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BLOCKADE OF B7h IN CIA

IgG2b

FIGURE 7. Effect of anti-B7h mAb
treatment on serum anti-CIT TpG titers.
Seram levels of anti-CII IgGl, IpG2a,
and IgGZb in unboosted immunized
mice {["]) and the CIA mice treated with
control IgGG (M) or anti-BTh mAb (E3)
were measured by ELISA on days 7, 14,
and 21. Data are shown as the mean * 1
SEM of 10 mice in each group from two
experiments. *, Statistically different

(p < 0.03).
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is reasonable that the blockade of ICOS was less effective for pre-
venting the priming of T cells. In contrast, 1COS is expressed on
activated T cells and thus the ICOS-B7h interaction may play its
primary role in costimulation of already Ag-primed T cells. Con-
sistent with this notion, the expansion of ICOS™ T cells in the
draining LN upon second immunization was markedly inhibited by
the anti-B7h mAb treatment. In addition, ICOS may also play a
costimulatory role in the activation of ICOS " effector T cells in-
filtrating in the tarpet tissues as discussed above.

The amelioration of CIA by the anti-B7h mAb treatment ap-
peared to be correlated with the reduction of Cll-specific T and B
cell responses. T cell proliferative responses to CIl and both IFN-v
and I1.-10 production were significantly inhibited by the treatment.
In addition, a marked reduction in all IgGl, 1gG2a, and IgG2b
subclasses of serum anti-C1I Abs was observed. These results sug-
gested that both Thl- and Th2-mediated immune responses against
CIl were comparably inhibited by the anti-B7h mAb treatiment, It
has been reporied that the blockade of the ICOS pathway by
ICOS-Ig fusion protein or a newtralizing anti-ICOS mAb exhibited
prominent inhibitory effeets in the effector phase of the Th2-me-
diated immune responses (10, 27, 45). 1COS is preferentially ex-
pressed on Th2 cells at higher levels than on Th cells (10, 18, 27)
and the blockade of ICOS in vitro preferentially reduced the pro-
duction of Th2 cytokines such as I11.-4 and 11.-10 {18). Several
reports demonstraled the failure to inhibit Thl-mediated immune
responses by the ICOS blockade (10, 45, 46). On the other hand,
a successtul inhibition of Thl-mediated immune responses such as
acute allograft rejection (22) and BAE (23, 26) has been also dem-
onstrated. Our present results add a new example in which the
blockade of the [COS-B7h interaction resulted in inhibition of both
Thl- and Th2-mediated immune responses.

In addition to the Cll-specific immune responses mediated by T
and B cells, locally produced proinflammatory cytokines also play
a critical role in the development of arthritis. Among such eyto-
kines, TNF-e, 1L-18, and IL-6 are crucial and the intervention of
their actions could be a potential strategy for the treatment of ar-
thritis (29, 47-50). We here showed that the treatment with anti-
B7h mAb efliciently reduced the expression of these proinflam-
matory cylokines in the inflamed joints. It has been reported that
TNF-a induced B7h expression on fibroblasts and nonlymphoid
cells (11, 12) and that ICOS costumulation strongly enhanced
TNYF-a production by T cells (51). Therefore, the reciprocal in-
duction of TNF-a and B7h threugh the ICOS pathway may am-
plify and perpetuate the local inflammation. In the acute allograft
rejection model, the ICOS blockade suppressed the preduction of
chemokines as well as [FN-vy and IL-10 {22). Thus, the ICOS-B7h
interaction may be involved in the regulation of multiple cytokines
and chemokines that contrel local inflanmmatory responses.
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In conclusion, the blockade of ICOS costimulation by anti-B7h
mAb ameliorated CIA through anti-inflammatory actions and sup-
pression of both Th1- and Th2-mediated responses. Intervention of
the ICOS costimulatory pathway may be a novel strategy for the
treatment of human rheumatoid artliritis and possibly other chronic
inflammatory diseases.
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Cloning report of complete coding region of HLA-
DRB1+1405 has never appeared in the literature. We have
isolated and sequenced it from a B cell line with a
DRB1+1405/1502 genotype. The sequence information of
this gene and previously published DRB1 genes for the
other DR serotypes facilitated us to find that the
cytoplasmic domain sequences of DRB1 genes fall into
three groups. It is known that antigen presenting cells are
differentially activated when products of different MHC
class II genes are triggered. Functional analyses would
discern if these allelic differences in the cytoplasmic
domain are of functional significance.

Keywords: ¢<DNA; Coding sequence; DRB1*1405; HLA; Nucleotide
sequence ,

Database Accession No: AB062112

Current DNA databases contain complete coding
region sequence of a number of HLA genes. One of
the exceptions was an DRB1#1405 allelic gene. The
DRB1+1405 gene was first identified during survey of
Japanese population with HLA-DR14 serotype, and
accounts for roughly a quarter of all DR14 serotype-
related alleles among Japanese (Obata ef al., 1990).
We have found that this molecule is involved in Tcell
response to a mycobacterial bacillus Calmette-
Guerin a (BCGa) peptide fragment (Matsushita
ef al., 1996; 1997). Since this peptide is a major
epitope of BCGa protein, immune reactions
mediated by the DRB1*1405 allele should be
involved in defense against M. tuberculosis infection.
Nevertheless, its partial nucleic acid sequence

published by the original report has never been
stretched to the complete coding region.

In order to reveal full coding region sequence of
the DRB1+1405 allele, peripheral B cells were isolated
from a Japanese donor whose DRB1 genotype was
DRB1+1405/1502. This genotype was defined with
conventional sequence specific oligonucleotide
hybridization technique that followed polymerase
chain reaction to amplify DRB1 genes (Nishimura
ef al., 1992). These peripheral B lymphocytes were
immortalized with Epstein—Barr virus (EBV). The
EBV-transformed B lymphocyte cell line, EBSM
presented a relevant peptide to DRB1*1405-restricted
BCGa-reactive T cell clones (Matsushita ef al., 1997).
The EBSM cells were stimulated with 50ng/ml of
recombinant +y-interferon (Peprotech EC, London,
UK) for 24 h. The total RN A were then extracted and
converted to the first strand cDNA. The cDNA were
PCR-amplified with a pair of oligonucleotide
primers. The sense primer (DRB1405s: ATA TAA
GCT TGC CAC CAT GGT GTG TCT GAG GCT CCC
TGG) consisted of a Hind III restriction enzyme
recognition site (underlined) and a oligonucleotide
stretch that specified initial 23 nucleic acids of a
signal sequence of previously reported HLA DRB1
genes (Gustafsson ef al., 1984). The anti-sense primer
(DRB1405¢: 5-TAC CAC TAG TGC TCA GGA ATC
CTG TTG GCT GAA) consisted of a Spe I restriction
enzyme recognition site (underlined) and a oligo-
nucleotide stretch that specified the last 23 consensus
nucleic acids of previously reported DRB1 coding
sequences (Marsh and Bodmer, 1992). Thirty-five
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cycles of the PCR-amplification reaction with ExTaq
polymerase (Takara, Shiga, Japan) successfully
generated products, which were subcloned into
pGEM-T vectors (Promega, Madison, WI) for nucleic
acid sequence determination. The sequences deter-
mined were identical to a HLA-DRB1*1502 gene or
contained the previously published partial
DRB1%1405 sequence.

Since PCR was employed to isolate the DRB1*1405
gene, the sequence of DNA strands that annealed to
the oligonucleotide primers should be validated.
First, the EBSM cDNA were polyG-tailed for
anchored PCR to amplify the 5 ¢cDNA. The anti-
sense primer specific to DRB1#1405 (B1405Cc: GAA
ACG TGG TCT GGT GTC C) together with the
anchor primers, mixture of AN and ANC, was used
(Kohsaka et al., 1993). After 20 cycles of the reaction,
a part of the products were PCR-amplified further
for 20 cycles with the AN primer and a nested
DRB1*1405-specific anti-sense primer (B1405Bc: ACT
CGT CGA CTC AGC ACC ATC AGT GTC A,
underlined is Sal I recognition sequence). The
products were subcloned into pGEM-T vector.
Sequence determination revealed 5 untranslated
region and also confirmed that the DRB1*1405 allele
shares the signal sequence with the original DRB1
gene (Gustafsson et al.,, 1984). The 3 RACE System
(Invitrogen, San Diego, CA) was used to isolate the 3t
end of the DRB1#¥1405 transcript. Briefly, the total
RNA of EBSM cells were converted to cDNA with
oligo(dT)-containing Adapter primer. The cDNA
were PCR-amplified with an Adapter-specific pri-
mer and a DRB1*1405-specific sense primer
(B1405Es: ATG CGT CGA CGG GCT GTT CAT
CTA CTIT C, underlined is Sal I recognition
sequence), and the products were subcloned into
pGEM-T vectors. The sequence analysis disclosed
the 3’ untranslated region sequence and also verified
that the 3’ terminal sequence of the coding region is
identical to the consensus sequence.

Figure 1 shows the coding region sequence with
flanking sequences. The previously published
sequence covered "less than half of the entire
coding sequence. Based on the sequence infor-
mation of the cytoplasmic domain of the
DRB1*1405 allele, we compared the cytoplasmic
domains of the DRB1 alleles for all different
DR specificities. The nucleotide and amino acid
sequences of DRB1 cytoplasmic domains are
largely conserved, but fall into three groups
(Fig. 2). Each DRB1 allele has either threcnine or
arginine at the position 233. Among those that have
threonine at the amino acid position 233, only the
DR10-related alleles have proline instead of
glutamine at the position 231. Since the genes in
the same group are encoded by haplotypes with
the same genetic structure, these differences should
be generated early in the evolution of the HLA
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CCCTGGTGATGCTGGAAACAGTTCCTCGGAGTGGAGAGGTTTACACCTGCCAAGTGGAGT
L VMLETVYVY®PRSGEVYTCQVEHR

67! 680 690 7ea 710 720
ACCCAAGCGTGACAAGCCCTCTCACAGTGGAATGGAGAGCACGETCTGAATCTGCACAGA
P S V¥ TSP LTWVEW®WERATRSTESAQS

730 740 750 760 778 789
GCAAGATGCTGAGTGGAGTCGGGGGCTTTGTGCTGGGCCTGLTCTTCLTTGGGGCCGGGT
K M L S GV 6 F VL GLULF L G A

790 8ae 810 820 830 849
TGTTCATCTACTTCAGGAATCAGAAAGGACACTCTGGACTTCAGCCAAGAGGATTCCTGA
fF I Y FRNOQUEKTGHS GLQPRZGFLS

850 460
GCTGAAGTGCAGATGACA
-

FIGURE 1 Nucleotide sequences of coding and flanking
untranslated regions of the HLA-DRB1#1405 allele. The
DRB1#1405 ¢cDNA fragments were PCR-amplified from EBSM
¢DNA, and subcloned into pGEM-T plasmids. DHS5« E. Celi were
transformed with these plasmids, and screened with labeled
internal oligonucleotide probes. The plasmids from positive clones
were purified and subjected to sequencing reactions with Thermo
Sequenase core sequencing kit with 7-deaza-dGTP (Amersham
Life Science, England and Molecular Dynamics, CA). Texas Red-
labeled M13 forward and reverse oligonucleotide primers (Hitachi
Electronics Engineering, Tokyo, Japan) were employed for
sequence determination on both strands. The products were
fractionated with a Hitachi SQ-5500 sequencer (Hitachi Electronics
Engineering), and analyzed with the associated software. The
inferred amino acid sequence is shown in a single-letter format.
Underlined were nucleic acids determined by the previous report
{Obata et al., 1990).

genes. Indeed, alleles with arginine at the position
233 share the secondary DRB locus, i.e. DRB3 that
encedes for DR52 molecules.

It is known that. antigen presenting cells are
activated via HLA molecules when they present
antigens to T lymphocytes (Tabata et al, 2000;
Matsuoka et al, 2001). They utilize surface
HLA molecules as signaling receptors. Structural
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DR1,4,7,8,9,15,16

AATCAGAAAGGACACTCTGGACTTCAGCCAACAGGATTCCTGAGC
223

237

N ¢KGHS G6LQPTSGTFLS

DR11,12,13,14,17,18

DRI = emeemmmeeo

FIGURE 2 Cytoplasmic domain of the DRB1 gene alleles. Nucleotide and amino acid sequences (amino acid position 223-237) of the
DRB1 alleles that define different DR serological specificities were shown. DRB1 allcles with the same DR specificity have identical
cytoplasmic domain sequences. Hyphenated are nucleotides identical to those for the DR1 serotype. Amino acids are shown in a single

letter format and variations are shown in bold letters.

difference of the cytoplasmic domains of the HLA
molecules appeared to be important because trigger-
ing DR, DQ and DP molecules, each of which
associates with a distinct isoform of protein kinases
C in the cytoplasm, resulted in differential activation
of antigen-presenting cells (Matsuoka ¢t al., 2001, and
unpublished observation). Although the allelic
variation does not necessarily have the same impact
on the structure of the cytoplasmic domains, the
future studies should address the question whether
these differences induce distinct signals in the
antigen presenting cells.
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Stimulation of Host NKT Cells by Synthetic Glycolipid
Regulates Acute Graft-versus-Host Disease by Inducing Th2
Polarization of Donor T Cells*

Daigo Hashimoto,* Shoji Asakura,* Sachiko Miyake,” Takashi Yamamura,' Luc Van Kaer,*
Chen Liu,® Mitsune Tanimoto,* and Takanori Teshima®*7

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

551-556.

Dogeneic  hemopoietic  stem  c¢ell  tansplantation
A (HISCT)® cures various hematologic malignant tumors,
bone marrow (BM) failures, and congcenital metabolic
disorders. Emerging evidence suggests that allogeneic HSCT is
also useful for treattnent of other diseases, including solid tuwnors
and avtoimmune diseases (1, 2). However, grafi-vs-host discase
(GVHD) is a major obstacle that precludes wider application of
allogeneic HSCT. The pathophysiclogy of acute GVHD is com-
plex, involving 1) donor T cell responses to the host alloantigens
expressed by host APCs activated by conditioning regimens (i.e..
irradiation and/or chemotherapy), and 2} dysregulation of inflam-
matory cytokine cascades, leading to further T cell expansion and
induction of cytotoxic T cell responses ¢3).
CD4™ helper T cells can be divided into two distinet subpopu-
lations: Thl and Th2 cells (4). Thl cells produce IFN-vy and [1.-2,
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whereas Th2 cells produce IL-4, IL-5, and IL-13. Although the
role of Thl and Th2 ¢ytokines in the pathophysiology of acute
GVHD is complex and cortroversial (5-8), Thl polarizatdon of
donor T cells predominantly plays a role in inducing the “cytokine
storm™ that is seen in several models of acute GVHD (3, 9),
whereas Th2 polarization mostly suppresses inflammartory cas-
cades and reduces acute GVHD (10-12). Many properties of den-
dritic cells (DCs), including the type of signal the duration of
activation, the ratio of DCs to T cells, and the DC subset that
presents the Ag. influence the differentiation of paive CD4™ T cells
into Th1 or Th2 cells (13). The cytokines that are present during
the initiation of the immune responses at the time when the TCR
engages with MHC/peptide Ags are critically important for Th cclt
differentiation (14).

NXT cells are a distinet subset of lymphocytes characterized by
expression of surface markers of NK cells together with a TCR.
Although the NKT cell population exhibits considerable heteroge-
neity with regard to phenotypic characteristics and functions ¢15).
the major subsct of murine NKT cells expresses a semi-invariant
TCR, Val4-Jx18, in combination with a highly skewed set of
Vps. mainly V£8 (16). NKT cells can be actvated via their TCR
by glycolipid Ags presented by the nonpolymorphic MHC class
ke molecule CD1d expressed by APCs (17). Stimulation of
NKT cells rapidly induces secretion of large amounts of [FN-+ and
IL-4, thereby influencing the Th1/Th2 balance of conventonal
CD4™ T cell responses (18). In particular, NKT cells are consid-
ered an important early source of IL-4 for the initiation of Th?
responses (19, 20), although these cells are not absolutely required
for the induction of Th2 responses (21-23). NKT cells are zbsent
in CD1d knockout (CD1d™7) mice because of defects in their
thymic positive selection, which requires CD1d expression on he-
mopoietic cells, probably double-positive thymocytes (24, 25).

Considering the critical role of cytokines in the development of
acute GVHD, we investigated the role of host NKT cells in an
experimental model of GVHD, using synthetic NKT cell ligands,

0022-1767/05/802.00
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a-galactosyleeramide (a-GalCer) (26), a glycolipid originally pu-
rified from a marine sponge. and its analog, OCH (27). Our find-
ings indicate that stimulation of host NKT cells with NKT ligands
can modulate acute GVHD.

Materials and Methods

Mice

Female C57BL/6 (B6, H-2% and BALB/c (H-2% mice were purchased
from Charles River Japan. I1-47'~ B6 and STAT6™'~ BALB/c mice were
purchased from The Jackson Laboratory. CD1d™'" B6 mice were estab-
lished by specific deletion of the (13141 gene segment (22). Mice, between
8 and 16 wk of age, were maintained in a specific pathogen-free environ-
ment and received nonmal chow and hyperchlorinated drinking water for
the first 3 wk post-bone marrow transplantation (BMT). All experiments
involving animals were performed under the auspices of the Institutional
Animal Care and Research Advisory Commitiee at the Department of An-
itnal Resources, Okayamn University Advanced Science Research Center.

Bone marrow transplantation

Mice were transplanled according to a standard protocol described previ-
ously (28). Briefly, B6 mice received lethal total body irradiation (TBL;
x-ray), split into two doses separated by 6.5 h 1o minimize gastroittestinal
toxicity. Recipient mice were injected with 5 X 10° BM cells plus 5 X 10°
spleen cells from either syngeneic (B6) or allogeneic {(BALB/¢) donors. T
cell depletion (TCD) of donor BM cells was performed using anti-CD90
MicroBeads and the AutoMACS systern (Miltenyi Biotec) according to the
manufacturer’s instructions. Donor cells were resuspended in 0.25 ml of
HBSS (Invirogen Life Technologies) and injected i.v. into recipients on
day (. Survival was monitored daily. The degree of systemic acute GVHD
was assessed weekly by a scoring system incorporating five ¢linical pa-
rameters: weight loss, posture {(hunching), activity, fur texture, and skin
integrity, as described (29).

Glycolipids

o-GalCer, {28,35.4R)- 1-0-(a-D-gulaclopyranosy)-2-(N-hexacosanoylamine -
1.3 4-octadecanetriol (KRN7000), was synihesized and provided by Kirin
Brewery Company (30). A homologue of a-GalCer, OCH., was selected from
a panet of synthesized a-GalCer analogues by replucing the sugar moiety
and/or wruncating the aliphatic chains, because of its ability to strmilate en-
hanced 14 and reduced JFN-y production by NKT ocells, as previousty de-
scribed (27, 31). BMT recipient mice were injected i.p. with a-GalCer or OCH
(100 gfke) immediately after BMT on day 0. Mice from the control groups
received the diluent only.

Flow cytometric analysis

mAbs used were FTTC- or PE-conjugated anti-mouse (4, H-2K®, and
H-2K* (BI) Pharmingen). Cells were preincubated with 2.4G2 mAb (rat
anti-motsé FeyRY for 13 1nin at 4°C to block nonspecific binding of labeled
Abs, and then were incubated with the relevant mAbs for 15 min on ice.
Finally, cells were washed twice with 0.2 BSA in PBS and fixed. After
Eysis of RBCs with FACS lysing solution (BD Pharmingen), cells were
analyzed using a FACSCalibur flow cytometer (BD Biosciences). 7-Arni-
no-actinomycin D (BD Pharmingen)-positive cells tie., dead cells) were
excluded from the analysis. Fluorochrome-conjugated irrelevant IeG were
used as megalve controls, At least 5000 live events were acquired for
analysis.

Cell cultures

Mesenteric lymph nodes (LNs) and spleens were removed from animals 6
days after BMT and four to six mesenteric LNs or spleens from each
experimental group were combined. Numbers of cells were normalized for
T cells and were cultvred in complete DMEM (Invitrogen Life Technol-
ogies) supplemented with 104 FCS, 50 U/mld penicillin, 50 pg/ml strep-
tomiycin, 2 mM t-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential
amino acids, 0.02 mM 2-MF, and 10 mM HEPLES in wells of a 96-well
flat-hottomn plate, at a concentration of § X 10° T eelis/well with 1 X 10°
irradiated (20 Gy} peritoneal cells harvested from naive B6é (allogencic)
animals, or with § pg/m] plate-bound anti-CD3¢ mAbs (BI) Phanningen)
and 2 pg/ml anti-CI28 mAbs (BD Pharmingen). Fortyight hours after
the initiation of culiure, supernatants were collected for the measurement of
cytokine levels,

HOST NKT CELLS REGULATE ACUTE GVHD

ELISA

ELISA was performed according to the manufacturer’s protocols (R&D
Systems) for measurement of IFN-+. 1.4, and TNF-« levels. as described
previvusly (32 Samples were oblained from culture supematant and blood
from retro-orbital plexus, diluted appropriately, and run in duplicate. Plates
were read at 450 nm using a microplate reader (Bio-Rad). The sensitivity
of the assays was 31.25 pg/ml for IFN-v, 7.6 pg/ml for L4, and 23.4
pg/m! for TNI-a.

Histology

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

Statistical analysis

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

Results

Administration of w-GalCer stimulates lethally hradiated mice
1o produce IFN-vy and IL-4

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

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

Induction of GVHD fundamentally depends upon donor T cell
responses to host alloantigens. We next evaluated the effect of
glycolipid administration on denor T cell responses atter alloge-
neic BMT in 2 well-characterized murine model of acute GVHD
(BALB/c— BG) directed against both MHC and multiple minor
histocormpatibility Ags. Lethally irradiated B6 mice were trans-
planted with 5 X 10° BM cells and 5 X 10* spleen cells from
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FIGURE 1. Cytokine responses to a-GalCer in lethally irradiated mice
with or without BMT. WT and CD1d™*~ B6 mice received 13 Gy TBIL.
Two, 24, or 48 h later, mice were injected i.p. with ¢-GalCer (100 pg/kp)
ar dilvent. A cohort of animals were transplanted with allogeneic BM cells
(5 X 10" and spleen cells (3 X 10%) from WT BALB/ donors immedi-
ately after TBI. followed by injection of x-GalCer 2 h after TBI, Six hours
after the administration of a-GalCer. semm sanples were collected, and
levels of IFN-v (A} and IL 4 (B) were measured. a-GalCer-treated control
mice without TBI (L. recipiems of TBI plus a-GalCer (33, and recipients
of TR, allogencic BMY, and o-GalCer (8) arc shown {n = 3 per group).
Results represent one of three similar experinients and are shown as
mean t SD. », p <2 (.05 vs nonirradiated controls. ND, Not detected.

either syngeneic (B6) or allogeneic {BALB/c) donors. Immediately
after BMT, B6 recipients were injected i.p. with either o-GalCer or
diluent. Six days after BMT, T cells isolated from mesenteric LN
of recipient mice were cultured with irradiated B6 peritoneal cells
or with anti-CD3e mAbs and anti-CD28 mAbs for 48 h, and cy-
tokine levels in the supernatant were detennined. Flow cytometric
analysis showed that >97% of LN T cclls from both contral re-
cipients and a-GalCer-treated recipients were donor derived, as
assessed by H-2% vs H-2° expression. T cells from o-GalCer-
treated mice secreted significantly less IIFN-v, but more 1.4, in
response 10 host alloantigens (Fig. 2, A and B) or to CD3 stimu-
lation (Fig. 2. C and D) compared with those from controls. Sim-
ilar results were oblained when T cells isclated from spleens were
stimulated by anti-CD3e and anti-CD28 mAbs. T cells from
a-GralCer-treated mice secreted significantly less IFN-y (18 = 2 vs
164 = 6 ng/ml), but more 1L-4 (1022 = 114 vs 356 * 243 pg/m).
compared with contzols. These results demonstrate that a single
injection of «-GalCer to BMT recipients polarizes donor T cells
toward Th2 responses after allogeneic BMT.
In a-GalCer-treated mice, serum levels of [FN-y were dramat-
-ically reduced on day 6 compared with contrels (Fig. 34), and
I1-4, which is usually hardly detectable in scrwm in this model,
fuiled to be detected in the serum of mice of either group (data not
shown). This impaired Th1 response of doner T cells was associ-
ated with & marked reduction of TNF-g levels in a-GalCer-treated
mice (Fig. 35).
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FIGURE 2. Administrajon of e-GalCer to recipients of allogeneic
BMT pelurizes donor T cells toward Th2 cytokine secretion. Lethally ir-
radiated (13 Gy) B6 mice were transplanted with BM cells (5 X 109 and
spleen cells (5 X 1C°) isclated from BALB/c nuce, followed by injection
of either a-GalCer or control diluent. Mesenteric LN cells obtained from
diluent-treated ecipients ([ and a-GalCer-treated recipients (W) 6 days
after BMT were standardized for numnbers of CD4* T cells as 5 X 10%welt
and were stimulated with 1 X 10%Avell of allogeneic or syngeneic perito-
neal cells (4 and B) or with CD3 (C and D). After 48 h, cviokine levels in
the supemnatant were measured by ELISA. Results shown are mean = SD.
*, p < 0.05 vs diluent-treated group. ND, Not detected; Syn, syngeneic;
Allo, allogeneic.

Administration of o-GalCer or QCH to BMT recipients
modulates acute GVHD

We next examined whether immunc deviation mediated by admin-
istration of glycolipids can modulate acute GVHD. BMT was per-
formed as above and a-GalCer was injected immediately after
BMT on day 0. GVHD was severe in allogeneic contrals, with
27% survival at day 50. A single injection of a-GalCer signifi-
cantly improved survival to 86% (p < 0.05) (Fig. 44). Allogencic
control mice developed significantly more severe clinical GVHD
compared with syngeneic controls, as assessed by clinical GVHD
scores (Fig. 4B). Clinical GVHD scores were significantly reduced
in o-GalCer-treated recipients compared with allogeneic controls.
but were greater than in syngeneic controls. Histological analysis
showed that administration of «-GalCer significantly suppressed
GVHD pathological scores in the intestine (p << 0.05). Analysis of
donor cell engraftment at day 60 after BMT in spleens showed
complete donor engrafunent in  a-GalCer-treated recipients
(>99% H-2K4"/H-2K*" donor chimerism), ruling out rejection or
mixed chimerism as a potential cause of GVHD suppression.

Similar protective effects against GVHD were observed in mice
treated with OCH, further confirming the protective effects of NKT
lipands (Fig. 4C). We performed BMT from B6 donors to BALB/c
recipients to rule out strain artifacts, Again, a single injection of
a-GalCer to BALB/c recipients reduced GVHD and significantly
improved survival of animals (Fig. 4D).

Host NKT celis and host production of IL-4 are required jor
suppression of GVHD by o-GalCer

We examined the requirement of host NKT cells in this prolective
effect of a-GalCer, using NKT cell-deficient CD1d ™~ mice as
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FIGURE 3. A single injection of a-GalCer Lo recipients of allogeneic
BMT markedly reduces serun levels of IFN-+ and TNF-a. WT B6 mice
were transplanted as in Fig. 2. Sera (# = 3-10/group) were obtained from
diluent-treated (£} and a-GalCer-treated (W) recipients on day 6 after
BMT, and serum levels of IFN-vy (4) and TNF-a (B} were determined.
Results from three similar experinents are combined and shown as
mean = SD. %, p < 0.05 vs allogeneic, diluent-treated group. ND, Not
detected; Svn, syngeneie; Allo, allogeneic.

BMT recipients. Lethally irradiated CD1d™" mice were trans-
planted with BM cells and spleen cells from WT BALB/c donors,
followed by administration of o-GalCer immediately after BMT
on day 0. Protective cffects of a-GalCer administration were not
observed when CD1d ™/~ B6 mice were used as recipients, con-
firming the requirement for host NKT cells (Fig. 54). We next
examined the requirement of IL.-4 production by host cells in this
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FIGURE 4. A single injection of NKT ligands to BMT recipients mod-
ulates acute GVHD. BMT was performed as in Fig. 2. A, Survival curves
of syngencic control group {O, solid line; n = 9); allogeneic, diluent-
treated recipients (&, dotted line; n = 15); and allogeneic, o-GalCer-
treated recipients {4, solid line; n = 14) are shown. Dara from three
similar experiments were combined. B, Clinical scores of syngeneic control
group (O, solid line); allogeneic, diluent-treated recipients (A, donied line);
and allogeneic, a-GalCer-inzated necipients (#, solid line) are shown as
the mean = SE. €, Survival curves of syngeneic control group (O, solid
line; n = 6); allogeneic, diluent-treated recipients (&, dotted line; # = 10);
and allogeneic, OCH-treated recipients (#, solid line; # = 10) are shown.
Data from two similar experitnents were combined, D, Lethally irradiated
{9 Gy) BALB/c mice were transplanted from B6 donors, Survival curves of
the syngeneic control group (S, solid line; a = 6); allogeneic, diluent-
treated recipients (A, dotted line; » = 10); and allogeneic, a-GalCer-
treated recipients (#, solid line; » == 19) are shown. Data from two similar
experiments were combined. *, p < 0.05 vs diluent-treated group.
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FIGURE 5. Host NKT cells and host [L-4 production are required for
suppression of GVHD by a-GalCer. A, Lethally irradiated CD1d™'~ B6
mice were transplanted as in Fig. 2. Survival curves of syngeneic control
group (C, solid line; n = 6); allogeneic, diluent-treated recipients (A, dot-
ted line: n == 10); and allogenejc, o-GalCer-treated recipients (4, solid
tine; n = 1) are shown. Data from two similar experimenis were come
bined, B, Lethaliy irradiated I1-47/~ B6 mice were transplanted as in Fig.
2. Survival corves of syngeneic control group {2, solid line; n = 11);
allogeneic, diluent-ireated recipients (4, dotted Yine; » = 14); and alloge-
neic, ¢-GalCer-lreated recipients { 4, solid ling; 5 = 14} are shown, Data
from three sirnilar experimnents were combined.

protective effect. Lethally irradiated IL-4 ™/~ B6 mice were trans-
planted from WT BALB/c donors and administered o-GalCer as
above. a-GalCer did not confer protection against GVHD in I.-
47’ recipients (Fig. 58). Taken together. these results indicate
that protective cffects of a-GalCer are dependent upon host NKT
cells and host production of IL-4.

STATE signaling in donor T cells is required for modulation of
GVHD by a-GalCer

To determine whether IL-4-induced signaling in donor T cells is
critical for the protective effect of glycolipids on GVHD, we used
donor spleen cells that Jack STATG6 and have impaired 1L-4 re-
sponses (34, 35). Spleen cells from STAT6™ BALB/c mice and
TCD BM cells from WT BALB/c mice were transplanted after
lethal TBL, followed by a single injection of a-GalCer, a-(alCer
treatment failed to reduce morbidity and mortality of acute GVHD
when STAT6™"~ BALB/c donors were used (Fig. 6), demonstrat-
ing that STATS signaling in donor cells is critical for the protective
effect of a-GalCer against GVHD.
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FIGURE 6. The protective effects of a-GalCer against GVHD arc de-
pendent upon the STATG pathway of donor T cells, Lethally irradiaied B6
mice were transplanted with TCD-BM cells (4 X 105 from WT BALB/c
mice and spleen cells (5 X 105 from STAT6~'~ BALE/c mice. A. Sur-
vival curves of the syngencic control group (2, solid line: n = 15); allo-
geneic, diluent-treated recipients (A, dotied line; r = 25); and allogeneic,
c~GalCer-treated recipients (#, solid Line; n = 23) are shown. Data from
five similar experiments were combined, B, Clinical GVHI seores of syn-
genejc control group (O, solid ine); allogeneic, diluent-treated recipients
{A, dotted line); and allogencic, a-GalCer-treated recipients { 4 , solid line)
are shown as the mean * SE.
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Discussion

NKT cells are critically involved in the developiment and suppres-
sion of various autoimmune discases. In experimental modcls,
their regulatory mechanisms mostly depend on I1.-4 production
and subsequent inhibition of Thl differentiation of autoreactive
CD4™ T cells (18). Previous studies have demonstrated that donor
NKT cells regulate acute GVHD in an IL-4-dependent manner
when adiinistered together with donor ineculum (36). Consider-
ing these immunomodulating functions of NKT cells, we evaluated
whether stimulation of host NKT cells could modutate GVHD in
a mouse model of this disease.

Administration of a-GalCer stimulates NKT cells to produce
both JFN-y and IL-4 in naive mice, which ¢an promote Thl and
Th2 immunity, respectively (18). We first determined whether ad-
ministration of synthetic NKT Igands such as a-GalCer and OCH
can stimulate heavily iradiated mice to produce eytokines. Sur-
prisingly, irradiation of mice dramatically reduced IFN-vy produc-
tion in response to a-GalCer, while preserving IL-4 production.
This result may account for Th2, but not Th1, polarization of donor
T cells by ¢-GalCer, even in conditions such as allogeneic BMT.
which preferentially promotes Thl polarization. Although mech-
anisms of sclective suppression of IFN-y production induced by
iradistion need to be elucidated, irradiation may modulaie the
cylokine production profile of NKT cells or neighboring NK cells.
Although OCH stimulates NKT cells to predominantly produce
11.-4 compared with a-GalCer, resulting in potent Th2 responses
(27, 31), both OCH and a-GalCer equally stimulate IL-4 produc-
tion in irradiated mice and exert equivalent proleciion against
acute GVIHD. )

Stimulation of host NKT cells by injecting a-GalCer or OCH
polanized donor T cells toward Th2 cytokine secretion. resulting in
marked reduction of serum [FN-vy levels after BMT. Th2 cytokine
responses subsequently inhibited inflammatory cytokine cascades
and reduced morbidity and mortality of acute GVIHD, as previ-
ously described (10-12). Inflammatory cytokines have been
shown to be important effector molecules of acute GVHD (37).
a-GalCer teatment failed to confer protection against acute
GVHD when STAT6™'™ BALB/c donors were used. demonstrat-
ing that Th2 polarization via STAT6 signaling is critical for this
protective effect of a-GalCer, although STAT6-independent Th2
induction has been reported (38, 39).

a-GalCer did not confer protecdon against GVHD in CDd™
or I1.-47°" recipients. Therefore, the protective effect of a-GalCer
against GVHD is dependent upon host NKT cells and host pro-
duction of [L-4. Sublethal total lymphoid irradiation enriches NKT
cells in host lymphoid tissues, and these NKT cells induce Th2
polarization of conventional T cells by IL-4 production, resulting
in reduced GVID (40-42). These findings are consistent with our
observation that IL-4 preduction is eritical for the protective efects
of NKT cells against acute GVHD. It should be noted. however,
that systemic administration of IL-4 is either ineffective or toxic
(6). Because the ¢cytokine environment during the initial interaction
between naive T cells and APCs is critically impertant for induc-
tion of Th1 or Th2 differentiation {14), local IL-4 production in the
secondary lymnphoid organs where donor T cells encounter host
APCs might be necessary to cause effective Th1—Th? immune
deviation afier allogeneic HSCT (43).

Current strategies for prophylaxis and treatment of GVHD pri-
marily target depletion or suppression of donor T cells. These in-
terventions suppress donor T cell activation and are associated
with increased risk of infection and relapses of malignant diseases.
Th1—Th2 deviation of donor T cells represents a promising strat-
egy to reduce acute GVHD while preserving cytolytic cellular ef-
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fector functions against tumors and infectious agents (33, 44-47).
To achieve Th1—Th2 immune deviation of donor T cells, cyto-
kines have been administered to cither donors or recipients in an-
imal models of GVHD, Donor treatment with c¢ytokines such as
I1-18 and G-CSF. and recipient treatment with [L-11, induces Th2
polarization of donor T cells and reduces acute GVHD (33, 44,
48). The present study reveals an alternative strategy to induce Th2
polarization of donor T cells by injecting NKT ligands into recip-
ients to activate recipient NKT cells.

Prior studics (36, 40-42, 49) and the cwrent study suggest that
both dener and hest NKT cells can regulate acute GVHID through
their unique properties to secrete large amounts of cytokines and
subsequent modulation of adaptive immunity. These studies reveal
that there are several ways by which the NKT cell system can be
exploited to suppress GVHD. First, administration of donor NKT
celis expanded in vitro by repeated stimulation with glycolipid
(50} can suppress GVHD (36}. Second, total lymphoid irradiation
enriches host NKT cells in lymphoid organs and thereby skews
donor T cells toward Th2 cytokine preduction (40-42). Third, as
shown here, administration of glycolipid to recipients stimulates
host NKT cells to suppress GVIID. A recent phase I tral for pa-
tients with various solid tumors demonstrated that administration
of a-GalCer was well tolerated with minimal side effects, which
included temporal fever, headache. vomiting, chills. and malaise
(51). Therefore, a-GalCer treatment may provide an effective and
relatively safe option for preventing GVHD,

Cells belonging to the innate arm of the immune system, such as
monocytes/macrophages. NKT cells, and NK cells, can produce
large amounts of cytokines quickly upon stimulation. [nnate im-
munity can thereby augment donor T cell responses to alloandgens
in allogeneic HSCT (3). Our findings reveal a novel role for host
NKT cells in regulating GVHD and indicate that stimulation of
host innate immunity may serve as an effective adjunct to clinical
regimens of GVHD prophylaxis, '

Acknowledgments
We thank Kirin Brewery Company for providing synthetic o-GalCer and
Keitaro Matsuo for statistical analysis.

References

L Childs, R, A. Chemoff, N. Contentin, E. Bahceci, D. Schrump, S. Leitman,
E.]. Read, ], Tisdale, C. Dunbar, W. M. Linchan, N. 8. Young, and A. J. Barer
2000. Regression of tatic renal-cell c: a after nonmyeloablative al-
Togeneic peripheral-blood stem-cell tansplantation, N. Engl J. Med 343:750.

2. Burt. R K., A. £ Traynor, R. Craig, and A. M. Mapn.ont 2003, The proniise of
hematopoictic stem ccll transplantation for avtoimmune discases, Bone Marrow
Transplant. 31:521.

3. Teshima, T., and J. L. Fermra. 2002. Understanding the alloresponse: new ap-
proaches 1o grafl-versus-host disease preventon. Semin. Hematol 39:15.

4. Mosinann, T. R.. H. Cherwinskd, M. W. Bond, M. A. Giedlin, and R, L. Colfinan.
1686. Twa fypes of rwrine helper T cell clone. L Definition sccording to profiles
of lymphokine activities and secreted proteins. J. frruowl 136:2348.

Blazar, 8. R.. P. A, Taylor. 8. Swith, and 1), A. Valicra 1995, Inieffenkin-10
adminisiration decreases survival it murine recipients of major histocompatbility
complex disparate donor bone marow grafts. Blood 85:642,

6. Askinson, X., C. Matias, A. Guiffre, R, Scymour, M, Cooley, . Biggs, V. Munro,
and 3. Gillis. 1991. In vivo administration of granulucyte colony-stimulating
factor (G-CSF), grandlocyte-macrophage CSF, intedeukin-1 (I1-1), and 114,
alone and in combination, after allogeneic murine hematopoietic siem cell trans-
plantation. Blood 77:1376,

7. Krenger, W, K. Snyder, S. Smith, and 1. L. Ferrara. 1994, Effects of exOgenONS
interfeukin-19 in a murine model of graft-versus-host disease 1o minor histocom-
patibility antigens, Transplantation 58:1251,

& Nikolic, B, 8. Lee, R. T, Bronson, M. J, rushy. and M. Svkes 2000, Th1 and
ThZ mediate acute grafl-versus-host diseasc, cach with distinet tnd-organ targets.
J. Clin, Imvest. 105:1289.

9. Hill, G. R., and L. L. Ferrarn 2009, The primacy of the gastrointestinal tract as
@ larget organ of acute graft-versus-host disease: rationale for ihe use of cytokine
shields in allegeneic bone marrow transplantation. Blood 95:2754,

10. Krenger, W., K. M. Snyder, I, C. Byon, G. Falzarano, and J. L. Ferrara. 1995,
Polarized fype 2 allorexctive CD4™ 2ol CID87 donor T cells fud) fo induce ox-
perimenal acele graft-versus-host disease. J. Jwnunsi, 155:585.

e

— 367 —



556

11

13.

14

16.

17,

18.

-19.

29,

30,

3L

Krenger, W., X R. Cooke, J. M. Crawford, 8. T. Sonis, R. Simmons, L. Pan,
1. Delmonte. Ir., M. Karandikar, and J, L. Ferrara. 1996, Transplantation of po-
larized type 2 donor T eells reduces moriality caussd by expermuental grafi-
versus-host discase, Transplaniation 62:1278.

Fowler, 1. H., K. Kurasawa, I Stnith, M. A. Lckhaus, and R, £ Gress. 1994,
Donor CD4-enriched cells of Th2 cytekine phenotype negulate graft-versus-host
disease witheut impairing allogeneic engraftment in swblethally irradiated mice.
Blood 84:3540,

Reid, 5. D, G. Perma, and L. Adorini. 2000. The conrrol of T call responses by
dendritic cell subsets, Curr. Gpin Immunol 12:114,

O"Garra, A, 1998. Cytekines induce the development of functionafly heteroge-
neous T helper cell subsets. Immunity 8:275.

. Kronenberg, M., are! L. Gupin, 2002 The unconveniona lifextyle of NKT cells,

Nat Rev. Immunol 2:557,

Godfrey, D, I, H. R. MacDonald, M. Kronenberg, M. J. Smayth. and L. Van Kaer.
2004. NKT cells: what's in & nane? Nai. Rev. Immmol. 4:231.

Benlagha, K., A. Weiss, A, Beavis, L. Teyton, and A. Bandelac, 2000, In vivo
identification of glycelipid antigen-specific T cells using Avorescent CD1d tet-
ramers. J. Exp. Med. 191:1885.

Taniguchi, M., M. Harada, 5. Kojo, T. Nakayama, and H. Wakao. 2003, The
regwatory role of Vatd NKT cells in innate and acquired inimune response.
Annit Rev. Imnumol. 21:483.

Yoshimoto, T., A, Bendelac, C. Watsor, I. Hu-Li, and W, E. Panl. 1995, Role of
NEK11* T ¢ells in a TH2 response and in imnmunoglobulin I production. Science
270:1845.

. Bendelac, A.. R. I Hunziker, wnd O, Lante 1996, Increased interleokin 4 and

imnunoglobulin E production in transgenic mice overexpressing NK1 T cells.
J. Exp. Med. 184:1285.

. Smiley, §. T., M. [1. Kaplan, and M. J. Grusby. 1997, Immunoglobulin E pro-

duction in the absence of interleukin-4-secreting CD1-dependent cells, Science
275:977.

. Mendiratta, 5. K., W. D. Matin, 8 Hong, A. Bocstcanu, 3. Joyce, and

L. ¥Van Kaer. 1997. CD1d1 mutant mice are deficient in natural T cells that
prompity produce [L-4. Ity 6:46Y.

Chen, Y. H., N. M. Chiu, M. Manda, N. Wang, and C. R, Wang. 1997, Inpaired
NKI™ T cell development and early ]L-4 production in CD1-deficient mice.
Immunity G:459.

Bendelac, A, 1995, Positive scloction of mouse NK17 T cells by CD1-expressing
cortical thymocytes. J. Exp. Med ]82:209].

5. Codes, M. C., and D, H. Raunler 2000, WK1.1% T cells in the liver arise in the

thymous and are selected by interactions with class I molecules on CD4* CDB*
cells. J. Imenunol. 164:2412.

. Kawano, T., J. Cui, Y. Koezuka, I. Touwa, Y. Kancko, K. Motoki, H. Ueno,

R. Nukagawa, H. Sate, E. Kondo, H. Xoseki, and M. Taniguchi. 1997, CD1d-
restricted grut TCR-riedialed activation of vald NKT cels by glycosylceram-
ides. Science 278:1626.

. Miyamolo, K., 8. Miyake, and T. Yamamura. 2001, A synthelic glycolipid pre.

venls autoimnune encephalomyelitis by inducing TH2 bias of narural killer T
cells. Nature 413:53].

Wall. . A, 8. D. Hamberg. ID. 8. Reynolds, S. J. Burakof, A. K. Abbas, and
J. L. Feraa 1988. Immunodeficiency in  graft-versus-host  discase.
L Mechanism of jumumne suppression, J. dmmwnel 140:2970.

Cooke, K. R.,, L. Kobzik, T. R. Mardn, I. Biewer, J. Deimonte, Ir,
J. M. Crawford, and I, L. Ferrara. 1996. An experimental model of ikiopathic
preumonia syndrome after bone marrow tansplaniation, 1. The mles of ninor B
antigens and endotoxin. Blood 88:3230.

Kobavashi, E., K. Moteki, T. Uchida, H. Fuliushima. and Y. Koeruka 1995,
KRN7000, a novel immunomodulator, and its antilmmor activities. Oncol, Res.
7:529,

Ok, 5., A. Chiba, T, Yamamurz, und $. Miyake. 2004. The clinical imoplicaiion
and molocular mechanism of preferential T4 production by medified glycolipid-
stimulated NKT cells, S Clin Jrvese. 113:1631.

Teshima. T., N. Mach, G. R. Mill, L. Pan, 8. Gillessen, ¢i. Dranoff, and
L L. Femara 2001, Tumeor cell vaccine elicils potent antitumor immunity after
allogeneic T-cell-depleted bone marrow transplantation. Cancer Res. 61:162.

33

35,

37

38
39

44,

41

—

43

45,

.

49.

HOST NKT CELLS REGULATE ACUTE GVHD

Hill, G. R, K. R. Cooke, T. Teshima, J. M. Crawtod, ). C. Keith, Jr,
Y. 5. Brnson, D, Bungard, and I, L. Fermara 1998, Interleukin-11 promotes T
cell polarization and prevents acute grafl-versus-host disease after allogeneic
bone marrow tansplantatior. J. Clin. Invest. J02:]15.

. Takeds, K., I\ Tanaka, W, Shi. M. Matsurnote, M. Minami. 8. Kashiwamura

K. Nakanishi, N. Yoshida, T. Kishimoto, and S, Akira 1996, Essential role of
Siatd in 114 signalling. Neture 380:627.

Shimoda, K., J. van Deursen, M. Y. Sangster, §. R. Samawar, R. T. Carson,
R. A. Tripp, C. Chu, F. W. Quelie, T. Nosaka, I). A. Vignalj, et al, 1995, Lack
of IL-+induced Th2 response and IgE class switching in mice with disruptod
Staté gene. Nature 380:630.

. Zeng, D., D. Lewis, 5. Dejbakhsh-Jones, F. Lan, M. Garcia-Ojeda, R. Sibley, and

S. Swober. 1999, Bone maow NK1.17 and NK1.1* T cells reciprocally regulate
acule gralt versos host disease J. Exp, Med. 189:1073,

Teshima, T., R. Orderoann. P. Reddy, 8. Gagin, €. {du, K. R. Cooke, and
1. L. Ferrara. 2002, Acuie grafi-verzus-host disease dogs not require alloantigen
expression on host epithelium. Naz Med. £:575,

Reiner, S. L. 2001. Helper T cell differentiation, inside and out. Curr. Opin
Tinnunol 13:351.

Farrar, | DL, H. Asnaghi, and K- M, Murphy, 2002, T helper subset developisent
roles of instruction, selection, and ganscrpdon J. Clin Imvest, 109:431,

Lan, F.. D, Zeng, M. Higuchi, P. Huie, L. P. Higgins, and 8. Swrober. 2001.
Predominance of NKLI*TCRaf™ or DXS*TCReS™ T cells in mice condi-
tioned with fractionated lymphoid irradiation protecis against graft-versus-host
disease: “patural suppressor” colls, J lromemol 167:2087,

Rigby, S. M., T. Rouse, and E. H. Field. 2003, Total lymphoid irradiation non-
yeloablative proconditioning erriches lor Il_=t-producing C134*-T'NK, cells and
skews differentiation of immunocompetent donor CD4™ cells, Blood 101:2024.
Lan, B, D. Zeng, M. Higuchi, I P. Higgins, and $. Swober. 2003, Host condi-
tioning wifh totd lymaphoid irradiation and anGthymocyte giobulin prevents graft-
versus-host disease: the rele of CDE-reactive natural Xaller T cells. Biol Blrod
Marrow Transplan. 8:355.

Morita, Y., J. Yang, R. Gupta, K. Shirnizu, E. A, Shelden, J. Endres, 1. J. Mule,
K T. McDonragh, and D. A. Fox. 2001. Dendritic ¢clls genetically engincered to
express IL-4 inhibit murine collagen-induced arthsitis. £ Clin hnvest 167:1275.

. Reddy, P., T, Teshima, G, Hildebrandt, D L. Williams, C. Liu, K. R. Cooke, and

J. E_ Ferrara. 2003, Pretreatment of donors with interdeulin-18 amemmies acute
graft-versus-host disease vis STAT6 and preserves graft-vensus-leakemia effecis.
Blood 101:2877.

Fowler, 1. H. andt R, L. Cress. 2000. Th2 and Tc2 cells in the regulation of
GVHD, GVL, and graft rejection: consideraions for the allogencic transplanta-
fion therapy of leukewnia and lymphoma Lewk Tymphoma 38:221.

. Teshima, T., G. R. Hill, L. Pan. Y. . Brinson, M. R van den Brink. XK. R. Cooke,

and ). L. Fervara. 1999, IL-11 separates graft-versus-leukemia effects from grafi-
versus-host discase after bone marrow transplantation. J. Clin. Invesz 104:347,
Femande, G. I., T. 1. Stewart, . W. Tindle, and L H. Frazer. 1998. Th2-type
CD4™ cells neither enhance nor suppress antitumor CTL activity in & moouse
nereor roodel. o Inoumol. 161:2421.

. Pan. L., J. Delmonte, Jr., C. K. Jalonen. and J. L. Ferrara. 1995, Pretreatment of

donor mice with gramlocyte colony-stimulating factor polarizes donor T lyma-
phocyles toward lype-2 cytokine production and reduces severity of experimental
graft-versus-host discase. Blood 86:4422.

Morecki, 8., 8. Panigrahi, Gi. Pizov, B Yacovlev, Y. Gelfund, (). Eizik. and §.
Slavin. 2004. Effect of KRN7000 on induced grafi-versus-host discase Exp. He-
natpl, 32:630,

. Rogers, P. R., A Matsumoto, O. Naidenko, M. Kronenbers, T, Mikayama, and

5. Kato, 2004, Expansion of hwnan Vo2d* NKT cells by repeated stiniulation
with KRNI00D. J, fmmunol, Methods 285:197.

. Giaccone, G., €. L Punt. Y. Ando, R. Ruijter, N. Nishi. M. Peters,

B. M. von Blomberg, R. J. Scheper, H. L van der Viiet, A. J. van den Ecrtwezh.
et al. 2002 A phase 1 srudy of the natural killer T-cell ligand a-gadactosylcer-
amide (KRNT000) in patients with solid tomors. Clin. Cancer Res. 8:3702.

— 368 —



Modulation of CD1d-restricted NKT cell responses
by using N-acyl variants of a-galactosylceramides

Karl O. A. Yu**, Jin 5. Im**, Alberte Molano*?, Yves Dutronc*?, Petr A. lilarionov®, Claire Forestier®,
Nagatoshi Fujiwara*7, Isa Arias*, Sachiko Miyake!, Takashi Yamamural, Young-Tae Chang**, Gurdyal §. Besra$,

and Steven A. Porcelli*t

*Department of Microbiclogy and Immunslogy. Albert Einstein College of Medicine, 1300 Morris Park Avenue, Bronx, NY 10461; S5chool of Bicsciences,
University of Birmingham, Edgbasten, Birmingham B15 2TT, United Kingdom; IDepartment of immunclogy, National Institute of Neuroscience, National
Center of Neurology and Psychiatry, 4-1-1 Ogawahigashi, Kodaira, Tokyo 187-8502, Japan; and **Department of Chemistry, New York University,

29 Washington Place, New York, NY 10003

Edited by Douglas T. Fearon, University of Cambridge, Cambridge, United Kingdom, and approved January 18, 2005 {received for review October 8, 2004)

A form of a-galactosylceramide, KRN7000, activates CD1d-re-
stricted Vald-invariant (Va143) natural killer (NK} T cells and
initiates muftiple downstream immune reactions. We report that
substituting the C26:0 N-acyl chain of KRN7000 with shorter,
unsaturated fatty acids modifies the outcome of Val4i NKT cell
activation. One analogue containing a diunsaturated C20 fatty acid
(C20:2) potently induced a T helper type 2-biased cytckine re-
sponse, with diminished IFN-y production and reduced Va14i NKT
cell expansion, €20:2 also exhibited less stringent requirements for
leading onto CD1d than KRN7000, suggesting a mechanism for the
immunomodulatory properties of this lipid. The differential cellular
response elicited by this class of Va14i NKT cell agonists may prove
to be useful in immunotherapeutic applications.

eytokines | inflammation | auteimmunity | immunoregulation -

N atural killer (NK) T cells were defined originally as lym-
phocytes coexpressing T cell receptors (TCRs) and C-type
lectin receptors characteristic of NK cells. A major subset of
NKT cells recognizes the MHC class )-like molecule CID1d by
using TCRs composed of an invariant TCR-e chain (mouse
Val4-Jx18, human Va24-Ja18) paired with TCR-8 chains with
markedly skewed V3 usage (1). These CD1d-restricted Vald-
invariant (Val4i) NKT cells are highly conserved in phenotype
and function between mice and humans (2). Valdi NKT cells
influence varicus immune responses and play an important role
in regulating autoimmunity (3, 4). One example is the nonobese
diabetic mouse. When compared with normal mice, nonobese
diabetic mice have fewer Val4i NKT cells, which are defective
in their capacity to produce antiinflammatory cytokines like I1.-4
(5, 6). Deficiencies in NKT cells have also been observed in
humans with various autoimmune diseases (7, 8).

Val4i NKT cells have been manipulated to prevent or treat
autoimmune disease, mostly through the use of KRN7000, a
synthetic e-galactosylceramide (a-GalCer, Fig. 14) that binds to
the hydrophobic groove of CD1d and then activates Val4i NKT
cells by means of TCR recognition (9). KRN7000 treatment of
noncbese diabetic mice blocks development of T helper (Th)
type l-mediated autoimmune destruction of pancreatic islet
B-cells, thus delaying or preventing disease (10-12). There has
becn considerable interest in methods that would allow a more
selective activation of these cells. In particular, the ability to
trigger IL-4 production without eliciting strong IFN-v or other
proinflammatory cytokines may reinforce the immunoregula-
lory functions of Val4i NKT cells. This elfect is detected after
Valdi NKT cell activation with a glycolipid designated OCH,
which is an @-GalCer analogue that is structurally distinct from
KRN7000 in having a substartially shorter sphingosine chain and
functionafly by its preferential induction of IL-4 secretion
(13, 14).

In this study, we investigated responses to a-GalCer analogues
produced by alteration of the length and extent of unsaturation

Www,pnas.org/gi/doi/10.1073 /pnas.0407488102

of their N-acyl substituents. Such modifications altered the
outcome of Va14i NKT cell activation and, in some cases, led to
a Ty2-biased and potentially antiinflammatory cytokine re-
sponse. This change in the NKT cell response was likely the result
of an alteration of downstream steps in the cascade of events
triggered by Val4i NKT cell activation, including the reduction
of secondary activation of IFN-y-producing NK cells. These
findings point to a class of Va13i NKT cell agonists that may have
superior properties for the treatment of autoimmune and in-
flammatory diseases.

Materials and Methods

Mice and Cell Lines. C57BL/6 mice (8- to 15-wk-old females) were
obtained either from The Jackson Laborzatory or Taconic Farms.
CD1d™~/~ mice were provided by M. Exley and S. Balk (Beth
Israel-Deaconess Medical Center, Harvard Medical School,
Boston) (15). Va14i NKT cell-deficient Jo18~/~ mice were a gift
from M. Taniguchi and T. Nakayama (Chiba University, Chiba,
Japan) (16). Both knockout mice were in the C57B1./6 back-
ground. Animals were kept in specific pathogen-free housing.
The protocols that we used were in accordance with approved
institutional guidelines.

Mouse CD1d-transfected RMA-S§ cells (RMA-S.mCD1d)
were provided by S. Behar (Brigham and Women's Hospital,
Harvard Medical School) (17). WT or cyroplasmic tzil-deleted
CD1d-transfected A20 cells and the Veldi NKT hybridoma
DN3A4-1.2 were provided by M. Kronenberg (1.a Jolla Institute
for Allergy and Immunoclogy, La Jalla, CA) (18, 19). Flybridoma
DN32D3 was a gift from A. Bendelac (University of Chicago,
Chicago) (1). Cells were cultured in RPMI mediunr 1640
(GIBCO) supplemented with 10% heat-inactivated FCS (Gem-
ini Biological Products, Calabasas, CA)/10 mM Hepes/2 mM
L-glutamine /0.1 mM nonessential amino acids/55 M 2-mer-
captoethanol /100 units/m] penicillin/100 pg/m] streptomycin
(GIBCO) in a 37°C humidified incubator with 5% CO-.

Glycolipids. BF1508-84 was synthesized by Biomira (Edmenton,
Canada). OCH [(25, 38, 4R)-1-O-(a-D-galactopyranosyl)-N-
tetracosanoyl-2 amino-1,3,4-nonanetriol] was synthesized as de-
scribed (13). An overview of the methods for synthesis of
KRN7000 [(25, 35, 4R)-1-O-(a-D-galactopyranosyl)-N-hexaco-
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Fig. 1. Induction of a Tu2-polarized cytokine response by an unsaturated

analogue of a-GalCer. (4) Glycolipid structures. (8) [EHIthymidine incorpora-
tion and supernatant IL-4 and IFN-y fevels in 72-h splenocyte cultures with
graded amounts of glycelipid. Means from triplicate cultures are shown; SEMs
weretypically <10% of the mean. (C) SerumIL-4 and IFN-ylevels {at2and 20 h}
of €57BL/6 mice injected i.p. with 4.8 or 24 nmol of glycolipid. KRN7000 was
the enly glycolipid that induced significant IFN-y levels at 20 h {», # < 0.05,
Kruskalli-Wallis test, Dunn's posttest). Means = SD of two of three mice per
group are shown.

sanoyl-2-amino-1,3,4-octadecanetriol] and other N-acyl ana-
logues used in this study is shown in Fig. 7, which is published as
supporling information on the PNAS web site. Lipids were
dissolved in chloroform/methanol (2:1 ratio) and stored at
—20°C. Aliquots from this stock were dried and reconstituted to
either 100 uM in DMSO for in vitre work or to 500 uM in 0.5%
Tween-20 in PBS for in vivo studies.

In Vitro Stimulations. Bulk splenocytes were plated at 300,000 cells
per well in Y6-well flat-bottom tissue culture plates with glyco-
lipid diluted in 200 ul of medium. After 45 or 72 h at 37°C, 150
i1 of supernatant was removed for cylokine measurements, and
0.5 1Ci {1 Ci = 37 GBq) {*H]thymidine per well {specific activity
2 Ci/mmol; Perkinkllmer) was added for an 18-h pulse. Prolif-
eration was estimated by harvesting cells onto Y6-well filler mats
and counting B-scintillations with a 1450 Microbeta Trilux
(Wallac, Gaithersburg, MD; PerkinElmer).

Supematant levels of IL-2, IL-4, IL-12p70, and IFN-y were
measured by FLISA using capture and biotinylated detection
antibody pairs {(BD PharMingen) and streplavidin-horseradish
peroxidase (Zvmed) with TMB-Turbe substrate (Pierce) or
streptavidin-alkaline phosphatase (Zymed) with 4-nitrophenyl
phosphate substrate (Sigma). 112 standard was obtained from
R & D Systems; [L-4, IL-12p70 and IFN-v were obtained from
PeproTech {(Rocky Hill, NJ).

Hybridoma Stimulations. CD1d* RMA-S or A20 cells (50,000 cells
in 100 ul per well) were pulsed with graded doses of glycolipid
for 6 h at 37°C. After three washes in PBS, Valdi NKT
hybridoma cells (50,000 cells in 100 ul) were added for 12 h.
Supernatant IL-2 was assayed by ELISA. Altematively, CD1d-
transfected cells (RMA-§.mCI>1d) were lightly fixed either
before or after exposure to antigen {20). Cells were washed twice
in PBS and then fixed in 0.05% glutaraldehyde (grade T, Sigma)
in PBS for 30 s at room temperature, Fixative was quenched by
addition of 0.2 M t-lysine (pH 7.4} for 2 min, followed by two
washes with medium before addition of responders.

For cell-lree presentation, recombinant mouse CD1d (1
pg/m! in PBS) purified from a baculovirus expression system

3384 | www.pnas.org/cgi/doi/ 10,1073/ pnas. 0407488102

(21) was adhered to tissue culture plates for 1 h at 37°C. After
the washing off of unbound protein, glycolipids were then added
at varying concentrations for 1 h at 37°C. Lipids were added in
a 150 mM NaCl/10 wM sodium phosphate buffer (pH 7) with
or without 0.025% Triton X-100. Wells were washed before
addition of hybridoma cells.

In Vive Studies. Mice were given i.p. injections of 4.8 nmol of
giveolipid in 0.2 ml of PBS plus 0.025% Tween-20 or vehicle
alone. Sera were collected and tested for IL-4, IL-12p70, and
IFN-«, as described above. Alternatively, mice were killed at
various times [or FACS analysis.

Flow Cytometry. Splenocytes or thymocytes were isolated and
used without further purification. Nenspecific staining was
blocked by using FACS butter (0.1 BSA/0.05% NalN; in PES)
with 10 wg/ml rat anti-mouse CD16/32 (2.4G2; The American
"Fype Culture Collection). Cells (=10%) were stained with phy-
coerythrin or allophycocyanin-conjugated glycolipid/mouse
CD1d tetramers (21) for 30-90 min at room temperature and
then with fluorescently labeled antibodies (from Caltag, South
San Francisco, CA, or PharMingen) [or 30 min at 4°C. Data were
acguired on either a FACSCalibur or LSR-II flow cytometer
(Becton Dickenson) and analyzed by using WINMDI 2.8 (Scripps
Research Institute, La Jolla, CA). For some experiments, dead
cells were excluded by using propidium iodide (Sigma) or
&' 6-diamidino-2-phenylindole (Roche).

FACS-based cytokine secretion assays (Miltenyi Biotec, Au-
burn, CA) were used to quantitatively detect single-cell produc-
tion of IL-4 or IFN-y. Splenocytes were aseptically collected
from mice that were previously injected iLp. with glycolipid
analagues and not subjected to further stimulation. When ap-
plicable, 10° cells were prestained with Jabeled tetramer for 30
min at room temperature and then washed in PBS plus 0.1%
BSA. Cells were then stained with the cytokine catch reagent
according to the manufacturer’s instructions, followed by ineu-
bation with rotation in 2 m! of medium at 37°C for 45 min. Cells
were then washed, stained with fluorescently labeled antibodjes
to cell-surface antigens, phycoerythrin-conjugated anti-IFN-yor
IL-4, and propidium iodide, as described above.

Results

Tu2-Skewing Properties of an a-GalCer Analogue, During screening
of a panel of synthetic glycosyl ceramides, we identified a
compound that showed Ty2-skewing of the cytokine profile
generated by Valdi NKT cell activation. Glycolipid BFF1508-84
differed structurally from both OCH and KRN7000 by having a
shortened, unsaturated fatty-acid chain (C20:4 arachidonate)
and a double bond in place of the 4-hydroxy in the sphingosine
base (Fig. 1.4). Despite these modifications, BF1508-84 activated
proliferation and cy¥tokine sceretion by mouse splenocytes (Fig.
1B). These responses were Valdi NKT cell-dependent, as dem-
onstrated by their absence in both CD1d™" and Jal8™'" mjce
{data not shown). Maximal proliferation and IL-4 levels were
comparable with those obtained with KRN7000 and OCH,
although a higher concentration of BF1508-84 was required to
reach similar responses. Interestingly, IFN-y secretion stimu-
lated by BF1508-84, even at higher tested concentrations, did not
reach the levels seen with KRN7000. This profile of cytokine
tesponses suggested that BIF1503-84 can elicit a Ty2-biased
Valdi NKT cell-dependent cytokine production, similar to
OCH (13).

We measured serum cytckine levels at various times after a
single injection of either KRN7000 or B)*1508-84 into C57BL./6
mice. Our studies confirm published reports that a single ip.
injection of KRN7000 Jeads 1o a rapid 2-h peak of serum IL-4
{Fig. 1C and data not shown). However, IFN-vy levels were
relatively low at 2 h but rose to aplateau at 12-24 h (13, 22). With

Yuetal

—370—



1
e
iZh foon 3
com B i e 2.
is
L4 b
ERNTO0D WW .
£ %r-vaVVWWN a1 17 o 197 400G
P o] GY\-v\Nv-wwﬂ_\i\w #kt
31 cans &TA;'\-M\%-,-»)-«-—\I ’
&1 gis Qq‘/n.}-\mzjmr\}—v\n C
c282 s P TR A e l’..RN?WO-
czed QMW LI
- T T, . €203
iS5 Ocrv\..w s C201 e
cit2 Q\(-vﬂwm C30:4 cis
' €2
e S
L C20:5
ALKk N e LBy
CCH
BF505-84
Aridp] s 0.0
& 3 1 R1-3

1EDgp nha ™

Fig. 2. Recognition of a panel of unsaturated analogues of KRN7000 by a
canonical Vo 14i NKT hybridema. {4) Analogue structures. (B) Dose—response
curves showing IL-2 preduction by hybridoma DN3A4-1.2 after stimulation
with RMA-5.mCD1d cells pulsed with various doses of glycolipid. Maximal IL-2
concentrations in each assay were designated as 100%. Four-parameter lo-
gistic eguation dase—response curves are shown; the dotted line denotes the
half-maximal dose. () Relative potendies of the analogue panel in Va14i NKT
cell recognition, plotted as the reciprocal of the effective dose required to
elicit a half-maximal response (1/EDsg), Similar results were obtained by using
another Val4i NKT hybridorma, DN32D3.

BF1508-84, production of IL~4 at 2 h was preserved, whereas
IFN-y was barely detectable at 20 h (Fig. 1C). This pattermn was
identical 10 that reported for OCH (13, 22) and was not due to
the lower potency of BIF1508-84 because a 5-fold greater dose
did not change the Ty2-biased cytokine profile (Fig. 1C).

Systematic Varlation of Fatty-Acyl Unsaturation in «-GalCer. The
cytokine response to BF1508-84 suggested that altering the
fatty-acid length and unsaturation of a-GalCer could provide an
effective strategy for creating Vel4i NKT cell activators with
modified functional propertics, We used a synthelic approach
(Fig. 7, and G.S.B. and P.AL, unpublished data) to generate
lipids in which 20-carbon acyl chains with varying degrees of
unsaturation were coupled onto the w«-galactosylated sphin-
gosine core structure (Fig. 24). These compounds were first
screened for the ability to activate a canonical Val4d-Jal8/
VB8.2*, CDl1d-restricted NKT cell hybridoma cocultured with
CD1d* antigen-presenting cells, Hybridoma DN3A4-1.2 recog-
nized all C20 analogues of a-GalCer with various potencies when
presented by CI)1d-transfected RMA-S cells, and it failed to
recognize an azido-substituted analogue lacking a fatty-acid
chain (Fig. 2 B and C). As reported (9), mere shortening of the
fatty-acid chain affected Valdi NKT cell recognition, and
reduction of saturated fatty-acid length [rom C26 to C20 was
associated with a =2 log decrease in potency. However, insertion
of double bonds into the C20 acyl chain augmented stimulatory
acljvity. One lipid in particular, with unsaturations at carbons 11
and 14 (C20:2), was more potent than other analogues in the
panel. This increase in potency seemed to be a direct result of the
two double bonds, because an independently synthesized ana-
logue with a slightly shorter djunsaturated acy} chain (C18:2)
showed a potency similar to that of C20:2 (Fig. 20).

We also studied in vitro splenocyte cytokine polarization
resulting from Valdi NKT cell stimulation by each lipid in the
panel. Supernatant IL-4, IFN-+, and TL-2 levels were measured
over a wide range of glycolipid concentrations. All C20 variants
induced IL-4 production comparable with that of KRN7000 (Fig.
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Fig. 3. Tu2-skewing of in vitro and in vive gytokine responses to €20:2, {4)

Dose—response curves reporting 48 b IL4, [FN-v, or IL-2 production, and cell
proliferation of splenocytes in response to KRN7000, €20:2, and OCH. Means
of duplicate cultures are shown; SEM were < 10% of the means. (8} Cytokine
and proliferation measurements on splenocytes exposed to a submaximal
dase (3.2 nM) of the panel of o-GalCer analogues shown in Fig. 2. Mean = SEM
from duplicate cultures shown. (C) Serum JL4 and [FN-ylevelsin mice givend.g
nmod of KRN7000, €20:2, or OCH. Mean  SD of two or three mice are shown.
Vehide-treated mice had cytokine levels below limits of detection, The results
shown are representative of two or more experiments.

3 A and B, and data not shown). However, IFN-y levels for aj]
but one C20 analogue (C20:1 cis) were markedly reduced 1o
one-fourth of the maximal levels observed with KRN7000 and
the closely related C24:0 analogue, or less. In additon, C20:1-cis,
€20:2, and C18:2 were unique in this class of compounds in
inducing strong IL-2 production and cellular proliferation sim-
ilar to that seen with KRN7000 and C24:0 yet with much lower
IFN-vy induction. This in vitro Tg2-bias was also evident in vivo.
Mice given C20:2 and (20:4 showed systemic cytokine produc-
tion that resembled stimulation by OCH or BF1508-84. Thus, a
rapid burst of serum [1.-4 was observed without the delayed and
sustained production of IFN-y typical of KRIN7000 (Fig. 3C and
data not shown). No significant difference between the glyco-
lipids was seen in serum [L-12p70 levels at 6 h after treatment
(data not shown).

Identification of Cytokine-Preducing Cells in Vivo, Previous reports
{23~25) established that Val4i NKT cells are 2 predominant
source of [L-4 and IFN-vyin the early (2h) response to KRN7000
and that by 6 h after injection these cells become progressively
undetectable because of receptor down-modulation, whereas
secondarily activated NK cells begin to actively produce TFN-+.
Gating on either a-GalCer-loaded (D1d tetramer* or NK1.1*
T cells, we cbserved similar strong cytokine secretion for both
11.-4 (data not shown) and IFN-v in Va14i NKT cells at 2 h after
injection of KRN7000 or C20:2 (Fig. 4.4 and B). We concluded
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Fig. 4. Sequelae of KRN7000 and C20:2-induced Voidi NKT cell activation.
(A} Vo 14i NKT celf (tetramer ™ CD3£), NK cell (NK1.1* €03¢7), and NK1.3°T
cell {NK1.10% CD3e) jdentification by FACS in splenocytes from mice given
KRNF000, C20:2, or vehicle i.p. 2 h earlier. Lymphocytes gated as negative for
B220 and propidium iodide are shown. {8) Histogram profiles for IFN-y secre-
tion of splenic Valdi NKT, NK1.1* T, or NK cells from mice 2 or 24 h after
treatrnent with glycolipid. IFN-v-staining in C24:0-stirmulated samples was
identical to that of KRN7000-stimulated samples. {C) CDEY levels of splenic NX
cells {gated as CD3™ NK1.1*) or B cells (CD3e™ NK1.17 B220*) at 12,24, 0rd8 h
after injection of glycolipid. (D} Splenic Va18i NXT cell (8220~ CD3eint tet-
ramer*} frequency, measured as either percentages of T cells or as total NXT
cell number, in mice 1, 2, or 3 days after glycolipid administration, The results
shown are representative of three independent experiments.

that cytokine polarization observed after C20:2 administration
was not due to differences in the initial Va14i NK'T cell response
but, rather, reflected altered downstream events such as the
relatively Jate TFN-y production by activated NK cells,

Sccreted cytokine staining confirmed that in both KRN7004-
and C20:2-treated mice, NK cells were IFN-y* at §-12 h after
treatment (26, 27). However, whereas splenic NK cells from mice
that received cither KRN7000 or the closely related C24:0
analogue strongly produced IFN-vy as late as 24 h after initial
activation, NK cells from C20:2-treated rice showed substan-
tially reduced staining (Fig. 4B). Together, these results pointed
to a less sustained secondary IFN-vy production by NK cells
(rather than a change in the initial cytokine response of Valdi
NKT cells) as the major factor responsible for the Ty2 bias of the
systemic cytokine response to C20:2.

Sequelae of Vatdi NKT Cell Activation by €20:2, Sccondary activa-
tion of bystander B and NK cells after KRN7000 administration
has been studied by using expression of the activation marker
CD69 (26, 28-30). We followed CD69 expression of splenic NK
and B cell populations for several hours after KRN7000 or C20:2
administration. Both populations began to up-regulate CD69 at
4-6 h after injection (data not shown). Paradoxically, C20:2
induced slightly higher CI69 levels on both cell populations up
until 12 h, although this trend was reversed from 24 h onwards,
suggesting an earlier up-regulation yet faster subsequent down-
regulation of the marker (Fig. 4C). NK cell forward scatter

3386 | www.pnas.org/cgi doi/10.107 3, pnas,0407488102
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Fig.5. Recognition of KRN7000, C24:0, and C20:2 by the same population of
Vaidi NKT cells. (4) Costaining of C57BL/6 splenocytes or thymocytes with
allophycocyanin-conjugated LD id tetramers assembled with C24:0, and phy-
coerythrin-labeled CDtd tetramers assembled with various analogues. {8}
Thymocytes were stained with C24:0, C20:2, KRN7000, orvehide-loaded CD1d
tetramers-phycoerythrin, and with antibodies to B220, CD3e, V27, V[38.1/8.2,
or NK1.1, Dot plots show gating for tetramer* T celis, after exclusion of B
lymphocytes, and dead cells. () TCR V2 and NK1.1 phenotype of tetramer*
CD3cMt thymocytes. Analogous results were obtained with splenocytes. The
results shown are representative of three or more experiments.

likewise remained higher in KRN7000-treated mice at days 1-3
compared with C20:2-treated mice (data not shown).

It is established that Val4i NKT cells expand beyond homeo-
static levels 2 or 3 days after KRN7000 stimulation (24, 25). In
our study, a 3- to 5-fold expansion in splenic Vald4i NKT cell
number occurred in KRN7000-treated mice at day 3 after
injection. Intcrestingly, afler in vive administration of C20:2,
only a minimal transient expansion was observed on day 2, with
no expansion of the Va14i NKT cell population thereafter, even
as late as day 5 (Fig. 4D and data not shown). Together, our
findings indicated pronounced alterations in the late sequelze of
Valdi NKT cell activation with the C20:2 analogue compared
with KRN7000.

Recognition of KRN7000 and C20:2 by !dentical Cell Populations.
CD1d complexes containing the a-GalCer analogue OCH have
been shown to have significantly reduced avidity for TCRs of
Valdi NKT cells compared with binding of KRN7000-loaded
complexes (31). This finding suggests the possibilily that the
Tis2-biased response of C20:2 could be a result of preferential
stimulation of Valdi NKT cell subsets with TCRs of higher
affinity for lipid-loaded CD1d. In fact, phenotypically defined
subsets of murine and human NKT cells have been described that
show a bias toward increased production of 11.-4 relative to
IFN-y upon stimulation (32-36). However, by costaining of
splenic and thymic Val4i NKT cells by using CD1d tetramers
loaded with different lipids, we dcmonstraled that identical
populations recognized (24:0, C20:2, and KRN7000 (Fig. 54).
Single staining with these reagents revealed no difference in V3
usage or NK1.1 status of cells reactive with the different
analogue tetramers (Fig. 5 8 and C). Interestingly, C20:2-loaded
tetramers stained NKT cells more strongly than tetramers loaded
with KRN7000, reflecting a slightly higher affinity of the C20:2—
CD1d complexto the Val4i TCR (J.8.1. and §.A.P., unpublished
results). Together, these findings demonstrated that the altered
cytokine response to C20:2 cannot be the result of preferential
activation of a subsel of Valdi NKT cells.
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Fig.6. Differential requirernents for CD1d loading with KRN7000 and €20:2.

IL-2 response of hybridoma DN3.44-1.2 to glycolipid presentation in three in
vitro CD1d presentation systems: platebound CD1d loaded with varying
amounts of KRN7000 or C20:2 in the presence or absence of the detergent
Triton X-100 (&), RMA-5.CD1d cells pulsed with glycolipid before or after
glutaraldehyde fixation (8), or WT or cyteplasmic tail-deleted (TD) CD1d-
transfected A20 cells, loaded with either KRN7000 or C20:2 ().

Loading Requirements of a-GalCer Analogues onto €D1d. To find an
alternative explanation for the Ty2-biased response to C20:2, we
studicd requirements for handling of dilferent forms of a-Gal-
Cer by antigen-presenting cells, We emploved a cell-free system
in which platebound mouse CD1d was loaded with doses of
KRN7000 or C20:2 in the presence or absence of the detergent
‘Triton X-100 (37). By using 11.-2 production by DN3A4-1.2 as
a readout for glycolipid loading of CD 1d, we observed a marked
dependence on delergent for Jeading of KRN7000 but not for
C20:2 (Fig. £4). This result suggested a significant difference in
reguiremient for cofaclors, such as acidic pH or lipid transfer
proteins, that facilitate lipid loading onto CD1d in endosomes
(38-41). We assessed this hypothesis further by using glutaral-
dehyde fixation of CD1d* antigen-presenting cells, which blocks
antigen uptake and recycling of CD1d between endosomes and
the plasma membrane. Val4i NKT cell recognition of KRN7000
was markedly reduced if lipid loading was done alter xation of
RMA-S.mCD1d cells. whereas recognition of C20:2 was unim-
paired (Fig. 6B).

Similar conclusions were drawn from experiments by using
A20 cells transfected with either WT or cytoplasmic tail-deleted
CD1d (Fig. 6C). The tail-deleted CID1d mutant lacks the intra-
cellular tyrosine-based sorting motif required for internalization
and endosomal localization of CD1d (19). As was the case with
RMA-SmCD1d, WT CD1d-transfected A20 cells presented
KRN7000 more polenty than C20:2. However, 1he tail-deleted
mutant presented C20:2 with at least 20-fold greater efficiency
than KRN7000. Together, these results point to the conclusion
that the Ty2-skewing C20:2 analogue had substantially less
dependence on endosomal loading for presentation by CD1d
when compared with compounds that produced a more mixed
response with strong 1FN-y production, such as KRN7000.

Discussion

This study details in vitro and in vive consequences of activation
of Val4i NKT cells with C20:2, a diunsaturated N-acyl substi-
tuted analogue of the prototypical «-GalCer, KRN7000. The
Tu2 cytokine bias observed with C20:2 is not unique: OCH and
other shortened fully saturated lipids have been shown to have
this effect (13, 42). C20:2 differs from these other compounds in
two potentially important respects. First, the in vitro potency of
C2(:2 for stimulation of certain Va14i NKT cell functions (e.g.,
proliferation and secretion of IL-4 and IL-2) approaches that of
KRN7000, whercas OCH appears to be a much weaker Veldi
NKT cell agonist. Second, staining with C20:2-loaded CD1d
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tetramers, as opposed to OCH, is undiminished compared with
KRN7000. This finding would suggest that, as a therapeutic
agent, €C20:2 will be recognized by the identical global Val4i
NKT cell population (as KRN7000 is) and not limited to
kigher-affinity NKT cell subsets, as suggested for OCH (31).

A recent study showed that one mechanism by which OCH
may induce a Tyy2-hiased cytokine response involves changes in
IFN-v production by Val4i NKT cells themselves, Oki ef al. (43)
reported that the transcription [actor gene ¢-Rel, a2 member of
the NF-«B family of transcriptional regulators that is a crucial
component of IFN-vy production, is inducibly trapscribed in
KRN7000-stimulated bul not OCH-stimulated Valdi NKT cells.
Although we have not assessed ¢-Rel induction or other factors
involved in IFN-y production in response to C20:2, our findings
did not suggest that early IFN-v production by Val4i NKT cells
was different after activation with C20:2 versus KRN7000. Both
lipids induced identical single-ceil IIFN-vy staining in Val4i NKT
cells and serum IFN-vy levels at 2 h after injection. However, in
contrast to the apparent similarity in Vel4i NKT cells, NX cell
IFN-~y production was significantly reduced and less sustained
after in vivo administration of C20:2 compared with KRN7000.
Hence, [ailure of C20:2 to fully activate downstream events
leading to optimal NK cell secondary stimulation by activated
Valdi NKT cells 2ppears to be the most likely mechanism by
which C20:2 induces reduced IFN-vy and an apparent Ty2-biased
syslemic response.

C20:2 administration resulted also in a more rapid but less
sustained CD6Y up-regulation in NK and B cells, as well as a lack
of a substantial Va14i NKT cell expansion. These findings were
surprising, given that TCR down-modulation observed on Val4i
NKT cells within the first few hours after C20:2 stimulation was
similar to or greater than that induced by KRN7000 (Fig. 44 and
data not shown), indicating strong TCR signaling in response to
the analogue. These features of the response to C20:2 may be a
further reflection of the failure of C20:2 to induce a full range
of downstream events after Valdi NKT cell activation, including
the production of eytokines or other factors required to support
the expansion of Valdi NKT cells.

What mechanism can then be invoked to account for the
altered cytokine response to C20:2 and other N-acyl variants of
KRN70607 One intriguing possibility is provided by our analysis
of requirements for presentation of C20:2 compared with
KRN7000, which revealed marked differences between these
glycolipids in their need for endosomal loading onto CD1d.
CD1d and other CD1 proteins undergo transpert into the
endocytic pathway, leading to jntracellular loading with lipid
antigens and subsequent recycling to the cell surface (39). The
importance of endosomal loading for KRN7000 most likely
reflects the impact of factors in these compartments that facil-
itate the insertion of lipids into the CD14 ligand-binding groove.
These factors include the acidic pH of the endosomal environ-
ment, as well as lipid (ransport proteins, such as saposins and
GM?2 activator protein (38, 40, 41). Our findings indicate tha
C20:2 can efficienily load onto CD14 in the absence of these
endosomal cofactors. Consequently, we speculate that C20:2
may be strongly presented by any cell type that expresses surface
CD1d, regardless of its ability to efficiently endocytose lipids
from the extracellular space. This more widespread presentation
could lead to a more pronounced presentation of C20:2 by
nonprofessional antigen-presenting cell types compared with
KRNT000. Because many cell types express CD1d, including all
hematopoietic lineages and various types of epithelia (44-48),
presentation of C20:2 by nonprofessional antigen-presenting
cells may explain the more rapid trans-activation of bystander
cells observed with C20:2. An altemative hypothesis is that the
endosomal Joading requirements of KRN7000 result in its prel-
erential localization into CD1d molecules contained in mem-
brane lipid rafts, whereas the permissive loading properiies of
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C20:2 would result in a more uniform glycolipid distribution
across the cell membrane. Evidence of lipid raft Jocalization of
CD1d and raft influence on the Ty-bias of MHC class II-
restricted CD4* T cells lend support to this model (49, 50).
Lither scenario would be expected to result in decreased delivery
of costimulatory signals associated with professional antigen-
presenting cells (e.g., dendritic cells) and, thus, lead to quanti-
tative and qualitative differences in the outcome of Valdi NKT
cell stimulation. Consistent with both models, Val4i NKT cell
activation with KRN7000 in vitro in the presence of costimula-
tory blockade (2nli-CD8&6) can polarize cytokine production to
a T2 profile (22).

We have shown that structurally medified forms of a-GalCer
with alterations in their N-acyl substituents can be designed to
generate polent immunomodulators that stimulate qualitatively
altered responses from Val4i NKT cells. Our results confirm
and extend severzl basic observations and principles established
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Suppression of Collagen-Induced Arthritis by
Natural Killer T Cell Activation With OCH, a
Sphingosine-Truncated Analog of a-Galactosylceramide

Asako Chiba,! Shinji Oki,> Katsuichi Miyamoto,? Hiroshi Hashimoto,® Takashi Yamamura,’
] yamd i
and Sachiko Miyake?

Objective. OCH, a synthetic analog of
a-galactosylceramide with a truncated sphingosine
chain, stimulates natural killer T (NKT) cells to pro-
duce predoeminantly Th2 cytokines. Thus, OCH may be
a potential agent for the treatment of Thl-mediated
autoimmune diseases, This study was designed to eval-
uate the protective effects of OCH on collagen-induced
arthritis {CIA) in mice.

Methods. Mice were immunized with type II col-
lagen (CII) and injected intraperitoneally twice per
week with OCH, before or after the onset of CIA. They
were monitored to assess the effect of OCH treatment on
the severity of disease. Anti-CII antibodies and cytokine
production were measured by enzyme-linked immu-
nosorbent assay. Expression of cyfokine genes was de-
termined by quantitative reverse transcriptase-
polymerase chain reaction,

Results. OCH inhibited CIA in wild-type C57BL/6
(B6) mice but not in NKT-deficient mice. OCH sup-
pressed CIA in SJL mice, which are prone to auto-
immune diseases and have a deficiency in the number
and function of NKT cells which is similar to that in
patients with autoimmune diseases, even after disease
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has already developed. Disease protection conferred by
OCH correlated with its ability to selectively induce Th2
cytokine production mediated by NKT cells and to
promote collagen-specific Th2 responses. Neutralization
of interleukin-4 (IL-4) or IL-10 with monoclonal anti-
bodies abolished disease protection by OCH, indicating
a critical role for these cytokines.

Conclusion. Taken together, our findings suggest
that OCH holds possibilities as a therapeutic agent for
autoimmune diseases such as rheumatoid arthritis.

Rheumatoid arthritis (RA) is a common auto-
immune disease characterized by persistent inflamma-
tion of joints resulting in progressive destruction of
cartilage and bone. Although its precise etiology is not
clearly understood, cumulative evidence suggests that
Thl cells secreting interferon-y (IFNv) and tumor ne-
crosis factor ¢ (TNFa) exacerbate disease, whereas Th2
ceils producing interleukin-4 (IL-4) and IL-10 suppress
arthritis {1). Studies with animal models have demon-
strated that systemic or locally administered IL-4 and
IL-10 can effectively protect against arthritis in mice
(2-11).

Natural killer T (NKT) cells are a unique subset
of T cells that coexpress T cell receptor &/B (TCRo/8)
and receptors from the NK lineage. NKT cells express
an invariant TCRa chain {encoded by a V,14-J_ 281
rearrangement in mice and a homologous V,_24-J Q
rearrangement in humans). Unlike conventional T cells
that recognize peptides in association with major histo-
compatibility complex (MHC), NKT cells recognize
glycolipid antigens bound to the nonpolymorphic class I
MHC-like protein, CD1d. NKT cells have been impli-
cated in a variety of Iimmune responses such as infection
and tumor immunity. One striking feature of NKT cells
is their capacity to secrete a large amount of cytokines,
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including IL-4 and IFNYy, in response to TCR stimula-
tion (12-14}). Recently, 2 number of reports have indi-
cated that NKT cells play a critical role in the regulation
of autoimmune responses. Abnormalities in the num-
bers and functions of NKT cells have been observed in
patients with autoimmune diseases (15-18} as well as in
a variety of mouse strains that are genetically predis-
posed to the development of autoimmune diseases (19—
23).

While the natural ligand for NKT cells remains to
be determined, a-galactosylceramide (a-GC) (Figure
1A), a derivative of marine sponge, has been shown to
bind to CDI1d and strongly stimulate NKT cells to
produce IFNy and IL-4, both in humans and in mice
(24-26). Previously, we have shown that OCH (Figure
1A), an analog of o-GC with a truncated sphingosine
chain, efficiently inhibits induced experimental auto-
immune encephalomyelitis (EAE) in C57BL/6 (B6)
mice, due to its ability to stimulate NKT cells to
selectively produce Th2 cytokines; in contrast, «-GC had
little effect on EAE (27,28).

In the present study, we found that OCH inhibits
collagen-induced arthritis (CIA), a murine experimental
model for R4, in wild-type B6 but not NKT-deficient
J,281-knockout mice. We also demonstrated that OCH
inhibits CIA in SJL mice even after arthritis has already
developed. Experiments with anti-IL-4 or anti-IL-10
administration revealed that IL-4 and IL-10 are critical
for OCH-mediated suppression of CIA. These results
suggest that stimulation of NKT cells with OCH could
be an attractive means of intervention in autoimmune
diseases such as RA.

MATERIALS AND METHODS

Mice. B6 mice were purchased from Clea Laboratory
Animal Corp. {Tokyo, Japan). SJL mice were obtained from
Charles River Japan (Yokohama, Japan}. J 281-knockout
mice were kindly provided by Dr. Masaru Taniguchi (Chiba
University Graduate School of Medicine, Chiba, lapan). The
animals were kept under specific pathogen-free conditions and
studied at 7-10 weeks of age.

Induction of CIA. Mice were immunized intradermally
at the base of the tail with 100 ug of either chicken type II
collagen (CII) (for B6 mice) or bovine CII (for SIL mice)
{Collagen Research Center, Tokyo, Japan) emulsified with an
equal volume of Freund’s complete adjuvant (CFA), contain-
ing 250 pg of H37RA Mycobacterium tuberctdosis (Difco,
Detroit, MI). The animals were boosted by intradermal injec-
tion with the same antigen preparation on day 21. Mice were
examined for signs of joint inflammation 3 times per week, and
joint involvement was scored as follows: 0 = no change, 1 =
focal redness of the limb or swelling und redness of | digit, 2 =
mild swelling and erythema of the limb or swelling of >2 digits,
3 = marked swelling and erythema of the limb, 4 = maximal
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Figure 1. A, Structure of e-galuctosylceramide {a-GC) and OCH, a
sphingosine-truncated analog of «-GC. B and C, Effect of OCH on
collagen-induced arthritis {CIA) in C57BL/6 (B6) and 1,281-knockout
mice. B, Clinical score of CIA in B6 mice treated with 500 pg/kg of
a-GC (). OCH (O), or vehicle (0) twice per week starting from day
21. €, Clinical score of CI1A in J,28E-knockout mice treated with 300
patkg of OCH (O} or vehicle (#) twice per week starting from day 21,
Dauta shown are from a single cxperiment representative of 2 identical
experiments; values arc the mean * SEM (5 mice per group).
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swelling and redness of the limb and later, ankylosis, The
average of the macroscopic score was expressed as a cumula-
tive value for all paws, with a maximum possible score of 16 per
mouse. The in vivo experiments were performed with 10 mice
per group and repecated twice to ensure reproducibility.

In vivo glycolipids treatment and antibody treatment.
Synthetic glycolipids were used to treat CIA. Starting from the
indicated day, mice were injected intrapetitoneally twice per
weck with either OCH or a-GC at a dose of 500 pg/kg. The
control mice were injected with vehicle alone (10% DMSO in
phosphate buffered saline [PBS]). To neutralize IL-4 or 1L-10,
anti-IL-4 monoclonal antibody (mAb) (11B11) or anti-IL-10
mAb (JES-2A5) (500 ug per mouse) was injected intraperito-
neally 2 hours before glycolipid administration.

Histopathologic study. Forepaws were removed {rom
mice killed 50 days after the first immunization of CII, then
fixed in buffered formalin, decalcified, embedded in paraffin,
sectioned, and stained with hematoxylin and eosin for his-
topathologic analysis.

NKT cell preparation. NK1.1-positive T cells were
purified from the liver of 6-8-week-old B6 mice. Liver mono-
nuclear cells were prepared by Percoll density-gradient cen-
trifugation. Prepared cells were then incubated with
phycoerythrin-conjugated NK1.1 mAb and fluorescein
isothiocyanate-conjugated CD3 mAb (BD PharMingen, San
Jose, CA). The stained cells were sorted into NK1.1*,CD3*
cells. The purity of the sorted cells was >95%.

Quantitative reverse transcriptase-polymerase chain
reaction (RT-PCR). Total RNA was extracted with an RNeasy
kit (Qiagen KK, Tokyo, Japan) from purified NK1.1* T cells.
Random hexamer-primed complementary DNA was prepared
with the First-Strand ¢cDNA Synthesis Kit (Invitrogen, Carls-
bad, CA). For quantitative analysis of cytokines, we used the
LightCycler quantitative PCR system (Roche Molecular Bio-
chemicals, Mannheim, Germany) and periormed quantitative
PCR with a commercial kit (LightCycler-DNA Master SYBR
Green I; Roche Molecular Biochemicals). The PCR amplifi-
cation was repeated 40 times (for 15 seconds at 95°C, 5 seconds
at 60°C, and 10 seconds at 72°C). All PCR reactions were
normalized by GAPDH expression.

Enzyme-linked immunesorbent assay (ELISA), To
detect Cll-specific IgG1 and 1gG2a, chicken CII or bovine CII
(5 pg/ml) was coated onto ELISA plates {Sumitomo Bakelite,
Tokyo, Yapan) at 4°C overnight. After blocking with 3% bovine
serum albumin in PBS, serially diluted serum samples were
added onto ClIi-coated wells. The plates were incubated with
biotin-labeled anti-IgGl and anti-IgG2a (Southern Biotech-
nology, Birmingham, AL) or anti-IgG antibody (CN/Cappel,
Aurcra, OH) for 1 hour and then incubated with streptavidin-
peroxidase. After addition of substrate, the reaction was
evaluated. The levels of IL-4, IL-10, and IFNv in serum were
measured by standard sandwich ELISA, using purified and
biotinylated mAb pairs and standards (BD PharMingen).

RESULTS

Suppression of CIA development by OCH, In
order to determine whether stimulation of NKT cells
modulates arthritis, we first examined the effect of
a-GC, a prototypic ligand for NKT cells, on the devel-
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Table 1. Clinical scores of collugen-induced arthritis in C37BL/6 and
1..281-knockout mice*

Mice, Incidence, Maximum score, Days to onset,
treatment % mean * SEM mean > SEM
C57BLYO (wild-
type)
Vehicle 100 13.0 £ 0.83 23.8 %048
a-GC 1010 9.8 * 2.37 242 = 048
OCH 101 4.6 +0.92t 242+ 048
J..281-knockout
Vchicle 100 5505 24 * 0.58
OCH 100 575+0.25 23505

* C57BL/6 mice or J,281-knockoul mice were sensitized with chicken
type Il collagen for induction of arthritis.

Vehicle or 500 pg/kg of a-galactosylceramide (a-GC) or QCH was
injected intraperitoneally twice per week from day 21. Data are from
5 mice per group.

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

opment of CIA. Early studies showed that CIA is
restricted to mouse strains bearing the H-2%, H-2', or
H-2° haplotype (29) and is generally induced in DBA/1
mice. More recently, modified immunization conditions
that are sufficient to induce CIA in B6 mice have been
developed; this allowed us to study CIA in knockout
mice with a B6 background, which eliminated the need
to backcross the knockout mice onto a DBA/1 back-
ground (30,31). The histologic and immunologic charac-
teristics of the disease induced in B6 mice have been
shown to be similar to those in DBA/1 mice, even though
B6 mice have a slightly delayed onset and less uniformly
severe disease (31). We immunized B6 mice with
chicken CII in CFA to elicit CIA as described previously
(30) and then injected mice intraperitoneally with either
a-GC or vehicle alone twice per week starting from the
day of the second immunization. As shown in Figure 1B,
a-GC ftreatment did not improve the arthritis score
significantly. We next examined the effect of OCH on
CIA. The mean maximum clinical CIA score was pro-
foundly reduced in OCH-treated B6 mice (Figure 1B
and Table 1). The incidence and the time of onset of
disease were not significantly different between the
OCH-treated group and the control group.

To investigate the role of V14 NKT cells in the
suppression of CIA by OCH, we examined the ability of
OCH to modulate disease in J 281-knockout mice, in
which V14 NKT cells are absent (32). Administration
of OCH did not modulate the clinical course of CIA in
J,281-knockout mice compared with mice treated with
vehicle alone (Figure 1C and Table 1}, These results
indicate that OCH-mediated suppression of CIA re-
quires NKT cells.

In addition to wisual scoring, on day 50 after
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