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Tuberculosis remains a major world-wide health problem and
results in the loss of almost 2 million lives annually, with the
majority of deaths occurring in the developing world.!"
Despite the discovery of active antibiotics in the 1960s and
the production of the Bacillus Calmette-Guérin (BCG)
vaccine in the early 20th century, tuberculosis is still not
under control. The increasing incidence of human immuno-
deficiency virus (HIV) epidemics and the emergence of
multidrug-resistant strains of Mycobacterium tuberculosis, the
causative agent of tuberculosis, impair the eradication of the
disease. New therapeutic approaches and the development of
new vaccines to fight tuberculosis are thus urgently needed.

Recently, a diacylated sulfoglycolipid, acylL,SGL (1), was
characterized and identified as a new mycobacterial antigen
able to stimulate populations of CDl1b-restricted human
T lymphocytes during infection with M. tuberculosis. Further-
more, these acyl,SGL-specific activated T cells were shown
to: 1) release interferon-y (IFN-y), 2) recognize M. tuber-
culosis infected antigen-presenting cells, and 3) kill intra-
cellular mycobacteria in vitro.?! In light of these properties,
sulfoglycolipid 1 seemed to be a promising candidate for the
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development of a new tuberculosis vaccine. Compound 1 is
specific to the M. tuberculosis species and is not present in
M. bovis BCG, the species used in the current vaccine. The
structure of acyl,SGL encompasses an a,0-D-trehalose core,
which is esterified at the 2-position with a palmitic (or stearic)
acid, esterified at the 3-position with a hydroxyphthioceranoic
acid, and O-sulfated at the 2'-position. Hydroxyphthiocer-
anoic acids are a family of complex dextrorotatory fatty acids
specific to the Mycobacterium genus, which contain a hydroxy
group and methyl groups arranged in a 2,4,6 pattern.’! All
methyl-substituted stereocenters are of the L series,”” whereas
the configuration of the hydroxy-substituted carbon atom has
not been assigned.

Compound 1 was isolated in tiny amounts (about
1 mgL™") from cultures of M. tuberculosis. Its low availability
limits its further development as a potential tuberculosis
vaccine. We therefore devised a synthetic route to this class of
diacylated sulfated trehalose compounds and hypothesized
that the hydroxyphthioceranoic acid, which is not readily
available from natural sources, might be replaced by simpler
fatty acids. Herein we report the preparation of various
sulfoglycolipid (SGL) analogues of the natural compound
acyL,SGL (1) in which the hydroxyphthioceranoic acid has
been replaced by less complex acids. Some of these analogues
were able, like the natural product, to activate the acyl,SGL-
specific T-cell clone with the production of (IFN-y). Of the
utmost importance, it was found that small modifications to
the structure of the hydroxyphthioceranoic acid substituent
can modulate the immunogenicity of the analogues. Recent
interest in the synthesis of mycobacterial sulfoglycolipids has
led to the preparation of a tetraacylated trehalose sulfate.!

The elaboration of the trisubstituted a,a-D-trehalose core
of the sulfoglycolipids on the basis of the pioneering synthetic
studies of Goren and co-workers, and Baer and Wu was
straightforward.®*” The known compound 4,6,4',6'-dibenzy-
lidene a,0-D-trehalose (2)® was acylated selectively at the 2-
position (or 2'-position) by using palmitoyl chloride (or
another acyl chloride) in pyridine to give a trehalose
derivative 3 in 45% yield (Scheme 1). This direct acylation
reaction avoided the dibutylstannylene procedure,® which
involves toxic tin derivatives and which was found to be
difficult to carry out on a larger scale. The use of the
bifunctional reagent 1,3-dichloro-1,1,3,3-tetraisopropyldisi-
loxane (TIPSCIl,) enabled the selective protection of the 2'-
and 3'-positions of 3 in one step and gave alcohol 4 in good
yield (60 % ). Owing to the steric crowding around the alcohol
functionality of 4, the nucleophilicity of the oxygen atom was
low, and the esterification of compound 4 with fatty-acid
derivatives proved to be difficult. The best yields of 5 (up to
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Scheme 1. General synthesis of sulfoglycolipids 9-26: a) R'COCI, pyri-
dine, DMAP, room temperature; b) TIPSCI, (1.2 equiv), pyridine, room
temperature, 48 h; c) R*COCI (2.0 equiv), pyridine, DMAP, or R*COOH
(2.0 equiv), DCC (2.0 equiv), toluene, microwave irradiation; d) 1m
nBu,NF in THF, room temperature, 24 h; e) SO;-pyridine (1.5 equiv),
DMF, room temperature, 24 h; f) 1.7% aqueous H,SO,/CHCl;/MeOH,
room temperature, 24 h. R' and R? groups are shown in Table 1.
DCC=dicyclohexylcarbodiimide, DMAP = 4-dimethylaminopyridine,
TIPS =tetraisopropyldisiloxane.

68 %) were observed when the free fatty acid was activated
with dicyclohexylcarbodiimide in toluene under microwave
irradiation, but this method precluded the recycling of the
fatty acid. When precious chiral polymethyl fatty acids were
used, despite the lower acylation yields (26-54%), the
reaction was carried out more classically in pyridine after
activation of the acid by conversion into the acid chloride
through treatment with oxalyl chloride. The 2'- and 3'-
positions of diester § were unmasked with 1M tetrabutylam-
monium fluoride in THF to afford diol 6 in high yield
(>90%), provided that the slightly basic commercial solution
had been neutralized to pH 6.5 (pH paper) with trifluoro-
acetic acid before use. Without this precaution, some scram-
bling of the acyl groups on the two glucose units of the
trehalose was observed. Selective 2'-O-sulfation of diol 6 with
the SO;-pyridine complex in anhydrous N,N-dimethylforma-
mide (DMF) at room temperature gave a mixture of 2’-O- and
3’-O-monosulfated trehalose derivatives. The observed regio-
selectivity was 5:1 in favor of the desired 2'-O-sulfate, and the
regioisomers were separated readily by chromatography on
silica gel. Compound 7 was isolated in 40-50% yield. The
synthesis of the SGLs was completed by removal of the
benzylidene protecting groups under carefully controlled
acidic conditions (chloroform/methanol/1.7% aqueous
H,SO, 60:40:8 (v/v/v), room temperature), and the final
products were isolated in almost quantitative yield. All
compounds in Table 1 were prepared by this route.
Preliminary testing of the antigenic properties of sulfo-
glycolipids 9-11, which contain linear fatty acids with chain
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lengths from Ci4 to Cs, showed that they were unable to
activate T cells specific for the acyl,SGL complexes (data not
shown). As the only difference between these compounds and
the natural antigen is the nature of the 3-O-acyl group, these
data emphasized the crucial role of the hydroxyphthiocer-
anoyl group for CD1b presentation, T-cell-receptor (TCR)
engagement, and T-lymphocyte activation. We therefore
prepared polymethyl chiral fatty acids and incorporated
them into the synthesis of the sulfoglycolipids. Hydroxy-
phthioceranoic and phthioceranoic acids belong to the
deoxypolypropionate family of natural products. Numerous
approaches to the stereoselective construction of the 1,3,5...-
polymethyl pattern on the basis of enolate alkylation,”!!!
conjugate addition,"”>¥ or other methods!>"'”! have been
reported. Recently, the first synthesis of phthioceranoic acid
was completed by using an iterative catalytic asymmetric 1,4-
conjugate addition of a Grignard reagent to an unsaturated
thioester.' As the synthesis of these polymethyl fatty acids is
linear and use of a cycle of reactions, the number of steps
involved, the reaction times, and the number of chromato-
graphic purification steps are important parameters for the
efficiency of the synthetic route. For these reasons, we chose
the asymmetric alkylation of hydrazone enolates derived
from (S)-1-amino-2-methoxymethylpyrrolidine (SAMP) with
iodides, a method developed by Enders and co-workers, !>’
as the whole cycle of four reactions can be carried out in less
than three days with only two chromatographic steps
(Scheme 2).
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Scheme 2. General synthesis of polymethylated fatty acids: a) A,
(1.0 equiv), PPh; (1.2 equiv), I, (1.3 equiv), imidazole (3.1 equiv),
toluene, reflux, 1 h; b) 8 (2.0 equiv), LDA (2.0 equiv), THF, 0°C, 1 h,
then B, (1.0 equiv), —50——25°C, overnight; c) 4m HCI, petroleum
ether, room temperature, 3 h; d) Jones reagent, acetone, 0°C, 30 min;
e) (carbethoxyethylidene)triphenylphosphorane (1.2 equiv), CH,Cl,,
room temperature, overnight, then 3m KOH, H,O/EtOH, reflux;

f) BH; THF complex (1.7 equiv), THF, 0°C—RT, overnight. LDA=
lithium diisopropylamide.

The starting material used was the long-chain alcohol A ),
which was obtained in 98 % yield after the reduction with
BH, THF of (25)-2-methyloctadecanoic acid E,*"! in THF.
The treatment of alcohol A ;) under conditions developed by
Garegg and Samuelsson (PPh,, imidazole, I, in toluene)
gave iodide B,y in 93 % yield. This iodide was treated with the
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Table 1: Synthetic analogues of 1.

Product R'CO R?CO
1 palmitoyl/stearoyl \/\/\/\/\/\/\/\rr\/]ﬁ\n}[ n=2-9
OH [0}
9 palmitoyl palmitoyl
. HO
10 mitor /\/\/\/\/\/\/\/\"}(
palmitoyl I
1 palmitoyl triacontanoyl
12 palmitoyl V\/\A/\A/\W RIS
0]

13 palmitoyl \/\/\/\/\/\/\/\/\/\/\nﬁ‘

O
14 palmitoyl \/\/\/\/\/\/\/\/\/\/\/\I%(

0O
15 palmitoyl
16 palmitoyl
17 palmitoyl
18 palmitoyl
19 palmitoyl
20 palmitoyl
21 octanoyl
22 tetracosanoyl
23 & palmitoyl
[0}

24 palmitoyl \/\/\/\/\/\/\/\/\/k)\'%(

0O
25 palmitoyl Z

O

26 palmitoyl NFN\F

lithium enolate of SAMP propanal hydrazone (8)*! in THF
to give the 2§ alkylated product C, in good yield (72%).
Owing to the very low solubility of the long-chain iodides B,
at —78°C in THF, alkylation reactions had to be performed at
—50°C with warming to —25°C, and erosion of the optical
purity of the products occurred to a small extent. The
diastereomeric ratio for each alkylation was 94:6. The key
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aldehyde D, was obtained almost quantitatively after acidic
hydrolysis of hydrazone C,) in a petroleum ether/aqueous
HCI biphasic mixture at room temperature. This aldehyde
could then be oxidized quantitatively with the Jones
reagent™ to the saturated acid E,, or submitted to a Wittig
reaction with (carbethoxyethylidene)triphenylphosphorane
followed by saponification to give the unsaturated acid Fi;
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in 80-85% yield. Aldehyde Dy, could also be reduced with
the BH; THF complex in THF to alcohol A, in quantitative
yield and the whole cycle repeated with comparable overall
yield for the introduction of additional methyl groups.

This procedure is short and efficient (only four steps and
60 % overall yield for each cycle) and can be scaled up easily.
All polymethyl fatty acids prepared by this route are
presented in Table 1 (third column). They were used for the
synthesis of the corresponding sulfoglycolipids 13-26 accord-
ing to the general procedure described herein.

Sulfoglycolipids 9-26 were tested for their ability to
activate the acyl,SGL-specific T cells by following the
reported procedure.”) Human dendritic cells that express
the CD1b protein were incubated with varying amounts of the
antigen, and the T-lymphocyte clone was added. The amount
of IFN-y released by the T cells was quantified, and dose-
dependent curves were obtained (Figure 1a). As also
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Figure 1. IFN-y release by the T-cell clone. a) Response curves for
compounds 14, 15, and 18-20: x 14, A 15, 0 18, 0 19, & 20.

b) Relative intensity of IFN-y release for analogues 13-26 compared to
that for 1, for a fixed antigen concentration of 3.3 pygmL™".

observed with the natural product, the maximum activity
was usually observed for an antigen concentration of around
3 ugmL~!. More importantly, it was found that the level of T-
lymphocyte activation was highly dependent on the length,
the position, and the structure of the fatty-acid residues
connected to the trehalose core. When the hydroxyphthio-
ceranoic acid moiety was replaced by linear fatty acids
(products 9-11, data not shown) or with saturated fatty acids
containing one or two methyl groups (compounds 12 and 13),
no T-cell activation was observed (Figure 1b). When this
fatty-acid chain was substituted with additional methyl groups
(compounds 14 and 15), a steady increase in the immunoge-
nicity of the sulfolipids was observed. A similar relationship
between the immunogenicity and the number of methyl
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groups was observed when a chiral polymethylated o,f3-
unsaturated fatty acid was used in place of the hydroxy-
phthioceranoic acid moiety (see compounds 16-20). How-
ever, with these unsaturated acids, there was no further
improvement of the antigenic activity upon the introduction
of a further methyl group once four methyl groups had been
incorporated in the fatty-acid chain (compounds 19 and 20).

Other structural variations on the SGLs gave more insight
into the parameters which are crucial for the antigenic activity
of these analogues. The length and the respective positions of
the fatty acyl chains at the 2- and 3-positions of the trehalose
unit were found to be very important. Shortening of the 2-O-
acyl chain of the SGL from a palmitoyl (in 19) to an octanoyl
group gave compound 21, the potency of which was greatly
diminished with respect to that of 19. An even more
pronounced effect on the activity was observed when the 3-
O-acyl group was shortened from a trimethyltetracosanoyl
chain to a trimethyloctanoyl chain (compare the results for 18
and 25). Lengthening of the 2-O-acyl chain from a palmitoyl
(in 19) to a tetracosanoyl group (in 22) was also deleterious to
the T-cell-stimulatory activity. The immunogenicity was also
lost when the two acyl groups in 17 were permutated, as in 23.
Finally, the introduction of further unsaturation at the v,0-
position of the 3-O-fatty acid (in 26) and the use of a
methylated fatty acid with an R stereocenter (in 24) gave
inactive products.

A general and convenient synthesis of 2,3-di-O-acyl-2"-O-
sulfate trehalose derivatives has been developed. This route
enables the preparation of numerous analogues of the natural
M. tuberculosis antigen sulfoglycolipid 1, with the incorpo-
ration of polymethylated chiral fatty acids in place of the
complex hydroxyphthioceranoic acid moiety. Although none
of the synthetic compounds were as potent as the natural
sulfoglycolipid 1, some of these sulfoglycolipids showed
promising T-lymphocyte-activation properties. All active
analogues have a saturated or monounsaturated polymethy-
lated fatty acid with stereocenters of the S configuration at
the 3-position of the trehalose core. These synthetic sulfogly-
colipids are available in large amounts, and their protective
effects against tuberculosis infection might be investigated
further. The synthesis of analogues with other variations of
the fatty-acid structure is underway in an attempt to gain a
better understanding of the factors that influence their
interaction with CD1 proteins®*! and their recognition by
the TCR.
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