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The Involvement of V14 Natural Killer T Cells in the
Pathogenesis of Arthritis in Murine Models

Asako Chiba, Shinjiro Kaieda, Shinji Oki, Takashi Yamamura, and Sachiko Miyake

Objective. To examine the physiologic role of
natural kilier T (NKT) cells bearing V14 T cell recep-
tor (TCR) in the pathogenesis of collagen-induced ar-
thritis (CIA) and antibody-induced arthritis in mice.

Methods. NKT cells were stained with
a-galactosylceramide~loaded CD1 dimer, and then as-
sessed using flow cytometry. CIA was induced in mice by
immunization on days 0 and 21 with type II collagen
(CII) emulsified with an equal volume of Freund’s
complete adjuvant. Anti-CII antibodies were measured
by enzyme-linked immunosorbent assay. For antibody-
induced arthritis, mice were injected with anti-CII
monoclonal antibodies (mAb) followed by lipopolysac-
charide, or with serum from KRN TCR-transgenic mice
crossed with nonobese diabetic mice (K/BxN). The se-
verity of arthritis was monitored with a macroscopic
scoring system.

Results. The number of NKT cells increased in
the liver at the peak of the clinical course of CIA.
Administration of anti-CD1 mAb inhibited development
of CIA. The severity of CIA in NKT cell-deficient mice
was reduced compared with that in wild-type mice. The
IgG1:IgG2a ratio of anti-CII was elevated and produc-
tion of interleukin-10 from draining lymph node cells
was increased in NKT cell-deficient mice. NKT cell-
 deficient mice were significantly less susceptible to
antibody-induced arthritis.

Conclusion. NKT cells contribute to the patho-
genesis of arthritis by enhancing autoantibody-
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mediated inflammation. NKT cells also contribute
the disease process in a deleterious way, due, at leas
part, to the alteration of the Th1/Th2 balance in T «
response to CIL

Rheumatoid arthritis (RA) is a common at
immune disease characterized by persistent inflams
tion of the joints. Affected joints display hyperplasia
the synovia with large cellular infiltrates of several «
types, including neutrophils, macrophages, T cells.
cells, dendritic cells, and fibroblasts. Complement d
osition and high levels of proinflammatory cytok
expression are found in the synovial and periartict
regions, and the perpetuation of synovitis results
destruction of the cartilage and bone of the affec
joints. Although the etiology of RA remains controv
sial, cumulative evidence suggests that T cell-media
autoimmune responses play an important role, and
ensuing inflammation is a critical component in
processes leading to damage of joint cartilage ¢
bone (1).

Natural killer T (NKT) cells are a unique sut
of T cells that coexpress receptors of the NK line:
and a/B T cell receptor (TCR). A majority of N
cells express an invariant TCRa chain (encoded b
V,14-J 281 rearrangement in mice and a homolog
V,24-],Q rearrangement in humans). Unlike conv
tional T cells that recognize peptides in association w
the major histocompatibility complex (MHC), V,
NKT cells recognize glycolipid antigens such
a-galactosylceramide (a-GC) presented by the nonpc
morphic MHC class I-like protein, CD1d. V 14 N
cells have been demonstrated to regulate a variety
immune responses through their capacity to produc
large amount of cytokines, including interleukin-4 (IL
and interferon-y (IFNv), in response to TCR ligation
cytokine stimulation (2-4). Furthermore, we previot
demonstrated that stimulation of V14 NKT cells w
the glycolipid ligand, OCH, can inhibit collagen-indus
arthritis (C1A), a murine experimental model for 1
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induced by immunization with type II 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 V 14
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 CIA 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 CII. 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.
CD1-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 CD1d, fluorescein isothiocyanate~
conjugated A85-1 monoclonal antibodies (mAb) (anti-mouse
IgG1), and allophycocyanin-conjugated anti-TCRf 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 CIA. Mice were immunized intradermally
at the base of the tail with either 200 pg of bovine CII (for
DBAL/J mice) or 100 ug 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. DBAL/J mice received a
booster by intradermal injection with 200 pg of bovine CII
emulsified with IFA.

Induction of anti-CIY antibody-induced arthritis. Mice
were injected intravenously with 2 mg of the mixture of
anti-CII mAb (Arthrogen-CIA mAb; Chondrex, 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
maximum 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
g of either blocking anti-CD1d mAb or non-isotype-matched
whole rat IgG (Sigma) as control, twice per week starting from
21 days after the first immunization with CII.

Measurements of Cll-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 ClI-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 Assaciates, 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 g of CII on days 0 and 21. Ten days
after the second immunization, the lymph node cells from B6
or J,281-knockout mice were cultured for 48 hours with 200
pg/ml CII. The levels of IL-2, 1L-4, IL-5, IL-10, IFNy, and
tumor necrosis factor o (TNFa) 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 hematoxylin and eosin.

RESULTS

Increase in liver NKT cells in CIA. To investigate
the role of CD1-restricted V14 NKT cells in CIA, we
first analyzed the number of V_ 14 NKT cells using
a-GC-loaded CD1 dimer. As.shown in Figure 1A, the
percentage of a-GC-loaded CD1-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 CD1-
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 a-galactosylceramide—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 < 0.05, by Mann-Whitney U test.
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Figure 2. Amelioration of collagen-induced arthritis (CLA) 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-old males)
per group from 2 independent experiments (n = 5 or 8 per group). *
= P < 0.05 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 (B) 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 V14 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 CD1-
restricted V14 NKT cells to arthritis, we induced CIA
in V14 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  ClI-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. It 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 J281-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 CII

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 IL-2, IL-4, IL-5, IL-10, IFNv, and TNF« in
the culture supernatants. The level of IL-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 J281-
knockout mice; however, the levels of these cytokines
were also very low in B6 mice. The concentration of
ITNFa was not different between these mice. IL-4 and
[L-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 CII.
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Figure 3. Altered type II collagen (CII)-specific responses in natural
killer T cell-deficient mice. A, To determine the ClI-specific antibody
isotype levels in J,281-knockout (Ja281KO) 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 t-test. B, To determine the Cll-specific T cell
response in Ja281K 0 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 < 0.05, by Mann-Whitney U test.

Amelioration of antibody-induced arthritis in
NKT cell-deficient mice. CIA, commonly used as a
model of RA, is characlerized 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
V.14 NKT cells in the inflammatory process in addition
io the modulation of the T cell 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 II 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 B6 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 inflaimmatory 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. LN = 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 the extent
of arthritis. Two mice per group were analyzed, and representative results are shown. (Hematoxylin and

eosin 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 arthritic 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 V14 NKT cells, utilizing a-GC-loaded CD1
dimer. As shown in Figure SA, the percentage of a-GC-
loaded CD1-restricted V,14 NKT cells among lymph
node cells and PBMCs in arthritic mice was increased
compared with that in control mice transferred with BxN
serum. CD1-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 CD1d-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 V14 NKT cells contribute to the inflam-
matory effector phase of arthritis.

Histopathologic assessment of arthritis in J 281-
knockont 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
J,281-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 V14 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 V, 14 NKT cell-deficient
J,281-knockout mice was reduced compared with that in
wild-type B6 mice. In J,281-knockout mice, the ratio of
[gG1:1gG2a anti-CII antibody was elevated and produc-
tion of IL-10 upon stimulation with CII was increased,
suggesting that the response to CII was deviated to the
Th2 response in these mice. Furthermore, we found that
the diseasé was less severe in J281- 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 I 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 infu-
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, V 14 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 a-GC treat-
ment of B6 mice on Th cell differentiation are conflict-
ing, The administration of a-GC was found to facilitate
either Th1 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 preinflammatory cyto-
kines such as IL-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
IFNy 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
TNFa, that play a critical role in both K/BxN serum—
induced arthritis and anti-CII 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 IL-4 and IFNvy
(35). Those authors showed that IL-4 and IFNvy are
important in reducing the production of transforming
growth factor B (TGFB), 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 V14
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 V14 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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Abstract—A concise and convergent synthesis of the C-glycoside analogue 2b of immunomodulating o-galactosylceramide OCH 1b
starting from readily available 2,3,4,6-tetra-O-benzyl-p-galactose 3 and L-arabinose 6 is described. The synthesis features the
nucleophilic addition of an a-ethynyl sugar 5 to the phytosphingosine-precursor aldehyde 9 and would be applicable to a variety
of C-glycoside analogues of interest, ' ‘

© 2005 Elsevier Ltd. All rights reserved.

Natural killer (NK) T cells are potent producers of

immunoregulatory cytokines and specific for glycolipid 0 0
antigens bound by a nonclassical major histocompatibil- HO HN/U\Fﬂ
ity complex (MHC) class I-like molecule, CD1d.! The HOA P oM
glycolipids, an a-galactosylceramide named KRN7000 \/j:
1a? and an altered analogue termed OCH 1b possessing HO” “R?

a shorter C5.sphingosine side chain,? have been identi-

fied as NKT cell ligands (Fig. 1). Compound 1b was 1a (KRN7000:A=P, F¥1=H-CesH§1, RA? = n-CyqHag)
shown to induce a predominant production of interleu- ;: Egc"é: =RC1)' R Z”-chaHéx;, R Zn-}gs")*u)

i - h2 cytokine engaged in autoimmunit = UHa, A= N-bogPgy, M= 1-Uyahag
kin (IL) 4, a key Th CyloKn gag 1 Y 2b (A = CH2. R= ”'023H47. R2= ”'Can)

control, over Thl cytokine interferon (IFN)-y, while 1a
induced both Th1/Th2 cytokines. Only compound 1b
but not 1a is significantly effective in animal models of
Thl-mediated autoimmune diseases such as experimen-
tal autoimmune encephalomyelitis (EAE) and collagen
induced arthritis (CIA).** Quite recently, we have re-

Figure 1. Structure of a-galactosylceramides 1a,b and their C-glyco-
side analogues 2a,b.

ported a practical and efficient synthesis of 1b in 12 steps
and 19% overall yield from commercially available

Keywords. C-glycoside; OCH; Ceramide; CD1d; NKT cell ligand.
Abbreviations:  TMSOTS, trimethylsilyl - trifluoromethanesulfonate;
PTSA, p-toluenesufonic acid; MTPA, 2-methoxy-2-phenyl-2-(tri-
fluoromethyl)acetic acid; DME, 1,2-dimethoxyethane; EDCI'HC],
1[3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride; HOAL,
1-hydroxy-7-azabenzotriazole.

* Corresponding author, Tel.: +81 75 962 8188; fax: +81 75 962
6448; e-mail; hirokazu_annoura@dsup.co.jp

0040-4039/§ - see front matter © 2005 Elsevier Lid. All rights reserved.
doi:10.1016/j.tetlet.2005.05.069

p-arabitol.® It is often a conventional strategy to synthe-
size the C-glycoside analogue of biologically active
O-glycosides, since C-glycosides are in general resistant
to enzymatic degradation by glycosidases and may exhi-
bit longer duration of action. It has recently been dem-
onstrated that conversion of la to its C-glycoside
analogue 2a leads to striking enhancement of activity
on in vivo animal models of malaria and lung cancer
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HO “'OH

2,3,4,6-tetra-O-benzyl-

D-galactose

O ~OH
L-arabinose <: H <:|

Figure 2. Retrosynthetic analysis of C-glycolipids.

by inducing prolonged production of the Thl cytokines
IFN-y and IL-12.6

These results prompted us to investigate a short and ver-
satile synthetic pathway applicable to the C-glycoside
analogues of 1b and related compounds. There have
been only a few reports on the synthesis of 2a to date,
that utilize Wittig reaction,” Ramberg-Bécklund reac-
tion followed by pB-selective hydrogenation from the
diisopropylsilyl protecting group,® or olefin cross-
metathesis for the installation of the C-glycoside link-
age.® We present herein a concise and short synthesis
of 2b, which is independent of previous methodologies
for 2a and would be applicable to a variety of phyto-
sphingosine derivatives in terms of chain length and sub-
stitution, including aromatic groups and heteroatoms.

Our retrosynthetic analysis for 2b revealed a straightfor-
ward and versatile strategy based on the nucleophilic
addition of an a-ethynyl sugar to the phytosphingo-
sine-precursor aldehyde synthesized from L-arabinose
(Fig. 2). The critical feature of our strategy is the dissect-
ing position, which former retrosyntheses of 2a all
cleaved between the o~ and B-carbons of the anomeric
center, while we chose between the B-and y-carbons.
This allowed the shorter and expansive synthesis at the
expense of a need to construct a new stereocenter.

Perbenzylated 1-deoxy-1-a-ethynyl-galactopyranose 5
was prepared from commercially available 2,3,4,6-tetra-
O-benzyl-p-galactose 3 in three steps (Scheme 1).° Thus,
compound 3 was quantitatively acetylated and o-face
selectively coupled with tri-n-butyl(trimethylsilylethyn-
yDtin in the presence of TMSOTS and MS-4A to give
4 (Jonomericin = 5.7 Hz) in 60% yield. The correspond-
ing f-isomer of 4 was not detected but a small amount
of 3, presumably due to hydrolysis of the acetylated

7

OH (¢
OBn %
F O
O 0

BnO “'0Bn

0OBn

OBn
6]

RS

o Z
— Bn “'OBn

OBn

+

‘0
/ -
(T

7<O

o)

™S
.\‘\///
J=57Hz
"OBn
3 4
OBn
o0&
. .
BnO "OBn
OBn
5

Scheme 1, Reagents and conditions: (a) Ac,0, pyridine, CH,Cl,, 0 °C
to 1t (quant); (b) tri-n-butyl(trimethylsilylethynyljtin, TMSOTI,
MS4A, CH,Chy, 1t (60%); (¢) | N NaOH, MeOH, CH,Cl,, 1t (quant.).

substrate, was detected by TLC. Desilylation of 4 was
accomplished by NaOH-MeOH to give the desired
compound 5 quantitatively.

The counterpart 9 was efficiently synthesized from
L-arabinose 6 endowed with suitable stereochemistry
corresponding to the vicinal hydroxyl groups in the
phytosphingosine moiety (Scheme 2). Thus, compound
6 was protected as a 3,4-O-acetonide, reduced to a
triol and subjected to NalO, degradation to produce
2,3-O-isopropylidene-L-erythrose 7' in 71% overall
yield. Four carbon homologation by Wittig reaction
followed by hydrogenation and standard Swern oxida-
tion of the primary alcohol produced the requisite alde-
hyde 9 in 61% overall yield. No epimerization of 9 was
observed neither during the reaction nor after storing
overnight at —20 °C, :

— 306 —



T. Toba et al. | Tetrahedron Letters 46 (2005) 5043—5047 5045

OH o 0 OH
Q - -
o_ 0
OH
! X

o)

6 7
OH 0

_ U
T s fe
0__0 . 0.0
haS X

8 9

Scheme 2. Reagents and conditions; (a) (i) Me,C(OMe),, PTSA,
DMEF, rt, (ii) NaBH,, EtOH, rt, (iti) NalOy4, H,O, 1t (71%; three steps);
(b) n-BuPh;PBr, #n-Buli, THF, -78°C to rt (79%); (c) H,, Pd/C,
EtOH, 1t (96%); (d) DMSO, (COCI),, CH,Cl,, —~78 to 0 °C (80%).

Next, the coupling reaction of 5 and 9 was examined
using various metal acetylide ions. This key step requires
the generation of an adequate stereochemistry at the epi-

OBn 0
/
0P S—‘(_\—\ |
a

. 0.0
BnO ‘0B * x
oBn -
5 9
Y, X
OBn P -
oLwF Y 10a (X=OH, Y=H)
10b (X=H, Y=0OH)
BnO “OBR

OBn

Scheme 3. Reagents and conditions: (a) n-Buli, THF, —48 to -30°C
(47% vyield for 10a, 30% yield for 10b).

A8 = 8- 8
(bpm) = b - 0.07905

MTPA 0 y
OBn - 0.0357
O .\\\//

O
+0.0492 +0038 O .
+0.0226 # 0.01858 \F 0013
BnO” ~y” "OBn + 0.0603
+0.06006 OBn

Figure 3. Ad values for the MTPA esters of 10a.

meric propargylic hydroxyl group. When the lithium
acetylide derived from 5 was employed, the reaction
gave a 3.2:2 mixture of diastereomers, 10a and 10b, in
47% and 30% yields, respectively, on the basis of the
recovered starting materials'! (Scheme 3). Compounds
10a and 10b were easily separated by column chroma-
tography over silica gel using n-hexane/EtOAc (10:1).
The stereochemistry of the propargylic hydroxyl group
was determined for the more polar isomer 10a to be
the R-isomer by applying modified Mosher’s protocol
(Fig. 3).'2!* Other attempts of chelation-controlled
addition reaction utilizing Zn or Mg species’'* did not
improve the diastereoselectivity and decreased the chem-
ical yields.!?

Once the key intermediate 10a was available, the synthe-
sis of 2b was completed in a straightforward and efficient
manner (Scheme 4), Thus, reduction of the triple bond
in 10a with TsNHNH, followed by mesylation of the
hydroxyl group gave 11 in 86% yield. Compound 11
was azidated, reduced to an amine by hydrogenation
and consecutively acylated with n-tetracosanoic acid to
afford amide 12 in 48% overall yield. Finally, deprotec-
tion of the isopropylidene acetal of 12 under acidic
conditions and subsequent removal of the benzy! groups
by hydrogenation furnished 2b in 88% yield. The syn-
thetic sample displayed satisfactory 'H NMR spectrum
and was confirmed by high-resolution mass spectrum

o]
M/\ ('ﬁs((\/\
OBn 0OBn 0
Z (0]
0] “\\/ O\ﬁ . _ab IONGIRYS O\#

BnO “0OBn BnO “0Bn
0Bn OBn
10a 1
c.d e f, g ob
BnO “/OBn
OBn
12

Scheme 4. Reagents and conditions: (a) TsSNHNH,, DME, NaOAc aq, reflux (91%); (b) MsCl, Pyridine, CH,Cl3, 0 °C to rt (94%); (c) NaN3, DMF,
90 °C; (d) Hj, Pd/CaCO;, EIOH, 1t (e) tetracosanoic acid, EDCI'HCI, HOAt, Et;N, DMF-CH,Cl,, rt (48%: three steps); (f) 80% AcOH, 60 °C
(88%); (g) Ha, PA(OH)/C, MeOH-CH,Cl,, 1t (quant).
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(HR-MS).'® Compound 2b did not show in vitro IL-4
and IFN-y production in splenocytes but increased ser-
um level of 1L-4-in C57BL/6 mice in vivo. Thus, com-
pound 2b proved to possess the pharmacological

profiles distinctively different from that of 1b from the .

preliminary results of biological testing.'” Similar phar-
macological differences have been reported between la
and its C-glycolipid 2a,% which support our findings.

In conclusion, we have developed a concise protocol for
the synthesis of 2b involving only 12 steps starting from
comumercially available 2,3,4,6-tetra-O-benzyl-p-galac-
tose 3 and L-arabinose 6. Although the coupling reac-
tion of 5 and 9 proceeded but not yet with sufficient
stereoselectivity, the total sequence of this method is
more convergent and versatile compared with those pre-
viously reported for 2a,>78 since the two obtained dia-
stereomers 10a and 10b can be easily separated by
conventional purification procedures. Consequently,
this new synthetic route would enable the synthesis of
a variety of C-glycoside analogues of phytosphingoli-
pids related to 1a and 1b, especially those which vary
in the sphingosine side chain length or substituents other
than aliphatic alkyl groups. In addition, it should be
noted that this route promises to contribute significantly
for clarifying the structure-activity relationships (SARs)
of this series of C-glycosides of interest. The SAR study
in this series of compounds. will be reported in due
course. -
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for 2a which completes in only 11 steps, however, it
requires the commercially available phytosphingosine and
is not expandable enough for analogue syntheses including
2b. Preparing commercially unavailable phytosphingosine
derivatives for this route must require several additional
steps, which makes this route less attractive for SAR
purposes; For examples of the syntheses of phytosphin-
gosine derivatives, see: Lin, C.-C.; Fan, G.-T.; Fang, J.-M.
Tetrahedron Lett. 2003, 44, 5281--5283; Chiu, H.-Y.; Tzou,
D.-L. M,; Patkar, L. N; Lin, C.-C. J. Org. Chem. 2003,
68, 5788-5791, and references cited therein.

. Dondoni, A,; Mariotti, G.; Marra, A. J. Org. Chem. 2002,

67, 4475-4486,

. Sabino, A. A, Pilli, R. A, Tetrahedron Letr. 2002, 43,

2819-2821.

. In this reaction, the starting a-ethynyl-galactopyranose §

was usually recovered unchanged in over 15% yield.
Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, H. J.
Am. Chem, Soc. 1991, 113, 4092-4096,

. 'H NMR of (§)-MTPA ester of 10a (400 MHz, CDCly): §

7.6-7.55 (m, 2H), 7.4-7.2 (m, 23H), 5.65 (dd, 1H, J=7.8
Hz, 1.7Hz), 490 (d, 1H, J=11.4Hz), 4.83 (dd, 1H,
J=58Hz, 1.7Hz),4.77 (d, 1H, J= 11,7 Hz), 4.73 (d, 1H,
J=11.8 Hz), 4.69 (d, I1H, J=11.7Hz), 4.64 (d, {H, J=
11.8 Hz), 4.54 (d, 1H, J=11.4 Hz), 4.44 (d, 1H, J=11.9
Hz}, 4.37 (d, 1H, J=11.9 Hz), 4.18 (dd, 1H, J=7.6 Hz,
5.8 Hz), 4.08 (dd, 1H, J= 9.7 Hz, 5.7 Hz), 4.15-4.05 (m,
IH), 4.01 (t, 3H, J = 6.2 Hz), 3.95-3.93 (im, 1H), 3.78 (dd,
1H, J = 9.8 Hz, 2.7 Hz), 3.49 (s, 3H), 3.5-3.4 (m, 2H), 1.6-
1.5(m, 2H), 1.55-1.4 (m, 1H), 1.39 (5, 3H), 1.27 (s, 3H), 1.3~
L1 (m, 5H), 0.82 (t, 3H, J=6.5Hz); '"H NMR of (R)-
MTPA ester of 10a (400 MHz, CDCly): 6 7.6-7.57 (m, 2H),
7.5-7.2 (m, 23H), 5.66 (dd, 1H, J = 8.9 Hz, 1.8 Hz),4.90 (d,
1H, /= 11.4 Hz),4.80 (dd, 1H, J = 6.0 Hz, 1.8 Hz),4.77 (d,
IH, J=11.7Hz), 4.69 (d, 1H, J=11.7 Hz), 4.68 (d, 1H,
J=11.7Hz), 4.61 (d, 1H, J=11.7Hz), 4.55 (d, 1H, J =
114Hz), 445 (d, 1H, J=119Hz), 437 (d, IH,
J=11.9 Hz), 426 (dd, 1H, J = 8.9 Hz, 5.7 Hz), 4.11 (ddd,
1H, J=13.6 Hz, 5.7 Hz, 3.2 Hz), 4.06 (dd, 1H, J = 9.8 Hz,
5.9 Hz), 3.96 (t, 3H, J = 6.4 Hz), 3.93-3.91 (m, 1H), 3.72
(dd, 1H, J = 9.8 Hz, 2.8 Hz), 3.57 (s, 3H), 3.5-3.4 (m, 2H),
1.75-1.55 (m, 2H), 1.55-1.5 (m, 1H), 1.40 (s, 3H), 1.32 (s,
3H), 1.3-1.1 (m, 5H), 0.81 (t, 3H, J = 6.8 Hz)

- (a) Soucy, R. L,; Kozhinov, D.; Behar, V. J, Org. Chen.

2002, 67, 1947-1952; (b) Shimada, K.; Kaburagi, Y.;

[}

Fulkuyama, T. J. Am. Chem. Soc. 2003, 125, 4048-4049:
{c) Tamura, Y.; Annoura, H.; Fuji, M.; Yoshida, T,



15.

16.

T. Toba et al. | Tetrahedron Letters 46 (2005) 50I43—5047 5047

Takeuchi, R.; Fujioka, H, Chem. Pharm. Bull. 1987, 35,
4736-4746; (d) Reez, M. T. Angew. Chem., Int. Ed. Engl.
1984, 23, 556-569. _
The total chemical yield of 10a,b was decreased to 39%
with a similar diastereomeric ratio when the magnesium
acetylide of 5 was used in this reaction. The zinc acetylide
derived from 5 produced only a trace of 10a,b.

Data for 2b: [aths +9.3 (¢ 0.10, pyridine); 'H NMR
(400 MHz, pyridine-ds): § 8.45 (d, 1H J=17.3 Hz), 5.2-
5.05 (m, 1H), 4.74 (dd, 1H, J = 8.9 Hz, 5.4 Hz), 4.6-4.45

'
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(m, 3H), 4.37 (dd, 1H, J = 11.2 Hz, 4.6 Hz), 4.25 (dd, 1H,
J=89Hz, 3.4 Hz), 425-4.15 (m, 3H), 2.8-2,65 (m, 1H),
2.65-2.52 (m, 1H), 2.52-2.38 (m, 2H), 2.38-2.15 (m, 3H),
1.95-1.8 (m, 4H), 1.75-1.55 (m, 1H), 1.45-1.1 (m, 44H),
0.87 (t, 3H, J=6.6Hz), 0.81 (t, 3H, J=7.0 Hz); HR-
FABMS (mlz) [M+H]* calculated for CaoHgoNQyg,
702.5884, found 702,5853,

17. The effect of 2b in several animal models of autoimmune

disease is currently under investigation and will be
reported elsewhere,
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NKT Cells Are Critical for the Initiation of an Inflammatory
Bowel Response against Toxoplasma gondii*

Catherine Ronet,* Sylvie Darche,* Maria Leite de Moraes,” Sachiko Miyake,*
Takashi Yamamura,” Jacques A. Louis,* Lloyd H. Kasper,” and Dominique Buzoni-Gatel***

We demonstrated in this study the critical role of NKT cells in the lethal ileitis induced in C57BL/6 mice after infection with
Toxoplasma gondii. This intestinal inflammation is caused by overproduction of IFN-y in the lamina propria. The implication of
NKT cells was confirmed by the observation that NKT cell-deficient mice (Ja2817/") are more resistant than C57BL/6 mice to the
development of lethal ileitis. Jo:281 ™/~ mice failed to overexpress IFN-y in the intestine early after infection. This detrimental
effect of NKT cells is blocked by treatment with a-galactosylceramide, which prevents death in C57BL/6, but not in Ja2817"~,
mice. This protective effect is characterized by a shift in cytokine production by NKT cells toward a Th2 profile and correlates
with an increased number of mesenteric Foxp3 lymphocytes. Using chimeric mice in which only NKT cells are deficient in the
IL-10 gene and mice treated with anti-CD25 mAb, we identified regulatory T cells as the source of the IL-10 required for
manifestation of the protective effect of a-galactosylceramide treatment. Our results highlight the participation of NKT cells in the
parasite clearance by shifting the cytokine profile toward a Th1 pattern and simultaneously to immunopathoelogical manifestation

when this Th1 immune response remains uncontrolled. The Journal of Immunology, 2005, 175: 899-908.

atural killer T cells represent a minor subset of T lym-

phocytes that share receptor structures with conven-

tional T cells and NK cells (1, 2). Murine NKT cells
express intermediate levels of a TCR using a semi-invariant Val4-
Ja281 TCR a-chain paired with VB8, -7, or -2 TCR B-chain to-
gether with NK cell receptors (NKR-P1, Ly-49. and NK1.1 in
C57BL/6 mice) (3, 4). These cells are located mainly in the liver,
spleen, thymus. and bone marrow and recognize Ag in the context
of the mmonomorphic CD1d Ag-presenting molecule (5, 6). CDId
and the invariant TCR a-chain are essential for the normal devel-
opment of NKT cells (7). CD1 molecules present hydrophobic
lipid Ags (8). and the marine sponge derived glycolipid. comn-
monly referred to as a-galactosyleeramide (a-GalCer).* was iden-
tified as a potent stimulatory factor for NKT cells (9).

*Department of Parasitology, Unif of Ealy Responses to Infracellular Parasites and
ITmmunopathology. Institut Pastenr-Institul National de fa Recherche Agronomique.
Paris, France: 1Centre National de 1a Recherche Scientifique, Unilé Mixte de Recher-
che, Universily René Descartes, Paris V., Hopital Necker, Paris. France: *Department
of Immunelogy, National Instilute of Neuroscience, National Center of Newrology
and Psychiatty, Tokyo, Japan; and *Departments of Medicine and Microbiology/
Immunclogy. Dartmeuth Medial Scheol, Lebanon, NH 03756

Received for publication December 21, 2004, Accepted lor publication May 7. 2005,

The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely 1o indicate this fact.

1 C.R. was the recipient of feliowships front the Association Francois Aupetit and the
Joshui/institul Pasteur Foundation. This work was cwried out in the Unii of Ealy
Responses to Intracellular Parasites and lmmunopathelogy and was supported by the
Pasteur Institule, the Institut National de Ja Recherche Agronomique, the Fondalion
pour la Recherche Médicale. Partial support for this work was provided by Nuational
Institutes of Health Grant AT19613.

? LH.K. and D.B.-G. share senior anthotship.

* Address corespondence and reprint requests to Dr. Dominique Buzoni-Gatel, De-
pariment of Pavasitology, Unil of Ealy Responses 1o Iniracellular Parasites and Lin-
munopathology, Institul Paslewr-Instital Nationad de 1a Rechesche Agronomique, 25
e du Dr Roux. 75724 Paris Cedex 15, France. E-mail address: buzoni @ pasteur.fr
4 Abbreviations used in this paper: o-GalCer. a-galactosyleeramide; DC. dendritic
cell: TEL, intracpithelial lymphocyte: LPL. Jamina propria Iymphocyie; MLN, mes-
emteric lymph node; SAGI, swiace Ag-1.

Copyright © 2005 by The American Association of Inuunologists, Inc.

A potential role of NKT cells in the regulation of imumune re-
sponses has been hypothesized because of their capacity to rapidly
release large amounts of [L-4 and [FN-vy upon activation {10). NKT
cells play crucial roles in various immune responses, including anti-
tumor, autoinumune, and antimicrobial immune responses (1. 11).
Within hours of TCR engagement, CDId-reactive T cells produce
Th1 and/or Th2 cytokines (9, 11. 12) by a mechanism not yet iden-
tified that can influence other immune cells. such as conventional T
(13-15), NK cells (16). and dendritic cells (DC) (17). NKT cell-de-
rived Th1 cytokines (such as [FN-v) are important in the initiation of
the antitumor immune response, whereas NKT cell-derived Th2 cy-
tokines (IL-4 and IL-10) are involved in down-regulation of the au-
toimmune response (18). When stimulated with a-GalCer, NKT cells
exhibit the ability to proliferate and to produce both Thl and Th2
cytokines (9, 19). However administration of a-GalCer at the time of
priming of mice with Ag results in the generation of only Ag-specific
Th2 cells. Thus, a-GalCer might be useful for modulating the im-
mune response toward a Th2 phenotype (12).

Recent evidence suggests that NKT cells are important in the
host/pathogen imumune response, including cytotoxicity, Ab pro-
duction. and regulation of Th1/Th2 differentiation. NKT cells have
been shown to participate in the immune response to a range of
different infectious agents, including Listeria, Mycobacteria. Sal-
monella, Plasmodium, viral hepatitis (20, 21). HIV (22), and even
Toxoplasma gondii (23). T. gondii 1s an obligate intracellular par-
asite acquired by oral ingestion of tissue cysts containing either
bradyzoifes or sporozoites from contaminated soil. It has been ob-
served that after oral infection with tissue cysts, the intestinal ep-
ithelial and lamina propyia cells are invaded by the parasites. Par-
asite infection induces a strongly biased Th! response in the gut
that displays a dual eflect. IFN-y produced by the CD4 T cells
from the lamina propria (24) limits parasite replication, conferring
resistance in mice in certain inbred strains. However, in CS7BL/6
(B6) mice, an overwhelning IFN-vy production leads to a lethal
acute ileitis within 10 days after oral infection. This Toxaplasma-
induced intestinal disease shares histological and imumunological
similarities with human inflammatory bowel disease, such as
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Crohn’s disease. The regulation of this inflamimatory process re-
quires a delicate homeostatic balance that is influenced by either a
Th1 or Th2 response.

In this report the role of NKT cells in the initiation of the in-
flammatory process in response to oral infection with T. gondii was
evaluated. Our findings suggest a potentially critical role for these
early responder cells in the initiation and regulation of the lethal
inflammatory process.

Materials and Methods

Mice and parasites

Female, 8- to 10-wk-old, inbred B6 mice and CBA were obtained from
IFFA-Credo. Mice were housed under approved conditions of the Animal
Research Facility at Institut Pasteur, IL-107'~ mice were supplied by Dr.
Bandeira (Institut Pasteur, Paris, France). We were provided with
Ja2817'" mice by Dr. M. Taniguchi (Riken Research Center for Allergy
and Immunology, Yokohama, Japan) (9), V«14Tg mice by Dr. A. Lehuen
(Institut National de la Santé et de la Recherche Médicale, Paris, France)
(25), actin-GFP mice by Dr. M. Okabe (Genome Information Research
Center, Osaka University, Osaka, Tapan) (26), and CD1~'~ mice by Dr. L.
Van Kaer (Vanderbilt University School of Medicine, Nashville, TN} (7).
All the genetically modified strains were on a B6 genetic background. 76K
strain cysts isolated from the brains of chronically infected CBA mice were
used for in vivo studies. Mice were infected orally by intragastric gavage
of 35 cysts. a lethal condition for B6 wild-type mice as described previ-
ously (27). After infection, mortality was evaluated, and morbidity was
estimated by the percentage of weight loss compared with the initial
weight.

Treatment with a-GalCer, anti-CD25, or anti IL-4 Abs

«-GalCer was kept dissolved in PBS buffer containing 20% DMSQO at 220
g/ml as a stock solution. Mice received a single i.p. injection of 5 mg of
«-GalCer the day before infection by T. gondii. Control mice received an
i.p. injection of PBS/20% DMSQ, which has no influence on the course of
T. gondii infection.

Neutralization of I-4 was conducted by injecting i.p. 1 mg of anti-IL-4
(11B11: provided by Dr. P, Launois, World Health Organization Immu-
nology Research and Training Center, Institute of Biochemistry. Epalinges,
Switzerland) mADb 24 h before «-GalCer treatient and 48 h before infec-
tion. Control mice were treated with rat IgG Abs (Sigma-Aldrich).

Mice were depleted of CD25™ cells by i.p. administration of 0.5 mg of
anti-CI>25 (PC61; provided by Dr. R. 1. Noelle. Dartmouth Medical
School, Lebanon, NH) imAb. Three days after the treatment, the efficiency
of CD25* cell depletion was controlled in peripheral blood by FACS anal-
vsis. The CD25" cell depletion remained stable over 15 days. Control mice
were treated with a mouse IgD1 isotype Ab (MOPC31C ki BD
Pharmingen).

Cell purification

Lamina propria. The method used to isolate intestinal lamina propria
lymphocyles (1.PLs) was modified as described previously (24). After dis-
section and removal of Peyer's patches. the seclioned intestines were in-
cubated in PBS-3 mM EDTA at 37°C and 5% CO, (four times, 20 min
each time). Then inlestinal pieces were incubated al 37°C jn RPMI
1640-5% FCS with Liberase (0.14 Wunch units/ml; Roche) and DNase (10
Umil; Sigma-Aldrich). After 45 min, the digested suspension conlaining
LPLs was filtered on a cell strainer and washed twice, and the pellet was
submitted to a Percoll gradient 1o isolate he lymphocytes. Total cells were
resuspended in a 80% isotonic Percoll solution (Pharmacia Biotech) and
overlaid with a 40% isotonic Percoll solution. Centrifugation for 30 min at
3000 rpm resulted in concentration of mononuclear cells at the 40-80%
interface. The collected cells were washed once with PBS supplemented
with 2% FCS. The purity of the LPL population was assessed by the rel-
ative percentage of B cells (>>50%), CD4 T cells (--20%). CD8 T (< 3%
cells, and enterocyies (<X5%).

lutraepithelial lymphocytes (IELs). TELs were isolated as previously de-
seribed (28). Brietly, the small intestine was flushed with PBS and divided
Jongitudinally after removal of Peyers's patches. The mucosae were scraped.
dissociated by mechanical disruption, in RPMI 1640 containing 4% FCS and
I mmolVL DTT. After passage over a glags-wool column. (he Iymphocyles
were separated by Percoll as described for LPLs. The purity of IEL population
was assessed by the relative percentages of B cells (<2%) CD4 T cells
(<10%), CDS T cells (3>80%), and enterocyles (<5%).

INTESTINAL NKT CELLS AND PATHOGEN-DRIVEN ILEITIS

Mesenieric lymph node (MLN) and spleen. MLN and spleen were dis-
sociated and freed of conneclive tissue by filration (70 pam). Unless oth-
erwise stated, each mouse was analyzed individually.

Liver. Single-cell suspensions were obtained from liver as described pre-
viously by us (29).

Cyvtometric analysis

FACS analysis of NKT cells. Single-cell suspensions were first incubated
10 min with an anti-FeyRIVII mAb (Feblock, 2.4G2: BD Pharmingen).
followed by a 1-h exposure to CD1d/a-GalCer tetramer-allophycocyanin
under agitation at 4°C. CD1d/n-GalCer tetramers were prepared as de-
scribed by Matsuda et al. (30). After two washes, other cel] surface stain-
ings were performed with the following Abs: anti-TCRf (H57-597), anti-
CD4 (RM4-5), anti-CD8 (53-6.7), anti-NK1.1 (PK136), antj-CD25 (C363
16A), anti-CD45RB (7D4), and anti-CD5 (BD Biosciences). PerCP-
streptavidin and CyClhrome-streptavidin were purchased from BD Bio-
sciences. Cells were analyzed in PBS containing 2% FCS using a FACS-
Calibur flow cytometer and CellQuest software (BD Biosciences).

Cell sorting. NKT cells stained with the tetramer were magnetically
sorted. After tetramer CD1d/«-GalCer-allophycocyanin staining, cells sus-
pensions were incubated for 15 min in PBS/2% FCS/2 mM EDTA at 4°C
with anti-allophycocyanin beads as described by the provider (Miltenyi
Biotec). After washing and filtration. samples were run on AutoMACS
(Miltenyi Biotec). Purity was controlled by cylonelric analysis, and the
sorled cells were frozen until molecular biology analysis.

For the reconstitution experiment, NKT from the liver and the spleen of

aclin-GFP mice were sorted with both anti-CDS$ biotin (53-7.3), and anli-
NK1.1-PE (PK136) mAbs and streplavidin-allophycocyanin using a Mo-
Flo (DakoCytomation). Purified NKT-GFP™ cells were collected in RPM!
1640 supplemented with 10% FCS. The purity of the sorted NKT-GIFP
cells was found to exceed 97%. )
Adoptive transfer of NKT-GFP* cells. Highly purified NKT cells (1 X
10%) were injected i.v. into Jcc281 7" mice. At the same time these mice
were (reated with § g of «-GalCer ip. One day later, NKT cells were
transferred. and «-GalCer-treated mice were infected.

Histological examination

Histopathology and morphometric analysis. Inlestines were inunediately
fixed in buffered 10% formalin after dissection. Then they were embedded.
sectioned, and stained with H&E for histological examination. Inflamma-
tion was scored by the ratio of the length/thickness of the villi (mean of 20
measures for a total of four different fields).

Confocal microscopic examination. Intestinal and hepatic samples from
NKT-GFP-transferred mice were microscopically examined. On day 7 af-
ter infection mice were scarified, and samples from intestines and livers
were incubated for 24 h in paraformaldehyde (4%) and saccharose (30%).
Then tissues were {rozen in liquid nitrogen using OCT embedding com-
pound (Sakura). Frozen sections (10 jum) were cut on a microtome HM 505
eryostat (Microcom Laboratory), fixed with PBS/paraformaldehyde (4%).
permeabilized by PBS/Triton (0.19%). contrastained with rhodamine phal-
lodin (Molecular Probes, and mounied with Vectlashield (Vector Labora-
tories). Preparations were analyzed with fluorescent microscope Axioplan
2 imaging coupled with an ApoTome system (Zeiss). GFP-NKT cell traf-
ficking was also assessed by FACS analysis performed on day 7 aller
infection with cell suspensions obtained from lamina propria and livers.

Bone marrow chimeric mice

Recipient mice were lethally irradiated (900 rad) with a '**Ce source. Then
they received i.v. bone marrow cells (1 X 107) recovered from femurs and
libias of donor mice. To generate mice with only NKT cells devoid of the
IL-10 gene. a mix (50/50%) of bone marrow cells from Ja281 7" mice and
IL-107"" mice was prepared. Control mice received cells from B6.
362817 or IL-107'" mice alone. Six weeks after reconstitution. mice
were bled. and the presence of CD4*, CD19™ (1D3), and CDI1c™ (HLY)
cells was monitored by flow cytometric analysis. Reconstitution with NKT
was assessed (two mice per group) by staining the CD1d/ex-GalCer-allo-
phycocyanin tetramer cell suspensions obtained from the liver and lamina
propria of the chimera. Chimeric mice were then infected. Al diferent
times after infection, 1.PLs and MLN cell suspensions were phenotyped by
FACS analysis. Morbidity was evaluated daily by recording the weight
Toss, and mortality was also recorded. ’

RNA extraction, cDNA preparation, and real-time RT-PCR

Tissue samples from intestines and purified cells were kept frozen (- 70°C)
until mRNA extraction. Specimens were distupled in a Polyiron (Brink-
mann Instruments) and homogenized in 350 ml of RLT buffer (Qiagen).
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RNA extraction and cDNA preparation were conducted following standard
procedures using oligo(dT),; primers, and 10 U of avian myeloblastosis
virus reverse tanscriptase. Quantitative PCR was performed with the Ge-
neAmp 7000 (Applied Biosystems) as indicated by the supplier. Primers
and probes for the quantitative PCR assay of cytokines and actin were
designed as previously described (31). Foxp3 mRNA were analyzed with
applied assay on demand n°Mm00475156_mml (Applied Biosystems).

Parasite burden

DNA was extracled from the different organ samples using a DNAeasy kit
(Qiagen). The Toxoplasma B1 gene was amplified by quantitative real-time
PCR (32). Parasite titration by real-time PCR was performed with the
GeneAmp 7000 (Applied Biosystems). The standard curve established
from the serial 10-fold dilutions of T. gondii DNA of parasite concentra-
tions ranging from 1 X 10° to 10, showed linearity over a 6-Jog concen-
tration range and was included in each amplification run. At different time
points after infection, tissue samples were recovered, and their DNA were
extracted with the DNeasy Tissue Kit (Qiagen). For each saniple, parasite
count was calculated by interpolation from the standard curve, The parasite
burden was expressed as the number of parasites per milligram of samples.
Cerebral parasite burden was evaluated by enmumeration of the cysts on day
30 after infection.

Statistical analysis

Results are expressed as the mean * SD. Statistical differences between
groups were analyzed using Student’s 7 test. A value of p < 0.05 was
considered significant.
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Results

Presence of NKT cell in the lamina propria

The presence of the NKT lymphocyte subpopulation within the gut
was demonstrated by FACS analysis using the CD1d/o-GalCer
tetramers. In the lamina propria of naive B6 mice. 2% of the mono-
nuclear cells (LPLs) were detected {Fig. 14). NKT cells were not
detected in cell suspensions from the [EL compartment (Fig. 1A).
Seventy to 80% of the tetramer-positive cells were CD4™; the
remainder were CD4~CD8" double negative. During the days fol-
lowing infection, a decrease in the number of tetramer-positive
cells was observed (Fig. 1B) that could be due to TCR down-
regulation. Serial time point phenotyping after infection demon-
strated that all NKT cells were CD257. To assess NKT cell traf-
ficking into the intestine after infection, Ja2817'" mice were
transferred with NKT-GFP™ cells (1 X 10°% highly purified from
the livers of GFP transgenic mice on the basis of CDS5 and NKI.1
expression (Fig. 1D, a). At 7 days after infection, GFP™ cells were
found in cell suspension obtained from the liver (Fig. 1D, b) and
lamina propria (Fig. 1D, ¢) of the transferred mice. Histological
examination by confocal microscopy revealed that within the liver.
NKT-GFP™* cells were distributed among hepatocytes near the si-
nusoids (Fig. 1E). Within the gut. NKT-GFP™" cells were always

..4 97.6
z "
o A'lll woowt "y ))4

CD1--GalCear

CD1re - GalCer

TCRuf,

FIGURE 1. NKT cells are present in the lamina propria compartment, A, Representative FACS profiles showing V14 CDI1d/o-GalCer® TCRuf3™ cells
obtained from LPL and IEL suspension from naive mice. The numbers indicate the proportion of tetramer-positive T cells in the Iymphocyte gate. This
analysis was performed with five mice and was repeated twice. B, Representative FACS profiles showing Vld CD1d/e-GalCer™ TCRa 3™ cells obtained
from LPL suspensions of mice at different Gmes after infection. This analysis was performed with five mice individually and was repeated twice. C.
Representative FACS profiles showing Vald CD1d/w-GalCer ™ TCRaB™ cells abtained from LPL suspensions of «-GalCer-treated mice at different times
after infection. This analysis was performed with five mice and was repeated twice. ). NKT cell populations from actin-GFP mice were purified on the
basis of GFP, CDA. and NK1.1 (PE) expression and were positively selected with magnelic beads directed against PE. D. v, Purity of the selected NKT
cell population. One million purified NKT cells were injected i.v. into Jn281 “ mice. The following day. these mice were infected with T. gondii. On day
7 after the adoplive transfer, J2817'" recipients showed a significant presence of GFP" cells in the liver (h) and lamina propria (¢) cell suspension. which are
almost all NKT cells as revealed by CD1d/a-GalCer™ staining after pating on GFP™ cells. Four mice were adoptively transferred with NKT-GFP cells, requiring
24 GFP transgenic donor mice. £, GFP™ NKT cells were detected in paraformaldehyde-fixed cryosections of liver and intestine from Jo281 77 vecipient mice
(the contro] was sections from naive 12817/ mice). Actin filaments were stained in red with rhodamine phallodin to visualize the organ structure. Original
magnifications: X400 and X630, The pictures shown are representative of observations made with the four NKT-GFP cell recipient mice.
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localized in the lamina propria and were never associaled with the [EL
compartment (Fig. 1E). These data indicated that NKT cells traffic to
the intestine, where they localize within the lamina propria.

Importance of NKT cells in the development of acute
inflammatory ileitis in B6 mice

The involvement of NKT cells in the initiation of the intestinal in-
flammation after oral infection with 7. gondii was investigated by
comparing the outcome of the infection in wild-type B6 mice and
mice genetically deficient in NKT cells (Jo2817' mice). As ex-
pected, all control BG mice died within 7-10 days of severe ileitis after
oral challenge with 35 cysts (Fig. 24). The intestinal inflammation
and subsequent morphological changes were characterized by cellular
infiltraion within the lmmina propria; short, thickened villi; and patchy
transhuminal necrosis. In contrast, Ja281 7/ mice developed a less
severe disease (Fig. 2B) associated with 1) a decrease in the length/
thickness ratio of the villi compared with B6 infected mice (Fig. 2C),
2) a significantly delayed time of death, and 3) a decrease in the
mortality rate compared with B6 mice (Fig. 24). This outcome was
not parasite dose dependent. as determined using a lower infectious
dose of eysts (10 cysts/mouse) in which all the Ja281 ~/" mice sur-
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vived, whereas 25% of the B6 died (Fig. 2D). These results indicate
that the absence of NKT cells correlates with a more resistant phe-
notype. However, CD1d™"™ miice were even more susceptible than
B6 mice (Fig, 24). In addition to NKT depletion, regulatory cells,
such as IEL and B cells, are also reduced in CD1d ™'~ mice (33, 34).

To further explore the potential role of NKT cells in the inflam-
matory process, mice that overexpressed NKT cells (Vol4Tg
mice) were infected. Both B6 and Va14Tg mice died within 7-10
days when infected with 35 cysts (Fig. 24). However, in the ex-
periment using a lower dose of cysts (10 cysts/mouse). all the
Va14Tg mice died, whereas only 25% of the B6 mice died (Fig.
2D). These data confirm that NKT cells are important in the innate
host response to oral parasite infection and are involved in disease
susceptibility.

NKT cell activation correlates with intestinal IFN-vy production
after T. gondii infection

IFN-v is an important cytokine in mediating host defense against
T. gondii infection. It linits parasite replication, but, at the same
time, if overproduced, it leads to the development of overwhelm-
ing intestinal inflammation. Therefore, because NKT cell-deficient
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FIGURE 2. NKT cells are involved in the development of acute inflammatory ileitis in BG mice. A, Survival rate of B6. Ta2817"  Val4Tg, and CD1d
mice after challenge with 35 cysts of T, gondii (n = 10/group). Data are representative of three independent experiments with similar results. B. Intestinal H&E
histology from B6 and 128177 mice on day 7 after challenge ( magnification, X200). Results are representative of two independent experiments perforimed with
four mice each tink. €. Intestinal Jesions from B6 and Ja2817/ on day 7 afier challenge were scored as the ratio of the villi length to its thickness. These data
were the mean of 20 measures oblained with four different fields and repeated with two mice per group. D. Survival rate of B6, Jn281 /7 Val4Ty after challenge
with 10 cysts of T2 gondii (n = S/group). Data are representative of two independent experiments with similar results. E. Early TFN-y mRNA expression in the
intestine after infection is dependant upon the presence of NKT cells. Samples from the jleum of B6 and Jo28177" mice were analyzed for mRNA expression
of TFN-v by real-time RT-PCR. Results are expressed as the fold increase relative 1o noninfected control mice after normalization with the bousekeeping gene.
The mean = SD were calculated from two samples from two mice. Results are representative of three independent exeriments.
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mice (Ja2817/7) were more resistant to the development of lethal
ileitis after T. gondii infection, the expression of [FN-y in their
intestines was measured at different times after oral challenge with
the cysts. Between days 2 and 3 after infection, IFN-y mRNA
expression peaked in the intestine of B6 mice, and there was a
significant difference in IFN-y mRNA expression between B6
mice and Ja2817/" mice. By quantitative RT-PCR, the level of
mRNA expression in B6 mice was 9~10 times higher than that in
Ja2817'" mice (Fig. 2E). Over time, inflammatory cytokine pro-
duction in Ja2817/" mice may increase, contributing in the de-
layed time to death due to lethal intestinal inflammation. The lack
of early production of IFN-+y might also explain the 2-fold increase
in parasite burden in Ja281™" mice on day 8 after infection.
These findings strongly suggest that NKT cell activation after oral
infection with T. gondii is associated with early initiation of the
Th1 process observed in the intestines of B6 mice.

Treatment with a-GalCer protects against the development of
lethal ileitis

Because a-GalCer can influence the nature of the cytokines pro-
duced by NKT cells and consequently the orientation of the ad-
aptative Th response, mice were treated with a-GalCer the day
before infection. Up to 30 days after infection, this treatment pre-
vented death in both B6 (100%) and V14«Tg mice overexpressing
NKT cells (80%; Fig. 3A). Histological examination perforined on
day 7 after infection revealed that treatment with a-GalCer inter-
fered with the development of ileitis (Fig. 3, B and C). In addition,
B6 mice treated with @-GalCer exhibited less weight loss com-
pared with untreated infected controls (Fig. 3D). To assess the cell
population targeted by «-GalCer treatiment, NKT-deficient mice
(Ja2817/7) were treated with a-GalCer the day before infection.
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This treatiment had no effect on the infection outcome in Ja2817"
mice (Fig. 3A), as attested by the early time of death and the
histological damages observed in treated mice (Fig. 3B). These
observations strongly suggest that a-GalCer modulates the func-
tiona] abilities of NKT cells. Treatment with a-GalCer was not
directly toxic to the parasite, because there was no difference in
parasite burden in J281 ™'~ mice treated or not treated on day 30
afler infection (data not shown). Treatiment with a-GalCer 2 days
after infection failed to impact the development of the hyperin-
flammatory response in small intestine.

Treatment with «-GalCer induces preferential production of
IL-¢ and IL-10 in T. gondii-infected mice

One of the consequences of a-GalCer treatment was the increase
in the number of NKT cells in the lamina propria of infected mice
(Fig. 1C). The production of selected cytokines in the whole in-
testine of a-GalCer-treated mice was monitored by quantitative
RT-PCR. A significant increase in IL-10 (180-fold) and IL-4 (80-
fold) mRNA expression was observed in the intestines of a-Gal-
Cer-treated mice on days 3 and 5, respectively. after infection. In
contrast, no increase in IL-13 mRNA expression in the whole in-
testine of «-GalCer-treated mice was measured at serial time
points after infection. mRNA for IFN-+y was also significantly de-
creased {10-fold) in a-GalCer-treated mice (data not shown). This
resull demonstrated a shift in cytokine production toward a Th2-
like profile after treatment with «-GalCer and infection and a de-
cline in the Thl-like immune response. To better assess the con-
tribution of intestinal NKT cells in this shift, o-GalCer-treated
mice and untreated control mice were killed on day 8 after infec-
tion, and NKT cells were purified from the lamina propria (Fig.
4A). As shown in Fig. 4A. the purity of the sorted population was
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FIGURE 3. w-GalCer treatment protects the infected mice against the development of lethal ileitis. A, Survival'rates of B6, 1281 =/~ and Vi 14Tg mice
after i.p. administration of 5 psg of «-GalCer the day before challenge with 7. gondii (n = 10/group). Results are representative of two independent
experiments. B. Intestinal H&E histology of «-GalCer-treated or untreated mice on day 7 afler infection {magnification, X200). C. Intestinal Jesions in
w-GalCer-treated or untreated mice on day 7 after infection were scored as the ratio of the villi length (o its thickness. These data were the mean of 20
measures oblained with four different fields and repeated with two mice per group. D, B6 mice treated with «-GalCer exhibiled only mild weight loss
compared with untreated infected controls. Infected B6 mice treated. or not. with «-GalCer were weighed daily. Weight Joss is expressed as a percentage

of the animal's initial weight.
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FIGURE 4. NKT cells produce Th2 cytokine after «-GalCer adminis-
tration and T. gondii infection. A, NKT cell populations were isolated from
the lamina propria of mice treated (@) or not treated (b; two mice per group)
with -GalCer on day 8 after infection. The cells were then purified on the
basis of CDI1d/a-GalCer tetramer staining using anti-allophycocyanin
magnetic beads. The purity of sorted cells was confirnied by FACS anal-
ysis. This experiment was repeated twice. B, Purified NKT cells were an-
alyzed for mRNA expression of Thi and Th2 cytokines by real-time RT-
PCR. Resulls are expressed as the relative increase in the cytokines in NKT
cells from treated mice compared with the untreated NKT cells after nor-
malization with the housekeeping gene. Results are representative of (two
independent experiments.

>90% in both a-GalCer-treated (Fig. 4A. ) and untreated (Fig.
4A. b) animals. The mRNA production of diflerent cytokines by
the purified NKT cell population was measured by RT-PCR. The
results are expressed as the relative increase or decrease in mRNA
expression for different cytokines in NKT cells isclated from
«-GalCer-treated mice compared with control infected, but un-
reated. mice. Compared with controls, 1L-10, 1L-4, and 1L-13
mRNA expressions were increased in the NKT cell population
isolated on day 8 from mice treated with o-GalCer and inlected
(Fig. 4B). These data indicale that treatment with a-GalCer shifts
the NKT cell cytokine patiern 1o a Th2-like profile.

The production of IL-10 and IL-4 by NKT cells stimulated with
a-GalCer was increased in the intestines of treated mice. In con-
trast, TL-13 production by NKT cells after treatment with a-GalCer

INTESTINAL NKT CELLS AND PATHOGEN-DRIVEN ILEITIS

did not lead to an increase in this cytokine in the whole intestine
throughout the serial time points after infection.

'

Role of IL-4 in protection against T. gondii-induced death

The contribution of IL-4 production associated with o-GalCer
treatment to interference with the induction of T. gondii-induced
death was evaluated by a series of experiments using blocking Ab.
Blocking of IL-4 the day before a-GalCer treatment partally re-
versed its beneficial effect, as shown by a 50% survival rate com-
pared with 100% survival of mice in the a-GalCer alone-trealed
group (Fig. 54). These observations suggest a partial role for 1L4
in the protection induced by o-GalCer in this model.

Crirical role of IL-10 in protection against 'T. gondii-induced
ileitis

The contribution of IL-10 production associated with «a-GalCer
treatment in interfering with the induction of 7. gondii-induced
death was evaluated using genetically deficient and chimeric mice.
Strikingly a-GalCer treatiment had no beneficial effect on protec-
tion in IL-107'" mice (Fig. 5B). These observations suggest a
pivotal role for IL-10.

To determine whether IL-10 produced by NKT cells was suffi-
cient to suppress lethal intestinal inflammatory lesions. double-
chimeric mice were generated. B6 mice were irradiated and
reconstituted by a 50/50% mix of bone marrow cells from
Ja2817/7 (NKT cell-deficient) and IL-107"" mice. After recon-
stitution, the double-chimeric mice expressed a normal immuno-
logical phenotype, except for the NKT cells that were [L-107/"
(NKT IL-107/"). These NKT IL-10"/~ chimeric mice and their
appropriate controls (BG mice. Ja2817'" and IL-107'" mice)
were reated with a-GalCer the day before infection. NKT IL-
107/ chimeric mice treated with «-GalCer rapidly lost more
weight than a-GalCer-treated B6 mice (Fig. 5C). indicating that
the lack of IL-10 production by the NKT cells alone conferred
greater susceptibility to the infection.

However, in contrast to what was expected. the decreased pro-
tective effect of a-GalCer treatment in NKT IL-107/" chimeric
mice did not lead to a significant increase in the mortality rate
(80% survival; Fig. 5D). These results. demonstrating the complete
lack of eflect of a-GalCer treatment in IL-107"" mice (Fig. 5B)
and a reduced effect of this treatment in NKT IL-1077" chimeric
mice (Fig. 5. Cand D), suggested that other cell types might be the
source of the IL-10 that is critical for protection. T regulatory cells
(CD4"CD25%) that express the transcription factor FoxP3 and are
known as important IL-10 producers were assessed after treatment
with «-GalCer and infection. Interestingly. the number of
CD4"CD257 cells from intestines and MLNs were increased on
days 6 and 9. respectively (data not shown). after infection, and
this correlates with an increased expression of FoxP3 in the intes-
tine on day 6 and in MLNs on day 9 from B6 mice, but not from
Ja2817/7 mice (Fig. 64). The sarted CD4™ CD25™ cell subpopu-
lation exhibited IL-10 mRNA expression {data not shown). What-
ever the time afler infection and the (reatment with or without
a-GalCer, the sorted NKT cell population failed to express cither
FoxP3 or CD25. To better characterize the implication of these T
regulatory cell subpopulations to the protective process induced by
a-GalCer. the effect of this treatment in mice also treated with
blocking anti-CD25 Abs was studied. Treatment with anti-CD25
abrogated the protection (Fig. 6B). indicating the crucial role of
these cells in the anti-inflammatory process induced by treatment
with a-GalCer.
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