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The Roles of 3’ and 4’ Hydroxy Groups in a-Galactosylceramide Stimulation
of Invariant Natural Killer T Cells

Chengfeng Xia,*[a, b] Wenpeng Zhang,[b] Yalong Zhang,[b] Wenlan Chen,[b] Janos Nadas,[b] Ryan Severin,[c]

Robert Woodward,[b] Bin Wang,[d] Xin Wang,[d] Mitchell Kronenberg,[c] and Peng G. Wang*[b]

The marine-derived a-galactosylceramide (a-GalCer) was origi-
nally found to possess the ability to stimulate the secretion of
various types of cytokines from invariant natural killer T (iNKT)
cells.[1] Specifically, a major histocompatibility complex (MHC) I-
like protein named CD1d presents a-GalCer on the surface of
antigen-presenting cells (APC), enabling recognition by the
T cell receptor (TCR) of iNKT cells.[2] Such recognition then trig-
gers the release of a large amount of cytokines in a relatively
short time by iNKT cells. These cytokines include the inflamma-
tory T helper 1 (Th1) cytokines (such as IFN-g and IL-2) and im-
munomodulatory Th2 cytokines (such as IL-4 and IL-10), which
can regulate both the innate and adaptive immune responses.
iNKT cells thus serve as the bridge between these two types of
immune responses. Given these properties, a-GalCer has been
extensively applied and studied in preclinical and clinical trials
for treating various diseases such as cancer,[3] type I diabetes,[4]

hepatitis,[5] and Pseudomonas aeruginosa infection.[6] There are
promising results showing that a-GalCer can suppress and/or
reject tumor growth in a murine model.[7]

a-GalCer differs from the mammalian glycolipids by its dis-
tinguished a-linkage between the sugar and lipid moieties;
the anomeric linkage of mammalian glycolipids is in the b con-
figuration.[8] This unique structure enables the acyl and phytos-
phingosine chains of a-GalCer to bind in the two deep pockets
of CD1d while anchoring the sugar moiety above the surface
of the protein in a position suitable for recognition by the
iNKT TCR.[9] Such presentation by CD1d is stabilized by the 3-
hydroxy group on phytosphingosine and the O-glycosidic link-

age, which form H-bonding interactions with CD1d. Further-
more, the 2’-hydroxy group of galactose displays its impor-
tance by forming another hydrogen bond with CD1d (mouse
Asp 153, human Asp 151). These interactions stabilize the gly-
colipid–CD1d complex and orient the sugar moiety in the cor-
rect position for recognition.[9a] In regards to this recognition,
the crystal structure of the ternary TCR–glycolipid–CD1d com-
plex reveals an additional crucial role for the 2’-hydroxy group
of a-GalCer: interacting with TCR by forming a hydrogen bond
with Gly 96a on the CDR3a loop.[9d] The conclusion from the
crystal structure is consistent with experiments in which substi-
tution of the equatorial 2’-hydroxy group with a fluoro group,
hydrogen, acetamide,[10] or an axial hydroxy group (mannosyl-
ceramide)[1a] resulted in abolishment of activity. The 6’-hydroxy
group, however, does not form a hydrogen bond with either
CD1d or TCR,[9d] and this position was shown to tolerate some
modifications without affecting the antigenicity of the glycoli-
pid.[1a, 11] Nonetheless, few conclusions have been reached for
the 3’- and 4’-hydroxy groups, except some initial results that
indicate the attachment of additional sugar moieties at these
positions leads to elimination of activity.[11a, 12] The crystal struc-
ture of the ternary complex does illustrate that the 3’- and 4’-
hydroxy groups also form hydrogen bonds with the invariant
TCR a-chain residues Ser 3a and Phe 29a.[9d] However, these hy-
drogen bonds may not be as important as that of the 2’-hy-
droxy group, because a-glucosylceramide (a-GlcCer), which
has its hydroxy group in the equatorial instead of axial position
as in a-GalCer, can still stimulate iNKT cells, albeit to a lesser
extent.[1a]

Based on these observations, we hypothesized that the 4’-
hydroxy group is not as important as the 2’-hydroxy group, al-
though it contributes to the interaction with TCR, and some ra-
tional modifications can be carried out to change the profiles
of the resulting derivatives. The role of the 3’-hydroxy group is
ambiguous, however, thus dictating the need for a structure–
activity relationship study to clarify its importance. In this
study, we accordingly used a variety of analogues of a-GalCer
with varying substitutions at the C3’ or C4’ positions of the
galactose ring in order to elucidate the roles of these two hy-
droxy groups in iNKT cell stimulation.

In a variety of C3’-modified analogues, the hydroxy group
was first replaced with the non-H-bonding azido group to give
3’-azido-a-GalCer 2 (Figure 1). The azido group was then re-
duced to an amino group, leading to an ionically charged ana-
logue, 3’-amino-a-GalCer 3, which was hypothesized to form a
salt bridge with the TCR loops. The amino group was further
converted into an acetamide group, yielding 3’-NAc-a-GalCer
4, which should possess different preferences in H-bond for-
mation relative to a-GalCer 1. For the C4’ analogues, the acet-
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amide group was also exploited to replace the hydroxy group
in the analogue 4’-NAc-a-GalCer 5. In addition, a methyl group
was introduced onto the 4’ hydroxy group so that the result-
ing 4’-MeO-a-GalCer 6 would only serve as H-bond acceptor,
whereas a hydroxy group could act as both a donor and ac-
ceptor. To determine the importance of distance between the
4’-hydroxy group and TCR, 4’-(2-hydroxyethoxy)-a-GalCer 7
was also synthesized in order to separate the hydroxy group
from the rest of the molecule by two additional methylene
groups. Finally, the respective 3’- and 4’-deoxy analogues 8
and 9 were also used as control compounds.[13]

To synthesize the 4’-N-substituted analogue 5, the corre-
sponding donor 19 was prepared from the 4,6-benzylidene-
protected glucosyl derivative 16 (Scheme 1). Selective reduc-
tion of the benzylidene under acidic conditions resulted in the
4-hydroxygalactose 17. The newly freed hydroxy group was
subjected to trifluoromethanesulfonic anhydride to form the
triflic ester. This was then treated with sodium azide in DMF to
introduce the azido group in the axial position, producing a
pseudo-stereoisomer of the precursor. The thiophenol group
was removed and converted into Schmidt’s trichloroacetimide
donor to increase the ratio of a-isomer product formation in
the following glycosylation reaction. The glycolipid 20 was ob-
tained in good yield with the use of TMSOTf as catalyst. We
wanted to initially reduce the azido group by the Staudinger
method using triphenylphosphine and water as reagents, and
then to protect the amino group as acetylamide. However, the
reaction only gave the triphenylphosphoimine, which was ac-

tually an intermediate of the reduction. Increasing
the reaction temperature to 80 8C did not cause the
intermediate to decompose. Interestingly, when the
two benzoyl groups in the phytosphingosine were
first hydrolyzed, and then followed by the same
Staudinger reduction, the reaction went very
smoothly and gave the amino product in excellent
yield. A selective acetylation was performed in meth-
anol to convert the amine group into amide 22. This

compound was then subjected to hydrogenation using palladi-
um hydroxide as catalyst under H2 (270 kPa) to give the 4’-
NAc-GalCer 5.

Preparation of 3’-N-substituted a-GalCer analogues 2, 3, and
4 took a similar approach as for 5. The 3-azidogalactose deriva-
tive 23 was synthesized from diacetone-d-glucose in eight
steps (Scheme 2).[14] After it was converted into compound 24
with the standard method, the C4- and C6-hydroxy groups
were protected with benzylidene, and C2 with p-methoxyben-
zyl ; both protecting groups can be removed under acidic con-
ditions or by oxidation, without affecting the azido group.
After all the protecting groups were assembled, the thiophenol
group was removed and also converted into the trichloroaceti-
mide donor. The glycosidation catalyzed by TMSOTf went
smoothly and gave the product in 88 % yield. The 3’-azido ana-
logue 2 was afforded by saponification of the benzoyl groups
on ceramide, and removal of the PMB and benzylidene groups
was carried out by oxidation with DDQ and toluenesulfonic
acid, respectively. Reduction of the azido group by hydrogena-
tion gave the 3’-amino analogue 3. Finally, selective acetylation
of the amine group by acetic anhydride in methanol generated
the 3’-NAc analogue 4.

The 4’-O-substituted analogues 6 and 7 were synthesized by
using a different method, in which the azido lipid 30, instead
of ceramide 15, was subjected to glycosidation (Scheme 3).
After glycosidation, the benzylidene was regioselectively re-
duced under acidic conditions by NaCNBH3. The methyl or O-
THP-protected 2-hydroxyethoxy groups were introduced by al-

kylation under the assistance of
NaH to give 33 and 34. Reduc-
tion the azido group and amida-
tion of the resulting amine with
octanoic NHS ester afforded the
protected glycolipid. The prod-
uct 6 was obtained by hydroge-
nation, while 7 was generated
by initial treatment with HCl to
remove THP and then hydroge-
nation.

The a-GalCer analogues were
first assayed with iNKT hybrido-
ma cells (DN3A4-1.2 hybridoma,
which expresses Va14Ja281/
Vb8.2Jb2.1 TCR).[15] CD1d-ex-
pressing A20/CD1d cells were
applied to the iNKT hybridomas
in order to present glycolipids to
these cells. The IL-2 cytokine re-

Figure 1. Structures of a-GalCer 1 and its analogues with various substituents at the C3’
or C4’ positions.

Scheme 1. Preparation of 4’-NAc-a-GalCer analogue 5. Reagents and conditions: a) NaCNBH3, HCl, THF, 86 %;
b) 1. Tf2O, pyridine, 2. NaN3, DMF, 74 %; c) 1. NBS/H2O, 2. CCl3CN, DBU, 79 %; d) TMSOTf, Et2O/THF, �25 8C, 67 %;
e) NaOMe, MeOH, 93 %; f) 1. PPh3/H2O, 2. Ac2O, MeOH, 84 %; g) H2, Pd(OH)2, 63 %.
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leased by stimulated iNKT hybridomas was measured to evalu-
ate the immunogenic strength of the presented analogues. As
shown in Figure 2 a, all of the C3’-modified a-GalCer analogues
exhibited a complete loss of iNKT cell stimulation and subse-
quent IL-2 cytokine release. Given that such a loss of activity
corresponds to the absence of a hydroxy group, one can con-
clude that the hydrogen bond between the 3’-hydroxy group
and the iNKT TCR and/or CD1d is very important for maintain-
ing complex stability. Although the acetamide group of ana-
logue 4 may actually form a hydrogen bond with the protein,
the type of hydrogen bond is still different from that of the hy-
droxy group, thus explaining why activation of iNKT cells by
this analogue is not apparent. Unlike the C3’-modified ana-
logues, most of the C4’-modified analogues can, in fact, stimu-
late iNKT cells, albeit relatively weakly (Figure 2 b). The activity
of methyl-substituted 6 indicates that the C4’ position as H-
bond donor is not required for binding with TCR. Analogue 7,

which possesses a hydroxy
group at the terminus of a two-
methylene-unit linker, is nearly
as active as 6, indicating that
this group does not facilitate cy-
tokine release. Notably, 4’-deoxy
analogue 9 still possesses meas-
urable iNKT cell stimulation, al-
though it is much weaker than
a-GalCer 1. This result is quite
surprising given that the a-di-
hexosylceramides such as a-lac-
tosylceramide[12] and Gal-a-1,4-
Gal-a-Cer,[11a] which have an ad-
ditional sugar cap at the C4’ po-
sition, cannot stimulate iNKT
cells unless the sugar cap is hy-
drolyzed by a glycosidase. A
plausible explanation is that the
4’-hydroxy group contributes to
the binding with iNKT TCR to

some extent, but is not as important as the 2’- and 3’-hydroxy
groups. Nevertheless, the very bulky sugar cap at the C4’ posi-
tion blocks the TCR, inhibiting access to the glycolipid–CD1d
complex, thus resulting in loss of activity. It was also observed
that the 4’-NAc-a-GalCer 5 showed no activity, in contrast to
the other C4’-modified analogues.

Given that the processing procedure in APC cells may have
some effect on glycolipid–CD1d complex recognition, the
coat-plate assay was applied to verify the above results. In this
assay, glycolipid was directly presented to iNKT hybridoma
cells by surface-bound purified CD1d protein to avoid the
processing inside CD1d-expressing cells. N3A4-1.2 and DN3A4-
1.4 hybridomas were used as iNKT cells in these assays. All of
the C4’-modified a-GalCer analogues showed activity spectra
similar to those in the A20/CD1d hybridoma assay, with the ex-
ception of 4’-a-NAc-GalCer 5 (Figure 3). Although 5 did not
display any activity in the AC20/CD1d cell assay as mentioned

Scheme 2. Synthesis of 3’-substituted analogues 2, 3, and 4. Reagents and conditions: a) 1. PhSH, BF3, Et2O,
2. NaOMe, 63 %; b) 1. PhCH ACHTUNGTRENNUNG(OMe)2, p-TsOH, 2. PMBCl, NaH, 83 %; c) 1. NBS/H2O, 2. CCl3CN, DBU, 89 %; d) 15,
TMSOTf, �20 8C, 88 %; e) NaOMe, 61 %; f) 1. DDQ, 2. p-TsOH, 58 %; g) Pd/C, H2, quant. ; h) Ac2O, Et3N, MeOH, 49 %.

Scheme 3. Preparation of 4’-O-substituted analogues 6 and 7. Reagents and conditions: a) TMSOTf, Et2O, �40 8C, 67 %; b) NaCNBH3, HCl, THF, 91 %; c) NaH, RX,
DMF; d) 1. PPh3/H2O, 50 8C, 2. C7H15COSu; e) H2, 10 % Pd/C, CHCl3/EtOH, 74 %; f) 1. HCl, MeOH, 2. H2, 10 % Pd/C, CHCl3/EtOH, 61 %.
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above, it exhibited noticeable immunogenicity in this case. We
hypothesize that such a discrepancy may arise from hydrolysis
of the 4’-acetamide group in 4’-NAc-GalCer 5 by amide hydro-
lase(s) inside the lysosome of the AC20/CD1d cell, thus gener-

ating an -NH3
+ group and leading to loss of activity. Additional

experiments are currently in progress to verify this hypothesis.
The C4’-modified analogues were additionally subjected to

an assay using a splenocyte mixture as a pseudo in vivo
model. Specifically, C57BL/6 mouse spleens were ground into
single-cell suspensions and stimulated by the a-GalCer ana-
logues. Through the amount of IFN-g and IL-4 released by the
stimulated splenocytes, the Th1/Th2 cytokine profile of these
analogues was generated. Remarkably, the C4’-substituted a-
GalCer analogues were found to induce a Th2-biased iNKT cell
response (Figure 4). Although the total amount of IFN-g is still

greater than that of IL-4 when NKT cells were stimulated by an-
alogues 5, 6, 7, and 9, the quantity of IFN-g released by NKT
cells decreased more than IL-4 when these analogues were ad-
ministered, relative to the original amount of these cytokines
stimulated by a-GalCer 1. Therefore, the new analogues signifi-
cantly changed the relative ratio between released Th1 and Th2
cytokines. Such bias in the iNKT cell response was previously
observed in experiments involving truncation of the length of
the phytosphingosine chain (e.g. , OCH)[16] or the metabolically
stable a-C-GalCer.[17] Most recently, a series of 6’-derivatized a-
GalCer analogues were shown to induce the Th1-biased iNKT
cell response. The observation that C4’-substituted analogues
can change the profile of iNKT cell stimulation toward Th2 cyto-
kines is thus quite intriguing, as such immunomodulatory Th2
cytokines can be used to ameliorate autoimmune diseases.
One possible explanation for this shift in the cytokine profile
may be the stability of the TCR–glycolipid–CD1d complex, as it
occurred with OCH and others. However, there is a difference
between human and murine NKT cell responses,[18] and thus
human NKT cells will be used in the future to evaluate this
biased cytokine-releasing profile.

In summary, we investigated a series of a-GalCer analogues
with various substituents at the C3’ and C4’ positions of the
galactose ring to evaluate the roles of the 3’- and 4’-hydroxy
groups in iNKT cell stimulation. Assay results indicate that the
3’-hydroxy group is a critical feature of the TCR–glycolipid–
CD1d ternary complex, and elimination of this group results in

Figure 2. After stimulation by a-GalCer analogue-pulsed A20/CD1d cells,
DN3A4-1.2 hybridoma cells release IL-2. Glycolipid analogues were applied
at various concentrations as indicated; DMSO was used as vehicle. Shown
are the IL-2 release profiles after stimulation by a) C3’- and b) C4’modified
analogues. Experiments were carried out in triplicate.

Figure 3. IL-2 release by iNKT hybridoma cell lines a) DN3A4-1.2 and
b) DN3 A4-1.4 after cell stimulation by surface-bound CD1d-presented C4’-
modified analogues. Glycolipid analogues were applied at various concentra-
tions for loading onto CD1d protein as indicated; DMSO was used as vehi-
cle. Experiments were carried out in triplicate.

Figure 4. Splenocytes were stimulated by C4’-modified analogues, after
which the released cytokines (IFN-g and IL-4) were quantified by ELISA. Rela-
tive to a-GalCer 1, the C4’-modified analogues 5, 6, 7, and 9 stimulated
more Th2 (IL-4) cytokines than Th1 (IFN-g) cytokines. DMSO was used as vehi-
cle, and experiments were performed in triplicate.
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loss of activity. In contrast, the C4’ position can tolerate some
modifications without a dramatic decrease in immunogenicity.
Moreover, it was observed that the C4’-substituted analogues
can change the iNKT cell response profile toward a biased Th2
cytokine release.

Experimental Section

Chemistry

Synthetic procedures along with analytical data for all compounds
are given in the Supporting Information.

NKT hybridoma stimulation assays

The synthetic glycolipids were dissolved in DMSO at 1.0 mg mL�1

and then diluted with medium to the indicated concentration. A
population of ~105 CD1d-transfected A20/CD1cells was pulsed by
the glycolipids at concentrations of 1000, 100, 10, and 1 ng mL�1 in
a total volume of 200 mL and then incubated overnight. After
washing with medium, the pulsed A20/CD1 cells were mixed with
~50 000 DN3A4-1.2 hybridoma cells and co-cultured for 24 h in a
total volume of 200 mL. After another 24 h, the supernatant was
collected. The amount of IL-2 released into the culture supernatant
was measured by sandwich ELISA; the data are representative of
three independent experiments.

For the ELISA, purified rat anti-mouse IL-2 antibody (eBioscience)
was diluted 1:200 in PBS (pH 7.4), and diluted antibody (100 mL)
was applied to each well and incubated overnight at 37 8C. After
blocking by 10 % BSA in PBS, the supernatant from in vitro stimula-
tion (100 mL, 1:4 dilution) was applied to each ELISA well. After in-
cubation for 2 h, the wells were washed by PBST (PBS with 0.2 %
v/v Tween-20), and the biotin-labeled second antibody (eBio-
science) was applied. Finally, the HRP-conjugated streptavidin and
its substrate were used as reporter system, and the absorbance of
each well was measured (FlexStation 3 MicroPlate Reader, Molecu-
lar Devices). The concentration of IL-2 was calculated according to
the standard wells added on each plate using SoftMax Pro (Molec-
ular Devices).

Coat-plate hybridoma assays

The assay was carried out according to a previously published pro-
tocol.[19] First, for each well, murine CD1d protein (0.5 mg in 100 mL
PBS, pH 7.4) was used to coat the surface. Glycolipid antigens with
gradient concentrations (1000, 100, 10, and 1 ng mL�1 in a total
volume of 100 mL) were incubated in the coated wells for 24 h.
After washing, ~105 iNKT hybridoma cells, which have been well
described,[20] were cultured in the treated micro-wells for 18 h. The
IL-2 in the supernatant was collected, and its concentration was
measured by ELISA as described above.

Splenocyte assays

Spleens from six-week-old C57BL/6 mice were grinded down to
produce a single-cell suspension. The C57BL/6 mice were pur-
chased from Jackson Laboratory (Maine, USA) and housed in the
animal facility at The Ohio State University. Experimental proce-
dures were carried out according to the protocol approved by the
IACUC of The Ohio State University (Protocol 2008A0133). For each
well, ~106 cells were cultured with glycolipid antigen at a concen-

tration of 1000 ng mL�1 in a total volume of 200 mL. The mixtures
were cultured for 72 h at 37 8C before the supernatants were col-
lected. IFN-g and IL-4 concentrations in the supernatants were
measured by ELISA, as described above.
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