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FIGURE 2. Mass spectrometric analysis of the 14-3-3-binding protein in NTera2-N cells. Spot 1 labeled with the rh14-3-3{ probe
(Fig. 1) was excised from the gel, trypsinized, and processed for nanoESI-MS/MS analysis. (A) The spectra of MS analysis. Each peak
indicates individual peptide fragments. The positions of several peaks were automatically numbered on the spectra. The fragments
were selected for MS analysis in order of their signal intensity, although autolytic fragments of trypsin (e.g. 412, 421, 523, 737,
762, and 767) were omitted. (B) Amino acid sequence of human Hsp60. Seventeen peptide fragments of spot 1 identified by MS
analysis (shadowed) showed a perfect match with the sequence encompassing amino acid residues 38-493 of human Hsp60. The

number indicated on each fragment represents the position in the horizontal axis of the spectra.

Immunoprecipitation Analysis

To express recombinant human proteins in cultured
cells, the PCR product was cloned into a mammalian
expression vector pcDNA4/HisMax-TOPQ (Invitrogen) to
produce a fusion protein with an N-terminal Xpress tag. The
vector was transfected in HEK293 cells by Lipofectamine
2000 reagent (Invitrogen).

To prepare total protein extract for immunoprecipitation
(IP) analysis, cells and tissues were homogenized in M-PER
lysis buffer (Pierce, Rockford, IL) with a cocktail of protease
inhibitors and phosphatase inhibitors (Sigma) followed by
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centrifugation at 12,000 rpm at 4°C for 20 minutes. After
preclearance, the supernatant was incubated at 4°C for 3 hours
with 30 pg/mL rabbit polyclonal anti-14-3-3 protein antibody
(K19)-conjugated agarose (Santa Cruz Biotechnology) or
the same amount of normal rabbit IgG-conjugated agarose
(Santa Cruz Biotechnology). After several washes, the im-
munoprecipitates were processed for Western blot analysis
using anti-HSP60 antibody (N-20), mouse monoclonal, anti-
prion protein antibody (3F4; Dako, Carpinieria, CA), mouse
monoclonal anti-14-3-3 protein antibody (I1-8; Santa Cruz
Biotechnology), or anti-Xpress antibody.
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FIGURE 3. The interaction of 14-3-3
protein with Hsp60 was not zeta
isoform-specific. Two hundred mi-
crograms of total cellular protein of
NTera2-N was separated on a 2-
dimensional PAGE gel ([a, b]: p1 5.3~
6.3 and 4%-12%; [c, d]: pl 4-7 and
4%-12%), followed by silver stain-
ing or phosphoprotein staining. The
gel was processed for overlay with
recombinant human 14-3-3y pro-
tein (rh14-3-3v) tagged with Xpress,
followed by relabeling with anti-
Hsp60 antibody. (a) rh14-3-3¢, (b)
Hsp60, (c) silver staining, (d) phos-
phoprotein staining. Spot 1 is in-
dicated by an arrow.

Immunocytochemistry and
Immunohistochemistry

For double-labeling immunocytochemistry, cells plated
on cover glasses were fixed with 4% paratormaldehyde in
0.1 M phosphate buffer (pH 7.4) at RT for 10 minutes followed
by incubation with phosphate-buffered saline (PBS) contain-
ing 0.5% Triton X-100 at RT for 20 minutes and with PBS
containing 10% normal human serum at RT for 15 minutes. In
some experiments, live cells were labeled with MitoTracker
Red CMXRos (Molecular Probes) before fixation. The cells
were then incubated at RT for 30 minutes with anti-HSP60
antibody (N-20) followed by incubation with Rhodamine Red-
X-conjugated anti-goat IgG (Jackson ImmunoResearch, West
Grove, PA). They were then incubated with rabbit anti-14-3-3¢
isoform antibody (IBL, Gumma, Japan) or mouse monoclonal
anti-prion protein antibody (8G8; Cayman Chemical, Ann
Arbor, MI) followed by incubation with Alexa Fluor
488-conjugated anti-rabbit or anti-mouse IgG (Molecular
Probes). In limited experiments, the cells were incubated at RT
for 5 minutes with 4',6’-diamidino-2-phenylindole (DAPI)
(1:30,000; Molecular Probes). After several washes, cover
glasses were mounted on the slides with glycerol-polyvinyl
alcohol and examined under a Nikon ECLIPSE E800 universal
microscope. Negative controls were processed following these
steps except for exposure to primary antibody.

For immunohistochemistry, 10-pm-thick serial sections
were prepared from several autopsy brains of multiple
sclerosis and cerebral infarction. Detailed clinical profiles of
the patients were described previously (26). The brains were
fixed with 4% paraformaldehyde and embedded in paraffin.
After deparaffination, the tissuc sections were heated by
microwave at 95°C for 10 minutes in 10 mM citrate sodium
buffer (pH 6.0) followed by incubation at RT for 15 minutes
with 3% H,0,-containing methanol. For prion protein
immunolabeling, the sections were pretreated by boiling for
20 minutes in the citrate sodium buffer according to the
methods described previously (27). The tissue sections were
then incubated with PBS containing 10% normal goat or rabbit
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serum at RT for 15 minutes to block nonspecific staining. They
were then incubated at 4°C overnight with anti-14-3-3
isoform antibody (IBL), anti-HSP60 antibody (N-20), anti-
prion protein antibody (8G8), rabbit anti-glial fibrillary acidic
protein (GFAP) antibody (N1506; Dako), or rabbit anti-
neuron-specific enolase (NSE) antibody (Nichirei, Tokyo,
Japan). After washing with PBS, the tissue sections were
labeled at RT for 30 minutes with peroxidase-conjugated
secondary antibodies (Simple Stain MAX-PO kit, Nichirei)
followed by incubation with a colorizing solution containing
diaminobenzidine tetrahydrochloride (DAB) and a counter-
stain with hematoxylin. For negative controls, the sections
were incubated with a negative control reagent (Dako) instead
of primary antibodies.

RESULTS

Identification of Hsp60 as a 14-3-3-Binding
Protein in Human Neurons

To identity 14-3-3-binding proteins in human neurons,
we performed a protein overlay analysis using recombinant
human 14-3-3¢ protein (th14-3-37) tagged with Xpress as
a probe. Total protein extract of NTera2-derived differentiated
neurons (NTera2-N) was separated on a 2D-PAGE gel and
transferred onto a PVDF membrane (Fig. 1). The rh14-3-3¢
probe reacted strongly with several spots on the blot, among
which a major 60-kDa spot was designated spot 1 (Fig. 1b). In
contrast, the thISG15 probe did not label any of these spots,
excluding nonspecific binding of rh14-3-30 through the
Xpress tag (Fig. 1d). Spot 1 was excised from the original
gel, trypsinized, and processed for nanoESI-MS/MS analysis
(Fig. 2A). Seventeen peptide fragments derived from the spot
I showed a perfect match with the sequence covering amino
acid residues 38-493 of human Hsp60 (Fig. 2B). This
indicates that spot | corresponds to the nearly full length of
Hsp60. Anti-Hsp60 antibody labeled spot 1, verifying the
results (Fig. lc¢). Furthermore, the rhi4-3-3y probe also
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FIGURE 4. The interaction of 14-3-3 protein with Hsp60 was universal in neuronal and nonneuronal cells. Two hundred
micrograms of total cellular protein of human cell lines and brain homogenate was separated on a 2-dimensional PAGE gel ([a~I]:
pl 5.3-6.3 and 4% to 12%; [m-r]: pl 4-7 and 4% to 12%) followed by silver staining (the left panels). The gel was processed for
overlay with the rh14-3-3 probe tagged with Xpress or Myc (the center panels) followed by relabeling with anti-Hsp60 antibody
(the right panels). (a~c) Undifferentiated NTera2 teratocarcinoma (NTera2-U), (d-f) SK-N-SH neuroblastoma, (g-i) U-373MG
astrocytoma, (j-I) Hela cervical carcinoma, (m~o) human neuronal progenitor (NP) cells, (p-r) brain homogenate.

© 2005 American Association of Neuropathologists, Inc. 863
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FIGURE 5. The interaction of 14-3-3

protein with both Hsp60 and PrPC. (A)

D)

(A) The 14-3-3-binding domains of
Hsp60 and PrPC. Either the N-terminal
half (NTF) (lanes 1-3) or the C- 2
terminal half (CTF) (lanes 4-6) of (a)

recombinant human HSP60 or (b)
PrPC tagged with Xpress was sepa- |,
rately expressed in HEK293 cells. The

cellular protein extract was processed
for immunoprecipitation (IP) with (2,
5) anti-14-3-3 protein antibody (K-19)
or (3, 6) rabbit 1gG, followed by
immunoblotting with anti-Xpress an-

tibody. The lanes (1, 4) indicate the
input control. (B) Coimmunoprecipi-
tation of 14-3-3 with Hsp60 and PrPC.
Human brain homogenate was pro-

cessed for [P with (2) K-19 or (3) rabbit
1gG followed by immunoblotting with
(a) anti-Hsp60 antibody (N-20), (b)
anti-prion protein antibody (3F4), or

(c) anti-14-3-3 protein antibody (H8).
Lane (1) indicates the input control.
(C) The interaction of 14-3-3 with
PrPC. Two hundred micrograms of

human brain protein extract was T T

separated on a 2-dimensional PAGE
gel (pl 4-7 and 4%-12%), silver-
stained, and processed for overlay

reacted with spot 1, suggesting that the mteraction of 14-3-3
with Hsp60 is not { isoform-specific (Fig. 3a, b). Hsp60 does
not possess a substantial amount of phosphorylated amino acid
residues, because spot | was not labeled by the phosphopro-
tein gel stain (Fig. 3¢, d).

To study whether the interaction of 14-3-3 with Hsp60 is
a neuron-specific event, protein extracts of undifferentiated
NTera2 (NTera2-U), SK-N-SH neuroblastoma, U-373MG
astrocytoma, HeLa cervical carcinoma, human NP cells, and
human brain homogenate were separated on a 2D-PAGE gel
and processed for protein overlay with the rhi14-3-3¢ probe
tagged with Xpress or Myc. This identified Hsp60 as
a universal binding partner for the 14-3-3 protein (Fig. 4a-).

The 14-3-3-Interacting Domain Was Located in
N-Terminal Half of Hsp60

To identify the 14-3-3-binding site of Hsp60, either the
N-terminal half with cleavage of the mitochondrial import
signal (NTF; amino acid residues 27-287) or the C-terminal
half (CTF; amino acid residues 288-573) of human Hsp60 was
separately expressed in HEK293 cells. Then, total cellular
protein was processed for immunoprecipitation (IP) with anti-
14-3-3 protein antibody. The NTF but not CTF of Hsp60 was
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1 2 3

with the rh14-3-3( probe tagged with Myc followed by relabeling with anti-prion protein antibody (3F4). (a) Silver staining,
(b) rh14-3-3¢, (c) PrPC. (D) Phosphorylation-independent interaction of 14-3-3 with Hsp60 and PrPC. Xpress-tagged recombinant
proteins of (1) human Hspé60, (2) LacZ fragment, and (3) human PrPC produced by Escherichia coli were processed for overlay with
(a) the rh14-3-3( probe tagged with Myc, followed by relabeling with (b) anti-Hsp60 antibody (N-20), (c) anti-prion protein
antibody (3F4), or (d) anti-Xpress antibody.

coimmunoprecipitated, indicating that the 14-3-3-interacting
domain is located in the NTF of Hsp60 (Fig. 5A, panel a).

Phosphorylation-Independent Interaction of
14-3-3 Protein With Hsp60 and PrPC

By IP of human brain protein with anti-14-3-3 protein
antibody, cellular prion protein (PrPC) along with Hsp60
was colmmunoprecipitated with 14-3-3 (Fig. 5B, panels a—c).
In confrast, Raf-1, one of the well-known 14-3-3-binding
partners, was not coimmunoprecipitated with 14-3-3 in the
human brain homogenate (data not shown). By protein overlay
of human brain homogenate, the thl14-3-37 probe reacted
with PrPC, suggesting that PrPC is another 14-3-3 protein-
interacting protein (Fig. 5C, panels a—c). Furthermore, the
th14-3-3( probe labeled both recombinant human Hsp60
(66 kDa) and PrPC (32 kDa), but did not label a LacZ fragment
(44 kDa), all of which were produced by £. coli as non-
phosphorylated forms tagged with Xpress (Fig. 5D, panels a-d).
This indicates that the molecular interaction of 14-3-3 with
Hsp60 and PrPC is direct but phosphorylation-independent.
To identify the 14-3-3-binding site of PrPC, either the NTF
{amino acid residues 23~137) or the CTF (amino acid residues
138-231) of human PrPC was separately expressed m
HEK293 cells. Then, total cellular protein was processed

© 2005 American Association of Newropathologists, Inc.
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FIGURE 6. Colocalization of 14-3-3 protein, Hsp60, and PrPC in the mitochondria of human neuronal progenitor cells. Human
neuronal progenitor (NP) cells were immunolabeled with 14-3-3{ isoform-specific antibody, anti-Hsp60 antibody, anti-prion
protein antibody (8G8), MitoTracker Red CMXRos, or DAPI followed by staining with secondary antibodies. (a) 14-3-3Z, (b)
Hspé60, (c) merge of (a) and (b); (d) 14-3-37, (e) CMXRos, (f) merge of (d) and (e) labeled with DAPI; (g) PrPC, (h) Hsp60, (i)

merge of (g) and (h).

for IP with anti-14-3-3 protein antibody. The NTF but not CTF
of PrPC was coimmunoprecipitated, indicating that the [4-3-3-
interacting domain is located in the NTF of PrPC (Fig. 5A,
panel b).

Coexpression of 14-3-3 Protein, Hsp60,
and PrPC in Vitro and in Vivo

To determine whether 14-3-3, Hsp60, and PrPC are
colocalized in the same subcellular compartment, cultured
human NP cells were double-immunolabeled with the 14-3-3¢
isoform-specific antibody, anti-Hsp60 antibody, and anti-prion
protein antibody. An intense immunoreactivity for 14-3-3 was
located chiefly in the cytoplasm, and less abundantly in the
nucleus and the plasma membrane, whereas Hsp60 immu-
nolabeling was found almost exclusively in the cytoplasm
(Fig. 6a, b). Hsp60 showed a granular distribution pattern
identical to the location of the mitochondria, where both
[4-3-3 and Hsp60 were found to be colocalized (Fig. 6¢). A
considerable overlap was found between the [4-3-3 immumo-
reactivity and the staining of a mitochondrial dye, being

© 2005 dmerican Association of Neuropathologists, Inc.

devoid of the nucleus (Fig. 6d—{). Furthermore, PrPC was
colocalized with Hsp60 (Fig. 6g—i). These results indicate that
the 14-3-3 protein, Hsp60, and PrPC are colocalized chiefly in
the mitochondria of human neuronal progenitor cells in
culture, although an extramitochondrial coexpression of these
proteins at very low levels could not be excluded.

In the hwman brain sections, nearly all of NSE* cortical
neurons and GFAP™ reactive astrocytes showed an intense
cytoplasmic immunoreactivity for 14-3-3, Hsp60 and PrPC,
suggesting that these three proteins are coexpressed most
prominently in neurons (Fig. 7a—d) and reactive astrocytes
(Fig. 8a—d) and to a lessor degree in microglia/macrophages
(not shown) in the huwman CNS i vive.

DISCUSSION
The present study, by protein overlay, mass spectrom-
etry, and immunoprecipitation analysis, identified Hsp60 and
PrPC as 14-3-3-interacting proteins. PrPC along with Hsp60
was coimmunoprecipitated with 14-3-3 from the human brain
homogenate. The 14-3-3-binding domain is located in the NTF
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FIGURE 7. Coexpression of 14-3-3
protein, Hsp60, and PrPC in neurons
in the human brain. Serial sections
derived from autopsied brains of
multiple sclerosis were processed
for immunohistochemistry using
14-3-37 isoform-specific antibody,
anti-Hsp60 antibody, anti-prion pro-
tein antibody (8G8), or anti-neuron-
specific enolase (NSE) antibody. (a—
d) The cerebral cortex of the frontal
lobe of #791 MS: (a) 14-3-37, (b)
Hsp60, (c) PrPC, (d) NSE.

of Hsp60 and the NTF of PrPC in HEK293 cells over-  immunohistochemistry. The interaction of 14-3-3 with Hsp60
expressing the transgenes. The 14-3-3 protein, Hsp60, and ~ and PrPC was phosphorylation-independent, because Hsp60
PrPC were colocalized chiefly in the mitochondria of human ~ was found to be mnot substantially phosphorylated by the
NP cells in culture, and they were coexpressed most obviously — phosphoprotein gel stain, and the 14-3-3 probe reacted with
in neurons and reactive astrocytes in the human brain by  nonphosphorylated forms of recombinant Hsp60 and PrPC: by

FIGURE 8. Coexpression of 14-3-3
protein, Hsp60, and PrPC in reactive
astrocytes in the human brain. Serial
sections derived from autopsied
brains of multiple sclerosis were
processed for immunohistochemis-
try using 14-3-37 isoform-specific
antibody, anti-Hsp60 antibody, an-
ti-prion protein antibody (8G8), or
anti-GFAP antibody. (a~d) Chronic
active demyelinating lesions in the
subcortical white matter of the
frontal lobe of 744 multiple sclerosis:
(a) 14-3-3¢, (b) Hsp60, (c) PrPC, (d)
GFAP.

866
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FIGURE 9. A possible mechanism for
elevation of 14-3-3 protein in the
cerebrospinal fluid of prion diseases.
When affected with the pathoge-
netic prion, the molecular complex
composed of 14-3-3, Hsp60, and
PrPC becomes disintegrated during
the conversion of PrPC into PrPSc
aggregates, which displace the 14-
3-3 protein from the complex,
resulting in the release of 14-3-3

from degenerating neurons into the
cerebrospinal fluid.

protein overlay analysis. These observations indicate that the
14-3-3 protein forms a molecular complex with Hsp60 and
PrPC in the human CNS.

PrPC is a glycosylphosphatidylinositol (GPI) anchored
cell-surface protein, expressed at highest levels in neurons and
at substantial levels in astrocytes in the CNS (28, 29).
Although a low level of extramitochondrial coexpression
could not be excluded, the present study showed the sub-
stantial colocalization of 14-3-3, Hsp60, and PrPC in the mito-
chondria of human NP cells, not in agreement with the
predominant location of PrPC on the cell surface. However,
several recent studies showed that defined populations of
neurons express PrPC in the cytoplasm as well as on the
plasma membrane (27, 30). PrPC interacts with the C-terminus
of Bel-2 in the mitochondrial transmembrane region (31), and
transgenic mice overexpressing wild-type PrPC show the
expression of PrPC in the mitochondria (32), suggesting that
the mitochondrial location of PrPC in cultured human NP cells
does not seem unlikely. Increasing evidence suggests that the
conformational conversion of a-helix-rich PrPC into 3-sheet-
rich PrPSc involves a molecular chaperone-like factor. A
previous study using a yeast 2-hybrid system showed that
Hsp60 interacts with PrPC, where the docking site was
mapped between amino acid residues 180 and 210 of PrPC
(33). GroEL, a homolog of eukaryotic Hsp60, mediates the
aggregation of recombinant PrPC and promotes the conversion
of PrPC into PrPSc in an ATP-dependent manner (23, 24).
Furthermore, Hsp60 of the Brucella abortus directly binds
PrPC of the host macrophages, and this binding promotes the
aggregation of PrPC on the cell-surface lipid rafts (34).
Interestingly, circulating antibodies against Spiroplasma
Hsp60 were detected exclusively in patients with CID,
suggesting that the bacterial Hsp60, highly homologous to
the host Hsp60, might play an active role in the pathologic
process of prion diseases (35). Heat shock elements were
identified in the promoter region of prion protein gene (36).
PrPC exhibits an antioxidant activity (37), and stress-inducing
stimuli such as reactive oxygen species, heat shock, and

© 2005 American Association of Neuropathologists, Inc.

normal neurons

degenerating neurons

proinflammatory cytokines elevate the levels of PrPC
expression in cultured cells (36, 38, 39). These observations
suggest that PrPC and endogenous cellular Hsp are co-
ordinately upregulated in certain cell types under pathologic
conditions.

Supporting the present observations, several recent
studies identified Hsp60 as one of 14-3-3-interacting proteins
in HelLa and HEK293 cells by immunoaffinity purification (9,
40, 41). Hsp60 constitutes a heptameric cylindrical complex
composed of identical subunits stacked back to back, forming
a double-ring structure. The Anfinsen cage of Hsp60 contains
a central cavity where substrate proteins are sequestered and
properly folded in cooperation with the Hsp10 family protein
(19, 20). In addition, several proteins that are too large to fit the
cage are processed for chaperoning outside the cage (42).
Hsp60 is located primarily in the mitochondrial matrix, where
it mediates the folding of newly imported mitochondrial
matrix proteins and the assembly of large multiprotein
complexes (43). Importantly, the 14-3-3 protein that does
not have a mitochondrial targeting signal is also identified
within the mitochondria (44). A recent study showed that an
exposure to cisplatin upregulates simultancously Hsp60 and
14-3-3 expression in human squamous cell carcinoma (45).
Kinase suppressor of Ras (KSR), a regulator of the Ras-MAP
kinase pathway, forms a multimolecular signaling complex
composed of Hsp90, Hsp70, Hsp68, p50°°*’, MEK 1, MEK2,
and 14-3-3 proteins, where a panel of Hsp serve to stabilize
KSR (46). It is worthy to note that the levels of expression of
the cytosolic chaperonin CCT6A are reduced in the brain of
14-3-3y isoform-knockout mice, although these mice show
a clinical course similar to the wild-type mice after inoculation
of scrapie prion (47). Because the 14-3-3 protein acts as an
allosteric regulator that stabilizes the binding partners in
a particular conformation (3, 4), we could suggest the
following scenario (Fig. 9). The interaction of 14-3-3 with
PrPC might prevent PrPC from the autocatalytic conforma-
tional change under physiological conditions. When affected
with the pathogenetic prion, PrPSc aggregates displace 14-3-3
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protein from the molecular complex during the conversion of
PrPC into PrPSc that is promoted by Hsp60, resulting in the
release of 14-3-3 from degenerating neurons into the CSE.
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Preferential T2 polarization by OCH is supported
by incompetent NKT cell induction of CD40L and
following production of inflammatory cytokines by

bystander cells in vivo
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Abstract

The altered glycolipid ligand OCH is a selective inducer of T,2 cytokines from NKT cells and a potent
therapeutic reagent for T,1-mediated autoimmune diseases. Although we have previously shown
the intrinsic molecular mechanism of preferential IL-4 production by OCH-stimulated NKT cells, little
is known about the extrinsic regulatory network for IFN-y production. Here we demonstrate that
OCH induces lower production of IFN-y, not only by NKT cells but also by NK cells compared with
a-galactosylceramide. OCH induced lower IL-12 production due to ineffective primary IFN-y and
CD40 ligand expression by NKT cells, and resulted in lower secondary IFN-y induction. Co-injection
of a sub-optimal dose of IFN-y and stimulatory anti-CD40 mAb compensates for the lower induction
of IL-12 by OCH administration. IL-12 converts OCH-induced cytokine expression from IL-4
predominance to IFN-y predominance. Furthermore, CpG oligodeoxynucleotide augmented iL-12
production when co-administrated with OCH, resulting in increased IFN-y production. Taken together,
the lower IL-12 production and subsequent lack of secondary IFN-y burst support the effective T2
polarization of T cells by OCH. In addition, highlighted in this study is the characteristic property of
OCH that can induce the differential production of IFN-y or IL-4 according to the availability of IL-12.

Introduction

NKT cells are a unique subset of CD1d-restricted T lympho-
cytes that express TCR and some NKR. NKT cells recognize
glycolipid antigens such as o-galactosylceramide («GC) by
an invariant TCRa chain composed of Va14-Ja18 segments
in mice and Vo24-Ja18 segments in humans, associated
with TCRp chains using a restricted set of VB genes (1, 2). NKT
cells rapidly secrete large amounts of cytokines including
IL-4 and IFN-y upon antigen stimulation and are effective
regulators of T,,1/T+2 balance in vivo (3-5). We have previously
demonstrated that in vivo administration to mice of altered
glycolipid ligand, OCH, ameliorates experimental autoimmune
encephalomyelitis (EAE), collagen-induced arthritis (CIA) and
type | diabetes by enhancing IL-4-dependent T,2 responses
without inducing IFN-y production and pathogenic Th1
responses (6-8).

Recently, we have clarified the intrinsic molecular mech-
anism of preferential IL-4 production by OCH-stimulated NKT
cells (9). IFN-y production by NKT cells was more susceptible

to the sphingosine length of glycolipid ligand than that of [L-4,
and the length of sphingosine chain determined the half-life
of NKT cell stimulation by CD1d-associated glycolipids. IFN-y
production by NKT cells required longer T cell stimulation
than did IL-4 production and the transcription of the IFN-y
gene required de novo protein synthesis by activated NKT
cells. The NF-xB family member transcription factor c-Rel
was preferentially transcribed in «GC-stimulated, but not in
OCH-stimulated, NKT cells and was identified as essential
for IFN-y production by activated NKT cells. Therefore, the
differential duration of NKT cell stimulation, due to the binding
stability of individual glycolipid antigens to CD1d molecules,
determines whether signaling leads to effective c-Rel tran-
scription and [FN-y production by activated NKT cells.

Upon stimulation by aGC in vivo, NKT cells rapidly affect
the functions of neighboring cell populations such as T cells,
NK cells, B cells and dendritic cells (DCs) in a direct or indirect
manner (10-13). The serial production of IFN-y by NKT cells
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and NK cells has been demonstrated, suggesting that ac-
tivated NKT cells may influence further IFN-y production by
other cells including NK cells (3, 10). A C-glycoside analog of
aGC has been shown to induce a superior T,1-type response
than aGC does by inducing higher IFN-y production by NK
cells. [L-12 was indispensable for the T, 1-skewing effect of the
glycolipid, indicating the importance of IL-12 in enhanced IFN-y
production in vivo (14). Furthermore, «GC-stimulated NKT
cells can act as an adjuvant in vivo by inducing the full mat-
uration of DCs, as manifested by augmented co-stimulatory
molecules and enhanced mixed leukocyte reactions (11).
Accordingly, «GC-stimulated NKTcells were shown to express
CD40 ligand (CD40L, CD154), which can engage CD40 on
antigen-presenting cells and stimulate them to produce IL-12
(15, 16). Furthermore, IFN-y production and T,1-type re-
sponses were impaired in CD40-deficient mice (5). A growing
body of evidence suggests that both extrinsic and intrinsic
factors compose an intricate network for controlling IFN-y
production and Ty1 polarization after intensive stimulation of
NKT cells by superagonistic glycolipid such as aGC.

Although the intrinsic molecular mechanism of preferential
IL-4 production by OCH-stimulated NKT cells has been
elucidated, little is known about the effect of OCH on
bystander cells and the extrinsic regulatory network for IFN-y
production and T, 1 polarization. Considering the lower [FN-y
production by OCH compared with extensive IFN-y praduction
by aGC in vivo, OCH may affect the functions of neighboring
cell populations in a different manner from that of aGC. In
the current study, we demonstrate that OCH induces less
effective production of IFN-y and IL-12 by bystander cells
possibly due to lower expression of CD40L by NKT cells. Co-
administration of stimulatory anti-CD40 mAb in combination
with IFN-y enhanced the production of IL-12 induced by
OCH in vivo, and IL-12 modulated OCH-induced cytokine
expression by augmenting IFN-y. Consistent with these
results, co-administration of CpG oligodeoxynuclectide (ODN)
with OCH preferentially induced IFN-y production possibly
through augmented IL-12 production. Considering that NKT
cell responses to CD1d-presented self-antigens are modified
by IL-12 to induce massive IFN-y production during the course
of microbial infection (17), OCH, at least partly, mimics the
physiological behavior of the putative self-antigen for NKT
cells in the context of cytokine milieu in vivo.

Methods

Reagents and antibodies

Murine IL-12, IFN-y and Flt3-ligand (FIt3L) were purchased
from Peprotech EC (London, UK). Anti-CD40 mAb (HM40-3)
was purchased from BD Biosciences PharMingen (San Diego,
CA, USA). Mouse anti-IFN-y (R4-6A2) was purified from
ascites of hybridoma obtained from American Type Culture
Collection. Glycolipids were solubilized in dimethyl sulfoxide
(100 ug mI~") and stored at —20°C until use. The following
CpG ODN was synthesized: CpG ODN, 5-GCATGACGTT-
GAGCT-3".

Mice

C57BL/6 (B6) mice were purchased from CLEA Laboratory
Animal Corporation (Tokyo, Japan). MHC class ll-deficient

I-APB—/— mice with the B6 background were purchased from
Taconic (Germantown, NY, USA). All animals were kept under
specific pathogen-free conditions and used at 7-12 weeks of
age. Animal care and use were in accordance with institutional
guidelines.

Induction of bone marrow-derived DCs

Bone marrow cells were isolated by flushing femurs of B6
mice and re-suspended in culture medium supplemented
with murine Fit3L (100 ng mi™") as described in (18). Cells
were harvested from the culture after 10 days and subjected to
co-culture experiment with NKT cells.

Flow cytometry and intracellular cytokine staining

Spleen cells or liver mononuclear cells harvested after
stimulation with glycalipids in vivo were cultured in complete
media containing GolgiStop (BD PharMingen, San Jose, CA,
USA). Then cells were incubated with Fc block (anti-mouse
FeyllIRIIR mAD clone 2.4G2) and were stained with biotiny-
lated anti-NK1.1 mAb (PK136), washed with PBS and then
stained with peridinin chiorophyll protein/cyanine 5.5-anti-
CD3 mAb and streptavidin-allophycoerythrin (APC). Then
cells were washed twice with PBS and fixed in BD Cytofix/
Cytoperm solution for 20 min at 4°C. After fixation, cells were
washed with BD Perm/Wash solution and re-suspended in
the same solution containing either PE-anti-IFN-y mAb
(XMG1.2) or PE-conjugated isotype control Ig for 30 min at
4°C. Then samples were washed and the stained cells were
analyzed using a FACS Calibur instrument (Becton Dickinson)
with CELLQuest software (Becton Dickinson). ldentification of
iINKT cells by Dimer X! Recombinant Soluble Dimeric Mouse
CD1d (BD PharMingen) was performed as described pre-
viously (19). For analysis of CD40L expression, spleen cells
harvested after stimulation with glycolipids in vivo for indicated
periods of time were cultured in complete media containing
biotinylated anti-CD40L mAb (MR1) for 2 h. Cells were
harvested, washed with PBS and stained with FITC-anti-CD3
mAb, PE-anti-NK1.1 mAb and streptavidin-APC for 20 min.
CD40L expression was analyzed in CD3/NK1.1 double-
positive cell.

Microarray

Microarray analysis was performed as described previously
(9). In brief, I-APB—/— mice pre-treated with anti-asialo GM;
antibody were injected with «GC or OCH (100 pg kg™"). Total
RNA was isolated from liver NKT cells (purified as CD3+
NK1.1+ cells) and applied to microarray by using U74Av2
arrays (GeneChip System, Affymetrix, Santa Clara, CA, USA).
From data image files, gene transcript levels were determined
using algorithms in the GeneChip Analysis Suit software
(Affymetrix).

Quantitative reverse transcription-PCR

Quantitative reverse transcription~PCR was conducted using
a Light Cycler-FastStart DNA Master SYBR Green | kit (Roche
Molecular Biochemicals) as described previously (9). Primers
used for the analysis of gene expression are as follows;
CD40L (F) CGAGTCAACGCCCATTCATC, (R) GTAATTCAAA-
CACTCCGCCC.
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ELISA

The level of cytokine production in cell culture supernatants
or in serum was evaluated by standard sandwich ELISA,
employing purified and biotinylated mAb sets (11B11/BVD6-
24G2 for IL-4, R4-6A2/XMG1.2 for IFN-y and 9A5/C17.8 for
IL-12) and standards (OptEIA set, BD PharMingen) as de-
scribed previously (9). After adding a substrate, the reaction
was evaluated using a Microplate reader (BioRad).

Statistics

For statistic analysis, non-parametric Mann-Whitney test was
used to calculate significance levels for all measurements.
Values of P < 0.05 was considered statistically significant.

Results

OCH induces lower IFN-y expression than a.GC in both
NKT cells and NK cells in vivo

Although NKT cells are a major source of |L-4 after glycolipid
administration in vivo, activated NKT cells are shown to affect
the functions of bystander cells such as T cells, NK cells,
B cells and DCs in a direct or indirect manner, resulting in

Lack of IL-12 induction supports T,2 polarization by OCH 1621

possible secondary augmentation of IFN-y production by
these cells. To evaluate the contribution of NKT cells and
other cells for IFN-y production after glycolipid administration,
we performed kinetic analysis of cytokine production by
splenic NKT cells, NK cells, T cells and other cells after in
vivo administration of glycolipids. IFN-y production was
detected both in NKT cells and NK cells (Fig. 1A), and neither
CD3+ Tcells nor CD3-NK1.1— cells showed significant IFN-y
production 2 or 6 h after glycolipid administration. «GC
induced a larger population of IFN-y-producing NKT cells
than OCH did which is consistent with the previous report
(9). The kinetic analysis revealed that IFN-y production by
NKT cells was dominant in earlier time points (2 h) after
glycolipid administration and IFN-y production by NK cells
was comparable or even higher at later time points (6 h)
(Fig. 1B), suggesting that IFN-y production by NKT cells
preceded IFN-y production by NK cells as reported previously
(8, 10). As CD3+NK1.1+ cells do not always represent CD1d-
restricted iNKT cells, we compared IFN-y production by CD1d-
dimerX-positive T cells after treatment with «GC or OCH.
Again, oGC induced a larger population of IFN-y-producing
iNKT cells than OCH did (Fig. 1C). Interestingly, «GC induced
a much larger population of IFN-y-producing NK cells than
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i 4 ¢ ¢ ¢ 4 A | |1 |pmso
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Fig. 1. Expression of IFN-y by NKT cells and non-NKT cells after administration of glycolipid ligands. B6 mice were treated intra-peritoneally with
2 pg per mouse of either «GC or OCH, and spleen cells were harvested at various time points after glycolipid administration and subjected
to intracellular cytokine staining as described in Methods. (A) Data analyzed for CD3+NK1.1+ NKT cells, CD3-NK1.1+ NK cells, CD3+NK1.1—
T cells and CD3~NK1.1- cells were shown for the presence of intracellular IFN-y, Similar results were obtained by analyzing liver mononuclear
cells after glycolipid administration (data not shown). (B) Plotted values represent the percentage of IFN-y-positive cells (mean * SD for triplicate
samples) in the gated population after treatment with dimethy! sulfoxide (DMSO) (hatched bar), «GC (filled bar), or OCH (open bar). (C) Data
analyzed for CD1d-DimerX-positive iINKT celis were shown for the presence of intraceliular IFN-y 2 h after glycolipid treatment. The experiments
shown are representative of three independent experiments, *P < 0.05.
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OCH, suggesting that OCH induces less IFN-y production
than oGC not only by direct effect on NKT cells but also by
indirect effect on NK cells. To exclude the possibility of the
contamination of activated non-CD1d-restricted T cells into
NKT fractions or activated NKT cells into NK cells fraction
due to the down-regulation of TCR, we conducted the
following experiments. First, oGC-loaded DimerXl-stained
cells were concentrated in the NK1.1+CD3+ population and
<0.4% of cells were reactive to «GC-loaded DimerXl either in
NK1.1+CD3— or NK1.1-CD3+ cell populations. Second,
>95% of aGC-loaded DimerXl-reactive spleen cells were
positive for both CD3 and NK1.1 after stimulation with
glycolipids. Third, most of the intracellular IFN-y-positive
CD3— cells were DX5 positive 2 and 6 h after stimulation
with glycolipids (data not shown). These results indicated
that the contamination of IFN-y-producing cells into the other
fractions was minimum.

aGC-induced IFN-y production by NK cells is partly
dependent on IFN-y produced by NKT cells

To determine the effect of IFN-y on consequent IFN-y
production by NK cells, we treated mice with anti-IFN-y mAb
before administration of «GC, and then examined IFN-y-
producing cells using intracellular staining. As shown in Fig. 2,
there was no significant difference in the frequency of IFN-y-
producing NKT cells after administration of «GC with or without
anti-IFN-y mAb. Meanwhile, co-administration of anti-IFN-y
mAb showed ~35% reduction in IFN-y-producing NK cells
after aGC treatment (Fig. 2, right panel). These results
suggested that NKT cell-derived IFN-y was involved in aGC-
induced IFN-y production by NK cells to some extent, but an
IFN-y-independent mechanism might be involved in indirect
up-regulation of IFN-y production by NK cells after «aGC
administration in vivo.

KT cells
anti-IFN-y N

OCH administration does not induce effective
IL-12 production

As DCs were demonstrated to be activated after in vivo
administration of «GC (11, 20) to produce large amount of
IL-12 (21) and IL-12 is one of the most potent inducers of
IFN-vy (22), we performed kinetic cytokine analysis of serum
levels of IL-12 (p70) together with IFN-y and IL-4 after intra-
peritoneal injection of the glycolipids into B6 mice. As shown
in Fig. 3, administration of «GC induced a rapid elevation of
IL-4 and a delayed elevation of IFN-y in B6 mice. In contrast,
administration of OCH induced a rapid elevation of IL-4
comparable to that induced by aGC with significantly less
amount of elevation of IFN-y, resulted in T,2 skewing as
described previously. Although the level of IL-12 in serum
was observed 6 h after aGC injection, OCH injection induced
one-tenth amount of serum IL-12 level compared with «GC. In
addition, freshly isolated liver NKT cells co-cultured with
Fit3L-induced DCs produced significantly higher amount of
IL-12 in the presence of «GC compared with OCH. Meanwhile,
FIt3L-induced DCs loaded with either «GC or OCH exerted
comparable amount of IL-4 production (Fig. 3B), demonstrat-
ing directly that DCs loaded with OCH produce less IL-12
upon co-culture with NKT cells than DCs loaded with «GC, and
therefore suggest that the in vivo effects of OCH are not simply
due to its preferential presentation by antigen-presenting cells
that produce less IL-12. Taken together, these results in-
dicated that OCH administration did not induce effective IL-12
production in vivo.

Lower expression of CD40L on OCH-stimulated NKT cells

Activated NKT cells stimulate DCs to produce IL-12 through
the engagement of CD40 on DCs with CD40L inducibly
expressed on NKT cells (15, 21). Furthermore, a C-glycoside
analog of «GC induced a superior IFN-y production by NK
cells than «GC does in an |L-12-dependent manner (14),

NK cells
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Fig. 2. oGC-induced IFN-y production by NK cells is partly dependent on IFN-y production by NKT cells. B6 mice were treated intra-peritoneally
with 2 g per mouse of glycolipids with or without 500 g per mouse of anti-IFN-y mAb. Four hours after treatment, spleen cells were harvested and
subjected to intraceliular cytokine staining. Plotted values represent the percentage of IFN-y-positive cells {mean + SD for triplicate samples) in
the gated population for CD3+NK1,1+ NKT cells (left) or CD3—-NK1.1+ NK cells {right). Similar results were obtained by analyzing liver
mononuclear cells after glycolipid administration (data not shown). The experiments shown are representative of three independent experiments.

*P < 0.05.
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Fig. 3. OCH administration does not induce effective IL-12 production. (A) B6 mice were injected intra-peritoneally with vehicle alone, 2 pg per
mouse of aGC or OCH and serumn samples were collected at indicated times after injection. Serum levels of IFN-y, IL-4 and IL-12 (mean + SD)
were determined by ELISA. This figure represents one of two experiments with similar results. *P < 0.05, **P < 0.01. (B) Freshly isolated liver NKT
cells were co-cultured with FIt3L-induced DCs in the presence of «GC or OCH for 72 h, Levels of IL-4 and IL-12 were determined by ELISA, Data
are expressed as mean * SD for triplicate wells and representative data of two similar experiments are shown. *P < 0.05.

which suggests that IFN-y production by NK cells might be
regulated by IL-12. To clarify the mechanisms of lack of IL-12
production upon stimulation with OCH, we compared the
inducible expression of CD40L on NKT cells after in vivo
administration of glycolipids. Microarray analysis revealed
that CD40L transcripts were inducibly expressed in NKT cells
1.5 h after stimulation with «GC and disappeared 12 h after
stimulation. In contrast, OCH treatment induced approxi-
mately one-third of CD40L transcription compared with the
effect of «GC (Fig. 4A). Consistent with the data of microarray
analysis, real-time PCR analysis confirmed the preferential up-
regulation of CD40L transcript after «GC stimulation (Fig. 4B).
To demonstrate the differential expression of CD40L between
oGC-stimulated and OCH-stimulated NKT cells, surface
expression of CD40L on NKT cells were compared by flow
cytometry after in vivo treatment with the glycolipids. As shown
in Fig. 4(C), «GC induced higher expression of CD40L than
OCH did on the surface of NKT cells. If compared quan-
titatively by mean fluorescence intensity of CD40L-positive
subsets after treatment with either glycolipid, OCH treatment
induced less CD40L expression on NKT cells compared with
the effect of aGC (Fig. 4C, right panel). These results indicated
that CD40L expression on aGC-stimulated NKT cells was
significantly higher than that on OCH-stimulated NKT cells.

Co-administration of IFN-y and CDA40 stimulation augments
IL-12 production by OCH in vivo

Although the CD40 pathway plays an intrinsic role in
physiological conditions in eliciting IL-12 production, effective

production of bioactive IL-12 by DCs requires another signal
mediated by innate signals such as microbial stimuli (23) or
by IFN-y (24-28). Therefore, OCH-induced expression of
CD40L and IFN-y may not be effective to initiate [L-12
production from DCs in vivo. To test this hypothesis, we
examined whether co-administration of stimulatory anti-CD40
mAb andfor IFN-y confer OCH to induce higher IL-12
production. As shown in Fig. 5, administration of IFN-y,
stimulatory anti-CD40 mAb or combination of both reagents
did not induce IL-12 expression in vivo. On the contrary, OCH-
induced IL-12 production was partially augmented by co-
administration of anti-CD40 mAb. Furthermore, concomitant
administration of IFN-y and stimulatory anti-CD40 mAb with
OCH induced IL-12 production. These results suggest that
the signals through CD40 and IFN-y provided by OCH-
stimulated NKT cells did not lead to efficient production of
IL-12.

Co-administration of IL-12 augments IFN-y production by
OCH in vivo

A series of experiments so far indicated that OCH was less
effective for induction of CD40L, IFN-y and consequent IL-12
production than those induced by «GC. To examine directly
the role of IL-12 production in less effective IFN-y production
by NKT cells and NK cells after OCH administration, we tested
whether co-administration of IL-12 with OCH induces IFN-y
in vitro and in vivo. As shown in Fig. 6(A), IL-12 augmented
IFN-y production from spleen cells after in vitro treatment with
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Fig. 4. Expression of CD40L on NKT cells stimulated with «GC or OCH. (A) Plotted values represent data of Affymetrix microarray analysis for
indicated genes. The aGC- or OCH-stimulated liver NKT cells (purified as CD3+ NK1.1+ cells) as well as unstimulated NKT cells were analyzed at
the indicated time points and the data represent to the relative values for glycolipid-tfreated samples when the value in NKT cells derived from
untreated animals was defined as 1. (B) Real-time PCR analysis for the expression of CD40L mRNA. Data are presented as a fold induction of
cytokine mRNAs after glycolipid treatment. The amount of mRNA in NKT cells derived from untreated animals was defined as 1. (C) Cell-surface
expression of CD40L on aGC-stimulated (bold line) or OCH-stimulated (thin line) NKT cells. CD40L expression was analyzed in CD3/NK1.1
double-positive cell. Dotted line represents the histogram of control staining. B6 mice were injected intra-peritoneally with either xGC or OCH and
liver mononuclear cells were isolated at the indicated time point. Cell-surface expression of CD40L was analyzed by flow cytometry (left) and
plotted (right) as mean fluorescence intensity (MF!). Data are expressed as mean * SD for duplicate samples. This figure represents one of two

experiments with similar results. *P < 0.05.

OCH in a dose-dependent manner. Higher doses of IL-12
induced IFN-y production even without OCH and the effect
of OCH is concealed in this condition. Interestingly, IL-12
treatment inhibits {L-4 production by OCH-stimulated spleen
cells in a dose-dependent manner, suggesting the reciprocal
regulation of cytokine production by IL-12. Next we examined
the effect of co-administration of sub-optimal dose of IL-12
together with OCH. As shown in Fig. 6(B), co-administration
of OCH and IL-12 induced significantly higher production of
IFN-y compared with either treatment alone, although sub-
optimal dose of IL-12 alone failed to induce IFN-y production.
In contrast, co-administration of IL-12 did not enhance the
|L-4 production 2 h after OCH administration in vivo. As both
NKT cells and NK cells are important sources of IFN-y after
glycolipid stimulation, we evaluated the frequency of IFN-y-
producing NKT and NK cells after co-administration of OCH
with IL-12. As shown in Fig. 6(C), IL-12 augmented the
proportions of IFN-y-producing cells in both cell populations,
but not in conventional T cells, when co-administered with
OCH. These results demonstrated that the properties of OCH

for less effective IFN-y production by NKT cells and NK cells
could be compensated by co-administration of IL-12.

Modification of cytokine profiles by pathogen-associated
molecular patterns after OCH treatment in vivo

As sub-optimal dose of IL-12 was able to rescue defective
IFN-y production by administration of OCH alone, availability
of IL-12 might be a crucial determinant for OCH-induced
production of IFN-y. As DCs and phagocytes produce 1L.-12 in
response to pathogens during infection, pathogen-associated
molecular patterns (PAMPs) are possible important determin-
ants for cytokine profiles after OCH stimulation in vivo. We
applied CpG ODN (27), which skews the host's immune milieu
in favor of Tn1 responses by enhancing the production of pro-
inflammatory cytokines including IL-12 (28), for analyzing
cytokine profile of OCH. As shown in Fig. 7(A), CpG ODN
alone induced no cytokine production within 6 h after injection.
Concomitant injection of CpG ODN with OCH induced strong
IFN-y production (7.5-fold induction with 10 ng per mouse of
CpG ODN plus OCH and 14-fold induction with 100 pg per
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Fig. 5. Co-administration of IFN-y and stimulatory anti-CD40 mAb
augments {L-12 production after OCH administration in vivo. B6 mice
were treated intra-peritoneally with 2 ug per mouse of glycolipids in
combination with murine IFN-y (1 pg per mouse) and/or stimulatory
anti-CD40 mAb (100 pg per mouse) and serum samples were
collected 2 h after treatment. The level of IL-12 production was
determined by ELISA. These data represent one of two experiments
with similar results, *P < 0.05.

mouse of CpG ODN plus OCH) and induced moderate IL-4
production (2.6-fold induction with 10 ng per mouse of CpG
ODN plus OCH and 2.1-fold induction with 100 pg per mouse
of CpG ODN plus OCH). Accordingly, co-administration of
OCH and 10 pg per mouse of CpG ODN exhibited strong
induction of IL-12 production (Fig. 7B, left panel), suggesting
the synergic effect of OCH and CpG ODN for preferential up-
regulation of IL-12. These results suggested that the PAMPs
could be a considerable determinant for the cytokine profile
following in vivo administration of OCH through regulating the
availability of pro-inflammatory cytokines such as IL-12.

Discussion

In this study, we clarified the effect of OCH on bystander cell
activation including the sequential IFN-y production by NK
cells and the functional conditioning of DCs. /n vivo adminis-
tration of OCH induced much lower IFN-y production from
both NKT and NK cells compared with that induced by aGC
administration. NKT cell-derived IFN-y was partially involved
in inducing {FN-y production by NK cells after «GC adminis-
tration, implying that an IFN-y-independent mechanism is also
important for indirect up-regulation of IFN-y production by NK
cells after «GC administration in vivo. OCH administration
induced lower CD40L expression by NKT cells compared with
aGC administration, resulting in the lower production of IL-12
by DCs. Co-injection of stimulatory CD40 mAb and IFN-y with
OCH augmented the OCH-induced IL-12 production. Like-
wise, co-injection of |L-12 with OCH enhanced the production
of IFN-y by OCH administration alone. Furthermore, adminis-
tration of OCH and CpG ODN into mice selectively induced
IFN-y production in vivo.

Consistent with the previous reports (9, 29), we here
demonstrated that OCH administration induced less amount
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of IFN-y than that of aGC in iNKT cells. Supporting these
observation is another report in which truncation of the
phytosphingosine lipid chain of «GC increases the relative
amounts of IL-4 release by human NKT cells (30).

The functional relevance between NKT cells and NK cells
was demonstrated in which NK-sensitive tumor incidence
was higher and the time of tumor development was earlier in
NKT cell-deficient mice compared with B6 mice (31).
Considering that NKT cell-deficient mice still possess NK cells
(82), NKT cells might serve as a modulator of NK cell function
in tumor immunity, though the molecular mechanisms of how
NKT cells modulate NK cells has not been clarified yet.
Recently, B-anomeric galactosylceramide has been reported
to have a capacity to reduce numbers of NKT cells without
inducing typical NK cell-mediated responses (29, 33). We
demonstrated in this study that OCH-induced IFN-y pro-
duction by NK cells was lower compared with that induced by
oGC. This is at least partly due to the lower induction of IFN-y
by OCH-stimulated NKT cells and the lower induction of IL-12
by DCs, leading to weak activation of NK cells. There is
a report showing that OCH and «GC can induce comparable
amount of IFN-y by NK cells 8 and 24 h after stimulation (29),
even though serum levels of IFN-y induced by OCH treatment
were significantly lower than that by aGC treatment 6 or 24 h
after stimulation. Since the major producer of IFN-y in vivo after
treatment with glycolipids at the later time points were
demonstrated to be NK cells (3, 10), it is not clear whether
cells other than NKT cells or NK cells could be the IFN-y
producer after aGC stimulation in their experimental condition.
Although the basis for the discrepancy is not clear, it may be
related to the difference in the synthetic methods of those
glycolipids. Nevertheless, we reproducibly confirmed the in
vivo ameliorating effects of OCH in various autoimmune
mouse models including EAE, CIA and inflammatory bowel
disease (7, 8, 34) through the differential induction of various
cytokines.

The CD40 pathway plays an intrinsic role in physiological
conditions by eliciting 1L-12 production by DCs (35, 38).
However, cross-linking of CD40 alone has been shown to be
incapable of inducing IL-12 production by DCs. Schulz et al.
(23) has demonstrated that effective production of bioactive
IL-12 by DCs through T cell activation should be initiated by
innate signals such as microbial stimuli. Activated T cell-
mediated IL-12 production by DCs through CD40 signaling
requires another signal, for example, IFN-y (24-26), which is
also shown to be required for uncommitted immature DCs to
develop the capacity to produce high levels of 1L-12 upon
subsequent contact with naive T cells (25). Consistent with
the observation, IFN-y enhances gene transcription encoding
both the p40 and p35 components of IL-12, resulting in
a particularly marked production of the heterodimeric IL-12
(37, 38). Intriguingly, aGC-induced expression of IL-12R on
NKT cells requires the production of IFN-y by NKTcells and the
production of IL-12 by DCs (21). In addition, IL-12 itself has
been shown to act directly on DCs to promote IL.-12 production
(39). «GC provides dual signals to DCs by up-regulating
CD40L on NKT cells and by inducing IFN-y production by NKT
cells, resulting in a large amount of 1L-12 production by DCs.
Our reconstitution experiment clearly showed that signals
through CD40 and IFN-y provided by OCH lead to small
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Fig. 6. Co-administration of IL-12 augments IFN-y production by OCH. (A) Effects of IL-12 on cytokine production of splenocytes stimulated with
glycolipids in vitro. Splenocytes were stimulated with various concentration of «GC or OCH in the presence or absence of IL-12 (with
concentrations from 0.01 to 100 ng ml ") for 72 h and the levels of IFN-y (left) or IL-4 (right) in the supernatants were measured by ELISA. Data are
expressed as mean * SD for triplicate wells. This figure represents one of two experiments with similar results. (B) Effects of IL-12 on cytokine
production after glycolipid administration in vivo. Bé mice were treated with 10 ng per mouse of IL-12, 2 pg per mouse of OCH or OCH plus IL-12
and serum samples were collected at indicated times after injection. Serum levels of IFN-y (left) and IL-4 (right) were determined by ELISA. This
figure represents one of three experiments with similar results. (C) B6 mice were treated with 100 ng per mouse of IL-12 alone or in combination
with 2 pg per mouse of OCH and spleen cells were harvested at various time points after glycolipid administration and subjected to intracellular
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Fig. 1. Similar results were obtained by analyzing liver mononuclear cells after glycolipid administration (data not shown). Data are expressed as
mean * SD for triplicate wells and represent one of two experiments with similar results. *P < 0.05.

amount of IL-12 production from DCs that is unable to trigger
the IFN-y burst by NKT cells and NK cells.

Treatment of mice with OCH together with sub-optimal
doses of IL-12 resulted in significantly augmented IFN-y
production in vivo, indicating that the impaired IL-12 pro-
duction by OCH is likely to be one of the major causes for less
effective IFN-y production in vivo. Similar observations were

reported previously, in which treatment of mice with sub-
optimal doses of aGC together with sub-optimal doses of IL-12
resulted in strongly enhanced natural killing activity and IFN-y
production (21). These results indicate an important role for
DC-derived IL-12 for glycolipid-induced activation of NKT
cells and suggest that NKT cells may be able to condition
DCs for subsequent immune responses. To further clarify the
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cooperative roles of IL-12 for effective IFN-y production by
glycolipid-stimulated NKT cells, CpG ODN (27) was co-
administered with OCH, in which IFN-y production was
preferentially augmented in response to IL-12 expression.
CpG ODN induces innate immune responses similar to
bacterial DNA, and is one of the PAMPs expressed by
a diverse group of microorganisms. Taken together, a variety
of glycolipid antigens elicit differential effects, not only on
NKT cells but also on bystander cells such as NK cells and
DCs, which may modulate subsequent immune responses.
Recently, Brigl et al. demonstrated that a bacterial infection
can induce a predominantly T,1 cytokine responses from
self-antigen-primed NKT cells. In this instance, microbial
products were recognized not by NKT cells directly, but by
DCs, resulting in IL-12 secretion and subsequent potent IFN-y
production (17). Following the exposure of immune cells to
exogenous antigens or infection, |L-12 is produced by DCs in
response to CD40 signals or microbial products, and co-
stimulates the responses of NKT cells to self-antigens,
resulting in a significant augmentation of IFN-y production
but no detectable IL-4 production (40). It is noteworthy to point
out that the behavior of OCH in response to IL-12 is analogous
to that of the putative self-antigen for NKT cells (Fig. 6).
Therefore, NKT cells also respond to OCH in a diverse manner
according to the availability of 1L-12, which can be induced
by a wide variety of pathogens, and thus OCH may be a useful
tool to evaluate the physiological responses of NKT celis to
various innate immune conditions.

Regarding the predominant effect of OCH on T,2 polariza-
tion by NKT cells, several molecules have been identified that
positively regulate T,2 polarization, such as thymus-specific
lymphopaietin (TSLP), OX40 ligand (OX40L) or prostaglandin
(PG) Ez. In the microarray analysis of glycolipid-stimulated
NKT cells and DCs, no inducible transcription of TSLP and
OX40L in NKT cells was observed 1.5 or 12 h after OCH
treatment. Furthermore, synthetic pathway for PGs seems
quiescent because the expression of PG H synthetase (or
cyclooxygenase 2), a key enzyme initiating PG synthesis, was
not induced in either NKT cells or DCs after treatment with
OCH. Considering that all of these molecules are regulated
transcriptionally upon stimulation, the involvement of these
molecules for OCH-mediated T,,2 polarization seems minimum.
Taken together, the results demonstrated in this study suggest
that OCH induces Tn2 predominance by a default pathway.

In summary, we have demonstrated here that OCH-
mediated dominant T,2 polarization is accomplished not
only by the preferential IL-4 induction by NKT cells but also
by the evasion of the secondary IFN-y burst. This effect of
OCH is due to the ineffective induction of IFN-y and CD40L. by
NKT cells and the subsequent reduction of IL-12 secretion.
These results demonstrate the cellular mechanisms involved
in altered glycolipid ligand (OCH)-induced T,2 polarization
and immune regulation in vivo. Therefore, proper assessment
of the effects of the innate immune system on the host's
response should be taken into consideration when modulating
NKT responses in vivo by glycolipids, such as OCH.
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Abbreviations

APC allophycoerythrin

CDh40L CD40 ligand

CIA collagen-induced arthritis

bC dendritic cell

EAE experimental autoimmune encephalomyelitis
FIt3L Flt3-ligand

aGC o-Galactosylceramide

INKT invariant NKT

NF-xB nuclear factor-xB

ODN oligodeoxynucieotide

OX40L 0OX40 ligand

PAMP pathogen-associated molecular pattern
PG prostaglandin

TSLP thymus-specific lymphopoietin
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The Involvement of V14 Natural Killer T Cells in the
Pathogenesis of Arthritis in Murine Models

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

Objective. To examine the physiologic role of
natural killer T (NKT) cells bearing V_14 T cell recep-
tor (TCR) in the pathogenesis of collagen-induced ar-
thritis (CIA) and antibody-induced arthritis in mice.

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

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

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

Rheumatoid arthritis (RA) is a common auto-
immune disease characterized by persistent inflamma-
tion of the joints. Affected joints display hyperplasia of
the synovia with large cellular infiltrates of several cell
types, including neutrophils, macrophages, T cells, B
cells, dendritic cells, and fibroblasts. Complement dep-
osition and high levels of proinflammatory cytokine
expression are found in the synovial and periarticular
regions, and the perpetuation of synovitis results in
destruction of the cartilage and bone of the affected
joints. Although the etiology of RA remains controver-
sial, camulative evidence suggests that T cell-mediated
autoimmune responses play an important role, and the
ensuing inflammation is a critical component in the
processes leading to damage of joint cartilage and
bone (1).

Natural killer T (NKT) cells are a unique subset
of T cells that coexpress receptors of the NK lineage
and o/B T cell receptor (TCR). A majority of NKT
cells express an invariant TCRa chain (encoded by a
V,14-J 281 rearrangement in mice and a homologous
V,24-1.,Q rearrangement in humans). Unlike conven-
tional T cells that recognize peptides in association with
the major histocompatibility complex (MHC), V, 14
NKT cells recognize glycolipid antigens such as
a-galactosylceramide (a-GC) presented by the nonpoly-
morphic MHC class I-like protein, CD1d. V_14 NKT
cells have been demonstrated to regulate a variety of
immune responses through their capacity to produce a
large amount of cytokines, including interleukin-4 (I1.-4)
and interferon-y (IFNv), in response to TCR ligation or
cytokine stimulation (2-4). Furthermore, we previously
demonstrated that stimulation of V14 NKT cells with
the glycolipid ligand, OCH, can inhibit collagen-induced
arthritis (CIA), a murine experimental model for RA
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