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-galactosylceramide: Synthesis and immunology

chard W. Franck

partment of Chemistry, Hunter College of CUNY, 695, Park Avenue, 10021 New York, NY, United States

The research subject of a–galactosylceramides and
eir behavior as immunostimulants began in 1993–1994.
e start came with reports by scientists from the Kirin
arma labs of anticancer activity in an in vivo mouse
say of a mixture of glycolipid materials isolated from a
onge Agelas mauritanius [1]. The extracts were first
own to be a mixture of a-galactosylceramides 1 named
elasphins. A structure/activity optimization effort led to
synthetic analog 2 named KRN7000 which became the
d compound for studies of its mechanism of action as an
munostimulant [2].

To summarize a large body of work, researchers
demonstrated that the two lipid chains of the ligand are
complexed by a receptor on the surface of antigen-
presenting cells (APC), identified as the CD1d receptor.
This receptor has two hydrophobic channels which
recognize lipids, and in the specific instance of galacto-
sylceramides, presents the galactose, largely unbound, on
the surface of the receptor. This binary complex is then
recognized and bound by a receptor on the surface of
natural killer T cells (NKT), which binds to the galactose
OH’s, the phytosphingosine 3’OH and also to surface
protein residues of the CD1d receptor. The NKT receptors
are very similar in mouse and human and can cross-react
with either mouse or human CD1d-ligand complexes.
Upon formation of the ternary complex, the two cells
displaying the receptors are stimulated to secrete cyto-
kines, IL-12, IL-4 and IFNg, the first by APC and the last two
by NKT. The crystal structure of the ternary complex
(Fig. 1) reported in 2007 confirmed the binding model
which had been developed based on earlier X-ray
structural results with the empty CD1d receptor and with
the binary complex [3].

Contemporary with the basic research on the structure
determination of its active complex and on the mechanism
of the effect on the immune system by the ligand, a major
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A synthetic C-glycoside, a-C-galactosylceramide, is an active immunostimulant in mice.

It displays better activity than a-O-galactosylceramide in several disease models.

Syntheses of several a-C-galactosylceramides are described. Experiments that probe its

immunostimulant activity are outlined. Possible explanations for its superior activity are

discussed.
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ffort was put forth to find applications of the immunos-
mulant effect in murine models of diseases found in
umans [4]. Parallel to the extensive studies of the

munology effects promoted by KRN7000, several
boratories prepared many dozens of analogs in an

ttempt to alter the cytokine profiles produced by the
arent material when complexed. The analogs can be
ategorized by:

 fatty amide chain variation;
 phytosphingosine chain and functionality variation;
 substituent variation at the carbohydrate 2, 3, 4 and 6
positions;

 replacement of the anomeric O linker by other atoms;
 replacement of the ring O by C. These studies have been
thoroughly and very recently reviewed [5].

Our laboratory has been active in the chemical
ynthesis of C-glycoside analogs (a–C–galcer) of a–
alactosylceramide and then providing samples to the

munology community. In the following sections, there
ill be presented first a very short summary of all the

eported syntheses of a–C–galcer with commentary on the
hallenges faced in the chemistry. Then, a review of the
ublished in vivo results with a–C–galcer assayed in
arious mouse models of disease will be offered. Lastly,
ere is a short discussion which surveys the interpreta-

ons used to rationalize the observed biological effects.

. Synthetic chemistry

The first synthesis of a–C–galcer 3, by Kotobuki
harma in 2002, was reported in the patent literature
]. The key synthetic step is a Wittig reaction between the
-galactosyl triphenylphosphonium ylide 4 and the
ldehyde derived from phytosphingosine 5 to afford 6

 low yield. Further straightforward elaboration was
eported to produce the desired a–C–galcer (Scheme 1a).

 is worthy to note that Dondoni in 2004 [7] described a

similar approach with the L-fucosyl Wittig reagent 7 and
the aldehyde 8. Analysis revealed that the Wittig
conditions had caused epimerization at the amine-
bearing carbon presumably at the aldehyde 8 precursor
stage, affording a 3:2 inseparable mixture of epimers 9
(Scheme 1b). Then in 2005, Annoura, in his report of a
synthesis of a C-galcer analog with a truncated sphingo-
sine chain (vide infra), asserted in a footnote that his group
could not reproduce the chemistry described in the
Kotobuki patent [8].

My Hunter group has described four different
approaches to a–C–galcer, the first route was published
in outline form in 2003 with a more detailed chemistry
disclosure following in 2004 [9]. This report featured a key
Ramberg-Backlund reaction of sulfone 10 which results in
a direct linkage of a protected galactose to a homophyto-
sphingosine affording C–galcer 11 which then requires
elaboration to the desired target 3 (Scheme 2).

This route requires more than 20 synthetic steps and
would require process development to be practical. The
synthesis of the homophytosphingosine element could be
shortened by several steps if one were to start with
commercially available phytosphingosine. But the key
Ramberg-Backlund step has become suspect because the
reagent C2Br2F4 is now on the ‘‘ozone list’’ and is no longer
commercially available; therefore a further exploration for
a suitable reagent would be required. Two reasonably
concise syntheses of 3 were then developed to ensure its
ready supply for testing once we had recognized its
potency (Scheme 3).

An olefin cross-metathesis between easily prepared a-
1-C-propenylgalactose 12 and vinylated phytosphingosine
13 affords alkene 14 which is simply processed to our
active a–C–galcer 3 and its alkene analog 15 [10]. The
novel feature of this route is the use of ethylene to promote
two metatheses in one pot: first C-propenylgalactose to C-
vinylgalactose, second-merger of vinylgalactose with vinyl
phytosphingosine. This facile scheme needs process
development as well because vinyl derivative 13 is
currently derived from a precursor aldehyde which is
very susceptible to epimerization (see above discussion of
the Dondoni route).

The second concise synthesis in our lab uses the Julia-
Kocienski reaction as the convergent step, linking
galactosyl aldehyde 16 and phytosphingosine sulfone
17 to produce alkene 18 and subsequently either 3 or 15.
We were pleasantly surprised to find that aldehyde
16 could survive the basic conditions of the condensa-
tion without epimerization or elimination. Using the
Charette modification of the Julia-Kocienski chemistry,
we were also able to obtain a usable quantity of the Z-
analog 19. Thus, we were able to test two alkene C-galcer
analogs in addition to the parent C-analog in our
bioassays [11].

Our fourth route, published in 2008, was linear in style
[12]; thus an epoxide 21, available in 3 steps from
aldehyde 20, is ring-opened to afford azide 22. Reduction
of the azide and protection of the resulting amide
precedes conversion of the primary alcohol of 22 to an
aldehyde. Then organometallic chemistry affords a
mixture of isomers 23, which, after separation, leads

ig. 1. A view of the interface of the proteins CD1d (green) and NKT

ceptor (blue and yellow) linked by O-galcer (red/gray) (reprinted from

] with permission).
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raightforwardly to a–C–galcer 3 and its 40 epimer
cheme 4). This route does open the way to diversifying
e phytosphingosine chain, but is hampered by its
earity and by problems with getting clean inversion

 the epoxide-opening step.
A fifth synthesis of a–C–galcer 3 has been described by

ipf [13]. This work is also linear in approach with
trogen introduction via organometallic chemistry of
lfone-imine 24, available from precursor aldehyde 20
scribed above. The product 25 is easily transformed to
e target 3.

A sixth synthesis has recently been reported by Bittman
4]. Sonogashira coupling of alkyne 26 with iodoalkene 27
fords phytosphingosine precursor 28. Introduction of the
maining oxygen and nitrogen functionality is done via

epoxide 29 and trichloroacetimidate 30. This last material
is rearranged to 31 which then is converted to alkyne
analog 32, or alternatively to 3 (Scheme 5).

In 2005, Annoura [8] reported the preparation of a
truncated phytosphingosine analog of 3. Coupling alkyne
26 directly with aldehyde 33, Annoura obtained alcohol 34
as a mixture of epimers. After separation, the major epimer
was simply converted into the truncated analog 35
(Scheme 6). Clearly, any phytosphingosine chain length
is accessible via the Wipf, Annoura and Bittman chemis-
tries.

An original and clever synthesis in this series is
described by Haudrechy [15]. Thus, the acyclic epoxide/
aldehyde 36 derived from galactose is smoothly condensed
with arabinose-derived alkyne 37 to afford alcohol analog

Scheme 1.



Scheme 3.

Scheme 4.

Scheme 2.
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 (Scheme 7). This material provides, in a few straight-
rward steps, ester analogs of a–C–galcer in place of the
pical amide function. If the initial condensation were to

 done with a ribose-derived alkyne, then presumably the
ohol product could be converted to an amine with

version of configuration to obtain entry into the ‘‘parent’’
lcer series.
There is an analogous regioisomeric construct to the C-

ycoside design/hypothesis which presumes that the
ranose ring O can be replaced by CH2 to prepare cyclitol
alogs of glycosides. This concept has been developed by
ori for galactosyl ceramides [16]. His research has led to
tive materials, but will not be reviewed here.

munostimulant effects of a–C–galcer

Our C-analogs have been studied in the mouse as a
evention agent for malaria, asthma, arthritis, and ocular
toimmunity, as a vaccine adjuvant in tuberculosis and

influenza, and with cancer in mice, either as a single
agent for prevention or as an adjuvant in monoclonal
antibody therapy. In almost every case, O-galcer has
been used as a positive control. The controls verifying
the necessity of NKT cells and APC cells with their proper
receptors, and the ability to produce the requisite
cytokines were carried out in all the studies described
below. In several reports, the C-galcer analogs have
displayed activity significantly superior to O-galcer, even
orders of magnitude better. In other cases superiority of
C-galcer was modest, or minimal difference was
observed between C- and O-galcer, within experimental
error. It is fair to say that in no case did O-galcer appear
to be a better immunostimulant in directly compared
assays. There are reports of O-galcer in other disease
models where C-galcer has yet to be tested. In general,
immunologists have classified responses to glycolipid
materials as being of two types, TH1 for infectious
diseases and cancer, TH2 in cases of autoimmune

Scheme 5.
Scheme 6.
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isease. The TH1 response is expected to be strong when
duced by IFNg and IL-12 while the TH2 effect is

ignaled for by IL-4. In those cases where a TH2
esponse, induced by IL-4 is determining, one would
xpect little or no effect to be stimulated by C-galcer or
ny of its analogs which uniformly do not promote IL-4
roduction. In the specific case of OCH, the O-analog
ith a truncated phytosphingosine initially was

eported to stimulate secretion of IL-4 but no other
ytokines. One would thus expect its effect on experi-
ental autoimmune encephalomyelitis to be superior to

-galcer which does not demonstrate IL-4 production.
owever, this prediction needs experimental verification
7].
The malaria studies were carried out by Tsuji et al. and

ere based on a prevention model [18]. Thus, adult mice
ere first dosed with either the O- or C-galcer. Then after an
terval of 10, 7, 4, or 1 day, the mice were challenged with

porozoites of P. yoeli, the stage of malaria which grows in

e liver. After a period of 40–42 hours to permit establish-
ent and growth of the sporozoites, the mice were

acrificed and their livers were assayed for the presence
f sporozoites. Table 1 shows the results which confirm a
lassic C-glycoside behavior; i.e. a longer term effect for a C-
ompared to O-glycoside. In this example, protection
gainst sporozoites was maintained by the C-galcer for

 days whereas the O-glycoside offered good protection for
nly 1 day. Perhaps more interesting, and not predictable, is

the dose / response comparison shown in Table 2 where the
C-glycoside is active at the nanogram level, 1000-fold more
potent than the O-glycoside. This is by far the most profound
C-glycoside effect ever reported. It should be noted that C-
galcer-protected mice, if not sacrificed, show no signs of
blood-stage malaria after several weeks.

The asthma studies in mice were conducted by Umetsu
et al. [19]. The asthma model in mice requires an initial
sensitization of the 6-week-old mouse with OVA followed
about 2 weeks later with a second sensitization by OVA
and then a challenge with methacholine. At this point
asthma-like symptoms occur. In the Umetsu protocol, the
O-and C-galcers are administered to 2-week-old suckling
mouse pups. The C-galcer 39 was used in this assay. Then
the sensitization/challenge protocol is followed and the 8-
week-old adult mice are observed for asthma symptoms.
The results show that the C-galcer is protective to a greater
extent than the O-galcer parent and a novel O-glucoside 40
originally isolated from Helicobacter pylori.

This last material is protective, but requires a 10-fold
higher dose than C-galcer. In parallel experiments, Umetsu
et al. showed that infection of the suckling mouse pups
with H3N1 influenza also protected the mouse from adult
asthma subsequent to antigen challenge. In a very
interesting extension of this protection scheme, an
adoptive transfer experiment was undertaken. Thus, NKT
cells were isolated from 8-week old mice that had been
protected at their 2-week suckling stage by C-galcer 39 or

Scheme 7.
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gal 40. These cells were injected into naive 8-week old
ice which were then challenged with allergen. The
otective effect was transferred with the cells. These data
ggest that the effects of C-galcer 39 and 40 are more
ofound than their stimulation of cytokine secretion upon
rmation of the ternary complex described above. There
ems to be a ‘‘memory effect’’ revealed in these
periments.
The effects of C-galcer in the mouse arthritis model

ere reported by Elewaut et al. [20]. The experiment uses a
llagen injection to initiate arthritis-like symptoms in the
ouse which is then treated with either O- or C-galcer
ays postchallenge. The animal is then observed for

velopment of disease. After displaying a full-blown
sease, the animal is euthanized and an autopsy is
rformed. Both O- and C-galcer were shown to ameliorate
e severity of the arthritis, with no major difference
tween the two ligands in their potency. The authors
stulate that the mechanisms of amelioration are

fferent because the levels of cytokines induced by the
ycolipids are different. If the galcer treatment were
layed till day 20 postchallenge, the galcers were no
nger effective.

Experiments with a mouse model of human autoim-
une uveitis have been described by Caspi et al. [21]. Mice
e treated with an interphotoreceptor retinoid-binding
otein (IRBP) with or without added glycolipid. After

 days, the eye fundus is examined for uveitis. With this
otocol, 18/18 control mice develop eye disease whereas
/18 mice contract eye disease when protected with O-
lcer. C-galcer limits disease to 9/18 animals and the
erall severity of disease is reduced.
The TB protection experiments were reported by

rcelli et al. [22]. The protocol uses BCG as a vaccine
ith or without incorporated glycolipid. The mouse is first
jected with the candidate vaccine followed by challenge

with an aerosol of TB 2 months after vaccination. Then the
mouse is sacrificed either 3 weeks or 6 weeks postchal-
lenge at which point the lungs and spleen are examined for
TB. Compared to control, all three drug formulations
reduced the amount of TB. Both O- and C-galcer –
enhanced BCG were more potent than BCG alone in
reducing quantifiable disease. However, in every case, the
vaccine combination efficacy diminished in the interval
between 3 and 6 weeks postchallenge, implying that
protection was only temporary. Interestingly, the C-galcer
revealed the greatest potency in the spleen at the 3-week
interval, more than twice the protective effect of BCG or
BCG-O-galcer. At the 6-week spleen assay, the C-galcer
remained the most potent. In the lungs, C-galcer was more
potent than the others at the 3-week assay and equipotent
with O-galcer at the 6-week assay.

The influenza vaccination tests were performed by
Kopecky-Bromberg et al. [23]. The vaccine was a live,
attenuated influenza virus which by itself at a dose of 104

PFU (plaque-forming units) protects mice from influenza
challenge 3 weeks post-vaccination. However, at lower
doses, the vaccine itself is not effective. When the
experiment is performed with vaccine supplemented with
C-galcer, a useful protection is observed. A series of dose-
response experiments revealed the following interesting
results. With a vaccine dose of 100 PFU complemented
with 1 mg of glycolipid, four of five mice survive the
challenge with wild-type influenza. A complement of 2 mg
of C-galcer only protected two mice while 4 mg did not
protect the mice, which all died. However, with larger
doses of vaccine, 103 and 104 PFU, the high-dose of C-galcer
did not lead to mouse death. In further dose-response
experiments where the vaccine component is lowered to
25 PFU, a complementary C-galcer supplement of 0.33 mg
protected four of five mice from influenza challenge, 1 mg
protected three mice and 0.11 mg or 3 mg protected only
one mouse. These data seem to suggest that C-galcer has a
positive low-dose effect on flu vaccine and a deleterious
high-dose effect. It is worthy of note that in the best
combination of vaccine (25 PFU) and C-galcer (0.33 mg),
the amount of vaccine required for mouse protection from
influenza is reduced by a factor of 40 (25 PFU vs. 1000 PFU).
By comparison, O-galcer has been tested similarly with a
flu vaccine, but with a protocol that uses three successive
weekly doses of vaccine/O-galcer prior to challenge. The
doses range from 0.125 mg to 2 mg of O-galcer. The results
of flu protection are about the same as for the C-galcer.
Interestingly, the 2 mg dose is a bit less effective than the
1 mg dose, suggesting the same kind of response curve with
both O- and C-galcers [24].

Two different varieties of experiments with O- and C-
galcer were done with cancer models. The Tsuji lab
described a prevention experiment [9]; mice are treated
with either C-galcer or O-galcer and then challenged with
melanoma cells. In this model the melanoma grows in the
lungs of the animal. After 3 weeks, the mice are sacrificed
and the lungs are examined visually for individual
melanoma black spots. A dose of 100 ng of C-galcer kept
the lungs free of melanoma, whereas a 10 ng dose was not
totally preventative. A 1 mg dose of O-galcer was about as
effective as the 10 ng dose of C-galcer. These results were
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dependently confirmed by the Steinman lab [25] (Fig. 2).
either glycolipid is useful against pre-established mela-
oma disease.

A cooperative and curative effect of C-galcer was
escribed by Smyth et al. [25a]. This group had shown
at a triple cocktail of monoclonal antibodies (anti-DR5/

nti-CD40/anti-4-1BB) could eliminate established kidney
r breast tumors in all or almost all mice in a test group,
hereas omission of anti-CD40, the most toxic of the three,

endered the cocktail ineffective. In the event of substitu-
on of the missing antibody by C-galcer at the 25 ng level,
e elimination of tumor was again observed with the

escue of four of five mice. By comparison, O-galcer at the
ame dose was not effective, but at an increased dose of
0 ng, three of five mice responded. In a related experi-
ent, the Smyth and Johnstone labs [25b] showed that the

ombination of mAbs anti-CD40 and anti-CD137 enhanced
e tumor regression behavior of the histone deacylase
hibitors vorinostat and panobinostat. Again, replace-
ent of anti-CD40 with C-galcer produced tumor regres-

ion (s.c. colon model). It is interesting to compare dosages.
anobinostat: 10 mg/kg everyday for 5 days, a 2-day break,
en repeat 5 days of dose. Antibodies: anti-CD40 25 mg

nd anti-CD137 100 mg every 4 days for a total of four
oses. C-galcer: 500 ng as per antibody schedule.

terpretive discussion

Prior to the completion of our synthesis of C-galcer and
s first immunology assays, our expectations for its
ctivity were based on the literature of C-glycoside analogs
f bioactive O-glycosides. The general consensus among
ractitioners was that the significant activity difference

between the C-glycoside and its O-glycoside ‘‘parent’’
compound would be that the C-analog, being stable to
cleavage, should have a similar but prolonged activity
compared to the O-glycoside [26]. Thus, in our own earlier
work in the 1990s and in a seminal paper by Bertozzi and
Bednarski which are typical [27], the C-analogs had very
similar activity to their O-glycoside lead compounds. There
has also been a literature discussion about the degree of
conformational similarity in the aglycone region of the C-
compared to O [28]. Clearly, the C-analog would have one
fewer H-bond acceptor and would lack both endo- and
exo-anomeric effects. But there had been no expectation
for a very large difference in biological activity between the
analog and the parent. Therefore, the results described
above for C-galcer were a pleasant surprise.

The first-order explanation for the difference in activity
between O- and C-analogs is that the C-glycoside has a
significant divergence from the ‘‘parent’’ O- in cytokine
profile. In a series of in vivo assays of all the C-analogs, their
IFNg levels were found to be higher than that for O-galcer,
about 2–4 fold at the best, along with a longer period of
secretion [29] (Fig. 3).

The IL-4 levels of the C-glycosides were barely detectable
in most cases and far lower than O-galcer. For C-galcer, IL-12
levels were 3–5 fold higher, again with a longer secretion
period than the O. Several labs attributed the improved
performance of C-galcer to the low levels of IL-4. Thus, it is
postulated that IFNg signals for a THI response of the
immune system whereas IL-4 signals for a TH2 response and
that the two signals are antagonistic. Since O-galcer causes
the production of both cytokines, it would be expected to be
less effective whereas the C-galcer, producing only IFNg,
presents a pure TH1 signal, hence more effective. This

ig. 2. Lungs of Balb mice 3 weeks after pre-challenge treatment with glycolipid followed by challenge with melanoma cells (reprinted from [9] with

ermission).
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pothesis was tested in the malaria system by Tsuji [18b].
us, a mutant strain of mouse that is unable to produce IL-4

as subjected to the malaria assay with O-galcer and C-
lcer. In the event, the C-galcer remains the better inhibitor

 sporozoite growth. In contrast, when a mutant mouse
hich is unable to produce IL-12 is used in the malaria assay,
en O-galcer and C-galcer are equally poor inhibitors of
orozoites. Thus, at least in the malaria example, the
pothesis of IL-4 / IFNg antagonism is not explanatory. The
ncer prevention experiment was also carried out with the
12 negative mutant mouse. Again, the C-galcer was no

nger a potent drug. Hence, the conclusion one is led to,
sed on these limited data, is that the signal by C-galcer for
creased IL-12 secretion is the basis for its improved
rformance.
For the structural explanation as to why C-galcers

esent a different cytokine pattern, it is not clear that its
esumed resistance to cleavage could be a cause. Another
stulate is that the difference in binding constant, either

of the ligand to the CD1d receptor or of the active ternary
complex can be an explanation. In fact, there seems to be a
weak correlation in the difference of activity between O-
and C-galcer in that the former ligand seems to be the
tighter binding ligand in the ternary complex, based on in
vitro data, but only signals for greater production of IL-4
but not for greater IL-12 or IFNg [30]. Interestingly, using
displacement experiments in vivo, both Steinman and
Kronenberg groups showed that the O-galcer was not a
stronger binder than C-galcer [25,31]. There is a correlation
in the different binding constants of human and mouse
CD1d/ligand/NKT complexes and cytokine levels for the C-
galcer ligands 41 and 42. Ligand 41 has a stronger binding
constant in the mouse in vitro assay and produces the
higher cytokine secretion, while ligand 42 with its stronger
binding in the human cell in vitro assay signals for the
higher cytokine secretion. In the C-gal series, such
differences may explain the weak effects on human NKT
cells of the parent C-galcer [32].

Fig. 3. Cytokine levels measured in sera of Balb mice after injection of glycolipid (reprinted from [30] with permission).
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There is a small structural difference between ternary
omplexes of O- and C-galcer as seen in their x-ray
tructures [33] (Fig. 4). The visible difference is in the
onformations in the 3}’ \hbox {,4}’ \hbox { hydroxyl region

 their phytosphingosine side-chains. This difference
eems to then be propagated in subtly different hydrogen
ond networks in the NKT receptor. The O-galcer may have

 weak H-bond to the anomeric O-link, which cannot exist
 the C-analog [34]. How these small structural differ-

nces then lead to different cytokine levels is not
xplainable at this time.

In conclusion, the C-galcer family has produced some
teresting synthetic chemistry and some surprising
munology effects. There are two goals for future

evelopment of the C-galcer family. First, for a C-galcer
 eventually become a drug, there needs to be a

emonstration of good immunology activity by a C-galcer
 mammals other than mice. It should be noted that O-

alcer has been the subject of a small number of human
linical trials. Although little positive effect was observed,

ere was the significant outcome that no toxic reactions to
e drug were detected [35]. Second, with a crystal

tructure of the ternary complex of C-galcer now available,
ere should be a design/synthesis effort to alter binding

nd the resulting hydrogen bonding network of the NKT
eceptor to try to gain a more thorough understanding of
hy C-galcer works so well, and thus to guide the

reparation of even more potent analogs.
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[15] (a) S. Guillarme, K. Plé, A. Haudrechy, J. Org. Chem. 71 (2006) 1015;

(b) A. Banchet-Cadeddu, S. Guillarme, E. Hénon, J.-H. Renault, V. Par-
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