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induced by immunization with type Il collagen (CII),
suggesting that V,,14 NKT cells are a potential target for
RA therapy (5).

Although the precise function of V14 NKT cells
remains to be elucidated, evidence indicates that V14
NKT cells play a critical role in the regulation of
autoimmune responses {6-8). Abnormalities in the
numbers and function of V 14 NKT cells have been
observed in patients with autoimmune diseases, includ-
ing RA, as well as in a variety of mouse strains that are
genetically predisposed to the development of autoim-
mune diseases (9~15). Despite these accumulating data,
the role of V, 14 NKT cells in the pathogenesis of
arthritis still remains unclear.

In the present study, we show that blockade of
CD1d results in the amelioration of CIA. In addition,
the severity of CLA induced in V_14 NKT cell-deficient
mice was reduced in comparison with that in wild-type
mice, due to a reduction in the Thl deviation of T cell
responses to CIL. Furthermore, mice deficient in V14
NKT cells were significantly less susceptible to antibody-
induced arthritis, indicating that V14 NKT cells also
contribute to autoantibody-mediated inflammation.

MATERIALS AND METHODS

Mice. DBA1/J mice were purchased from Oriental
Yeast Co., Ltd (Tokyo, Japan). C57BL/6 (B6) mice were
purchased from Clea Laboratory Animal Corporation (Tokyo,
Japan). J,281-knockout mice were kindly provided by Dr.
Masaru Taniguchi (Riken Research Center for Allergy and
Immunology, Yokohama, Japan) (16), and were generated in
the 129 strain and backcrossed 10 times to the B6 background.
CDi-knockout mice were kindly provided by Dr. Steve B. Balk
(Beth Israel Deaconess Medical Center, Harvard Medical
School, Boston, MA) (17), and were generated in the 129
strain and backcrossed 7 times to the B6 background. KRN
TCR~transgenic mice were kindly provided by Drs. Christophe
Benoist and Diane Mathis (Joslin Diabetes Center, Boston,
MA) (18). The animals were kept under specific pathogen—free
conditions.

Flow cytometric analysis of NKT cells. Cells were
prepared from various organs of control DBA1/J mice and
CIA mice at 30-35 days after the first immunization. Control
mice were injected intradermally with vehicle alone emulsified
in Freund’s complete adjuvant (CFA) at day 0 and in Freund’s
incomplete adjuvant (IFA) at day 21. Dimer XI Recombinant
Soluble Dimetric Mouse CDI1d, fluorescein isothiocyanate—
conjugated A85-1 monoclonal antibodies (mAb) (anti-mouse
1gG1), and allophycocyanin-conjugated anti-TCR f chain were
purchased from BD Biosciences PharMingen (San Diego,
CA). Loading of o-GC to CD1d and staining for Dimer XI
were achieved in accordance with the manufacturer’s protocol.
Flow cytometric analysis was performed with FACSCaliber
flow cytometry (Becton Dickinson Immunocytometry Systems,
Mountain View, CA).
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Induction of CTA. Mice were immunized intradermally
at the base of the tail with either 200 pg of bovine CII (for
DBA1/J mice) or 100 pg of chicken CII (for B6 mice)
{Collagen Research Center, Tokyo, Japan) emulsified with an
equal volume of CFA and containing 250 pg of H37Ra
Mycobacterium  tuberculosis (Difco, Detroit, MI). B6 mice
received a booster by intradermal injection with the same
antigen preparation on day 21. DBA1/] mice received a
booster by intradermal injection with 200 ug of bovine CII
emulsified with IFA.

Induction of anti-CII antibody—induced arthritis. Mice
were injected intravenously with 2 mg of the mixture of
anti-CII mAb (Arthrogen-CIA mAb; Chondres, Seattle, WA),
and 3 days later, 50 ug of lipopolysaccharide (LPS) was
injected intraperitoneally. Control mice were injected with
mouse IgG (Sigma, St. Louis, MO) followed by LPS injection.

Induction of arthritis by K/BxN serum transfer. As
previously described, KRN TCR~transgenic mice maintained
on the B6 background were crossed with nonobese diabetic
(NOD) mice to generate K/BxN mice that develop spontane-
ous arthritis (18). K/BxN serum pools were prepared from
8-week-old, arthritic mice, and 200 ul of the serum was
injected intraperitoneally into the animals to induce arthritis.
Sera from nontransgenic littermate mice crossed with NOD
mice (BxN) were used as the control.

Clinical assessment of arthritis. Mice were examined
for signs of joint inflammation, using the following scoring
system: 0 = no change, 1 = significant swelling and redness of
1 digit, 2 = mild swelling and erythema of the limb or swelling
of >2 digits, 3 = marked swelling and erythema of the limb,
and 4 = maximal swelling and redness of the limb and
subsequent ankylosis. The average of the macroscopic score
was expressed as the cumulative value of all paws, with a
mazimum possible score of 16.

In vivo antibody treatment. Anti-CD1-blocking, non—
cell-depleting mAb (1B1) was purchased from BD Biosciences
PharMingen (19). Mice were treated intraperitoneally with 250
pg of either blocking anti-CD 1d mAb or non-isotype-matched
whole rat IgG (Sigma) as control, twice per week starting from
21 days after the first immunization with CII

Mecasurements of CII-specific IgG1 and IgG2a. Either
chicken or bovine CII (1 mg/ml) was coated onto enzyme-
linked immunosorbent assay plates (Sumitomo Bakelite, To-
kyo, Japan) at 4°C overnight. After blocking with 1% bovine
serum albumin in phosphate buffered saline, serially diluted
serum samples were added to CII-coated wells. For detection
of anti-CII antibodies, the plates were incubated for 1 hour
with biotin-labeled anti-IgG1 and anti-IgG2a (Southern Bio-
technology Associates, Birmingham, AL) or anti-IgG antibod-
ies (CN/Cappel, Aurora, OH) and then incubated with
streptavidin-peroxidase. After adding a substrate, the reaction
was evaluated, and antibody titers were calculated on the basis
of dilution/absorbance curves.

Cytokine measurement. B6 or J 281-knockout mice
were immunized with 100 ug of CII on days 0 and 21. Ten days
after the second immunization, the lymph node cells from B6
or I 281-knockout mice were cultured for 48 hours with 200
ug/ml CIL The levels of I1-2, 114, IL-5, I1-10, IFNw, and
tumor necrosis factor o (TNFe) in the supernatants were
measured by cytometric bead array (BD PharMingen), using
the protocol provided by the manufacturer.
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Histopathology. B6 or J_281-knockout mice were
killed and the fore paws removed 65 days after the induction of
CIA or 10 days after K/BxN serum transfer. Paws were then
fixed in buffered formalin, decalcified, embedded in paraffin,
sectioned, and stained with hematogylin and eosin.

RESULTS

Increase in liver NKT cells in CIA. To investigate
the role of CD1-restricted V,14 NKT cells in CIA, we
first analyzed the number of V14 NKT cells using
a-GC-loaded CD1 dimer. As shown in Figure 1A, the
percentage of a-GC-loaded CDl-reactive V,14 NKT
cells among total liver mononuclear cells and peripheral
blood mononuclear cells (PBMCs) was increased in CIA
mice compared with control mice treated with CFA
alone. The absolute number of a-GC-loaded CDI1-
reactive V14 NKT cells was also increased in the liver at
the peak of the disease (Figure 1B).

Amelioration of CIA by anti-CD1 mAb treatment.
To elucidate the role of V14 NKT cells in the patho-
genesis of arthritis, we next examined the effect of
anti-CD1d mAb on the development of CIA. We immu-
nized DBA1/J mice and then administered intraperito-
neal injections of either anti-CD1d mAb or control rat
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Figure 1. Expression of natural killer T (NKT) cells in the collagen-
induced arthritis (CIA) model. A, To determine the frequency of NKT
cells in various organs of mice with CIA or control mice (treated with
Freund's complete adjuvant [CFA)), cells were obtained from the mice
at the time of death, 30-35 days after the first immunization. Results
are expressed as the percentage of w-galactosyleceramide-loaded
CD1d-positive T cells within the lymphocyte gates. LN = lymph nodes;
PBMC = peripheral blood mononuclear cells. B, Absolute numbers of
NKT cells in the liver were calculated from the total liver mononuclear
cells of the same mice as in A, Bars show the mean and SEM of 7-8
mice per group. * = P < (.05, by Mann-Whitney U test.
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Figore 2. Amelioration of collagen-induced arthritis (CIA) in A,
anti-CD1 monoclonal antibody (mAb)-treated or B, natural killer T
cell-deficient mice. A, The clinical course of CIA was monitored in
DBA/1 mice treated with 250 pg of anti-CD1d mAb (O) or control rat
IgG (@), twice per week starting from day 21 after the first immuni-
zation. Bars show the mean and SEM of 13 mice (6-week-0ld males)
per group from 2 independent experiments {n = 5 or 8 per group). =
= P < (.05 versus control IgG-treated mice, by Mann-Whitney U test.
B, The clinical course of CIA was monitored in J_281-knockout (O)
and wild-type B6 (M) mice immunized with chicken type II collagen
emulsified with Freund’s complete adjuvant. Bars show the mean and
SEM of 5 mice per group. = P < (.05 versus B6 mice, by
Mann-Whitney U test.

IgG twice per week starting from the day of the second
immunization (5). As shown in Figure 2A, anti-CD1d
treatment ameliorated arthritis in the mAb treatment
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group as compared with that in the control group.
Disease susceptibility was not different between anti-
CD1d-treated mice and control mice. This result sug-
gests that CD1d-restricted V 14 NKT cells contribute to
the enhancement of the disease course in CIA.

Reduced severity of CIA in NKT cell-deficient
mice. To further investigate the contribution of CDI-
restricted V14 NKT cells to arthritis, we induced CIA
in V_14 NKT cell-deficient J 281-knockout mice. As
shown in Figure 2B, V_ 14 NKT cell-deficient mice
developed less severe arthritis compared with that in the
wild-type B6 mice. Disease susceptibility was not differ-
ent between B6 mice and J 281-knockout mice. This
result further supports the idea that V, 14 NKT cells
could play a role in the enhancement of CIA.

Altered CII-specific responses in NKT cell-
deficient mice. To examine whether the response to CII
was altered in the presence or absence of V, 14 NKT
cells, we measured ClI-specific IgG isotype levels 65
days after the induction of CIA. Tt is generally accepted
that elevation of autoantigen-specific IgG2a antibody is
the result of augmentation of the Thl immune response
to the antigen, whereas a higher level of IgG1 antibody
is a reflection of a stronger Th2 response to the antigen.
In J 281-knockout mice, there was a slight reduction in
the level of antigen-specific IgG2a antibody and an
increase in the level of antigen-specific IgG1 compared
with that in wild-type B6 mice (Figure 3A). Conse-
quently, the IgG1:1gG2a ratio was elevated in J,281-
knockout mice, suggesting that V, 14 NKT cell defi-
ciency alters the Th1/Th2 balance in response to CIL

To further analyze the Cll-reactive T cell re-
sponse, we isolated the draining lymph node cells from
B6 or J 281-knockout mice 10 days after the second
immunization with CII, and stimulated the lymphoid
cells with CII in vitro. We then compared the concen-
trations of I1.-2, 114, T1.-5, TL-10, TFNwv, and TNF« in
the culture supernatants. The level of I1-10 was signifi-
cantly increased in the supernatant obtained from the
culture of lymphoid cells of J_281-knockout mice com-
pared with those from B6 mice (Figure 3B). The con-
centrations of IL-2 and IFNy were decreased in J 281-
knockout mice; however, the levels of these cytokines
were also very low in B6 mice. The concentration of
TNFe« was not different between these mice. IL-4 and
IL-5 were not detected in either culture supernatant.
These results suggest that V14 NKT cells contribute to
the alteration of the Th1/Th2 balance of the T cell
response to CIL
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Figure 3. Altered type II collagen (CI)-specific responses in natural
killer T cell-deficient mice. A, To determine the Cll-specific antibody
isotype levels in J 281-knockout (Jor281KO) mice as compared with
wild-type B6 mice, individual serum samples obtained on day 65 after
induction of arthritis were analyzed by enzyme-linked immunosorbent
assay, with results expressed as the optical density (OD). Open circles
with broken lines denote the average of individual samples. * = P <
0.05, by Student’s ttest. B, To determine the Cllspecific T cell
response in Jo281KO as compared with wild-type B6 mice, production
of interleukin-10 (IL-10) (among other cytokines) from draining lymph
node cells was analyzed by cytometric bead array. Bars show the mean
and SEM of 3 mice per group. + = P < (.05, by Mann-Whitney U test.

Amelioration of antibody-induced arthritis in
NKT cell-deficient mice. CIA, commonly used as a
model of RA, is characterized both by a primary im-
mune response and by inflammation, and these features
are often interdependent and therefore difficult to sep-
arate. In antibody-induced arthritis, inflammation oc-
curs in the absence of a primary immune response,
allowing us to investigate the effector mechanisms that
link the potentially pathogenic antibodies and the overt
development of arthritis (20). To address the role of
V14 NKT cells in the inflammatory process in addition
to the modulation of the T celi response, we studied the
role of V,14 NKT cells in anti-CII antibody-induced
arthritis. To induce arthritis, mice received a mixture of
4 mAb reactive to CII, followed 72 hours later by LPS.
As shown in Figure 4, compared with that in control
animals, the severity of joint inflammation was signifi-
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Figure 4. Reduced severity of anti-type I collagen monoclonal anti-
body (anti-CII mAb)-induced arthritis in natural killer T cell~deficient
mice. The clinical course of arthritis induced by injection of a mixture
of anti-CII mAb and lipopolysaccharide was monitored in 7-week-old
female A, J_281-knockout mice (#) and B, CD1-knockout mice (A) as
compared with B6 mice (@ in A and B). Bars show the mean and SEM
of 5 mice per group, with representative data from 1 of 2 experiments.
& = P < 0,05 versus B§ mice, by Mann-Whitney U test.

cantly reduced in J 281-knockout mice as well as in
CD1d-knockout mice, another NKT cell-deficient type
of mouse (17). Disease susceptibility was not different
among these 3 groups.

Arthritis induced by K/BxN serum transfer is
another antibody-induced arthritis model (21). K/BxN is
a recently developed model of inflammatory arthritis
(18). K/BxN animals spontaneously develop arthritis
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Figure 5. Reduced severity of arthritis induced by transfer of K/BxN
serum in natural killer T (NKT) cell-deficient mice. A, To determine
the frequency of NKT cells in various organs of mice with K/BxN
serum~induced arthritis or BxN serum—transferred control mice,
cells were obtained from the mice at the time of death, 10 days after
serum transfer. Results are expressed as the percentage of
a-galactosylceramide~loaded CD1-positive T cells within the lympho-
cyte gates. Bars show the mean and SEM of 3 mice per group. * = P <
0.05, by Mann-Whitney U test. IN = lymph nodes; PBMC ==
peripheral blood mononuclear cells. B and C, The clinical course of
arthritis induced by the injection of K/BxN serum was monitored in
8-week-old female B, J,281-knockout mice (#) and C, CD1-knockout
mice (A) as compared with B6 mice (@ in B and C). Bars show the
mean and SEM of 5 mice per group, with representative data from 1
of 2 experiments. ¥ = P < (.05, by Mann-Whitney U test.
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Figure 6. Histopathologic assessment of arthritic wrist joints. The joints from B6 mice and J.281-
knockout mice with collagen-induced arthritis (A and B, respectively) and from B6 mice and J 281~
knockout mice with K/BxN serum—transferred arthritis (C and D, respectively) were assessed for Lhe extent
of arthritis. Two mice per group were analyzed, and representative results are shown. (Hematoxylin and

cosin stained: original magnification x 20.)

that is similar to RA in humans. The arthritis is initiated
by T'and B cell autoreactivity to a ubiquitously expressed
antigen, glucose-6-phosphate-isomerase (GPI) (22).
Transfer of serum from arthiitic K/BxN mice into
healthy animals provokes arthritis within days, indepen-
dent of the response of T and B cells. K/BxN serum-—
induced arthritis is mediated by anti-GPI IgG.

With this arthritis model, we analyzed the num-
ber of V 14 NKT cells, utilizing a-GC-loaded CDI
dimer. As shown in Figure 5A, the percentage of a-GC-
loaded CD1-restricted V14 NKT cells among lymph
node cells and PBMCs in arthritic mice was increased
compared with that in control mice transferred with BxN
serum. CD L-restricted V14 NKT cells among total liver
mononuclear cells and splenocytes tended to be in-
creased in arthritic mice, As shown in Figures 5B and C,
the severity of joint inflammation was significantly re-
duced in J 281-knockout mice and CDIld-knockout

mice, respectively, as compared with that in control
animals, which is consistent with the results observed in
anti-CII antibody-induced arthritis. Disease susceptibil-
ity was not different among these 3 groups. These results
indicate that V 14 NKT cells contribute to the inflan-
matory effector phase of arthritis.

Histopathologic assessment of arthritis in J «281-
Inockout mice. In addition to visual scoring of disease
severity, we analyzed the histologic features in the joints
of the fore paws of J,281-knockout mice and wild-type
B6 mice on day 65 after CIA induction or 10 days after
K/BxN serum transfer. As shown in Figure 6A, following
arthritis development in B6 mice, there was severe
disease in the joints, associated with massive cell infil-
tration, cartilage erosion, and bone destruction. These
histologic features were significantly less apparent in
J281-knockout mice (Figure 6B). In K/BxN serum-
transferred B6 mice, massive cell infiltration as well as
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cartilage erosion and bone destruction were observed
(Figure 6C). Infiltration of inflammatory cells was less
evident and destruction of cartilage and bone were not
apparent in J,281-knockout mice (Figure 6D). These
results support the idea that loss of V 14 NKT cells
ameliorates arthritis.

DISCUSSION

In this study, we demonstrated that blocking the
interaction of CD1d and V14 NKT cells leads to the
amelioration of CIA. We also showed that the severity
of the disease induced in V14 NKT cell-deficient
J281-knockout mice was reduced compared with that in
wild-type B6 mice. In J_281-knockout mice, the ratio of
IgG1:IgG2a anti-CII antibody was elevated and produc-
tion of T1.-10 upon stimulation with CII was increased,
suggesting that the response to ClII was deviated to the
Th2 response in these mice. Furthermore, we found that
the disease was less severe in J ,281- and CD1-knockout
mice with antibody-induced arthritis,

The most extensively used animal model of RA is
CIA, which is accompanied by a predominant Thl
response and is characterized by production of the
proinflammatory cytokines IFNvy and TNFea. Previous
studies have shown that treatment with Th2-promoting
cytokines or with mAb directed against Thl-promoting
cytokines can effectively protect mice against CIA (23).
V.14 NKT cells were previously reported to protect
other Thl cell-mediated autoimmune diseases such as
type 1 diabetes in NOD mice, by inducing a shift toward
a Th2 T cell response to autoantigens (6-8). The
development of diabetes was prevented either by infa-
sion of NKT cell-enriched thymocyte preparations or by
an increase of NKT cells in V_14-J 281-transgenic
NOD mice (24,25). In contrast, V14 NKT cells ap-
peared to exacerbate arthritis in the present study, since
the severity of the disease was decreased in J,281-
knockout mice and anti-CD1d mAb treatment amelio-
rated the disease.

Because V14 NKT cells produce large amounts
of both IL-4 and IFNvy upon stimulation with anti-CD3
antibody or its prototypic ligand a-GC, a regulatory role
in Th cell differentiation has been proposed for these
cells. However, the results obtained from «-GC treat-
ment of B6 mice on Th cell differentiation are conflict-
ing. The administration of a-GC was found to facilitate
either Thl differentiation or Th2 differentiation (26,27).
Although the basis for these inconsistencies is not clear,
the discrepancies between these results could be due to
the differences in the protocols of the a-GC treatment,
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suggesting that small differences in circumstances may
affect the immunomodulatory effect of V14 NKT cells.
Recently, microbial products or proinflammatory cyto-
kines such as I1.-12 have been reported to amplify the
basal weak responses of CD1d-restricted T cells to self
antigens to yield potent effector functions by enhancing
IFNw secretion (28). Abundant proinflammatory cyto-
kines may modulate the function of V14 NKT cells in
mice with CIA.

Recent studies using the serum of an engineered
mouse model, K/BxN, have revealed that autoantibod-
ies, complement components, Fc receptors, and cyto-
kines such as IL-1 and TNF« participate in the patho-
genesis of antibody-mediated erosive arthritis (29-31).
As cellular components, neutrophils and mast cells have
been reported to be essential for antibody-mediated
inflammatory arthritis (32,33). We showed, in this study,
that mice deficient in V 14 NKT cells exhibited a
reduced severity of antibody-mediated arthritis, suggest-
ing that V14 NKT cells act as effector cells in inflam-
matory arthritis. Potential V14 NKT cell effector mech-
anisms that may be important for the induction and
progression of joint inflammation include the rapid
production of a variety of cytokines, including IL-1 and
TNF«, that play a critical role in both K/BxN serum-~
induced arthritis and anti-CI1 mAb-induced arthritis, as
well as in human RA (1,30,31,34). Very recently, Kim et
al reported that NKT cells promote K/BxN serum-—
induced joint inflammation by producing 11.-4 and IFNvy
(35). Those authors showed that 11.-4 and IFNy are
important in reducing the production of transforming
growth factor B (TGEFP), resulting in suppression of
arthritis. The regulation of TGFB by NKT cells might be
one of the important mechanisms controlling the inhi-
bition of arthritis.

In this study we have demonstrated that V_14
NKT cells could contribute to the pathogenesis of
arthritis in several ways, including enhancing the inflam-
matory effector phase of arthritis mediated by autoan-
tibodies. Changing the Th1/Th2 balance of autoantigen-
reactive T cells by V 14 NKT cells may also contribute
to the pathogenesis of CIA. As we previously proposed,
modulation of the function of V 14 NKT cells with
proper stimuli, such as the Th2-skewing glycolipid li-
gand, OCH, or a blocking reagent for NKT cell func-
tions, could be considered as new therapeutic interven-
tions in the management of RA.
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Single Dose of OCH Improves Mucosal T Helper Type 1/T

Helper Type 2 Cytokine Balance and Prevents Experimental

Colitis in the Presence of Va:14 Natural Killer T Cells in Mice
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Background and Aims: V«14 natural killer T (NKT) cells seem
to play important roles in the development of various autoimmune
diseases. However, the pathophysiologic role of NKT cells in inflam-
matory bowel disease remains unclear. To clarify the mechanism by
which the activation of NKT cells mediates protection against intes-
tinal inflammation, we investigated the antiinflammatory role of spe-
cifically activated Va14 NKT cells by glycolipids in a mouse experi-
mental model of colitis induced by dextran sulfate sodium (DSS).

Methods: Colitis was induced in C57BL/6 mice by the oral admin-
istration of 1.5% DSS for 9 days. A single dose of OCH or a-galac-
tosylceramide, a ligand for NKT cells, was administered on day 3
after the induction of colitis. Body weights and colonic mucosal in-
jury were assessed in each glycolipid-treated group. Interferon—y and
interleukin-4 levels in the supernatants from colonic lamina propria
lymphocytes (LPLs) were measured by enzyme-linked immunosor-
bent assay.

Results: The administration of a single dose of OCH attenuated co-
lonic inflammation, as defined by body weights and histologic injury.
The protective effects of OCH could not be observed in Va14 NKT
cell-deficient mice. In vivo treatment with OCH had improved the
interferon-y/interleukin-4 ratio from colonic LPLs on day 9 after DSS
treatment.

Conclusion: The present data indicated that the activation of V14
NKT cells by OCH plays a pivotal role in mediating intestinal inflam-
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mation via altered mucosal T-helper type 1/type 2 responses. Thera-
peutic strategies that are designed to activate specifically Va14 NKT
cells may prove to be beneficial in treating intestinal inflammation.

Key Words: colitis, natural killer T cells, OCH, T helper type 1/T
helper type 2

(Inflamm Bowel Dis 2005;11:35-41)

atural killer T (NKT) cells have been identified as a novel

Iymphoid lineage distinct from conventional T cells and
natural killer (NK) cells. NKT cells express both invariant
Val4 NKT-specific antigen receptor as well as an NK marker
(NK1.1)."° The specific features of this cell type include a
limited repertoire with an invariant Vo chain consisting of the
Val4-Ja281 gene segment and the highly skewed VB chains
VB8.2, VB7, and VB2 in mice. NKT cells are restricted by the
nonclassical major histocompatibility complex class I-like
molecule CD1d, which is expressed on cells of hematopoietic
origin as well as on intestinal epithelial cells.*™° These cells
recognize glycolipid antigens such as a-galactosylceramide
(aGalCer), a glycolipid that is isolated from marine sponges
that specifically binds CD1d.**™* NKT cells are abundant in
the thymus, liver, and bone marrow, and are also found in pe-
ripheral lymphoid organs. It has been reported that NKT cells
play an important role in various aspects of the immune re-
sponse, including the regulation of allergic and autoimmune
diseases*>™® and the prevention of tumor metastasis.'*2

One of the mechanisms by which NKT cells elicit the
effector function is through the production of large amounts of
interferon (IFN)-v, interleukin (IL)-4, and IL-10 in response to
various stimuli.' In vitro and in vivo studies have shown that
the cytokine profiles of these cells depend both on the nature of
the activating stimulus and on the nature of the cytokines, and
on other soluble factors in the local microenvironment. The
activation of NK1.17T cells by CD3 cross-linking or CD1 re-
sults in the production of both IFN-y and IL-4, whereas the
stimulation of NK1.17" results in the production of IFN-vy
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only.'*?*241L-12 stimulates NK.1.1*T cells to produce IFN-y
and inhibits their production of IL-4,%%?52¢ whereas IL-4 pro-
duction by these cells requires IL-7 and is promoted by gluco-
corticoids.””?° Several costimulatory molecules play a role in
the regulation of these cytokines. In the presence of blocking
B7.2 (CD86) monoclonal antibody, aGalCer stimulation shifts
the cytokine profile of NKT cells toward T helper (Tyy) type 2
cells, whereas the presentation of aGalCer by CD40-activated
antigen presenting cells causes a Ty1 shift of NKT cells.>° Re-
cently, Miyamoto et al*! demonstrated that OCH, which has
shorter hydrophobic chains than aGalCer, induces the produc-
tion of, predominantly, IL-4 by NKT cells from murine spleen,
leading to Ty2 bias in a Val4 NKT cell-dependent manner.
Therefore, the specific stimulation of NKT cells may have a
therapeutic effect on various diseases associated with the Ty1-
type or T2-type immune response.

The role of NKT cells in intestinal inflammation has
been elucidated by several investigators. The ligand-specific
activation of Va14 NKT cells by aGalCer has been shown to
protect mice against experimental colitis.>? This protection
was absent in CD1d™" mice, and the elimination of NK1.1*
cells reduced the effect of aGalCer. Other authors have re-
ported that oxazolone-induced colitis, a Ty 2-type colitis, is
mediated by IL-13~producing NKT cells.>* These results sug-
gest that a CD1d-NKT cell interaction may be involved in the
pathogenesis of colonic inflammation. However, the precise
mechanism by which activated NKT cells modulate the patho-
genesis of colitis is not yet understood. In the present study, we
examined the role of NKT cells activated by OCH or «GalCer
in protection against dextran sulfate sodium (DSS)-induced
colitis. Our results indicate that the activation of Va14 NKT
cells by OCH shifted toward Tg2-type immune balance in the
intestinal mucosa and that this is critical for protection against
DSS-induced colitis.

MATERIALS AND METHODS

Mice

Specific pathogen-free CS7TBL/6 (B6) mice were pur-
chased from Japan Clea (Tokyo, Japan). Ja281-deficient
(Val4 NKT cell-deficient [KO]) mice on a B6 background
were generated, as described previously.?® All mice were
housed under specific pathogen-free conditions in microisola-
tor cages in the animal facility at Hiroshima University, and
only male mice (9 to 11 wk of age) were used.

DSS Colitis Model

DSS ([molecular weight, 5000] Wako Chemical Co,
Osaka, Japan) was added to the water supply of the animals at
a concentration of 1.5% (wt/vol) for days 1-9. The progression
of colitis was monitored by a daily examination for rectal
bleeding, perianal soiling, lack of grooming, hunched posture,
weight loss, and mortality. Total body weight (in grams) was
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measured at the same time each day. All experiments were
repeated at least twice with 5 to 15 mice.

In Vivo Injection of Glycolipid

OCH and oGalCer were first dissolved in dimethylsulf-
oxide at 100 pg/ml and then were diluted in phosphate-
buffered saline (PBS) solution. To investigate the role of in-
variant NKT cells on the induction phase of DSS-induced co-
litis, each glycolipid (100 pug/kg in 200 pl. of solution) was
injected intraperitoneally on day 3 after the induction of colitis.
Day 3 was selected because, in our preliminary studies, a
single dose of glycolipids before the administration of DSS did
not show any protective effect against DSS-induced colitis.
Control animals received 200 uL of PBS solution containing
the same concentration of dimethylsulfoxide (10%).

Assessment of the Severity of Colitis

Mice were killed on day 9 after DSS administration. In-
testinal tissues were removed and opened longitudinally. The
length of the colon was measured afier the exclusion of the
cecum and prior to division for histology. The tissues then
were rolled concentrically and embedded in paraffin. Sections
were stained with hematoxylin-eosin. The degree of inflam-
mation of the colon was graded for severity according to mu-
cosal damage (D) and the extension of the lesion (E) based on
the method of Kitajima et al.>* The histologic index was cal-
culated as D plus E and was expressed as the mean of the score
for each segment (i.e., for the cecum and the proximal, middle,
and distal colon). The total score was the sum of the scores
obtained in these sections. All slides were scored blindly.

Isolation of Colonic Lamina
Propria Lymphocytes

Colonic lamina propria lymphocytes (LPLs) were iso-
lated as described previously.>* Briefly, nonadherent mesen-
teric tissues were removed, and the entire length of the intes-
tine was opened longitudinally, washed with PBS solution, and
cut into small (~5-mm) pieces. The dissected mucosa was in-
cubated with Ca™"Mg*"-free Hanks balanced salt solution
confaining 1 mM ethylenediaminetetraacetic acid (Sigma, St.
Louis, MO) for 20 minutes. Specimens were washed with
Hanks balanced salt solution and then were incubated in 150
U/mL collagenase (Wako Chemical Co) in RPMI 1640 me-
dium for 1.5 hours at 37 °C with stirring. Cells were suspended
in 44% isotonic Percoll (Sigma) underlaid with 66% isotonic
Percoll and were centrifuged for 20 minutes at 2200 revolu-
tions per minute at room temperature. Cells at the interface
were collected and washed twice with cold PBS. Approxi-
mately 2 x 10° cells per colon were recovered with >95% vi-
ability, as determined by trypan blue exclusion. Cells not ex-
cluding trypan blue were not included in the final count.

© 2004 Lippincott Williams & Wilkins
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Cytokine Analysis in the Colonic Mucosa

Colonic LPLs were purified, transferred to 96-well
plates (5 x 10° cells per well), and cultured for 48 hours in
medium containing 500 ng/mL phorbol myristate acetate
(PMA) (Sigma) and S50 ng/mL ionomycin (Sigma). After 48
hours, supematants were harvested and stored at —20 °C until
further analysis. The colon organ culture analysis for cytokines
was performed as described previously.>® Briefly, the mice
were killed, the colon was removed, cut open longitudinally,
and washed in PBS solution. The colonic tissue was trans-
ferred to 24-well flat-bottom culture plates containing fresh
RPMI 1640 medium supplemented with penicillin and strep-
tomycin, and was incubated at 37 °C for 24 hours. Culture su-
pernatants were harvested and assayed for cytokines. IFN-y,
IL-4, and IL-10 were measured with OptEIA kits (BD, San
Jose, CA). All samples were analyzed in triplicate.

Statistical Analysis

Data were analyzed with the Japanese version of Stat-
View software (Hulinks, Tokyo, Japan) on a Macintosh Com-
puter (Apple Computer, Cupertino, CA). The data are ex-
pressed as the mean + SD. Differences between groups were
examined for statistical significance with the Student ¢ test af-
ter analysis of variance. Differences were considered to be sta-
tistically significant at P < 0.05.

RESULTS

Efficacy of In Vivo Glycolipid Treatment in
DSS-Induced Colitis

As reported previously, OCH, a relatively new synthetic
analogue of aGalCer, induces the production of IL-4 by NKT
cells from murine spleen, leading to T2 bias ina Val4 NKT
cell-dependent manner.?! To investigate whether the specific
activation of Va14 NKT cells by OCH protects against colitis,
a single dose of OCH was administered to C57BL/6 mice by
intraperitoneal injection on day 3 during the induction of coli-
tis. As shown in Figure 1A, OCH-treated mice lost signifi-
cantly less weight compared with PBS-treated mice. Gross
rectal bleeding was seen in 60% of PBS-treated mice (6/10
mice) and in 10% of OCH-treated mice (1/10 mice) on day 9.
OCH significantly prevented shortening ofthe colon (Fig. 1B).
Histologic analysis confirmed the presence of marked inflam-
matory cell infiltrations with a loss of the mucosal surface in
the colons of mice injected with PBS (Figs. 2A, D). In contrast,
mononuclear cell infiltration was observed, but colonic crypts
were still conserved in the colons of OCH-treated mice (Figs.
2B, E). The histologic scores of the severity of colitis were
significantly reduced in the OCH-treated group (Figs. 3A, B).
PBS-treated and OCH-treated mice began to lose their initial
body weight on day 6 and day 8, respectively (Fig. 1A), and all
OCH-treated animals had histologic colitis on day 9. OCH
may therefore delay colitis by 2 days rather than provide com-
plete protection from colitis.

© 2004 Lippincott Williams & Wilkins
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FIGURE 1. The effect of OCH on the protective immunity
against DSS-induced colitis. A, C57BL/6 mice (n = 10 per
group) were exposed continuously to 1.5% DSS in drinking
water from day 0 to day 9. Mice were injected intraperitoneally
with 100 pg/kg OCH, aGalCer, or PBS solution on day 3. Body
weights of individual mice were recorded daily. The measure-
ment of body weight, as a percentage of starting weight, is
shown. * = P < 0.005 compared with mice treated with PBS;
** = P < 0.05 compared with mice treated with PBS. B, Com-
parison of colon lengths in DSS-treated mice on day 9. Each
box plot represents 10 mice. * = P < 0.0001 for a comparison
of OCH versus PBS; ** = P < 0.05 for a comparison of OCH
versus aGalCer.

A single dose of aGalCer also improved the histologic
score in the middle and proximal parts of the colon at the same
levels as OCH treatment (Figs. 2 and 3A). When the scores
were pooled with differences in the other sites, OCH was su-
perior to aGalCer in histology (Fig. 3B). Gross rectal bleeding
was observed in 50% of aGalCer-treated mice (5/10 mice) on
day 9. In total, aGalCer treatment resulted in no differences in
body weight changes, colon length, or total histologic scores in
comparison with PBS treatment (Figs. 1-3). These data dem-
onstrated that OCH is more effective in preventing DSS-
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and F). 57

induced colitis than aGalCer. To confirm whether this protec-
tive effect of OCH was Va14 NKT cell-dependent, we admin-
istered OCH to V14 NKT cell-deficient mice on day 3 during
the induction of colitis. As shown in Figure 3B, OCH treatment
had no effect on prevention of the development of DSS-
induced intestinal inflammation in Va14 NKT cell-deficient
mice, as determined by evaluation of the total histologic score.
These data indicated that the activation of Va14 NKT cells by
specific glycolipids influences protective immunity against in-
testinal inflammation.

Effect of Glycolipids on Mucosal
Cytokine Balance

To examine whether the specific activation of Val4
NKT cells by in vivo glycolipids could regulate the mucosal
Ty1/Ty2 balance, we measured IFN-y and IL-4 levels in su-
pemnatants from in vitro-stimulated colonic LPLs by enzyme-
linked immunosorbent assay (ELISA) after the intraperitoneal
injection of glycolipids. Colonic LPLs from DSS-treated
C57BL/6 mice on days 5 and 9 produced significantly higher
levels of both IFN-vy and IL-4 in comparison with those from
non-DSS-treated, control, day 0 animals (Fig. 4A). The IFN-
4/IL-4 ratio increased in a time-dependent manner, suggesting
that the progression of intestinal inflammation may be associ-
ated with Ty;1-predominant immune responses (Fig. 4B). We
next studied whether this ratio was affected by the administra-
tion of glycolipids. Treatment with both glycolipids induced
higher amounts of IFN-y and IL-4 than did PBS treatment
(Fig. 4C, upper panels). When the IFN-v/IL-4 ratio was calcu-
lated in each supernatant, both glycolipids significantly im-
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’ C57BLI6
FIGURE 3. Histologic scores. Scoring was performed as de-
scribed in “Materials and Methods.” A, Histologic scores of
each part of the colons. * = P < 0.05 for a comparison of PBS
versus OCH; ** = P < 0.05 for a comparison of PBS versus OCH
or aGalCer; and *** = P < 0.005 for a comparison of PBS versus
OCH. B, Total histologic scores were expressed as the sum of
the scores obtained in these sections. Va14 NKT cell-deficient
mice (n = 10 per group) also were treated with 1.5% DSS in
drinking water from day O to day 9. The mice were injected
intraperitoneally with 100 pg/kg OCH or PBS solution on
day 3. * = P < 0.005 for a comparison of PBS versus OCH;
** = P < 0.05 for a comparison of OCH versus aGalCer in
C57BL/6 mice; N.S. = not significant.

Va4 NKT cell-deficient

proved the ratio, and the degree of improvement by OCH was
greater than that by aGalCer (Fig. 4C, lower panel). IL-10 had
an anti-inflammatory effect on DSS-induced colitis.>” We then
analyzed IL-10 levels in the supernatants of colon organ cul-
tures at an early phase after the injection of the glycolipids.
Interestingly, OCH injection induced significantly higher IL-
10 production than did «GalCer in the local colonic mucosa at
6 and 12 hours after injection (Figs. 5A, B). This IL-10 pro-
duction was abrogated in Va14 NKT cell-deficient mice, sug-
gesting that the colonic mucosal IL-10 production is Val4
NKT cell-dependent (data not shown). These data indicate that
OCH induces a sufficient production of IL-10 in the local co-
lonic mucosa and improves the subsequent mucosal Ty;1/Ty;2
cytokine balance at the time of development of colitis.

DISCUSSION
Here, we have shown that the specific activation of
Val4NKT cells by OCH protects against DSS-induced colitis

© 2004 Lippincott Williams & Wilkins
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FIGURE 4. Comparison of the effects of glycolipids on mucosal
cytokine balance in in vitro-stimulated colonic LPLs. A,
C57BL/6 mice (n = 5 per group) were killed on the indicated
days after 1.5% DSS administration, and colonic LPLs were
purified. LPLs were stimulated in vitro with 500 ng/mL PMA
and 50 ng/mL ionomycin, and were incubated at 37 °C for 48
hours. Supernatants were harvested, and cytokine levels were
assessed by enzyme-linked immunosorbent assay. * = P < 0.05
for a comparison of day 0 versus day 5; ** = P < 0.005 for a
comparison of day 0 versus day 9. B, Levels of IFN-y and iL-4
were determined, and the IFN~y/IL-4 ratio was calculated. * =
P < 0. 005 versus day 0. C, C57BL/6 mice treated with 1.5%
DSS were injected with 100 ug/kg OCH, aGalCer, or P8S so-
lution on day 3. The mice were killed on day 9, and colonic
LPLs were purified. The LPLs were stimulated in vitro with 500
ng/mL PMA and 50 ng/mL ionomycin, and were incubated at
37 °Cfor 48 hours. Supernatants were harvested, and cytokine
levels were analyzed by enzyme-linked immunosorbent assay.
The amounts of IFN-y and IL-4 were determined, and the IFN-
¥/IL-4 ratio was calculated. DSS (—) and DSS (+) represent
non-DSS-treated and DSS-treated mice, respectively. * = P <
0.05 for a comparison of OCH versus PBS or aGalCer, or PBS
versus aGalCer. ** = P < 0.01 for a comparison of OCH versus
PBS. Bars indicate the mean = SD of 5 mice per group. The
data are representative of 3 independent experiments.

through the modulation of the mucosal Ti;1/T;2 cytokine bal-
ance.

It was recently reported that an analog of aGalCer,
OCH, which has a truncated sphingosine chain, stimulates
NKT cells to produce IL-4.3! Therefore, OCH has the potential
to elicit protective immunity against Ty;1-mediated inflamma-
tory disease. We have shown that a single dose of OCH attenu-
ates DSS-induced colitis. This protection was mediated by
Va4 NKT cells because OCH did not elicit any protective
effect in Val4 NKT cell-deficient mice. In our preliminary
study, we compared Val4 NKT cell-deficient mice to wild-
type B6 mice by administering 1.5% DSS. Interestingly, the
knockout mice showed more severe intestinal inflammation
when treated with DSS (our unpublished data). The loss of the
protective effect of OCH in Val4 NKT cell-deficient mice,
however, may not be due to the increased susceptibility to DSS

© 2004 Lippincott Williams & Wilkins
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FIGURE 5. Rapid IL-10 induction after in vivo glycolipid injec-
tion during DSS administration. C57BL/6 mice treated with
1.5% DSS were injected with 100 pg/kg OCH, aGalCer, or PBS
solution on day 3. The mice were killed 6 hours after injection
(A) and 12 hours after injection (B), the colons were harvested,
and organ culture was performed for cytokine analysis. The
data are representative of 2 independent experiments. Bars
indicate the mean + SD of 5 mice per group. * = P < 0.005 for
a comparison of OCH versus PBS or aGalCer; ** = P < 0.05 for
a comparison of OCH versus aGalCer.

PBS OCH

colitis because the effect of OCH was not observed when the
knockout mice were given a lower dose (1.0%) of DSS (data
not shown). These findings suggest that the specific activation
of Val4 NKT cells could reduce intestinal inflammation.

In contrast, a single dose of aGalCer, which was origi-
nally discovered as a ligand for NKT cells, had a smaller effect
on prevention against DSS-induced colitis than OCH. Why do
these glycolipids differ in the ability to protect against intesti-
nal inflammation?

To examine the effects of these glycolipids on local im-
munologic responses, the levels of cytokines produced by co-
lonic LPLs were analyzed. Colonic LPLs from DSS-treated
C57BL/6 mice produced a significantly higher IFN-y/IL-4 ra-
tio in comparison to that from non-DSS-treated control ani-
mals. This ratio increased in a time-dependent fashion. We
found in the present study that this ratio was significantly de-
creased by treatment with glycolipids, and OCH improved the
ratio more significantly than «GalCer. The severity of the dis-
ease inversely correlated with the IFN-y/IL-4 ratio. Therefore,
OCH may prevent colitis through improvement of the mucosal
Tyl/Ty2 cytokine balance.

The Ty1/Ty2 response in DSS-induced colitis remains
unclear. It has been reported that DSS-induced colitis in
C57BL/6 mice is characterized by a Tg1-type response with a
strong induction of IFN-y messenger RNA expression.>® In
DSS-treated mice, anti~IFN-vy and/or anti-tumor necrosis fac-
tor-o antibodies significantly reduce the severity of colitis.>®
On the other hand, the role of IL-4 in DSS-induced colitis is not
fully understood. Stevceva et al*° showed that DSS-induced
colitis is ameliorated in IL-4—deficient mice, suggesting that
even IL-4 may play a pathologic role in the intestinal inflam-
mation induced by DSS. Therefore, the beneficial effects of the
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glycolipids in the DSS-induced colitis model may not be due
simply to an increase in IL-4 production.

Another Ty2-related cytokine, IL-10, has been widely
characterized as an immunosuppressive cytokine and is impor-
tant for mucosal immunologic homeostasis.**** We also de-
tected that OCH rapidly induces the localized expression of
IL-10 in the colonic mucosa. How does OCH induce secretion
of IL-10? Although we could not determine which cells in the
colonic mucosa produce IL-10 in response to the activation of
NKT cells by OCH, dendritic cells are one of the main produc-
ers of IL-10,** and CD1d-restricted NKT cells are known to
contribute to immune function by regulating dendritic cell
maturation.*® A recent study showed that aGalCer stimulates
the production of IL-12 by dendritic cells.*® OCH has shorter
hydrophobic chains than does aGalCer but has the same hy-
drophilic cap.! Therefore, OCH may bind to the CD1d groove
less stably and may induce a weaker T-cell receptor signal to
CD1d-restricted T cells than does aGalCer. Such T cells could
induce antiinflammatory mature dendritic cells that produce
more IL-10 than IL-12.%” We hypothesized that the difference
in the affinities of the glycolipids for the CD1d groove may
influence the development of mature dendritic cells that pref-
erentially produce IL-12 or IL-10. Since the murine colonic
mucosa contains dendritic cells, which have a capacity to pro-
duce both IL-10 and IL-12,* it would be important to know
whether these dendritic cell-derived cytokine balances are af-
fected by activating NKT cells with glycolipids. Further stud-
ies are needed to clarify the precise mechanism underlying the
protective immunity induced when NKT cells are activated.

It was recently shown that a course of multiple injections
of aGalCer provides some protection against DSS-induced co-
litis.>* Our present findings indicated that a single injection of
aGalCer is not sufficient to elicit a preventive effect against
DSS-induced colitis. This difference may be explained by the
fact that single and multiple injections of aGalCer are known
to induce specifically Tyl-predominant*>*® and Ty2-
predominant®'~>* immune responses, respectively. Miyamoto
etal®! reported that a single injection of OCH, but not of aGal-
Cer, improves experimental allergic encephalomyelitis, a Ty;1-
associated disease, in mice. These previous findings and the
results of the present study suggest that shifting toward a T2~
type mucosal immune response may be crucial for protecting
against DSS-induced colitis.

Heller et al** showed that oxazolone-induced colitis, a
Ty2 colitis model, is mediated by IL-13~producing NKT cells.
Whether NKT cells act as effector cells or regulatory cells may
depend on the pathophysiology of the disease. Recently, Fuss
etal®* demonstrated the presence of IL-13-producing nonclas-
sical NKT cells in the colonic mucosa of patients with ulcer-
ative colitis. It would be interesting to examine the interaction
between these pathogenic noninvariant mucosal NKT cells
and anti-inflammatory invariant NKT cells. According to our
present study, OCH may have potential as a treatment of hu-
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man Tyl-predominant intestinal inflammatory diseases, such
as Crohn’s disease.>®

In summary, we showed that Val4 NKT cells are im-
portant for attenuating DSS-induced colitis. This protective
irmunity may be modulated by the activation status of Val4
NKT cells. Although additional experiments are needed, our
data indicate that an early and sufficient Ty;2-biased immune
response in the intestinal mucosa during the onset of colitis
may have an antiinflammatory effect. Future studies with
Val4 NKT cell-deficient mice and analyses of the effects of
glycolipids in other animal models of colitis will clarify our
understanding of the pathologic process underlying colitis and
will improve the chances of developing effective treatments
for human inflammatory bowel disease.
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A practical and efficient total synthesis of (25,35,4R)-1-O-
(a-D-galactosyl)-2-tetracosanoylamino-1,3,4-nonanetriol, OCH
1b, a potential therapeutic candidate for Thl-mediated
autoimmune diseases, is described. The synthesis incorpo-
rates direct alkylation onto epoxide B and stereospecific
halide ion catalyzed a-glycosidation reaction. A key inter-
mediate 10 was obtained in only eight steps and 37% overall
yield from commercially available D-arabitol 2, and the total
synthesis of 1b was accomplished in 12 steps and 19%
overall yield. This method will enable the synthesis of a
variety of phytosphingolipids, especially that with the
shorter sphingosine side chain than 1a, in a highly stereo-
selective manner.

Natural killer (NK) T cells are potent producers of
immunoregulatory cytokines and specific for glycolipid
antigens bound by a nonpolymorphic major histocom-
patibility complex (MHC) class I-like molecule, CD1d.!
The glycolipids, an a-galactosyleceramide named KRN7000
1a? and an altered analogue, OCH 1b,3 possessing a
shorter C5 sphingosine side chain, have been identified
as NKT cell ligands (Figure 1). Whereas 1a has been
shown to cause both interferon (IFN)-y and interleukin
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FIGURE 1. Structure of KRN7000 1a and OCH 1b.

(IL)-4 production, 1b induces a predominant preduction
of I1-4, a key Th2 cytokine controlling autoimmunity.
Compound 1b is significantly effective in animal models
of Thl-mediated autoimmune diseases such as experi-
mental autoimmune encephalomyelitis (EAE) and col-
lagen-induced arthritis (CIA), while 1a showed only a
minor effect.>* It has recently been demonstrated that
conversion of la to its C-glycoside analogue leads to
striking enhancement of activity on in vivo animal models
of malaria and lung cancer.® Furthermore, similar sub-
stances including a tetraglycosylated glycolipid have
recently been isolated from Agelas Clathrodes.® Conse-
quently, considerable attention has been generated among
synthetic chemists toward 1a, 1b, and their derivatives
as new synthetic targets because of their distinctive
biological and pharmacological properties as well as
unique structural features. We present herein a practical
and efficient total synthesis of immunosuppressive gly-
colipid 1b.7

The significant structural difference between 1a and
1b is the length of a sphingosine side chain R2. Reported
procedures?8 for the syntheses of 1a and its sphingosine
derivatives, which essentially utilize Wittig-type or aldol-
type reaction for the installation of the sphingosine side
chain, gave low overall yields for 1b and its analogues
with a chain length shorter than C5 for R? and proved to
be impractical.® Our strategy for resolving this problem
is based upon the direct alkylation on epoxide 5, which
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@ Reagents and conditions: (a) PhCHO, dry HC], rt, 91%; (b)
p-TsCl, EtsN, cat. BusSnO, CH3Clg, rt, quant; (¢) £-BuOK, THF,
1t, 91%; (d) n-BusCuli, THF, ~40 °C, 98%; (e) MsCl, pyridine, —40
°C, 93%; (f) Hy, cat. PA(OH)q, EtOH, rt, quant; (g) NaNg, DMF, 95
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has adequate stereocenters for the desired sphingosine
side chain.1?

Upon treatment of compound 3,!! which was readily
prepared from D-arabitol 2 and benzaldehyde in 91%
yield, with p-toluenesulfonyl chloride (p-TsCl) and tri-
ethylamine in the presence of a catalytic amount of
dibutyltin oxide (BuySn0),!? regiospecific tosylation pro-
ceeded at the primary alecohol moiety to give 4 quanti-
tatively (Scheme 1). The use of BuzSnO not only reduced
the cost of this transformation but also greatly simplified
the purification process since the yield was decreased to
less than 30% when the reaction was carried out in the
absence of BugSnO. Treatment of 4 with #BuOK pro-
duced the requisite epoxide 5 in 91% yield. Direct
n-butylation onto 5 using organocopper lithium reagent
in THF at —40 to ~20 °C afforded 1,3-O-benzylidene-
1,2,3,4-nonanetetrol 6 in 98% yield as the single product.
Regioselective mesylation of the axial-OH in 6 with 1
equiv of methanesulfonyl chloride (MsC]) in pyridine at
=40 °C to room temperature afforded 7 in 93% yield.

(9) According to the procedure reported in ref 2a, periodate oxidation
of readily available tri-O-benzyl-p-galactose followed by Wittig-type
reaction with a 5-fold molar excess of butylidene(triphenyl)phosphorane
gave the desired (2R,38,4R)-1,3,4-tri-O-benzyl-5-nonane-1,2,3,4-tetraol
in less than 20% yield and consequently gave 1b in low overall yield;
see ref 3b. Also, when the more practical method for 1a reported by
Wong et al.?> was pursued for 1b, similar Wittig reaction employing
3,4-di-O-benzyl-2-deoxy-6-O-triisopropylsilyl-D-galactopyranoside and
propylidene(triphenyl)phosphorane resulted in complex mixtures con-
taining an unavoidable byproduct in which the 3-benzyloxy group of
galactopyranoside was eliminated. Therefore, our method is more
efficient and practical for the synthesis of 1b than those previously
reported; however, this might not be the case for the synthesis of 1a.

(10) During the preparation of this manuseript, Savage et al. have
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T.; Serianni, A. S. Carbohydr. Res. 19986, 284, 135.

(12) Martinelli, M. J.; Nayyar, N. K.; Moher, E. D.; Dhokte, U. P.;
Pawlak, J. M.; Vaidyanathan, R. Org. Lett. 1999, 1, 447,

JOCNote

SCHEME 2¢

OBl
B8n0 /0

n OBn
o BnO /o
11a (X=F)
B b x-en  ©OBay R
X 0. b
8n OBn 0 d
o# —_—

[o]
10 i
aorb

12a (R=N3) ) .
13 (R=NHjy)
BnO ano #-Caabiar OBn N,
OBn) HN e Bn0/~0 o
o H e 4b OBn Q
OBn o] P Ogn °
‘ﬁ 12b
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—50 °C, 57% for 12a, 25% for 12b; (b) 11b, n-BusNBr, MS4A,
DMF —toluene (1:2.5), rt, 68% for 12a; (¢c) H, Lindlar catalyst,
EtOH, rt, quant; (d) n-C23H47COOH, EDCI, HOBt, i-ProNEt,
DMF'—-CHCl; (1:3.5), 40 °C, 89%; (e) (i) HCl-dioxane, rt; (ii) Ha,
cat. PA(OH)y, MeOH—-CHC]; (3:1), rt, 84%
Deprotection of the benzylidene acetal in 7 by hydrogen-
ation at atmospheric pressure in the presence of pal-
ladium hydroxide [Pd(OH),] in EtOH and subsequent
azidation of 8 with sodium azide in DMF afforded 9 in
66% overall yield. Protection of the vicinal diols in 9 with
a catalytic amount of p-toluenesulfonic acid (p-TsOH) in
2,2-dimethoxypropane at room temperature and quench-
ing with MeOH afforded 3,4-isopropylidene acetal 10 in
75% yield.

As the key intermediate 10, a glycosyl acceptor, was
available, we next examined a-selective glycosidation
reaction employing a variety of Lewis acids. After exten-
sive experimentation, we found that glycosidation cata-
Iyzed by BF3Et;O or n-Bu,NBr with molecular sieves 4A
(MS4A) worked well, but AgClO, reported for the syn-
thesis? of 1a gave only the undesired S-glycosylated
product. Thus, treatment of 10 with benzyl protected
galactosyl fluoride 11a (1.8 equiv) in the presence of BF;*
Et,0 and MS4A in CHCJ; at —50 °C afforded a-galacto-
sylceramide 12a in 57% yield along with its S-isomer 12b
in 25% yield (Scheme 2). The stereochemistry of galac-
toside linkage was unambiguously determined by their
NMR spectral? as well as conversion of 12a into 1b (vide
infra). Surprisingly, when benzyl protected galactosyl
bromide 11b** (1.8 equiv) and n-Bu,NBrl® (8 equiv) with
MS4A were employed in toluene—DMF (2.5:1) at room
temperature, 12a was exclusively obtained in 68% yield.
The corresponding §-galactosylated isomer 12b could not
be detected on TLC and NMR spectra. Upon using other
ammonium bromides such as n-Hex,;NBr and Et NBr, the
isolated yield of 12a was decreased.

(13) In the 3C NMR (100 MHz, CDCly), the signal attributable to
the anomeric carbon of 12a appeared at 6 99.3, whereas that of 12b
was at 6 104.1, For 3C NMR of glycosides: Pretsch, E.; Buhlmann,
P.; Affolter, C. In Structure Determination of Organic Compounds, 3rd
ed.; Springer-Verlag: 2000; pp 152—153. Also, in the *H NMR (400
MHz, CDC1/CD,0D 3:1) of 1b derived from 12a, the signal assignable
to the hydrogen on the anomeric position was at 6 4.71 (d, 1H, J = 8.8
Hz), showing o-glycosidation product.

(14) Halide ion catalyzed glycosidation reaction was reported for the
synthesis of a-linked disaccharide: (a) Spohr, U.; Le, N.; Ling, C.-C.;
Lemieux, R. U. Can. J. Chem. 2001, 79, 238. (b) Lemieux, R. U;
Hendriks, K. B.; Stick, R. V.; James, K. J. Am. Chem. Soc. 1975, 97,
4056. Similar glycosidation methodology although in lower yield was
reported: (¢) Vo-Hoang, Y.; Micouin, L.; Ronet, C.; Gachelin, G.; Bonin,
M. ChemBioChem 2003, 4, 27.
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Selective reduction of the azido group of 12a was
achieved by hydrogenation with Lindlar catalyst in EtOH
at room temperature to give amine 13 quantitatively.
Compound 13 was acylated with n-tetracosanoic acid in
the presence of 1-[3-(dimethylamino)propyll-3-ethylcar-
bodiimide hydrochloride (EDCI), 1-hydroxybenzotriazole
(HOBt) and N, N-diisopropylethylamine (i-Pr.NEt) at 40
°C in DMF—CH,Cl; (1:3.5) to afford amide 14 in 89%
yield. Finally, deprotection of the isopropylidene acetal
of 14 under acidic conditions and subsequent removal of
the benzyl groups by hydrogenation with Pd(OH); in
MeOH—-CHCI;3 (3:1) at room temperature furnished 1b
in 84% yield. The synthetic sample displayed satisfactory
'H and 3C NMR spectra, FABMS, and elemental analy-
sis [mp 142—145 °C (recrystalized from EtOH/H.0), {o]3%p
+53.9 (¢ 0.5, pyridine)].

In conclusion, we have developed an efficient and
practical protocol for the synthesis of 1b involving 12
steps starting from commercially available D-arabitol 2
in 19% overall yield. The key intermediate 10 as a
glycosyl acceptor was obtained in only eight steps and
87% overall yield. Our method, amenable for large-scale
synthesis, can provide a dozen grams of 1b and enables
the synthesis of a variety of phytosphingolipids related
to 1a and 1b, especially those with the shorter sphin-
gosine side chain or substituents other than aliphatic
alkyl groups, in a highly stereoselective manner. The
synthesis and structure—activity relationships of this
series of compounds will be reported elsewhere in due
course.”

Experimental Section

1,3-0-Benzylidene-D-arabitol (8). According to the reported
procedures,!! dry HCl was slowly bubbled into a mixture of
D-arabitol 2 (98.8 g, 649 mmol) and benzaldehyde (78.8 mL, 775
mmol) for 15 min at room temperature. The mixture was allowed
to stand at room temperature for 18 h. The resulting solid
crystalline mass was broken up and placed in an evacuated
desiccator containing KOH and HgSOq4 for 24 h. The mass was
triturated with Et;0, neutralized with sat. NaHCO; aq., and
filtered and washed with HoO until the pH of the filtrate was
neutral. The product was washed with Et;O and recrystallized
from 2-PrOH containing 0.5% v/v NH4OH to give 3 (142.2 g, 91%
yield) as colorless crystals; mp 130—131 °C; 1H NMR (CD3;0D)
6 7.51-7.30 (m, 5H), 5.58 (s, 1H), 4.18 (d, 1H, J = 12 Hz), 4.11
(d, 1H, J = 12 Hz), 3.87—3.28 (m, 5H); HRMS caled for C;3H ;705
[M + HJ* 241.1076, found 241.1086.

1,3-0O-Benzylidene-5-O-toluenesulfonyl-p-arabitol (4). To
a suspension of 8 (34.0 g, 141 mmol) in CH2Cl; (1200 mL) were
added p-toluenesulfonyl chloride (27.0 g, 141 mmol), triethyl-
amine (19.7 mL, 141 mmol) and dibutyltinoxide (702 mg, 2.82
mmol) at 0 °C. After being stirred for 21 h at room temperature,
the mixture was concentrated in vacuo. The obtained residue
was purified by column chromatography (CH:Clo/MeOH 20:1)
to give 4 (55.3 g, quant) as a white solid: H NMR (DMSO-ds)
0 7.73 (d, 2H, J = 8.2 Hz), 7.37~7.24 (m, 7TH), 5.43 (s, 1H), 5.34
(d,1H,J = 6.1 Hz), 4.77 (4, 1H, J = 6.5 Hz), 4.11 (dd, 1H, J =
9.8, 1.9 Hz), 4.04~3.85 (m, 4H), 3.71 (d, 1H, J = 9.2 Hz), 3.59
(d, 1H, J = 5.7 Hz), 2.32 (s, 3H); 1%C NMR (CDCls) J 145.1, 137.3,
132.5, 129.9, 129.1, 128.2, 128.0, 125.8, 101.0, 77.9, 72.4, 70.9,
67.6, 62.7, 21.6; MS-ESI (m/2) 395 [M + H]+; HRMS—FAB (m/
2) [M + H]* caled for C19H23078, 895.1164, found 395.1189.

4,5-Anhydro-1,3-0O-benzylidene-pD-arabitol (5). To a solu-
tion of 4 (51.1 g, 130 mmol) in dry THF (800 mL) was added
potassium tert-butoxide (18.1 g, 161 mmol) at 0 °C. The reaction
mixture was stirred for 38 h at room temperature and then
quenched with water. After being extracted with ethyl acetate,
the organic layer was washed with brine, dried over anhydrous
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NapS04, and concentrated in vacuo. The residue was purified
by column chromatography (n-hexane/EtOAc 1:1) to give 5 (26.2
£, 91%) as a white solid: *H NMR (CDCl;) 6 7.52—7.34 (m, 5H),
5.57 (s, 1H), 4.25 (dd, 1H, J = 12, 1.8 Hz), 4.08 (dd, 1H, J = 12,
1.2 Hz), 3.78-3.75 (m, 2H), 3.35—3.31 (m, 1H), 2.93—2.84 (m,
3H); 13C NMR (CDCls) 6 137.4, 129.3, 128.4, 126.0, 101.4, 79.7,
72.3, 64.4, 50.8, 45.9; MS-ESI (m/z) 223 [M + H]*; HRMS—FAB
(m/z) M + H]* caled for Ci12H1504, 223.0971, found 223.0895.
(2R,3S,4R)-1,3-0-Benzylidene-1,2,3,4-nonanetetrol (6).
To a suspension of cupper iodide (I) (42.9 g, 225 mmol) in dry
THF (560 mL) was added dropwise a solution of n-butyllithium
(341 mL, 900 mmol, 2.64 M in hexane) at —40 °C under a
nitrogen atmosphere. The reaction mixture was stirred for 30
min at —30 °C and then a solution of epoxide 5 (50.0 g, 225
mmol) in dry THF (400 mL) was added dropwise at —40 °C. After
being stirred for 3 h at —20 °C, sat. NaHCOj; aq. was added and
the product was extracted with EtOAc. The organic layer was
washed with brine, dried over anhydrous MgSOy, and concen-
trated in vacuo to give 6 (61.7 g, 98%) as a white solid: *H NMR
(CDCly) 6 7.52—7.50 (m, 2H), 7.42~7.38 (m, 3H), 5.60 (s, 1H),
4.28 (dd, 1H, J = 12, 1.8 Hz), 4.05 (1H, dd, J = 12, 1.3 Hz),
3.95-3.88 (m, 2H), 3.71(dd, 1H, J = 6.6, 1.3 Hz), 3.25 (d, 1H, J
= 8.7 Hz), 2.34 (d, 1H, J = 4.5 Hz), 1.73~1.53 (m, 2H), 1.40—
1.30 (m, 6H), 0.90 (t, 3H, J = 6.7 Hz); 13C NMR (CDCl3) 6 129.1,
128.3, 126.0,105.0, 101.2, 81.3, 72.6, 71.2, 63.8, 32.8, 31.8, 25.2,
22.6, 14.0; MS—FAB (m/z) 281 [M + H}*; HRMS—FAB (m/z) M
+ HJ* caled for CigHosO4, 281.1753, found 281.1658.
(2R,38,4R)-1,3-0-Benzylidene-2-0O-methanesulfonyl-
1,2,3,4-nonanetetrol (7). To a solution of 6 (3.90 g, 13.9 mmol)
in dry pyridine (142 mL) was added methansulfonyl chloride
(1.05 mL) at —40 °C under a nitrogen atmosphere. The mixture
was stirred at the same temperature for 5 h and then gradually
warmed to room temperature over 16 h. Azeotropic removal of
pyridine by using toluene twice gave a residue that was
subjected to column chromatography (n-hexane/EtOAc 3:2) to
give 7 (4.65 g, 93%) as a white solid: 'H NMR (CDCly) 8 7.51~
7.48 (m, 2H), 7.42—7.35 (m, 3H), 5.59 (s, 1H), 4.99 (d, 1H, J =
1.4 Hz), 4.53 (dd, 1H, J = 13, 1.6 Hz), 4.18 (dd, 1H, J = 13, 1.1
Hz), 8.84-3.75 (m, 2H), 3.19 (s, 3H), 1.60—1.27 (m, 8H), 0.90 (t,
3H, J = 6.8 Hz); 13C NMR (CDCI3) 6 129.3, 128.4, 126.1, 101.1,
80.9,70.4,70.0,68.7, 38.7, 33.0, 32.0, 25.1, 22.8, 14.2; MS—FAB
(m/z) 359 [M + H]*; HRMS~FAB (m/z) [M + H]* caled for
C17H2706S, 359.1528, found 359.1448.
(2R,3S,4R)-2-0-Methanesulfonyl-1,2,3,4-nonanetetrol (8).
To a solution of 7 (87.0 mg, 242 umol) in EtOH (5.0 mL) was
added palladium hydroxide (Pd(OH)z) (45 mg). After hydrogena-
tion of the mixture for 16 h at atmospheric pressure, the catalyst
was filtered off and the filtrate was concentfrated in vacuo to
give 8 (65.7 mg, quant) as a white solid: !H NMR (CDCls) o
5.03—5.00 (m, 1H), 4.02—4.00 (m, 2H), 3.62—3.60 (m, 2H), 3.19
(s, 3H), 1.76—-1.72 (m, 1H), 1.56—1.28 (m, 7H), 0.90 (t, 3H, J =
6.7 Hz); 3C NMR (CD;0D) & 83.8, 74.1, 71.3, 62.6, 38.6, 34.6,
33.2, 26.1, 23.8, 14.4; MS-ESI (m/z) 293 [M + Na]+; HRMS—
FAB (m/z) [M — OHJ* caled for CioH210sS, 253.1110, found
253.1069.
(28,38,4R)-2-Azido-1,3,4-nonanetriol (9). To a solution of
8 (36.9 mg, 136 umol) in dry DMF (1.0 mL) was added NaN;
(17.7 mg, 272 umol) under a nitrogen atmosphere. The mixture
was stirred for 3 h at 95 °C and then quenched with water. After
being extracted with ethyl acetate, the organic layer was washed
with brine twice, dried over anhydrous NasSOy, and concen-
trated in vacuo. The residue was purified by column chroma-
tography (CH2Clo/MeOH 15:1) to give 9 (19.5 mg, 66%) as a white
solid: 'H NMR (CDCls) & 4.05—3.98 (m, 1H), 3.91-3.74 (m, 3H),
3.71-3.66 (m, 1H), 2.67 (brs 1H), 2.52 (d, 1H, J = 4.4 Hz), 2.20
(brs, 1H), 1.61—1.52 (m, 2H), 1.40—1.31 (m, 6H), 0.91 (t, 3H, J
= 6.6 Hz), 1%C NMR (CDCl;) 6 74.8, 72.7, 63.3, 61.9, 32.0, 31.9,
25.8,22.7, 14.2; MS—FAB (m/z) 218 [M + H}*; HRMS—FAB (m/
z) [M + HJ* caled for CyHgoN3O3, 218.1505, found 218.1469,
(28,3S,4R)-2-Azido-3,4-0-isopropylidene-1,3,4-nonane-
triol (10). To a solution of 9 (4.00 g, 18.4 mmol) in dimethox-
ypropane (73 mL) was added a catalytic amount of p-toluene-
sulfonic acid monohydrate (175 mg, 92 gmol) at 0 °C. Stirring
was continued for 2 h at room temperature. The mixture was
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quenched with MeOH and then stirred for 1 h at room temper-
ature. Removal of the solvent gave a residue, which was purified
by column chromatography (n-hexane/EtOAc 4:1) to give 10 (3.61
g, 75%) as a colorless oil: 'H NMR (CDCls) 6 4.21—4.16 (m, 1H),
4.02—3.95 (m, 2H), 3.90—3.84 (m, 1H), 3.50—3.45 (m, 1H), 2.11
(t, 1H, J = 5.6 Hz), 1.63~1.54 (m, 2H), 1.43 (s, 3H), 1.40-1.34
(m, 9H), 0.91(t, 3H, J = 6.9 Hz); 13C NMR (CDCl;) 6 108.6, 77.8,
76.6, 63.9, 61.2, 31.8, 29.4, 28.0, 26.2, 25.6, 22.6, 14.0; MS-ESI
(mfz) 280 [M 4+ Nal*; HRMS—-FAB (m/z) [M + H]J* caled for
C12H24N303, 258.1818, found 258.1737.

(28,35,4R)-2-Azid0-3,4-O-isopropylidene-1-0-(2,3,4,6-tetra-
O-benzyl-a-D-galactosyl)-1,3,4-nonanetriol (12a). To a sus-
pension of 10 (100 mg, 389 umol), 11b (428 mg, 710 umol), and
molecular sieves (powder, 340 mg) in dry toluene (3.4 mL)
and dry DMF (1.4 mL) was added tetra-n-butylammonium
bromide (n-BuyNBr) (377 mg, 1.17 mmol) under a nitrogen
atmosphere. The reaction mixture was stirred for 5 days at room
temperature. The mixture was quenched with MeOH (0.1 mL)
and stirred for 1 h at room temperature. After being passed
through Celite, the filtrate was washed with sat. NaHCO; aq.
and brine and then dried over anhydrous MgS0;. Removal of
the solvent gave a residue, which was purified by column
chromatography (n-hexane/EtOAc 7:1) to give 12a (206 mg, 68%)
as a colorless oil: 'H NMR (CDCly) § 7.40—7.26 (m, 20H), 4.97—
4.93 (m, 2H), 4.87-4.79 (m, 2H), 4.74—4.70 (m, 2H), 4.57 (d, 1H,
J =12 Hz), 4.49 (d, 1H, J = 12 Hz), 4.41 (4, 1H, J = 12 Hz),
4.10—3.94 (m, TH), 3.75~3.70 (m, 1H), 3.56—3.44 (m, 3H), 1.62—
1.49 (m, 2H), 1.40—-1.26 (m, 12H), 0.91 (t, 3H, J = 6.6 Hz); 13C
NMR (CDCly) 6 139.3, 139.1, 138.5, 128.8, 128.8, 128.7, 128.7,
128.7, 128.2, 128.1, 128.1, 128.0, 127.9, 108.6, 99.3, 79.1, 78.2,
71.0,75.8, 75.7,75.2, 73.9, 73.8, 73.3, 70.3, 70.0, 69.6, 60.3, 32.3,
29.7, 28.6, 26.7, 26.2, 23.0, 14.5; MS-ESI (m/z) 803 [M + Nal*;
HRMS—-FAB (m/z) [M — Ng]* caled for C4eHs7NQs, 751.4084,
found 751.4134.

(28,35,4R)-2-Azido-3,4-O-isopropylidene-1-0-(2,3,4,6-tetra-
O-benzyl-g-p-galactosyl)-1,3,4-nonanetriol (12b). To a sus-
pension of 10 (100 mg, 389 umol), 11a (285 mg, 524 umol), and
molecular sieves 4A (powder, 400 mg) in dry CHCl; (5 mL) was
added BFy Et20 (47 uL, 368 umol) in dry CHCls (2 mL) at —50
°C under a nitrogen atmosphere. After stirring was continued
for 14 h at the same temperature, the workup in the same
manner for the reaction of 10 and 11b provided 12a (173 mg,
57%) along with 12b (76 mg, 25%) as a colorless oil. Data for
12b: 'H NMR (CDCly) 6 7.38~7.23 (m, 20H), 4.96—4.90 (m, 2H),
4.83—-4.61 (1, 4H), 4.46—4.39 (m, 3H), 4.12—4.04 (m, 2H), 3.92—
3.77 (m, 4H), 8.62-3.51 (m, 5H), 1.64—1.23 (m, 14H), 0.91 (t,
3H, J = 6.3 Hz); }3C NMR (CDCls) 6 138.9, 138.6, 138.5, 137.9,
128.5,128.4,128.3, 128.3, 128.2, 128.0, 127.9, 127.8, 127.6, 127.6,
127.6, 108.3, 104.1, 82.2, 79.7, 77.8, 75.8, 75.3, 14.6, 73.6, 73.6,
73.5,73.1, 70.6, 68.7, 60.5, 31.9, 29.4, 28.2, 26.1, 25.7, 22.6, 14.1;
MS-ESI (m/2) 803 [M + Nal*; HRMS—FAB (m/z) [M — Nz]* caled
for C4Hs7NOs, 751.4084, found 751.4005.

(25,35,4R)-2-Amino-3,4-0-isopropylidene-1-0-(2,3,4,6-
tetra-O-benzyl-a-D-galactosyl)-1,3,4-nonanetriol (13). To a
solution of 12a (2.58 g, 3.31 mmol) in EtOH (260 mL) was added
palladium on calcium carbonate poisoned with lead (Lindlar
catalyst) (2.60 g). After hydrogenation was carried out for 16 h
at atmospheric pressure, the catalyst was filtered off and the
filtrate was concentrated in vacuo to give 13 (2.46 g, quant) as
a colorless oil: 'H NMR (CDCls) § 7.40—7.25 (m, 20H), 4.96—
4.92 (m, 2H), 4.84—4.64 (m, 4H), 4.58 (4, 1H, J = 11 Hz), 4.50
(d, 1H, J = 12 Hz), 4.41 (4, 1H, J = 12 Hz), 4.13—3.86 (m, 6H),
3.58—3.51 (m, 2H), 3.42~3.37 (m, 1H), 3.07-3.01 (m, 1H), 1.65—
1.20 (m, 14H), 0.90 (t, 3H, J = 5.6 Hz); 33C NMR (CDCl;) 6 138.8,
138.7,138.6, 138.0, 128.4, 128.4, 128.2, 127.8, 127.8, 127.7, 127.6,
127.8,127.5, 127.4,107.9, 99.0, 79.1, 79.0, 77.9, 74.9, 74.8, 73.5,
73.3,73.0, 72.4, 69.5, 69.0, 50.7, 31.9, 29.8, 28.3, 26.0, 25.9, 22.6,
14.1; MS-ESI (m/z) 754 [M + H]*; HRMS—FAB (m/2) [M + H]*
caled for C4cHeoNOs, 754.4319, found 754.4194.

(28,38 ,4R)-3,4-0O-Isopropylidene-1-0-(2,3,4,6-tetra-O-ben-
zyl-o-D-galactosyl)-2-tetracosanoylamino-1,3,4-nonanetri-
ol (14). To a suspension of n-tetracosanoic acid (1.22 g, 3.31
mmol) in DMF (90 mL) and CH:Cl; (210 mL) were added 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI)
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(761 mg, 3.97 mmol) and 1-hydroxybenzotriazol (HOBt) (536 mg,
3.97 mmol) at 0 °C. After the mixture was stirred for 30 min at
room temperature, 18 (2.46 g, 3.26 mmol) and i-PryNE$ (1.38
mL, 7.97 mmol) in CH2Cl; (120 mL) were added and stirred for
16 h at 30 °C. The mixture was diluted with EtOAc¢/Et2O (4:1)
and sat. NaHCO; aq., and then the organic layer was separated
and washed with 1 M HCl aq. and brine, and dried over
anhydrous MgSO4. Removal of the solvent gave a residue, which
was purified by column chromatography (n-hexane/EtOAc 3:1)
to give 14 (8.25 g, 89%) as a white solid: 'H NMR (CDCly) 6
7.41-7.24 (m, 20H), 6.28 (4, 1H, J = 8.4 Hz), 4.95—4.90 (m, 2H),
4.83-4.73 (m, 2H), 4.75(d, 1H, J = 12 Hz), 4.66 (d, 1H,J = 11
H2), 4.58 (d, 1H, J = 12 Hz), 4.49 (4, 1H, J = 12 Hz), 4.38 (d,
iH, J = 12 Hz), 4.13-4.08 (m, 4H), 3.98 (t, 1H, J = 6.2 Hz),
3.93—3.90 (m, 3H), 3.63—3.53 (m, 2H), 3.39 (dd, 1H, J = 9.4,
5.7 Hz), 2.08—1.95 (m, 2H), 1.55—1.25 (m, 50H), 1.40 (s, 3H),
1.32 (s, 3H), 0.90—0.84 (m, 6H); 13C NMR (CDCL:) 6 172.4, 138.7,
138.4, 187.6, 128.5, 128.4, 128.4, 128.4, 128.3, 128.0,127.9, 127.8,
127.7,127.6, 127.5, 107.8, 99.9, 79.0, 77.8, 76.8, 75.5, 74.8, 74.7,
73.6, 73.5,73.0, 70.8, 69.9, 69.6, 48.7, 36.8, 31.9, 31.8, 29.7, 29.7,
9.6, 20.5, 20.4, 29.3, 28.9, 28.2, 26.2, 26.0, 25.7, 22.7, 22.6, 14.1,
14.1; MS-FAB 1105 [M + HI*; HRMS—FAB (m/z) [M + H}*
caled for CqoHi06NOg, 1104.7868, found 1104.7589.

(28,35,4R)-1-0-(0-D-Galactosyl)-2-tetracosanoylamino-
1,3,4-nonanetriol (1b). To a solution of 14 (89 mg, 81 ymol) in
MeOH (1.0 mL) and CH2Cl: (5.0 mL) was added 4 M HCl aq. in
dioxane (100 L) at 0 °C. After the mixture was stirred for 2 h
at room temperature, evaporation of the solvent gave a residue,
which was purified by column chromatography (CH;Cly/MeOH
30:1) to give the product by which the acetal group was
deprotected. To a solution of the obtained diol in MeOH (3.0 mL)
and CHCl; (1.0 mL) was added Pd(OH); (25 mg). After hydro-
genation was carried out for 3 h at atmospheric pressure, the
catalyst was filtered off and the filtrate was evaporated to give
1b (46 mg, 84%) as colorless crystals, mp 142145 °C (recrystal-
lized from EtOH/H20 10:1); [a]*°p +53.9 (¢ 0.5, pyridine); 'H
NMR (CDCl1z/CD3OD 3:1) 6 4.71 (d, 1H, J = 3.8 Hz), 4.01-3.98
(m, 1H), 3.74~3.65 (m, 2H), 3.62—~3.45 (m, 6H), 3.35—3.31 (m,
2H), 2.00 (t, 2H, J = 7.6 Hz), 1.51-1.01 (m, 50H), 0.71-0.67
(m, 6H); 13C NMR (pyridine-ds) 6 173.8, 102.1, 77.3, 73.6, 73.0,
72.2,71.6,70.9, 69.2, 63.2, 52.0, 37 .4, 34.9, 33.0, 32.7, 30.6, 30.6,
30.5, 30.4, 30.4, 30.3, 30.2, 27.0, 26.7, 23.6, 23.5, 14.8; MS—FAB
(mlz) 704 M + H]*; HRMS—-FAB (m/z) [M + H]* caled for
CaoH7sNOo, 704.5677, found 704.5687. Anal. Caled for CsgH77-
NOyH20: C, 64.87; H, 11.03; N, 1.94. Found: C, 64.71; H, 10.88;
N, 1.94.
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Stimulation of Host NKT Cells by Synthetic Glycolipid
Regulates Acute Graft-versus-Host Disease by Inducing Th2
Polarization of Donor T Cells’

Daigo Hashimoto,* Shoji Asakura,* Sachiko Miyake,” Takashi Yamamura,” Luc Van Kaer,*
Chen Liun,* Mitsune Tanimoto,* and Takanori Teshima?+7

NKT cells are a unique immunoregulatory T cell population that produces large amounts of cytokines. We have investigated
whether stimulation of host NKT cells could modulate acute graft-vs-host disease (GVHD) in mice. Injection of the synthetic NKT
cell ligand a-galactosylceramide (a-GalCer) to recipient mice on day 0 following allogeneic bone marrow transplantation pro-
moted Th2 polarization of donor T cells and a dramatic reduction of serum TNF-q;, a critical mediator of GVHD. A single injection
of a-GalCer to recipient mice significantly reduced morbidity and mortality of GVHD, However, the same treatinent was unable
to confer protection against GVHD in NKT cell-deficient CD1d knockout (CD1d™'7) or IL-4 ™/~ recipient mice or when STAT6 ™/~
mice were used as donors, indicating the critical role of host NKT cells, host production of 1L-4, and Th2 cytokine responses
mediated by donor T cells on the protective effects of a-GalCer against GVHD. Thus, stimulation of host NKT cells through
administration of NKT ligand can regulate acute GVHD by inducing Th2 polarization of donor T cells via STAT6-dependent
mechanisms and might represent a novel strategy for prevention of acute GVHD. The Journal of Immunology, 2005, 174:

551-556.

llogeneic  hemopojetic stem cell  transplantation
A (HSCT)? cures various hematologic malignant tumots,
bone marrow (BM) failures, and congenital metabolic
disorders. Emerging evidence suggests that allogeneic HSCT is
also useful for treatment of other diseases, including solid tumors
and autoimmune diseases (1, 2). However, graft-vs-host disease
(GVHD) is a major obstacle that precludes wider application of
allogeneic HSCT. The pathophysiology of acute GVHD is com-
plex, involving 1) donor T cell tesponses to the host alloantigens
expressed by host APCs activated by conditioning regimens (i.e.,
irradiation and/or chemotherapy), and 2) dysregulation of inflam-
matory cytokine cascades, leading to further T cell expansion and
induction of cytotoxic T cell responses (3).
CD4™ helper T cells can be divided into two distinct subpopu-
lations: Th1 and Th2 cells (4). Th1 cells produce IFN-vy and 1L-2,
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whereas Th2 cells produce IL-4, 1L-5, and IL-13. Although the
role of Th1 and Th2 cytokines in the pathophysiology of acute
GVHD is complex and controversial (5-8), Th1l polarization of
donor T cells predominantly plays a role in inducing the “cytokine
storm” that is seen in several models of acute GVHD (3, 9),
whereas Th2 polarization mostly suppresses inflammatory cas-
cades and reduces acute GVHD (10-12). Many properties of den-
dritic cells (DCs), including the type of signal, the duration of
activation, the ratio of DCs to T cells, and the DC subset that
presents the Ag, influence the differentiation of naive CD4* T cells
into Thl or Th2 cells (13). The cytokines that are present during
the initiation of the immune responses at the time when the TCR
engages with MHC/peptide Ags are critically important for Th cell
differentiation (14).

NKT cells are a distinct subset of lymphocytes characterized by
expression of surface markers of NK cells together with a TCR.
Although the NKT cell population exhibits considerable heteroge-
neity with regard to phenotypic characteristics and functions (15),
the major subset of murine NKT cells expresses a semi-invariant
TCR, Val4-Jol8, in combination with a highly skewed set of
VBs, mainly V8 (16). NKT cells can be activated via their TCR
by glycolipid Ags presented by the nonpolymorphic MHC class
I-like molecule CD1d expressed by APCs (17). Stimulation of
NKT cells rapidly induces secretion of large amounts of IFN-y and
IL-4, thereby influencing the Th1/Th2 balance of conventional
CD4™ T cell responses (18). In particular, NKT cells are consid-
ered an important early source of IL-4 for the initiation of Th2
responses (19, 20), although these cells are not absolutely required
for the induction of Th2 responses (21-23). NKT cells are absent
in CD1d knockout (CD1d™/™) mice because of defects in their
thymic positive selection, which requires CD1d expression on he-
mopoietic cells, probably double-positive thymocytes (24, 25).

Considering the critical role of cytokines in the development of
acute GVHD, we investigated the role of host NKT cells in an
experimental model of GVHD, using synthetic NKT cell ligands,
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a-galactosylceramide («-GalCer) (26), a glycolipid originally pu-
rified from a marine sponge, and its analog, OCH (27). Our find-
ings indicate that stimulation of host NKT cells with NKT ligands
can modulate acute GVHD.

Materials and Methods
Mice

Female C57BL/6 (B6, H-2%) and BALB/c (H-2% mice were purchased
from Charles River Japan. [L-4™/~ B6 and STAT6™'~ BALB/c mice were
purchased from The Jackson Laboratory. CD1d™~ B6 mice were estab-
lished by specific deletion of the CD1d1 gene segment (22). Mice, between
8 and 16 wk of age, were maintained in a specific pathogen-free environ-
ment and received normal chow and hyperchlorinated drinking water for
the first 3 wk post-bone marrow transplantation (BMT). All experiments
involving animals were performed under the auspices of the Institutional
Animal Care and Research Advisory Committee at the Department of An-
ima] Resources, Okayama University Advanced Science Research Center.

Bone marrow transplantation

Mice were transplanted according to a standard protocol described previ-
ously (28). Briefly, B6 mice received lethal total body irradiation (TBL;
x-ray), split into two doses separated by 6.5 h to minimize gastrointestinal
toxicity. Recipient mice were injected with 5 X 10° BM cells plus 5 X 10°
spleen cells from either syngeneic (B6) or allogeneic (BALB/c) donors. T
cell depletion (TCD) of donor BM cells was performed using anti-CD90
MicroBeads and the AutoMACS system (Miltenyi Biotec) according to the
manufacturer’s instructions. Donor cells were resuspended in 0.25 mi of
HBSS (Invitrogen Life Technologies) and injected iv. into recipients on
day 0. Survival was monitored daily. The degree of systemic acute GVHD
was assessed weekly by a scoring system incorporating five clinical pa-
rameters: weight loss, posture (hunching), activity, fur texture, and skin
integrity, as described (29).

Glycolipids

a-GalCer, (28,3S,4R)-1-O-(a-D-galactopyranosyl)-2-(N-hex acosanoylamino)-
1,3, 4-octadecanetriol (KRN7000), was synthesized and provided by Kirin
Brewery Company (30). A homologue of a-GalCer, OCH, was selected from
a panel of synthesized a-GalCer analogues by replacing the sugar moiety
and/or truncating the aliphatic chains, because of its ability to stimulate en-
hanced IL-4 and reduced IFN-y production by NKT cells, as previously de-
scribed (27, 31). BMT recipient mice were injected i.p. with a-GalCer or OCH
(100 pp/kg) immediately after BMT on day 0. Mice from the control groups
received the diluent only.

Flow cytometric analysis

mAbs used were FITC- or PE-conjugated anti-mouse CD4, H-2K®, and
H-2K¢ (BD Pharmingen). Cells were preincubated with 2.4G2 mAb (rat
anti-mouse FcyR) for 10 min at 4°C to block nonspecific binding of labeled
Abs, and then were incubated with the relevant mAbs for 15 min on ice.
Finally, cells were washed twice with (0.2% BSA in PBS and fixed. After
lysis of RBCs with FACS lysing solution (BD Pharmingen), cells were
analyzed using a FACSCalibur flow cytometer (BD Biosciences). 7-Ami-
no-actinomycin D (BD Pharmingen)-positive cells (i.e., dead cells) were
excluded from the analysis. Fluorochrome-conjugated irrelevant IgG were
used as negalive controls. At least 5000 live events were acquired for
analysis.

Cell cultures

Mesenteric lymph nodes (LNs) and spleens were removed from animals 6
days after BMT and four to six mesenteric LNs or spleens from each
experimental group were combined. Numbers of cells were normalized for
T cells and were cultured in complete DMEM (Invitrogen Life Technol-
ogies) supplemented with 10% FCS, 50 U/ml penicillin, 50 ug/ml strep-
tomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential
amino acids, 0.02 mM 2-ME, and 10 mM HEPES in wells of a 96-well
flat-bottom plate, at a concentration of 5 X 10* T cells/well with 1 X 10°
irradiated (20 Gy) peritoneal cells harvested from naive B6 (allogeneic)
animals, or with 5 pg/ml plate-bound anti-CD3e mAbs (BD Pharmingen)
and 2 pg/mi anti-CD28 mAbs (BD Pharmingen). Forty-eight hours after
the initiation of culture, supernatants were collected for the measurement of
cytokine levels.

HOST NKT CELLS REGULATE ACUTE GVHD

ELISA

ELISA was performed according to the manufacturer’s protocols (R&D
Systems) for measurement of IFN-v, IL-4, and TNF-« levels, as described
previously (32). Samples were obtained from culture supernatant and blood
from retro-orbital plexus, diluted appropriately, and run in duplicate. Plates
were read at 450 nm using a microplate reader (Bio-Rad). The sensitivity
of the assays was 31.25 pg/ml for IFN-v, 7.6 pg/mi for IL-4, and 23.4
pg/mi for TNF-a.

Histology

Formalin-preserved livers and small and large bowels were embedded in
paraffin, cut into 5-pm-thick sections, and stained with H&E for histolog-
ical examination. Slides were coded without reference to prior treatment
and examined in a blinded fashion by a pathologist (C. Liu). A semiquan-
titative scoring system was used to assess the following abnormalities
known to be associated with GVHD, as previously described (33): 0, nor-
mal; 0.5, focal and rare; 1.0, focal and mild; 2.0, diffuse and mild; 3.0,
diffuse and moderate; and 4.0, diffuse and severe. Scores were added to
provide a total score for each specimen. After scoring, the codes were
broken and data were compiled. Pathological GVHD scores of intestine are
the sum of scores for small bowel and colon.

Statistical analysis

Mann-Whitney U test was applied for the analysis of cytokine data and
clinical scores. We used the Kaplan-Meier product limit method to obtain
survival probability, and the log-rank test was applied for comparing sur-
vival curves. Differences in pathological scores between the a-GalCer-
treated group and the diluent-treated group were examined by two-way
ANOVA. We defined p < 0.05 as statistically significant.

Results

Administration of a-GalCer stimulates lethally irradiated mice
to produce IFN-y and IL-4

We first determined whether administration of synthetic NKT Li-
gands such as a-GalCer and OCH can stimulate heavily irradiated
mice to produce cytokines. B6 mice were given 13 Gy TBI and
were injected i.p. with o-GalCer, OCH, or diluent 2 h after TBL
Six hours later, blood samples were obtained, and serum samples
were prepared for measurement of IFN-y and IL-4. TBI alone or
BMT itself did not stimulate diluent-treated mice to produce IFN-y
or IL-4 (Fig. 1). Administration of a-GalCer increased serum lev-
els of IFN-y and IL-4, even in mice receiving TBI. However,
serum levels of IFN-y were much less in irradiated mice than in
unirradiated mice. By contrast, the ability of irradiated mice to
produce 1L-4 to a-GalCer was maintained for 48 h after irradia-
tion. Serum levels of IFN-y and 1L-4 in response to o-GalCer were
not altered when irradiated wild-type (WT) mice were injected
with 5 X 10° BM cells and 5 X 10° spleen cells isolated from
allogeneic (BALB/c) donors. Furthermore, these cytokine re-
sponses were not observed when a-GalCer was injected into irra-
diated NKT cell-deficient CD1d ™'~ mice with or without BMT.
These results suggest that host NKT cells that survive for at least
48 h after irradiation, rather than from infused donor cells, are
critically involved in the production of these cytokines in response
to glycolipids. Irradiation appears to impair the ability of mice to
produce IFN-y while preserving IL-4 production in response to
a-GalCer. Similar cytokine profiles were observed when OCH was
administered (data not shown).

Administration of a-GalCer to recipients polarizes donor T cells
toward Th2 cytokine production after allogeneic BMT

Induction of GVHD fundamentally depends upon donor T cell
responses to host alloantigens. We next evaluated the effect of
glycolipid administration on donor T cell responses after alloge-
neic BMT in a well-characterized murine model of acute GVHD
(BALB/c— B6) directed against both MHC and multiple minor
histocompatibility Ags. Lethally itradiated B6 mice were trans-
planted with 5 X 10° BM cells and 5 X 10° spleen cells from
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