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14-3-3/Hsp60/PrPC Complex
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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

4
I

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 cytaplasm 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
(ransgenic 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 «-helix-rich PrPC into B-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 (80 and 210 of PrPC
(33). GroEL. a homolog of ecukaryotic Hsp6l. 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 Brucellu abortus directly binds
PrPC of the host macrophages. and this binding promotes the
aggregation of PrPC on the cell-surface lipid rafls (34).
Interestingly, circulating  antibodies against  Spiroplusmu
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 discases (35). Heal shock elements were
identificd 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
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normal neurons

degenerating neurons

proinflammatory cytokines clevate 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 Hsp6( as one of 14-3-3-interacting proteins
n HeLa 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 Hsp6U contains
a central cavity where substrale proleins are sequestered and
properly folded in cooperation with the Hspl0 family protein
(19.20). Inaddition. several proteins that are oo 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 Jarge 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 (o 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. Hsp6&. p50¢ P MEK 1, MEK2.
and 14-3-3 proteins. where a panel of Hsp serve to stabilize
KSR (46). It is worthy to nole that the levels of expression of
the cytosolic chaperonin CCTG6A are reduced in the brain of
14-3-3vy isoform-knockout mice. although these mice show
a clinical course similar to the wild-type mice after inoculation
of scrapic 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 CSF.
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A form of a-galactosylceramide, KRN7000, activates CD1d-ve-
stricted Val4-invariant (Va14i) natural killer (NK) T cells and
initiates multiple downstream immune reactions. We report that
substituting the €26:0 N-acyl chain of KRN7000 with shorter,
unsaturated fatty acids modifies the outcome of Va14i NKT cell
activation. One analogue containing a diunsaturated €20 fatty acid
(C20:2) potently induced a T helper type 2-biased cytokine re-
sponse, with diminished IFN-y production and reduced Va14i NKT
cell expansion. C20:2 also exhibited less stringent requirements for
loading onto CD1d than KRN7000, suggesting a mechanism for the
immunomodulatory properties of this lipid. The differential cellular
response elicited by this class of Ve 14i NKT cell agonists may prove
to be useful in immunotherapeutic applications.

cytokines | inflammation | autoimmunity | immunoregulation

N atural Killer (NK) T cells were defined originally as fym-
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 1-like molecule CD1d by
using TCRs composed of an invariant TCR-« chain (mouse
Vald-Jal8, human Va24-Jal8) paired with TCR-f chains with
markedly skewed V3 usage (1). These CDl1d-restricted Val4-
invariant {Valdi) NKT cells are highly conserved in phenotype
and function between mice and humans (2). Valdi NKT cells
influence various 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 delective
in their capacity to produce antiinflammaltory cytokines like T1-4
(5. 6). Deficiencies in NKT cells have also been observed in
humaas with various autoimmune diseases (7, 8).

Valdi NKT cells have been manipulated to prevent or Lreat
autoimmune discase, mostly through the use ol KRN7000, 1
synthetic a-galactosyleeramide (a-GalCer, Fig. L4) that binds to
the hydrophobic groove of CD1d and then activates Vol4i NKT
cells by means of TCR recognition (9). KRN7000 treatment of
nonobese diabetic mice blocks development of T helper (Ty)
type I-mediated autoimnmune destruction ol pancreatic islet
p-cells, thus delaying or preventing disease (10-12). There has
been considerable interest in methods that would allow a more
selective activation of these cells. In particular, the ubility to
trigger 1L-4 production without eliciting strong IFN-y or other
proinflammatory cytokines may reinforce the immunoregula-
tory functions of Valdi NKT cells. This effect is detected after
Valdi NKT cell activation with a glycolipid designated OCH.
which is an a-GalCer analogue that is structurally distinet from
KRN7000 in having a substantially shorter sphingosine chuin and
functionally by its preferential induction of IL-4 secretion
(13, 14).

In this study, we investigated responses 10 a-GalCer analoguies
produced by alteration of the length and extent of unsaturation

www.pnas.org cgi/doi 10.1073/pnas.0407488102
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ol their N-acyl substituents. Such modifications altered the
outcome of Valdi NKT cell activation and, in some cases, led to
a Ty2-biased and potentially antiinflammatory cylokine re-
sponse. This change in the NKT cell response was likely the result
ol an alteration of downstream steps in the cascade of evenls
triggered by Valdi NKT cell activation, including the reduction
of secondary activation of IFN-y-producing NX cells. These
findings point to a class of Val4i NKT cell agonists that may have
superior properties for the treatment of autoimmune and in-

~{lammatory diseases.

Materials and Methods

Mice and Cell Lines. C57BL/6 mice (8- to 15-whk-old females) were
obtained either [rom The Jackson Laboratory or Taconic Farms.
CD1d™ ™ mice were provided by M. Exley and S. Balk (Beth
Israel-Deaconess Medical Center, Harvard Medical School,
Boston) (15). Ve ldi NKT cell-deficient Jol8™ ™ mice were a gift
from M. Taniguchi and T. Nakayama (Chiba University. Chiba.
Japan} (16). Both knockout mice were in the C57BL/6 back-
eround. Animals were kept in specific pathogen-free housing.
The protocols that we used were in accordance with approved
institutional guidelines.

Mouse CDld-transfected RMA-S cells (RMA-S.mCDId)
were provided by S. Behar (Brigham and Women's Hospital,
Harvard Medical School) (17). WT or cytoplasmic tail-deleted
CDld-transfected A20 cells and the Valdi NKT hybridoma
DN3A4~-1.2were provided by M. Kronenberg (La Jolla Institute
for Allergy and Immunology. La Jolla, CA) (18, 19). Hybridoma
DN32D3 was a gift from A. Bendelac (University of Chicago.
Chicago) (1). Cells were cultured in RPMI medium 1640
(GIBCO) supplemented with 107 heat-inactivated FCS (Gem-
ini Biological Products, Calabasas, CAY/10 mM Hepes/2 mM
L-glutamine/0.I mM nonessential amino acids/55 M 2-mer-
captocthanol/100 units/mt penicillin/100 pe/ml streptomycin
(GIBCO) in a 37°C humidified incubator with 5% CO-.

Glycolipids. BFI508-84 was synthesized by Biomira (Edmonton.
Canada). OCIH [{2S, 35, 4R)-1-O-(a-n-galactopyranosyl)-N-
tetracosanoyl-2 amino-1,3,4-nonanctriol] was synthesized as de-
seribed (13). An overview of the methods for synthesis of
KRN7000 (25, 3S. 4R)-1-0-(«-p-galactopyranosyl }-N-hexaco-
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Fig. 1. Induction of a TuZ-polarized cytokine response by an unsaturated
analogue of u-GalCer. (A) Glycolipid structures. (8) [*HJthymidine incorpora-
tion and supernatant IL-4 and IFN-+ levels in 72-h splenocyte cuitures with
graded amounts of giycolipid. Means from triplicate cultures are shown; SEMs
were typically -+ 10% of the mean. (C) Serum [L-4 and IFN- y levels (3t 2 and 20 h)
of C57BL 6 mice injected i.p. with 4.8 or 24 nmo! of glycolipid. KRN7000 was
the only glycolipid that induced significant IFN-+ levels at 20 h (*, P =~ 0.05,
Kruskall-Wallis test, Dunn's posttest). Means = SD of two or three mice per
group are shown.

sanoyl-2-amino-J.3.4-octadecanetriol} and other N-acyl ana-
logues used in this study is shown in Fig. 7. which is published as
supporting 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 (o
either 100 uM in DMSO for in vitro 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 96-well {lat-bottom tissue culture plates with glyeo-
lipid diluted in 200 g of medium. After 48 or 72 h at 37°C, 150
wd of supernatant was removed for eytokine measurements. and
(1.5 1Ci (1 Ci = 37 GBq) [*H]thymidine per well (specific activity
2 Ci/mmol; PerkinElmer) was added for an I18-h pulse. Prolif-
eration was estimated by harvesting cells onto 96-well ilter mats
and counting B-scintiflations with a 1450 Microbeta Triflux
(Wallac, Gaithersburg, MD; PerkinElmer).

Supernatant levels of IL-2. 11-4, IL-12p70. and IFN-y were
measured by ELISA using capture and biotinylated detection
antibody pairs (BD PhurMingen) and streptavidin-horseradish
peroxidase (Zymed) with TMB-Turbo substrate (Pierce) or
streptavidin—altkaline phosphatase (Zymed) with 4-nitropheny!
phosphate substratey(Sigma). 1L-2 standard was obtained from
R & D Systems; IL-4. IL-12p7(t and IFN-y were obtained from
PeproTech (Rocky Hill, NI).

Hybridoma Stimulations. CDJ1d” RMA-S or A20 cells (50,000 cells
in 100 ul per well) were pulsed with graded doses of glyeolipid
for 6 h at 37°C. Aflter three washes in PBS, Valdi NKT
hybridoma cells (50,000 cells in 100 pl) were added for 12 h.
Supernatant TL-2 was assayed by ELISA. Alternatively, CD1d-
transfected cells (RMA-S.mCDId) were lightly fixed cither
before or after exposure o antigen (20). Cells were washed twice
in PBS und then fixed in 0.05% glutaraldehyde {grade 1. Sigma)
in PBS for 30 s at room temperatusre. Fixative was quenched by
addition of 0.2 M L-lysine (pH 7.4) for 2 min, followed by two
washes with medium before addition of responders.

For cell-free presentation. recombinant mouse CDI1d (1
pg/mlin PBS) purified from a baculovirus expression system

3384 | www.pnas.org cgi doi 10.1073 pnas.0407488102

— 116 —

(21) was adhered 1o tissue culture plates for ] 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 mM sodium phosphate buffer (pH 7) with
or without (L025% Triton X-100. Wells were washed before
addition of hybridoma cells.

In Vivo Studies. Mice were given i.p. injections of 4.8 nmol ol
glycolipid in 0.2 ml ol PBS plus 0.025% Tween-20 or vehicle
alone. Sera were collected and tested for 1L-4, IL-12p70, and
IFN-v, as described above. Alternatively, mice were killed at
various times for FACS analysis.

Flow Cytometry. Splenocytes or thymocyles were isolated and
used without further purification. Nonspecific staining was
blocked by using FACS buffer (0.1% BSA/0.05% NaNi in PBS)
with 10 pg/ml rat anti-mouse CD16/32 (2.4G2; The American
Type Culture Collection). Cells (=10°) were stained with phy-
coerythrin or allophycocyanin-conjugated glycolipid/mouse
CDI1d tetramers (21) for 30-90 min at room temperature and
then with fluorescently labeled antibodies ({rom Culiag, South
San Francisco. CA, or PharMingen) for 30 min at 4°C. Datua were
acquired on either a FACSCalibur or LSR-11 flow cyvtometer
(Beclon Dickenson) and analyzed by using wiNmD1 2. (Scripps
Research Institute, La Jolla. CA). For some experiments. dead
cells were excluded by using propidium iodide (Sigma) or
4’,6-diamidino-2-phenylindole (Roche).

FACS-based cylokine secretion assays (Miltenyi Biotec. Au-
burn, CA) were used to quantitutively detect single-cell produc-
tion of 1L-3 or TFN-y. Splenocytes were aseptically collected
from mice that were previously injected i.p. with glycolipid
analogues and not subjected Lo [urther stimulation. When ap-
plicable, 10° cells were prestained with [abeled tetramer for 30
min at room lemperature and then wushed in PBS plus 0.1%
BSA. Cells were then stained with the cvtokine catch reagent
according o the manufacturer’s instructions. followed by incu-
bation with rotation in 2 ml of medium at 37°C Jor 45 min. Cells
were then washed, stained with [luorescently labeled antibodies
to cell-surface antigens. phycocrythrin-conjugated anti-IFN-yor
IL-4. and propidium iodide, as described above.

Results

Th2-Skewing Properties of an a-GalCer Analogue. During screening
of a panel of synthetic glycosyl ceramides, we identified a
compound that showed Tpu2-skewing of the cytokine profile
generated by Varldi NKT cell activation. Glycolipid BF1508-84
differed structurally from both OCH and KRN7000 by having a
shortened, unsaturated fatty-acid chain (C20:4 arachidonale)
and a double bond in place of the 4-hydroxy in the sphingosine
buse (Fig. 1.4). Despite these modilications. BFISOS-84 activated
prolileration and eytokine seeretion by mouse splenocytes (Fig.
1B). Thesc responses were Va 14 NKT cell-dependent. as dem-
onstrated by their absence in both CDId™ ~ and Jol8™ 7~ miee
(data not shown). Maximal proliferation and 11.-4 levels were
comparable with those obtained with KRN7000 and OCH.
although a higher concentration of BFIS08-84 wus required to
reach stmilar responses. Interestingly. 1FN-y sceretion stimu-
lated by BFISO8-84. even at higher tested concentrations, did not
reach the levels seen with KRN7000. This profile of cytokine
responses suggested that BFISOS-84 can elicit a Tyy2-biased
Veldi NKT cell-dependent cytokine production. similar 1o
OCH (13).

We measured serum cytokine levels at various times alter a
single injection of ¢ither KRN7000 or BFISO8-84 into C37BL./6
mice. Our studies confirm published reports that a single ip.
injection of KRN7000 leads to a rupid 2-h peak of serum 114
(Fig. 1C and data not shown), Jlowever, 1FN-vy levels were
relatively low at 2 h but rose toa plateau at 12-24 h (13.22). With
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Fig. 2. Recognition of a panel of unsaturated analogues of KRN7000 by a
canonical Va14i NKT hybridoma. (4) Analogue structures. (B) Dose-response
curves showing IL-2 production by hybridoma DN3A4-1.2 after stimulation
with RMA-$.mCD1d cells pulsed with various doses of glycolipid. Maximal IL-2
concentrations in each assay were designated as 100%. Four-parameter lo-
gistic equation dose-response curves are shown; the dotted line denotes the
half-maximal dose. (C) Relative potencies of the analogue panel in Vo141 NKT
cell recognition, plotted as the reciprocal of the effective dose required to
elicit a half-maximal response (1, EDsp). Similar results were obtained by using
another Va14i NKT hybridoma, DN32D3.

BF1508-84, production of IL-4 at 2 b was preserved, whereas
IFN-y was barely detectable at 20 h (Fig. 1C). This pattern was
identical to that reported for OCH (13, 22) and was not due to
the lower potency of BFI508-84 because a 5-fold greater dose
did not change the Ty2-biased cytokine profile (Fig. 1C).

Systematic Variation of Fatty-Acyl Unsaturation in «-GalCer. The
cytokine response to BFI508-84 suggested that altering the
fatty-acid length and unsaturation of o-GalCer could provide an
eflective strategy for creating Veldi NKT cell activators with
modified functionul properties. We used a synthetic approach
(Fig. 7. und G.S.B. und P.AL, unpublished data) to generate
lipids in which 20-carbon acyl chains with varying degrees of
unsaturition were coupled onto the a-galactosylated sphin-
gosine core structure (Fig. 24). These compounds were [irst
screened for the ability to activate a canonical Val4-Jal8/
VEE.2*, CDld-restricted NKT cell hybridoma cocultured with
CDId™ antigen-presenting cells. Hybridoma DN3A4-1.2 recog-
nized all C20 analogues of a-GalCer with various potencies when
presented by CDId-transfected RMA-S cells, and it [uiled 10
recognize un azido-substituted analogue lacking a falty-acid
chain (Fig. 2 5 and C). As reported (9). mere shortening ol the
fatty-acid chain alfected Veldi NKT cell recognition, and
reduction of saturated fatty-acid tength from C26 to C20 was
associated with a =2 log decrease in potency. However, insertion
of double bonds into the C20 acy! chain augmented stimulatory
activity. One lipid in particular, with unsaturations at carbons 1§
and 14 (C20:2), was more potent than other analogues in the
pinel. This increase in potency seemed to be a direct result of the
two double bonds, because an independently synthesized ana-
fogue with a slightly shorter diunsaturated acyl chain (C18:2)
showed a poteney similar to that of C20:2 (Fig. 2C).

We also studied in virro splenocyte cytokine polarization
resulting from Valdi NKT cell stimulation by cach lipid in the
panel. Supernatant 1L-4, TFN-y, and 11.-2 levels were measured
over a wide range of glycolipid concentrations. All C20 variants
induced [L-4 production comparable with that of KRN7000 (Fig,
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Fig. 3. Tu2-skewing of in vitro and in vivo cytokine responses to C20:2. (4)
Dose~response curves reporting 48 h 1L-4, IFN--, or 1L-2 production, and cell
proliferation of splenocytes in response to KRN7000, C20:2, and OCH. Means
of duplicate cuitures are shown; SEM were - 10% of the means. (B) Cytokine
and proliferation measurements on splenocytes exposed to a submaximal
dose (3.2 nM) of the panel of «-GalCer analogues shown in Fig. 2. Mean © SEM
from duplicate cultures shown. (C) Serum IL-4 and IFN-- levels in mice given 4.8
nmol of KRN7000, C20:2, or OCH. Mean = SD of two or three mice are shown.
Vehicle-treated mice had cytokine levels below limits of detection. The results
shown are representative of two or more experiments.

3.4 and B. and data not shown). However, IFN-vy levels for ull
but one C20 analogue (C20:1 c¢iy) were murkedly reduced to
one-fourth of the maximal levels observed with KRN7000 and
the closely related C24:0 analogue. or less. In addition, C20:1-¢is.
C20:2, and CI8:2 were unique in this class of compounds in
inducing strong I1.-2 production and cellular proliferation sim-
ilar to that seen with KRN7000 and C24:0 yet with much lower
IFN-vy induction. This in vitre T 2-bias was also evident in vivo.
Mice given C20:2 and C20:4 showed systemic eytokine produc-
tion that resembled stimulation by OCH or BFIS08-84. Thus. a
rapid burst of serum 1L-4 was observed without the delayed and
sustained production of IFN-y typical of KRN7000 (Fig. 3C and
data not shown). No signilicant difference between the glyco-
fipids was seen in serum IL-12p70 levels at 6 h after treatment
(data not shown).

identification of Cytokine-Producing Cells in Vive. Previous reports
(23-25) established that Valdi NKT cells are a predominuant
source of 1L-4 and IFN-vy in the carly (2 h) response to KRN7000
and that by 6 h after injection these cells hecome progressively
undetectable because of receptor down-modulation. whereas
secondarily activated NK cells begin to actively produce 1FN-y.
Gating on either a-GalCer-loaded CDId tetramer” or NKELIT?
T cells, we observed similar strong cytokine seeretion for both
-4 (data not shown) and IFN-y in Valdi NKT cells at 2 hafter
injection of KRN7000 or C20:2 (Fig, 4.4 und B). We concluded

PNAS | March 1,2005 | vol. 102 | no.9 | 3385

IMAMUNCLOGY



i NKT cells

; 2h
E KRN7000 {3
g : :
- NK1.1* T cells
3 2h
T C2
g : =
g
K] NK cells
(,‘3 K 24 h

vehicle &

secreted IFNy

NK cells 8 cells % ot CD3r* numbei, $0°
12h &
1
4
2
0 T
0

CD69

Fig. 4. Sequelae of KRN7000 and C20:2-induced Va 141 NKT cell activation.
(A) Va14i NKT cell (tetramer* CD3:1™), NK cell (NK1.1* €D3¢7), and NK1.1" T
cell (NK1.1" CD3:i") identification by FACS in splenocytes from mice given
KRN7000, C20:2, or vehiclei.p. 2 h earlier. Lymphocytes gated as negative for
B220 and propidium iodide are shown. (8) Histogram profiles for IFN-~ secre-
tion of splenic Vo14i NKT, NK1.1* T, or NK cells from mice 2 or 24 h after
treatment with glycolipid. IFN--~staining in C24:0-stimulated samples was
identical to that of KRN7000-stimulated samples. (C) CD69 levels of splenic NK
cells {gated as CD3¢™ NK1.1")or Beells (CD3+~ NK1.17 B2207) at 12, 24, or 48 h
after injection of glycolipid, (D) Splenic Va14i NKT cell (8220~ CD3:7™ tet-
ramer”) frequency, measured as either percentages of T cells or as total NKT
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 Val4i NKT cell response
but, rather. reflected altercd downstream events such as the
relatively late TFN-y production by activated NK cells.

Secreted cytokine staining confirmed that in both KRN7000-
and C20:2-treated mice. NK cells were IFN-y* at 6-12 h after
treatment (26. 27). However, whereas splenic NK cells [rom mice
that received either KRN7000 or the closely related C24:0
analogue strongly produced IFN-y as late as 24 h after initial
activation. NK cells [rom C20:2-treated mice showed substan-
tially reduced staining (Fig. 4B). Together, these results pointed
o a less sustained secondary IFN-y production by NK cells
(rather than a change in the initial cytokine response of Valdi
NKT cells) as the major actor responsible for the T2 bias of the
systentic cylokine response to C20:2.

Sequelae of Va14i NKT Cell Activation by €20:2. Secondary uctiva-
ton 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 CDOY 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
-0 h after injection (data. not shown). Paradoxically, C20:2
induced slightly higher CD69 tevels on both cell populations up
until 12 h, although this trend was reversed from 24 h onwards.
supgesting an carlier up-regulation yet faster subsequent down-
regulation of the marker (Fig. 4C). NK cell forward scatter
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Fig.5. Recognition of KRN7000, C24:0, and C20:2 by the same population of

Va14i NKT cells. (A) Costaining of C57BL. 6 splenocytes or thymocytes with
allophycocyanin-conjugated CD1d tetramers assembled with C24:0, and phy-
coerythrin-labeled CD1d tetramers assembled with various analogues. (8)
Thymocytes were stained with C24:0, €20:2, KRN7000, or vehicle-loaded CD1d
tetramers—phycoerythrin, and with antibodies to B220, CD3r, V{7, Vi8.1 8.2,
or NK1.1. Dot plots show gating for tetramer™ T cells, after exclusion of B
lymphocytes, and dead cells. (O) TCR V{5 and NK1.1 phenotype of tetramer -
CD3:iM thymocytes. Analogous results were obtained with spienocytes. 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-trealed mice (duata not shown).

It is established that Veal4i NKT cells expand bevond homeo-
static levels 2 or 3 days after KRN7000 stimulation (24 25). In
our study, a 3- 1o 5-fold expansion in splenic Valdi NKT cell
number occurred in KRN7000-treated mice at day 3 after
injection. Interestingly, after in vivo administration ol C20:2.
only a minimal transient expansion was observed on day 2. with
no expansion of the Val4i NKT cell population thereafter, even
as late as day 5 (Fig. 4D and data not shown). Together, our
{indings indicated pronounced alterations in the late sequelac of
Va3 NXT cell activalion with the C20:2 analogue compared
with KRN7000.

Recognition of KRN7000 and C20:2 by Identical Cell Populations.
CDI1d complexes containing the a-GualCer analogue OCIH have
been shown to have significantly reduced avidity for TCRs of
Vaeldi NKT cells compared with binding of KRN7000-loaded
complexes (31). This linding suggests the possibility that the
T12-biased response of C20:2 could be a resull of preferential
stimulation of Vealdi NKT cell subsets with TCRs of higher
alfinity for lipid-loaded CDI1d. In fact, phenotypically defined
subsets of murine and human NKT cells have been described that
show a bias toward increased production of IL-4 relative 10
IFN-y upon stimulation (32-36). However. by costaining of
splenic and thymic Valdi NKT cells by using CDId tetramers
loaded with different lipids, we demonstrated that identical
populations recognized C24:0), C20:2. and KRN7000 (Fig. 34).
Single staining with these reagents revealed no difference in V3
usage or NKI.T status of cells reactive with the different
analogue tetramers (Fig. 5 B and C). Interestingly, C20:2-loaded
tetramers stained NKT cells more strongly than tetramers louded
with KRN7000, reflecting a stightdy higher affinity of the C20:2-
CD1dcomplex to the Val4i TCR (1.S.1 and S.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 subset of Valdi NKT cells.
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Fig.6. Differential requirements for CD1d loading with KRN7000 and C20:2.

IL-2 response of hybridoma DN3A4~1.2 to glycolipid presentation in three in
vitro CD1d presentation systems: platebound CD1d loaded with varying
amounts of KRN7000 or €20:2 in the presence or absence of the detergent
Triton X-100 {A), RMA-S.CD1d cells pulsed with glycolipid before or after
glutaraldehyde fixation (8), or WT or cytoplasmic taii-deleted (TD) CD1d-
transfected A20 cells, ioaded with either KRN7000 or €20:2 (C).

Loading Requirements of «-GalCer Analogues onto CD1d. To find an
alternative explanation for the Ty 2-biased response to C20:2, we
studied requirements for handling of different forms of «-Gal-
Cer by antigen-presenting cells. We employed a cell-free system
in which platebound mouse CDI1d was loaded with doses of
KRN7000 or C20:2 in the presence or absence of the detergent
Triton X-100 (37). By using 1L-2 production by DN3A4-1.2 as
a readout for glycolipid loading of CD1d. we observed a marked
dependence on detergent for loading of KRN7000 but not for
C20:2 (Fig. 64). This result suggested a significant difference in
requirement for cofactors. 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 recyeling of CD1d between endosomes and
the plasma membrane. Va4 NKT cell recognition of KRN7((0
was markedly reduced if lipid loading was done after fixation of
RMA-S.mCDId cells, whereas recognition of C20:2 was unim-
paired (Fig. 653).

Stmilar conclusions were drawn {rom experiments by using
A20 cells transfected with either WT or cytoplasmic tail-deleted
CDI1d (Fig. 6C). The tail-deleted CDId mutant lacks the intra-
cellular tyrosine-based sorting motif required for internalization
and endosomal localization of CD1d (19). As was the case with
RMA-S.mCD1d, WT CDId-translected A20 cells presented
KRN7000 more potently than C20:2. However, the 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 Joading for presentation by CDId
when compared with compounds that produced u more mixed
response with strong IFN-y production, such as KRN7000.

Discussion

This study details in vitre and in vivo consequences of activation
of Valdi NKT cells with C20:2. a divnsaturated N-acyl substi-
tuted analogue of the prototypical a-GalCer, KRN7000. The
T12 eytokine 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 vitra potency of
C20:2 for stimulation of certain Valdi NKT cell functions (e.g.,

proliferation and secretion of 1L-4 und [L-2} approaches that of

KRN7000, whereus OCH appears to be a much weaker Vo l4i
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 linding would suggest that, as a therapeutic
agent, C20:2 will be recognized by the identical global Vaidi
NKT cell population (as KRN7000 is) and not limited (o
higher-affinity NKT cell subsets, as suggested for OCH (31).

A recent study showed that one mechanism by which OCH
may induce a Tyy2-biased cytokine response involves chunges in
IFN-vy production by Val4i NKT cells themselves. Oki e al. (43)
reported that the transcription factor gene ¢-Rel. a member of
the NF-«B family of transcriptional regulators that is a crucial
component of IFN-y production, is inducibly transcribed in
KRN7000-stimulated but not OCH-stimulated Val4i 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-vy production by Varl4i NKT cells
was different alter activation with C20:2 versus KRN7000. Both
lipids induced identical single-cell IFN-y staining in Valdi NKT
cells and serum 1FN-y levels at 2 h after injection. However, in
contrast to the apparent similarity in Val4i NKT cells, NK cell
IFN-vy production was significantly reduced and less sustained
after in vivo administration of C20:2 compared with KRN7000.
Hence, failure of C20:2 to fully activate downstream events
leading to optimal NK cell secondary stimulation by activated
Valdi NKT cells appears to be the most likely mechanism by
which C20:2 induces reduced IFN-y and an apparent Ty 2-biascd
systemic response.

C20:2 administration resulted also in a more rapid but less
sustained CDO9Y up-regulation in NK and B cells, as well as a lack
of a substantial Valdi NKT cell expansion. These {indings were
surprising, given that TCR down-modulation observed on Vali
NKT cells within the first few hours after C20:2 stimulation was
similar to or greater than thatinduced by KRN7000 (Fig. 4.4 and
data not shown). indicating strong TCR signaling in response (o
the analoguce. 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 Varldi NKT cell activation. including,
the production of cytokines or other fuctors required Lo support
the expansion of Val4i NKT cells.

What mechanism can then be invoked to account for the
altered cylokine response 1o C20:2 and other N-acyl variunts of
KRN7000? One intriguing possibility is provided by our analysis
of requirements for presentation of C20:2 compared with
KRN7000. which revealed marked dilferences between these
glycolipids in their need for endosomal loading onto CDId.
CDI1d and other CDI proteins undergo trunsport into the
endocytic pathway. leading to intracellular loading with lipid
antigens and subseguent recyeling to the cell surface (39). The
importance of endosomal loading for KRN7000 most likely
refleets the impact of fuctors in these compartments that facil-
itate the insertion of lipids into the CD1d ligand-binding groove.
These factors include the acidic pH of the endosomal environ-
ment. as well as lipid transport proteins, such as saposins und
GM2 activalor protein (38, 40, 41}, Our findings indicate that
C20:2 can efficiently load onto CDI1d in the absence of these
endosomal cofactors. Consequently, we speculate that €20:2
may be strongly presented by any cell type thut expresses surface
CDld. regardless of its ability to efficiently endocytose lipids
from the extracettular space. This more widespread presentation
could lead to a more pronounced presentation of C20:2 by
nonprolessional antigen-presenting cell tvpes compared with
KRN7000. Because muny cell types express CD1d. including ull
hematopoicetic lineages and various types ol epithelin (34-48).
presentation of C20:2 by nonprolessional antigen-presenting
cells may explain the more rapid trans-activation of bystander
cells observed with C20:2. An alternative hypothesis is that the
endosonl toading requirements ol KRN7000 resultin its pref-
erential localization into CDId molecules contained in mem-
brane lipid rafts, whereas the permissive loading propertics of
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C20:2 would result in a more uniform glycolipid distribution
across the cell membrane. Evidence of lipid raft localization of
CDId and raft influence on the Ty-bias of MHC class 1I-
restricted CD4* T cells lend support to this model (49, 50).
Either 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 Val4i NKT
cell stimulation. Consistent with both models, Valdi NKT cell
activation with KRN7000 in vitro in the presence of costimula-
tory blockade (anti-CD86) can polarize cytokine production to
a Ty?2 profile (22).

We have shown that structurally modified forms of a-GalCer
with alterations in their N-acyl substituents can be designed to
generate potent immunomodulators that stimulate qualitatively
altered responses from Val4i NKT cells. Our results confirm
and extend several basic observations and principles established
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from earlier studies on less potent agonists, such as OCH,
Further study of these and similar analogues may yield com-
pounds with clear advantages for treatmenl or prevention of
specific immunologic disorders or for the stimulation of protec-
tive host immunity against particular pathogens.
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referential T,2 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 Ti2 cytokines from NKT cells and a potent
therapeutic reagent for Thi1-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-galaciosylceramide. OCH induced lower IL-12 production due to ineffective primary IFN-y and
CDA40 ligand expression by NKT cells, and resulied 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. 1L-12 converts OCH-induced cytokine expression from 1L..-4
predominance to IFN-y predominance. Furthermore, CpG oligodeoxynucleotide augmented 1L.-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 a-galactosylceramide («GC) by
an invariant TCRa chain composed of Va14-Ja18 segments
in mice and Va24-Jal8 segments in humans, associated
with TCRB 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/Th2 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 T2 responses
without inducing IFN-y production and pathogenic Ty1
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. [FN-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 aGC-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 IFN-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-v 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. IL-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, aGC-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, aGC-stimulated NKT cells 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 Ty1-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 Tp1 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 Tj,1 polarization. Considering the lower IFN-vy
production by OCH compared with extensive IFN-v production
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 [FN-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 Fit3-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 pg mi~") and stored at —20°C until use. The following
CpG ODN was synthesized: CpG ODN, 5-GCATGACGTT-
GAGCT-3'".

Mice
Ch7BL/6 (B6) mice were purchased from CLEA Laboratory
Animal Corporation (Tokyo, Japan). MHC class [l-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 glycolipids in vivo were cultured in complete
media containing GolgiStop (BD PharMingen, San Jose, CA,
USA). Then cells were incubated with Fc block {anti-mouse
FcyllIR/IIR mAb clone 2.4G2) and were stained with biotiny-
lated anti-NK1.1 mAb (PK136), washed with PBS and then
stained with peridinin chlorophyll 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 g 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). Identification 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 /n vivofor 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-A°B~/— mice pre-treated with anti-asialo GM;,
antibody were injected with «GC or OCH (100 pg kg™ ). Total
RNA was isolated from fiver 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 1 kit (Roche
Molecular Biochemicals) as described previously (9). Primers
used for the analysis of gene expression are as follows;
CDA40L (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 (11811/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 «GC in both
NKT cells and NK cells in vivo

Although NKT cells are a major source of IL-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 Tp2 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 celis 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 {FN-y
production 2 or 6 h after glycolipid administration. aGC
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
(3, 10). As CD3+NK1.1+ cells do not always represent CD1d-
restricted iINKT cells, we compared IFN-y production by CD1d-
dimerX-positive T cells after treatment with aGC or OCH.
Again, aGC induced a larger population of IFN-y-producing
iINKT cells than OCH did (Fig. 1C). Interestingly, aGC induced
a much larger population of IFN-y-producing NK cells than
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DMSO oGC OCH DMSO aGC QCH
control : ‘ )
: | AT . . lo1  DMSO
2h | T T T ) T
IENy | C
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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 ug per mouse of either aGC or OCH, and spleen cells were harvested al various lime points afler glycolipid administration and subjected
to intracellular cytokine staining as described in Methods. (A} Data analyzed for CD3+NK 1.1+ NKT cells, CD3—-NK1.1+ NK cells, CD3+NK1.1~
T cells and CD3—NK1.1- cells were shown for the presence of intraceliular IFN-y. Similar resulls were obtained by analyzing liver mononuclear
cells after glycolipid administration (data not shown). (B} Plotted vaiues represent the percentage of IFN-y-pasitive cells (mean * SD for triplicale
samples) in the galed population after treaiment with dimethy! sulfoxide (DMSQ) (halched bar), «GC (filled bar), or OCH (open bar). (C) Dala
analyzed for CD1d-DimerX-positive iINKT cells were shown for the presence of intracellular IFN-y 2 h after glycolipid treaiment. The experiments

shown are representative of ihree independent experiments. *P < 0.05.
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OCH, suggesting that OCH induces less IFN-y production
than «GC 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, aGC-loaded DimerXl-stained
cells were concentrated in the NK1,1+CD3+ population and
<0.4% of cells were reactive to aGC-loaded DimerX| 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- celis 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 aGC, and then examined [FN-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 aGC with or without
anti-IFN-y mAb, Meanwhile, co-administration of anti-IFN-vy
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.

OCH administration does not induce effective
IL-12 production

As DCs were demonstrated to be activated after in vivo
administration of aGC (11, 20) to produce large amount of
IL-12 (21) and IL.-12 is one of the most potent inducers of
IFN-y (22), we performed kinetic cytokine analysis of serum
levels of IL-12 (p70) together with IFN-y and 1L-4 after intra-
peritoneal injection of the glycolipids into B6 mice. As shown
in Fig. 3, administration of aGC induced a rapid elevation of
-4 and a delayed elevation of IFN-v 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 Th2 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 aGC. In
addition, freshly isolated liver NKT cells co-cultured with
Fit3L-induced DCs produced significantly higher amount of
IL-12in the presence of aGC compared with OCH. Meanwhile,
Fit3L-induced DCs loaded with either aGC 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 togsether, 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 aGC induced a superior IFN-y production by NK
cells than aGC does in an IL-12-dependent manner (14),

NK cells

. NKT cells
anti-IFN-y
Vehicle —
oGC -
ocH -
Vehicle +
uGC +

[ T T T

0 5 10 15 20
% of [FN-y-positive cells

25 0 5 10 15
% of IFN-y-positive cells

Fig. 2. «GC-induced IFN-y production by NK celis is partly dependent on IFN-y production by NKT cells. B6 mice were treated intra-periloneally
with 2 pg per mouse of glycolipids with or without 500 pg per mouse of anti-IFN-y mAb. Four hours after treatment, spleen cells were harvesied and
subjected lo intraceilular cylokine staining. Plotied vaiues represent the percentage of IFN-y-positive celis (mean = SD for triplicate sampies) in
the gated population for CD3+NK1.1+ NKT celts {left) or CD3-NK1.1+ NK cells (right). Similar results were oblained by analyzing liver
mononuclear celis 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 [L-12 production. (A) B6 mice were injected intra-peritoneally with vehicle alone, 2 pg per
mouse of 2GC or OCH and serum samples were collected at indicaled limes afler injection. Serum levels of IFN-vy, IL-4 and IL-12 (mean * SD)
were determined by ELISA. This figure represenis one of two experiments with similar results. *£ < 0.05, **P < 0.01. (B) Freshiy isolated liver NKT
cells were co-cultured with FItBL-induced DCs in the presence of aGC 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. *F < 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 aGC (Fig. 4A). Consistent with the data of microarray
analysis, real-time PCR analysis confirmed the preferential up-
regulation of CD40L transcript after aGC stimulation (Fig. 4B).
To demonstrate the differential expression of CD40L between
aGC-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), aGC induced higher expression of CD40L than
QOCH did on the surface of NKT cells. If compared quan-
titatively by mean fiuorescence 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 CD40 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 (24-26). Therefore, OCH-induced expression of
CD40L and IFN-y may not be effective to initiate IL-12
production from DCs in vivo. To test this hypothesis, we
examined whether co-administration of stimulatory anti-CD40
mAb and/or 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 1L.-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 |L-12
production than those induced by aGC. To examine directly
the role of IL-12 production in less effective IFN-y production
by NKTcells and NK cells after OCH administration, we tested
whether co-administration of 1L-12 with OCH induces IFN-y
in vitro and in vivo. As shown in Fig. 6(A), IL-12 augmented
IFN-v production from spleen cells after in vitro treatment with
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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 IL-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 1L-12
together with OCH. As shown in Fig. 6(B), co-administration
of OCH and [L-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 celis 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 1L-12. As shown in Fig. 6(C), IL-12 augmented the
proportions of IFN-y-producing cells in both cell popuiations,
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 [L-12.

Modification of cylokine 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 IL-12in
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 T, 1 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 g per mouse of
CpG ODN plus OCH and 14-fold induction with 100 pg per
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anti-CD40 mAb (100 pg per mouse) and serum samples were
collected 2 h after treatment. The level of IL-12 produclion 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 |L-4
production (2.6-fold induction with 10 pg 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 IFN-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 aGC administration in vivo. OCH administration
induced lower CD40L expression by NKT cells compared with
oGC 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 IL-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 oGC in INKT cells. Supporting these
observation is another report in which truncation of the
phytosphingosine lipid chain of aGC 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 eatlier 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
aGC. This is at least partly due to the lower induction of IFN-vy
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 aGC can induce comparable
amount of [FN-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-vy 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-vy
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 IL-12 production by DCs (35, 36).
However, cross-linking of CD40 alone has been shown to be
incapable of inducing 1L-12 production by DCs. Schulz ef al.
(23) has demonstrated that effective production of biocactive
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-v (24-26), which is
also shown to be required for uncommitted immature DCs to
develop the capacity to produce high levels of {L-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
(87, 38). Intriguingly, aGC-induced expression of 1L-12R on
NKT cells requires the production of IFN-y by NKTcells and the
production of IL-12 by DCs (21). In addition, [L-12 itself has
been shown to act directly on DCs to promote iL-12 production
(39). aGC provides dual signals to DCs by up-regulating
CD40L on NKTcells and by inducing IFN-y production by NKT
cells, resulting in a large amount of IL-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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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 [L-12 resulted in significantly augmented IFN-y
production /n vivo, indicating that the impaired [L-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 [L-12
resulted in strongly enhanced natural killing activity and IFN-y
production (21). These results indicate an important role for
DC-derived [L-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 [L-12 for effective [FN-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, IL-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 1L-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 celis (Fig. 6).
Therefore, NKT cells also respond to OCH in a diverse manner
according to the availability of IL-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 cells to
various innate immune conditions.

Regarding the predominant effect of OCH on T2 polariza-
tion by NKT cells, several molecules have been identified that
positively regulate Tn2 polarization, such as thymus-specific
lymphopoietin (TSLP), OX40 ligand (OX40L) or prostaglandin
(PG) Eo. 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 T2 polarization seems minimum.
Taken together, the results demonstrated in this study suggest
that OCH induces T2 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 I1L-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 I1L-12 secretion.
These results demonstrate the cellular mechanisms involved
in altered glycolipid ligand (OCH)-induced Tn2 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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APC allophycoerythrin

CDh40oL CD40 ligand

CIA collagen-induced arthritis 7
DC dendritic cell

EAE experimental autoimmune encephalomyelitis

Fit3L Fit3-ligand 18
2GC s-Galaclosylceramide

INKT invariant NKT

NF-xB nuclear factor-xB

ODN oligodeoxynucleotide 19
0OX40L OX40 ligand

PAMP pathogen-associaled molecular pallern

PG proslaglandin

TSLP thymus-specific lymphopoietin 20
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Abstract: NKT cells emerge as important regulatory cells in autoimmune responses. Abnormalities in the numbers and
functions of natural killer T (NKT) cells have been observed in patients with autoimmune diseases as well as in a variety
of mouse strains that are genetically predisposed for development of autoimmune diseases. Unlike conventional T cells
that recognize peptides in association with major histocompatibility complex (MHC), NKT cells recognize glycolipid an-
tigens presented by the non-polymorphic MHC class I-like protein, CD1d. Recently, we and other groups have demon-
strated that administration of glycolipid ligands such as a-galactosylceramide (a-GC ) or its sphingosine truncated de-
rivative, OCH suppressed autoimmune diseases such as experimental autoimmune encephalomyelitis (EAE). diabetes in
NOD mice and collagen-induced arthritis (C1A) by inducing T helper (Th) 2 bias of autoimmune T cells. OCH is a unique
ligand to stimulate NKT cells to selectively produce Th2 cytokines whereas a-GC induces both interleukin (IL)-4 and in-
terferon (IFN)-y, and is more beneficial for treatment of a wide variety of Thl-mediated autoimmune diseases. The lack of
polymorphism of CD1d and cross-reactive responses of mouse and human NKT cells to the same ligand indicates that tar-
geting NKT cells with this ligand may be an attractive means for intervening in human autoimmune diseases such as type
I diabetes (T1D), multiple sclerosis (MS) and rheumatoid arthritis (RA).

The present review will focus on the potential roles of NKT cells in the pathogenesis of autoimmune diseases and the re-
cent advances in glycolipid therapy for autoimmune disease models. The molecular mechanism of OCH-induced Th2-
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selective cytokine secretion will also be discussed.

Key Words: NKT cell, CD1, a-galactosylceramide, OCH, autoimmune disease, therapy, Th1/Th2.

INTRODUCTION

Autoimmunity has been studied for more than four dec-
ades, but its pathogenesis has remained a mystery. Despite
that, potent new biologic therapeutics including cytokines
and anti-cytokine reagents show remarkable clinical efficacy
in several autoimmune diseases such as MS and RA. How-
ever, these drugs have limited value at best, and sometimes
are accompanied by serious side effects. Thus drug devel-
opment for these autoimmune diseases is a fundamental
challenge in the 21* century.

It is well-established that central tolerance, the deletion
of T cells with high avidity for self-antigens restricts the rep-
ertoire of peripheral auto-reactive T cells. However, this
process is incomplete. Lymphocytes with lower avidity for
self-antigens, or with high avidity for determinants that are
not expressed in the thymus (self or foreign), are found in
the periphery. The presence of peripheral T cells that react
with self-antigens in healthy individuals indicates the exis-
tence of physiological regulatory mechanisms that prevent
pathological autoimmunity. Such control is referred to as
peripheral tolerance, and peripheral tolerance comprises
pathways that act directly on auto-reactive cells (intrinsic
tolerance: ignorance, anergy, phenotypic skewing) or
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indirectly through cells such as CD4"CD25" T cells and
NKT cells [1]. Disruption of these tolerance mechanisms
could lead to autoimmune disease. Conversely, maintenance
or re-establishment of peripheral tolerance is a therapeutic
strategy to restrain destructive autoimmune processes. Thus
it seems attractive to induce or stimulate regulatory cells to
control harmful autoimmunity [2,3]. Among several differ-
ent regulatory cells, we would like to focus on targeting
NKT cells, because a number of recent studies suggest NKT
cells are involved in the pathogenesis of autoimmunity. In
addition, several glycolipid ligands can selectively stimulate
NKT cells and have been shown to prevent autoimmune dis-
ease models.

NKT CELLS AND THEIR ANTIGENS

NKT cells are usually defined as cells co-expressing of
the natural killer receptors such as NK1.1 or NKR-PI1A
(CD161) and a aff T cell receptor (TCR). Although NK1.1*
TCR” lymphocytes are heterogeneous, most NKT cells ex-
press an invariant TCRa chain composed of Val4-Jal8
segments in mice and Va24-Jol8 segments in humans,
which is associated with TCR {3 chains using a restricted set
of VP genes. These Val4 invariant NKT cells recognize
glycolipid antigens such as a—GC presented by a nonpoly-
morphic MHC class I-like molecule, CD1d [4,5]. As little is
known about CD1d non-restricted NKT cells or a-GC inde-
pendent CD1d restricted NKT cells, in this review we focus
on the a-GC responsive NKT cells, and “NKT cells” will be
used for a-GC responsive NKT cells.
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