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The clinical implication and molecular
mechanism of preferential 1L-4 production
by modified glycolipid-stimulated NKT cells

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

Depariment of immunology, National Institute of Neuroscience, National Center for Neurascience and Psychiatry, Tokyo, Japan.

OCH, a sphingosine-truncated analog of c-galactosylceramide (@GC), is a potential therapeutic reagent fora
variety of Th1-mediated autoimmune diseases through its selective induction of Th2 cytokines from natural
killer T (NKT) cells. We demonstrate here that the NKT cell production of IFN-y is more susceptible to the
sphingosine length of glycolipid ligand than that of IL-4 and that the length of the sphingosine chain deter-
mines the duration of NKT cell stimulation by CD1d-associated glycolipids. Furthermore, IFN-y production
by NKT cells requires longer T cell receptor stimulation than is required for IL-4 production by NKT cells
stimulated either with immobilized mAb to CD3 or with immobilized “aGC-loaded” CD1d molecules. Inter-
estingly, transcription of IFN+ but not that of IL-4 was sensitive to cycloheximide treatment, indicating the
intrinsic involvement of de nove protein synthesis for IFN-y production by NKT cells. Finally, we determined
¢-Rel was preferentially transcribed in aGC-stimulated but not in OCH-stimulated NKT cells and was essen-
tial for IFN-y production by activated NKT cells. Given the dominant immune regulation by the remarkable
cytokine production of ligand-stimulated NKT cells in vivo, in comparison with that of (antigen-specific) T
cells or NK cells, the current study confirms OCH as a likely therapeutic reagent for use against Th1l-mediated
autoimmune diseases and provides a novel clue for the design of drugs targeting NKT cells.

Introduction
Natural killer T {(NKT) cells are a unique subset of T lymphocytes
that coexpress the /B T cell receptor (TCR) along with mark-
ers of the NK lineage such as NK1.1, CD122, and various Ly49
molecules. Most NKT cells express an invariant TCRa chain
composed of Val14-Ju281 segments in mice and Va24-JoQ seg-
ments in humans associated with a restricted set of V3 genes (1, 2).
Unlike conventional T cells, which recognize peptides presented by
MHC molecules, NKT cells recognize glycolipid antigens such as
a-galactosylceramide (aGC) in the context of a nonpolymorphic
MHC class I-like molecule, CD1d (3-5). After being stimulated by
aligand, NKT cells rapidly affect the functions of neighboring cell
populations such as T cells, NK cells, B cells, and dendritic cells
(6, 7). The various functions of NKT cells are mediated mainly by
a rapid release of large amounts of cyrokines, including IL-4 and
IFN-y. Whereas [FN-y provides help for the Th1 responses required
for defending against various pathogens and tumors, IL-4 controls
the initiation of Th2 responses and has been shown to inhibit
Thi-mediated autoimmune responses involved in experimental
autoimmune encephalomyelitis (EAE), collagen-induced arthritis
{CIA), and type 1 diabetes in NOD mice.

Given the exceptional ability of NKT cells to secrete regula-
tory cytokines in comparison with that of T cells or NK cells
after primary stimulation, we have explored the possibiliry that
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ligand stimulation of NKT cells may lead to the suppression of
Th1-mediated autoimmune diseases. We have previously demon-
strated that OCH, a sphingosine-truncated analog of ®GC, prefer-
entially induces Th2 cytokines from NKT cells and that adminis-
tration of OCH suppresses EAE and CIA by inducing a Th2 biasin
auroantigen-reactive T cells (8, 9). However, the molecular mecha-
nism accounting for the unique property of OCH to selectively
induce IL-4 has not been clarified yet.

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

Methods

Mice. C57BL/6 (BG) mice were purchased from CLEA Laboratory
Animal Corp. (Tokyo, Japan). MHC class Il-deficient I-A*f~- mice
were putchased from Taconic (Germantown, New York, USA). All
animals were kept under specific pathogen-free conditions and
were used at 7-10 weeks of age. Animal care and use were in accor-
dance with insticutional guidelines.

Cell lines, antibodies, plasmids, and reagents. The NKT cell hybridomna
(N38.2C12) {10) was a generous gift from K. Hayakawa (Fox Chase
Cancer Center, Philadelphia, Pennsylvania, USA) and NS0-derived
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plasmacytoma cell lines expressing the Kb tail murant of CD1d (11)
were kindly provided by S. Joyce (Vanderbilt University, Nashville,
Tennessee, USA). Cells were maintained in RPMI 1640 medium sup-
plemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin/
streptomycin, 2 mM sodium pyruvarte, and 50 pM f-mercaptoetha-
nol (complete mediumy). Phycoerythrin (PE)-labeled mAb to NK1.1
{PK136), peridinine chlorophyll protein/cyanine 5.5 -labeled mAb
to CD3 (2C11), and recombinanc soluble dimeric human CD1d:Ig
fusion protein (DimerX I) were from BD PharMingen {San Diego,
California, USA). For some experiments mAb’s to NK1.1 (PK136)
and CD3 (2C11) were conjugated with FITC. Polyclonal antibody to
asialo GM, was purchased from WAKCO Chemicals (Osaka, Japan).
The pRc/CMV-c-Rel expression plasmid (12) was a generous gift
from Grundstrém (Umed University, Umed, Sweden). The open
reading frame of c-Rel cDNA was amplified by PCR and cloned into
the retroviral pMIG(W) vector. The forward primer containing the
Xbol recognition site was 5'-GACTCTCGAGATGGCCTCGAGTG-
GATATAA-3" and the reverse primers used for wild-type c-Rel ot the
dominant negative mutant c-RelATA conraining EcoRI recognition
sites were 5'-GACTGAATTCTTATATTTTAAAAAAACCATATGT-
GAAGG-3' and 5-GACTGAATTCTTAACTCGAGATGGACCCG-
CATG-3', tespectively. The retroviral vector (pMIG) and packaging
vector {pCL-Eco} were kindly provided by L. Van Parijs (Massachu-
serts Institute of Technology, Cambridge, Massachusetts, USA).
Cyclosporin A (CsA) and cycloheximide (CHX) were from Sigma-
Aldrich (St. Louis, Missourt, USA). All glycolipids were prepared
as described in the Supplemental Methods {(supplemental mate-
rial available at hetp://www jci.org/cgi/content/full/113/11/1631/
DC1). The glycolipids were solubilized in DMSO (100 ug/ml) and
were stored ac -20°C until use.

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

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

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

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

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

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

Transcriptional upregulation of cytokine genes by NKT cells stimulated
with glycolipids in vivo. B6 mice were injected intraperitoneally with aGC
or OCH {100 pg/kg), and liver NKT celis were isolated at the indicated
tims point. Total RNA was extracted and analyzed for cytokine mRNA by
quantitative AT-PCR as described in Methods. Data are presented as
“fold induction” of cytakine mRNA after glycolipid treatment, The amount
of MRNA in NKT cells derived from untreated animals was defined as 1.

GEP-positive NKT cells were sorted and stimulated with immaobi-
lized mAb to CD3 for 48 hours. Culture supernatants were sub-
jected to evaluation of cytokine preduction by ELISA,

Results

Preferential IL-4 production by OCH-stimulated NKT cells. The suppres-
sion of EAE by OCH was found to bé associated with a Th2 bias of
autoimmune T cells mediated by IL-4 produced by NKT cells {9). To
confirm the primary involvemnent of NKT cells in the Th2 bias seen
in the OCH treatment, we purified CD3*NK1.1* NKT cells from B6
mice treated in vivo with 0 GC or OCH and measuted the transcrip-
tion of cytokine genes by quantitarive RT-PCR. As shown in Fig-
ure 1, treatment with aGC greatly increased the expression of both
IFN-y and IL-4 at 1.5 hours after injection, whereas OCH induced a
selective increase in IL-4 expression. When the IL-4/IFN-y ratio was
used for evaluating the Th1/Th2 balance, the NKT cells, isolated at
1.5 hours after injection of OCH wete distinctly biased toward Th2
(Table 1). These results indicate that OCH is a selective inducer of
rapid IL-4 production by NKT cells when administered in viva.

Lipid chain length and cytokine production. Comparison of the structur-
al difference between OCH and aGC (Figure 2A) raised the possibility
that the lipid chain length of the glycolipid ligand may influence the
cytokine profile of glycolipid-treared NKT cells. We eompared aGC
and OCH as well as newly synthesized analogs F-2/5-3 and F-2/5-7,
which bear lipids of intermediate length (Figure 2A), for their ability
to induce cytokine production by splenocytes, There was good corre-
lation between the lipid tail length of each glycolipid and its ability to
induce IFN-y from the splenocytes, and a larger amount of IFN-y was
released into the supernatants after stimulation with the glycolipids
with the longer sphingosine chain (Figure 2B, right}. Regarding the
ability to stimulare IL-4 production, the differences among OCH,
F-2/S-3 and F-2/S-7 were less clear, as shown by IFN-y induction. Sim-
{lar results were obtajned with liver mononuclear cells as responder
cells (see Supplemental Figure 1). These results indicate that cytokine
production by NKT eells, in particular IFN-y productien, is greatly
influenced by lipid chain truncation of the glycolipid.

Differential halflife of NKT cell stimulation by CD1d-associated glycolipids.
It is believed that the two lipid tails of the glycolipids (sphingosine
base and fatty acyl chain) would be accommodated by the highly
hydrophobic binding grooves of CDX1d. To verify the hypothesis
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that the functional properties of each glycolipid may be determined
by the stability of its binding to CD1d molecules, we evaluated
the half-life of these glycolipids en CD1d molecules by estimating
calcium influx into NKT hybridoma cells as deseribed previously
{13). To exclude the possible involvement of endosomal/lysosomal
sorting in this assay, we used APCs expressing a CD1d mutant (Kb
tail) chat lacks the endosomal/lysosomal targeting signal (11). The
cells express both fizm and sCD1d1 fused to the transmembrane
and cytosolic tail sequence of T1-2KP at the carboxyl terminus and
could bind to glycolipids such as aGC or OCH without their inter-
nalization and following endosomal/lysosomal sorting. Based on
the kinetic analysis data for glycolipid loading efficiency shown in
Figure 2C, we pulsed CD1d* APCs with glycolipids for 30 minutes.

Figure 2D shows that OCH was rapidly released from the CD21d
molecule. A 30% reduction in calcium influx was observed after
15 minutes of incubation and only 25% of the initial amount of
glycolipid remained after 60 minutes of incubation. In contrast,
aGC was not released from CD1d molecule in the first 15 minutes
and more than 50% of the initial amount of glycolipid remained
after 60 minutes of incubation. F-2/S-3 and F-2/S8-7 showed inter-
mediate Jevels of release from CD1d molecule. These results sup-
pott the idea that a glycolipid with a shorter sphingosine chain has
a shorter half-life for NKT cell stimulation because of less-stable
association with the CD1d molecule.

Kinetic analysis of cytokine production by activated NKT cells. Previous in
vivo studies demonstrated that injection of aGC into B6 mice can
induce a rapid and transient elevation of the serum IL-4 level and a
delayed and persistent rise in IFN-y (9, 14), suggesting that there isan
intrinsic difference in kinetics for the production of IL-4 and IFN-y
by NKT cells. To address this issue further, we sorred CD3*'NKL.1*
NKT cells, and conventional CD3*NK1.1- T cells as a control, from
liver lymphocytes and stimulated the sorted cells with immobilized
mAb to CD3 for various periods of time. The cells were then incu-
bated at rest without further stimulation and culrure supernatants
were harvested at 72 hours after initiation of the TCR stimulation,
We found that TCR stimulation of NKT cells for as little as 2 hours
could induce detectable IL-4 in the supernatant (Figure 34, center).
The amount of IL-4 in the supernatant rapidly increased in pro-
pottion to the duration of TCR stimulation (Figure 3A, center). In
contrast, production of IFN-y by NKT cells required at least 3 hours
of TCR stimulation and gradually increased corresponding to the
duration of TCR stimulation (Figure 3A, right). Conventional T
cells required longer TCR stimulation for efficient cytokine produc-
tion. We repeatedly confirmed that IFN-y production by NKT cells
required initial stimulation that was 1-2 hours longer and showed a
slower accumulation than that of IL-4 production in this experimen-

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

Stimulus Time IFN+ -4 Ratio (JL-4/IFN-y}
alGC 1.5h 35.0 383 1.09

6h 5.0 46 0.92
OCH 15h 18 10.3 5.58

6h ‘ 15 1.1 0.72

The relative amounts of transeripts of IFN-y and /-4 cbtained from the
experiment shown in Figure 1 are presented as "fold induction” refative
1o that of NKT cell—derived samples from untreated animals.
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Figure 2

Difforential properties of structuratly distinct glycolipid derivatives. (A) Structures of aGC, OCH, and two other glycolipid ligands for NKT cells.
F-2/S-3 has a truncation of two hydrocarbons in the fatty acyl chain (F) and of three hydrocarbons in the sphingosine chain (S} in comparison
with «GC. OCH can be called £-2/5-9 accordingly. The numbers of truncated hydrocarbons in either lipid chain are shown along the left margin
as negative integers. {B) Effect of «GC, OCH, and other glycolipids on proliferation and cytokine production of sptenocytes. Splenocytes were
stimulated with various concentrations (conc.) of aGC (filled circles), OCH (cpen circles), F-2/5-3 (filled triangtes), or F-2/S-7 {open triangles) for
72 hours. Incorporation of [PHjthymidine (1 pCiwell) during the final 16 hours of the culture was assessed (left), and IL-4 (conter) or IFN-y (right)
in the supermatants was measured by ELISA. (C) Kinetic analysis of the loading of aGC (filled circles) or OCH (open circles) onto CD1d* APCs.
Sea Metheds for details. One experiment reprasentative of two independent experiments with similar resutts is shown. (D) Calcium influx into
NKT hybridoma cells after coculture with CD1d* APCs pulsed with GG, OCH, F-2/5-3, or F-2/S-7. Data are presented as the activity remaining
when the respectiva activity of glycolipid-loaded APCs for activation of the NKT cell hybridoma at time 0 was defined as 100%. Data ara repre-
sentative of three experiments with sirilar results,

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

To exclude the possibility that a qualitatively different CD1d
complex with either aGC or OCH may bind with altered affinity
to the TCR, we stimulated NKT cells with plate-bound aGC-CD1d
complexes instead of mAb to CD3 for the periods of time indi-
cated in Figure 3B. Consistent with the previous results obrained
with anti-CD3 stimulation, the level of IL-4 in the culcure superna-
tant was increased after shorter periods of incubation. In contrast,
IFN-y was efficiently produced after longer incubation, showing
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that the short pulse of NKT cells wich plate-bound aGC-CD1d
complexés could recapitulate the OCH phenotype. These results
demonstrate that the timing of the CD1d-lipid interaction racher
than the "shape” of the OCH-CD'1d complex is the decisive factor
in controlling polarization of cytokine production by NKT cells.
Differential transeriptional properties of cytokine genes. To clarify che
molecular basis for different kinetics of cytokine production by
activated NKT cells, we next examined the effects of CsA or CHX
on the NKT cell responses. Without any inhibitors, IL-4 produc-
tion was more rapid and had a higher rate than IFN+ production
{Figure 3C), confirming the kinertic difference required for induc-
tion of each cytokine shown in Figure 3A. Production of both IL-4
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Figure 3

Kinetic analysis of NKT cell activation and cytckine production after glycolipid stimulation. (A) Differential
production of IFN-y and |L-4 by activated NKT cells. CD3+*NK1.1* NKT cells and conventional CD3*NK1.1-
T cells were purified from liver mononuclear cells by cell sorling. The sorted cells were stimulated with
immobilized mAb to CD2 for the time indicated on the x axis and were then removed and recultured on a
fresh culture plate without anti-CD3 stimulation for up to 72 hours from the start of the anti-CD3 stimula-
tion. Incorporation of {PHjthymidine {1 pCifwell) during the final 16 hours of the culture was assessed
(left), and culture supernatants were analyzed for the production of IL-4 (center) and IFN-y (right) by
ELISA. One experiment representative of three independent experiments with similar results is shown,
(B) NKT cells purified from liver mononuclear cells were stimulated with plates coated with DimerX |
loaded with GC and were analyzed as shown in A. (C) NKT cells purified from liver mononuclear cells
were stimulated as shown in A in the presence [CsA{+)] or absence [CsA{-)] of CsA (1 pg/mi). Culture
supernatants were analyzed for the production of iL-4 and IFN-y by ELISA.

and IFN+ after TCR stimulation, however, was almost completely
inhibited by prerreatment of NKT cells with CsA.

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

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

Selective c-Rel induction after stimulation with 0GC. Although NKT cells
secrete a large number of cytokines upon stimulation, the regula-
tory mechanisms for the expression of each cytokine are still pootly
understood. The susceptibility of IFN-y production to CHX indicates
that some newly synthesized protein(s) would promote specific tran-
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treated samples. Overall, the data
obtained correlated well with pre-
vious results showing chat OCIT is
a selective inducer of IL-4 produc-
tion from NKT cells (9). There was
no transcriptional upregulation
of cytokines genes such as the
IFN-y and IL-4 genes 12 hours after
trearment with either glycolipid,
indicating that NKT cells have
undergone quiescence ar this time
point in the context of transcrip-
tional upregulation of cytokine
genes, although some genes are still
upregulared.

Through analyzing the microarray data, we identified the pro-
rooncogene ¢-Rel, 2 member of the NF-B family of transcription
factors, as a candidate molecule that may play a role in the IFN-y
transcription. As shown in Figure 5A, ¢-Rel was inducibly expressed
in NKT cells 1.5 hours after stimulation with aGC. In contrast,
OCH treatment did not induce ¢-Rel transcription (Figure 5A).
The transcription of other NF-kB family genes such as p65/RelA
and RelB was not upregulated after trearment with aGC er OCH.
Real-time PCR analysis also confirmed the selective induction of
«-Rel after ¢GC stimulation (Figure 5B). CsA treatment inhibited
¢-Rel transcription, but CHX did not (Figure 5C}, indicating that
the inducible transcription of c-Rel is directly controlled by TCR
signal-mediated activation of the NF-AT (19).

Itis already known that c-Rel setves as a pivotal transcription factor
for the Th1 response that would directly induce [FN-y production in
conventioral T cells (20). However, very little is known about the func-
tion of this protooncogene in NKT cells during TCR-mediated activa-
tion. We therefore conducted time course analysis for transcriptional
activation of ¢Relin parallel with IL-4 and IFN-y. We stimulated NKT
cells with immobilized mAb to CD3 for 30-100 minutes and then
cultured them without further stimulation for a total of 120 minutes.
As shown in Figure 5D, IFN-y expression was slightly downregulated
in the first 90 minutes of TCR stimulation and was significandy
upregulated when the cells were stimulated for 100 minutes. Interest-
ingly, we found that the kinetics of ¢-Rel transcription were similar to
those of IENy transcription (Figure 5D, right). In contrast, transcrip-
Number 11 1635
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tional activation of 4 becarne evident 30 minutes after TCR stimu-
larion and the transcript accurnulated gradually in proportion to the
duration of TCR stimulation. This result further confirmed that NKT
cells require a longer TCR stimulus for IFN-y expression.

Transcription of IFN=y genes depends on c-Rel expression in NKT cells.
To further investigate the functional involvement of ¢-Rel in the
transcription of [FN-y gene in NKT cells, we next examined wheth-
er forced expression of wild-type ¢-Rel or of irs loss-of-function
mucant could affect IFN-y production by NKT cells. For this, we
used bicistronic retroviral vectors expressing c-Rel along with GFP
{pMIG/c-Rel) or a c-Rel dominant negative mutant that lacks the
C-terminal transactivation domain buc rerains an intacr Rel homol-
ogy domain of ¢-Rel protein (pMIG/c-RelATA} (21) (Figure 6A). We
infected liver-derived mononuclear cells with either retrovirus and
stimulated sorted GEP-positive NKT cells with immobilized mAb to
CD3 to analyze cytokine production. Retroviral transduction led to
expression of GFP in approximately 10% of NKT cells (Figure 6B).
Upon stimulation with mAb to CD3, GFP-positive cells from pMIG/
c-Rel-infected cultures showed slightly augmented IFN-y produc-
tion compared with that of control pMIG-infected cells (Figure 6C).
In concrast, GFP-positive cells from pMIG/c-RelATA-infected cul-
tures secreted almost no IFN-y after TCR stimulation (Figure 6C).
These results demonstrate that inhibition of ¢-Rel function, via cthe
introduction of 2 mutant form of c-Rel, abolishes IFN-y production
and that functional ¢-Rel is important for effective production of
IFN-y in activated NKT cells.

Discussicn

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

Differential sensitivity to CsA and CHX for tran-
scriptional upregulation of IFN-y, /-4, and other
cytokines, (A) Sorted NKT cells were pretreated
with CsA (1 pg/mi) or with CHX {10 pg/mi} or with-
out either reagent for 10 minutes and were then
stimulated with immobilized mAb to CD3 for the
indicated periods of time. Total RNA was extracted
from each sample and analyzed for the relative
amount of transeript of IFN-y or IL-4. Data are pre-
sented as the amount of transcript in each sample
relative to GAPDH. (B) Sorted NKT cells were pre-
treated with CsA (1 ug/mi) or with CHX (10 pg/ml)
or without either reagent as shown in A. Total RNA
was extracted from each sample and was analyzed
for the relative amount of transcripts of /-2, GM-
CSF, or TNF-a. Data are presented as the relative
amount of transcript in each sample.

Stimulation time (h})

ger TCR stimulation than did IL-4 production and depended on de
novo protein synthesis. An NF-xB family transcription factor gene,
the ¢-Rel gene, was inducibly transcribed in aGC-stimulared but not
in OCH-stimulated NKT cells. Retroviral transduction of a loss-of-
function mutant of c-Rel revealed the functional involvement of
c-Rel in IFN-y production by ligand-activated NKT cells. These
results have provided a new interpretation of NKT cell activation
-~ that the duration of TCR stimulation is critically influenced by the
stability of each glycolipid ligand on CD1d molecules, which leads to
the differential cytokine production by NKT cells.

We have previously demonstrated that administration of OCH
consistently suppresses the development of EAE by inducing a Th2
bias in autoimmune T cells and that this Th2 shift is probably medi-
ated by selective IL-4 production by NKT cells in vivo (9). Here we
directly evaluated the cytokine profile of OCH-stimulated NKT
cells using quantitative PCR analysis. Consistent with the previous
assumption, NKT cells stimulated with OCH induced rapid produc-
tion of IL-4 bur led to only marginal induction of IFN-y, confirming
the presumed mechanism for the effect of OCH on EAE and CIA. As
the “fold induction” of IFN=y transcript after 1.5 hours of stimulation
with aGC in microarray analysis was relatively low (fivefold for liver
NKT eells and fourfold for spleen NKT cells) compared with the in
vivo data, thete are several possibilities to explain these results. First,
quiescent transcripts of [FN-y pre-existing in resting Vo l4-invariant
NKT cells (22) may raise the baseline of signal intensity in samples
from untreated animals, resulting in a relative decrease in “feld
induction” after glycolipid treatment. Second, detection of IFN-y
transcription in 0GC-stimulated NKT cells might not be optimal,
as injection of aGC induced a rapid elevation in IL-4 with the peak
value at 2 hours and a delayed and prolonged elevation in IFN-y in B§
mice (9). Third, aGC treatment significantly induces transcription
of CD154 (18.0-fold for aGC vs. 5.4-fold for OCH; data not shown),
whose promoter has a functional NF-AT binding site and CD23
responsive element (CD28RE}) (23, 24). Thus, augmented CD40/
CD154 interaction may induce IL-12 expression by APCs, resulting
in additional IFN-y production (25). Finally, NKT cells are not neces-
sarily the only source of IFN-y after in vivo stimulation with aGC.
The “serial” production of IFN-y by NKT cells and NK cells has been
demonstrated (6, 26). In particular, a C-glycoside analog of GC has
Volume 113
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Differential gene expression patterns in aGC-treated and OCH-treated murine NKT cells

Liver CD3+NK1.1+

Spleen CO3+NK1.1+

Untreated afl 0CH Untreated «6C OCH

Common GenBank 1.5h 12h 1.5h 12h 15k 12h 15h 12h
name

IFN=y Kooosz 10 P 50 P 03 P 1.2 P 01 P 10 P a0 P 23 P 07 P 10 P
iL-2 mi16762 1.0 A 4P 12 A 123 P 13 A 1.0 A 234 P 02 A 10 A 03 A
iL-2 K02292 1.0 A 1296 P 06 A 328 A 11 A 1.0 A 16.1 A 07 A 107 A 15 A
GM-CSF X03020 1.0 P 380 P 04 A 41 P 01 A 1.0 A i57 P 14 A 27 A 21 A
-4 X03532 1.0 P 2768 P 25 P 473 P 02 A 1.0 A /49 P 351 P B8P 47 P
-4 M25892 1.0 P 382 P 02 P 779 P 01 A 10 P 696 P 76 P 91 P 11 P
IL-4 X03532 1.0 A 348 P 39 A 94 A 19 A 10 A 22 A 42 A 11 A 07 A
IL-13 M23504 1.0 A 9930 P 14 A 561 P 18 A 10 A 1407 P 123 A 191 A 23 A
TNF« D84196 1.0 P 08 P 21 P 17 P 12 P 10 P 165 P 25 P 18 P 25 P
Lymphotoxin A M16813 10 P 69 P 02 A 14 P 01 A 10 P 25 P 17 P 12 P 09 P
IL-1a M14633 1.0 P 251 P 56 P 31 P 44 P 10 P 67 P 58 P 11 P 27 FP
IL-18 Mi15131 1.0 P 80 P 98 P 13 P 79 P 10 P 33 P 22 P 06 P 15 P
IL-1RA 132838 1.0 P 108 P 152 P 11 A 113 P 10 P 53 P 280 P 09 P 234°P
it-3 Ka1668 1.0 A 332 P 26 A 47 A 1.2 A 10 A 40 A 11 A 14 A 17 A
iL-6 ¥54542 10 A 348 P 165 P 88 P 107 P 10 A 131 P 178 P 18 A 122 A

Real-time PCR analyses were conducted for /FN-y and iL-4 as well as for other selected cytokine genes listed in Figure 4 (data not shown) to confirm the
correlation with those obtained from microarray analysis. Each probe was assigned a “call” of present {P; expressed) or “absent” (A; not expressed) using
the Affymetrix decision matrix. GenBank, GenBank accession number; {L-7RA, JL-7 receptor antagonist.

recently been shown te induce Thi-type activity superior to that
induced by aGC, and IL-12 is indispensable for the Th1-skewing
effect of the analog (27), indicating the importance of IL-12 in aug-
menting IFN-y production in vivo (14, 28). Interestingly, the C-gly-
coside analog induces production of IFN-y and 1L-4 by NKT cells
less strongly than does aGC at 2 hours after in vivo administration.
Given that @GC and C-glycoside analog have the same structure for
their lipid tails, they might be expected to have comparable affinity
for CD1d molecules, and the slightly “twirled” a-anomeric galac-
tose moiety between C-glycoside and O-glycoside may modulate the
agonistic effect of these glycolipids. Furthermore, the C-glycoside is
more resistant to hydrolysis in vivo and may have an advantage for
effective production of IL-12 by APCs. In fact, OCH induces margin-
al IL-12 production after in vivo administration (data not shown),
which makes it unable to induce IFN-y production by various cells.
Therefore, the beneficial feature of OCH as an immunomodulator
is that it does not trigger producrion of IFN-y in vivo.

As described previously, NKT cells recognize glycolipid antigens
in the context of the nonpolymorphic MHC class I-like molecule
€D1d {4). Crystal structure analysis revealed that the mouse CD1d
molecule has a narrow and deep binding groove with extremely
hydrophobic pockets, A’ and F' (29). Thus the two aliphatic hydro-
carbon chains would be captured by this binding groove of CD1d
and the more hydrophilic galactose moiety of aGC or OCH would
be presented to TCR on NKT cells. As OCH is an analog of aGC
with a tnuncated sphingosine chain, it could be predicted thar trun-
cation of the hydrocarbon chain would make it more unstable on
CD1d, which might then affect the duration of TCR stimulation
on NKT cells. We demonstrated in this study that OCH detached
from the CD1d molecule more rapidly than did aGC after a short-
term pulse in which the glycolipids were segregated from the endo-
somal/lysosomal pathway. Accordingly, we showed thar the initia-
tion of IFN-y production by NKT cells required more prolonged
TCR stimulation than was required for [L-4 producrion. Methods
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such as surface plasmon resonance were not appropriate for direct
assessment of the interaction between glycolipids and CD1d, pos-
sibly because of unpredictable micelle formation and the poor solu-
bility of glycolipids in aqueous solvents (30). The half-life of the
interaction of glycolipids and CD1d was reported to be less than 1
minute by surface plasmon resonance (31), contradicring function-
al assays suggesting a much longer half-life. Therefore, we applied
a biological assay to evaluate the stability of these glycolipids on
CD1d molecules, as described previously (13).

The characteristics of QCIT ate somewhat analogous to those
of an altered peptide ligand (APL) that has been shown to induce
a subset of functional responses obsetved in intact peptide and,
in some cases, induce production of selected cytokines by T cells
(32-34). Thus, OCH and possibly other aGC derivatives could
be called “altered glycolipid ligands” (AGLs). Although the bio-
logical effects of APLs and AGLs could mediate a series of similar
molecular events in target cells, it should be noted that APLs and
AGLs differ in their “conceptual features.” That is, APLs are usu-
ally altered in their amino acid residues to modify their affinity for
TCRs, whereas AGLs have truncation of their hydrocarbon chain
responsible for CD1d anchoring. This paper has highlighted the
duration of NKT cell stimulation by CD1d-associated glycolipids
as being a critical factor for determining the narure of AGLs for
selective induction of cytokine production by NKT cells,

Given that IL-4 secretion consistently precedes IFN-y production
by NKT cells after TCR ligation, we speculated there were critical
differences in the upstream transcriptional requirements for the
IFN=y and IL-4 genes in NKT cells. In support of this speculation,
CHX rtreatment specifically inhibited the transcription of IFN-y bur
not that of IL-4. In contrast, transcription of both cytokines was
abolished by CsA treatment, indicating thar TCR-mediated activa-
tion of NF-AT is essendial for the production of both cytokines. TCR
signal-induced NF-AT activation occurs promptly corresponding to
calcium influx (35). Meanwhile, the protein expression of specific
1637
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transcription factors takes more time to accomplish. The require-
ment for prolonged TCR stimulation for initiation of IFN-y tran-
scription may be due to its dependency on specific gene expression.

Recently, Matsuda et al. have shown using cytokine reporter
mice that Val4-invariant NKT cells express cytokine transcripts
in the resting state, but express protein only after stimulation (22).
We obtained a similar result with our microarray analysis, in that
many cytokine transcripes including IFN-y and IL4 were detectable
in unstimulated NKT cells derived from liver or spleen, because
most of them were assigned a “call” of “present” by the Affymetrix
decision matrix, which means they were significantly expressed.
The mechanism of translation of pre-existing cytokine transcripts
after activation of NKT cells remains to be investigated,

Through microarray analysis and real-time PCR, we next identi-
fied a member of the NF-xB family of transcription factors, c-Rel,
as being a protein rapidly expressed after 0GC trearment and pos-
sibly responsible for the transcription of IFN-y. Treatment with
aGC selectively upregulared ¢-Rel transcription 1.5 hours after
stimulation of NKT cells in vivo. OCH treatment, however, showed
no induction of ¢-Rel transcription. Although e-Rel is transcrip-
tionally upregulated after TCR stimulation of T cells (36), tran-
scription of other NF-xB family members such as p65/RelA, RelB,
NFxBI, and NFxB2 was unchanged (data not shown). CsA treatment
inhibited c-Rel transcription, but CHX did not, indicating thar indue-
ible transcription of c-Rel was directly controlled by TCR signal-medi-
ated activation of NF-AT, which is consistent with a previous report
{19). Although the pre-existing NF-kB proteins in general provide a
means of rapidly altering cellular responses by inducing the destruc-
tion of IXB in order to enable NFkB to be free for nuclear transloca-
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for the indicated periods of time and then were
cultured without stimulation for up to a total of
120 minutes after the initial stimulation. Total
RNA was extracted from each sample and
analyzed for relative amounts of transcripts of
IFN-y or IL-4 (left), or ¢-Ref (right). The amount
of RNA derived from unstimufated NKT cells
was defined as 100%.

tion and DNA binding, most of the nuclear
c-Rel induced after T cell stimulation has
been shown ro be derived from newly trans-
lared c-Rel proteins. In concrast, pre-existing
c-Rel scarcely rranslocares to the nucleus at
all (36}, indicating that the nuclear induction of ¢-Rel in T lytpho-
cyte requires ongoing protein synthesis. The retrovirally transduced
loss-of-function mutant ¢-Rel (c-RelATA) significantly inhibited
transcription of IFN-y genes, indicating the crucial role of c-Rel in
their transcription after activation of NKT cells. Although it is possi-
ble that the Rel domain of the dominant negative mutant may affect
a number of NF-kB dimers, it is unlikely, because IFN-y production
by stimulated NKT cells were CHX sensitive and other NK-xB mem-
bers were not induced after stimulation in the microarray analysis.
Retroviral transduction of wild-type c-Rel inte NKT cells resulted
in slightly augmented expression of IFN-y after stimulation. Induc-
tion of endogenous c-Rel after in vitro stimulation might reduce the
effect of retrovirally introduced c-Rel protein.

Whereas c-Rel has been associated with the functions of various
cell types, its role in the immune system was first demonstrated in its
involvemnent in IL-2 transcription {37), in which it possibly induced
chrotnatin remodeling of the promoter (38). Recently, the promot-
ers for the genes encoding IL-3, IL-5, IL-6, TNF-, GM-CSF, and IFNvy
were shown to contain kB sites or the kB-related CD28RE. Gene
targeting of ¢-Rel in mice revealed that ¢-Rel-deficient T cells have
a defect in the production of IL-2, IL-3, IL-5, GM-CSF, TNF-0, and
IFN-y, although expression of some of the cytokines was rescued by
the addition of exogenous IL-2 (39, 40), Regarding the involvernent
of ¢-Rel in IFN-y production, the c-Rel inhibitor pentoxyfylline (41)
selectively suppresses Th1 eytokine production and EAE induction
{42), and transgenic mice expressing the trans-dominant form of
IkBot have a defect in IFN-y production and the Th1 response (43).
Recently, an elegant study using c-Rel-deficient mice revealed e-Rel
has crucial roles in IFN-y production by activated T cells and conse-
Volume 113
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quent Th1 development by affecting the cellular functions of both T
cells and APCs (20).Thus, the critical involvement of c-Rel for IFN-y
production in NKT cells is consistent with these findings.

Our results indicate that rapid calcium influx and subsequent
NF-AT activation is essential for IFN-y production by acrivated NKT

Sustained stimulation (aGalCer)
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Figure & .
Cytokine production after retroviral transduction of c-Rel or c-RelATA
into NKT cells. (A} DNA fragments encoding wild-type c-Rel or its
mutant were cloned into the pMIG(W) bicistronic retrovirus vector. The
mutant form of c-Rel (c-RelATA) lacks the transactivation domain of the
¢-Rel protein. LTR, long terminal repeat; IRES, internal ribosome entry
site; eGFP, enhanced GFP, {B) Flow cylometric identification of cells
transfacted with the viral vector. Among the NK1.1+CD3* liver NKT
cells identified in the left panel, approximately 10% were GFP positive.
The GFP-positive NKT cells were sorted for further analysis. (C) IFN-y
production by NKT cells transfected with ¢-Rel or its dominant nega-
tive mutant. The CD3+*NK1.1+ NKT cells infected with the viruses were
isolated basad on their expression of GFP and were stimulated with
immokilized mAb to CD3. For transduction of ¢-Rel or ¢-RelATA into
NKT calls, two independent clones of each retroviral vector were used.
The level of IFN-y in the supernatants was measured by ELISA.

cells and that c-Rel plays a crucial role in IFN-y production as well.
NF-AT shows quick and sensitive nucleocytoplasmic shuttling after
TCR activation {35). Feske et al. demonstrated that the pattern of
eytokine production by T cells was determined by the duration of
nuclear residence of NF-AT (44) and that sustained NF-AT signaling
promoted IFN-y expression in CD4* T cells (45). Considering the
structural feature of aGC with longer lipid chain, sustained stim-
ulation by aGC induces long-lasting calcium influx, resulting in
sustained nuclear residence of NF-AT, and c-Rel protein synthesis,
which enables NKT cells to produce IFN-y. In contrast, the rather
sporadic stimulation by OCH induces short-lived nuclear residence
of NF-AT, followed by marginal c-Rel expression, which leaves NKT
cells unable to produce IFN=y (Figure 7). Thus, the kinetic and quan-
titative differences between aGC and OCH in the induction of tran-
scription factors, such as NF-AT and c-Rel, determine the pattern
of cytokine production by NKT cells. As CD1d molecules are non-
polymorphic and are remarkably well conserved among the species,
the preferential induction of IL-4 production through NKT activa-

IL-4 IFN-y

Figure 7

IL-4

A model for the differential expression of I[FN-y and IL-4 after treatment of NKT cells with «GC or OCH. See text for details.
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tion and subsequent Th2 polarization suggest that OCH may be an
attractive therapeutic reagent to use for Th1-mediated autoimmune
diseases such as multiple sclerosis and theumaroid archritis.
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Another View of T Cell Antigen Recognition: Cooperative
Engagement of Glycolipid Antigens by Val4Jal8 Natural
TCR'

Aleksandar K. Stanic,* R. Shashidharamurthy,* Jelena S. Bezbradica,* Naoto Matsuki,*
Yoshitaka Yoshimura,* Sachiko Miyake,” Eun Young Choi,’ Todd D. Schell,* Luc Van Kaer,*
Satvir S. Tevethia,® Derry C. Roopenian,* Takashi Yamamura,’ and Scbastian Joyce**

ValdJal8 natural T (iNKT) cells rapidly elicit a robust effector response to different glycolipid Ags, with distinct functional
outcomes. Biochemical parameters controlling iNKT cell function are partly defined. ITowever, the impact of iNKT cell receptor
B-chain repertoire and how a-galactosylceramide {a-GalCer) analogues induce distinct functional responses have remained
clusive, Using altered glycolipid ligands, we discovered that the Vb repertoire of iNKT cells impacts recognition and Ag avidity,
and that stimulation with suboptimal avidity Ag results in preferential expansion of high-aflinity iNKT cells. iNKT cell prolifer-
ation and cytokine secretion, which correlate with iNKT cell receptor dowun-regulation, are induced within narrow biochemical
thresholds. Multimers of CD1d1-«GalCer- and aGalCer analogue-loaded complexes demonstrate cooperative engagement of the
Val4Jal8 iNKT cell receptor whose structure and/or organization appear distinct from conventional af3 TCR. Our findings demon-
strate that iNKT cell functions are controlled by affinity thresholds for glycolipid Ags and reveal a novel property of their Ag receptor

apparatus that may have an important role in INKT cell activation. The Journal of Immunology, 2003, 171: 4539-4551.

cell-to-cell communication through receptor triggering and

the dynamic formation of an immunological synapse. Central
10 this process is the interaction between the Ag and its cognate re-
ceptor, which relays the specificity of recognition. Although much has
been learned regarding the interactions between peptide Ags and their
cognate TCR, comparatively little is known about the recognition of
CDl-restricted glycolipid Ags by specific T cells.

Vald)al8 natural T (iINKT) cells are a unique subset of
CDI1dl-restricted T lymphocytes whose invariant «-chain prefer-
entially pairs with Vb8.2 B-chain and less commonly with Vb7.
Remarkably. in vive iNKT cell activation through the TCR results
in rapid (i.e., within 60-90 min) and robust IL-4 response and a
spectrum of Thl and Th2 cytokines (reviewed in Ref. 1). In sirik-
ing contrast, conventional T lymphocytes require up to a day to
produce significant amounts of cytokines in response 1o Ag.

The natural Ag recognized by INKT cells remains unknown. A
variety of CDld-positive cells activate freshly isolated thymic
iNKT cells and derived hybridomas without the addition of any
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exogenous Ag (2-6), which suggests the recognition of self-Ags.
Moreover, presentation of self-Ags requires CDId traflicking
through the late endosomes/lysosomes (3. 4, 7-9). The recognition
of a-galactosylceramide (aGalCer) and a-glucosylceramide by
INKT cells (10-14) suggests a glycosphingolipid nature of the
elusive Ags. Although aGalCer is a nonphysiological Ag, our re-
cent studies indicate that it may be a very close mimic of at least
one natural iNKT cell ligand (15). Consistent with this conclusion
is the fact that aGalCer and/or its close analogue OCH, with a
shortened long-chain sphingosine base and acyl chain, exhibit im-
munopharmacological effects in vivo, Thus, aGalCer acts like an
adjuvant enhancing immunity to malaria and other infectious
pathogens (16). Furthermore, aGalCer and/or OCH can prevent
autoimmune diseases in mouse models of type I diabetes and mul-
tiple sclerosis (17-21). Interestingly. the ability of OCH to induce
IL-4 alone and no IFN-vy appears to underlie its pharmacological
action (19). Thus, delincating the biochemical parameters of
ValdJal8 TCR/Ag interactions is of paramount pharmacological
significance.

Interactions of soluble Ag receptors of conventional T cells with
cognate Ags are of low affinity (0.1-50 uM) and relatively fast
dissociation half-life (r,,; = 10-50 s5) (22-25). Val4Jal8 TCR of
an INKT cell hybridoma has been demonstrated to interact with
aGalCer-loaded CD1d] with relatively high affinity (0.2 uM) and
very long half-life (¢, » = 175 s) (26). The high-avidity interaction
of Val4Jal8 TCR with CD1d1-aGalCer dimer appears to be in-
fluenced by TCR B-chain repentoire (27). Recent studies have im-
plicated both optimal dwell time (28) and affinity (29) of TCR-Ag
interaction as critical deferminants of T cell sensitivity and acti-
vation. Furthermore, interactions of conventional TCR with Ag are
thought to be stabilized by CD4 and CD8 coreceptors (30-32).
Long dwell time of Vald4Jal8 TCR/CD1dl-aGalCer interaction
(26) appears counterintuitive to the optimal dwell-time require-
ments for T cell activation. Because iNKT cells might not use
coreceptors during Ag engagement. this interaction might require
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intrinsically high affinity and long dwell time for activation of this
T cell subset.

Ag recognition by conventional T cells entails self-nonself dis-
crimination. Thus, T cells are tuned to extraordinarily sensitive
recognition of foreign Ags {on the order of 20-1({} molecules per
cell) and base activation decisions on affinity and dwell time (23,
24, 28, 29). Considering that a large body of evidence indicates
that iNKT cells recognize self-Ag. a paradox ensues, How is it that
iNKT cells are not continually activated by very small amounts of
self-Ag presented on APCs in vivo? Self-Ag recognition must be
finely tuned to prevent iNKT cell activation during physiological
conditions. but o rapidly respond to disturbances in cellular phys-
iology. In other words, iNKT cells need to be very sensitive to
modcst changes in self-Ag concentration. In biclogical systems,
this kind of fine-tuning is often achieved by cooperative ligand
engagement. Cooperativity itself is defined as a positive or nega-
tive change in multimeric receptor affinity for ligand following
primary and subsequent subunit binding events. Thus, positive co-
operativity permits disproportionately sensitive ligand engagement
by multimeric receptors, resulting in an almost digital off-on re-
sponse (33). A form of cooperativity in conventional T cell Ag
recognition is afforded by coreceptor-mediated stabilization of
TCR-Ag interaction in the immunological synapse. How iNKT
cells substitute for coreceptor usage and yet remain unresponsive
to low levels of self-Ag remains unknown. Initial report of CD1d1-
aGalCer tetramers demonstrated that an iNKT cell hybridoma en-
gages Ag with a Hill coeflicient of 4.5, which was interpreted 1o
signify the tetravalency of CD1d1-aGalCer tetramers. Hill coeffi-
cient depends on valency but is always lower than the number of
binding sites of the multimer (i.e., lower than four for any tel-
rameric molecule) (34). Because the Hill equation used to calculate
the Hill coeflicient was not provided in the first (35), how the value
of 4.5 was obtained remains elusive.

Several questions regarding CD1d1-lipid/TCR interactions re-
main: Are there aflinity and concentration thresholds for the in-
duction of distinct iNKT cell responses? Does the TCR S-chain
repertoire impact iNKT cell Ag reactivity in vivo? Does cooper-
ativity play arole in iNKT cell receptor-Ag interactions? In studies
relevant to these questions. we demonstrate that the avidity thresh-
olds for iNKT cell receptor determine sensitivity for glycolipid Ag
recognition. Despite the invariant nature of the TCR a-chain, TCR
B-chain usage by iNKT cells critically impacts the specificity and
the avidity for glycolipid Ags. Furthermore, when responding to a
suboptimal aflinity ligand. high relative avidity iNKT cells are se-
lected. Interestingly, iNKT cell receptor appears to have structure
and/or organization distinct from other a8 TCR and engages Ag
cooperatively. Taken together, these features of iINKT cell receptor
permit sensitive self-Ag recognition and determine their functional
outcomes.

Materials and Methods

Mice

Experiments with B6-/a78*" (36) (a gift from M. Taniguchi (University of
Chiba. Chiba, Japan)}. B6.129-CD/d1°° (37). and C57BL/6 (The Jackson

Laboratory, Bar Harbor, ME) were in compliance with the regulations of
the Institational Animal Care and Use Committee of Vanderhilt University.

Celi lines and hybridomas

CTL clones and hybridomas (generously provided by A. Bendelac {Prince-
ton University, Princeten. N]) and K. Hayakawa {Fox Chase Cancer Cen-
ter, Philadelphia. PA)) have been described (38-41).

COOPERATIVE GLYCOLIPID Ag RECOGNITION BY Valdlal8 TCR

NKT cell enrichment

C57BL/6 thymocyles and splenocytes reacted with anti-CD161-PE were
separated with anti-PE magnetic microbeads using an automated sorter
tMiltenyi Biotec, Auburn, CA). Samples were typically >95% CD1617,

Antigens

Glyeolipids {12. 19} and peptides (38, 39) have been described. Kirin
Brewery (Guinma, Japan) generously provided aGalCer. SV40 T Ag-de-
rived epitope 1V (VVYDFLKL), H28 (ILENFPRL), and H60 (LT-
FNYRNL) pepiides were synthesized by F-moc chemistry a1 the Macro-
molecalar Core Facility (Pennsylvania State University).

Geteration of multimers

Preparation of CD1d1-glyeolipid {15) and H2K"-peptide tetramers (27, 28)
has been described. Dimers of CD1d1 (custom order; BD PharMingen, San
Dicgo, CA) and H2K® {DimerX; BD PharMingen) are dimeric owing 1o
their fusion to IgG1 H chains. To obviate the potential for artifacts induced
by detection mediated via a fluorochrome-conjugated secondary Ab, the
dimers were Alexa Fluor 647- or PE-conjugated via Fab specific for the Fe
portion of IgG1 (anti-mouse 1gG1 Alexa Fluor 647 and PE Zenon kits;
Moaolecular Probes, Eugene, OR). Every baich of tetramer gencrated was
fested for complete loading of ealCer and its analogues by glycolipid
titration loading and testing by reaction with the best characterized iNKT
hybridoma N38-2C12,

Flow cvtometry

All Abs were from BD PharMingen unless otherwise stated. Tetramer-
stained Val4Jal8 iNKT hybridomas (N37-1HSa, Vb8.21b2.6; N38-2CI12,
Vb8.2Jb2.5; N38-3C3, Vb8.2Jb2.2; and DN32.D3. Vb3.2Ib2.4} were also
labeled with anti-TCR CS-PE (1157.597), NKT cell-enriched thymocytes
and splenocytes with anti-NK1.1-PE (PK136), and anti-TCR CB-FITC.
CTL clones (SV40 epitope 1V-specific 2168T as well as minor histocom-
patibility {mH} Ag-specific SPH&0, BH60. and SPH28) reacted with tet-
ramers were also stained with anti-CD8«-FITC. Samples were analyzed
using FACSCalibur and CellQuest, version 3.0 (BD Biosciences, Franklin
Lakes. KI) as well as FlowJo 4.2 (Tree Star, San Carlos, CA).

Deterniination of relative avidity (K,,)

Eguilibrium (>>2 h) binding experiments were performed using increasing
tetramer concentrations in 100 ul of PBS containing 2% FCS (Invitrogen,
Carlsbad. CA) and 0.05% NaN; at 4°C, 1o prevent capping and intemal-
ization of the TCR. K, was calculated from specific mean fluorescence
intensity (MFL; difference between 1otal MFI at a defined tetramer concen-
tration and background MFI derived from ligand-free tetramer binding 1o
the same cells) using nonlinear regression analysis fitted to classical
Michaelis-Menten kinetics (Prism 3.02; GraphPad Software, San Diego.,
CA}. MFI (% maximum) shown in the relevant figures is based on V.,
calculated from nonlinear regression analysis of the data for adequate
graphical representation. This permits easy and reliable comparison of data
generated in different experiments. Nonlinear Michaelis-Menten regression
analysis was prefermed, because Scatchard transformation, which uses lin-
ear regression, amplifies any varialion of the data from the linear curve,
That notwithstanding, the results from the Michaelis-Menten kinetics were
confirmed by using classical Scatchard transformations to derive the K, (42).

Determination of off-rates

T cells were labeled with 50 pg/ml H2KP-peptide or 10 pg/ml CD1d-
ghycolipid tetramers, respectively. incubated at 4°C for 3 h, and washed
extensively. Cells were also stained with 10 pg/m! anti-TCR CB-FITC 10
monitor TCR levels. Following initial tetramer binding, 10° cells were
chased in 3 ml of buffer with rocking at 4 or 37°C for the indicated time
periods and analyzed by flow cytometry.

Measurement of in vive and in vitro cytokine response

Mice were injected i.v. with the indicated concentrations of glycolipids
dilwed in PBS from a 220 pg/ml stock solution in vehicle (0.5% viv
polysorbate and 0.9% w/v NaCl). Controls were injected with correspond-
ing dose of vehicle. After 90 min, IL-2, IL-4, IL-13, CSF-2, IFN-v, and
TNF-« in control and immune sera were measured by ELISA using Abs
and methods that we have described previously (43),

TCR down-regulation and in vitro expansion

Bulk C57BL/6 splenocytes were incubated for the indicated amounts of
time with increasing concentrations of glycolipid Ags. Following stimula-
tion, iINKT cell receptor level was determined by flow-cytometric analysis
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following staining with CD1d1-eGalCer tetramer. anti-TCRB Ab, within
electronically gated B220 and CD8-negative lymphocytes. In other exper-
iments, Ags were first equilibrium-loaded overnight onto B6.129-Tera™®
splenocytes, and then mixed with C57BLJ6 splenocytes magnetically de-
pleted of MHC class Il-positive cells. To directly evaluate iNKT cell di-
vision during culture, splenocytes were labeled with 2 uM CFSE {Molec-
ular Probes) in PBS for 8 min at soom temperature, followed by quenching
with cold FCS and washing with ice-cold RPMI 1640 supplemented with
10¢% FCS before culture. Evaluation of iNKT cell proliferation was per-
formed by multiplying the percentage of iNKT cells determined by flow
cytometry with the total cell pumber.

Cell-free Ag dissociation assay

Soluble mouse CD1d1 was Ni-affinity purified, as described (44), and
bound to ELISA plates at a concentration of 10 pg/ml. Following binding
at 4°C for 18 h and blocking of unbound sites with 2% FCS. plate-bound
soluble mouse CD1d1 was loaded with 0.1 pM lipids for 12 h at 37°C.
Afier removing excess lipids, the Ag was allowed to dissociate for the
indicated times a1 37°C. The wells were washed again, and ~5§ X 10*
hybridoma cells were added to each well. Controls included wells bound
with 2 ug/ml anti-CD3¢ (positive) or with 5 wg/ml BSA (negative) loaded
with 1 pg/ml «GalCer. IL-2 secreted upon activation was monitored by
ELISA. Data are presented as the percentage of maximum activation.

Determination of Hill coefficient

Hill cocfficient was determined from epitope titration experiments. Briefly,
CD141 and H2ZK"-H28 tetramers or dimers were loaded with increasing
amounts of glycolipid ligand or peptide epitopes. respectively. Note that
H2K" tetramers wete initially folded with H28-derived epitope, a peptide
with fow affinity for H2K®, allowing rapid and efficient ligand exchange (Y.
Yoshimura and S. Joyce, unpublished data). Glyeolipid and peptide loading
occurred at 37°C and room temperature, respectively, for 16=18 h.

Hill curve was derived from data transformation; fractional saturation
(Ys) of the receptor was determined as the ratio of specific MFI to max-
imum MFI {V_,.) at a defined ligand concentration and plotted against the
concentration of added ligand (glycolipid or peptide). Linear graph of log-
arithmic roots of the values for the x- and y-axes were used 10 determine the
slope of the Hill curve revealing the Hill coefficient (34).

Results
The CDId1-aGalCer/Val4Jai8 TCR interaction has high
relative avidity

There are a number of different methods available to assess the
kinetics and extent of ligand-receptor interactions. Biophysical
methods using purified recombinant molecules have been ex-
tremely useful in the study of a variety of immunological receptors
(45-47). That notwithstanding, methods that examine molecules
on living cells are particularly powerful (24. 26, 28. 48, 49). To
gain insight into the parameters that govern the binding interac-
tions of the CD1d1 ligand to the speciatized TCR of iNKT cells
required for their activation, we first determined the K, (measured
aflinity of tetrameric Ags for the cognate TCR) between tetrameric
CD1d1-glycolipid Ag and its receptor on live cells. For compari-
son, the K,, of peptide Ags for the TCR expressed by recently
activated CD8" T lymphocyte (CTL} clones specific for two
H2K -restricted mH (H60 and H28 (27)) Ags and a viral (SV-40
T Ag-derived epitope 1V (39)) Ag was measured. The comparison
with class I-restricted Ags was used, because INKT cells reflect
memory/activated T lymphocyte phenotype similar to CTL clones.

CD1d1-aGalCer tetramer binds Val4fal8”" but not Val4-neg-
ative NKT hybridomas (Fig. 14). Similarly, H2K"-peptide tetram-
ers specifically bind their cognate. but not irrelevant, CTL clones
(data not shown and Refs. 38 and 39). Nonspecific binding was
<5% in all cases (Fig. 1A and data not shown). From the binding
isotherms. the X, of Ag-TCR interaction was calculated (see Ma-
terials and Methods).

Val4Jal8 TCR binds CD1d1-aGalCer with a X, ranging from
710 17 nM (Fig. 18 and Table I). TCR of conventional T cells bind
H2ZK"-peptide tetramers with a wide range of K,,. ranging from
~20 to 220 nM (Fig. 1C and Table I). Note that, in this study. the

454]

saturation binding isotherms at equilibrinm were derived at 4°C.
Whereas the K, values obtained at 4°C may not be the same as
those at 37°C, the relationship of the K,, between different Ag-
TCR interactions remains unaltered (50). Consistent with that re-
ported (50), we also found that the K, determined for two iNKT
hybridomas at 4°C (N37-1HSa, 10.5 nM; N38-2C12, 18.8 nM)
maintained their avidity relationship at 37°C (N37-1H5a, 39.3 nM;
N38-2C12, 65.2 nM).

To oblain a more physiological estimate of the K, between
CDI1d1-aGalCer and Valdla18 TCR, the above binding analysis
was extended to NKT cell-enriched thymocytes and splenocytes.
The X, of CD1d1-aGalCer for ValdJal8 TCR of live NKT cells
(Fig. 1D and Table I) is similar to that observed with iNKT hy-
bridomas (8 and Table I). Taken together, the X,, of the CD1d1-
aGalCer-Val4Jal8 TCR engagement is similar to or higher than
that of immunodominant peptide Ag-TCR interaction.

Glveolipid Ag-Val4Jal8 TCR interaction is long-lived

Functional T cell responses following Ag recognition have been
cortelated with the dwell time, measured as the f,,, of ligand en-
gagement by its receptor (28, 49, 51, 52). We found thai the #,,. of
glycolipid Ag/Val4Jal8 TCR is long. lasting between 10 and 40
min (Fig. 1E, top two panels; Table I), which is longer than the ¢,
observed for peptide Ag'TCR interactions investigated (Fig. 1£.
bottam panel. Table 1). Hence, the off-rate of CD1d1-aGalCer/
TCR interaction on the surface of intact NKT cells appears quan-
titatively distinct from that of conventional T lymphocytes.

Our data are consistent with previously published reports (28.
53) for studies of peptide-Ag-specific T cells. Due to the manner
in which our experiments were performed and analyzed, the data
may appear inconsistent with recent dwell-time measurements be-
tween CD1d1-aGalCer and iNKT cell receptors (26). Specifically,
we did not use anti-CD1d1 or anti-MHC Abs in our experiments,
and CD14d1-lipid or MHC-peptide levels detected postchase were
not normalized to prechase reacted anti-TCR levels, Abs to MHC
molecules added during the chase period prevent the dissociating
monomers from reassociating with their receptor (49). In our ex-
periments, 1,,, of H60 tetramer for cognate TCR determined in the
ahsence {9 * 0.01 min; see Table 1) or presence of an H2K*-
reactive Ab, EH144 (2-10 min; » = 5), was similar. Likewise. #;,»
of CD1d1-aGalCer tetramers for cognate iNKT cell receptor de-
termined in the absence (9.8 % 0.9 min; # = 5) or presence of 100
pg/ml CD1d1-reactive Ab 1B1 (17.6 £ 7.4 min; n = 2) was sim-
ilar. It should also be noted that, unlike MHC class 11, which is not
expressed by mouse T cells, MHC class I and CD1d1 are ex-
pressed by T lymphocytes. The use of anti-class I or anti-CD1d1
has the potential to cross-link the dissociating tetramer to the T
cells, thereby skewing the data toward increased dwell time.
Hence, the comparative off-rate measvrements were performed in
the absence of Abs. ‘

We also found that the TCR levels on iNKT cells and CTL at
time zero and at 120 min of chase were similar when they were
stained with anti-TCRB Ab postchase (data not shown). In con-
trast. prestaining with anti-TCRp resulted in a significant loss of
TCR} staining during chase, most likely due to the ¢,,» of anti-
TCR B Ab and cell surface TCR interaction. Thus, we chose nol to
normalize the remaining CD1d1-aGalCer tetramer bound post-
chase to prechase reacted anti-TCR B staining, as described in pub-
lished reports (28, 53). Nevertheless, our results are consistent with
the conclusion that iNKT cell receptor inferaction with CD1dl-
presenting glycolipid Ag exhibits longer dwell time than that of
CTL receptor interaction with peptidic Ags (26).
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FIGURE 1. Biochemical features of glycolipid Ag/
ValdJal8 TCR and pepride Ag/TCR interactions. A,
Agp-free and aGalCer-loaded CD1dl tetramer were re-
acted with Val4-negative or iNKT hybridomas to de-
termine the specificity of the reagent, B-D, Saturation
binding isotherms were generated by reacting the
indicated concentrations of CD1d1-oGalCer tetramers
with four iNKT hybridomas {(N37-1H5a, Vb8.2Jb2.6;
IN38-2C12, Vb3.2Jh2.5; N38-3C3, Vb&2JIb2.2; and
DIN32.DD3. Vb8.2Jb2.4) (B) or NKT cell-enriched thy-
meocyles and splenocytes (D). Similar isotherms were
gencrated using the indicated concentrations of HZK"-
peptide tetramers in a reaction with specific CTL clones
(SV40 epitope IV-specific 2168T as well as mH Ag-
specific SPH&D, BH6O and SPH28) (). All binding
reactions were performed al 4°C in the presence of so-
dium azide to prevent ligand-induced capping and TCR
internalization. Specific MFI in B-D measured by flow
cytometry are represented as a fraction of maximum
binding. X_, was calculated using the Michaelis-Men-
ten equation (see Marerials and Methods). E, To deter-
mine the 1., of Ag-receptor binding, the indicated T
cells were reacted with specific tetramernic Ag. After
extensive washes, the dissociation of Ag from cells dur-
ing the chase was monitored by flow cytometry. Spe-
cific MFI is represented as a fraction of that detected at
the beginning of chase.
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TCR B-chain repertoire of iNKT cells impacts Ag specificity and Vb8.2" INKT cells have higher affinity for Ag than those that

the K. of their interaction

express Vb7 (27). Differences in TCR -chain repertoire and/or

Altered glycolipid ligands derived from aGalCer elicit distinct the affinity for altered glycolipid ligands could explain the differ-
functional responses from INKT cells in vivo and in vitro (19). ential Ag specificity and fenctional outcomes. Tetramers of
Recently, the TCR B-chain reperioire of iNKT cells was impli- CD1d1-aGalCer and its analogues OCH, 3,4D. and NH were gen-
cated in high-affinity dimeric CDidi-aGalCer binding; the erated concurrently under saturating conditions. Tetramers of

Table 1. Kineric parameters of Ag-TCR interactions

Hill Coeflicient (* = SEM (n)

Ky (nM)? = SEM 13~ (min at 37°C)F =
T Cell Reactivity? {(n)* SEM (m Tewamer Dimer

INKT hybridomas/CD1d1-«GalCer

N37-1H3a CD1dl + self Lipid 75033 19.1 = L3(5) 28+ 04(3)

N38-2C12 CD1d] -+ self lipid 8.5 *x2.0(4) 42.1 =4.3(5) 2B x0.3(3) 1.8 £ 0.2(2)

DN32.D3 CD1dl + self lipid 16.8 =0.9(3) 373 x26(2) 264(1)

N38-3C3 CD1d1 + self lipid 17.6 = 3.4 (3) 164 = 1.0(2) 244D
C57BL/6 iNKT cells/CD1d1-wGalCer :

Thymic CDI1d1 + self lipid 10.7 = 3.0 () 98 = 0.9(5) 25x02(3)

Splenic CD1d1 + self lipid 88 x0.7(d) 11.4 = 0.6(3) 27x0.2(3)
Conventional CD8” T lymphocytes/H2ZK"-peptide

2168T H2K® + epilV 239 27(3) ND 1.1 =0.1¢(4)

SPHGD H2ZK® + 160 204 * 2.9 (3) 9.4 = 0.03(2) 10 = 0.143) 102 0.2(2)

BH60 H2K® + HED 334 £ 1743 390012 0.9 = 0.04(3)

SPH28 H2K" + 28 2167 = 9.2 21 2092 KD

2 The reactivities of all of the T !ymphocytes have been described (see Resnlts for references).
# Calculations of the kinetic parameters are described in Mareriols end Methods (also see Results for details).

“ n, Number of experimental values.
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CD1d1-aGalCer, -OCH, and -3.4D have exquisite specificity for
iNKT cells (Fig. 2A). However, CD1d1-3.4D (an analogue lacking
the two hydroxyl groups at C atoms 3 and 4 of the long-chain base)
and especially CD1d1-NH (C atom 2’ amine-modified oGalCer) bind
poorly or not at all, respectively, to INKT hybridomas (Fig. 24).
To determine the TCR B-chain repertoire of iNKT cells recog-
nizing OCH, bulk (Fig. 2B) and sorted NK1.1% (C} thymocytes
were reacted with CD1d1-aGalCer or CD1d1-OCH tetramers and
TCRB-, Vb8.1.8.2-, or Vb7-specific Abs. Surprisingly, CD1d1-
OCH tetramer detected ~30% fewer total INKT cells compared
with CD1d1-aGalCer tetramer (Fig. 2, B and ). Interestingly, a

Table 11, Kineric parameters of ghycolipid Ag analogue/TCR interactions

Tune (rimtes)

large majority of CD1d1-OCH tetramer-positive cells expressed
Vb8.1,8.2; they reflected 85-90% of CDl1dl-aGalCer tetramer-
reactive cells (Fig. 2, B and ). Furthermore, Vb8.1.8.2-negative
and Vb7* iNKT cells inefliciently reacted with CD1d1-OCH tet-
ramer (25-50% of CD1d1-aGalCer tetramer-positive cells). How-
ever, TCR fB-chain usage for CD1d1-3,4D-reactive cells could not
be determined, because the MFI of this interaction was very low,
and hence, it was difficult to resolve positive from negative stain-
ing. These results for the first time directly demonstrate that TCR
B-chain repertoire of iNKT cells in vivo impacts their Ag binding.
This difference could be a result of differing avidities of the altered

X, (nM) = SEM (n)*

11> (min at 37°C)* = SEM (n) Hill Coefticient (k) = SEM (r}

T Celt oGalCer OCH 34D aGalCer® oCH aGaulCer” OCH '

iNKT hybridomas

N37-1H3a 7.5 203 (3) 299 = 0.3(2) ND 107+ 304 ND 28 =04 (3) 2.2x04(2)

N38-2C12 85204 221 * 1.7(2) ND 421 = 4.3(5) ND 28 x03(3) 23x04(2)
C57BL/6 iNKT cells

Thymic

TCRA™ 10.7 = 3.0{4) 31.2 £ 042) 595 *3.1(2) 9.8 095 13.0 £ 1.9(2) 25202(3) ND

Vb8.1,8.27 105 =0.1(2) 3572192

Vbh7™ 160 = 0.3(2) 46,6 * 1.8(2)

Splenic 8.8 £ 0.7(4) 2741092 ND ND ND 27202(3) ND
Splenic C57BL/6 INKT cells expanded with glycolipid Ag stimulation {96 h)

aGalCer 9.1+04(2) 442x29(2)

OCH 9.106(2) 397272

34D 64 0.5(2) 25,1 £ 1.9(2)

# n, Number of experimenta! values.

B Caleulations of the kinetic parameters are described in Materials and Methods (also sec Results for details).

¢ aGalCer data is the same as presented in Table 1.
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lipids for their TCR. Therefore, CD1d1-aGalCer, -OCH, and
-3,4D tetramers were vsed 1o determine their K, for the TCR.
CD1d1-OCH binds iNKT TCR with about 3- to 4-fold lower X,
compared with CD1d1-aGalCer, whercas CD1d1-34D had a
6-fold lower K, (Fig. 2D and/or Table II).

Considering that the TCR f3-chain repentoire of cells recogniz-
ing OCH was Vb8.1.8.2 skewed, we hypothesized that TCR
B-chain of the iNKT cell receptor impacts K, for Ag. We found
that Vb7™ iNKT cells have 50% lower K, for both CD1d1-aGal-
Cer and -OCH compared with Vb8.1,8.2" iNKT cells (Fig. 2E and
Table II). Note that K, determination was performed with Vb7~
cells that detectably bound CDIdE-OCH tetramer, which repre-
sented only ~50% of total CD1dl-aGalCer tetramer-reactive
Vb7" INKT cells. Therefore, the results potentially represent a
higher K, than that of the entire Vb7™ iNKT population. Because
the dwell time of TCR and Ag interaction correlates with the ca-
pacity for T cell activation, the r,,, of CDldl-aGalCer, and
CD1d1-OCH from iNKT cell receptor was determined as de-
scribed above. The results indicate that both glycolipid Ags have
similar dwell times for their cognate receptors (Fig. 2F and Table
1. Taken together, the data suggest that the TCR B-chain reper-
toire and the K, of Ag-receptor interaction, but not the dwell time,
might govern distinct functional outcomes from INKT cells.

INKT cells recognize OCH and aGalCer in vivo with similar
sensitivity

A number of in vitro studies have indicated that iNKT cells rec-
ognize CD1di-aGalCer with nanomolar sensitivity (10-12, 14,
35). Ags with different binding affinity for their TCR activate T
cells with distinct activation thresholds (54 —58). To determine the
sensitivity of effector responses by iNKT cells in vivo, C57BL/6
mice were injected i.v. with aGalCer and OCH, and serum cyto-
kine response was measured after 90 min, CD1d1-restricted NKT
cell (B6.129-CD1dI™™)- and iNKT cell (B6-Jal8™")-deficient
mice do not respond to these glycolipids (Fig. 34), nor do
C57BL/6 mice injected with the vehicle used to dissolve the gly-
colipid Ags (data not shown).

Mice administered 0.5 pg of OCH elicited substantial amounts
of IL-2 and IL.-4; TNF-a. IL-13. and CSF-2 (GM-CSF) were also
detectable within 90 min (Fig. 34). Administration of 1.0 ug of
aGalCer or OCH elicited a robust cytokine response including
TNF-u, IL-13, and CSF-2 (Fig. 3A). Note that the observed IFN-y
response is at the very low end of maximum at this early time
point. Furthermore, the previously reported differential TFN-+y re-
sponse to OCH and «GalCer are strikingly apparent only at or after
6 h (19). because that is the time point at which IFN-+y peaks (59).
Thus. at early time, aGalCer and OCH are recognized with similar
sensitivity in vivo.

Kinetics of CDId1 loading with aGalCer and OCH explain
similar early iNKT cell response in vive

Activation of T cells is an effect of Ag-TCR engagement and con-
sequent intracellular signaling. T cell activation correlates with the
extent of receptor down-regulation due to signal-dependent altered
intracellular TCR trafficking (60—62). Surprisingly. iNKT cells re-
spond to aGalCer and OCH with similar early sensitivity (Fig.
3A4), despite different equilibrium binding properties of TCR and
specific Ag (Fig. 2, D-F, and Table II). To determine the cellular
basis of aGalCer and OCH sensitivity, the kinetics and extent of
TCR down-regulation following addition of increasing concentra-
tions of aGalCer and OCH to splenocytes in vitro were evaluated.
Both «GalCer and OCH down-regulated similar levels of surface
TCR within 4-12 h of Ag stimulation (Fig. 38, top three panels).
However, aGalCer was ~10-fold more potent at inducing surface

COOPERATIVE GLYCOLIPID Ag RECOGNITION BY Val4Jal8 TCR

TCR down-regulation afier 24 h of stimulation. Thus, the kinetics
of TCR down-regulation reflected the early induced iNKT cell
response in vivo.

Two plausible mechanisms can explain the difference observed
in early and late iNKT cell responses to aGalCer and OCH. aGal-
Cer, because of its higher K, for Val4Jal8 TCR compared with
QOCH, is a more potent INKT cell ligand resulting in more sus-
tained TCR down-regulation and activation. Alternatively, OCH,
because of its shortened sphingosine and acyl chains, binds CD1dl
faster than «GalCer, and hence compensates for its low K, and
elicits an carly iNKT cell response. To distinguish between the two
possibilities, B6.129-Tera™? splenocytes, which lack T and iNKT
cells. were incubated with increasing quantities of aGalCer and
QCH for 24 h. They were then used to stirnulate C57BL/6 spleno-
cyles depleted of MHC class Il-positive cells, after which iNKT
cell receptor down-regrulation was evaluated. OCH was 10- to 20-
fold less efficient in TCR down-regulation compared with aGalCer
at all time points tested (Fig. 3C). This result is consistent with the
hypothesis that aGalCer and OCH have different kinetics of
CD1d1 loading, and that the similar carly iNKT cell response 1o
the two Ags in vivo reflects rapid on-rate of OCH compared with
aGalCer.

To determine the concentration threshold required for the elic-
itation of distinct cytokines from iINKT cells by aGalCer and its
analogue OCH, C57BL/6 splenocytes were stimulated with in-
creasing concentrations of these glycolipids, The results revealed
that IL-2 and IFN-+y response after 48 h (Fig. 3D) required at least
50% iNKT cell receptor down-regulation measured at 24 h (8,
bottom panel) and medium Ag concentration threshold of aGalCer
and OCH (D). In contrast, secretion of CSF-2 and IL-4 was more
sensitive to low concentrations of glycolipid Ags and, hence, re-
sponded 10 low levels of TCR down-modulation (Fig. 3, B and D).
In support of our previous report (19}, OCH preferentially induced
an IL-4 response, whereas 50-fold higher concentration of OCH
was required to produce an IFN-y response similar to that induced
by aGalCer (Fig. 3D). Thus, the secretion of cytokines by iNKT
cells follows a hierarchical Ag response pattern, with higher avid-
ity and higher concentrations required for secretion of IFN-y and
IL-2 compared with both low avidity and low concentration for
CSF-2 and IL-4.

To fully understand the properties of CD1d1-OCH interaction,
we used a cell-free Ag presentation assay 1o determine its disso-
ciation kinetics. Plate-bound soluble CD1dl was loaded with
equimolar quantities of aGalCer or OCH. After removing unbound
lipid, the complexes were allowed to dissociate for varying time
periods at 37°C. The ¢, ,» of Ag-CD1d] complex was monitored by
its ability to activate iNKT cell hybridomas. OCH interaction with
CD1d1 was more labile, because it dissociated faster than aGalCer
from CD1 (Fig. 3E). Thus, similar early sensitivity of iNKT cells
to aGalCer and OCH in vivo reflects the differences in the kinetics
of their interaction with CD1d]1 and also the differences in their
equilibrium parameters of TCR engagement.

Activation of INKT cells by 3,4D in vitro causes selective
expansion of high-avidiry clones

The altered lipid ligand, 3.4D, engages the iNKT cell receptor,
albeit with Jow X, compared with aGalCer and OCH (Fig. 2B and
Table 1), and elicits a weak cytokine response in vivo (19). To
elucidate the biochemical basis of this weak response, the prolif-
erative capacity of iNKT cells to Ag engagement was determined
in vitro by CFSE dye dilution assay. After stimulation of spleno-
cytes with Ags for 96 h, iNKT cells were costained with CD1d1-
aGalCer tetramer and TCRB-specific Ab. At high concentration
(575 nM). aGalCer, OCH, and 3.4D induced extensive iNKT cell
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FIGURE 3. Kinetics of CD1d1 loading with eGalCer and OCH
explain similar early iNKT cell response in vive to the two gly-
colipids. 4, CSTBL/6 mice or control B6.129-CDJ4I”° and B6-
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proliferation (Fig. 44). In contrast, at a lower concentration (2.9
nM) of these same Ags, aGalCer induced a strong proliferative
response: OCH induced a partial proliferative response, whereas
34D and NH elicited a very weak or no response, respectively
(Fig. 4A4). Funthermore, quantitation of the proliferative response
revealed that aGalCer induced maximum proliferation at 5.75 nM,
and OCH at 57.5 nM, whereas maximum expansion was not
reached even with 575 nM of 34D (Fig. 48). We also noted that
stimulation with supraoptimal Ag concentrations does not result in
increased proliferation, but actually reduces total iNKT cell ex-
pansion (Fig. 4B8).

Together, the data reveal that. despite differences in X, and the
TCR B-chain repertoire, the altered lipid ligands induce prolifer-
ative response (Figs. 2, B—F, and 4. A and B). Therefore, the
B-chain repertoire and the K,, of Ag-expanded iNKT cells were
determined. TCR f-chain repertoire of iNKT cells following
aGalCer, OCH, and 3,4D stimulation remains largely unaltered at

Ag concentrations inducing a maximum proliferative response, al-
though a slight decrease in the percentage of Vb8-negative iNKT
cells was noted (~35% of expanded INKT (Fig. 4C) compared
with ~45% for naive iNKT cells (Fig. 28)). Additicnally. very
litle if any difference was observed in the Vb repertoire of iNKT
cells expanded with different suboptimal doses of aGalCer and
OCH (data not shown). Interestingly, iNKT cell activation by
3.4D, but not aGalCer or OCH, resulted in the expansion of iNKT
cells responding to Ag with higher X,, for aGalCer and OCH (Fig.
4D and Table 11). Thus, high-avidity iNKT cells preferentially ex-
pand to suboptimal TCR engagement.

Cooperative glycolipid Ag recognition by INKT cells

Self-Ag recognition must be finely tuned to prevent iNKT cell
activation during physiclogical conditions, but respond rapidly to
disturbances in cellular physiology. In other words, iNKT cells
need to be very sensitive 1o modest changes in Ag concentration.
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FIGURE 4. Activation of INKT cells by sub-
optimal avidity Ag 3.4D in vitro cavses selec-
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In biological systems, this kind of fine-tuning is often achteved by
using cooperative ligand-receptor interactions (33, 63). To deter-
mine whether cooperativity participates in sensitive glycolipid Ag
recognition. this mode of interaction was determined by calculat-
ing the Hill coefficient (sce Marerials and Methods). The Hill co-
eflicient of the interaction between the tetrameric Ag and the iNKT
cell receptor was >2 (Fig. 54 and Table I). In stark contrast, all
MHC class I-restricted TCR had a calculated Hill coefficient of ~1
(Fig. 5B and Table 1), indicating a Jack of cooperativity. Peptide
binding to each H2K" monomer of the tetrameric molecule is an
independent event. Saturation binding of the tetramer to the TCR
with increasing concentration of added peptide indicates occu-
pancy of all four sites (Fig. 5B). Furthermore, an analysis of the
stoichiometry of class I H chain, 8,-microglobulin, and peptide
following Jigand exchange by Edman sequence determination (64)
revealed a 1:1:1 ratio of the three components (data not shown).
Thus, a Hill coeflicient of 1 is not due to incomplete loading of the
class 1 tetramer.

OCH is a structurally different Ag, particnlarly in the hydropho-
bic component thought to interact with CD1d1. Also, OCH inter-
action with CD1d1 has distinct kinetic parameters compared with
aGalCer (Figs. 2F and 3F). Thus. to exclude the possibility that
the biochemical or structural properties of aGalCer leading onto
CD1dl account for the observed cooperative response, Hill coef-
ficient was measured for the binding of CDI1d1-OCH to the
Va)4Jal8 TCR. As expected. we found that the Hill coeflicient for
CD1d1-OCH and CD1d1-aGalCer for the same Val4Jal8 TCR
are very similar (Fig. 5C and Table II). Thus, Hill coefficient mea-
surement does not reflect the loading properties of glycolipid Ags,
but rather, it is the property of the Ag receptors with which it
interacts. )

CD1d14ipid tetramer (nM}

To independently demonstrate cooperative Ag engagement by
iNKT cells with multimeric Ags other than soluble, biotinylated
monomers of CD1d1 and H2K® prepared in-house, we determined the
Hill coefficients with commercially obtained dimeric 1pG1-CD1dl
and IgG1-H2K" fusion molecules loaded with eGalCer and H6 pep-
tide, respectively, for iNKT cells and H60-specific SPH60 CTL clone.
INKT cells demonstrated cooperative engagement of both dimeric
and tetrameric Ag by the Val4Ja18 TCR (Fig. 5D and Table I). As
expected. neither dimeric nor tetrameric H2K” cooperatively engaged
their cognate TCR (Fig. 5D and Table I). Thus, we conclude that, in
contrast to conventional T lymphocytes, glycolipid Ag recognition by
iNKT cells involves cooperativity.

iNKT cell receptor appears to have distinct structure and/or
organization

A plausible model for cooperative tetrameric Ag engagement by
Val4Jal8 TCR is receptor partitioning and oligomerization within
lipid rafts (S0). To test this model. Hill coefficients for Ag-receptor
interactions were determined for two representative iNKT hybrid-
omas (N38-2C12 and N37-1H5a), NKT cell-enriched thymocytes.
and two CTL clones (SPH60 and BH6D). following disruption of
their lipid rafts. Lipid rafts were disrupted by cholesterol depletion
with methyl-B-cyclodextrin (65) or alternatively by filipin-medi-
ated intercalation of this membrane microdomain (66). Disruption
of lipid rafts did not alter the Hill coeflicient for any of the inter-
actions tested (data not shown), suggesting that these membrane
microdomains are not critical for cooperative Ag engagement by
INKT cell receptor.

To further examine the structural properties of iNKT cell Ag
receptor, we used fluorescence resonance energy transfer (FRET)
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measurements between CD1d] and H2K® multimers and Abs spe-
cific for components of the TCR complex. In the course of our
studies, we observed that costaining of iNKT cells ex vivo by
allophycocyanin- or PE-conjugated CD1d] tetramers and PE- or
allophycocyanin-TCRP (clene H57-597) or anti-CD3e (clone 145-
2C11) Abs resulted in large and repeatable increase in FL3 channel
fluorescence in a properly compensated flow-cytometric experi-
ment (Fig. 6. A (iNKT cell hybridoma N38-2C12) and B (thymic
iNKT cells)). Such large FRET shift was not observed with high-
intensity staining Abs specific for cell surface molecules not within
the TCR complex (e.g., anti-CD44, clone IM7; Fig. 6). As PE and
allophycocyanin have overlapping fluorescence emission and ab-
sorption spectra, respectively, it was likely that this result was a
consequence of nonradiative FRET. This hypothesis was tested by
running samples on the flow cytometer with the red diode laser
(emission, 635 nm) and its FL4 filter switched off. Indeed, we still
observed FL3 flucrescence only when costaining with CD1d1 mul-
timers and TCR complex-specific Abs. The large FRET observed
upon tetramer-anti-TCR B/anti-CD3e binding to iNKT cells pre-
sented an opportunity to test the hypothesis that the structural ori-
entation and/or organization of Val4Jal8 TCR are distinct from
af TCR of conventional CTL. When H60-specific CTL were
costained in a manner identical with that of iNKT cells, and anal-
ysis was restricted 1o equivalent MFT of anti-TCRB or anti-CD3e
and H2K® multimer, very little FRET was detected (Fig. 6A). Sim-
ilarly, we observed FRET using PE-conjugated CD1d] tetramers
and allophycocyanin-conjugated anti-TCRB or anti-CD3e Abs
(data not shown). FRET between CD1d1-aGalCer tetramers and

TCR{ on iNKT cells directly correlated with the staining intensity,
even at relatively low concentrations (~2.5 nM; Fig. 6C). In con-
trast, no FRET between H2K" tetramers and TCRS or CD3e was
observed. even with saturating concentrations of H2K"™ tetramers
(~250 nM: Fig. 6C). FRET is exquisitely sensitive to small
changes in donor and acceptor fluorochrome distances (FRET,
~%), Thus, these results strongly suggest that iNKT cell receptor
has a distinct structure and/or organization, resulting in shorter
distance between donor and acceptor fluorochromes used.

Discussion

In summary, our findings demonstrate that iNKT cell receptors
recognize glycolipid Ags with avidities similar to, if not higher
than, those of immunodominant, high-affinity «8 TCR of conven-
tional T cells. In contrast to CTL, which recognize Ag over a large
avidity range (20-220 nM), iNKT cells efliciently recognize Ag
within a narrow window of avidity (10-40 nM). Interestingly,
although the TCR-Ag dwell time for «GalCer and OCH are very
similar, TCR down-regulation as well as the proliferative and cy-
tokine response of iNKT cells to these Ags directly correlated with
avidity for Ag. Strikingly, both aGalCer- and OCH-bound CD1d1
tetramers and dimers display cooperative engagement of the iNKT
cell receplor. a property that CTL clones tested in this study lack.
Additional data revealed FRET between specific combinations of
fluorochromes conjugated to CD1d1 tetramers or dimers (data not
shown) and TCR f-chain or CD3e-specific Abs. These findings
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FIGURE 6. iNKT cell receptor has distinct structure and/or organiza-
tion. CTL clone SPH60 (A), iNKT hybridoma N38-2C12 (A), and thymic
iNKT cells (B) were reacted with allophycocyanin-conjugated H2K"-H60
and CD1d1-aGalCer tetraters, respectively. They were also reacted with
PE-conjugated Abs against TCRB (H57-597; specific for TCR chain FG
loop), CD3e. or CD44. FRET was measured as the fluorescence in the FL3
channel, with the red diode laser off, CD1dl- and H2KP-tetramer concen-
trations were adjusted te obtain equal MFI of tetramer staining. Consider-
ing that the 488-nm emission of the argon-ion laser cannot excite allophy-
cocyanin, fluorescence detected in the FL3 channel is due to FRET-
mediated allophycocyanin excitation. FRET-induced fluoreseence intensity
is indicated as a function of CD1d1-eGalCer tetramer concentration ().
All binding reactions were performed at 4°C in the presence of sodium
azide to prevent capping and internalization.

suggest that the INKT cell receptor structure and/or organization
may be distinct from conventional e TCR.

Conventional T cells recognize peptide Ags with a wide range
of avidities and dwell times (23-25, 28, 29). In contrast, strong

COOPERATIVE GLYCOLIPID Ag RECOGNITION BY Val4Jal8 TCR

recognition of «GalCer and OCH, poor recognition of 3.4D, and
no recognition of NH (19), by the Val4Jal8 TCR with distinct K,
points toward a narrow kinetic window for iNKT cell activation.
We demonstrate that both optimal Ag concentration and relative
avidity are essential to elicit a strong proliferative response by
iNKT cells. Interestingly, as observed with conventional T cell
effector functions (56), INKT cells exhibit hierarchical functional
consequences to Ag quality and concentration. In support of our
previous study (19), we also find a dissociation from a clear avid-
ity-concentration dependence in [L-4 secretion following OCH
compared with oGalCer stimulation. Both low Ag concentration
and lIow K, are sufficient for selective IL-4 secretion and iNKT
cell proliferation. In contrast, higher X, and Ag concentration are
required for [FN-vy response. Consistent with this conclusion is the
finding that dendritic cells presenting a high concentration of the
high X, Ag aGalCer induce sustained IFN- vy response from iNKT
cells (67). In this regard. iNKT cell response closely follows the
principle of Ag concentration threshold set for IFN-y and IL-4
responses elicited by conventional T cells (68).

Due to their potent immunoregulatory properties, therapeutic
modulation of iNKT cell number and functional responses has
been proposed for prevention of autoimmunity as well as for the
enhancement of immune responses to tumors and vaccines. In the
nonobese diabetic mouse model of antoimmune type [ diabetes,
iNKT number and function are low (43, 69, 70). Increasing the
INKT cell number (71-73) or the aGalCer treatment-induced Th2
bias (17, 18, 74) effectively reduces the incidence of type I diabetes
in nonobese diabetic mice. Qur data demonstrate that distinet gly-
colipid administration regimens may be required to induce toler-
izing activity compared with IFN-y-dependent antitumor and ad-
juvant properties of INKT cells.

The natural self-Ag recognized by iNKT cells and its structural
relationship to «GalCer remain unknown. However, we recently
discovered that a cell line deficient in B-glucosylceramide (BGl-
cCer) is defective in the presentation of a self-Ag to iNKT cell
hybridomas (15). Together with the evidence that the defect was
not due to altered folding, intracellular traffic of CD1dl, or rec-
ognition of BGlcCer itself, these results suggest that BGlcCer is
either a precursor or an essential factor in the synthesis and/or
loading of a natural Ag. Thus. it is possible that the elusive self-Ag
may be aGlcCer or a similar compound. Further support for the
hypothesis that a self-Ag similar to aGalCer is recognized is the
finding that transgenic overexpression of CD1d1 results in prefer-
ential deletion of Vb8.1,8.2" iNKT cells (75). This result is fully
consistent with our finding that Vb8.1,8.2" iNKT cells have a
higher X, for eGalCer and OCH than Vb3.1,8.2-negative iNKT
cells. Furthermore, the high K, binding of CDidl-aGalCer with
Vb8.1,8.2* Val4Jal8 TCR is consistent with the high K, binding
of dimeric Ag to similar TCR (27). Importantly, for the first time,
we demonstrate that the reperioire and Ag X, of iNKT cell re-
ceptors are regulated during proliferation and result in selection of
high-avidity iNKT cells under conditions of suboptimal stimula-
tion. These data, taken together, suggest that the narrow kinetic
window of recognition of aGalCer and its analogues is reflective
of the parameters of natural self-Ag recognition.

The 2C transgenic TCR exhibits differing peptide Ag binding
modes on naive and effector cells, seggesiing cooperativity (50).
The existence of two TCR af molecules within a single CD3
complex was gvoked to explain this result (50), However, recent
data suggest that the stoichiometry of TCR «f assembly with CD3
complex is 1:1 {76). Whether this stoichiometry changes during
CTL activation remains to be established. Using tetramers of
CD1d1 and H2K", we demonstrate cooperative Ag engagement of
glycolipid Ags by iNKT cell receplors but not that of peptidic Ags
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