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Abstract—A novel invariant Va19-Ja33 T cell receptor a chain, first found in mammalian blood cells, was primarily expressed by
natural killer T cell repertoire (Va19 NKT cell). Attempts have been made to find specific antigens for Va19 NKT cells. A series of
a- and b-glycosyl ceramides were synthesized and tested whether they had potential to stimulate the cells isolated from invariant
Va19-Ja33 TCR transgenic mice (where the development of Va19 NKT cells is facilitated). Comprehensive examinations revealed
substantial antigenic activity in a-ManCer that was presented by MR1, one of the MHC class Ib molecules. Next, naturally occur-
ring and synthetic a-mannosyl glycolipids were further analyzed to determine structural requirements for natural ligands for Va19
NKT cells. As a result, a-mannosyl phosphatidyl inositols (PI) such as (a-Man)2-PI and a-Man-a-GlcNH2-PI (a partial structure of
mycobacterial lipoarabinomannan and GPI-anchors) as well as a-ManCer derivatives were found to activate Va19 NKT cells
in vivo and in vitro. Thus, Va19 NKT cells are possibly responsive to certain a-mannosyl glycolipids and may have roles in the
innate and adaptative immune systems to protect against various antigens expressing a-mannosyl glycolipids and to regulate the
adaptive immune system responding to the intracellular ligands.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Natural killer T (NKT) cells are a lymphocyte subset
bearing both the common NK marker NK1.1, a product
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of a member of the NKR-P1 gene family, and T cell
receptor (TCR)-CD3 complex.1 The major compo-
nent of NKT cells (Va14 NKT cell) expresses invariant
TCR a chains (mouse Va14-Ja18, human Va24-Ja18)2,3

and is positively selected by the non-polymorphic major
histocompatibility complex (MHC) class I-like CD1d
molecule in association with b2-microglobulin
(b2m).4,5 Va14 NKT cells are responsive to certain
glycosphingolipids presented by CD1d, for example,
a-galactosyl ceramide (a-GalCer)6 isolated from marine
sponge,7 a-glucuronosyl and a-galacturonosyl cera-
mides from a-proteobacteria,8,9 and a-galactosyl diacyl-
glycerol from Borrelia.10 In addition, it has been
proposed that Va14 NKT cells are positively selected
by intracellular lysosomal isoglobotriaosyl ceramide in
the context of CD1d.11

Recently, another invariant TCR a chain consisting of
Va19-Ja33 (conventionally Ja26) has been found in
Figure 1. Activation of Va19 Tg+ cells with monoglycosyl sphingolipids in c
and b2m�/� mice by Percoll density gradient centrifugation and were culture
immune responses were assessed by measuring cell proliferation ([3H]-thym
supernatants. Results are shown as the fold increase relative to the control cu
deviations. a-Glycosyl ceramides are abbreviated to a-Glys. b-Gal represen
DD-talosyl ceramide, Alt, DD-altrosyl ceramide.
peripheral blood cells of human, bovine, and mouse
deficient in transporter associated with antigen presenta-
tion (TAP) by quantitative PCR analysis.12 We have
demonstrated that cells expressing the Va19-Ja33 invari-
ant TCR a chain are mainly present as NKT cells (des-
ignated as Va19 NKT cell in this review) in mouse.13

Invariant Va19-Ja33 TCR+ cells are absent in mice lack-
ing MR1, another non-classical MHC class I-like mole-
cule, thus suggesting that they are positively selected by
MR1.14 It is estimated that Va19 NKT cells represent
1% of mononuclear cells (MNCs) in the liver,13 thus
there is a considerably large population present as lym-
phocyte clone. Localization of the invariant Va19-Ja33
TCR+ cells in gut lamina propria is also reported.14 Sim-
ilar to Va14 NKT cells,15 Va19 NKT cells immediately
produce large amounts of both Th1- and Th2-promoting
immunoregulatory cytokines in response to the engage-
ment of the invariant TCR,16–18 thus they are considered
ulture. Liver MNCs were isolated from Va19Tg+ TCRa�/�, C57BL/6,
d in the presence (1 lg/ml) or absence of glycolipids. After 2 days, the
idine incorporation for 5h), IL-4 and IFN-c secretion in the culture

ltures with vehicle (1/200 v/v DMSO). The error bars indicate standard
ted b-galactosyl ceramide; Sia, DD-N-acetyl neuraminyl ceramide; Tal,
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to have important roles in the regulation of the immune
system. The finding that over-expression of Va19 NKT
cells suppressed the progress of experimental auto-
immune encephalomyelitis,19 an animal model for multi-
ple sclerosis, supports this notion. Therefore, the search
for specific antigens for Va19 NKT cells is quite impor-
tant to develop new therapies for various immunoregu-
latory disorders based on the functional modulation of
the lymphocyte repertoire.

The self-antigens presented by MR1 have not been
identified.20,21 Judging from the primary structure,
MR1 possibly has a three-dimensional structure similar
to classical MHC class I molecules that have a groove
for antigen presentation. Although several key amino
acid residues located at the bottom of the antigen-pre-
senting groove and interacting with the antigens are
strictly conserved in classical MHC class I molecules,
those in MR1 are considerably converted.20 Thus, it is
strongly suggested that the molecular species presented
by MR1 are different from those (peptides) presented
by classical MHC class I molecules. The discovery of
a-galactosyl glycolipids as stimulants for Va14 NKT
cells prompted us to investigate synthetic and natural
glycolipids as agonists for Va19 NKT cells.
2. Induction of immune responses from Va19 NKT cells

with synthetic a-mannosyl ceramide

In a continuous search for specific antigens for the
induction of this novel NKT cell repertoire, a series of
a- and b-glycosyl ceramides with a naturally occurring
Figure 2. Dose-dependent activation of Va19 NKT cells by a-ManCer
b2m�/� mice were cultured with the indicated dose of glycolipids as describe
determined after 2 days of culture. One of the two independent experiments g
error bars indicate standard deviations.
monosaccharide residue were synthesized and their
potential to activate Va19 NKT cells was examined.17

The glycosphingolipids were synthesized via the glyco-
sylation of azidosphingosines except for the synthesis
of 2-aminohexosyl ceramides which were synthesized
via the coupling of the 2-azido glycosyl imidate with
sphingosine. Total mononuclear cells (MNCs) were pre-
pared from the livers of invariant Va19-Ja33 TCR
transgenic (Tg) mice with TCR a chain-deficient (TCR
a�/�) genetic background as responder cells. This prep-
aration of the cells includes invariant Va19 TCR Tg+

cells as the sole component of TCR+ cells, and it also
includes the cell population with the potential to func-
tion as antigen-presenting cells. NK1.1+ Va19 Tg+

(Va19 NKT) cells share about 30% of the total
MNCs.17 They were cultured in the presence of the syn-
thetic glycosphingolipids, and the immune responses
were assessed by measuring cytokine concentration in
the culture fluid and cell proliferation (Fig. 1). Va19
Tg+ TCRa�/� cells were most efficiently induced to pro-
liferate and produce IL-4 and IFN-c by a-ManCer. The
immune responses of Va19 Tg+ TCRa�/� cells to this
glycolipid were in a dose-dependent manner (Fig. 2).
In contrast, C57BL/6 cells (including about 30% of
Va14 NKT cells) were responsive to a-GalCer and to
a certain extent to a-glucosyl and glucuronyl ceramide
(a-GlcCer, a-GlcUACer). Both C57BL/6 and Va19
Tg+ cells showed no detectable responsiveness to b-gly-
cosyl ceramides. b2-Microblobulin-deficient (b2m�/�)
cells (including neither Va19 nor Va14 NKT cells)
showed no reactivity to the glycolipids. Thus, these
results suggest that Va19 NKT cells are responsive to
in culture. Liver MNCs from Va19 Tg+ TCRa�/�, C57BL/6, and
d in Figure 1. The cytokine production in the culture supernatants was
iving essentially the same profiles of cytokine production is shown. The
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the stimulation with a-ManCer. No significant cytokine
production by Va19 NKT cells was induced in culture
with either a-altrosyl ceramide or a-talosyl ceramide
(both a-altrose and a-talose as well as mannose possess
a 2-axial hydroxy group, but the 3-hydroxy group in
Figure 3. Immune responses of Va19 NKT cells in culture elicited by a-Ma
C57BL/6 mice were cultured with the addition of glycolipids dissolved in DM
IL-4 and IFN-c in the culture fluid were determined by ELISA. The culture
represent the culture of Va19Tg+TCRa�/� cells, whereas the open bars sho
deviation. The p values in Dunnett’s multiple comparison post test are calc
vehicle). �, p < 0.01; and ��, p < 0.05. Glycosphingolipids modified with a 2-h
2HM, 3OH, or 4Ph. Man3OHC16 is the original form of a-ManCer.19 Man2
with FTY720.22
a-altrose and the 4-hydroxy group in a-talose are re-
versed from those in a-mannose), suggesting a stringent
recognition of the a-mannosyl residue by the invariant
Va19-Ja33 TCR. Since the natural occurrence of a-
ManCer has not been reported yet, it is possible to spec-
nCer and its derivatives. Liver MNCs from Va19 Tg+ TCRa�/� and
SO (final concentration, 2 lg/ml). After 2 days, the concentrations of
represented as ‘vehicle’ included 1/200 v/v of DMSO. The filled bars
w the results of C57BL/6 cells. The error bars indicate the standard

ulated in comparison with the control (cytokine levels in culture with
ydroxymethyl, 3-hydroxyl, or 4-octylphenyl groups are represented as
HM4PhC16 is the derivative in which the sphingosine unit is replaced
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ulate that this glycolipid mimics natural ligands for the
NKT cells.
3. Induction of either Th1- or Th2-dominant immune
responses of Va19 NKT cells with a-ManCer derivatives

It is possible that modification of the lipid moiety in
a-ManCer will alter the interaction with the antigen-
presenting molecule and improve the recognition of the
a-mannose residue by the invariant TCR. Previously,
we found immunosuppressive activity in ISP-I, a product
of Isaria sincliairii.22 FTY720 was obtained by the struc-
tural modification of ISP-I to optimize the immunosup-
pressive activity. As expected by the structural homology
between FTY720 and sphingosine, this drug targets
sphingosine-1-phosphate receptors and acts as an ago-
nist.23 We synthesized a series of a-ManCer derivatives
in which the sphingosine moiety was replaced with
FTY720 or related aminoalcohols24 (Fig. 3). The
modified a-ManCer induced promotive rather than
suppressive immune responses from Va19 NKT cells.
They induced either Th1- or Th2-dominant immune
Figure 4. Determination of the cell populations in the Tg liver responding
TCRa�/� mice were depleted of NK1.1+ or TCR ab+ cells using biotin-con
depletion were cultured with the indicated glycolipids (2 lg/ml) for 3 days
determined by ELISA. The average of triplicate cultures in one of the in
deviations.
responses.25 The relative intensity of IL-4 to IFN-c secre-
tion by Va19 NKT cells was dependent on the chemical
structure of the stimulator. For instance,
Man2HM4PhC16 (in which the sphingosine moiety is
replaced with FTY720) induced IFN-c-dominant cyto-
kine production by Va19 Tg+ cells. Presumably, manip-
ulation of the sphingosine portion of a-ManCer alters
the interaction between invariant Va19 TCR and the a-
mannosyl residue in the glycolipids, resulting in the mod-
ulation of the immune responses of Va19 NKT cells. One
of the modified a-ManCers, Man4PhC16, that has a phe-
nyl group in the sphingosine hydrocarbon chain, induced
the production of both Th1- (IFN-c, IL-12, IL-17) and
Th2- (IL-4, IL-5, IL-10) promoting cytokines more
intensively than the intact a-ManCer or any other
derivatives.25
4. Requirement of non-reducing end a-mannosyl residues

for ligands for Va19 NKT cells

To determine structural requirements for ligands for
Va19 NKT cells, naturally occurring and synthetic
to the a-mannosyl glycolipids. Liver MNCs prepared from Va19Tg+

jugated antibody and streptavidin-coated magnetic beads. Cells after
, and the concentration of IL-4 and IFN-c in the supernatants was
dependent three experiments is shown. Error bars indicate standard
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glycolipids were further analyzed for their potential to
induce immune responses from Va19 NKT cells. As well
as a-ManCer17 and its derivatives,25 2,6-di-a-mannosyl-
phosphatidylinositol (a-Man)2-PI, a partial structure of
mycobacterial lipoarabinomannan (LAM)26 and a-man-
nosyl-(1?4) -a-glucosamine-(1?6)-phosphatidylinosi-
tol (a-Man-a-GlcNH2-PI, a partial structure of the
GPI-anchor27) were found to be potent stimulators for
Va19 NKT cells.28 The active glycolipids had a-manno-
syl residue(s) at the non-reducing end in common. In
contrast, glycolipids such as porcine blood glyco-
sphingolipids (including b-GlcCer, LacCer, Gb3Cer,
and Gb4Cer), bovine brain gangliosides (including
GM3, GM2, GM1, GD1, and GT1), phospholip-
ids (phosphatidylinositol, phosphatidylcholine, phos-
phatidylethanolamine, and phosphatidylserine), yeast
glycosyl phosphoinositol ceramide mixture (a-Man-
Ino-PO�4 Cer etc.,29), LAM and its partially degraded
derivatives ((a-Man)n-PI, 40 kD),30 b-galactosyl phyto-
diacylglycerol,31 bivalve a-mannosylated trihexosyl
ceramides (a-Man-Man-Glc-Cer)32 etc. did not stimu-
late Va19 Tg+ cells up to 10 lg/ml. Taken together, it
is strongly suggested that certain glycolipids with appro-
priately located non-reducing end a-mannosyl residue(s)
have the potential to stimulate Va19 NKT cells.
Figure 5. Stimulation of Va19 Tg cells with glycolipid antigens in the context
with glycolipids (2 lg/ml) for 5 h. They were washed with medium and
Va19Tg+TCRa�/� or C57BL/6 mice for 3 d in the presence or absence of p
partial sequence of the a2 domain of MR128 or rabbit serum before immun
culture fluid was determined by ELISA. The averages of triplicate cultures i
5. Immune responses of Va19 NKT cells to a-mannosyl

glycolipids presented by MR1

It was strongly suggested that the potential to respond
to the a-ManCer derivatives was confined to the
NK1.1+ Va19 Tg+ (Va19NKT) cells among the
responders prepared from Va19 Tg mice, because
the depletion of the NK1.1+ or TCRab+ population
from the responders reduced the responsiveness to the
glycolipids25 (Fig. 4). Presumably, lymphoid precur-
sors bearing invariant Va19 TCR a chains paired
with appropriate TCR b chains are capable of
being positively selected by the MR1-a-mannosyl-
glycolipid complex and differentiated into NKT-
lineage.

The stimulation of Va19 Tg+ cells was induced by co-
culture with the cells of human B lymphoma line (Raji)
transfected with the cDNA of MR128 (Fig. 5), while the
stimulation was not found with the transfectants of any
other MHC genes such as CD1, MR1, Qa2, and TL.
Thus, it is likely that invariant Va19 TCR-bearing cells
are restricted by MR1 that is presenting certain endoge-
nous antigens or chaperons. This result is in accord with
the recent reports that invariant Va19 TCR+ cells are
positively selected by MR1.14,18
of MR1. MR1-transfected or non-transfected Raji cells were incubated
irradiated (3000R), then cultured with liver MNCs isolated from

urified rabbit anti-MR1 antiserum raised against the peptide with the
ization (pre-immune serum) (3 lg/ml). Cytokine concentration in the
n one of the representative two results are shown.
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The immune responses of Va19 Tg+ cells toward
MR1-transfectants were enhanced when the transfec-
tants were previously loaded with the a-mannosyl
glycolipids28 as shown in Figure 5. Presumably, putative
intracellular ligands were replaced by these glycolipids
at the antigen-presenting groove in MR1 molecules.
Since the truncation of the N-acyl group length in a-gly-
cosyl ceramides drastically reduced the activity toward
Va19 NKT cells,17 the lipid portion of antigenic
glycolipids possibly binds to the antigen-presenting
groove of MR1 leaving the sugar moiety available for
the interaction with the invariant TCR. The immune
responses were reduced in the presence of anti-MR1
antiserum but not pre-immune serum, thus also support-
ing the participation of MR1 in the antigen
presentation.
Figure 6. Immune responses of Va19 NKT cells in Va19 invariant
TCR Tg mice injected with a-mannosyl glycolipids. Va19 invariant
TCR Tg or non-Tg mice (C57BL/6 genetic backgrounds) were
intravenously injected with a-mannosyl glycolipids (10 lg/mouse
dissolved in PBS). After 90 min, single cell suspension was quickly
prepared from spleens, and cells were cultured for indicated hours in
the DME medium (including 10% FCS) without special supplements.
Cytokine concentrations in the culture supernatants were determined
by ELISA.
Taken together, it is strongly suggested that invariant
Va19 NKT cells recognize a-mannosyl glycolipids that
are presented by MR1.
6. Concluding remarks

The structural requirements for natural ligands for
invariant Va19 TCR+ cells were suggested by the com-
prehensive examination. Certain glycolipids, each with
a-mannosyl residue(s) at the non-reducing end and con-
sisting of LAM or GPI-anchors, have been shown to be
stimulus for Va19 NKT cells when they are presented by
MR1. However, the immune responses of Va19 Tg+

cells induced by the stimulation with a-mannosyl glyco-
lipids were apparently less significant than those of Va14
NKT cells induced by a-GalCer. Thus, it remains possi-
ble that glycolipids with non-reducing end a-mannosyl
residue(s) are present as intracellular metabolites or in
bacterial components such as endotoxins that are more
immuno-competent toward Va19 NKT cells than the
glycolipids so far characterized.

Specific activators or inhibitors for Va19 NKT cells
may be important for medical applications, since specific
activators for Va14 NKT cells such as a-GalCer and its
homologues have been shown to be effective in a number
of animal models of disease.33,34 The immune responses
of Va19 Tg+ cells were induced not only in culture
but also in vivo with the a-mannosyl glycolipids25,28

(Fig. 6). In addition, the structural modification of
a-ManCer enhanced either Th1- or Th2-dominant
immune responses from Va19 NKT cells.25 Therefore,
these glycolipids are prospective leading compounds to
develop new therapies for immunological disorders tar-
geting Va19 NKT cells.
References

1. Bendelac, A.; Rivera, M. N.; Park, S. H.; Roark, J. H.
Annu. Rev. Immunol. 1997, 15, 535–562.

2. Lantz, O.; Bendelac, A. J. Exp. Med. 1994, 180, 1097–
1106.

3. Makino, Y.; Kanno, R.; Ito, T.; Higashino, K.; Taniguchi,
M. Int. Immunol. 1995, 7, 1157–1161.

4. Bendelac, A.; Killeen, N.; Littman, D. R.; Schwarz, R. H.
Science 1994, 263, 1774–1778.

5. Bendelac, A.; Lantz, O.; Quimby, M. E.; Yewdell, J. W.;
Bennink, J. R.; Brutkiewicz, R. R. Science 1995, 268, 863–
865.

6. Kawano, T.; Cui, J.; Koezuka, Y.; Toura, I.; Kaneko, Y.;
Motoki, K.; Ueno, H.; Nakagawa, R.; Sato, H.; Kondo,
E.; Taniguchi, M. Science 1997, 278, 1626–1629.

7. Natori, T.; Koezuka, Y.; Higa, T. Tetrahedron Lett. 1993,
34, 5591–5592.

8. Kinjo, Y.; Wu, D.; Kim, G.; Xing, G.-W.; Poles, M. A.;
Ho, D. D.; Tsuji, M.; Kawahara, K.; Wong, C.-H.;
Kronenberg, M. Nature (London) 2005, 434, 520–525.



M. Shimamura / Carbohydrate Research 343 (2008) 2010–2017 2017
9. Mattner, J.; DeBord, K. L.; Ismail, N.; Goff, R. D.;
Cantu, C., III; Zhou, D.; Saint-Mezard, P.; Wang, V.;
Gao, Y.; Yin, N.; Hoebe, K.; Schneewind, O.; Walker, D.;
Beutner, B.; Teyton, L.; Savage, P. B.; Bendelac, A.
Nature (London) 2005, 434, 525–529.

10. Kinjo, Y.; Tupin, E.; Wu, D.; Fujio, M.; Garcia-Navarro,
R.; Benhnia, M. R.-E.-I.; Zajonc, D. M.; Ben-Menachem,
G.; Aihge, G. D.; Painer, G. F.; Khurana, A.; Hoebe, K.;
Behar, S. M.; Beurler, B.; Wilson, I. A.; Tsuji, M.; Sellati,
T. J.; Wong, C.-H.; Kronenberg, M. Nat. Immunol. 2006,
7, 978–986.

11. Zhou, D.; Mattner, J.; Cantu, C., III; Schrantz, N.; Yin,
N.; Gao, Y.; Sagiv, Y.; Hudspeth, K.; Wu, Y.-P.;
Yamashita, T.; Teneberg, S.; Wang, D.; Proia, R. L.;
Levery, S. T.; Savage, P. B.; Teyton, L.; Bendelac, A.
Science 2004, 306, 1786–1789.

12. Tilloy, F.; Treiner, E.; Park, S.-H.; Garcia, G.; Lemonnier,
F.; de la Salle, H.; Bendelac, A.; Bonneville, M.; Lantz, O.
J. Exp. Med. 1999, 189, 1907–1921.

13. Shimamura, M.; Huang, Y.-Y. FEBS Lett. 2002, 516, 97–
100.

14. Treiner, E.; Duban, L.; Bahram, S.; Radosavijevic, M.;
Wanner, V.; Tilloy, F.; Affaticati, P.; Gilfillan, S.; Lantz,
O. Nature (London) 2003, 422, 164–169.

15. Yoshimoto, T.; Bendelac, A.; Watson, C.; Hu-Li, J.; Paul,
W. E. Science 1995, 270, 1845–1847.

16. Shimamura, M.: Huang, Y.-Y.; Kobayashi, K.; Okamoto,
N.; Goji, H.; Kobayashi, M. In Abstract for the 2nd
International Workshop on CD1 Antigen Presentation
and NKT Cells, Woods Hole, 2002; p 4.

17. Okamoto, N.; Kanie, O.; Huang, Y.-Y.; Fujii, R.;
Watanabe, H.; Shimamura, M. Chem. Biol. 2005, 12,
677–683.

18. Kawachi, I.; Maldonado, J.; Strader, C.; Gillfillan, S. J.
Immunol. 2006, 176, 1618–1627.

19. Croxford, J. L.; Miyake, S.; Huang, Y.-Y.; Shimamura,
M.; Yamamura, T. Nat. Immunol. 2006, 7, 987–994.

20. Hansen, T. H.; Huang, S.; Arnold, P. L.; Fremont, D. H.
Nat. Immunol. 2007, 8, 563–568.
21. Huang, S.; Gilfillan, S.; Cella, M.; Miley, M. J.; Lantz, O.;
Lybarger, L.; Fremont, D. H.; Hansen, T. H. J. Biol.
Chem. 2005, 280, 21183–21193.

22. Fujita, T.; Hirose, T.; Hamamichi, N.; Kitao, Y.; Sasaki,
S.; Yoneta, M.; Chiba, K. Bioorg. Med. Chem. Lett. 1995,
5, 1857–1860.

23. Mandala, S.; Hajdu, R.; Bergstrom, J.; Quackenbush, E.;
Xie, J.; Millingan, J.; Thornton, R.; Shei, G.-J.; Card, D.;
Keohane, C.; Rosenbach, M.; Hale, J.; Lynch, C. L.;
Rupprecht, K.; Parsons, W.; Rosen, H. Science 2002, 296,
346–349.

24. Shimamura, M.; Okamoto, N.; Huang, Y.-Y.; Yasuoka,
J.; Morita, K.; Nishiyama, A.; Amano, Y.; Mishina, T.
Eur. J. Med. Chem. 2006, 41, 569–576.

25. Shimamura, M.; Okamoto, N.; Huang, Y.-Y.; Yasuoka,
J.; Morita, K.; Nishiyama, A.; Amano, Y.; Mishina, T.
Eur. J. Immunol. 2007, 37, 1836–1844.

26. Watanabe, Y.; Yamamoto, T.; Okazaki, T. Tetrahedron
1997, 53, 903–918.

27. Murakata, C.; Ogawa, T. Carbohydr. Res. 1992, 234, 75–
91.

28. Shimamura, M.; Huang, Y.-Y.; Okamoto, N.; Watanabe,
Y.; Murakami, Y.; Kinoshita, T.; Hirabayashi, Y.;
Murakata, C.; Ito, Y.; Ogawa, T. FEBS J. 2007, 274,
2921–2932.

29. Dickson, R. C.; Lester, R. L. Biochim. Biophys. Acta 1999,
1426, 347–357.

30. Sumida, M.; Hashimoto, M.; Yasuoka, J.; Okabe, E.;
Kusumoto, S.; Takada, H.; Hayashi, T.; Tamura, T.;
Kotani, S. Polymer Preprints 1996, 37, 129–130.

31. Carter, H. E.; Johnson, P.; Weber, E. J. Annu. Rev. Bio-
chem. 1965, 34, 109–142.

32. Mori, T.; Ito, Y.; Ogawa, T. Carbohydr. Res. 1990, 195,
199–224.

33. Taniguchi, M.; Harada, M.; Kojo, S.; Nakayama, T.;
Wakao, H. Annu. Rev. Immunol. 2003, 21, 483–513.

34. Miyamoto, K.; Miyake, S.; Yamamura, T. Nature
(London) 2001, 413, 531–534.


	Non-reducing end  alpha -mannosylated glycolipids as potent activators for invariant V alpha 19 TCR-bearing natural killer T cells
	Introduction
	Induction of immune responses from V alpha 19 NKT cells with synthetic  alpha -mannosyl ceramide
	Induction of either Th1 Th1-or Th2 -dominant Th2-dominantimmune responses of V alpha 19 NKT cells with  alpha -ManCer derivatives
	Requirement of non-reducing end  alpha -mannosyl residues for ligands for V alpha 19 NKT cells
	Immune responses of V alpha 19 NKT cells to  alpha -mannosyl glycolipids presented by MR1
	Concluding remarks
	References


