The Journal of lmmunology

A
_\500
£ 400
m
£ 300
P
> 200
LT o [I] o = (s} (o]
0 = z u Z. - = -
Reciptent  WT  WI WP WY WT WT CDi¢ CDig
T8I - + + + + + + +
Alioganeic BMT - - - - - + - %
a-GalCer  + . ¥ + + + + +
i . Sh mn 48 W™ M 2
B
150,
=
210
v -~
:"J 30
[a) [} [o]
o z zZ =
Recipient  WT WT w1 CD1d” Cotd
T8l < e S v s
Allogeneic BMT - - - - - +
avﬁa!Cgf + - ¥ + + €
Teiatada -~ - &’ 2 &

FIGURE 1. Cytokine respenses to a-GalCer in lethally irradiated niice
with or without BMT. WT and CD1d™'~ B6 mice received 13 Gy TBL
Two, 24, or 48 h later, mice were injected i.p. with a-GalCer (100 pg/kg)
or diluent. A cohort of animals were transplanted with allogeneic BM cells
{§ X 10° und spleen cells (5 X 10% from WT BALB/ donors immedi-
ately after TBI, followed by injection of &-GalCer 2 h after TBI. Six hours
after the administration of a-GalCer, serum samples were collected, and
levels of IFN-v (4) and IL4 (B) were measured. a-GalCer-treated control
mice without TBI (O, recipients of TBI plus a-GalCer (€3, and recipients
of TEL, allogeneic BMT, and «-GalCer (M) are shown (2 = 3 per group).
Results represent one of three similar experiments and are shown as
nean :t SD. *, p < 0.08 vs nonirradiated controls, ND, Not detected.

either syngeneic (B6) or allogeneic (BALB/c) donors. Immediately
atter BMT, B& recipients were injected i.p. with cither a-GalCer or
diluent. Six days after BMT, T cells isolated from mesenteric LN
of recipient mice were cultured with irradiated B6 peritoneal cells
or with anti-CD3e mAbs and anti-CD28 mAbs for 48 h, and cy-
tokine levels in the supernatant were determined, Flow cytometric
analysis showed that >97% of LN T cells from both control re-
cipients and «-GalCer-treated recipients were donor derived, as
assessed by H-2¢ vs H-2® expression. T cells from a-GalCer-
treated mice secreted significantly less TFN-vy, but more I1.-4, in
response to host alloantigens (Fig. 2. A and B) or to CD3 stimu-
lation (Fig. 2. € and I}) compared with those from controls. Sim-
ilar results were obtained when T cells isolated from spleens were
stimulated by anti-CD3é and anti-CD28 mAbs. T cells from
a-GalCer-treated mice secreted significantly less TFN-y (18 + 2 vs
164 = 6 ng/mtl), but more -4 (1022 * 114 vs 356 = 243 pg/ml).
compared with controls. These results demonstrate that a single
injection of a-GalCer to BMT recipients polarizes donor T cells
toward Th2 responses after allogeneic BMT.

In a-GalCer-treated mice, serum levels of [PN-y were dramat-
ically reduced on day 6 compared with controls (Fig. 34), and
IL-4, which is usually hardly detectable in serum in this model,
failed to be detected in the serum of mice of either group (data not
shown). This impaired Thl response of donor T cells was associ-
aled with a marked reduction of TNT-« levels in a-GalCer-treated
mice (Fig. 38}
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FIGURE 2. Administration of &-GalCer to recipients of allogeneic
BMT polasizes donor T cells toward Th2 cytokine secretion. Lethally ir-
radiated (13 Gy) B6 mice were transplanted with BM cells (5 X 10° and
spleen cells (5 % 10%) isolated from BALB/c mice, followed by injection
of either a-GalCer or control diluent. Mesenteric LN cells obtained from
diluent-treated recipients (£) and «-GalCer-treated recipients (l) 6 days
after BMT were standardized for numbers of CD4* T cells as § X 10%well
and were stimulated with I X 10°fwell of allogeneic or syngeneic perito-
nea cells (A and B) or with CD3 (€ and D). After 48 h, cytokine levels in
the supematant were measured by ELISA. Results shown are inean = 8.
*, p < 0.05 vs diluent-treated group. NI, Not detected; Syn, syngeneic;
Allo, allogeneic.,

Administration of a-GalCer or OCH to BMT recipients
modulates acute GVHD

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

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

Host NKT cells and host production of IL-4 are required for
suppression of GVHD by a-GalCer

We examined the requirement of host NKT cells in this protective
effect of a-GalCer, using NKT cell-deficient CD1d ™~ mice as
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FIGURE 3. A single injection of a-GalCer Lo recipients of allogeneic
BMT markedly reduces serum levels of IFN-y and TNF-a. WT B6 mice
were transplanted as in Fig. 2. Sera (n = 3-10/group) were obtained from
diluent-treated ({7} and o-GalCer-treated (M) recipients on day 6 after
BMT, and serum levels of IFN-v (A) and TNF-w (B) were determined.
Results from three similar experiments are combined and shown as
mean :: 8D. %, p < 0,05 vs allogeneic, diluent-treated group. ND, Not
detected; Syn, syngeneic; Allo, allogeneic,

BMT recipients. Lethally irradiated €CD1d ™~ mice were trans-
planted with BM cells and spleen cells from WT BALB/c donors,
followed by administration of a-GalCer immediately after BMT
on day 0. Protective effects of a-GalCer administration were not
observed when CD1d™™ B6 mice were used as recipients, con-
finming the requirement for host NKT cells (Fig. 54). We next
examined the requirement of IL-4 production by host cells in this
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FIGURE 4. A single injection of NKT ligands to BMT recipients mod-
ulates acute GVHD. BMT was performed as in Fig. 2. A, Survival curves
of syngeneic control group (O, solid line; n = 9); allogeneic, dilecot-
treated recipients (A, detted line; n = 15); and allogeneic, a-GalCer-
treated recipients (4, solid line; r == 14) are shown. Data from three
similar experiments were combined. B, Clinical scores of syngeneic control
group {3, solid line); allogeneic, diluent-treated recipients (&, dotted line);
and allogeneic, a-GalCer-treated recipients (#, solid line) are shown as
the mean = SE. C, Survival curves of syngeneic control group (O, solid
line; 1 = 6); allogeneic, dileent-treated recipients (A, dotted line; n = 10%:
and allogeneic, OCH-treated recipients ( #, solid line; # = 10) are shown.
Data from two similar experitments were combined, D, Lethally irradiated
(9 Gy) BALB/c mice were transplanted from B6 donors. Survival curves of
the syngeneic control group (O, solid line; n = 6); allogeneic, difuent-
treated recipients (A, dotted line; # = 10% and allogeneic, a-GalCer-
treated recipients (4, solid line; # = 10) are shown. Data from two similar
experiments were combined. ¥, p < 0.05 vs diluent-treated group.
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FIGURE 5. Tlost NKT cells and host IL-4 production are required for
sappression of GVHD by «-GalCer. A, Lethally irmadiated CDId™'~ Bé
mice were transplunted as in Fig. 2. Survival curves of syngeneic control
group (O, solid line; n = 6); allogeneic, diluent-treated recipients (A, dot-
ted line; # = 10} and allogencic, a-GalCer-treated recipients (4, solid
lineg; n = 10} are shown. Data [rom two similar experiments were com-
bined. B, Lethally irradiated I1-4 ™'~ B6 mice were transplanted as in Fig.
2. Survival curves of syngeneic control group (5, solid line; n ~ 11);
allogeneic, diluent-treated recipients (A, dotted line; # = 14); and alloge-
neic, a-GalCer-treated recipients (4, solid line; n = 14) are shown. Data
from three similar experiments were combined.

protective effect. Lethally irradiated L4/~ B6 mice were trans-
planted from WT BALB/c donors and administered a-GalCer as
ahove. @-GalCer did not confer protection against GVHD in I.-
47" recipients (Fig. 5B). Taken together, these results indicate
that protective effects of a-GalCer are dependent upon host NKT
cells and host production of IL-4,

STATG signaling in donor T cells is required for modulation of
GVHD by o-GalCer

To determine whether IL-4-induced signaling in donor T cells is
critical for the protective effect of glycolipids on GVHD, we used
donor spleen cells that lack STATG6 and have impaired 11.-4 re-
sponses (34, 35). Sploen cells from STAT6 ™ BALB/c mice and
TCD BM cells from WT BALB/c mice were transplanted after
lethal TBI, followed by a single injection of a-GalCer., a-GalCer
treatment failed to reduce morbidity and mortality of acute GVHD
when STAT6 ™'~ BALB/c donors were used (Fig. 6), demonstrat-
ing that STATG signaling in donor cells is critical for the protective
elfect of a-GalCer against GVHD,
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FIGURE 6. The protective effects of a-GalCer against GVHD are de-
pendent npon the STAT6 pathway of donor T cells. Lethally irradiated B6
mice were wransplanted with TCD-BM cells (4 X 10%) from WT BALB/
mice and spleen cells (5 X 10% from STAT6 ™'~ BALB/c mice. A, Sur-
vival curves of the syngeneic control group (2, solid line; n = 15); allo-
geneic, diluent-treated recipients (A, dotted line; n = 25); and allogeneic,
c-GalCer-treated recipients (4, solid line; # = 25) are shown. Data from
five similar experinkents were combined. B, Clinical GVHD scores of svn-
geneic control group (O, solid line); allogeneic, diluent-treated recipients
(4, dotted line); and allogeneic, a-GalCer-treated recipients ( 4, solid line)
are shown as the mean =+ SE,
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Discussion

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

Administration of o-GalCer stimulates NKT cells to produce
both IFN-v¥ and IL-4 in naive mice, which can promete Thi and
Th2 immunity, respectively (18). We first determined whether ad-
ministration of synthetic NKT ligands such as «-GalCer and OCH
can stmulate heavily trradiated mice to produce cytokines. Sur-
prisingly, irradiation of mice dramatically reduced IFN-v produe-
tion in response to a-GalCer, while preserving IL-4 production.
This result may account for Th2, but not Thl, polarization of donor
T cells by «-GalCer, even in conditions such as allogeneic BMT,
which preferentially promotes Thl polarization. Although mech-
anisms of selective suppression of IFN-vy production induced by
irradiation need to be elucidated, irradiation may modulate the
cytokine production profile of NKT cells or neighboring NK cells.
Although OCH stimulates NKT cells to predominantly produce
1L-4 compared with a-GalCer, resulting in potent Th2 responses
(27, 31, both OCH and a-GalCer equally stimulate IL-4 produc-
von in irradiated mice and exert equivalent protection against
acute GVIID.

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

a-GalCer did not confer protection against GVHD in CD14™"
or IL-4""" recipients. Therefore, the protective effect of ar-GalCer
aguinst GVIID is dependent upon host NKT cells and host pro-
duction of IL-4. Sublethal total lymphoid irradiation eariches NKT
cclls in host lymphoid tissues, and these NKT cells induce Th2
polarization of conventonal T cells by [L-4 production, resulting
in reduced GVIID {40-42). These findings are consistent with our
observation that IL-4 production is critical for the protective effects
of NKT cells against acute GVHD. It should be noted, however,
that systemic adnunistration of IL-4 is cither ineffective or toxic
(6). Because the eytokine environment during the initial interaction
between naive T cells and APCs is critically important for induc-
tion of Thl or Th2 differentiation (14), local IL-4 production in the
secondary lymphoid organs where donor T cells encounter host
APCs might be necessary to cause effective Th1—Th2 immune
deviation after allogeneic HSCT (43).

Current strategies for prophylaxis and treatinent of GVHD pri-
marily target depletion or suppression of donor T cells. These in-
terventions suppress donor T cell activation and are associated
with increased risk of infection and relapses of malignant discases.
Thl—Th2 deviation of donor T cells represents a promising strat-
egy to reduce acute GVHD while preserving cytolytic cellular ef-
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fector functions against tumeors and infectious agents (33, 44-47).
‘To achieve Thi—'"Th2 iimmune deviation of donor T cells, ¢yto-
kines have been administered to either donors or recipients in an-
imal moedels of GVHD. Donor treatment with cytokines such as
IL-18 and G-CSF. and recipient treatment with [L-11, induces Th2
polarization of donor T cells and reduces acute GVHD (33, 4.
48). The present study reveals an alternative strategy to induce Th2
polarization of donor T cells by injecting NKT ligands into recip-
ients to activate recipient NKT cells.

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

Cells belonging to the innate arm of the immune systen, stich as
monocytes/macrophages, NKT cells, and NK cells, can preduce
large amounts of cytckines quickly upon stimulation. Innate im-
munity can thereby augment donor T cefl responses to alloantigens
in allogeneic HSCT (3). Our findings reveal a novel role for host
NKT cells in regulating GVHD and indicate that stimulation of
host innate immunity may serve as an effective adjunct to clinical
regimens of GVHD prophylaxis.
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A form of a-galactosylceramide, KRN7000, activates CD1d-re-
stricted Val4-invariant {Va14i) natural kilfer (NK) T cells and
initiates multiple downstream immune reactions. We report that
substituting the C26:0 N-acyl chain of KRN7000 with shorter,
unsaturated fatty acids modifies the outcome of Val4i NKT cell
activation. One analogue containing adiunsaturated C20 fatty acid
(C20:2) potently induced a T helper type 2-biased cytokine re-
sponse, with diminished IFN-y production and reduced Va14i NKT
cell expansion. C20:2 also exhibited less stringent requirements for
loading onto CD1d than KRN7000, suggesting a mechanism for the
immunomodulatory preperties of this lipid. The differential cellular
response elicited by this class of Va14i NKT cell agonists may prove
to be useful in immunotherapeutic applications.

cytokines | inflammation | autoimmunity | immunoregulation

N atural killer (NK) T cells were defined originally as lym-
phocytes coexpressing T cell receptors (TCRs) and C-type
lectin receptors characteristic of NK cells. A major subset of
NKT cells recognizes the MIIC class I-like molecule CD1d by
using TCRs composed of an invariant TCR-a chain (mouse
Vald-Jual8, human Va24-Jo18) paired with TCR-8 chains with
matkedly skewed V3 usage (1), These CDId-restricted Vald-
mvariant (Va14i) NKT cclls are highly conserved in phenotype
and function between mice and humans (2). Valdi NKT cells
influence various immune responses and play an important role
in regulating autoimmunity (3, 4). One example is the nonabese
diabelic mouse. When compared with normal mice, nonobese
diabetic mice have fewer Va14i NKT cells, which are defective
in their capacity to produce antiinflammatory cytokineslike I1.-4
(5. 6). Deficicncies in NKT cells have also been observed in
humans with various autoimmune diseases (7, 8).

Valdi NKT cells have been manipulated to prevent or treat
autoimmune disease, mostly through the use of KRN7000, a
synthetic a-galactosylceramide (a-GalCer, Fig. 14) that binds o
the hydrophobic groove of CD1d and then activates Va14i NKT
cells by means of TCR recognition (9). KRN7000 treatment of
nonobese diabetic mice blocks development of T helper (Ty)
type l-mediated autoimmune destruction of pancreatic islet
p-ceils, thus delaying or preventing disease (10-12). Fhere has
been considerable interest in methods that would allow a more
selective activation of these cells. In particular, the ahility to
trigger 1L.-4 production without eliciting strong IFN-y or other
proinflammatory cytokines may reinforce the immunoreguta-
tory functions of Val4i NKT cells. This e[fect is detected after
Vald] NKT cell activation with a glycolipid designated OCH,
which is an ~-GalCer analogue that is structurally distinet from
KRN7000 in having a substantially shorter sphingosine chain and
functionally by its preferential induction of IL-4 secretion
(13, 14,

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

www.pnas.org,/cgi/dei/10.1073,/pnas.0407488102

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

Materials and Methods

Mice and Cell Lines. C57BL/6 mice (8- to 15-wk-old females) were
obtained either from The Jackson Laboratory or Taconic Farms.
€D1d~'~ mice were provided by M. Exley and S. Balk (Beth
Isracl-Deaconess Medical Center, Iarvard Medical School,
Boston) (15). V14 NKT cell-deficient Ja 18/~ mice were a gift
from M. Taniguchi and T. Nakayama {Chiba University, Chiba,
Japan) {16}. Both knockout mice were in the C57BL/6 back-
ground. Animals were kept in specific pathogen-free housing,
The protocols that we used were in accordance with approved
institutional guidelines,

Mouse CD1d-transfected RMA-S cells (RMA-8.mCD1d)
were provided by §. Behar (Brigham and Women's Hospital,
Harvard Medical School) (17). WT or cytoplasmic tail-deleted
CDId-transfected A20 cells and the Valdi NKT hybridoma
DN3A4-1.2 were provided by M. Kronenberg (La Jolla Institute
for Allergy and Immunology, La Jolla, CA) (18, 19). Hybridoma
DN32D3 was a gift from A, Bendelac (University of Chicago,
Chicago) (1). Cells were cultured in RPMI medium 1640
(GIBCO)} supplemented with 10% heat-inactivated FCS {Gem-
ini Biological Products, Calabasas, CA)/10 mM Hepes/2 mM
L-glutamine/0.1 mM nonessential amino acids/55 uM 2-mer-
captoethanol /100 units/ml penicillin/100 ug/ml streptomycin
(GIBCO) in a 37°C humidified incubator with 3% CO,.

Glycollpids. BF1508-84 was synthesized by Biomira (Edmonton,
Canada). OCH [(25, 38, 4R)-1-O-(a-D-galactopyranosyl)-N-
tetracosanoyi-2 amino-1,3,4-nonanetriol] was synthesized as de-
scribed (13). An overview of the methods for synthesis of
KRN7000 [(28, 38, 4R)-1-O-(a-D-galactopyranosyl}-N-hexaco-

This paper was submitted directly (Track [l) to the PNAS office.
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Fig. 1. Induction of a Ty2-polarized oytokine response by an unsaturated
analogue of x-GalCer. {4} Glycolipid structures. {8) [*H]thymidine incorpora-
tion and supernatant IL-4 and IFN-¥ levels in 72-h splenocyte cultures with
graded amounts of glycolipid. Means from triplicate cultures are showry; SEMs
were typically < 10% of the mean. {C) Serum IL-4 and IFN-vlevels{at 2 and 20 h)
of C578BL/6 mice injected i.p. with 4.8 or 24 nmol of glycolipid. KRN7DOD was
the only glycalipid that induced significant IFN-y leveis at 20 h {*, P < 0,05,
Kruskali~Wallis test, Dunn’s posttest). Means = 5D of two or three mice per
group are shown.

sanoyl-2-amino-1,3,4-0ctadecanetriol} and other N-acyl ana-
logues used in this study is shown in Fig. 7, which is published as
supporting inlormation on the PNAS wcb site. Lipids werc
dissolved in chloroform/methano]l (2:1 ratio) and stored at
—20°C. Aliquots from this stock were dried and reconstituted to
either 100 uM in DMSO for in vitro work or to 500 uM in 0.5%
Tween-20 in PBS for in vivo studies.

In Vitre Stimulations. Bulk splenocytes were plated at 300,000 cells
per well in 96-well flat-bottom tissue culture plates with glyco-
lipid diluted in 200 pd of medium. After 48 or 72 h at 37°C, 150
plof supernatant was removed for cylokine measurements, and
0.5 uCi (1 Ci = 37 GBq) [*H]thymidine per well (specific activity
2 Ci/mmol; PerkinElmer) was added for an 18-h pulse, Prolif-
eration was estimated by harvesting cells onto 96-well filter mats
and counling B-scintillations with a 1450 Microbeta Trilux
(Wallac, Gaithersburg, MD; PerkinElmer).

Supernatant levels of I1-2, -4, I1.-12p70, and IFN-vy were
measured by IELISA using capture and biotinylated detection
antibody pairs (BD PharMingen) and streptavidin-horseradish
peroxidase (Zymed) with TMB-Turbo substrate (Pierce) or
streptavidin-alkaline phosphatase (Zymed) with 4-nitrophenyl
phosphate substrate (Sigma). I1-2 standard was obtained from
R & D Systems; IL-4, IL-12p70 and IFN-y were obtained from
PeproTech (Rocky Hill, NI).

Hybridoma Stimulations. CD1d* RMA-S or A20 cells (50,000 cells
in 100 pl per well} were pulsed with graded doses of glycolipid
for 6 h at 37°C. After three washes in PBS, Valdi NKT
hybridoma cells (50,000 cells in 100 pl) were added for 12 h.
Supernatant IL-2 was assayed by ELISA. Alternatively, CD1d-
transfected cells (RMA-8.mCID1d) were lightly fixed either
before or after exposure to antigen (20). Cells were washed twice
in PBS and then fixed in 0.05% glutaraldchyde (grade I, Sigma)
in PBS for 30 s at room temperature. Fixative was quenched by
addition of 0.2 M L-lysine (pH 7.4) for 2 min, followed by two
washes with medium before addition of responders.

For cell-free presentation, recombinant mouse CD1d (1

g/ml in PBS) purified from a baculovirus expression system

3384 | www.pnas.org/cgi/doi/10.1072/pnas.0407488102

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

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

Flow Cytometry. Splenocytes or thymocytes were isolated and
used without further purification. Nonspecific staining was
blocked by using FACS buffer (0.15% BSA/0.05% NaNj in PBS)
with 10 ug/ml rat anti-mouse CD16/32 (2.4G2; The American
Type Culture Collection). Cells (=10%) were stained with phy-
coerythrin or allophycocyanin-conjugated glycolipid/mouse
CD1d tetramers (21) for 30-90 min at room temperature and
then with fluorescently labeled antibodies (from Caltag, South
San Francisco, CA, or PharMingen) for 30 min at 4°C. Data were
acquired on either a FACSCalibur or LSR-II flow cytometer
{Becton Dickenson) and analyzed by using WINMDI 2.8 {Scripps
Research Institute, La Jolla, CA). For some experiments, dead
cells were excluded by using propidiem iodide (Sigma) or
4’ 6-diamidino-2-phenylindole (Roche).

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

Results

Tu2-Skewing Properties of an a-GalCer Analogue. During screening
of a panel of synthetic glycosyl ceramides, we identified a
compound that showed Ty2-skewing of the cytokine profile
generated by Var14i NKT cell activation. Glycolipid BF1508-84
differed structurally from both OCH and KRN7000 by having 2
shortened, unsaturated fatty-acid chain (C20:4 arachidonate)
and a double bond in place of the 4-hydroxy in the sphingosine
base (Fig. 14). Despite these modifications, BF1508-84 actlivated
profiferation and cytokine secretion by mouse splenocytes (Fig.
1B). These responses were Valdi NKT cell-dependent, as dem-
onstrated by their absence in both CD1d " and Jal8/~ mice
{data nol shown}). Maximal proliferation and IL-4 lcvels were
comparable with those obtained with KRN7000 and OCH,
although a higher concentration of BF1508-84 was required to
reach similar responses. Interestingly, IFN-vy secretion stimu-
lated by BF1508-84, even at higher tested concentrations, did not
reach the levels seen with KRN7000. This profile of cytokine
responses suggested that BF1508-84 can elicit a Ty2-biased
Valdi NKT cell-dependent cytokine production, similar to
OCH (13).

We measured serum cytokine levels at various times after a
single injection of either KRN7000 or BF1508-84 into C5711./6
mice. Qur studies confirm published reports that a single ip.
injection of KRN7000 leads 10 a rapid 2-h peak of serum I1-4
(Fig. 1C and data nol shown). However, TFN-y levels were
relatively low at 2 h but rose to a plateau at 12-24 h (13, 22). With
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Fig. 2. Recognition of a panel of unsaturated analogues of KRN7000 by a

canonical Va14i NKT hybridoma. (4) Analogue structures, (8) Dose—response
curves showing IL-2 production by hybridoma DN3A4-1.2 after stimulation
with RMA-5.mCD1d cells pulsed with various doses of glycolipid. Maximal IL-2
concentrations in each assay were designated as 100%. Four-parameter lo-
gistic equation dose—response curves are shown; the dotted line denotes the
half-maximal dose. {C) Relative potencies of the analogue panel in Va14i NKT
cell recognition, plotted as the reciprocal of the effective dose required to
elicit a half-maximal response (1 /EDsg). Similar results were obtained by using
another Va14i NKT hybridoma, DN32D3.

BF1508-84, production of IL-4 at 2 h was preserved, whereas
[F'N-y was barely detectable at 20 h (Fig. 1C). This pattern was
identical to that reported for OCH (13, 22) and was not due to
the lower potency of BF1308-84 because a 5-fold greater dose
did not change the Ty2-biased cytokine profile (Fig. 1C).

Systematic Variation of Fatty-Acyl Unsaturation in a-GalCer. The
cytkine response to BFI1508-84 suggested that altering the
fatty-acid length and unsaturation of a-GalCer could provide an
effective strategy for creating Valdi NKT cell activators with
modified functional propertics. We used a synthetic approach
(Fig. 7, and G.S.B. and P.A.L, unpublished data) to generate
lipids in which 20-carbon acyl chains with varying degrees of
unsaturation were coupled onto the «o-galactosylated sphin-
gosine core structure (Fig. 24). These compounds were first
screened for the ability to aclivate a canonical Val4-Jal8/
V38.2%, CD1d-restricted NKT cell hybridoma cocultured with
CD1d* antigen-presenting cells. Hybridoma DN3A4-1.2 recog-
nized all C20 analogues of a-GalCer with various potencies when
presented by CD1d-transfected RMA-S cells, and it failed to
recognize an azido-substiluted analogue lacking a fatty-acid
chain (Fig. 2 B and C). As reported (9), mere shortening of the
fattv-acid chain affected Vealdi NKT cell recognition, and
reduction of saturated fatty-acid length [rom €26 to C20 was
associated with a =2 log decrease in potency. However, insertion
of double bonds into the C20 acyl chain augmented stimulatory
activity. One lipid in particular, with unsaturations at carbons 11
and 14 (C20:2), was more potent than other analogues in the
pancl. This increase in potency scemed to be a direct result of the
two double bonds, because an independently synthesized ana-
logue with a slightly shorter diunsaturated acyl chain (C18:2)
showed a potency similar to that of C20:2 (Fig. 2C).

We also studied in vitro splenocyte cytokine polarization
resulting from Valdi NKT cell stimulation by each lipid in the
panel. Supernatant IL-4, IFN-v, and IL-2 levels were measured
over a wide range of glycolipid concentrations. All C20 variants

induced IL~4 produclion comparable with that ofl KRN7000 (Fig.
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Fig. 3. Tu2-skewing of in vitro and in vivo cytokine responses to C20:2. {4)

Dose—response curves reporting 48 h IL-4, IFN-y, or IL-2 production, and celf
proliferation of splenocytes in response to KRN7000, €20:2, and OCH. Means
of duplicate cultures are shown; SEM were < 10% of the means. {8} Cytokine
and proliferation measurements on splenccytes exposed to a submaximal
dose (2.2 i) of the panel of n-GalCer analogues shown inFig. 2. Mean + SEM
from duplicate cultures shown, (C) Serum IL-4 and |IFN-y levelsin mice given 4.8
nmel of KRN7000, C20:2, or OCH. Mean 5D of two or three mice are shown,
Vehicle-treated mice had cytokine levels below limits of detection. The resuits
shown are representative of two of more experiments.

3 A and B, and data not shown). Iowever, [FN-v levels {or all
but one C20 analogue {C20:1 cis) were markedly reduced to
one-fourth of the maximal levels observed with KRN7000 and
the closely related €24:0 analogue, or less. In addition, C20:1-cis,
C20:2, and C18:2 were unique in this class of compounds in
inducing strong IL-2 production and cellular proliferation sim-
ilar to that seen with KRN7000 and (24:0 yet with much lower
IFN-v induction. This in vitro Ty2-bias was also evident in vivo.
Mice given €20:2 and (C20:4 showed systemic cytokine produc-
tion that resembled stimulation by OCH or BF1508-84. Thus, a
rapid burst of serum [I.-4 was observed without the delayed and
sustained production of IFN-y typical of KRN7000 (Fig. 3C and
data not shown). No significant difference between the glyco-
lipids was seen in serum IL-12p70 levels at 6 h after treatment
(data not shown).

Identification of Cytokine-Producing Cells in Vive. Previous reports
(23-25) established that Valdi NKT cells are a predominant
source of IL-4 and IFN-vyin the early (2 h) response to KRN7000
and thal by 6 h after injection these cells become progressively
undetectable because of receptor down-modulation, whereas
sccondarily activated NK cells begin to actively produce IFN-+.
Gating on either a-GalCer-loaded CD14 tetramer* or NK1.1*
T cells, we observed similar strong cylokine secretion for both
I1.-4 (data not shown) and [FN-yin Val4i NKT cells at 2 h after
injection of KRN7000 or C20:2 (Fig. 4.4 and B). We concluded
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Fig. 4. Sequelae of KRN7000 and C20:2-induced Va14i NKT cell activation.
{A) Va1d4i NKT cell (tetramer * D329, NK cell (NK1.1* CD3e™), and NK1.17 T
cetl (NK1.17 CD3e) identification by FACS in splenocytes from mice given
KRNY000, €20:2, o vehicle i.p. 2 h earlier. Lymphoceytes gated as negative for
B220 and propidium iodide are shown. (8} Histogram profiles for (FN-y secre-
tion of splenic Va14i NKT, NK1.1* T, or NK celts from mice 2 or 24 h after
treatment with glycolipid. IFN-y-staining in C24:0-stimulated samples was
identical te that of KRN7000-stimulated samples. {C) CDE9 levels of splenic NK
cells{gated as CO3:~NK1.1*) or B cells (CD3e~ NK1.1- B2207)at 12,24, ord8 h
after injection of glycolipid. (D} Splenic Va14i NKT cell (220~ CD3e™ tat-
ramer*) frequency, measured as sither percentages of T cells or as total NKT
cell number, in mice 1, 2, or 3 days after glycolipid administration. The results
shown are representative of three independent experiments.

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

Secreted cytokine staining confirmed that in both KRN7000-
and C2(:2-treated mice, NK cells were IFN-y* at 6-12 h after
treatment (26, 27). However, whereas splenic NK cells from mice
that received either KRN7000 or the closely related C24:0
analogue strongly produced IFN-y as late as 24 h after initial
activation, NK cells from C20:2-treated mice showed substan-
tially reduced staining (Fig. 48). Together, these results pointed
to a less sustained secondary IFN-y production by NK cells
(rather than a change in the initial cytokine response of Valdi
NKT celis) as the major factor responsible for the Ty2 bias of the
systemic cytokine response to C20:2.

Sequelae of Va14i NKT Cell Activation by €20:2. Secondary acliva-
tion of bystander B and NK cells after KRN7000 administration
has been studied by using expression of the activation marker
CD69 (26, 28-30). We followed CD69 expression of splenic NK
and B cell populations for several hours after KRN7000 or C20:2
administration. Both populations began to up-regulate CD6Y at
4-6 h after injection (data not shown). Paradoxically, C20:2
induced slightly higher CD69 levels on both cell populations up
until 12 h, although this trend was reversed from 24 h onwards,
suggesting an earlier up-regulation yet faster subsequent down-
regulation of the marker (Fig. 4C). NK cell forward scatter
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Fig.5. Recognition of KRN7000, C24:0, and C20:2 by the same population of
Va14i NKT cells. {4} Costaining of C57BL/6 splenocytes or thymocytes with
allophycocyanin-conjugated CD1d tetramers assernbled with C24:0, and phy-
coerythrin-labeled CD1d tetramers assembled with various analogues. (8)
Thymocytes were stained with £24:0, C20:2, KRN7000, or vehicle-loaded CD1d
tetramers—phycoerythrin, and with antibodies to 8220, CD3«, V37, V38.1/8.2,
or NK1.1. Dot plots shaw gating for tetramer* T cells, after exclusion of B
lymphacytes, and dead cells, {Q TCR V8 and NK1.1 phenotype of tetramer*
CD3e™ thymocytes. Analogous results were obtained with splenocytes. The
results shown are representative of threa or more experiments.

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

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

Recognition of KRN7000 and €2¢:2 by identical Cell Popufations.
CD1d complexes containing the a-GalCer analogue OCH have
been shown to have significantly reduced avidity for TCRs of
Valdi NKT cells compared with binding of KRN7000-loaded
complexes (31). This finding suggests the possibility that the
Ty2-biased response of C20:2 could be a result of preferential
stimulation of Valdi NKT cell subsets with TCRs of higher
atfinity for lipid-loaded CD1d. In fact, phenotypically defined
subsets of murine and human NKT cells have been described that
show a bias toward increased production of I[-4 relative to
IEN-y upon stimulation (32-36). However, by costaining of
splenic and thymic V14l NKT cells by using CD1d {etramers
loaded with different lipids, we demonstrated that identical
populations recognized C24:0, C20:2, and KRN7000 (Fig. 34).
Single staining with these reagents revealed no difference in V3
usage or NKIL.1 status of cells reactive wilth the different
analogue tetramers (Fig. 5 B and C). Interestingly, C20:2-loaded
tetramers stained NKT cells more strongly than tetramers loaded
with KRN7000, reflecting a slightly higher affinity of the C20:2~-
CD1d complexto the Va14i TCR (J.S8.1. and S.A.P., unpublished
results). Together, these findings demonstrated that the altered
cytokine response to C20:2 cannot be the result of preferential
activation of a subset of Valdi NKT cells.
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Fig.6, Differential requirements for CD1d loading with KRN7000 and €20:2,

IL-2 response of hybridoma DN3A4-1.2 to glycolipid presentation in three in
vitro CD1d presentation systems: platebound CD1d lcaded with varying
amounts of KRN7000 or €20:2 in the presence or absence of the detergent
Triton X-180 (&), RMA-S.CD1d cells pulsed with glycolipid before or after
glutaraldehyde fization (B), or WT or gytoplasmmic tail-deleted (TD) CD1d-
transfected A20 cells, Isaded with either KRN7000 or C20:2 (C).

Loading Requirements of a-GalCer Analogues onto ¢01d. To find an
allernative explanation for the Tu2-biased response to C20:2, we
studied requirements for handling of different forms of «-Gal-
Cer by antigen-presenting cells. We employed a cell-free system
in which platebound mouse CD1d was loaded with doses of
KRN7000 or C20:2 in the presence or absence of the detergent
Triton X-100 {37). By using 11.-2 production by DN3A4-1.2 as
a readout for glycolipid loading of CI>1d, we observed a marked
dependence on detergent for loading of KRN7000 but not for
C20:2 (Fig. 64}, This result suggested a significant difference in
requirement for cofaclors, such as acidic pH or lipid transfer
proteins, that facilitate lipid loading onto CD1d in endosomes
(38-41). We assessed this hypothesis further by using glutaral-
dehyde fixation of CD1d* antigen-presenting ceils, which blocks
antigen uptake and recycling of CI)1d between endosomes and
the plasma membrane. Val4i NKT cell recognition of KRNT000
was markedly reduced if lipid loading was donc alter fixation of
RMA-S.mCD14d cells, whereas recognition of C2(:2 was unim-
paired (Fig. 653).

Similar conclusions were drawn from experiments by using
A20 cells transfected with either WT or cytoplasmic tail-deleted
CDId (Fig. 6C). The tail-deleted CID1d mutant lacks the intra-
cellular tyrosine-based sorting motif required for internalization
and endosomal localization of CI21d (19). As was the case with
RMA-S.mCDI1d, WT CD1d-transfected A20 cells presented
KRN7030 more potently than C20:2. However, the tail-deleted
mutant presented C20:2 with at least 20-fold greater efliciency
than KRN7000. Together, these results point to the conclusion
that the Tu2-skewing C20:2 analogue had substantially less
dependence on endosomal loading for presentation by CD1d
when compared with compounds that produced a more mixed
response with strong IFN-y production, such as KRN7000.

Discussion

This study details in vitre and in vive consequences of activation
of Valdi NKT cells with C20:2, a diunsaturated N-acyl substi-
tuted analogue of the prototypical a-GalCer, KRN7000. The
Tu2 cytokine bias observed with C20:2 is not unique: OCH and
other shortened fully saturated lipids have been shown to have
this effect (13, 42), C20:2 differs from these other compounds in
two potentially important respects. First, the in vitro potency of
€20:2 for stimulation of certain Val4i NKT cell functions (e.g.,
proliferation and secretion of IL~4 and IL-2) approaches that of
KRN7000, whereas OCH appears to be a much weaker Valdi
NKT cell agenist. Second, staining with €20:2-loaded CD1d
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tetramers, as opposed to OCH, is undiminished compared with
KRN7000. This finding would suggest that, as a therapeutic
agent, (C20:2 will be recognized by the identical global Val4di
NKT cell population (as KRN7000 is) and not limited to
higher-affinity NKT cell subsets, as suggested for OCH (31).

A recent study showed that one mechanism by which OCH
may induce a Ty2-biased cytokine response involves changes in
IFN-y production by Val4i NKT cells themselves. Oki e al, (43)
reported that the transcription factor gene ¢-Rel, a member of
the NF-xB family of transcriptional regulators that is a crucial
component of IFN-y productlion, is inducibly transcribed in
KRN7000-stimutated but not OCH-stimulated Va14i NKT cells.
Although we have not assessed ¢-Rel induction or other factors
involved in IJFN-vy production in response to C2(:2, our findings
did not suggest that earfy IFN-y production by Va14i NKT cells
was different after activation with C20:2 versus KRN7000. Both
lipids induced identical single-cell II'N-y staining in Ve i4i NK'T
cells and serum [FN-v levels at 2 h after injection. [lowever, in
contrast to the apparent similarity in Val4i NKT cells, NK cell
II'N-v production was significantly reduced and less sustained
after in vive administration of C20:2 compared with KRN7000.
Henee, [ailure of C20:2 to fully aclivate downstrcam events
leading o optimal NK ccll sccondary stimulation by activated
Val4i NKT cclls appears to be the most likely mechanism by
which C20:2 induces reduced IFN-v and an apparent Ty2-biased
systemic response.

C20:2 administration resulted also in a more rapid but less
sustained CD6% up-regulation in NK and B cells, aswell as a lack
of a substantial Vex14i NKT cell expansion. These findings were
surprising, given that TCR down-modulation observed on Varl4i
NKT cells within the first few hours after C20:2 stimulation was
similar to or greater than that induced by KRN7000 (Fig. 44 and
data not shown), indicating strong TCR signaling in response to
the analogue. These features of the response to C20:2 may be a
further reflection of the failure of C20:2 to induce a full range
of downstream events after Val4i NKT cell activation, including
the produclion of cytokines or other factors required to support
the cxpansion of Valdi NKT cells.

What mechanism can then be invoked to account for the
altered cytokine responsc to C20:2 and other N-acyl variants of
KRN7000? One intriguing possibility is provided by our analysis
of requirements for presentation of C20:2 compared with
KRN7000, which revealed marked differences between these
glycolipids in their need for endoscmal loading onto CD1d.
CD1d and other CD1 proteins undergo transport into the
endocytic pathway, leading to intracellular loading with lipid
antigens and subsequent recycling to the cell surface (3%). The
importance of endosomal loading for KRN7000 most likely
reflects the impact of factors in these compartments that facil-
itate the insertion of lipids into the CD/1d ligand-binding groove.
These factors include the acidic pH of the endosomal environ-
ment, as well as lipid transport proteins, such as saposins and
GM2 activator protein (38, 40, 41). Our findings indicate that
C20:2 can efficiently load onto CDId in the absence of these
endosornal cofactors. Consequently, we speculate that C20:2
may be strongly presented by any cell type that expresses surface
CD1d, regardless of its ability to efficiently endocytese lipids
from the extracellular space, This more widespread presentation
could lead to a more pronounced presentation of C20:2 by
nonprofessional antigen-presenting cell types compared with
ERN7000. Because many cell types express CD1d, including all
hematopoietic lineages and various types of epithelia (44-48),
presentation of C20:2 by nonprofessional antigen-presenting
cells may explain the more rapid trans-activation of bystander
cells observed with C20:2. An altemalive hypothesis is that the
endosomal loading requirements of KRN7000 result in its prel-
erential localization into CD1d molecules contained in mem-
brane lipid rafts, whereas the permissive loading propertics of
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C20:2 would result in a more uniform glycolipid distribution
across the cell membrane. Evidence of lipid raft localization of
CDI1d and raft influence on the Ty-bias of MHC class II-
restricled CD4* T cells lend support to this model (49, 50).
Either scenario would be expected to result in decreased delivery
ol costimulatory signals associated with professional antigen-
presenting cells (e.g., dendritic cells) and, thus, lead to quanti-
tative and qualitative differences in the outcome of Va14i NKT
cell stimulation. Consistent with both models, Val4i NKT cell
activation with KRN7000 in vitro in the presence of costimula-
tory blockade (anli-CD86) can polarize cytokine production to
a Ty2 profile (22).

We have shown that structurally modified forms of a-GalCer
with alterations in their N-acyl substituents can be designed to
generate potent immunomodulalors that stimulate qualitatively
altered responses from Val4i NKT cells, Qur results confirm
and extend several basic observations and principles established
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The clinical implication and molecular
mechanism of preferential IL-4 production
by modified glycolipid-stimulated NKT cells

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

Department of Immunology, Nationa! Institute of Neuroscience, National Center for Neuroscience and Psychiatry, Tokyo, Japan.

OCH, a sphingosine-truncated analog of a-galactosylceramide (aGC), 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-y but not that of IL-4 was sensitive to cycloheximide treatment, indicating the
intrinsic involvement of de novo protein synthesis for IFN-y production by NKT cells. Finally, we determined
c-Rel was preferentially transcribed in aGC-stimulated but not in OCH-stimulated NKT cells and was essen-
tial for IFN-y production by activated NKT cells. Given the dominant immune regulation by the remarkable
cytokine production of ligand-stimulated NKT cells in vivo, in comparison with that of (antigen-specific) T
cells or NK cells, the current study confirms OCH as a likely therapeutic reagent for use against Thi-mediated
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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 cocxpress the o/ff T cell receptor (TCR) along with mark-
ers of the NK lineage such as NK1.1, CD122, and various Ly49
molecules. Most NKT cells express an invariant TCRa chain
composed of Va14-Ja281 segments in mice and Va24-JaQ seg-
ments in humans associated with a restricred set of VP 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 cytokines, including IL-4 and
IFN-y. Whereas IFN-y provides help for the Th1 responses required
for defending againstvarious pathogens and tumors, IL-4 controls
the initiation of Th2 responses and has been shown to inhibit
Th1l-mediared autoimmune responses involved in experimenral
autoimmune encephalomyelitis (EAE), collagen-induced archritis
(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 possibility that

Nonstandard abbreviations used: altered glycolipid ligand (AGL); altered pepride
ligand (APL); CD28 responsive element (CD2BRE); collagen-induced arthritis (C1A);
c-Rel lacking C-terminal transactivation domain {c-RelATA}; cycloheximide {CHX);
cyclosporin A (CsA); experimental autoimmune encephalomyelitis (EAE); a-galacto-
sylceramide (@GC); nacural killer T (NKT); nuclear facror of activared T cell (NF-AT);
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ligand stimulation of NKT cells may lead to the suppression of
Thl-mediated autoimmune diseases. We have previously demon-
strated that OCH, a sphingosine-rruncated analog of aGC, prefer-
entially induces Th2 cyrokines from NKT cells and that adminis-
tration of OCH suppresses EAE and CIA by inducing a Th2 bias in
autoantigen-reactive T cells (8, 9). However, the molecular mecha-
nism accounting for the unique property of OCH to selecrively
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 stable in binding the CD1d molecule than was aGC and exerred
short-lived stimulation on NKT cells. IFN-y production by NKT cells
required longer TCR stimulation than was required for IL-4 produc-
tion and de novo protein synthesis. c-Rel was preferentially tran-
scribed in aGC-stimulated, but not in OCH-stimulated NKT cells
and was shown to regulate JEN-y production by NKT cells. Taken
together, these results indicate that sustained TCR stimulation and
concomitant ¢-Rel expression by aGC leads to the production of
IFN-y, whereas short-term activation and marginal c-Rel transcrip-
tion by OCH results in preferential production of IL-4 by NKT cells.

Methods

Mice. CS7BL/6 (B6) mice were purchased from CLEA Laboratory
Animal Corp. (Tokyo, Japan). MHC class Il-deficienc I-A"B~/- mice
were purchased from Taconic (Germantown, New York, USA). All
animals were kept under specific pathogen-free conditions and
were used at 7- 10 weeks of age. Animal care and use were in accor-
dance with institutional guidelines.

Cell lines, antibodies, plasmids, and reagents. The NKT cell hybridoma
(N38.2C12) (10) was a generous gift from K. Hayakawa (Fox Chase
Cancer Center, Philadelphia, Pennsylvania, USA) and NS0-derived
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plasmacytoma cell lines expressing the Kb rail mucancof CD1d {11)
were kindly provided by S. Joyce (Vanderbilt Universiry, Nashville,
Tennessee, USA). Cells were maintained in RPMI 1640 medium sup-
plemented wich 10% FCS, 2 mM L-glutamine, 100 U/ml penicillin/
streptomycin, 2 mM sodium pyruvare, and 50 pM f-mercaptoetha-
nol {complete medium). Phycoerythrin (PE)-labeled mAb ro NK1.1
(PK136), peridinine chlorophyll protein/cyanine 5.5 -labeled mAb
to CD3 (2C11), and recombinant soluble dimeric human CDI1d: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 WAKO Chemicals (Osaka, Japan).
The pRc/CMV-c-Rel expression plasmid (12) was a generous gift
from Grundstrém (Umed University, Ume4, Sweden). The open
reading frame of c-Rel cDNA was amplifted by PCR and cloned into
the retroviral pMIG(W) vector. The forward primer containing the
Xbol tecognicion site was 5'-GACTCTCGAGATGGCCTCGAGTG-
GATATAA-3 and the reverse primers used for wild-type c-Rel or the
dominant negative mutant c-RelATA containing EcoRI recognition
sites were S-GACTGAATTCTTATATTTTAAAAAAACCATATGT-
GAAGG-3 and 5"-GACTGAATTCTTAACTCGAGATGGACCCG-
CATG-3', respectively. The retroviral vector (pMIG) and packaging
vector (pCL-Eco) were kindly provided by L. Van Parijs (Massachu-
setts Institute of Technology, Cambridge, Massachusects, USA).
Cyclosporin A {CsA) and cycloheximide (CHX) were from Sigma-
Aldrich (St. Louis, Missouri, USA). All glycolipids were prepared
as described in the Supplemental Methods {supplemenral mate-
rial available at htep://www.jci.org/cgi/content/full/113/11/1631/
DC1). The glycolipids were solubilized in DMSO (100 ng/ml) and
were stored at -20°C until use.

Kinetic analysis of glycolipid stability on CD1d molecules. The kinetic
analysis of glycolipid stability on CD1d meolecules was performed
as described previously with slight modifications (13}. In brief, the
NKT hybridoma was preincubated with 4 pM Fura red and 2 uM
Fluo-4 {Molecular Probes, Eugene, Oregon, USA) at room tempet-
ature for 45 minutes, washed with RPMI 1640 medium conraining
2% FCS (assay media), and resuspended in assay media. For deter-
mination of the oprimal time for glycolipid loading ento 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 rable-top cen-
trifuge (2,000 g) for 60 seconds. Cells were then resuspended brief-
ly and analyzed for calcium influx into NKT hybridema cells by
flow cyrometry (EPICS XL; Beckman Coulter, Tokyo, Japan). Acti-
vation was expressed as the percentage of Fura-red- and Fluo-4-
stained cells in a high-FL1, low-FL4 gare.

In vivo glycolipid treatment and microarray analysis. Mice were
injected intraperitoneally with 0.2 ml PBS containing 0.1 mg
anrti-asialo GM, Ab. Forty hours after injection, mice were injected
incraperitoneally with aGC, OCH (100 pg/kg), or control vehicle
in 0.2 ml PBS. After the indicated time point, liver mononuclear
cells or spleen cells were harvested and NKT cells were purified
with the AUTOMACS cell purification system using FITC-conju-
gated mADb ro NK1.1 {PK136) and anti-FITC microbeads (Miltenyi
Biotech GmbI1, Bergisch Gladbach, Germany). The purity of NKT
cells in the untreated samples and in the samples treared for 1.5
hours was more than 90%. The puriry of the liver-derived samples
1632
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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 System; Affymetrix,
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 expressed) using the Affymetrix deci-
sion marrix. Genes were considered to be differentially expressed
when (a) expression changed ar least threefold in the case of liver
NKT-derived samples or twofold in the case of spleen NKT-derived
samples compared with the expression in the negative control and
(b) increased gene expression included at least one “present call.”

In vitro stimulation. Liver mononuclear cells were isolared from B6
mice by Percoll density gradient centrifugation and were stained
with PE-NK1.1 and FITC-CD3 mAb’s. The CD3*NK1.1* cells and
CD3*NK1.1- cells were sorted with an EPICS ALTRA Cell Sorting
System (Beckman Coulter). The purity of the sorted cells was more
than 95%. Sorced cells were suspended in RPMI 1640 medium sup-
plemnented with 50 uM 2-mercaproethanol, 2 mM L-glutamine, 100
U/ml penicillin and streptomycin, and 10% FCS and were stimulat-
ed with immobilized mAb ro CD3. Incorporation of [*H]thymidine
(1 nCi/well) for the final 16 hours of the culture was analyzed witch
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 rotal RNA. Glycolipid stimulation of
spleen cells in vitro was done similarly except char 1% syngeneic
mouse serurmn was used instead of FCS. In some experiments, plates
were coated with DimetX [ (1 pg in 50 pl PBS per well) for 16 hours.
After plates were washed extensively with PBS, glycolipids (100-200
ng in S0 pl PBS per well) were added, followed by incubation for
another 24 hours. Then, NKT cells were added and cytokine pro-
duction was analyzed after 72 hours of incubation.

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

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

Retroviral infection of NKT cells. The 293T cells were maintained
in DMEM supplemented with 10% FCS, 2 mM L-glutamine, 100
U/ml penicillin/streptomycin, 2 mM sodium pyruvate, and 50 pM
B-mercaptoethanol. Liver mononuclear cells were purified and cul-
tured in complete medium supplemented with IL-2 (200 U/ml)
for 2448 hours. Cells were infected with retrovirus prepared by
cotransfection of pMIG recroviral 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 «GC
or OCH (100 pg/kg), and liver NKT cells were isolated at the indicated
time point. Total RNA was extracted and analyzed for cytokine mRNA by
quantitative RT-PCR as described in Methods. Data are presented as
“fold induction” of cytokine mRNA after glycolipid treatment. The amount
of mRNA in NKT cells derived from untreated animals was defined as 1.

GFP-positive NKT cells were sorted and stimulated with immabi-
lized mAb to CD3 for 43 hours. Culture supernatants were sub-
jected to evaluation of cytokine production by ELISA.

Results

Preferential IL-4 production by OCH-stimulated NKT cells. The suppres-
sion of EAE by OCH was found to be associated with a Th2 bias of
autoimmune T cells mediaced by IL-4 produced by NKT cells (9). To
confirm the primary involvement of NKT cells in the Th2 bias seen
in the OCH treatment, we purified CD3*NK{.1* NKT cells from B6
mice rreated in vivo with aGC or OCH and measured the transcrip-
tion of cytokine genes by quantitative RT-PCR. As shown in Fig-
ure 1, ereatment 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 were distinctly biased toward Th2
(Table 1). These resulcs indicate that OCII is a selective inducer of
rapid IL-4 production by NKT cells when administered in vivo.

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

Differential halflife of NKT cell stimulation by CD 1d-associated glycolipids.
It is believed that the two lipid tails of the glycolipids {sphingosine
base and farty acyl chain} would be accornmodated by the highly
hydrophobic binding grooves of CD1d. To verify the hypothesis
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that the functional properties of each glycolipid may be determined
by the stability of its binding to CD1d molecules, we evaluared
the half-life of these glycolipids on €D 1d melecules by estimating
calcium influx into NKT hybridoma cells as described previously
{13). To exclude the possible involvement of endosomal/lysosomal
sorting in this assay, we used APCs expressing a CD1d mutant (Kb
tail) that lacks the endosomal/lysosomal targeting signal (11). The
cells express both fi,m and sCD1d1 fused to the rransmembrane
and cyrosolic tail sequence of 11-2K? at the carboxyl terminus and
could bind to glycolipids such as «GC or OCH withour 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 CD1d
molecule. A 30% reduction in calcium influx was observed after
13 minuzes of incubation and only 25% of che 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-2/8-3 and F-2/5-7 showed inter-
mediate levels of release from CD1d molecule. These resules sup-
port 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 NK T cells. Previous in
vivo studies demonstrated that injection of @GC into B6 mice can
induce a rapid and transient elevarion of the serum IL-4 level and a
delayed and persistent rise in IFN-y (9, 14), suggesting that there is an
intrinsic difference in kinetics for the production of IL-4 and IFN-y
by NKT cells. To address this issue further, we sorced CD3*NK1.1*
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 culture 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 3A, center).
The amount of IL-4 in the supernatant rapidly increased in pro-
portion 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 34, right). Conventional T
cells required longer TCR stimulation for efficient cytokine produc-
tion. We repeatedly confirmed that IEN-y production by NKT cells
required initial stimulation that was 1-2 hours longer and showed a
slower accumulation than that of IL-4 production in this experimen-

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

Stimulus Time IFN= -4 Ratio {/L-4/IFN-y}
oGO 15h 35.0 38.3 1.09

6h 5.0 46 0.92
OCH 15h 18 10.3 5.58

6h 1.5 11 0.72

The relative amounts of franscripts of /FN-y and /L-4 cbtained from the
experiment shown in Figure 1 are presented as “fold induction” relative
to that of NKT cell-derived samples from untreated animals.
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Differential properties of structurally distinct glycolipid derivatives, {(A) Structures of aGC, OCH, and two other glycolipid ligands for NKT cells.
F-2/3-3 has a truncation of two hydrocarbons in the fatty acyl chain (F)} and of three hydrocarbons in the sphingosine chain (S) in comparison
with aGC, OCH can be called F-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

profiferation and cytokine production of splenocytes. Splenocytes were

stimulated with various concentrations (conc.) of aGC ffilled circles), OCH (open circles), F-2/3-3 (filled triangles), or F-2/S-7 (open triangles) for
72 hours. Incorperation of [*H]thymidine (1 pCifwell} during the final 16 hours of the culture was assessed (left), and IL-4 (center) or IFN-y {right)
in the supernatants was measured by ELISA. (C) Kinetic analysis of the loading of aGC {fitlled circles) or QCH (open circles) onto CD1d* APCs.

See Methods for details. One experiment representative of two indepe

ndent experiments with similar results is shown. (D) Calcium influx into

NKT hybridoma cells after coculture with CD1d* APCs pulsed with aGC, OCH, F-2/5-3, or F-2/5-7 Data are presented as the activity remaining
when the respective activity of glycolipid-loaded APCs for activation of the NKT cell hybridoma at time 0 was defined as 100%. Data are repre-

sentative of three experiments with similar results.

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

To exclude the possibility that a qualitatively different CD1d
complex with either aGC or OCII may bind with altered affinity
to the TCR, we stimulated NKT cells with plare-bound aGC-CD1d
complexes instead of mAb to CD3 for the periods of time indi-
cated in Figure 3B. Consistent with the previous results obtained
with anti-CD3 stimulation, the level of IL-4 in the culcure superna-
tant was increased after shorter periods of incubation. In contrast,
IFN-y was efficiently produced after longer incubation, showing

1634 The Journal of Clinical Investigation
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that the short pulse of NKT cells with plate-bound aGC-CD1d
complexes could recapitulate the OCH phenotype. These results
demonstrate that the timing of the CD1d-lipid interaction rather
than the “shape” of the OCH-CD1d complex is the decisive factor
in controlling polarization of cytokine production by NKT cells.
Differential transcriptional properties of cytokine genes. To clarify the
molecular basis for different kinetics of cytokine production by
activated NKT cells, we next examined the effects of CsA or CHX
on the NKT cell responses. Without any inhibitors, IL-4 produc-
tion was more rapid and had a higher rate than IFN-y production
{Figure 3C), confirming the kinetic difference required for induc-
tion of each cytokine shown in Figure 3A. Production of both IL-4
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Figure 3

Kinetic analysis of NKT cell activation and cytokine production after glycolipid stimulation. (A) Differential
production of IFN-y and IL-4 by activated NKT cells. CD3*NK1.1* NKT cells and conventional CD3*NK1.1-
T cells were purified from liver menonuclear cells by cell sorting. The sorted cells were stimulated with
immobilized mAb to CD3 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 [*H]thymidine (1 pnCi/well) during the final 16 hours of the culture was assessed
{left), and culture supernatants were analyzed for the production of IL-4 (center) and [FN-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 ug/ml). Culture
supernatants were analyzed for the production of IL-4 and IFN-y by ELISA.

and IFN-y after TCR stimulation, however, was almost completely
inhibited by pretreatment of NKT cells with CsA.

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

Next, we analyzed the sensitivities of other cyrokine 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. Incerestingly, transcription of
the IL-2 gene and GM-CSF gene were blocked by CHX treatment. In
contrast, transcriptional activation of TNF-o. was resistant to CHX
treatment. These results 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 0. GC. Although NKT cells
secrete a large number of cytokines upon stimulation, the regula-
tory mechanisms for the expression of each cytokine are still poorly
understood. The susceptibility of IFN-y produetion to CHX indicates
that some newly synthesized protein(s) would promote specific tran-
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O CD3*NK1.1"

W CDI*NKA 1+ cells. To identify the protein respon-

sible for aGC-induced transcription
of the IFN-y gene, we purified NKT
cells from glycolipid-administered
I-AbB-deficient mice, which have
two- to threefold higher numbers
of NKT cells in the liver and the
spleen than do wild-type B6 mice
(18), and assessed NKT cell-derived
total RNA by microarray analysis.
As shown in Table 2, a number of
cytokines and chemokines were
differentially expressed after in
vivo treatment with either aGC or
OCH. It is noteworthy, however,
that significant induction of IFNy
transcription was observed only in
aGC-treated samples, not in OCH-
treated samples. Overall, the dara
obtained correlated well with pre-
vious results showing that OCH is
a selective inducer of IL-4 produc-
tion from NKT cells (9). There was
ne rranscriptional upregulation
of cyrokines genes such as the
IFN+% and IL4 genes 12 hours after
treatment with either glycolipid,
indicating that NKT cells have
undergone quiescence at this time
point in the context of transcrip-
tional upregulation of cytekine
genes, although some genes are still
upregulated.

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

Itis already known that ¢-Rel serves as a pivotal transcription factor
for the Th1 response that would directly induce IFN-y production in
conventional T cells (20). However, very lirtle is known abour the func-
tion of this protooncogene in NKT cells during TCR-mediated activa-
tion. We therefore conducted time course analysis for transcriptional
activation of ¢-Rel in parallel with L4 and IFN-y. We stimulated NKT
cells with immobilized mAb to CD3 for 30-100 minutes and then
cultured them without further stimulation for a total of 120 minutes,
As shown in Figure 5D, IFN-y expression was slightly downregulared
in the first 90 minutes of TCR stimulation and was significantly
upregulated when the cells were stimulated for 100 minutes. Interest-
ingly, we found that the kinetics of c-Rel transcription wete similar to
those of IFN-y transcription (Figure 5D, right}. In contrast, transcrip-

’ scription of the IFN-y gene in NKT
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tional activation of IL<4 became evident 30 minures after TCR stimu-
lation and the transcript accumulated gradually in proportion to the
durarion of TCR stimulation. This result further confirmed that NKT
cells require a longer TCR stimulus for IFN-y expression.

Transeription of IEN+ genes depends on c-Rel expression in NKT cells,
To further investigate the functional involvement of c-Rel in the
transcription of IFN+y gene in NKT cells, we next examined wheth-
er forced expression of wild-type c-Rel or of its loss-of-function
mutant 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 negarive mutant that lacks the
C-terminal transactivation domain but retains an intact Rel homol-
ogy domain of c-Rel protein (pMIG/c-RelATA} (21) (Figure 6A). We
infected liver-derived mononuclear cells with either recrovirus and
stimulated sorred GFP-positive NKT cells with immobilized mAb to
CD?3 to analyze cytokine production. Retroviral rransduction led to
expression of GFP in approximarely 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 contrast, GFP-positive cells from pMIG/c-RelATA-infected cul-
tures secrered almost no JFN-y after TCR stimulation (Figure 6C).
These results detnonscrate that inhibition of ¢-Rel function, via the
introduction of a 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.

Discussion
In this study, we investigated the molecular mechanism for differen-
tial production of [FN-y and IL-4 by activated NKT cells through a
commparative analysis using the prototypic NKT cell ligands aGCand
OCH. Treatment with aGC induced expression of both IFN-y and
IL-4 simultaneously, but OCI T induced selective expression of [L-4 by
NKT cells. Furthermore, we demonstrated that the CD1d-associated
glycolipids with various lipid chain lengths showed different half-lives
for NKT cell stimulation when applied in an endosome/lysosome-
independent manner and induced the differential cyrokine produc-
tion by NKT cells in a lipid lengrh-dependent manner. Accordingly,
we demonstrated that IFN-y production by NKT cells required lon-
1636
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Figure 4

Differential sensitivity to CsA and CHX for tran-
scriptional upregulation of IFN-y, IL-4, and other
cytokines. {A) Sorted NKT cells were pretreated
with CsA (1 pg/ml) or with CHX (10 pg/ml) or with-
out either reagent for 10 minutes and were then
stimulated with immobilized mAb to CD3 for the
indicated periods of time. Total RNA was extracted
trom each sample and analyzed for the relative
amount of transcript 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 pg/ml) 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.

2 6

Stimulation time (h)

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

We have previously demonstrated that admunistration 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 cyrokine profile of OCH-stimulated NKT
cells using quantitative PCR analysis. Consistent with the previous
assumption, NKT cells stimulated with OCILinduced rapid produc-
tion of IL-4 but 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 0GC in microatray analysis was relatively low (fivefold for liver
NKT cells and fourfold for spleen NKT cells) compared with the in
vivo data, there are several possibilities to explain these results. First,
quiescent transcripts of IFN-y pre-existing in resting Votl4-invariant
NKT cells (22) may raise the baseline of signal inrensity in samples
from untreated animals, resulring in a relative decrease in “fold
induction” after glycolipid treatment. Second, detection of IFN-y
transcription in aGC-stimulated NKT cells might not be optimal,
as injection of aGC induced a rapid elevation in IL-4 with the peak
value at 2 hours and a delayed and prolonged elevation in IFN-y in B6
mice {9). Third, aGC treatmenc 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 CD28§
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
Nurmber 1}
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Differential gene expression patterns in «GC-treated and OCH-treated murine NXT cells

Liver CD3'NK1.1+ Spleen CD3*NK1.1+
Untreated alGC OCH Untreated aGC OCH

Common GenBank 1.5h 12h 1.5h 12h 1.5h 12h 1.5h 12h
name

IFN-y Kooos3 10 P 50 P 03 P 12 P 01 P 10 P 40 P 23 P 07 P 10 P
it-2 mi6762 1.0 A 3H4 P 12 A 123 P 13 A 10 A 234 P 02 A 10 A 03 A
iL-2 Koz2282 1.0 A 1296 P 06 A 328 A 11 A 10 A 161 A 07 A 107 A 15 A
GM-CSF x03¢20 10 P 380 P 04 A 41 P 01 A 1.0 A 15.7 P 14 A 27 A 21 A
it-4 X03532 10 P 2768 P 25 P 473 P 02 A 10 A 3649 P 331 P BBP 47 P
it-4 M25892 10 P 2 P 02 P 77 B 01 A 10 P 696 P 76 P 91 P 11 P
-4 X03532 1.0 A 348 P 39 A 34 A 19 A 1.0 A 22 A 42 A 11 A 07 A
it-13 M23504 10 A 9930 P 14 A 5.1 P 18 A 10 A 1407 P 123 A 191 A 23 A
TFo D84196 1.0 P apg P 21 P 17 P 12 P i¢ P 165 P 25 P 18 P 26 P
tymphotoxin A M16819 10 P 69 P 02 A 14 P 01 A 10 P 25 P 17 P 12 P 09 P
IL-To M14639 10 P 251 P 56 P 31 P 44 P 10 P 67 P 58 P 11 P 27 P
-1 M15131 1.0 P 80 P 98 P 13 P 78 P 10 P 33 P 22 P 06 P 15 P
iL-TRA 132838 10 P 08 P 152 P 11 A 113 P 10 P 53 P 280 P 09 P 234°P
iL-3 Ko1668 1.0 A 332 P 26 A 47 A 12 A i0 A 40 A 11 A 14 A 17 A
iL-6 ¥54542 10 A 348 P 165 P 88 P 107 P 10 A 191 P 178 P 18 A 122 A

Real-time PCR analyses were conducted for /FN-y and {L-4 as wel! as for other selected cytokine genes listed in Figure 4 {data not shown) 1o 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; i-TRA, IL-1 receptor antagonist.

recently been shown to induce Thl-type activity superior to that
induced by #GC, and IL-12 is indispensable for the Thl-skewing
effect of the analog (27), indicaring 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 IL-4 by NKT cells
less strongly than does aGC at 2 hours after in vivo administration.
Given that aGC 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” e-anomeric galac-
tose moiety between C-glycoside and O-glycoside may modulate the
agonistic effect of these glycolipids. Furchermore, the C-glycoside is
more resistant to hydrolysis in vivo and may have an advanrage for
effective production of IL-12 by APCs. In face, 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 trigget production of IFN-y in vive.

As described previously, NKT cells recognize glycolipid anrigens
in the context of the nonpolymorphic MHC class I-like molecule
CD1d {4). Crystal scructure 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 alipharic 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 truncated sphingosine chain, it could be predicted that trun-
carion 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 derached
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 that the initia-
tion of IFN-y production by NKT cells required more prolonged
TCR stimulation than was required for IL-4 production, Methods

‘The Journal of Clinical Investigation  hrtp://wwwiciorg  Volume 113 Numberll  June 2004

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 CD 1d was reported to be less than 1
minute by surface plasmon resonance (31}, contradicting 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 OCH atre somewhart analogous to those
of an altered peptide ligand (APL) that has been shown to induce
a subset of functional responses observed 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 alcered in their amino acid residues to modify their affinity for
TCRs, whereas AGLs have truncation of their hydrocarbon chain
responsible for CD'1d anchoring. This paper has highlighted the
duration of NKT cell stimulation by CD1d-associated glycolipids
as being a critical factor for determining the nature 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 crirical
differences in the upstream transcriptional requirements for the
IFN-y and IL4 genes in NKT cells. In support of this speculation,
CHX treatment specifically inhibited the transcription of IFN+y but
not that of IL4. In contrast, transcription of both cytokines was
abolished by CsA treatment, indicating that TCR-mediated activa-
tion of NE-AT is essential fot the production of both cytokines. TCR
signal-induced NF-AT activation occurs promptly corresponding to
calcium influx (35). Meanwhile, the protein expression of specific
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Figure 5

Induction of NF-xB family members in activated
NKT cells. (A) Plotted values represent data
of Affymetrix microarray analysis for the indi-
cated genes.The aGC-stimulated (red lines)
or OCH-stimulated (green lines) cells as well
as unstimulated liver NKT cells were analyzed
at the same time points and the data are pre-
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4. (C) Sorted liver NKT cells were pretreated
with CsA or CHX and were stimulated with
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transcription factors takes more time to accomplish. The require-
ment for prolonged TCR stimularion for initiation of IFN-y tran-
scription may be due to its dependency on specific gene expression.

Recently, Marsuda er 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 obrained a similar result with our microarray analysis, in that
many cyrokine cranscripts including IFN-y and IL-4 were detectable
in unstimulated NKT cells derived from liver or spleen, because
most of thetn were assigned a “call” of “present” by the Affymectrix
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 investigared.

Through microarray analysis and real-time PCR, we next idenri-
fied a member of the NF-kB family of transcription factors, ¢-Rel,
as being a protein rapidly expressed after ¢GC treatment and pos-
sibly responsible for the transcription of IFN+y. Treatment with
aGC selectively upregulated c-Rel transcription 1.5 hours after
stimulation of NKT cells in vive, QCH treatment, however, showed
no induction of ¢-Rel transcription. Alchough ¢-Rel is transcrip-
tionally upregulated after TCR stimulation of T cells (36), tran-
scription of other NF-kB family members such as p65/RelA, RelB,
NFxB1,and NF«B2 was unchanged (data not shown). CsA treatment
inhibired ¢c-Rel transcription, but CHX did not, indicating thatinduc-
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-xB proteins in general provide a
means of rapidly altering cellular responses by inducing the destrue-
tion of IxB in order to enable NF-kB to be free for nuclear transloca-
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hup://www jeLorg

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 c-Rel (right). The amount
of RNA derived from unstimulated NKT cells
was defined as 100%.

g

tion and DNA binding, most of the nuclear
c-Rel induced after T cell stimularion has
been shown to be derived from newly trans-
lated c-Rel proteins. In contrast, pre-existing
c-Rel scarcely translocates to the nucleus at
all (36), indicating that the nuclear induction of c-Rel in T lympho-
cyte requires ongoing protein synthesis. The retrovirally transduced
loss-of-funcrion mutant c-Rel (c-RelATA) significantly inhibired
transcription of IFN-y genes, indicating the crucial role of ¢-Rel in
their transcnprion after activarion of NKT cells. Although it is possi-
ble that the Rel domain of the dominant negative mutant may aftect
a number of NF-kB dimers, it is unlikely, because IFN-y production
by stimulated NKT cells were CHX sensitive and other NK-kB rmem-
bers were not induced after stimularion in the microartay analysis.
Retroviral transduction of wild-type c-Rel into 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 ¢-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
involvement in IL-2 transcription (37), in which it possibly induced
chromatin remodeling of the promoter (38). Recently, the promot-
ers for the genes encoding IL-3, IL-5, IL-6, TNF-«t, GM-CSF, and IFN-y
were shown to contain kB sites or the xkB-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-§, GM-CSF, TNF-a, and
IFN-y, although expression of some of the cytokines was rescued by
the addition of exogenous IL-2 (39, 40). Regarding the involvement
of ¢c-Rel in IFN-y production, the c¢-Rel inhibitor pentoxyfylline (41)
selectively suppresses Th1 cytokine production and EAE induction
(42), and rransgenic mice expressing the trans-dominant form of
IxBat have a defect in IFN-y production and the Th1 response (43).
Recently, an elegant study using c-Rel-deficient mice revealed ¢-Rel
has crucial roles in IFN-y production by activated T cells and conse-

0
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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 resules indicate that rapid calcium influx and subsequent
NF-AT activation is essential for IFN-y production by activated NKT

Sustained stimulation (xGalCer)

‘research article

Figure 6

Cytokine production after retroviral transduction of c-Rel or c-RelATA
into NKT cells. (A) DNA fragments encoding wild-type ¢-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
c-Rel protein. LTR, long terminal repeat; IRES, internal ribosome entry
site; eGFP, enhanced GFP. (B) Flow cytometric identification of cells
transfected 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 tor further analysis. (C) IFN-y
production by NKT cells transfected with c-Rel or its dominant nega-
tive mutant. The CD3+*NK1.1+ NKT cells infected with the viruses were
isolated based on their expression of GFP and were stimulated with
immobilized mAb to CD3. For transduction of ¢-Rel or ¢-RelATA into
NKT cells, 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 nucleocyroplasmic shuttling after
TCR activarion (35). Feske et al. demonstrated that the pattern of
cytokine 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 ¢alcium 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 ¢-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-

Sporadic stimulation (OCH)

Figure 7

A model for the differential expression of IFN-y and IL-4 after treatment of NKT cells with aGC or QCH. See text for details.
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tion and subsequent Th2 polatization suggest that OCH may be an
ateractive therapeutic reagent to use for Th1-mediated autoimmune
diseases such as multiple sclerosis and rheumatoid arthritis.
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