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The glycosphingolipid a-GalCer has been found to influence mammalian immune system significantly
through the natural killer T cells. Unfortunately, the pre-clinical and clinical studies revealed several crit-
ical disadvantages that prevented the therapeutic application of a-GalCer in treating cancer and other
diseases. Recently, the detailed illustration of the CD1d/a-GalCer/NKT TCR complex crystal structural,
together with other latest structural and biological understanding on glycolipid ligands and NKT cells,
provided a new platform for developing novel glycolipid ligands with optimized therapeutic effects. Here,
we designed a series of novel aromatic group substituted a-GalCer analogues. The biological activity of
these analogues was characterized and the results showed the unique substitution group manipulated
the immune responses of NKT cells. Computer modeling and simulation study indicated the analogues
had unique binding mode when forming CD1d/glycolipid/NKT TCR complex, comparing to original
a-GalCer.

� 2010 Published by Elsevier Ltd.
1. Introduction

As a special sub-population of T cells, natural killer T (NKT) cell
expresses a T cell receptor (TCR) that can recognize glyco-
sphingolipids and other glycolipid antigens when they are being
presented by antigen presenting cells (APC) through a non-conven-
tional, MHC class I-like glycoprotein named as CD1d.1–3 NKT cells
have a broad influence on immune system due to the varied signals
emanating after being stimulated by antigens. Once being acti-
vated, the NKT cells will show a reciprocal signal pattern with a ra-
pid but strong secreting of Th1 and Th2 cytokines and other
chemokines in a short time period. Through these cytokines and
other signal molecules, the NKT cells involve in both innate and
adaptive immunity and regulate a broad range of immune re-
sponses. As the primary contact between NKT cells and APC, the
interaction among NKT TCR, glycolipid antigen and CD1d protein,
initiates and affects the outcome of NKT cell immune responses.

CD1d protein is a monomorphic protein and it can present dif-
ferent glycolipid antigens to be recognized by NKT TCR from differ-
ent individuals, even across species.4,5 It belongs to the CD1 family,
which includes five members in two different classes in human,
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such as Class I CD1 (CD1a, -b, -c) and Class II CD1 (CD1d and
CD1e). There is only a single type of CD1 protein in mouse, CD1d,
which is homologous to its human isoform.6–10

a-Galactosylceramide (a-GalCer) was originally discovered, and
named as agelasphins, by the Pharmaceutical Division of the Kirin
Brewery Company during a screen of components derived from
marine sponge Agelas mauritianus as a reagent to prevent tumor
metastases in mice.11,12 The most striking structural feature of
a-GalCer is the a linkage between the sugar and ceramide, which
is very uncommon in mammalian systems. Structure–activity rela-
tionship (SAR) studies resulted in an optimized ligand, KRN7000,
with an 18-carbon sphingosine and a 26-carbon acyl chain.13

a-GalCer can be readily loaded onto CD1d, and the CD1d/a-GalCer
complex on the surface of antigen presenting cells can be recog-
nized by the TCR of all types of NKT cells.14–16

a-GalCer has been extensively studied in preclinical studies and
clinical trials for treating cancer and various other diseases.13,15,17–

26 However, even the Phase I clinical trials proved that a-GalCer
was safe and immune-stimulatory, unfortunately, no optimistic re-
sponses in patients have been observed.27–29

Several reasons have been indentified to cause the failure of
a-GalCer in clinical trial, such as the much lower abundance of
NKT cells in human and the ineffectiveness in expanding NKT cells
in patients.27 Also, both the short response period and long term
anergy of NKT cells triggered by a-GalCer are not ideal for treating
some of the chronic diseases.27,30–35 The antagonizing effects of
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Th1 and Th2 cytokines released after a-GalCer induction is another
main factor impaired its clinical effects. So, a further modified
a-GalCer analogue with optimized cytokine releasing profile and
immune response would have a great therapeutic potential.

The crystal structures of CD1d/a-GalCer complex and CD1d/
a-GalCer/NKT TCR complex revealed a great amount of detail infor-
mation about the interactions among the proteins and glycolipid,
which would benefit the new analogue design.5,36 From the struc-
ture, a-GalCer interacts with CD1d and NKT TCR mainly through H-
bonds and it maintains the conformation by protruding only -OH
groups from galactose ring to the NKT TCR as its lipid tails burying
in the CD1d binding groove.

The a-GalCer maintains most of the key interactions with CD1d
protein through its ceramide moiety. The 3-OH and 4-OH on the
sphingosine chain both form critical H-bonds with CD1d.36,37

Meanwhile, the glycosidic linkage C10-O and the C20-OH on galact-
ose ring are also identified to interact with CD1d protein.36 An ex-
tra H-bond between C30-OH and CD1d as well as multi van der
Waals interactions were also characterized in some of other crystal
structures.37,38

The a-GalCer interacts with NKT TCR mainly through -OH
groups on galactose ring while CDR1a and CDR3a loops of NKT
TCR were found to play critical roles. The major interactions in-
clude the C20- and C40-OH groups forming H-bond with Gly96a,
Phe29a and C30-OH interacting with Ser30a.5

The structure–activity relationship study results are consistent
with the crystal structure studies. Modifications on sphingosine li-
pid -OH groups would change the binding affinity but not abolish-
ing the activity of a-GalCer while modifications on C20- and C30-OH
on galactose ring disrupted the complex and eliminated the activ-
ity of a-GalCer due to their critical interactions with CD1d and NKT
TCR, also the limited surrounding space.39–41 The modifications on
C60-OH of galactose ring did not interrupt the interaction inside the
complex as it points towards the solvent and surrounded by free
space.42

For the C40-OH group, it has been proved that modifications can
be tolerated on this group as it is not as critical as the C20-OH group
although it also maintains direct H-bond with NKT TCR in the com-
plex. The modified analogues showed varied immunogenicity
against NKT cells depending on the substitution groups.41,43

Based on these previous understandings on the interactions
among CD1d protein, a-GalCer, and NKT TCR, we designed a series
of novel NKT cell ligands with aromatic residues on C40 of a-GalCer,
expecting to introduce p–p stacking effects in the complex and
tune immunogenicity against NKT cells through the extra interac-
tion. Here, we are reporting the biological activity tests demon-
strated the modifications could manipulate the NKT cell immune
response as proposed. The modeling and simulation study revealed
the binding affinity change induced by the modification.
Figure 1. Structures of a-GalCer and novel C40 a
2. Results

The new aromatic a-GalCer analogues (structures shown in
Fig. 1) were synthesized and characterized as described in Section 5.
2.1. The in vitro stimulation from aromatic glycolipids against
NKT hybridoma cells

In the in vitro hybridoma assay, all three analogues showed sig-
nificant activity against different NKT hybridoma cell lines
(DN3A4-1.2, DN3A4-1.4 and N38-2H4) (Fig. 2A). Especially, the
compound Ar3-GSL showed an overall stronger stimulation than
a-GalCer in all three hybridoma cell lines, which is not common
for previous evaluated a-GalCer analogues. Meanwhile, the
compounds Ar2-GSL and Ar1-GSL were also showed strong stimu-
lation against certain hybridoma cell lines.

The analogues were presented to stimulate the hybridoma cells
directly by surface-bound CD1d protein in the plate-bound CD1d
presenting assay. As shown in Figure 2B, for both 1.2 and 2H4
hybridoma cell lines, the compounds Ar1-GSL and Ar3-GSL stimu-
lated stronger hybridoma responses than a-GalCer did, which
means the modified analogues Ar1-GSL and Ar3-GSL can be loaded
efficiently onto the CD1d protein and bind with NKT TCR with a
high binding affinity to trigger a strong NKT hybridoma response.

2.2. The in vivo stimulation profile of aromatic glycolipids

In the splenocytes stimulation assay, all three analogues still
showed significant stimulation activity (Fig. 3A). Among the ana-
logues, the compound Ar3-GSL exhibited an overall comparable
activity as a-GalCer, especially on Th2 (IL-4) cytokine, which indi-
cated the Ar3-GSL having certain Th2 cytokine preference. The
other two analogues are not as active as a-GalCer, except when
the stimulation concentration is very high (1000 ng/mL).

To evaluate their in vivo stimulation properties, the blood cyto-
kine profile was characterized after the mice being treated by the
analogues. Total 5 lg of each analogues and a-GalCer were iv in-
jected into C57BL/6 mice and the blood sample from each mouse
was collected at different time points (0, 2, 4, 6, 12, and 24 h after
injection). The cytokine (IFN-c for Th1; IL-4 for Th2) level in blood
serum was characterized by ELISA (Fig. 3B). All the analogues
showed a similar time-dependent cytokine stimulation profile as
a-GalCer. Specifically, for the Th1 cytokine, the blood IFN-c
concentration reached peak at 12 h after injection. Ar2-GSL and
Ar3-GSL reached a stronger Th1 peak than a-GalCer, even they
did not show superior stimulation in earlier time points. For the
Th2 cytokine, IL-4, Ar3-GSL showed exactly same time profile as
a-GalCer, reaching the peak stimulation 2 h after injection and
decreasing quickly. Impressively, Ar3-GSL stimulated a much
ryl-analogues with different length spacer.



Figure 2. The in vitro hybridoma stimulation by a-GalCer analogues. (A) Three NKT hybridoma cell lines (DN3A4-1.2, DN3A4-1.4, N38-2H4) were stimulated by cell A20/CD1
presented glycolipids. (B) Two NKT hybridoma cell lines (DN3A4-1.2, N38-2H4) were stimulated by plate-bounding CD1d protein presented glycolipids.

W. Zhang et al. / Bioorg. Med. Chem. 19 (2011) 2767–2776 2769
stronger Th2 cytokine releasing. For compounds Ar1-GSL and Ar2-
GSL, they showed an extended Th2 stimulation peak that main-
tained a significant Th2 level 4 h after initial injection. These re-
sults could be taken as the evidence of manipulated cytokine
releasing profile by the C40 position modification on a-GalCer.
3. Discussion

The information from crystal structure of CD1d/a-GalCer/NKT
TCR ternary complex and other related complexes, together with
the results from in vitro and in vivo biological studies, has showed
an insight into the recognition interactions between the glycolipid
antigen and involved functional proteins, especially the interac-
tions among the galactose sugar ring, TCR CDR loops, and CD1d
protein. Both the C20- and C30-OH groups forms critical H-bonds
with residues from CDR1a and CDR3a loops of NKT TCR and
CD1d protein. Most of the modifications on these two -OH groups
would abolish the H-bonds, change the binding orientation of
ligand and receptor, and overall eliminate the immunogenicity of
resulted ligands.5,44 On the other hand, the modification on the
C40-OH resulted a series of analogues with activity profiles varied
in a spectrum. The crystal structure also shows, although it forms
an H-bond with CDR1a loop, the C40-OH itself, like the C60-OH,
appears to be located in a much more open solvent-accessible cav-
ity, comparing to the buried position of C20- and C30-OH.5,41,43

The crystal structure revealed the presence of two aromatic res-
idues around the C40-OH position, Phe51a of TCR and Trp153 of
CD1d,5 which suggests the possibility of incorporating p–p stack-
ing interactions to increase the binding of glycolipid ligand to both
CD1d and TCR. To validate this hypothesis, the homology models of
several C40 position aromatic modified a-GalCer analogues were
created mainly based on the CD1d/a-GalCer/NKT TCR ternary
structure. Based on our previous study,45 the computer simulation
results confirmed the possibility of forming p–p stacking between
the aromatic rings from Phe51a and proposed C40 aromatic a-Gal-
Cer analogues while no such interaction was predicted for the aro-
matic ring from Trp153 of CD1d protein,45 which may be beneficial
for avoiding too much conformation disrupt from the extra
interaction.

Previous results illustrated that the presence of a bulky group
on the C40 position will abolish the immunogenicity, and the anti-
gen can be recognized by the NKT TCR only after the bulky group
being removed by glycosidase.5,41,43 The biological activity study



Figure 3. The in vivo immunogenicity profile of aromatic a-GalCer analogues. (A) The cytokines (IFN-c, IL-4) released by mouse splenocytes after being stimulated by
glycolipid antigens. (B) The time dependent pattern of cytokine (IFN-c, IL-4) level in mouse serum after iv treatment of glycolipids.
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proved that these aromatic analogues do have the immunogenicity
against the NKT cells. As all of the analogues showed significant
activity in varied assays, it means the introducing of aromatic rings
onto the C40 position of a-GalCer did not interrupt the basic bind-
ing and recognition among the glycolipid ligand, CD1d and NKT
TCR.

Through the data, it can be found that the aromatic substitution
at the C40 of a-GalCer affected the NKT cell function by altering the
binding affinity with CD1d and NKT TCR while the substitution still
kept the interactions strong enough for NKT cell stimulation. Both
the in vitro hybridoma stimulation and plate-bound CD1d present-
ing assay indicated the differences of cytokine releasing strength,
which is resulted by the different binding affinity that induced
by the aromatic modification groups. Especially in the plate-bound
CD1d presenting assay, the binding affinity would be the main fac-
tor causing the stimulation variations since the affects from the
antigen presenting cells were excluded by presenting the ligands
directly through plate-binding CD1d protein. As all the analogues
share a same ceramide moiety and the C40-OH on a-GalCer mainly
interacts with NKT TCR, the loading efficiency for each analogue
onto CD1d should also be similar. This means the hybridoma re-
sponses level of plate-bound CD1d presenting assay was majorly
determined by the binding strength between the presented ligands
and NKT TCR, which was affected by the modification on C40 group
in this case. For example, comparing to the very active compound
Ar3-GSL which has a 3-carbon linker between C40-O and the aro-
matic ring, the compound Ar2-GSL with a 2-carbon linker only
showed very limited stimulation. This indicates a correct linker
length for the aromatic ring to locate properly is very critical.
Meanwhile, the significant stimulation from the single-carbon lin-
ker compound Ar1-GSL should be partly credited to the compensa-
tion binding affinity from the extra carbonyl group on the linker
carbon.

In the in vivo splenocytes culture, the aromatic analogues
showed stimulation effects on both Th1 (IFN-c) and Th2 (IL-4)
cytokines, but, with weaker relative stimulation strength from
the hybridoma model and plate-bound CD1d presenting model,
comparing to the stimulation strength from a-GalCer. Among the
analogues, the compound Ar3-GSL is still superior to the others,
with the compound Ar1-GSL following, and then the compound
Ar2-GSL, which is consistent with the plate-bound CD1d present-
ing assay results. This result can be also taken as evidence that
the in vivo stimulation profile of NKT cell is related to the binding
property between glycolipid ligand and NKT TCR. The preference of
Th1 and Th2 cytokines for these analogues had not much differ-
ence from the a-GalCer although the analogues showed a slight
Th2 preference comparing the relative strength against a-GalCer.

In the in vivo mouse stimulation, the analogue compounds gave
a similar blood Th1 cytokine (IFN-c) profile as a-GalCer did,
although with strength variations, when some of the analogues
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changed significantly on the profile of Th2 cytokine (IL-4) (Fig. 3B).
The compound Ar3-GSL showed the most significant IL-4 stimula-
tion while the time pattern is still same as a-GalCer’s. The com-
pounds Ar1-GSL and Ar2-GSL both gave a lower but broader peak
which indicates they extended the stimulation retention on Th2
cytokine. This could be caused by the changed metabolism process
of the analogues due to the modification, or, by the binding affinity
change, which is more reasonable here as the both analogues did
not show time dependent profile change on Th1 cytokine.

Molecular modeling and simulation were also applied to further
characterize the interaction among ligands and proteins. Since the
first crystal structure of CD1d/NKT TCR complex (2PO6) was pub-
lished, five more crystal structures have been solved with mCD1d
or varying the chains of NKT TCR. All the crystal structures showed
a similar binding footprint implying that the interaction between
CD1d and TCR is more of a lock-and-key interaction rather than
an induced-fit interaction.46 A 3D alignment of all the crystal struc-
tures verified this observation. More importantly, different ligands
were shown to induce small conformational changes in TCR upon
TCR binding to ensure that the correct binding footprint would
be formed, and that these minor changes could potentially explain
the weaker potency of the ligands.46

Molecular dynamics simulations were used to determine the
cause in the varying cytokine profiles of the different ligands of
a-GalCer, Ar1-GSL, Ar2-GSL, and Ar3-GSL. The experimental proce-
dures utilized mCD1d to present the four ligands to NKT-TCR.
Therefore, a new model had to be created to analyze the experi-
mental results since no crystal structure exists of mCD1d bound
to the human NKT-TCR protein possessing the NKT15a and b
chains. The difference between mCD1d and hCD1d as well as their
respective NKT-TCR proteins has everything to do with the lack of
Figure 4. The aligned crystal structures of mCD1d and hCD1d presenting a-GalCer to t
difference between the two crystal structures lies in the fact that the mCD1d structure lac
area representation of hCD1d shows that there may be enough space between the resid

Figure 5. The binding footprints of Ar2-GSL and Ar3-GSL complexes after 200 ps of mo
flexibility and length to form p–p interactions with Phe51a, whereas in Ar3-GSL, the thre
causes the loss of hydrogen bonds involving Glu83 for Ar2-GSL or the maintaining and
forming of such non-covalent interactions between the two proteins is a possible expla
aromatic residues lying posterior to the 40-OH of a-GalCer (Fig. 4).
The new model possessed the Phe51a on the CDR loop directly
above a-GalCer but lacked the Trp153 amino acid on CD1d directly
below the 40-OH of a-GalCer. This model underwent an energy
minimization followed by the modification of the a-GalCer ligand
to yield Ar1-GSL, Ar2-GSL, and Ar3-GSL and then a subsequent
minimization. The two complexes of mCD1d/Ar2-GSL and Ar3-
GSL/TCR then underwent a 200 picosecond molecular dynamics
simulation in implicit solvent to see whether any conformational
changes could be induced by different 40- substituents.

The molecular dynamics simulations were able to show minute
conformational changes that can potentially explain the varying
cytokine profiles of Ar2-GSL and Ar3-GSL (Fig. 5). The 2 carbon lin-
ker on Ar2-GSL is just flexible and long enough to form the pre-
dicted p–p stacking interactions with Phe51a. On the other
hand, the 3 carbon linker of Ar3-GSL creates a length that is too
long to interact with Phe51a, and its presence only displaces
Phe51a slightly from its crystal conformation. All the hydrogen
bonds between the ligands and the two proteins are maintained,
therefore, the added non-covalent p–p interaction should add to
the binding energy in the complex. Non-covalent p–p interactions
have been shown to have binding energies of 1–3 kcal/mol with
substituents on the aromatic rings being able to increase binding
energies by 1 kcal/mol.47 However, the experimental results show
that Ar3-GSL is a more potent ligand than Ar2-GSL.

The early computational studies performed in our laboratory
showed that different ligands were capable of inducing slight
changes in the binding footprint of CD1d and TCR.45 The binding
footprint of Ar2-GSL was found to possess very small differences
from Ar3-GSL even after only the 200 ps simulation (Fig. 5). The
Tyr48b lost its hydrogen bond with Glu83 on CD1d more than
heir respective NKT-TCR proteins, PDB ID 3HE6 and 2PO6, respectively. The major
ks both aromatic residues that sit behind the 40-OH position of a-GalCer. The surface
ues for potential interactions with a substituent group on the 40-position.

lecular dynamics simulations. The two-carbon linker on Ar2-GSL provides enough
e-carbon linker is too long. However, the slight displacement of TCR for both ligands
formation of new hydrogen bonds involving Glu83 for Ar3-GSL. The breaking and

nation for the potency of the ligands.



Scheme 1. Preparation of the ceramide acceptor.
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likely due to a tilting upward of TCR upon formation of the p–p
interaction. For Ar3-GSL, this hydrogen bond was maintained as
well as Arg103a swinging over to form an additional hydrogen
bond with Glu83. The gaining of the p–p non-covalent interaction
can not compensate for the loss of a hydrogen bond since each
hydrogen bond will contribute between 2 and 7 kcal/mol energy
to the overall binding energy.48 Since both compounds are still
capable of eliciting a cytokine response, the binding footprint has
to be maintained for both. The difference in their cytokine profiles
though will more than likely be due to slight changes in the TCR
protein upon binding causing the breaking or formation of novel
non-covalent interactions.

This result would further extend the understanding on how
the binding affinity between CD1d presented glycolipid ligands
and NKT TCR could affect the NKT cell response. The recognition
and binding affinity between sugar moiety of glycolipid ligand
and NKT TCR could affect the NKT cell response pattern as it
would affect the stability of CD1d/glycolipid/NKT TCR complex.
The overall in vivo effects on NKT cell response include the re-
sponse strength and also the cytokine preference. Moreover, it
also includes the time profile of NKT cell response as the modifi-
cation on the analogues could not only change the space fitting
and binding strength, but also the time-dependent manipulation
of binding partners’ on-and-off ratio.

In summary, we developed and synthesized a novel type of gly-
colipid ligands with the help from previous understandings on
structure and activity properties. From the new group analogues,
we further illustrated how the structure of glycolipid ligands, espe-
cially the sugar moiety, would affect the NKT cell immune re-
sponse. The introducing of aromatic group on the C40 position
with suitable linker does not block the NKT TCR recognizing ligand.
Instead, it increased the interaction affinity of ligand with NKT TCR
by p–p stacking and thus changed the profile of cytokine releasing
both in strength and time-dependence. These results provide a
new understanding of NKT response and give some guide on the
future utility of glycosphingolipids in clinical trials.

4. Conclusion

We designed and synthesized a series of aromatic modified a-
GalCer analogues. The biological activity study proved the immu-
nogenicity of these novel analogues. Our results also showed the
p–p stacking effects introduced by the aromatic substitution group
altered the immunogenicity profile of a-GalCer, which could help
to explore the potential therapeutic application of glycolipids.

5. Experiment and materials

5.1. General information for cell culture and compounds
synthesis

All solvents were dried with solvent-purification system from
Innovative Technology, Inc. All reagents were obtained from com-
mercial sources and used without further purification. Analytical
TLC was carried out on Silica Gel 60 F254 aluminum-backed plates
(E. Merck). The 230–400 mesh size of the same absorbent was uti-
lized for all chromatographic purifications. 1H and 13C NMR spectra
were recorded at the indicated field strengths. The high-resolution
mass spectra were collected at The Ohio State University Campus
Chemical Instrumentation Center.

The A20/CD1cell and hybridoma cells49,50 are maintained in
RPMI-1640 (Gibco, CA, USA) with 10% FBS (Gibco, CA, USA) and
antibiotics. The cell culture was always maintained in a CO2 incu-
bator at 37 �C with 5% CO2. The synthetic glycolipid compounds
were dissolved in DMSO as stock solution and then diluted with
medium to the indicated working concentrations.
5.2. Preparation of the ceramide acceptor

5.2.1. (2S,3S,4S)-2-Azido-octadecan-1,3,4-triol (2)
As shown in Scheme 1, to a mixture solution of CH2Cl2 (5 mL)

and H2O (5 mL) containing NaN3 (2.05 g, 31.5 mmol) cooled at
0 �C was added dropwise of Tf2O (1.1 mL, 6.3 mmol) in 20 min.
After addition the resulting mixture was continued stirring for
3 h. The organic layer was separated and the aqueous was ex-
tracted with CH2Cl2 (2 � 2 mL). The combined organic layer was
washed with saturated Na2CO3 aqueous.

To a suspension of phytosphingosine 1 (1.0 g, 3.1 mmol), K2CO3

(2.18 g, 15.8 mmol) and Cu2SO4 (20 mg) in a mixture of MeOH
(4 mL) and H2O (3 mL) were added the above organic layer which
contained TfN3. More MeOH was added to make the mixture to be
a homogenous solution. The reaction mixture was stirred over-
night at room temperature. The organic solvent was removed in
vacuo. The aqueous was extracted with ethyl acetate. After dried
over anhydrous Na2SO4, it was purified by silica gel flash chroma-
tography (1:1 EtOAc–hexane) to give 0.96 g of product 2 in 89%
yield. 1H NMR (400 MHz, CDCl3): d 4.02 (dd, J = 11.6, 5.2 Hz, 1H),
3.92 (dd, J = 11.6, 4.4 Hz, 1H), 3.82 (m, 1H), 3.78 (m, 1H), 3.69 (m,
1H), 1.64–1.54 (m, 3H), 1.46–1.28 (m, 23H), 0.91 (t, J = 6.8 Hz,
3H); 13C NMR (100 MHz, CDCl3): d 74.8, 72.6, 63.4, 62.0, 32.0,
31.9, 29.6, 29.5, 29.3, 25.7, 22.6, 14.0.

5.2.2. (2S,3S,4S)-2-Azido-3,4-di-O-benzyl-octadecan-1,3,4-triol (3)
A solution of azido-sphingosine 2 (0.40 g, 1.2 mmol), trityl

chloride (1.3 g, 4.7 mmol) and catalytic amount of DMAP in dry
pyridine (5 mL) was stirred at 50 �C for 10 h. The reaction mixture
was diluted with CH2Cl2, and washed with cooled 1 N HCl, satu-
rated aqueous NaHCO3 and brine. The organic layer was dried
over anhydrous Na2SO4 and concentrated. The residue was then
dissolved in dry DMF (6 mL) and then treated with 60% NaH
(106 mg, 2.6 mmol) for 10 min. BnCl (0.30 mL, 2.6 mmol) was
added by syringe and the reaction was stirred overnight. After
the solvent was removed in vacuo, the residue was dissolved in
water, extracted with ethyl ether. The organic extraction was con-
centrated and then dissolved in a mixture of CH2Cl2 and MeOH
(2:1, 9 mL). pTsOH�H2O (95 mg, 0.5 mmol) was added and the
reaction was stirred for 1 h at room temperature. After concen-
trated, the residue was purified by silica gel flash chromatography
(1:6 EtOAc–hexane) to give 0.43 g of acceptor 3 in 68% yield for
three steps. 1H NMR (500 MHz, CDCl3): d 7.37–7.28 (m, 10H),
4.73 (d, J = 11.3 Hz, 1H), 4.69 (d, J = 11.3 Hz, 1H), 4.65 (d,
J = 11.4 Hz, 1H), 4.59 (d, J =11.4 Hz, 1H), 3.92 (dd, J = 11.7,
5.1 Hz, 1H), 3.82 (dd, J = 11.7, 5.1 Hz, 1H), 3.73 (m, 1H), 3.70 (m,
1H), 3.66 (m, 1H), 1.71 (m, 1H), 1.59 (m, 1H), 1.45 (m, 1H),
1.37–1.27 (m, 23H), 0.91 (t, J = 6.8 Hz, 3H); 13C NMR (125 MHz,
CDCl3): d 138.0, 137.7, 128.6, 128.5, 128.1, 128.03, 128.0, 127.9,
80.5, 79.0, 73.7, 72.6, 63.1, 62.3, 32.0, 30.3, 29.7, 29.68, 29.6,
29.59, 29.4, 25.5, 22.7, 14.1.
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5.3. Preparation of 4-hydroxyl glycolipid

5.3.1. 2,3-Di-O-benzyl-4,6-O-benzyliden-a-D-galactopyranosyl-
(1,1)-(2S,3S,4R)-2-azido-3,4-di-O-benzyl-octadecan-1,3,4-triol
(5)

As shown in Scheme 2, Powered 4 Å molecule sieves (3.0 g)
were added to a stirred solution of benzylidene protected trichlo-
roacetimide donor 4 (1.25 g, 2.10 mmol) and azido lipid 3 (1.00 g,
1.91 mmol) in fresh dried CH2Cl2 (20 mL). After 30 min, the mix-
ture was cooled to �40 �C, TMSOTf (57 lL, 0.27 mmol) was added
by syringe and the resulting mixture was stirred for 2 h. The reac-
tion was quenched by addition of Et3N (0.2 mL), and the mixture
was filtered through Celite pad. The filtered was concentrated
and purified by column chromatography with hexane/ethyl acetate
(8:1) to give 1.35 g of product in 74% yield. 1H NMR (500 MHz,
CDCl3) d 7.56–7.24 (m, 25H), 5.48 (s, 1H), 5.00 (d, J = 3.4 Hz, 1H),
4.89 (d, J = 11.8 Hz, 1H), 4.84 (d, J = 12.4 Hz, 1H), 4.77 (d,
J = 12.4 Hz, 1H), 4.70 (d, J = 12.1 Hz, 1H), 4.69 (d, J = 11.3 Hz, 1H),
4.64 (d, J = 11.6 Hz, 1H), 4.61 (d, J = 11.8 Hz, 1H), 4.53 (d,
J = 11.6 Hz, 1H), 4.19 (d, J = 3.2 Hz, 1H), 4.13 (dd, J = 10.3, 3.4 Hz,
1H), 4.10 (d, J = 11.5 Hz, 1H), 4.06 (dd, J = 10.4, 3.3 Hz, 1H), 4.03
(d, J = 7.9 Hz, 1H), 3.91 (d, J = 12.0 Hz, 1H), 3.78–3.72 (m, 3H),
3.66 (m, 1H), 3.60 (br, 1H), 1.70 (m, 1H), 1.57 (m, 1H), 1.44 (m,
1H), 1.34–1.25 (m, 23H), 0.92 (t, J = 6.9 Hz, 3H); 13C NMR
(125 MHz, CDCl3) d 138.8, 138.4, 138.1, 137.9, 128.9, 128.4,
128.38, 128.3, 128.2, 128.1, 127.9, 127.8, 127.78, 127.73, 127.70,
127.6, 127.5, 127.48, 126.4, 101.1, 99.2, 79.5, 79.0, 75.9, 75.5,
74.7, 73.8, 73.5, 72.1, 72.0, 69.4, 68.5, 63.0, 61.7, 31.9, 30.1, 29.8,
29.7, 29.68, 29.66, 29.6, 29.4, 25.5, 22.7, 14.1; HRMS calcd for
C59H75N3O8Na ([M+Na]+) 976.5446, found 976.5467.

5.3.2. 2,3,6-Tri-O-benzyl-a-D-galactopyranosyl-(1,1)-(2S,3S,4R)-
2-azido-3,4-di-O-benzyl-octadecan-1,3,4-triol (6)

Powered 4 Å molecular sieves (0.5 g) were added to a stirred
solution of compound 5 (395 mg, 0.41 mmol) in freshly dried
CH2Cl2 (5 mL). After 30 min, the mixture was cooled to �78 �C, Et3-

SiH (0.20 mL, 1.24 mmol) and TfOH (72 lL, 0.82 mmol) were added
by syringes respectively. The reaction mixture was stirred for 2 h at
�78 �C and then was quenched by addition of solid NaHCO3 (0.5 g)
and MeOH (1 mL). The mixture was allowed to warm to room tem-
perature and filtered through a Celite pad. The solids were washed
three times with CH2Cl2. The combined filtrates were washed with
saturated aqueous NaHCO3 and brine. After dried over anhydrous
Na2SO4, filtered and concentrated, the residue was purified by col-
umn chromatography with hexane/ethyl acetate (5:1) to give
368 mg of product as colorless oil in 94% yield. 1H NMR
(500 MHz, CDCl3) d 7.42–7.25 (m, 25H), 4.94 (d, J = 2.8 Hz, 1H),
4.82 (d, J = 11.7 Hz, 1H), 4.81 (d, J = 12.0 Hz, 1H), 4.75 (d,
Scheme 2. Preparation of
J = 11.7 Hz, 1H), 4.71 (d, J = 12.4 Hz, 1H), 4.70 (d, J = 11.5 Hz, 1H),
4.67 (d, J = 11.4 Hz, 1H), 4.61 (d, J = 11.6 Hz, 1H), 4.59 (d,
J = 11.9 Hz, 1H), 4.55 (d, J = 12.2 Hz, 1H), 4.53 (d, J = 11.6 Hz, 1H),
4.10 (m, 1H), 4.08 (dd, J = 10.3, 1.9 Hz, 1H), 3.97 (t, J = 5.9 Hz,
1H), 3.95 (m, 2H), 3.80–3.75 (m, 3H), 3.72 (m, 1H), 3.68–3.64 (m,
2H), 2.67 (br, 1H), 1.70 (m, 1H), 1.58 (m, 1H), 1.44 (m, 1H), 1.36–
1.25 (m, 23H), 0.93 (t, J = 6.7 Hz, 3H); 13C NMR (125 MHz, CDCl3)
d 138.6, 138.5, 138.2, 138.16, 138.0, 128.5, 128.4, 128.37, 128.35,
128.3, 127.9, 127.8, 127.7, 127.68, 127.6, 98.4, 79.4, 79.1, 77.5,
75.7, 73.8, 73.6, 73.2, 72.6, 72.0, 69.6, 68.9, 68.1, 68.1, 62.0, 32.0,
30.0, 29.8, 29.74, 29.72, 29.70, 29.68, 29.65, 29.4, 25.4, 22.7, 14.2;
HRMS calcd for C59H77N3O8Na ([M+Na]+) 978.5603, found
978.5589.

5.4. Preparation of Ar1-GSL

5.4.1. 4-O-Benzoyl-2,3,6-tri-O-benzyl-a-D-galactopyranosyl-
(1,1)-(2S,3S,4R)-2-azido-3,4-di-O-benzyl-octadecan-1,3,4-triol
(7)

As shown in Scheme 3, to a solution of alcohol 6 (80 mg,
0.084 mmol), Et3N (19 lL, 0.14 mmol) and catalytic amount of
DMAP in dry CH2Cl2 (2 mL) was added BzCl (14 lL, 0.12 mmol).
The resulting mixture was stirred for 3 h at room temperature
and then diluted with CH2Cl2 (10 mL), washed with brine. The or-
ganic layer was dried over anhydrous Na2SO4, filtered and concen-
trated in vacuo. The residue was purified by column
chromatography with hexane/ethyl acetate (12:1) to give 82 mg
of product in 92% yield. 1H NMR (500 MHz, CDCl3) d 8.06 (d,
J = 7.5 Hz, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.48 (t, J = 7.7 Hz, 2H),
7.38–7.22 (m, 25H), 5.88 (d, J = 2.1 Hz, 1H), 5.01 (d, J = 3.3 Hz,
1H), 4.89 (d, J = 11.4 Hz, 1H), 4.84 (d, J = 10.0 Hz, 1H), 4.73–4.60
(m, 6H), 4.53 (d, J = 11.4 Hz, 1H), 4.51 (d, J = 11.6 Hz, 1H), 4.41 (d,
J = 11.9 Hz, 1H), 4.24 (t, J = 6.2 Hz, 1H), 4.16 (dd, J = 10.1, 3.1 Hz,
1H), 4.11 (d, J = 9.3 Hz, 1H), 3.97 (dd, J = 10.0, 3.4 Hz, 1H), 3.83–
3.78 (m, 3H), 3.65 (m, 1H), 3.54 (d, J = 6.3 Hz, 2H), 1.70 (m, 1H),
1.58 (m, 1H), 1.44 (m, 1H), 1.37–1.26 (m, 22H), 0.93 (t, J = 6.8 Hz,
3H); 13C NMR (125 MHz, CDCl3) d 165.8, 138.6, 138.5, 138.2,
137.8, 133.0, 130.1, 129.9, 128.38, 128.37, 128.34, 128.25, 128.21,
127.92, 127.91, 127.87, 127.76, 127.70, 127.64, 127.61, 127.5,
127.4, 98.9, 79.4, 79.0, 76.2, 75.2, 73.8, 73.6, 73.5, 72.0, 71.8,
68.8, 68.7, 68.5, 61.9, 32.0, 30.0, 29.8, 29.74, 29.72, 29.70, 29.68,
29.66, 29.4, 25.4, 22.7, 14.2; HRMS calcd for C66H81N3O9Na
([M+Na]+) 1082.5865, found 1082.5829.

5.4.2. Ar1-GSL
Triphenylphosphine (12 mg, 0.045 mmol) was added to a solu-

tion of azide 7 (42 mg, 0.039 mmol) in benzene (3 mL) and water
(0.1 mL). The reaction mixture was stirred at 50 �C for 10 h. The
4-hydroxyl glycolipid.
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solvent was evaporated under reduced pressure and azeotroped
with benzene (2 � 10 mL). Then it was dissolved in dry THF
(2 mL) and treated with cerotic acid (18 mg, 0.045 mmol) and EDCI
(9 mg, 0.047 mmol). After stirring for 10 h at room temperature,
the solvent was evaporated and the residue was partitioned be-
tween CH2Cl2 (10 mL) and water (10 mL). The organic layer was
separated and dried over Na2SO4. After concentrated, the residue
was purified by silica gel flash chromatography (1:3 EtOAc–hex-
ane) to provide 34 mg as foam.

A suspension of the above product (34 mg, 0.024 mmol) and
5 mg of Pd(OH)2 in EtOH/CH2Cl2 (3:1, 3 mL) was shaken for 4 h un-
der H2 atmosphere (40 psi). The catalytic Pd/C was filtered off
through a Celite pad and the filtrate was concentrated to give
18 mg of product in 44% yield as powder. HRMS calcd for
C57H103NO10Na ([M+Na]+) 984.7474, found 984.7502.

5.5. Preparation of Ar2-GSL

5.5.1. 4-O-Phenylethyl-2,3,6-tri-O-benzyl-a-D-galactopyranosyl-(1,
1)-(2S,3S,4R)-2-azido-3,4-di-O-benzyl-octadecan-1,3,4-triol (8)

As shown in Scheme 4, a solution of alcohol 6 (114 mg,
0.12 mmol) and 2-phenylethyl iodide (0.17 mL, 1.2 mmol) in dry
DMF (2 mL) was treated with Ag2O (220 mg, 0.95 mmol) at 90 �C
for 10 h. After cooled to room temperature, the mixture was di-
luted with ethyl acetate (10 mL), washed twice with water and
then brine. The organic layer was dried over anhydrous Na2SO4, fil-
tered and concentrated in vacuo. The residue was purified by col-
umn chromatography with hexane/ethyl acetate (15:1) to give
24 mg of product in 19% yield and recover 83 mg of compound 6.
Scheme 4. Preparat
HRMS calcd for C67H83N3O8Na ([M+Na]+) 1082.6229, found
1082.6257.

5.5.2. Ar2-GSL
Triphenylphosphine (8 mg, 0.030 mmol) was added to a solu-

tion of azide 8 (20 mg, 0.018 mmol) in benzene (3 mL) and water
(0.1 mL). The reaction mixture was stirred at 50 �C for 10 h. The
solvent was evaporated under reduced pressure and azeotroped
with benzene (2 � 10 mL). Then it was dissolved in dry THF
(2 mL) and treated with cerotic acid (8 mg, 0.020 mmol) and EDCI
(4 mg, 0.020 mmol). After stirring for 10 h at room temperature,
the solvent was evaporated and the residue was partitioned be-
tween CH2Cl2 (10 mL) and water (10 mL). The organic layer was
separated and dried over Na2SO4. After concentrated, the residue
was purified by silica gel flash chromatography (1:4 EtOAc–hex-
ane) to provide 14 mg of product.

A suspension of the above product (14 mg, 0.01 mmol) and
5 mg of Pd(OH)2 in EtOH/CH2Cl2 (3:1, 2 mL) was shaken for 4 h un-
der H2 atmosphere (40 psi). The catalytic Pd/C was filtered off
through a Celite pad and the filtrate was concentrated to give
6 mg of product as powder in 35% yield for three steps. HRMS calcd
for C58H107NO9Na ([M+Na]+) 984.7838, found 984.7806.

5.6. Preparation of Ar3-GSL

5.6.1. 4-O-Phenylpropyl-2,3,6-tri-O-benzyl-a-D-galactopyranosyl-
(1,1)-(2S,3S,4R)-2-azido-3,4-di-O-benzyl-octadecan-1,3,4-triol (9)

As shown in Scheme 5, a solution of alcohol 6 (126 mg,
0.13 mmol) in dry DMF (2 mL) was treated with 60% NaH (8 mg,
ion of Ar2-GSL.
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W. Zhang et al. / Bioorg. Med. Chem. 19 (2011) 2767–2776 2775
0.30 mmol) for 30 min. 3-Iodopropylbenzene (30 lL, 0.18 mmol)
was added via syringe. The resulting mixture was stirred overnight.
After diluted with ethyl acetate (10 mL), the mixture was washed
twice with water and then brine. The organic layer was dried over
anhydrous Na2SO4, filtered and concentrated in vacuo. The residue
was purified by column chromatography with hexane/ethyl ace-
tate (15:1) to give 111 mg of product in 79% yield. 1H NMR
(500 MHz, CDCl3) d 7.39–7.17 (m, 30H), 4.94 (d, J = 3.3 Hz, 1H),
4.48 (d, J = 12.1 Hz, 1H), 4.81 (d, J = 12.1 Hz, 1H), 4.74–4.69 (m,
3H), 4.66 (d, J = 11.4 Hz, 1H), 4.61 (d, J = 11.5 Hz, 1H), 4.54 (d,
J = 8.8 Hz, 1H), 4.51 (d, J = 8.5 Hz, 1H), 4.46 (d, J = 11.8 Hz, 1H),
4.06–4.02 (m, 2H), 4.01–3.92 (m, 3H), 3.83 (m, 1H), 3.78–3.75
(m, 3H), 3.70–3.64 (m, 2H), 3.56–3.50 (m, 2H), 2.67 (t, J = 7.7 Hz,
2H), 1.90 (m, 2H), 1.70 (m, 1H), 1.58 (m, 1H), 1.44 (m, 1H), 1.36–
1.26 (m, 23H), 0.93 (t, J = 6.9 Hz, 3H); 13C NMR (125 MHz, CDCl3)
d 142.2, 138.83, 138.80, 138.5, 138.2, 138.0, 128.5, 128.41,
128.36, 128.30, 128.28, 128.25, 127.9, 127.8, 127.71, 127.68,
127.59, 127.50, 127.45, 127.41, 125.68, 98.8, 79.4, 79.0, 78.7,
76.3, 75.8, 73.7, 73.5, 73.3, 72.9, 72.7, 72.1, 69.7, 68.8, 68.5, 62.0,
32.4, 32.0, 31.9, 30.0, 29.8, 29.74, 29.69, 29.67, 29.65, 29.4, 25.5,
22.7, 14.1; HRMS calcd for C68H87N3O8Na ([M+Na]+) 1096.6385,
found 1096.6369.

5.6.2. Ar3-GSL
Triphenylphosphine (10 mg, 0.040 mmol) was added to a solu-

tion of azide 9 (35 mg, 0.033 mmol) in benzene (3 mL) and water
(0.1 mL). The reaction mixture was stirred at 50 �C for 10 h. The
solvent was evaporated under reduced pressure and azeotroped
with benzene (2 � 10 mL). Then it was dissolved in dry THF
(2 mL) and treated with cerotic acid (14 mg, 0.035 mmol) and EDCI
(7 mg, 0.037 mmol). After stirring for 10 h at room temperature,
the solvent was evaporated and the residue was partitioned be-
tween CH2Cl2 (10 mL) and water (10 mL). The organic layer was
separated and dried over Na2SO4. After concentrated, the residue
was purified by silica gel flash chromatography (1:3 EtOAc–hex-
ane) to provide 26 mg of product.

A suspension of the above product (26 mg, 0.018 mmol) and
6 mg of Pd(OH)2 in EtOH/CH2Cl2 (3:1, 3 mL) was shaken for 4 h un-
der H2 atmosphere (40 psi). The catalytic Pd/C was filtered off
through a Celite pad and the filtrate was concentrated to give
14 mg of product as powder in 43% yield for three steps. HRMS
calcd for C59H109NO9Na ([M+Na]+) 998.7995, found 998.8012.

5.7. NKT hybridoma stimulation assay

As described before,51 100,000 A20/CD1 cells was pulsed over-
night by the glycolipid compounds at different concentrations
(1000 ng mL�1, 100 ng mL�1, 10 ng mL�1 and 1 ng mL�1) in a total
volume of 100 lL. After washed with medium, the pulsed A20/
CD1 cells were mixed with 50,000 hybridoma cells and co-cultured
in total volume of 200 lL. The supernatant was collected for IL-2
ELISA after another 24–48 h as described.51

5.8. Plate-bound CD1d presenting assay

The assay was carried out according to previous published pro-
cedure.52 First, each well of the 96-well plate was coated by 0.5 lg
mice CD1d protein (BD Pharmingen, CA, USA) in 100 lL pH 7.4 PBS
at 37 �C for 2 h. Glycolipid antigens in gradient concentrations
(1000, 100, 10, and 1 ng/mL in total volume of 100 lL) were then
incubated in the coated wells for 24 h. After washing out the com-
pounds, 1.0 � 105 NKT hybridoma cells was cultured in each trea-
ted well for 24 h. The supernatant was collected and the IL-2
concentration was measured by ELISA as described.

5.9. In vitro splenocytes stimulation assay

Fresh extracted spleens from 6 week C57BL/6 mice were grin-
ded down to single cell suspension. For each well, 1.0 � 106 cells
were cultured with glycolipid antigen at different concentrations
as indicated in a 200 lL total volume. The mixtures were cultured
for 72 h at 37 �C before the supernatants were collected. The IFN-c
and IL-4 concentration in the supernatants was measured by ELISA.

5.10. In vivo cytokine stimulation

All the animal housing and handling procedures were executed
according to the animal usage protocol approved by The Ohio State
University. Male C57BL/6 mice (4–6 weeks, The Jackson Labora-
tory, Maine, USA) were used here. The compounds were diluted
to 10 lg/mL in PBS from the stock solution and 5 lg of each ana-
logue was intravenously injected through the mouse tail vein,
three mice a group. At each time point (Starting point, 2, 4, 6,
and 24 h after injection), blood samples were collected from each
mouse. The serum was separated and the IFN-c and IL-4 concen-
trations in the serum were measured by ELISA.

5.11. Computer modeling and simulation

The crystal structures of both human and mouse CD1D (hCD1d
and mCD1d) proteins presenting a-GalCer to their respective NKT-
TCR proteins were retrieved from the Protein Databank,53 PDB ID#
2PO6 and 3HE6, respectively. The crystal structures were aligned
and a new complex was built using the iNKT-TCR protein from
2PO6 and the mCD1d/a-GalCer from 3HE6. This new complex
underwent an energy minimization using Schrödinger’s Macro-
model software (Schrödinger, USA). The environment in which
the minimization was performed involved the OPLS_2000554
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forcefield in a solvent of water with a constant dielectric of 1.0, and
the actual minimization parameters used the Low-memory Broy-
den-Fletcher-Goldfarb-Shanno (LBFGS) method55 with maximum
iterations of 500 converging on the gradient with a threshold of
0.05. The a-GalCer ligand in mCD1d/a-GalCer/TCR complex was
then modified to form the ligands Ar1-GSL, Ar2-GSL, and Ar3-
GSL, thereby yielding a total of four complexes. An additional en-
ergy minimization using the same parameters were performed in
each of the systems. The mCD1d/Ar2-GSL and Ar3-GSL/NKT com-
plexes then underwent 200 ps of molecular dynamics simulations
in the same save environment with the OPLS_2005 forcefield.
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