45; H, 11.86;
N, 1.74.
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