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A B S T R A C T

The binding properties of CD1d/glycolipid/TCR, glycolipid/TCR interactions in particular, have been in-
vestigated using docking computation. Accordingly, efficient modification on C-6′ of galactose head was re-
commended in this report to favor the production of Th2 cytokines. The designed glycolipids have been suc-
cessfully prepared taking advantages of inverse glycosylation procedure, and their abilities to stimulate mouse
iNKT cells in vivo have been tested. Compound 9, having p-hydroxyphenylpropionyl amide group on C-6′,
presented the best result with respect to the selectivity and quantity on Th2-type cytokine IL-4. We found that
the increased glycolipid/TCR interaction might be critical in designing new substrate with Th2-biased cytokine
production.

Recognition of α-galactopyranosylceramide (α-GalCer) by natural
killer T (NKT) cells can trigger a rapid cytokine production which
subsequently activate several bystander immune cells such as NK cells,
dendritic cells and B cells to release pro-inflammatory T-helper 1 (Th1)
and anti-inflammatory T-helper 2 (Th2) cytokines.1 However, the an-
tagonizing effects of these two types of cytokines greatly limit the
therapeutic application for most of the developed α-GalCer products.2

Therefore, design and synthesis of new α-GalCer derivatives that could
selectively induce either Th1 or Th2 immune response has been a
hotspot in this research area. Based on the well-defined crystal structure
of CD1d/KRN7000(1)/TCR ternary complex,3 numerous α-GalCer
analogues have been prepared and tested.4 In particular, most of the
designed and prepared α-GalCer analogues in the past decades were
focusing on the anti-cancer activities.5 However, autoimmune diseases
such as non-obese diabetes (NOD), multiple sclerosis (MS), rheumatoid
arthritis, and systemic lupus are also familiar diseases worldwide.6

Therefore, design and synthesis of Th2-biased α-GalCer analogues may
find a new tool to heal or alleviate autoimmune diseases.

Based on the X-ray crystal structure of NKT TCR/α-GalCer/CD1d
complex,7 the 6′-OH group of D-galactopyranosyl residue shows no di-
rect interaction with either the NKT TCR or CD1d molecules, suggesting
that this 6′-OH might be a latent modifiable position to affect the
binding process and the resulting activity in return. Previous efforts for

the exploration of Th2 bias molecules were focused on trimming cer-
amide chain or modifying secondary hydroxyl groups of D-Gal unit,8 we
are interested to investigate the influence of 6′-OH modification with
the help of docking calculation. Literature search reveals that there are
several reports regarding 6′-OH manipulation,4d,5b,9 however, pre-
senting perplexed information on their selectivity toward cytokine se-
cretion. Substituents, such as naphthylurea, benzoylamide, triazole
analogue, as well as carbamate on galactopyranosyl C-6 of α-GalCer
structure induced Th1 biasing immune response,9a–c while a PEG, al-
kylether, or even a carboxylic acid modification on the same C-6 po-
sition induced a weak Th2 profile when compared with α-GalCer.9e

Herein, we would like to disclose our effort on rationale molecular
design toward selective iNKT cells activation with Th2-biasing cytokine
production.

Due to the high flexibility of the binding site in forming TCR/α-
GalCer/CD1d triplex structure, it would be rather difficult to find the
definitive partial structure of the substrate to be either Th1-type or Th2-
type immunostimulant. It has been suggested that the bulkiness on C-6′
appendant group of α-GalCer has no convincible relationship with Th1/
Th2 profile of the designed molecule, and a relatively weak CD1d af-
finity or a relatively strong TCR affinity might be helpful in the pro-
duction of Th2 cytokines.10 This assumption is partially supported by
some of the successful substrates, such as OCH (2)11 and C-6′-triazole
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derivative 3,12 which facilitate more Th2 response. Considering of the
structural fact that TCR possesses polar residues (THR-27, ASN-30,
GLN-52), cation (LYS-68, LYS-71) and anion (ASP-29) residues around
the binding site, we speculate that introducing hydrophilic or aryl
groups on C-6′ of the classical OCH structure would be beneficial to Th2
bias immune response through π–cation, electrostatic or extra hydrogen
bond interaction with TCR. Accordingly, we propose to add carboxylic
acid or hydrophilic aryl residue to the outer end of C-6′ substituent
forming the target glycolipids 4–9, which were further subjected to the
docking calculation to guide the molecular design (Fig. 1).

The structures of ternary complex for compounds 1–9 are shown in
Fig. 2. Docking computation was performed with Surflex-Dock in
SYBYL software (Tripos Inc., St. Louis, MO, USA) applying the struc-
tures of CD1d and TCR from Protein Data Bank (PDB code: 3HE6). In
comparison with KRN7000 (1), the introducing of phenyltriazolyl
group in compound 3 forms hydrogen bond interaction with ASP-29
and π-cation interaction with LYS-71 of TCR, drawing 3 and TCR more
closer in the ternary complex and weakening its interaction with CD1d.
Bioassay indicated that 3 induced Th2-bias immune response with less
IFN-γ secretion, but comparable IL-4 production relative to the re-
ference KRN7000.12

The newly introduced carboxylic group in compounds 4–7 interacts
with TCR by forming hydrogen bond interactions with residues THR-
27, GLN-52, or LYS-68, as well as electrostatic interactions with ASP-29
or LYS-71. As shown in Fig. 2, these interactions seem to pull the gly-
colipid toward TCR in the ternary complex. Specifically, TCR/5/CD1d
triplex docking revealed strong hydrogen bond interaction between
eHNCOe on C-6′ and ASP-29, and electrostatic interaction between the
carboxylic anion and LYS-71. Hydrophilic aryl substituted compounds 8
and 9 are expected to favor the formation of π-cation interaction or
hydrogen bond interaction with TCR. However, the docking results
indicate that there is no direct interaction between imidazole group of 8
and TCR, while its eHNCOe on C-6′ forms hydrogen bond with LYS-68
of TCR. For compound 9, in addition to the hydrogen bonds between
residues ASN-30, ARG-95, GLY-96 and D-galactopyranosyl hydroxyl
groups, we also observed two extra interactions, i.e., a hydrogen bond
between phenolic hydroxyl group and LYS-68, and a π–cation interac-
tion between phenyl ring and LYS-71 of TCR. Comparing with the
docking calculation of OCH (see Table 1 in SI), compounds 5 and 9,
which presented the higher TotalScore and significant extra interac-
tions with TCR as well, were predicted to be the potential candidates
with Th2 selectivity comparing to the reference OCH (2). Thus we
synthesized glycolipids 5 and 9 in a convergent way (Schemes 1–3).

The synthesis of lipid part of compounds 5 and 9 was started from
carbohydrate template in order to secure the stereochemistry in the
sequential three chiral centers.13 D-mannose was selected as the chiral
source because of its suitable chirality on C-2, C-3, and C-4 toward the
synthesis of target molecules (Scheme 3). Following a similar reported
procedure,14 D-mannose was transformed into D-mannofuranose diace-
tonide 10 in acetone using I2 as the catalyst, subsequent benzylation
on anomeric hydroxyl group generated benzyl 2,3:5,6-di-O-iso-
propylidene-α-D-mannofuranoside (10) in 81% yield over two steps.
The 5,6-acetonide of 10 was selectively excised with periodic acid in
ethyl acetate,15 and the newly formed aldehyde was further reduced
with sodium borohydride to afford 11 in 68% yield for two steps. Hy-
drogenation of 11 with H2 in the presence of Pd(OH)2 on carbon in
MeOH/AcOH provided hemiacetal derivative 12, which was subjected
to a selective blocking on primary hydroxyl group with tert-butyldi-
methylsilyl chloride (TBSCl) in dichloromethane (DCM) and a following
Wittig olefination with C3H7CH2(Ph3P+)Br− and lithium hexam-
ethyldisilazide (LHMDS), yielded alkenes 14 in 62% yield over three
steps.16 Double bond saturation of 14 proceeded smoothly with H2 and
Pd(OH)2/C in MeOH in the presence of solid NaHCO3 afforded 15,
whose remaining 2-OH was treated with Ph3P, DIAD and diphenyl-
phosphoryl azide (DPPA) to afford C-2-azido derivative 16 with in-
versed configuration on C-2.17 The azide group was reduced via Stau-
dinger reaction to give the amine intermediate 17, which was further
coupled with tetracosanoic acid using EDCI and HOBt as co-catalyst
producing amide compound 18. Finally, removal of the TBS protecting
groups from 18 was carried out with tetrabutylammonium fluoride
(TBAF) in THF furnished the expecting sphingosine derivatives 19 in
excellent yield. The whole synthetic process took 12 steps to convert D-
mannose into phytosphingosine analogue 19 in about 16% overall
yield.

To facilitate the synthesis of our designed glycolipids 5 and 9, 6-
azido substituted D-galactopyranosyl donor 20 was recommended.18

Thus, commercially available isopropyl 1-thio-β-D-galactopyranoside
(IPTG, Scheme 2) was selected as the starting material, of which the 6-
OH was selectively protected with bulky tert-butylchlorodiphenylsilane
(TBDPSCl) to give compound 21. The remaining three hydroxyl groups
of 21 were further masked with BnBr and NaH in DMF generating
compound 22, which was subjected to the cleavage of TBDPS with
TBAF in THF to afford 23 in 63% yield over three steps. The free 6-OH
of 23 was treated with Ph3P, DIAD and DPPA gave 6-azido glycosyl
donor 20 in a yield of 79%. Coupling of thioglycoside donor 20 and
acceptor 19 under standard glycosylation conditions such as NIS/

Fig. 1. Structures of KRN7000, OCH, and the proposed Th2 biasing molecules after docking calculation.
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TfOH/DCM, NIS/TMSOTf/DCM, or BSP/TTBP/Tf2O/DCM provided the
desired compound 24 with very low yield,19 and most of the donor 20
was found to be decomposed quickly in the reaction system. Interest-
ingly, the same glycosylation was successfully proceeded under “in-
verse protocol”20 through a slow addition of donor 20 to a mixture of
acceptor 19/NIS/TMSOTf in DCM at 0 °C. The expecting α-glycoside 24
was obtained in an isolated yield of 48% from a separable α,β-mixture
of 3:1. Azide group of 24 was reduced using Staudinger reaction to give
amine intermediate 25 in 85% yield.

To achieve the designed target compounds, a convergent prepara-
tion of acid residues 26 and 27 was performed (Scheme 3). Thus, L-
glutamic acid 28 was reacted with benzyl alcohol in the presence of two
equivalents of tetrafluoroboric acid (HBF4) to give the γ-ester 29

quantitatively.21 Treatment of 29 with benzyl chloroformate (CbzCl) in
THF and H2O co-solvent system obtained acid 26 in 72% yield for two
steps. Similarly, benzylation of 30 with BnBr/K2CO3 (→31), followed
by hydrolysis under base condition to form 27 in 87% overall yield for
two steps. Condensation of 25 with glutamate derivative 26 or acid
derivative 27 using EDCI and HOBt co-catalyst generated compound 32
or 33 in 90% or 88% yield, respectively. Cleavage of acetal group from
compound 32 or 33 was carried out smoothly with aqueous hydro-
chloric acid (3M) in a co-solvent of THF/MeOH (v/v, 4/1) at room
temperature. It is worth to note that the concentration of HCl in the
reaction system should be lower than 0.4M to avoid the obvious pro-
duct decomposition. Finally, a global debenzylation of 32 or 33 under
Pd(OH)2-catalyzed hydrogenation with H2 accomplished the designed

Fig. 2. Ternary complex structures of glycolipids (labeled out in cyan) with CD1d (labeled out in green) and TCR (labeled out in orange). The hydrogen bonding
interaction between them are labeled in red dot line.
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targets 5 or 9 in a yield of 70% or 67%, respectively, over two steps.
The designed and synthesized new compounds 5 and 9 were next

tested for their ability to stimulate cytokine production in vivo by
measuring the serum IL-4 and IFN-γ levels during 48 h, respectively, in
C57BL/6 mice following intraperitoneal injection (Fig. 3).22 Compared
to the blank control, the designed compounds 5 and 9 can activate iNKT
cell and increase the cytokine production (area under curve, AUC) of
IFN-γ and IL-4. The newly designed 9 induced less IFN-γ production
than both positive controls KRN7000 and OCH in the same testing, but
a much higher IL-4 production than that of KRN7000 and a comparable
level to that of well-known Th2 biasing OCH. Interestingly, the IFN-γ
concentration induced by 5 and 9 reached peak value after 6 h, dif-
fering from the reported 24 h for OCH and KRN7000. The IL-4/IFN-γ
ratio based on the highest secretion level is 4.85, 2.99 and 9.28 for
OCH, 5 and 9, respectively. In terms of overall cytokine release with
KRN7000 as the reference, the standardized AUC ratio of IL-4/IFN-γ is
6.45, 7.59 and 9.30 for OCH, 5 and 9, respectively. The IL-4/IFN-γ ratio
strongly suggested that the newly designed glycolipids 5 and 9, in
particular 9, modulated Th2 bias immune response with better Th2
selectivity than OCH. This is also in full accordance with our docking
calculation results. In addition to the extra interactions in CD1d/gly-
colipid/TCR system, another two factors have also been proposed. One
is that the new interactions between the designed glycolipid and TCR
should not intensify the stability of the ternary complex,23 the other is
that the new glycolipid had better possess an increased solubility
comparing to KRN7000 and OCH.24 However, more works need to be
done to support these hypotheses.

In conclusion, we have successfully designed Th2 biasing glycolipids
by introducing carboxylic or p-hydroxylphenyl on C-6′ of sugar head
with the help of TCR structure analysis and docking computation. The
recommended substrates 5 and 9 have been synthesized via multi-step
reaction. Furthermore, the encouraging bioassay results revealed that
glycolipids 5 and 9 stimulate iNKT cells to produce IFN-γ and IL-4 with
a significant Th2 bias immune response. The current result suggests that
an enhanced glycolipid/TCR interaction should be considered in de-
signing candidates with Th2 biased cytokine production.

Scheme 1. Reagents and conditions: (a) I2, acetone, rt, 83%; (b) BnBr, KOH, 18-
C-6, rt, 97%; (c) HIO4, EtOAc, rt; (d) NaBH4, EtOH, rt, 68% for two steps; (e) H2,
Pd(OH)2/C, AcOH, MeOH, rt, 88%; (f) TBSCl, Im, DCM, rt, 90%; (g)
C3H7CH2(Ph3P+)Br−, LHMDS, THF, 0 °C – rt, 78%; (h) H2, Pd(OH)2/C,
NaHCO3, MeOH, rt, 95%; (i) PPh3, DIAD, DPPA, THF, 0 °C – rt, 88%; (j) PPh3,
pyridine/H2O, 40 °C, 79%; (k) tetracosanoic acid, EDCI, HOBt, Et3N, DMF, 0 °C
– rt, 74%; (l) TBAF, THF, rt, 96%.

Scheme 2. Reagents and conditions: (a) TBDPSCl, pyridine, rt, 88%; (b) BnBr,
NaH, DMF, 0 °C – rt, 80%; (c) TBAF, THF, rt, 90%; (d) PPh3, DIAD, DPPA, THF,
0 °C – rt, 79%; (e) Under reverse procedure, 19, NIS, TMSOTf, 4 Å molecular
sieves, DCM, 0 °C, 48%; (f) PPh3, pyridine/H2O, 30 °C, 85%.

Scheme 3. Reagents and conditions: (a) Na2SO4,
BnOH, HBF4-Et2O, 80%; (b) NaHCO3, CbzCl, THF/
H2O, rt, 90%; (c) BnBr, K2CO3, acetone, reflux; (d)
LiOH (3M), THF, rt, 87% for two steps; (e) EDCI,
HOBt, TEA, DMF, rt, 90% for 32, 88% for 33; (f) HCl
(3M), THF/MeOH, rt; (g) H2, Pd(OH)2-C, HCl (3M),
THF/H2O, rt, 70% for 5, 67% for 9 for two steps.
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