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disease induction we analyzed the histologic features in
the joints of forepaws of wild-type B6 mice treated with
OCH or a-GC. As shown in Figure 2, in the control and
a-GC-treated groups there was severe arthritis in the
joints, associated with massive cell infiltration, cartilage
erosion, and bone destruction. These histologic features
were significantly less apparent in the group of mice
treated with OCH. These results demonstrated that
administration of OCH ameliorated CIA, whereas a-GC
had little effect on CIA in B6 mice.

Selective induction by OCH of NKT cell-
mediated IL-4 and IL-10 production. Activation of NKT
cells leads to the rapid production of a variety of
cytokines, including IL-4, which promotes Th2 differen-
tiation, and IFNwy, which promotes Thl differentiation.
Previously we demonstrated that OCH stimulates NKT
cells to produce predominantly IL-4, whereas «-GC
stimulates NKT cells to produce both IL-4 and IFN~y
(27). IL-10, as well as IL-4, has also been reported to
suppress CIA (1) and to be involved in a-GC-mediated
inhibition of diabetes in the NOD mouse (33). These
data led us to examine whether IL-10 was induced by
OCH stimulation. We measured serum levels of IL-10 in
addition to IL-4 and IFN+, 2 hours and 12 hours after
intraperitoneal injection of either OCH or o-GC into B6
mice. As shown in Figure 3A, OCH, as well as a-GC,
caused an elevation in IL-10 levels. Consistent with
previous results, OCH injection induced a rapid rise in
IL-4 levels along with a much less marked increase in
levels of IFNv. Injection of a-GC induced the produc-
tion of IL-4 and IFNy (Figure 3A). NKT cell-deficient
J,281-knockout mice did not exhibit a response to either
«-GC or OCH (Figure 3A), indicating that the increase
in cytokine levels in B6 mice was mediated by NKT cells.

To further clarify the difference in gene expres-
sion by NKT cells stimulated with OCH or «-GC, we
performed quantitative RT-PCR to detect the levels of
expression of major contributors to joint destruction,
such as TNFa and receptor activator of NF-«B ligand
(RANKL) in stimulated NKT cells in vive. We sorted
NK1.1% T cells from liver mononuclear cells of B6 mice
1.5 hours after administration of either OCH or o-GC.
As shown in Figure 3B, «-GC stimulation induced
expression of TNFa and RANKL genes. In contrast,
OCH stimulation induced much lower levels of TNFa
and RANKL expression,

Efficient inhibition by OCH of CIA development
in SJL mice. In a screen of laboratory mouse strains,
NKT cells in SJL mice, which exhibit a marked propen-
sity to the Thl-mediated autoimmune diseases, were
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Figure 2. Histopathologic asscssment of arthritic wrist joints of mice
treated with control vehicle, a-galactosyteeramide (a-GC), or OCH
(hematoxylin and eosin stained; original magnification X 20).
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Figure 3. A, Change in serum cytokine levels after injection of OCH or
a-GC in wild-type B6 and J 281-knockout mice. Scrum levels of
interferon-y {IFNy), interleukin-4 (IL-4}, and IL-10 in B6 mice or
J.281-knockout mice 2 hours (open bars) and 12 hours (solid bars) after
intraperitoneal injection of OCH or a-GC were measured by enzyme-
linked immunosorbent assay. B, Quantitative analysis of levels of tumor
necrosis factor o (TNFa) and receptor activator of NF-«xB ligand
(RANKL) by reverse transcriptase—polymerase chain reaction. Total
RNA was isolated from NK1.1* T cells of OCH- or o-GC-treated mice,
and the percent increase was calculated based on the expression of each
gene obtained in cells of vehicle-treated mice. Values are the mean and
SEM (4 mice per group). See Figure 1 for other definitions.

found to be reduced in number and to have a profound
defect in IL-4 secretion (19-23). Furthermore, recent
studies of human autoimmune diseases demonstrated

30y

that patients with these diseases exhibited a decreased
frequency of NKT cells in the periphery (15-18). These
data led us to investigate whether OCH could ameclio-
rate CIA in the autoimmune-prone mice with reduced
numbers of and functional defects in NKT cells. Ad-
ministration of OCH in SJL mice resulted in a rapid
appearance of IL-4 and IL-10, although the levels
of these cytokines were lower than those in B6 mice
(data not shown). In contrast, IFNy was barely
detectable in the serum of SJL mice treated with OCH
(data not shown), indicating that the cytokine profile
induced by OCH stimulation was similar to that seen in
B6 mice. )

Next, we immunized SJL mice with bovine CII to
induce CIA and then treated the mice with either OCH,
a-GC, or vehicle alone. As shown in Figure 4A and
Table 2, OCH administration efficiently inhibited the
clinical course of CIA, whereas o-GC treatment had
little effect on CIA in SJL mice. To examine the
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Figure 4. Effect of OCH on CIA in SIL mice. A, Clinical score of CIA
in mice treated with 500 pg/kg of a-GC (4}, OCH (Q), or vehicle (0)
twice per week starting from day 21. B, Clinical score of CIA in mice
treated with 500 ug/kg of vehicle starting from day 21 (O) or with OCH
twice per week starting from day 21(C) or day 28 (A). Datu shown are
from a single experiment representative of 2 identical experiments;
values are the mean * SEM (6 mice per group). See Figure 1 for
defimtions.
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Table 2. Clinical scores of collagen-induced arthritis in S$JL mice*

Maximum Days to
Incidence, score, onset,
mean * SEM mean * SEM

Time of injection,
treatment %

Day 21 after immunization

Vehicle 100 11.0 = 233 24.0 = 0.00
a-GC 100 124 * 1.50 24.4 = 040
OCH 100 52x058f 288242
Day 21 or 28 after
immunization
Vehicle, day 21 100 126 = 1.03 234 + 040
OCH, day 21 100 70217t 268 =284
OCH, day 28 100 T8 135 240045

* Mice were sensitized with chicken type II coltagen for induction of
arthritis, Vehicle or 500 pgkg of a-galactosylceramide (a-GC) or
OCH was injected intraperitoneally twice per week. Data are from 6
mice per group.

TP < 0.05 versus control vehicle, by Mann-Whitney U test.

potential therapeutic effect of OCH on established CIA,
we injected OCH beginning on day 28 after the first
immunization, when arthritis had already developed
(Figure 4B and Table 2). The severity of arthritis
gradually decreased after OCH treatment, and the dis-
ease was efficiently suppressed within 1 week, These
results suggest that OCH has a therapeutic effect on
established CIA in autoimmune-prone mice.

Promotion of ClII-specific Th2 responses by
OCH. OCH has been demonstrated to alter the cytokine
profile of autoantigen-specific T cells in vivo (27). We
therefore speculated that the OCH-mediated inhibition
of arthritis might be due to a modulation of the Th1/Th2
balance, resulting from a Th2 bias of Cll-reactive T celils.
To explore this possibility, we measured Cll-specific
immunoglobulin isotype levels 50 days after induction of
CIA. It is generally accepted that elevation of antigen-
specific IgG2a antibody results from aungmentation of a
Th1 immune response to the antigen, whereas a higher
level of 1gG1 antibody would reflect a stronger Th2
response to the antigen. In OCH-treated mice there was
a greater reduction in the level of IgG2a antibody
specific to CII versus IgG1 specific to CII (Figure 5A).
Consequently, the IgG1:IgG2a ratio was elevated in
mice treated with OCH (Figure 5B), indicating that the
suppression of CIA by OCH is associated with a Th2
bias of ClI-reactive T cells,

Critical role of IL-4 and IL-10 in OCH-mediated
suppression of CIA, To confirm the involvement of [L4
and IL-10 in the suppression of CIA, we next examined
whether the inhibitory effect of OCH was abrogated
after neutralization of IL-4 or IL-10} in vivo. Groups of
SIL mice were injected with anti-IL-4 or anti-1L-10
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mAb 2 hours before OCH or vehicle was administered.
OCH-mediated suppression of CIA was partially abol-
ished when anti-IL-4 mAb was injected (Table 3). More
remarkably, in the presence of anti-IL-10 mAb, the
protective effect of OCH against CIA was no longer
evident at all (Table 3). Injection of neutralizing anti-
body to either IL-10 or IL-4 reversed the beneficial
effect of administration of OCH in B6 mice also (data
not shown). These results imply that IL-4 and IL-10 are
critical in the OCH-mediated suppression of CIA and
are consistent with our hypothesis that OCH modulates
CIA by stimulating production of Th2 cytokines by NKT
cells.
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Figure 5. Effect of OCH on type II collagen (CII)-specific responses.
Individual scrum samples obtained on day 50 after induction of
arthritis were analyzed as indicated in Materials and Methods, A,
CH-specific antibody responses in OCH- or control vehicle (DMSO)-
treated avice, B, [gG1:lgG2a ratio in OCIH- or vehicle-treated mice.
Values are the mean and SEM (n = §5). = = P = (1L.05 versus control,
by Minn-Whitney U test. OD = optical density.
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Tabie 3. Abrogation of the ability of OCH 10 suppress collagen-
induced arthrits alter neutralization of [L-10 or -4 in viva®

Maximum [ays to
Incidence, sCOre, onsct,
Treatment % mean = SEM mean = SEM

Control [gG

Vehicle 100 128 £ |85 284 + (.60

OCH 9 5.0 = 2.007 29.0 = 0.00
Anti-IL-10 mAb

Vehicle 100 105 £ 1.86 29.00 = 0.00

OCH 100 114+ 144 28.4 > (.60
Anti-IL-4 mAb

Vcehicle 100 975 £ 2.84 27.5 = 0.87

OCH 100 7.0 £ 045 278 =0.73

* SIL mice were sensitized with bovine type II collagen for induction
of arthritis. Vchicle or 500 pg/kg of OCH was injected intraperitone-
ally twice per week from day 21, Aati-interleukin-10 (anti-1L-10) or
anti-IL-4 monoclonal antibody (mAb) (500 ug per mouse} wus
injected each time vehicle or OCH was administered. Data are from 5
mice per group. -

1 P <2 0.05 versus control vehicle, by Mann-Whitney U test.

DISCUSSION

A number of studies have shown that treatment
with Th2-promoting cytokines or with monoclonal anti-
bodies directed against Thl-promoting cytokines can
effectively protect against the development of CIA in
mice (1-11). Here we have demonstrated that specific
activation of NKT cells with their ligand OCH provides
an alternative way to shift the balance from a pathogenic
Thl response toward a protective Th2 responsc and that
disease protection is dependent on NKT cells.

We also identified a critical role of the Th2
cytokines IL.-4 and IL-10 in the ability of OCH to confer
protection against CIA. Recently, local delivery of Th2
cytokines, using hybridomas (8) or dendritic cells (10,11)
transfected with either IL-4 or 1L-10, was found to be
effective in the prevention of arthritis in animal models.
In light of the fact that NKT cells are known to rapidly
invade and accumulate in inflammatory lesions in a
manner similar to inflammatory cells (34), stimulation of
NKT cells to selectively induce Th2 cytokines might be a
powerful strategy to deliver these cytokines to inflam-
matory lesions. It has been shown in vivo that neutral-
izing of IL-10, but not IL-4, increases the severity of CIA
in DBA mice (3). However, we did not observe worsen-
ing of the clinical course of arthritis by neutralizing IL-4
or IL-10 in SJL mice in this study. Also in B6 mice, the
clinical course of arthritis was not worsened when we
neutralized IL-4 or IL-10 using the same mAb. Although
the precise reason for the discrepancy with results of the
earlier study is not clear, it may be because IL-4 and
IL-10 levels were not high enough to modulate the

severity of the disease in the natural course of arthritis in
these strains.

The maximum score of CIA in the J 281-
knockout mouse was relatively low compared with that
obscrved in wild-type B6 mice, suggesting that NKT cells
may act as a modificr of the inflammation in the natural
course of arthritis. We also observed a lower maximum
score of CIA in CDI1d-knockout mice (data not shown).
Atthough the CDI1d-knockout mice were backcrossed to
B6 mice for only 6 generations, this observation further
supports the notion that NKT cells increase the inflam-
mation in the natural course of CIA. In contrast, the
NOD and SIL strains of mice, which exhibit a marked
propensity to the Thl-mediated autoimmune diseases,
were found to have reduced numbers of NKT cells.
Increasing the number of NKT cells in NOD mice by
either transfer or transgenic expression of the invariant
TCR V,, chain (V,14-J,281) resulted in a decrease in
insulitis and diabetes, suggesting that NKT cells play a
protective role in the development of diabetes (35,36).
In these strains of mice, the defect of NKT cells may
contribute to disease susceptibility. Identification of a
natural antigen for NKT cells would provide further
insight into the precise role of NKT cells in the patho-
genesis of autoimmune diseases such as arthritis.

Alpha-galactosylceramide, a prototypic ligand for
NKT cells, has been reported to prevent diabetes in
NOD mice (22,33,37). Even though we confirmed that
a-GC inhibited the development of diabetes in NOQD
mice (data not shown), we did not observe any inhibitory
effect of o-GC on CIA. In a previous study, we demon-
strated the inhibitory effect of «-GC on EAE induced in
IFN~-knockout mice but not in wild-type B6 mice (28},
suggesting that «-GC is not effective in B6 mice because
NKT cell-derived IFNvy would mask the therapeutic
effect of the IL-4 simultaneously produced by NKT cells.
In fact, the serum levels of IL-4 and IL-10 after admin-
istration of OCH or «-GC were similar, whereas IFNy
production was much lower after injection of OCH
compared with a-GC injection. This suggests that the
balance of Th1/Th2 cytokines produced by NKT cells is
important with regard to the protection against Thl-
mediated disease conferred by the glycolipid ligand.
Thus, OCH is a unique ligand that is beneficial in the
treatment of a wide variety of Thl-mediated auto-
immune diseases.

Another advantage of using OCH rather than
«-GC is the reduced production of factors that are
harmful in arthritis, such as TNFa and RANKL. TNFa
is one of the major contributors to joint inflammation
and destruction (38). It induces the production of other
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proinflammatory cytokines, stimulates endothelial cells
to express adhesion molecules, increases the synthesis of
metalloproteinases, and inhibits the synthesis of proteo-
glycans in cartilage (39). TNF levels are chronically
elevated in the blood and, more specifically, in the joints,
of patients with RA (40), and it has been proven that the
blocking of TNF-related pathways is a strong therapeu-
tic tool in RA (41). RANKL has emerged as one of the
essential pathogenic factors in the destruction of carti-
lage and bone in RA (42-45). RANKL is part of the
TNF ligand family and is an important regulator of both
osteoclastogenesis and functions of the immune system,
including lymph node organogenesis and lymphocyte
development. Even though the roles of RANKL in the
pathogenesis of RA during the chronic stage have not
yet been elucidated, it is known that it is expressed both
by synovial fibroblasts and by activated T lymphocytes
derived from synovial tissue from patients with RA
{43-45). Moreover, blocking of the RANKL pathway at
the onset of adjuvant-induced arthritis prevents bone
and cartilage destruction (42). Therefore, it is a note-
worthy finding that OCH stimulation induces much
lower levels of gene expression of TNFa and RANKL
compared with stimulation by other glycolipid antigens
such as a-GC,

We demonstrated in this study that OCH was
effective in the treatment of established CIA in auto-
immune-prone mice of the SJL strain, which have a
quantitative and functional NKT cell deficiency; this
suggests that OCH might be useful for the treatment of
patients with various autoimmune diseases associated
with reduced numbers of NKT cells. Furthermore, in
contrast to classic MHC molecuies, CD1d molecules are
nonpolymorphic and are remarkably weli conserved
among the population and may become extremely valu-
able in the development of HLA-independent treatment
approaches for autoimmune conditions. These findings
highlight the potential use of OCH for therapeutic
intervention in autoimmune diseases such as RA.
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Abstract

T cells expressing an invariant TCR « chain and NK cell markers are expected to exhibit unique
functions. Whereas much attention has been paid to CD1d-restricted NKT cells, a second NKT cell
population bearing an invariant AV19-AJ33 TCR has recently been identified in mice and humans.
Selection and/or expansion of this population require B cells, and would involve a non-classical
class I-related molecule MR1. Although their preferential distribution in the gut mucosa indicates
their role in the host response at the site of pathogen entry, it remains unknown whether they play
an alternative role at different sites or in immunological disorders. Using single-strand
conformation polymorphism clonotype analysis, we investigated the presence of the human
AVA19-AJ33 T cells (V,7.2-J,33 T cells) in autopsy samples from multiple sclerosis (MS) patients as
well as in nerve biopsy samples from chronic inflammatory demyelinating polyneurcpathy (CIDP)
patients. Here we report that the V,7.2-J,33 T cells are accumulated in some of the central nervous
system lesions of MS and in the majority of the peripheral nerve samples from CIDP. We have
previously revealed that CD1d-restricted, V,24-J,Q NKT cells are remarkably reduced in the
peripheral blood from MS. However, V,7.2-J,33 T cells are not reduced in the peripheral blood
from MS and could be detected in a large majority of the cerebrospinal fluid samples obtained
during relapse of MS. The present results indicate that the V,7.2-J,33 T cells are involved in the
autoimmune inflammatory lesions.

Introduction

Conventional T cells ‘display a wide and diverse repertoire
with regard to TCR that are made by random recombina-
tion of V, D and J segments as well as junctiona! deletion
and insertion of nucleotides. In addition to these main-
stream T cells that have undergone thymic selection for
cognate peptides bound to MHC molecules, there also
exist discrete ‘'invariant’ ymphocyte populations, character-
ized by limited repertoire diversity due 1o their expression
of an invariant receptor chain (1). The most well-character-
ized 'invariant' T cells are CD1d-rectricted NKT cells, which
constitute a major component of lymphocyte populations

expressing TCR and NK cell markers. The NKT cells are
reactive to glycolipid presented by CD1d molecules and
express an invariant TCR a chain paired with particular Vg
segments [Vo24-J,Q o chain paired with V11 in humans;
Va14-J45281 with Vg8.2 and 7 in rodents] (2-4). Although
the natural ligand for the CD1d-restricted NKT cells still
remains unknown, they could produce large amounts of
cytokines shortly after TCR ligation, allowing us to specu-
late that they play a critical role in regulation of various
immune responses that would maintain the state of health
or cause damage to self-tissues.
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Several lines of evidence indicate that the T cell repertoire in
humans contains ‘invariant’ T cells distinct from CD1d-
restricted NKT cells {2,5-7). It has recently been proposed
that T cells expressing an invariant AV19-AJ33 TCR (the
canonical hV,7.2-0,33 or mV,19-J,33 TCR rearrangement)
represent a second 'invariant' T cell subset that would develop
in the absence of CD1d (8-11). Independent studies by Lantz
et al. (8,11) and Shimamura et al. (9,10) have shown that the
Vo 19-J.33 T cells do not require CD1d for their development
and expansion in vivo. They are present in TAP-1 knockout
mice (8), but are absent in Bs-microglobulin-deficient mice
(8.9), suggesting that they probably recognize a non-peptide
antigen asscciated with a non-classical MHC class Ib mol-
ecule other than CD1d. Although surface phenotypes of the
invariant T cells remain to be fully characterized, the V,19-
Jo33 T cells were enriched in the NK1.1+*CD3* population
isolated from CD1d-deficient mice (9), allowing us to refer to
the ‘invariant” T cells as a second type of NKT cells. Very
recently, Lantz et al. (11) have reported that the ‘invariant’ T
cells are enriched in the gut lamina propria, and that their
selection and/or expansion require B cells and commensal
flora. The distribution of the cell population would indicate that
the novel ‘invariant’ T cells are possibly involved in the host
response at the site of pathogen entry. Finally, MR1, a non-
classical class |-related molecule (12), has been identified as
a restriction element involved in the selection of the V,19-J,33
T cells.

It is of note that the novel MR 1-restricted NKT cells share
several characteristics with CD1d-resticted NKT cells. For
example, both of the ‘invariant’ populations can ke detected in
unrelated individuals with different ethnic backgrounds and a
majority of the cells resides in the CO4-CD8 T cell population
(7.8). As noted, the TCR « chain represents the canonical
V—Jo rearrangement, whereas the B chain sequence is
restricted by the use of particular V; segments (hVg11 for
CD1d-restricted NKT cells and hVz2 and 13 for MR 1-restricted
T cells). Both of the ‘invariart’ populations have a ‘natural’
memory phenotype (CD44"a%). Furthermore, the invariant TCR
sequences as well as their restriction elements (CD1d and
MR1) are highly conserved across the species. These char-
acteristics are consistent with the idea that the ‘invariant'
lymphocyte populations might exert an immediate response
against phylcgenetically conserved antigens at the frontier
between innate and adaptive immunity (1), In accordance with
this idea, CD1d-restricted NKT cells produce large amounts of
IL-4 and IFN-y within hours of TCR engagement (3,13-15).
Through the explosive release of cytokines and chemakines,
they are capable of initiating a cascade of immunological
events involved in regulation of autcimmunity and vital defense
against microbial agents or tumor cells (1). In contrast, very
little is known about the function of the MR1-resricted T cells.
Although accumulating data indicate that they may promptly
respond to antigen by producing IL-4 (Shimamura et al.,
unpublished observations), their ability to produce cytokines
and chemokines needs 1o be systematlcally analyzed in the
coming years.

A numerica! reduction or functlonal alterations in CD1d-
rectricted NKT cells bearing the V,24-J,Q invariant chain
have been documented in various human autoimmune dis-
eases (3,4). Using three different approaches, the RT-PCR

single-strand cenformation polymorphism (SSCP) clonotype
method (16), anti-V,24 and anti-Va11 antibodies, and glyco-
lipid-loaded CD1d tetramers {17), we have recently revealed
that the V,24-J,Q NKT cells are greatly reduced in number in
the peripheral blood of multiple sclerosis (MS), a putative
autoimmune disease mediated by Tp1 autoimmune T cells
(18,19). We also examined the distribution of the V,24-J,Q
NKT cells in the central nervous system {CNS) lesions from
patients with MS as well as in the peripheral nerve biopsy
samples derived from chronic inflammatory demyelinating
polyneuropathy (CIDP) patients {16). Although expression of
non-invariant V.24 rearrangement was ubiguitous in the CN3
samples of MS, the V,24-J,G clonotype specific for the NKT
cells appeared to be missing in most of the CNS lesions. In
contrast, the NKT cell clonotype could be readily detected in a
large majority of the biopsy samples of CIDP, which is a
chronic demyelinating disease of the peripheral nervous
system (PNS) with a presured autcimmune origin (20).

Using the same samples previously analyzed for the V24~
Jo.Q NKT cells (16}, we conducted experiments to address the
following questions. (i) Are the invariant V,7.2-J,33 T cells
reduced in the peripheral blood of MS? (i} Are they involved in
the inflammatory lesions of MS and CIDP or could they be
missing from the lesions? (i} Are they present in the
cerebrospinal fluid (CSF) derived from MS? Here, we report
that unlike the V,24-J,Q NKT cells, the V,7.2-J,33 T cells are
not reduced in the peripheral btood of MS. More strikingly,
they were detected in some of the pathological samples
obtained fram MS and in the majority of nerve biopsy samples
from CIDP, and could be detected in the CSF samples from
MS. Comparison with other T cell populations indicated a
selective accumulation of the V,7.2-J,33 T cells in the
inflamrnatory lesiens. We propose that the invariant V,7.2-
J.33 T cells do not only play a role in protection against
pathogen entry in the gut (11), but also in the regulatlon of
autoimmune tissue inflammation.

Methods

Selection of patients with MS or CIDP

We obtained peripheral blcod and CSF from patients with
‘definite MS® according to the diagnoestic criteria proposed by
Poser et al. (21). The diagnosis of MS was further assisted by
magnetic resonance imaging and evcoked responses. All
patients had remitting-relapsing MS and did not receive
immunosuppressive agents at the time of investigation.
Diagnosis of CIDP was based on the criteria of the American
Academy of Neurology (22).

Peripheral blood mononuclear cells (PBMC), CSF, CNS and
PNS samples

Heparinized blood (20 mil} was taken and PBMC were isolated
by Ficol! density gradient centrifugation. CSF samples were
obtained within 1 week after the onset of exacerbation. The
sural nerve biopsy samples were taken for ather diagnostic
purposes with standard procedure {23). Samples were snap-
frozen and were stored at -70°C along with frozen brain
samples until analysis had been performed. The histopatho-
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logical characterization of the MS plaques was performed as
described previously (24).

Isofation of mANA and synthesis of cONA

mRNAs were isolated frem 107 PBMC and from CSF sediment
using the QuickPrep Micro mRNA purification kit (Amersham-
Pharmacia Biotech, Uppsala, Sweden). The air-dried pellet
was resuspended in 20 pl of RNase-Free Water and used for
cDNA synthesis by the First-Strand cDNA synthesis kit
(Amersham-Pharmacia Biotech, Uppsala, Sweden) using
oligo-dT as primer. The mRNAs previously isolated from
autopsy CNS samples and sural nerve biopsy samples (16)
were also converted to cDNA by the same approach.

SSCP analysis

We conducted RT-PCR SSCP following amplification with Vi
and C, primers as described previously {16,25). Primers and
probes were designed based on the previously published
sequences (2,3,5,8,26). To detect the V. 7.2-J,33 invariant
chain, 1 pf of the diluted cDNA was used for each PCR reacticn
with V,7.2-specific sense primer (GTCGGTCTAAAGGGTA-
CAGT) and anti-sense Cy-specific primer (CAGCTGAGAG-
ACTCTAAAT). cDNAs obtained from PBMC samples were
amplified by PCR for 3% cycles, while cDNAs from autopsy/
bicpsy samples and CSF were amplified for 40 cycles.
Quantities of 0.2 ug of sense and 0.2 pg of anti-sense primers
{30 pmwel) were added to 50-pl reactions containing 5 pl of 10
X ExTagBuffer, dNTPs and 2.5 U of ExTaq DNA polymerase
(Takara, Tokyo, Japan). Amplified DNAs were diluted (1:3)
and heat-denatured. Aliquots of 4 b of the diluted samples
were electrophoresed in non-denaturing 4% polyacrylamide
gel. DNAs were transferred to Immobilon-S (Millipore
intertech, Bedford, MA} and hybridized with biotinylated C-
specific  (AAATATCCAGAACCCTGACCCTGCCGTGTACC),
Jo33-specific (TATCAGTTAATCTGGGGCGCTGGGACCAA-
GCT) or invariant V,7.2-J,33-specific internal probe (TGTGC-
TGTGAGAGATAGCAACTATCAGTTAATCTG). To detect the
Va24-J,Q invariant chain, ¢cDNAs were PCR amplified with
Ve24-specific sense primer (ACACAAAGTCGAACGGAAG)
and C,-specific anti-sense primer (GATTTAGAGTCTCTCA-
GCTG), and then hybridized with a probe specific for the
invariant Vo24-J,Q sequence (TGTGTGGTGAGCGACAGAG-
GCTCAACCCT@) as previously described {16).

SSCP clonotypes were visualized by incubation with
streptavidin, biotinylated alkaline phosphatase and a chemi-
luminescent substrate system (Phototope; New England
Biolabs, Bedford, MA). cDNAs for human IL-4 and IFN-y
were amplified by RT-PCR as described previously (16).

Real-time V7.2 clonotypic RT-PCR

Quantitative RT-PCR (LightCycler; Roche Molecular Bio-
chemicals, Mannheim, Germany) was performed with the
Vo7.2 sense primer and with an anti-sense primer matching
the COR3w region of the V,7.2-J,33 T cells (TGATAGTTG-
CTATCTCTCAC). An aliquot of 1 pl of the cDNA was amplified
by PCR for 40 cycles using quantification with a commercial kit
{LightCycler DNA Master SYBR Green |; Roche Malecular
Biochemicals). Quantities of 0.2 ug of sense and 0.2 pg of anti-
sense primers (30 pmol} were added to 50-pl reactions
containing 5 W of 10 X ExTagBuffer, dNTPs and 2.5 U of

ExTag DNA polymerase (Takara). All PCR reactions were
conlrolled by B-actin expression (sense primer. AGAGA-
TGGCCACGGCTGCTT; anti-sense primer: ATTTGCGGTGG-
ACGATGGAG) (27). Based on the standard values of control
samples, the relative expression for each sample was deter-
mined with the LightCycler software.

TCR DNA sequencing

In brief, small areas of the SSCP gel correspording o the
clonotypes of interest were cut aut and DNAs were eluted as
described previously (25). A second PCR was performed with
the corresponding V-specific and Cy-specific primers using
the eluted DNAs as template. The PCR products were cloned
inte pCR 2.1-TOPO Vector using TOPQO TA cloning kit
(Invitrogen, Carlsbad, CA) and recombinants were se-
quenced using an ABl 377 DNA sequencer (Applied
Biosystems, Foster City, CA).

Results

Invariant V,7.2-J,33 T cells represent a dominant V,7.2*
subset in the peripheral blood of healthy subjects (HS}

First, we examined if the RT-PCR SSCP clonotype method
(16,25,28,29) could be used 1o detect the invariant V,,7.2-J,33
sequence in peripheral blood derived from HS. Following
mRNA isolation from nine PBMC samples, the TCR o chain
sequences encompassing the aCDR3 region were RT-PCR
amplified with a set of V7.2 and C, primers. The ampiified
cDNAs were denatured and electrophoresed on the SSCP gel,
and hybridized with Cg-, Jg33- or invariant V,7.2-J,33-
specific preche. Hybridization with the C, probe has revealed
several bands in the smear background on the gel, indicating
that T cells using the V,7.2 segment are restricted, but
heterogeneous (Fig. 1, upper panel). However, hybridizing
with the J,33 probe revealed a solitary band in each sample at
a same position (Fig. 1, middle panel), indicating that a single
clonotype may dominate the TCR V7.2 and J,33 rearrange-
ments found in the peripheral blood. Given that the invariant
Vo7 .2-Jx33 clonotype was identified as an expanded clono-
type in prior studies (7,8), we speculated that the solitary band
that hybridized with the J,33-specific probe might correspond
to the invariant V,7.2-J,33 sequence. Consistent with this
speculation, the invariant V,7.2-J,33-specific probe detected
a distinct band at the same position where the J,33-specific
probe hybridized (Fig. 1, lower panel).

To confirm if the clonotype hybridized with the J,33-specific
probe represents the invariant V,7.2-J,33, we eluted DNA
from the sites of the gel corresponding to the band, and
amplified the DNA by a second PCR with V,7.2 and C,
primers. The amplified cDNAs were cloned and 10-15 clones
from each individual were sequenced. Anzlysis of four
randomty selected HS has shown that 70-90% of the clones
from each subject possess the V,7.2-J,33 invariant sequence
(GTG AGA)in the COR3 region. Another CDR3 DNA sequence
(GTG ATG combined with J,33) was detected repeatedly in
two of the four individuals. However, all the other sequences
differed from each other and were not shared by different
individuals. This analysis assured that the sclitary band of our
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Fig. 1. Detection of the invariant V,7.2-J,33 TCR in the peripheral
blcod of HS. The V,7.2* T cell repertoire in the peripheral blood was
analyzed with the SSCP technique. The V,7.2* TCR amplified from
nine HS were hybridized with the C,-specific probe (upper panei),
the J,33-specific probe {middle panel) or the invariant V,7.2-J,33
clonctype-specific probe (lower panel). Arrows indicate the position
for the invariamt V,7.2-J,33 clonotype. The numerical code
corresponds to each subject.

interest corresponds to the clonotype expressed by the
MR1-restricted T cells.

Invariant V,7.2-1,33 T cells do not expand in response to
a-galactosylceramide (a-GalCer)

Va24-V, 11 NKT cells are known to proliferate in response to a-
GalCer, which is a prototype igand for the NKT cells (4,17).
Additionally, we examined if the invariant V,7.2-J,33 T cells
respond to a-GalCer. In brief, PBMC from healthy individuals
were stimulated with o-GalCer as previously described (17)
and the a-Ga!Cer-stimulated PBMC cultures were harvested
at different time points for SSCP analysis. We observed that
the invariant V,7.2-J,33 clonotype would gradually diminish,
white the V,24-V,11 clonotype remarkably expanded shortly
after stimulation with «-GalCer (data not shown). This result
cenfirms that o-GalCer is not a stimulatory ligand for the
invariant V,7.2-J,33 T cells.

Invariant V,7.2-J,33 T cells are not reduced in the
peripheral blood of MS

In previous studies, we have demonstrated that the V,24-J,Q
NKT cells are remarkably reduced in the peripheral blcod of
MS, particularly in the remission phase {18,17). In fact, SSCP
analysis for the V,24-J,Q clonotype detected the NKT cell
clonotype in all the HS {18 of 18, 100%) (16}, but the clonatype
was not found in any of the MS patients in remission (Table 1).

Table 1, Detection frequency of the invariant V,7.2-J,33
TCR versus invariant V,24-J,Q TCR in various samples

Va7.2-Ja33 Ve24-J,0
PBMC-HS 9/9 (9) 18/18 (18)
PBMC-MS 1315 (15) 0/18 (18)
CNS-MS 714 (7) 1114 (8)
CNS-control 1/6 (1) 0/6 (0)
CSF-MS 811 (10) 11/24 (24)
PNS-CIDP B0 (10) 6/10 (10}
PNS-OND 011 (4) 011 (4)

Using the SSCP clonetype method, we have previously examined
the presence of the V,24-J,Q clonotype in various types of samples
(16). Here we evaluated the presence of the V,7.2-J,33 clonotype
in the same samples with a similar methodology. Data represent the
number of samples containing the invariant TCR/the total number of
samples. In the parentheses, we give the number of samples from
which V,7.2* or V,24* TCR could be amplified.

The examined samples include PBMC from HS (PBMC-HS) or from
MS in remission (PBMC-MS), CNS plaques from MS (CNS-MS), CNS
samples from autopsy cases without neurological disease (CNS-
control}, CSF samples from MS during relapse (CSF-MS), and sural
nerve biopsy samples from CIDP (PNS-CIDP) and from other
neurological disease {PNS-OND).
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Fig. 2. Detection of the invariant V,7.2-J,33 TCR in the peripheral
blood of MS. The V,7.2* TCR amplified from the peripheral blood of
15 MS patients were analyzed by SSCP followed by hybridization
with a C, (upper panel)- or J,33 (lower panel}-specitic probe,
Thirteen out of the 15 samples displayed the invariant clonctype
{arrow). The presence of clonctypes distingt from the invariant
Vo 7.2-J,33 clonotype indicates expansion of conventional V,7.2* T
cells. See also Table 1 summarizing the pooled data.

Given the notable similarities between CD1d-restricted NKT
cells and MR1-resricted T cells, we speculated that the
invariant V,7.2-J,33 clonotype might also be reduced in the
peripheral blocd of MS. However, the invariant clonotype
could be readily detected by the SSCP methed in 13 of 15
peripheral blood samples from MS patients in remission (Fig. 2
and Table 1). To further evaluate the frequency of the V,7.2—
Jo33 T cells in PBMC of MS, we applied a real-time RT-PCR
with V,7.2- and V,7.2-J,33 clonotype-specific primers for
quantitative analysis. Usihg this assay, we measured relative
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Fig. 3. Real-time RT-PCR assay for the invariant V,7.2-J,33 TCR.
Expression of the invariant Vo7.2-J,33 mRNA in the peripheral blood
was quantitatively analyzed by applying guantitative RT-PCR
(LightCycler). The PBMC from five HS and five MS were examined,
and expression of the invariant V,7.2-J,33 TCR was quantified in
comparison 1o that of B-actin. The values represent relative
expression of the invariant TCR in each sample, where the lowest
value is indicated as 1. The horizonta! lines show the mean (HS
1.726 = 0.44, MS 1,416 = 0. 48).

expression of the invariant V,7.2-J,33 mRNA in the PBMC
derived from five MS in remission and from five HS. As shown
in Fig. 3, there was no significant difference between HS and
the patients with MS. Taken together, we conclude that MR1-
restricted T cells are conserved in number in the patients with
MS.

Infiltration of the invariant V,7.2-J,33 T cells in the CIDP
lesions

We could previously demonstrate an expression of the
invariant V,24-J,Q TCR in 80% of the peripheral nerve biopsy
samples from CIDP (16). A possible interpretation was that the
NKT cells may be recruited to the lesions like inflammatory
cells {30-32). It is very interesting to know if MR1-restricted T
cells are also recruited to the CIDF lesions. Here we examined
the CIDP samples for their expression of the V,7.2-J,33
invariant sequence. We were able to amplify V,7.2* TCR
messages from all the 10 samples. Hybridization with the C,-
specific probe {Fig. 4A) revealed a number of bands in every
lesion, suggesting that not only the invariant V,7.2-J,33, but
conventional V,7.2*, T cells may also be present in the lesions.
Hybridization with J,33- or invariant V,7.2-J,33-specific
probe displayed the invariant clonotype in eight out of the 10
samples (Fig. 4A, and Tables 1 and 2). We also examined 11
nerve biopsy samples from other neurological diseases (OND}
as controls. A faint single band was found in four of the 11
OND samples after hybridization with the Cg-specific probe
(Fig. 4B). However, none of the samples hybridized with the
Jo33-specific probe, excluding the presence of the invariant
Vo7.2-J.33 T cells in the control PNS lesions. These results
demonstrate that not only the V,24-J,Q NKT cells, but also
Vo 2-Jo33 T cells, would preferentially accumulate in the
inflammatory lesions of CIDP.

We classified the CIDP biopsy samples into four groups,
based on the expression pattern of the V,7.2-J,33 and V24—
Jo@Q invariant sequences (Table 2). Eight of the 10 samples
belonged to Group | (Vo7.2-Ja33*/Ve24-J,Q*) or Group Il
(Vo 7.2-Jo33*V24-J,Q7), as reflected by the frequent detec-
tion of the V,7.2-1,33 clonotype. We could consistently detect
IL-4 mRNA in all the samples from Groups | and il. More
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Fig. 4. Demonstration of the V,7.2* TCR rearrangements and the
invariant V,7.2-J,33 TCR in nerve bicpsy samples. (A) Surat nerve
biopsy samples from 10 CIDP patients were examined by SSCP.
Amplified V,7.2* TCR were hybridized with Cy- and J,33-specific
probes. HS indicates a lane for PBMC from HS, illustrating the
position of the invariant V,7.2-J,33 clonotype (arrow). The numerical
cede corresponds 10 each biopsy sample. The same sample codes
are used here and in Table 2. (B} Sural nerve biopsy samples from
patients with OND were examined by SSCP. Cg-specific
hybridization detected bands in four samples as shown here.
However, the J,33-specific probe did not detect any band (not
shown). The OND include hereditary motor and sensory neuropathy,
alcoholic  polyneuropathy, acute demyelinating polyneuropathy,
Churg-Strauss syndrome, POEMS syndrome, diabetic polyneuro-
pathy, and Krabbe disease.

interestingly, IFN-y was detected in four of five samples from
Group |, but detected in only one of three samples from Group
Il. Although the number of samples was not large enough to
draw any conclusion, this may indicate a possible difference
between Groups | and Il with regard to the cytakine milisu.

Accumuiation of the invariant V,7.2-J,33 T cells in the
autopsy CNS lesions of MS

Next we asked if the V,7.2-J,33 T cells may infiltrate into the
autopsy CNS lesions of MS. Using the SSCP clonotype
method, we analyzed 14 CNS lesions obtained from five
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Tabhle 2. Classification of the CIDP lesions based on the
expression pattern of the invariant TCR

V. 7.2-J.33 Vo 24-J,Q IFN-y IL-4

Group |

CIDP-1 + + + +

CIDP-3 + + + +

CIDP-7 + + + +

CioP-9 + + + +

CIDP-5 + + - +
Group Il

CIDP-2 + - - +

CIDP-4 + - - +

CIDP-6 + - + +
Group Il

CIDP-8 - + - +
Group IV

CIDP-10 - - + -

The sural nerve lesions derived from CIDP were classified into four
groups based on the expression pattern of the invariant TCR of the
MR1-restricted T cells and of CD1d-restricted NKT cells. Here we
define those expressing both of the invariant chains as Group | and
those missing both as Group IV. Lesions expressing Ve7.2-J,33
only or V,24-J,Q alone were classified as Groups N and 1l
respectively. Expression of IFN-y and IL-4 was detected by RT-PCR.

autopsied cases with M3, including seven acute plaques, six
subacute plaques and one ¢chrenic plaque. Vo7.2¢ TCR could
be amplified by RT-PCR from seven out of the 14 lesions,
although they were detected only in one of the six control CNS
samples (Table 1}. We found that all the V,7.2* plaques (four
acute plagues, two subacute plaques and a single chronic
plaque) expressed the message for the invariant V,7.2-J,33
sequence (Fig. 5, upper panel and Table 1). In contrast, as
reported previously (16), whereas Vo24* TCR could be
amplified from eight of the 14 MS autopsy lesions, only a
single subacute plaque expressed the V,24-J,Q clonotype, i.
e. the invasion of V424-J,Q NKT cells was mainly restricted 10
the CIDP lesions, whereas the V,7.2-J,33 T cells were also
found in some CNS lesions from MS. To verify the postulate
that the V,7.2-J,33 T cells are involved in the pathology of MS,
we also analyzed CSF samples obtained at an acute stage of
MS. We were able to detect the Vo7.2-J,33 invariant
sequence in 73% of the samples examined (Fig. 5, lower
panel and Table 1), supporting that the invariant V,7.2-J,33 T
cells are a component of the CNS infiltrates in MS.

In parallel to V,7.2* TCR and V,24* TCR, we examined the
V,19* TCR repertoire with the SSCP method. With the Ce.-
specific probe, we could detect anumber of V,19* clonotypes
in all the PBMC samples obtained from HS and MS {Takle 3).
However, V,19* TCR was not detected in any of the CNS
samples from MS or PNS samples from CIDP. This result
indicates that the presence of a particular clonotype in the MS
lesions does not simply reflect that this population is present in
the peripheral circulation. In cther words, it implies that the
presence of the V,7.2-J,33 clonotype may indicate the
‘lesiophilic’ nature of the MR1-restricted T cells.

Discussion

It has been demonstrated repeatedly that CD4 CD8- T cells in
the human peripheral blood contain clonafly expanded T cell

Vu7.2+ CNS plaques
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Va7.2* CSF samples
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Fig. 5. Demonstration of the invariant V47.2-J,33 TCR in autopsy
CNS samples and CSF from MS. Fourteen CNS autopsy samples
and 11 CSF samples frem MS were analyzed in these experiments.
The V,7.2* samples were hybridized with a Cy-specific probe and
re-hybridized with the invariant V,7.2-4,33-specific probe. HS
indicates a lane for PBMC from a HS, illustrating the position of the
invariant V,7.2-J,33 clonotype (arrow).

Table 3. Detection frequency of V,19+ TCR clonotypes in
various samples

PBMC-HS 9/
PBMC-MS 15/15
CNS-MS 0/14
CNS-control 0/6
PNS-CIDP 0/10
PNS-OND 111

Data represent the number of samp'es containing the V419 TCR/the
total number of samples. The same samples were used for V24~
J.Q and V,7.2-J,33 clonotypes (Table 1),

populations (5-8). For example, CDR3 spectratyping analysis
for the peripheral CD4-CD8- T cells in healthy individuals has
previously indicated clonal expansion of T cells bearing
invariant Vo7.2-J,33, Vo4-J.29 or V,19-J.48 in addition to
those expressing the V,24-J,Q NKT cell clonotype (7). After
knowing that biopsy samples of CIDP are often infiltrated with
the Vo24-J.Q NKT cells {16), we attempted to analyze the
expression of the V,7.2-J33, V44,29 and V,15-J,48
invariant sequences in the lesions of MS and CIDP.
However, the invariant V,4-J,29 and V,19-J,48 sequences
were not detected in any of the samples (data not shown).
Accordingly, we focused our efforts on analysis of the V7.2~
Joe33 T cells, In order to shed light on the difference and
similarity betwaen the V,7.2-J,33 and V,24-J,Q NKT cells,
we examined the autopsy and biopsy samples as well as
PBMC and CSF samples previously analyzed for the
expression of the V,24-J.,Q TCR (16).

Here, we documented that the autopsy CNS lesions from
MS as well as the biopsy PNS lesions frorm CIDP are infiltrated
with the invariant V,,7.2-J,33 T cells. We also showed that the
invariant V,7.2-J,,33 T cells are present in a large majority of
the CSF samples obtained at relapse phases of MS3. In
conirast, V,19* TCR could not be detected in any of the
affected tissues from MS or CIDP after PCR amplification,

— 389 —



V. 7.2-J.33 invariant T cells in autcimmune inflammatory lesions 229

although they can be detected in all the PBMC samples.
Although the function of the invariant V,7.2-J,33 T cells
remains elusive, the present results demonstrated for the first
time to our knowledge that the novel invariant T cells (8-11) are
present in autoimmune inflammaticn affecting the nervous
system.

In a very recent repart (11), Lantz et al. showed that the
MR1-restricted invariant T cells are preferentially located in the
gut mucosa and therefore proposed to name the population as
mucosal-associated invariant T cells (MAIT). In support of the
special role of this cell population in the mucosa, the number of
the cells in the gut mucosa was greatly reduced in germ-free
mice. This observation indicated the role of commensal flora
for selection of the invariant T cells. Although an interpretation
for this could be that the MR1-resricted T cells would
recognize the exogenous antigen bound to MR1, analysis of
the T-T hybridomas showed that they could recognize MR1
directly in the absence of bound ligand {11). If this is indeed
the case, the MAIT cells could be autoreactive to MR1. To
accommodate the autoreactivity with the requirement for
commensal flora, it could be speculated that MR1 expression
may require some ligand derived from or induced by
commensal flora. An alternative possibility is that microbial
products may facilitate translocation of MR1 to the cell
membrane.

Provided that the invariant V,7.2-J,33 T cells are generated
or expanded in the mucoss, how would they accumulate into
the inflammatory lesions of MS and CIDP? Although this
remains a conundrum, we would speculate that inflammation-
associated signals such as chemokines play a role in the initial
step. In fact, CD1d-restricted NKT cells would behave like
inflammatory cells and rapidly accumulate into certain
granuloma lesions {30), and they could be detected in non-
autoimrmune inflammatory lesions (31,32). Given a number of
similarities between V,7.2-J,33 and V,24-J,Q NKT cells, we
would postulate that the V,7.2-J,33 T cells also might be
preferentially recruited to the inflammatory sites. To support
this idea, non-autoimmune inflammatory lesions are reported
to express the invariant V,7.2-J,33 TCR (32).

The second critical step may be the interaction of the
invariant T cells with B cells expressing MR1 in the site of
lesions, given that the vast majority of the inflammatory lesions
are infiltrated with B cells. We could expect the V,7.2-J.33 T
cells to regulate local immune responses by producing
cytokines. If [L-4 is the major cytokine produced by the novel
invatiant T cells, their interaction with B cells may lead to
augmentation of antibody production. Even though the
encephalitogenic Th1 autoreactive T cells are down-regulated
by IL-4, the direct interaction between B cells and the V,7.2-
Jo33 T cells may substantially augment the tissue damage or
alter the type of lesions. However, if suppressive cytokines
such as transforming growth factor-p are the major products of
the V7.2-J.33 T cells in vivo, they may down-regulate the
B cells as well as inflammatory cells in the vicinity. Although we
can only speculate about how they would deal with auto-
immunity, it is possible that they would play an active role in the
regulation of autoimmune inflammation. To verify this hypoth-
esis, we need to systematically analyze the functions of the
Va7.2-J,33 T cells with regard to ligand recognition and
cytokine preduction. It is also important to know if the

presence or absence of the invariant T cells may correlate
with the type of pathology. The present data indicate that it is
indeed a rewarding attempt.
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Abbreviations

o-GalCer  o-galactosylceramide

CIDP chronic inflammatory demyelinating polyneuropathy
CNS central nervous system

CSF cerebrospinal fluid

HS healthy subject

MAIT mucosal-asscciated invariant T celi

MS rmultipie sclerosis

OND other neurological disease

PBMC peripheral blood mononuclear cell

PNS peripheral nervous system

SSCP single-strand conformation polymorphism
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The clinical implication and molecular
mechanism of preferential IL-4 production
by modified glycolipid-stimulated NKT cells

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

Department of Immunology, National Institute of Neuroscience, National Center for Neuroscience and Psychiatry, Tokye, Japan.

OCH, a sphingosine-truncated analog of a-galactosylceramide (aGC), is a potential therapeutic reagent fora
variety of Thl-mediated autoimmune diseases through its selective induction of Th2 c¢ytokines from natural
killer T (NKT) cells. We demonstrate here that the NKT cell production of IFN-y is more susceptible to the
sphingosine length of glycolipid ligand than that of IL-4 and that the length of the sphingosine chain deter-
mines the duration of NKT cell stimulation by CD1d-associated glycolipids. Furthermore, IFN-y production
by NKT cells requires longer T cell receptor stimulation than is required for IL-4 production by NKT cells
stimulated either with immobilized mAb to CD3 or with immobilized “aGC-loaded” CD1d molecules. Inter-
estingly, transcription of IFN-y but not that of IL-4 was sensitive to cycloheximide treatment, indicating the
intrinsic involvement of de novo protein synthesis for IFN-y production by NKT cells. Finally, we determined
c-Rel was preferentially transcribed in aGC-stimulated but not in OCH-stimulated NKT cells and was essen-
tial for IFN-y production by activated NKT cells. Given the dominant immune regulation by the remarkable
cytokine production of ligand-stimulated NKT cells in vivo, in comparison with that of (antigen-specific) T
cells or NK cells, the current study confirms OCH as a likely therapeutic reagent for use against Th1-mediated

autoimmune diseases and provides a novel clue for the design of drugs targeting NKT cells.

Introduction
Narural killer T (NKT) cells are a unique subset of T lymphocytes
that coexpress the oo/B T cell receptor (TCR} along with mark-
ers of the NK lineage such as NK1.1, CD122, and various Ly49
molecules. Most NKT cells express an invariant TCRa chain
composed of Va14-Ja281 segments in mice and Va24-JaQ seg-
ments in humans associated with a restricted set of V[ genes (1, 2).
Unlike conventional T cells, which recognize peptides presented by
MHC molecules, NKT cells recognize glycolipid antigens such as
o-galactosylceramide (@GC) in the context of a nenpolymorphic
MHC class I-like molecule, CD1d (3-5). After being stimulated by
aligand, NKT cells rapidly affect the functions of neighboring cell
popularions such as T cells, NK cells, B cells, and dendritic cells
(6, 7). The various functions of NKT cells are mediated mainly by
a rapid release of large amounts of cytokines, including IL-4 and
IFN-y. Whereas IFN-y provides help for the Th1 responses required
for defending against various parhogens and tumors, IL-4 controls
the iniziation of Th2 responses and has been shown to inhibit
Thl-mediated autoimmune responses involved in experimental
autoimmune encephalomyelitis {(EAE), collagen-induced arthritis
{CIA), and type 1 diabetes in NOD mice.

Given the exceptional ability of NKT cells to secrete regula-
tory cytokines in comparison with that of T cells or NK cells
after primary stimulation, we have exploted the possibility that

Nonstandard abbreviations used: altered glycolipid ligand (AGLY); altered pepride
ligand (APL), CD28 responsive element (CD2BRE); collagen-induced archritis (CIAY
¢-Re] lacking C-terminal eransacrivation domain {c-RelATA); cycloheximide (CHX);
cyclosporin A {CsA); experimental autoimmune encephalomyelitis (EAE); a-galacto-
sylceramide {(@GC); narural killer T (NKT); nuclear factor of activated T cell (NF-AT);
phycoerythrin (PE), T cell receptor (TCR). .
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ligand stimulation of NKT cells may lead to the suppression of
Thl-mediared autoimmune diseases. We have previously demon-
strated that OCH, a sphingosine-truncated analog of aGC, prefer-
entially induces Th2 cytokines from NKT cells and that adminis-
tration of OCH suppresses EAE and CIA by inducing a Th2 bias in
auroantigen-reactive T cells (8, 9). However, the molecular mecha-
nism accounting for the unique property of OCH to selectively
induce JL-4 has not been clarified yer.

In this study, we used various stimuli, including the prototypic
ligand @GC and its derivatives such as OCH, to investigate the
molecular basis of the differential production of IL-4 and IFN-y by
NKT cells. We found that OCH, due to its truncated lipid chain, was
less stable in binding the CD1d molecule than was @GC and exerted
short-lived stimulation on NKT cells. IFN-y production by NKT cells
required longer TCR stimulation than was required for IL-4 produc-
tion and de novo protein synthesis, c-Rel was preferentially tran-
scribed in aGC-stirulated, but not in OCH-stimulated NKT cells
and was shown to regulate IFN-y production by NKT cells. Taken
together, these results indicate thar sustained TCR stimularion and
concomitant c-Rel expression by aGC leads to the production of
IFN-y, whereas short-term activation and marginal c-Rel transcrip-
tion by OCH results in preferential production of IL-4 by NKT cells.

Methods

Mice. C57BL/6 (B6) mice were purchased from CLEA Laboratory
Animal Corp. (Tokyo, Japan). MHC class II-deficient I-APR+ mice
were purchased from Taconic (Germantown, New York, USA). All
animals were kept under specific pathogen-free conditions and
were used at 7-10 weeks of age, Animal care and use were in accor-
dance with institutional guidelines.

Cell lines, antibodies, plasmids, and reagents. The NKT cell hybridoma
{N38.2C12) (10} was a generous gift from K. Hayakawa (Fox Chase
Cancer Center, Philadelphia, Peninsylvania, USA) and NS0O-derived
1631
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plasmacyroma cell lines expressing the Kb rail mutantof CD1d (11)
were kindly provided by S. Joyce (Vanderbilt University, Nashville,
Tennessee, USA). Cells were maintained in RPMI 1640 medium sup-
plemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin/
streptomycin, 2 mM sodium pyruvate, and 50 pM f-mercaptoetha-
nel (complete medium). Phycoerythrin (PE)-labeled mAb to NK1.1
{PK136), peridinine chlorophyll protein/cyanine 5.5 -labeled mAb
to CD3 (2C11), and recombinant soluble dimeric human CD1d:Ig
fusion protein (DimerX I} were from BD PharMingen (San Diego,
California, USA). For some experiments mAb’s to NK1.1 (PK136)
and CD3 (2C11) were conjugated with FITC. Polyclonai antibody to
asialo GM,; was purchased from WAKO Chemicals (Osaka, Japan).
The pRc/CMV-c-Rel expression plasmid (12) was a generous gift
from Grundstrém (Umed University, Ume3, Sweden). The open
reading frame of ¢-Rel cDNA was amplified by PCR and cloned into
the retroviral pMIG(W) vector. The forward primer containing the
Xbol recognition site was 5'-GACTCTCGAGATGGCCTCGAGTG-
GATATAA-3" and the reverse primers used for wild-type c-Rel or the
dominant negative mutant c-RelATA containing EcoRI recognition
sites were 5'-GACTGAATTCTTATATTTTAAAAAAACCATATGT-
GAAGG-3' and §"-GACTGAATTCTTAACTCGAGATGGACCCG-
CATG-3, respectively. The retroviral vecror (pMIG) and packaging
vecror (pCL-Eco) were kindly provided by L. Van Parijs (Massachu-
setrs Institute of Technology, Cambridge, Massachusetts, USA).
Cyclosporin A (CsA) and cycloheximide (CHX) were from Sigma-
Aldrich (St. Louis, Missouri, USA). All glycolipids were prepared
as described in the Supplemental Methods (supplemental mare-
rial available at hetp://fwww jci.org/cgi/content/full/113/11/1631/
DC1). The glycolipids were solubilized in DMSO (100 pg/ml} and
were stored at -20°C until use.

Kinetic analysis of glycolipid stability on CD1d molecule: The kineric
analysis of glycolipid stability on CD1d molecules was performed
as described previously with slight modifications (13). In brief, the
NKT hybridoma was preincubared with 4 pM Fura red and 2 pM
Fluo-4 (Molecular Probes, Eugene, Oregen, USA) at room temper-
arure for 45 minutes, washed wich RPMI 1640 medium containing
2% FCS (assay media), and resuspended in assay media. For deter-
mination of the optimal time for glycolipid loading onto CD1d*
APCs, kineric analysis was conducted using either aGC or OCH.
According to the data obtained in Figure 2C, CD1d* APCs were
pulsed with glycolipids (100 ng/ml) for 30 minurtes. Then, cells
were washed and resuspended in assay media. Glycolipid-pulsed
APCs were harvested every 15 minutes after resuspension, mixed
with NKT cells, and subjected to centrifugation in a table-top cen-
trifuge (2,000 g) for 60 seconds. Cells were then resuspended brief-
ly and analyzed for calcium influx into NKT hybridoma cells by
flow cytometry (EPICS XL; Beckman Coulter, Tokyo, Japan). Acti-
vation was expressed as the percentage of Fura-red- and Fluo-4-
stained cells in a high-FL1, low-FL4 gate.

In vivo glycolipid treatment and microarray analysis. Mice were
injected intraperitoneally with 0.2 ml PBS containing 0.1 mg
anti-asialo GM, Ab. Forty hours after injection, mice were injected
intraperitoneally with aGC, OCH (100 pg/kg), or control vehicle
in 0.2 ml PBS. After the indicated time point, liver mononuclear
cells or spleen cells were harvested and NKT cells were purified
with the AUTOMACS cell purification system using FITC-conju-
gated mAb to NK1.1 (PK136) and anti-FITC microbeads (Milrenyi
Biotech GmbH, Bergisch Gladbach, Germany). The putity of NKT
cells in the unrreared samples and in the samples treated for 1.5
hours was more than 90%. The purity of the liver-derived samples
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and spleen-derived samples treated for 12 hours was more than 80%
and 74%, respectively. Total RNA isolation with the RNeasy Mini
Kit (Qiagen, Charsworth, California, USA) and whele-microarray
procedures using U74Av2 arrays (GeneChip System; Affymetrix,
Santa Clara, California, USA) were done according to the manufac-
turers’ instructions. From dara image files, gene transcript levels
were determined using algorithms in the Gene Chip Analysis Suic
software (Affymetrix). Each probe was assigned a “call” of present
{expressed) or absenr (not expressed) using the Affymetrix deci-
sion matrix. Genes were considered to be differentially expressed
when (a) expression changed at least threefold in the case of liver
NKT-derived samples or twofold in the case of spleen NKT-derived
samples compared with the expression in the negative control and
(b) increased gene expression included at least one “present call.”

In vitro stimulation. Liver mononuclear cells were isolared from B6
mice by Percoll density gradient centrifugation and were stained
with PE-NK1.1 and FITC-CD3 mAb’s. The CD3*NK1.1* cells and
CD3*NK1.1- cells were sorted with an EPICS ALTRA Cell Sorting
System (Beckman Coulrer). The purity of the sorted cells was more
than 95%. Sorted cells were suspended in RPMI 1640 medium sup-
plemented with 50 pM 2-mercaproethanol, 2 mM L-glutamine, 100
U/ml penicillin and streptormycin, and 10% FCS and were stimulat-
ed with immobilized mAb to CD3. Incorporation of [*H]thymidine
(1 pCifwell) for the final 16 hours of the culrure was analyzed with
a 3-1205 counter (Pharmacia, Uppsala, Sweden). We measured the
content of cyrokines in the culture supernatants by ELISA. For
quanrticative PCR analysis, we harvested the cells after stimulation
with glycolipid to prepare total RNA. Glycolipid stimulation of
spleen cells in vicro was done similarly except that 1% syngeneic
mouse serum was used instead of FCS. In some experiments, plates
were coated with DimerX I (1 yg in 50 ul PBS per well) for 16 hours.
After plates were washed extensively with PBS, glycolipids (100-200
ng in 50 pl PBS per well) were added, followed by incubation for
another 24 hours. Then, NKT cells were added and cytokine pro-
duction was analyzed after 72 hours of incubation.

Real-time PCR to monitor gene expression. Real-time PCR was con-
ducted using a Light Cycler-FastStart DNA Master SYBR Green
I kit (Roche Diagnostics GmbH, Mannheim, Germany) accord-
ing to the manufacturer’s specifications using 4 mM MgCl, and
1 pM primers. Values for each gene were normalized to those of a
housekeeping gene (GAPDH) before the “fold change” was calcu-
lated (using crossing point values) to adjust fer variations between
different samples. Primers used for the analysis of gene expression
are described in Supplemental Methods.

ELISA. For evaluation of cytokine production by NKT cells, sert-
ed liver CD3*NK1.1* NKT cells were stimulated with immobilized
mAb to CD3 in complete medium. The level of eytokine production
in cell culture supernatants or in serum was determined by stan-
dard sandwich ELISA using purified and biotinylated mAb sets and
standards from BD PharMingen. After the addition of a substrate,
the reaction was evaluated using a Microplate reader (BioRad).

Retroviral infection of NKT cells. The 293T cells were maintained
in DMEM supplemented with 10% FCS, 2 mM L-glutamine, 100
U/ml penicillin/streptomycein, 2 mM sodium pyruvate, and $0 uM
f-mercaptoechanol. Liver mononuclear cells were purified and cul-
tured in complete medium supplemented with IL-2 (200 U/ml)
for 24-48 hours. Cells were infected with retrovirus prepared by
cotransfection of pMIG retroviral vector and pCL-Eco packaging
vector into 293T cells. Cells were cultured in complete medium
containing IL-2 and IL-15 (50 ng/ml) continuously for 3 days, and
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Figure 1

Transcriptional upregulation of cytokina genes by NKT calls stimulated
with glycolipids in vivo, B8 mice were injected intraperitoneally with «GC
or OCH (100 pg/kg), and liver NKT cells were isolated at the indicated
time point, Total RNA was extracted and analyzed for cytokine mRNA by
quantitative RT-PCR as described in Methods. Data are presented as
“fold induction” of cytokine mRNA after glycolipid treatment. The amount
of mRANA in NKT cells derived from untreated animals was defined as 1.

GFP-positive NKT cells were sorted and stimulated with immobi-
lized mAb to CD3 for 48 hours. Culture supernatanes were sub-
jected to evaluation of cytokine production by ELISA.

Results

Preferential IL-4 production by OCH-stimulated NKT cells. The suppres-
sion of EAE by OCH was found to be associated with a Th2 bias of
auroimmune T cells mediated by IL-4 produced by NKT cells (9). To
confirm the primary involvement of NKT cells in the Th2 bias seen
in the OCH trearmenc, we purified CD3'NK1.1* NKT cells from B6
mice created in vivo with GC or OCH and measured the transcrip-
rion of ¢yrokine genes by quantitative RT-PCR. As shown in Fig-
ure 1, trearment with aGC greatly increased the expression of both
IFN-y and IL-4 ar 1.5 hours after injection, whereas OCH induced a
selective increase in IL-4 expression. When the IL-4/IFN-y ratio was
used for evaluating the Th1/Th2 balance, the NKT cells, isolated at
1.5 hours after injection of OCH were distinctly biased toward Th2
{Table 1). These resulrs indicate that OCH is a selective inducer of
rapid IL-4 production by NKT cells when administered in vivo.

Lipid chain length and cytokine production. Comparison of the strucour-
al difference between OCH and ¢GC (Figure 2A) raised the possibility
that the lipid chain length of the glycolipid ligand may influence the
cytokine profile of glycolipid-treated NKT cells, We compared aGC
and OCH as well as newly synthesized analogs F-2/5-3 and F-2/5-7,
which bear lipids of intermediate [ength (Figure 24), for cheir ability
to induce cytokine production by splenocytes. There was good corre-
lation between the lipid tail length of each glycolipid and its ability to
induce IFN-y from the splenocytes, and a larger amount of IFN-y was
released into the supernarants after stimularion with the glycolipids
with the longer sphingosine chain (Figure 2B, right). Regarding the
ability to stimulate IL-4 production, the differences among OCH,
F-2/5-3 and F-2/5-7 were less clear, as shown by [IFN-y induction. Sim-
ilar results were obtained with liver mononuclear cells as responder
cells (see Supplernental Figure 1). These results indicare thar cytokine
production by NKT cells, in particular IFN-y production, is greatly
influenced by lipid chain truncation of the glycolipid.

Differential half-life of NKT cell stimulation by CD1d-associated glycolipids.
It is believed that the two lipid tails of the glycolipids (sphingosine
base and farry acyl chain) would be accommodarted by che highly
hydrophobic binding grooves of CD1d. To verify the hypothesis
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that the functional properties of each glycolipid may be determined
by the stability of its binding to CD1d molecules, we evaluated
the half-life of these glycolipids on CD1d melecules by estimating
caleium influx into NKT hybridoma cells as described previously
(13). To exclude the possible involvement of endosomal/lysosomal
sorting in this assay, we used APCs expressing a CD'1d mutant (Kb
tail) chat lacks the endosomal/lysosomal targeting signal (11). The
cells express both Bam and sCD1d1 fused to the transmembrane
and cytosolic tail sequence of H-2Kb at the carboxyl terminus and
could bind to glycolipids such as «GC or OCH wichout their inter-
nalization and following endosomal/lysosomal sorting. Based on
the kinetic analysis dara for glycolipid loading efficiency shown in
Figure 2C, we pulsed CD1d* APCs with glycolipids for 30 minuces.

Figure 2D shows that OCH was rapidly released from the CD1d
molecule. A 30% reduction in calcium influx was observed after
15 minutes of incubation and only 25% of the initial amount of
glycolipid remained after 60 minures of incubartion. In contras,
aGC was not released from CD1d molecule in the firsc 15 minuces
and more than 50% of the initial amount of glycolipid remained
after 60 minutes of incubation. F-2/5-3 and F-2/S-7 showed inter-
mediate levels of release from CD1d molecule. These resulcs sup-
pore the idea thara glycolipid with a shorrer sphingosine chain has
a shorter half-life for NKT cell stimulation because of less-stable
association with the CD1d molecule.

Kinetic analysis of cytokine production by activated NK T cells. Previous in
vivo studies demonstrated that injection of @GC into B6 mice can
induce a rapid anditransient elevation of the serurn IL-4 level and a
delayed and persistent rise in IFN-y (9, 14}, suggesting that there isan
intrinsic difference in kinetics for the production of IL-4 and IFN-y
by NKT cells. To address this issue further, we sorred CD3*NK1.1*
NKT cells, and conventional CD3*NKI1.1- T cells as a control, from
liver lymphocytes and stimulated the sorted cells with immobilized
mAb to CD3 for various periods of time. The cells were then incu-
bated ar rest withour further stimulation and culture supernarants
were harvested at 72 hours after initiation of the TCR stimulation.
We found that TCR stimularion of NKT cells for as little as 2 hours
could induce detectable IL-4 in the supernatant (Figure 3A, cencet).
The amount of IL-4 in the supernatant rapidly increased in pro-
porrion to the dusation of TCR stimulation (Figure 34, center). In
contrast, production of IFN-y by NKT cells required at least 3 houts
of TCR stimulation and gradually increased corresponding to the
duration of TCR stimulation (Figure 34, right). Conventional T
cells required longer TCR stimulation for efficient cyrokine produc-
tion. We repeatedly confirmed that IFN-y production by NKT cells
required initial stimulation that was 1-2 hours longer and showed a
slower accumulation than that of IL-4 production in this experimen-

Table 1
Transcriptional upregulation of cytokine genes by NKT cells
stimulated with glycolipids in vivo

Stimulus Time IFN -4 Ratio (/L-4//FN+~)
aGl 1.5h 35.0 38.3 1.09

6h 50 46 0.92
OCH 15h 1.8 10.3 5.58

6h 1.5 1.1 0.72

The relative amounts of transcripts of JFN-y and /L-4 obtained from the
experiment shown in Figura 1 are presented as "fold induction” relative
to that of NKT celi-derived samples from untreated animals.
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Differential properties of structurally distinct glycolipid derivatives. (A) Structures of aGC, OCH, and two other glycolipid ligands for NKT cells.
F-2/S-3 has a truncation of two hydroccarbons in the fatty acyl chain {F) and of three hydrocarbons in the sphingosine chain (8) in comparison
with aGC. OCH can be called F-2/5-8 accordingly. The numbers of truncated hydrocarbons in either lipid chain are shown afong the left margin
as negative integers. (B) Effect of aGC, OCH, and other glycolipids on proliferation and cytokine production of splenocytes. Splenocytes were
stimulated with various concentrations (conc.) of aGC (filled circles), OCH (open circles), F-2/5-3 {filled triangles), or F-2/8-7 (open triangles) for
72 haurs. Incorporation of [*H]thymidine (1 uCi/well) during the final 16 hours of the culture was assessed (left}, and IL-4 (center) or IFN-y (right)
in the supernatants was measured by ELISA. (C) Kinetic analysis of the loading of oGC (filled circles) or OCH {open circles) onto CD1d* APCs.
See Methods for details. One experiment representative of two independent experiments with similar results is shown. (D} Calcium influx into
NKT hybridoma cells after coculture with CD1d* APCs pulsed with «GC, OCH, F-2/8-3, or F-2/5-7. Data are presented as the activity remaining
when the respective activity of glycolipid-loaded APCs for activation of the NKT ce!l hybridoma at time 0 was defined as 100%. Data are repre-

sentative of three experiments with similar results.

tal setting. A similar kinetic difference was also observed when we
used spleen-derived NKT cells (data not shown). These results indi-
cate that NKT cells could produce IL-4 after a shorter period of TCR
stimulation than is required for IFN-y production.

To exclude the possibility that a qualitatively different CD1d
complex with either @GC or OCH may bind with altered affinity
to the TCR, we stimulated NKT cells with plare-bound aGC-CD1d
complexes instead of mAb to CD?3 for the periods of time indi-
cated in Figure 3B. Consistent with the previous results obtained
with anti-CD3 stimulation, the level of IL-4 in the culture superna-
tant was increased after shorter periods of incubation. In contrast,
IFN-y was efficiently produced after longer incubation, showing
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that the short pulse of NKT cells with plate-bound aGC-CD1d
complexes could recapitulate the OCH phenotype. These results
demonstrate that the timing of the CD1d-lipid interaction rather
than the "shape” of the OCH-CD1d complex is the decisive facror
in controlling polarization of cytokine production by NKT cells.
Differential transcriptional properties of cytokine genes. To clarify the
molecular basis for different kinetics of cytokine production by
activated NKT cells, we next examined the effects of CsA or CHX
on the NKT cell responses. Without any inhibitors, I1L-4 produc-
tion was more rapid and had a higher rate than IFN-y production
{Figure 3C), confirming the kinetic difference required for induc-
tion of each cytokine shown in Figure 3A, Production of both IL-4
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Kinetic analysis of NKT cell activation and cytokine production after glycolipid stimulation. (A} Differential
production of IFN-y and IL-4 by activated NKT cells, CD3*NK1.1+ NKT cells and conventional CD3*NK1.1-
T cells were purified from liver mononuclear cells by cell sorting. The sorted cells were stimulated with
immaobilized mAb to CD3 for the time indicated on the x axis and wera then removed and recultured on a
frash culture plate without anti-CD3 stimulation for up to 72 hours from the start of the anti-CD3 stimula-
tion. Incorporation of [*H]thymidine (1 uCiiwall) during the final 16 hours of ths culture wag assessed
(lett), and culture supernatants were analyzed for the production of IL-4 {center) and IFN-y {right) by
ELISA. One experiment representative of three independent experiments with similar results is shown.
(B) NKT cells purified from liver moncnuclear cells were stimulated with plates coated with DimerX |
loaded with aGC and were analyzed as shown in A. {C) NKT cells purified from liver mononuclear cells
were stimulated as shown in A in the presence [CsA{+}] or absence [CsA(-)] of CsA (1 pg/ml). Culturg
supernatants were analyzed for the production of IL-4 and 1FN-y by ELISA.

and {FN-y after TCR stimulation, however, was almost completely
inhibired by prerreacment of NKT cells with CsA.

Similarly, CsA abolished the transcriptional activation of IL4 and
IFN+y genes in activated NKT cells (Figure 44), indicating that TCR
signal-induced activation of nuclear factor of activated T cell (NF-AT)
is indispensable for the production of both cytokines by NKT cells.
Meanwhile, transcription of these cytokine genes showed different
sensitivities to CHX treatrnent (Figure 4A). Although cranscriptional
activation of IL-4 was barely affected by CHX treatment, transcrip-
tion of IFN-y gene was almost completely blocked after treatment
with CHX. These resulcs indicate that transcriptional activation of
IFN<, bue not that of IL+4, requires de novo protein synchesis.

Next, we analyzed the sensitivicies of other cytokine genes to CsA
and CHX treatment (15-17). As shown in Figure 4B, transcription-
al activation of all cyrokine genes tested was completely blocked by
pretreatment of NKT cells with CsA. Incerestingly, transcription of
the IL-2 gene and GM-CSF gene were blocked by CHX treatment. In
contrast, transcriptional activation of TNF-t was resistant to CHX
treatment. These resules indicare that cyrokines produced by NKT
cells could be divided into two groups based on their dependence
on de novo protein synthesis.

Selective c-Rel induction after stimulation with aGC. Although NKT cells
secrete a large number of cytokines upon stimulation, the regula-
tory mechanisms for the expression of each cytokine are still poorly
understood. The susceptibility of IFN-y production to CHX indicates
that some newly synthesized protein(s) would promote specific cran-
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2  aGC-treated samples, not in OCH-
treated samples. Overall, the data
obtained correlated well with pre-
vious results showing that OCH is
a selective inducer of IL-4 produc-
tion from NKT cells (9). There was
no transcriptional upregularion
of cytokines genes such as the
IFN=y and IL4 genes 12 hours after
treatment with either glycolipid,
indicating that NKT cells have
undergone quiescence at this time
peinc in the context of transcrip-
tional upregulation of cytokine
genes, although some genes are still
upregulated.

Through analyzing the microarray data, we identified the pro-
tooncogene ¢-Rel, a member of the NF-xB family of transcription
factors, 2s a candidare molecule that may play a role in the IFN-y
transcription. As shown in Figure SA, c-Rel was inducibly expressed
in NKT cells 1.5 hours after stimulation with aGC. In contrast,
OCH treatment did not induce ¢-Ref transcription (Figure 5A).
The transcription of other NF-kB family genes such as p65/RelA
and RelB was not uptegulated after trearment with aGC or OCH.
Real-time PCR analysis also confirtned the selective inducrion of
¢-Rel afrer aGC stimulation (Figure SB}. CsA rrearment inhibired
c-Rel cranscription, but CHX did not {Figure 5C), indicating chat
the inducible rranscription of ¢-Rel is directly concrolled by TCR
signal-mediated activation of the NF-AT {19).

Itis already known that c-Rel serves as a pivotal cranscription factor
for the Th1 response that would directly induce IFN+y production in
conventional T cells (20). However, very litle is known about the fune-
tion of this protooncogene in NKT cells during TCR-mediated activa-
tion. We therefore conducted time course analysis for transcriptional
activation of ¢-Rel in paralle]l with L4 and IFN-y. We stimulated NKT
cells with immobilized mAb to CD3 for 30-100 minutes and then
cultured them without further stimulation for a rotal of 120 minures.
As shown in Figure 5D, IFN-y expression was slightly downregulaced
in the first 30 minutes of TCR stimulation and was significantly
uptegulated when the cells were stimulated for 100 minures. Interest-
ingly, we found that the kinetics of ¢-Rel transcription were similar to
those of IFN+y transcription (Figure 5D, rght). In contrast, transcrip-
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tional activarion of IL<4 becarne evident 30 minutes after TCR stimu-
lation and the transeript accumulated gradually in proportion to the
duration of TCR stimulation. This resujt further confirmed that NKT
cells require a longer TCR stimulus for [FN-y expression.

Transcription of IEN-y genes depends on c-Rel expression in NKT cells.
To further investigate the functional involvement of c-Rel in the
transcription of IFN-y gene in NKT cells, we next examined wheth-
er forced expression of wild-type ¢-Rel or of its loss-of-function
mutant could affect IFN-y preduction by NKT.cells. For this, we
used bicistronic retroviral vectors expressing c-Rel along with GFP
(pPMIG/c-Rel) or a ¢-Rel dominant negative mutant that lacks the
C-terminal transactivation domain but retains an intact Rel homo!-
ogy domain of ¢-Rel protein (pMIG/c-RelATA) (21) (Figure 6A). We
infected liver-derived mononuclear cells with either retrovirus and
stimnulated sorted GFP-positive NKT cells with immobilized mAb to
CD3 to analyze cyrokine production. Retroviral transduction led to
expression of GFP in approximately 10% of NKT cells (Figure 6B).
Upon stimulation with mAb to CD3, GFP-positive cells from pMIG/
c-Rel-infected cultures showed slightly augmented IFN-y produc-
tion compared with that of control pMIG-infected cells (Figure 6C).
In concrast, GFP-positive cells from pMIG/c-RelATA-infected cul-
tures secreted almost no IFN-y after TCR stimulation (Figure 6C).
These results demonstrate that inhibirion of ¢-Rel functior, via the
introduction of a mutant form of ¢-Rel, abolishes IFN-y production
and that functional c-Rel is important for effective production of
IFN-y in activated NKT cells.

Discussion

In this study, we investigated the molecular mechanism for differen-
tial production of IFN-y and IL-4 by activated NKT cells through a
comparative analysis using the prototypic NKT cell igands aGC and
OCH. Treatment with aGC induced expression of both IFN-y and
IL-4 simultaneously, but OCH induced selective expression of IL-4 by
NKT cells. Furthermore, we demonstrated that the CD1d-associated
glycolipids with varicus lipid chain lengths showed differenc half-lives
for NKT cell stimulation when applied in an endosome/lysosome-
independent manner and induced the differential cyrokine produc-
tion by NKT cells in a lipid length~-dependent manner. Accordingly,
we demonstrated that IFN-y preduction by NKT cells required lon-
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Figure 4

Differential sensitivity to CsA and CHX for tran-
scriptional upregulation of 1FN-y, /-4, and other
cytokines. (A} Sorted NKT cells were pretreated
with CsA (1 ug/ml) or with CHX (10 pg/ml) or with-
out either reagent for 10 minutes and were then
stimulated with immobilized mAb to CD3 for the
indicated periods of time. Total RNA was extracted
from each sample and analyzed for the relative
amount of transcript of JFN-y or /L-4. Data are pre-
sented as the amount of transeript in each sample
relative to GAPDH. (B) Sorted NKT cells were pre-
treated with CsA (1 pug/ml) or with CHX (10 ug/mb)
or without either reagent as shown in A. Total RNA
was extracted from each sample and was analyzed
for the relative amount of transcripts of /-2, GM-
CSF, or TNF-a. Data are presented as the relative
amount of transeript in each sample.
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ger TCR stimulation than did IL-4 production and depended on de
novo protein synthesis. An NF-xB family transcription factor gene,
the c-Rel gene, was inducibly transcribed in aGC-stimulated but not
in OCH-stimulated NKT cells. Retroviral transduction of a loss-of-
function mutant of c-Rel revealed the functional involvement of
c-Rel in IFN-y production by ligand-activated NKT cells. These
resules have provided a new interpretation of NKT cell activation
— that the duration of TCR stimulation is critically influenced by the
stability of each glycolipid ligand on CD1d molecules, which leads ro
the differential cytokine production by NKT cells.

We have previcusly demenstrated that administrarion of OCH
consistently suppresses the development of EAE by inducing a Th2
bias in autoimmune T cells and that this Th2 shift is probably medi-
ated by selective IL-4 production by NKT cells in vivo (9). Here we
directly evaluarted the cytokine profile of OCH-stimulated NKT
cells using quantitative PCR analysis. Consistent with the previous
assumption, NKT cells stimulated with OCH induced rapid produc-
tion of IL-4 but led to only marginal induction of IFN+, confirming
the presumed mechanism for the effect of OCH on EAE and CIA. As
the “fold induction” of IFN-y transcript after 1.5 hours of stimulation
with aGC in microarray analysis was relatively low (fivefold for liver
NKT cells and fourfold for spleen NKT cells) compared with che in
vivo data, there are several possikilities to explain these resules. Firse,
quiescent transcripts of IFN-y pre-existing in resting Va14-invariant
NKT cells (22 may raise the baseline of signal intensity in samples
from untreated animals, resulting in a relative decrease in “fold
induction” after glycolipid treatment. Secend, detection of IFNwy
transcription in aGC-stimulated NKT cells might not be optimal,
as injection of aGC induced a rapid elevation in IL-4 with the peak
value at 2 hours and a delayed and prolonged elevation in IFN-y in B6
mice (9). Third, oGC treatment significantly induces transcription
of CD154 (18.0-fold for aGC vs. 5.4-fold for OCH; data not shown),
whese promoter has a functional NF-AT binding site and CD28
responsive element (CD28RE) (23, 24). Thus, augmented CD40/
CD154 interaction may induce IL-12 expression by APCs, resulting
in addirional IFN-y production (25). Finally, NKT cells are not neces-
sarily the only source of IFN-y after in vivo stimulation with aGC.
The “serial” production of IFN-y by NKT cells and NK cells has been
demonstrated {6, 26), In particular, a C-glycoside analog of aGC has
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