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Abstract: NKT cells can modulate the immune response through the production of type 1 T helper (Thl), Th2, or even
Th17 cytokines and serve as a good target for immunotherapy. Selective enhancement of either Thl- or Th2-cytokine
production upon stimulation may better control immune-mediated diseases according to the respective immunopathology.
By employing a co-culture of NKT cells with differently treated dendritic cells (DC) and quantifying cytokines in the
culture supernatants, we have developed novel methods to enhance either IFN-y or I[L-4 production by NKT cells. When
o-~galactosylceramide-loaded DCs were pre-treated with IL-4 or IFN-y and then co-cultured with NKT cells, the enhanced
production of IFN-y or IL-4 by NKT cells was respectively induced, implying that NKT cells could produce a cytokine of
the opposite response to the cytokine used for pre-treatment of the DCs. Dynamics of inhibitory ligand expression on DCs
appear to be involved in this phenomenon, Utilization of negative feedback regulation may expand the utility of NKT
cells for therapy for tumors, infectious diseases, and autoimmunity.

Keywords: Th1/Th2 balance, immune bias, negative feedback regulation, NKT cells.

INTRODUCTION

NKT cells are a unique subset of T cells that recognize
lipid antigens in the context of CD1d [1]. Ligands, such as
o-galactosylceramide (0-GC), can activate NKT cells to
secrete copious amounts of a variety of cytokines (IL-2, 4, 5,
6, 10, 13, 17, 21, IFN-y, TNF-0, GM-CSF, and TGF-B) and
chemokines (MIP-10, MIP-1B, LT, Eotaxin, RANTES) and
to become cytocidal, via the expression of perforin,
granzyme B, FasL, and TRAIL, as cytotoxic T lymphocytes
and NK cells [2]. In a review, Matsuda et al. have described
the NKT cell as a ‘Swiss-Army knife’ [2], since NKT cells
indeed affect immune and inflammatory responses by
recruiting, activating or inhibiting various immunocompetent
cells via various molecular tools. If we could use an
appropriate tool to selectively induce distinct cytokine
production profiles in NKT cells at an appropriate time, the
versatility of these cells could be better exploited for
modulating immune responses and freating immune-
mediated diseases with synthetic ligands [3]. One way to
induce selective cytokines is dependent on the chemical
species of the ligands. OCH is an o-GC analogue with a
shorter sphingosine chain (-9 carbon atoms) that
preferentially induces Th2 responses and ameliorated
experimental autoimmune encephalomyelitis (EAE) in mice
[4]. Likewise, €20:2, an MN-acyl variant of 0-GC
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preferentially induces IL-4 by NKT cells and is superior to
o~-GC in protecting NOD mice against diabetes [5]. On the
other hand, o-C-GC (an o-GC analogue with a methylene, -
CH,-, between the sugar and ceramide, instead of -O- in the
original «-GC) [6] preferentially stimulated Thl-type
responses and gave prolonged production of IFN-y. C-
glycoside showed improved activity in anti-malarial and
anti-tumor immunity [7].

Factors that control preferential cytokine production by
NKT cells also include differences in NKT cell subsets,
integrated signals from the TCR and other receptors,
especially inhibitory receptors, and the environment where
NKT cells are stimulated {3, 8]. As for the last factor, DCs
play critical roles by sensing environments and producing
cytokines, such as IL-12, followed by antigen (Ag) capture
and presentation [9]. As potent Ag presenting cells, DCs can
activate NKT cells and NKT cells can maturate DCs,
suggesting that a close interaction between NKT cell and DC
occurs through interactions viag IL-12/IL-12R, CD40/CD154,
and others [10, 11].

In this review, we introduce a unique method to
potentiate a biased response by NKT cells to selectively
enhance either Thl- (IFN-y) or Th2-cytokine (IL-4)
production with I[L-4- or IFN~y-pre-treated DCs, respectively
[12]. The regulation of cytokine production from NKT cells
by pre-treated DCs appears to operate through negative
feedback mechanisms [12]. Pre-treatment of DCs by other
cytokines, including IL-21 [13), and the Toll-like receptor
(TLR) ligand CpG [14], were also performed, and the effects
were analyzed. We then discuss possible mechanisms shared

© 2010 Bentham Science Publishers Ltd.
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by these pre-treatments, likely through inhibitory receptors,
and potential therapeutic applications to tumor immunity as
well as infectious and autoimmune diseases.

1. EXPERIMENTAL SYSTEM
In Vitro Study

To study DC-NKT cell interactions, we employed a
simple co-culture system of Nylon-wool non-adherent cells
(mainly splenic T cells as the NKT cell source) and spleen-
derived dendritic cells (SDDC) or a DC cell line (BCl;
BALB/c mice origin) [15, 16]. SDDCs (CD11b'8'45R") or
BCI cells were loaded with o-GC for 24 hr and then
incubated with either cytokine or TLR ligand for another 24
hr (referred to as DC / ligand / cytokine or TLR ligand).
Unstimulated SDDCs or BC1 cells were used as immature
DCs (iDC). The pre-treated DCs were washed and co-
cultured with NKT cells for 48 hr, and the cytokines released
into the supernatant were quantified with ELISA (Fig. 1A).
For further analyses, co-culture of sorted NKT cells with
DCs and intra-cellular staining of cytokines in a gated
population were performed.

In Vivo Study

To test whether the DC-NKT cell interaction observed in
vitro also functions in vivo, DC/a-GC/cytokine or TLR-
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ligand were intrasplenically (i.s.) injected, and sera were
collected for quantification of cytokines with ELISA (Fig.
1B). Alternatively, the cytokine was intravenously (i.v.) or
intraperitoneally (ip.) administered beforehand, and the
animal was later challenged with o-GC, followed by
quantification of serum cytokines. For the use of IL-4, an IL-
4/anti-IL-4 monoclonal antibody (mAb) immune complex
was administered since this formulation had a long-lasting
half-life [17]. The enhancement of cytokine effects involves
several mechanisms such as a protection of cytokine
molecules from breakdown or excretion [18] (FcyR-
independent), or an FcyR-dependent focusing of cytokine-
containing immune complex [19].

2. SELECTIVE ENHANCEMENT OF CYTOKINE
PRODUCTION BY NKT CELLS- IN VITRO STUDIES

i) Enhancement of IFN-y Production by NKT Cells

a) Pre-Treatment of DCs with IL-4 Enhances IFN-y
Production by NKT Cells

First, we simply co-cultured NKT cells with ligand-
loaded iDCs (iDC/a-GC/-) and found that an increasing
amount of IFN-y was produced with the increasing ratio of
added DC cells (Fig. 2A) [12]. When NKT cells were co-
cultured with DC/a-GC/IFN-y, IFN-y production by NKT

A. BALB/c spleen —~\
J Single cell suspension
Cytokine
i YTLROI:‘ g DC/a-GCleytokine
T igan or Nylon wool column
(S)Dggl é DCl/o-GC DC/o-GC/TLRL
T
(BALB/o) (0 NKT cell source
48h ¢
4 ytokine
e > ELISA
B. .
Cytokine o LS. inj.
or
TLR ligand
<
— - serum
or BC1 o-GC S
(BALB/c) E’i‘:‘é‘f{“

Fig. (1). Experimental system for studying DC-NKT cell interactions. (A) Co-culture of dendritic cells (DC) and natural killer T (NKT) cells.
Spleen-derived dendritic cells (SDDC) and a dendritic cell line, BC1 (BALB/c), were incubated with a-galactosylceramide (0-GC) for 24 hr.
Then, cytokine or Toll-like receptor (TLR) ligand were added to the culture and incubated for another 24 hr. The a-GC-loaded DCs that
were pre-treated with IL-4 were referred to as DC/a-GC/IL-4 (DC (source) / vehicle (veh) or a-GC / cytokine or TLR ligand). After washing
to remove 0.-GC, cytokine or TLR ligand, DC and T cell fractions (Nylon-wool non-adherent cells) from BALB/c mice were co-cultured for
48 hr. Cytokine concentrations in the culture supernatant were quantified with ELISA. (B) In vivo transfer of pre-treated DCs. Differently
pre-treated DCs were prepared as depicted in (A) and collected after washing. A total of 5 x 10° cells in 50 pl were transferred into the

spleen. Sera were serially collected and quantified with ELISA.



T Helper Type 1 (Thl)/Th2 Cytokine Production

Current Immunology Reviews, 2010, Vol. 6, No. 2 80

A1 e B.
) DC/o-GC ]
5
g R g DC/a-GC/CpG
2 5 + DC/0-GC-
3 iDC/O-GC/ N
g ° ' DC/a-GCIENy £ 54
DC/veh/LA4 1] DC/veh/CpG
DC/veh/IFN«y iDClvel/-
0° iDCiveh/s o
0.001 0.04 6.1 0401 0.01 0.1 1
DCisplenocyte DC/splenocyte
C.
%*

e DC/o-GC/L-21
E
2 *
* % IDCloGC/
> 2 P
E

N _

DC/veh/IL-21
¢ iDC/veh/-

0.001 0.01 04

DC/splenocyte

Fig. (2). IFN-y production by splenocytes stimulated with a-GalCer-loaded, differently treated DCs in vitro. (A) IFN-y production by
splenocytes stimulated with various DC preparations with IL-4 or IFN-y. DCs of each preparation are indicated as described in Fig. (1A).
The T cell fraction and SDDCs, both from BALB/c mice, were cultured for 48 hr at the indicated DC/splenocyte ratios (0.001 to 0.1) in the
x-axis. IFN-y in the culture supematant was quantified with ELISA. Each symbol represents the mean + SE of 3 independent experiments.
(B) IFN-y production by splenocytes stimulated with various DC preparations with CpG oligodeoxynucleotide (CpG). The T cell fraction
from BALB/c mice and a DC cell line, BC1, derived from BALB/c mice were co-cultured for 48 h. Each symbol represents the mean + SE
of 4 independent experiments. (C) IFN-y production by splenocytes stimulated with various DC preparations with IL-21. The T cell fraction
from BALB/c mice and BC1 were co-cultured for 48 h. Each symbol represents the mean + SE of 4 independent experiments. BC1 cells
were incubated with IL-21 for 4 d before co-culture with the splenocytes. Statistical significance was calculated by Student -test (*p< .05;

**p<.01; ***p<.001 vs iDC/a-GC/-).

cells was neither enhanced nor suppressed compared to
control (iDC/0i-GC/-). On the other hand, IFN-y production
by NKT cells was significantly enhanced when cultured with
DC/a-GC/IL-4 compared to that of control (Fig. 2A),
whereas IL-4 production was not affected by DC/a-GC/IL-4
(Fig. 3A). No enhancement of IFN-y was observed with any
DCs without 0.-GC (DC/veh/IL-4, DC/veh/IFN-y, iDC/veh/-;
veh — vehicle; Fig. 2A) or with DCs of any treatment from
CD1d” mice (data not shown). To examine whether IL-12
was involved in the enhancement of IFN-y production with
DC/a-GC/IL-4, NKT cells were co-cultured with IL-127
DC/0-GC/IL-4, and the enhancement was re-produced,
suggesting that the process was IL-12-independent (data not
shown).

b) Pre-Conditioning of DCs with IL-21 Also Enhanced
IFN-y Production by NKT Cells

Next we treated DCs with IL-21 before co-culture with
NKT cells. The IL-21/21R system resembles IL-2, -4, and -
15, since this system utilizes the cytokine receptor common 7y
(Yo) chain [20]. IL-21 has a pleiotropic effect depending on
the cell type and demonstrates a negative effect on DC
maturation [21]. For NKT cells, IL-21 has a proliferative
effect in collaboration with IL-2 and IL-15 [22]. IL-21 also
enhances both IL-4 and -13 productions from NKT cells, and
NKT cells themselves produce IL-21 in response to cross-

linking with anti-CD3 mAb or with a-GC [22]. Since IL-21
is a member of the IL-4 cytokine family, a similar effect as
IL-4 in the pre-treatment of DCs was anticipated. Indeed,
higher levels of IFN-y were produced from NKT cells co-
cultured with DC/0-GC/IL-21 than those with iDC/a-GC/-
(Fig. 2C), as seen with DC/a-GC/IL-4. On the other hand,
IL-4 production was not enhanced with DC/a-GC/IL-21
(Fig. 3C).

ii) Enhancement of IL-4 Production by NKT Cells

a) Pre-Treatment of DCs with IFN-y Enhances IL-4
Production by NKT Cells

We co-cultured NKT cells with DC/0-GC/IFN-y and
quantified IL-4 with ELISA (Fig. 3A). Enhanced production
of IL-4 was observed with DC/o-GC/IFN-y compared to
iDC/a-GC/- (Fig. 3A), whereas DC/a-GC/IFN-y neither
enhanced nor suppressed IFN-y production (Fig. 2A).
Together with the result that IL-4-treated DCs enhanced
IFN-y production (Fig. 2A), NKT cells produced a cytokine
of the opposite response direction (Thl or Th2) when
stimulated with DCs that had been pre-treated with a
cytokine of the other response direction (Th2 or Thl,
respectively). This mode of cytokine production may
function in counter-regulation of the immune response. In
other words, cytokine production by NKT cells might
counteract the biased immune response to which DCs are
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Fig. (3). IL-4 production by splenocytes stimulated with o-GalCer-loaded, differently treated DCs in vitro. (A) IL-4 production by
splenocytes stimulated with various DC preparations with IFN-y or IL-4. DCs of each preparation are indicated as described in (A). The T
cell fraction and SDDCs, both from BALB/c mice, were cultured for 48 hr at the indicated DC/splenocyte ratios (0.001 to 0.1) in the x-axis.
IL-4 in the culture supernatant was quantified with ELISA. Each symbol represents the mean + SE of 3 independent experiments. (B). IL-4
production by splenocytes stimulated with various DC preparations with CpG. Nylon-wool non-adherent splenocytes obtained from BALB/c
mice and a DC cell line, BCI, derived from BALB/c mice were co-cultured for 48 h. Each symbol represents the mean + SE of 4
independent experiments. (C) IL-4 production by splenocytes stimulated with various DC preparations with IL-21. The T cell fraction from
BALB/c mice and BCl cells were co-cultured for 48 h. Each symbol represents the mean + SE of 4 independent experiments. BC1 cells were
incubated with IL-21 for 4 d before co-culture with the splenocytes. Statistical significance was calculated by Student #-test (*p< .05; **p<

01 vs iDC/0-GC/-).

normally exposed. This negative feedback regulation is
specific to NKT cells, because positive feedback regulation
appears to be operating in the cytokine responses of
mainstream T cells [12].

b) Pre-Treatment of DCs with CpG Enhances IL-4
Production

CpG is a ligand of TLRY and biases the immune response
towards Th1 by inducing IL-12 from DCs [23]. If NKT cells
were to be activated with DC/a-GC/CpG, an enhancement of
the cytokine of the opposite response direction, IL-4, would
be anticipated through the negative feedback mechanism.
Indeed, IL-4 production was enhanced with DC/a-GC/CpG
(Fig. 3B). Again, IFN-y production was not enhanced with
DC/a-GC/CpG and was comparable to that with iDC/0.-GC/-
(Fig. 2B).

3. MECHANISM FOR SELECTIVE ENHANCEMENT
OF IFN-y OR IL-4 CYTOKINE VI4 DC-NKT
INTERACTIONS

We have demonstrated that specific pre-treatments of
DCs could selectively enhance Thl- or Th2-cytokine
production by NKT cells. In each pre-treatment, the

expression of surface molecules was analyzed with flow
cytometry, and the results are listed in Table 1.

The group that produces more IFN-y did not show
unified characteristics in the expression of surface
molecules. [L-4-treated DCs showed decreased expression of
CD1d but the same level of H-2K*, I-A%, CD40, and CD86
compared to control DCs Of note, in IL-4 treated DCs, a
down- modulatlon of Qa-1° was observed. Since blockade of
the Qa-1°-CD94/NKG2 signal generated strong induction of
IFN-Y, as reported by Ota et al. [24], down-modulation of
Qa-l on IL-4 pre-treated DCs may be attributable to up-
regulation of IFN-y. Integration of a reduced TCR signal,
implied by the down-modulation of CD1d, and a reduced
inhibitory signal, implied by the down-modulation of Qa-1°,
might result in the enhancement of IFN-y production (Fig.
4). Intriguingly, Ota et al. also demonstrated that OCH
treatment followed by 0-GC resulted in an exaggerated
production of IFN-y, and they explained this observation by
showing that the differences in re-expression kinetics were
distinct between TCR/CD28 (more rapid) and inhibitory
receptors (delayed), which rendered the NKT cells hyper-
reactive during certain periods of time [24]. Since OCH
preferentially induces IL-4, OCH administration might
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Tablel. Effect of DC Treatment on NKT Cell Response with c.-GC Stimulation
Surface Ag on DC
Input Original Bias Output Th1/2 Balance - Ref.
CD1d Class I MHC Co-Stimulator
DC/o-GC/IL-4 Th2 IFN-yt Thl 1 — CD40 * 86— [12]
DC/o~-GC/IL-21 - IFN-yt Thl t - CD80 * 861 [13]
DC/a-GC/IFN-y Thl IL-4% Th2 t t CDA40 - 861 [12]
DC/a-GC/CpG Thl IL-41 Th2 t 1 CD80 - 861 [14]
Relationship between primary treatment of DC (input) and cytokine production (output) is summarized. Expression of surface Ag on DC with each treatment is compared with that of

control and expressed with arrow. |: down-regulated; —: unchanged; 1: up-regulated.

correspond to the pre-treatment of DCs with IL-4 in our in
vivo system. In either case, the down-modulation of the
inhibitory signal enhanced the net signal in NKT cells to
generate a Thl-biased response.

In IL-21-treated DCs, increased expression of CDld,
CD40, and CD86 was noted, whereas class I MHC (K?) and
class I MHC (I-Ad) were not increased (Table 1) [13]. CD40
cross-linking of DC/ - /IL-21 generated less IL-12p40 than
that from iDC/ - /- with CD40 cross-linking, suggesting that
the involvement of IL-12 in the enhanced production of IFN-
v was unlikely. On the other hand, anti-CD86 blockade in a
co-culture of NKT cells with DC / a-GC / IL-21 partially
decreased the production of IFN-y, suggesting that the
CD86/CD28 pathway may in part play a role in the
enhancement by IL-21-treated DCs.

However, in groups demonstrating Th2-immune bias
(enhanced IL-4 production; DC with IFN-y or CpG pre-
treated), CD1d, class I MHC, and co-stimulators were up-

regulated. Intriguingly, the expression of H-2D* molecules
was up-regulated in CpG-treated DCs. To examine the effect
of the up-regulation of H-2D? on the enhancement of IL-4
production, anti-H-2D® mAb was added to the co-culture of
CpG-treated DCs and NKT cells. The enhanced production
of IL-4 was down-modulated with the addition of anti-D*
mAb compared to control (control IgG added; Fig. 5). On the
other hand, IFN-y production was up-regulated with the
addition of anti-H-2D® mAb (Fig. 5). The above results are
consistent with the previous finding that IFN-y production
was enhanced in H-2D-deficient mice [25]. The TCR signal
and the DYLy49 inhibitory signal are integrated in IL-4
production, which is concordant with the notion that IL-4 is
an immunomodulatory cytokine. Again, in NKT cell
responses, the inhibitory signal appears to be essential for
tuning the Th1/Th2 immune bias so as to restore a neutral
cytokine production profile. As for IFN-y-treated DCs, we
have no information on the inhibitory ligand/receptor on

Qa-1*{ ?

CDYNKGE?

Fig. (4). Regulation of the Th1/Th2 cytokine balance is mediated by an interaction of DC and NKT cells in a negative feedback fashion IFN-
v- or CpG-treated DCs express elevated levels of CD1d and H-2DY. Signals through the TCR and an inhibitory receptor, probably an Ly49
subtype, are integrated, and the resultant NKT cells produce IL-4. Inputs (IFN-y or CpG) that usually induce a Th1 response give rise to the
opposite response, Th2 cytokine production. IL-4-treated DCs express reduced levels of CD1d and Qa-1°. Signals through the TCR and an
inhibitory receptor, probably CD94/NKG2, are integrated, and the resultant NKT cells produce IFN-y in this setting. Again, the input (IL-4)
that usually induces a Th2 response gives rise to the opposite response, Th1 cytokine production. The mode of regulation appears to be a

negative feedback regulation.



83 Current Immunology Reviews, 2010, Vol. 6, No. 2

1000
E
g 580
¥ 0
= *
[
IgG  o-H-2D¢

Iwabuchi et al.
10 ¢
g i
> Kok
=
z
i L
1]
gG  o-H-2D¢
0O ibc
N CpG-DC

Fig. (5). Anti-H-2D® mAb blocks the enhancement of IL-4 production by NKT cells co-cultured with CpG-treated DCs. The T cell fraction
from BALB/c mice was co-cultured with either iDC/a-GC/- (iDC) or DC/a-GC/CpG (CpG-DC) that had been pre-treated with control Ig
(IgG) or anti-H-2D® mAb (c-H-2D*) for 48 hr. BC1 cells were used as the DCs. The supernatant was collected, and IL-4 (left panel) or IFN-y
(right panel) were quantified with ELISA. Each column represents the mean + SE of 4 independent experiments. Statistical significance was
calculated by Student’s #-test (*p<.05; **p<.01 vs control IgG-treated iDC; #p< .05; ##p< .01 vs control IgG-treated CpG-DC).

both DCs and NKT cells that could be linked to the
enhanced production of IL-4.

The corresponding molecule on NKT cells to D* on DCs
has not yet been elucidated. Although Ly49 is likely, there
are at least 10 subtypes of Ly49 SA, C,D,F,G 0,P,RV
and W) that can bind to the D® molecule [26]. Of note,
DC/a-GC/CpG could not enhance IL-4 production in
C57BL/6 mice [14]. Since H-2D" binds to A, C, 0,and V
subtypes, these may not be involved in the response. At any
rate, we should pursue the corresponding molecule to D? in
BALB/c mice in further studies.

4. SELECTIVE ENHANCEMENT OF CYTOKINE
PRODUCTION BY NKT CELLS- IN VIVO STUDIES

i) Enhancement of IFN-y Production by NKT Cells

a) Intrasplenic Injection of Pre-Treated DCs or
Intravenous Administration of Cytokines

As the next step from the development of in vitro studies,
we applied intrasplenic injection of DCs treated as in Fig.
(1B). When a-GC loaded DCs that had been treated with
either IL-4 or IL-21 (5 x 10°) were injected (50 pl) is.,
enhanced production of IFN-y was detected 12 hr later in
sera compared to mice injected with control DCs [12, 13].
Thus, when DCs modulated with IL-4 or IL-21 in vitro were
transferred, those DCs could prime NKT cells toward a Thl-
immune bias. This result suggests that systemic
administration of cytokines may also modulate DCs in situ if
the cytokine level could be sustained high enough as to
modify the nature of DCs. When we injected IL-21 (100
ng/head) ip. followed by a-GC (2 pg/head ip.) 2 d later,
enhanced IFN-y production was again reproduced, whereas
no enhancement of IL-4 was observed. However, the
enhancement of IFN-y was not as marked as observed in
vitro, suggesting that an effective concentration of IL-21
could not be sustained in vivo.

b) IL-4/Anti-IL-4 mAb Formulation Enhances IFN-y
Production by NKT Cells In Vivo

When we administered IL-4, we employed a long-lasting
formulation of IL-4, which consisted of IL-4 and anti-IL-4
mAb immune complexes (IL-4C) [17]. This formulation

protects IL-4 from degradation and enables the slow release
of biologically active IL-4. The half-life of IL-4 is prolonged
from a few minutes to approximately 24 hr with this
formulation [17]. First we examined the effect on cytokine
production by splenocytes from mice administered with IL-
4C. Splenocytes from IL-4C-treated mice indeed showed
enhanced production of IFN-y (Fig. 6) with an unaltered
composition of lymphocytes, especially invariant NKT cells
[12]. IL-4 production, on the other hand, was suppressed in
mice receiving IL-4C [12]. As shown in the in vitro study,
IL-4 pre-conditioning was also vital in vivo for the enhanced
production of IFN-y.

ii) Enhancement of IL-4 Production by NKT Cells
a) Intrasplenic Injection of Pre-Treated DCs

When IFN-y-treated, a-GC-loaded DCs were injected
is., enhanced production of IL-4 was detected 6 hr after
transfer. Thus, IFN-y-treated DCs could function in vivo as
observed in vitro. We have not examined the simple
transfusion of IFN-y or the administration of an IFN-y/anti-
IFN-y mAb complex (IFN-yC), which has been developed
for IL-4 but not for IFN-y. If IFN-yC were as efficacious as
IL-4C in vivo, we would examine whether IFN-yC
administration  enhances IL-4 production. A few
cytokine/anti-cytokine mAb immune complexes have
actually been shown to exhibit stable activity of IL-2 [19,
27] or IL-7 [28].

iif) Therapeutic Application
a) Tumor Immunity

Stronger induction of IFN-y is very critical for anti-tumor
immunity and immunity against many infections. We
demonstrated that the administration of IL-4C and
subsequent stimulation with a-GC induced a higher level of
IFN-y in vivo. This treatment enhanced the cytotoxicity of
splenocytes against the renal cell carcinoma cell line, RenCa
(Fig. 7A), and against YAC-1 and CT 26 tumor cells (data
not shown) ex vivo [12]. To test whether the effect on the
enhancement of cellular cytotoxicity with IL-4C
administration was vital in vivo, the inhibitory effect on lung
metastasis ‘was assessed in mice receiving murine renal cell
carcinoma cells (RenCa) as depicted in Fig. (7B). Mice
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Fig. (6). Cytokine production by splenocytes from mice pre-treated with IL-4/anti-IL-4mAb immune complex (IL-4C). BALB/c mice were
injected 7.v. with PBS, anti-IL-4 Ab alone, and IL-4C. Three days later, a single cell suspension was prepared from the spleens of each group
of mice. The splenocytes were incubated with various concentrations of o-GC for 48 hr, and cytokines in the supernatant were quantified
with ELISA. Each symbol represents mean =+ SE of 3 independent experiments. Statistical significance was calculated by Student’s #-test

(*p< .05; **p<.01 vs control).

received PBS or IL-4C 3 days before the intravenous
administration of 5 x 10° RenCa cells followed by a-GC or
vehicle injection. Three weeks later, the number of lung
metastases was enumerated. Although the results are just
schematically recapitulated in Fig. (7B), the IL-4C/a-GC
group showed the least lung metastases in vivo. Thus, the
most potent protection was achieved in a group of mice in
which the highest IFN-y induction was produced with IL-4C

The ultimate goal is to apply the negative feedback
regulation for rejection of solid tumor that has already been
grown clinically visible in size. To attain the effective
modulation of NKT cells in vivo, we first need to know the
local cytokine environment induced around or in the tumor
and the systemic influence, and then to control them in the
particular host. Apparently there are many obstacles to be
removed, which should be studied in further investigation.
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Fig. (7). Anti-tumor effect of IL-4C pre-treatment in combination with a-GC administration. (A) Effect of IL-4C on a-GC-induced
cytotoxicity. BALB/c mice were pre-treated with IL-4C followed by the i.v. administration of 0-GC. After 24 hr, splenocytes were prepared
and co-cultured with a *'Cr-labeled renal cell carcinoma cell line (RenCa) for 4 hr. Percent specific lysis (cytotoxicity) was calculated as
[(experimental release-spontaneous release)/(maximal release-spontaneous release)] x 100. (B) Anti-tumor effect of IL-4C with o-GC in
vivo. BALB/c mice were administered with PBS or IL-4C and intravenously injected with 5 x 10° RenCa cells with or without -GC (2
ug/head) 3 d later. After 3 weeks, the number of lung metastases was enumerated in 4 groups. The number of metastatic foci in the lung was
in the order: [IL-4C + 0-GC] < a-GC alone << IL-4C alone = control.
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Table 2. Infectious and Autoimmune Diseases in which NKT Cells have Beneficial Effects

Diseases of Better Prognosis with NKT + a-GC or C-Glycoside (IFN-y) Ref.
Infectious Diseases {Pathogens)
Mycobacterium tuberculosis [38,39]
Steptococcus pneumonia [40]
Pseudomonas aerginosa [41]
Plasmodium yoeli, Plasmodium berghei [7, 42]
Trypanosoma cruzi [43]
Cryptococcus neoformans [44]
Hepatitis B virus [45]
Respiratory syncytial virus [46]
Diseases of Better Prognosis with NKT + ot-GC or OCH (IL-4)
Autoimmune Disease
Type | diabetes (NOD mice) (473
Experimental allergic encephalomyelitis 4]
Type II collagen arthritis (B§, STL) [48]
Antibody-induced arthritis [49]
Dextran sulfate sodium-induced colitis [50]

Pathogens of each infecti

diseases (upper) and the murine model of autoimmune diseases (lower) are listed with representative references (more detailed informations up to 2005

are described in ref. 25). Pathogens and disease models having ambivalent outcomes in the presence or absence of NKT cells (ameliorating vs aggravating) are not listed to avoid

confusion,

b) Infectious Diseases

As demonstrated in tumor immunotherapy, higher IFN-y
in the immune response, is usually thought to better control
infectious diseases, unless tissue damage surpasses the
beneficial effects. As indicated in Table 2, a considerable
number of examples for good prognosis have been reported
in the presence of NKT cells or a-GC, and these effects were
even more dramatic with stronger agonists (such as C-
glycoside) [7, 29, 30]. For those diseases, the enhancement
of IFN-y production with IL-4- or IL-21-treated DCs could
be examined for treatment. However, it is not known
whether IL-4C administration is beneficial for the course of
these diseases by enhancing IFN-y production in vivo
because the level of the cytokine of the opposite response
direction, IL-4, is elevated, albeit temporarily. The
combination of OCH followed by o-GC administration
could induce elevated levels of IFN-y with an initial increase
of IL-4 [24]. To avoid this, Qa-1°-CD94/NKG2 blockade
could be employed instead, and is readily applicable to B6
background [24].

In some diseases such as influenza infection, in which
NKT cell-deficiency is neutral to the onset or outcome [31],
NKT cell activation is still sometimes effective [32-34].
Thus, more applications of o-GC with novel ways of
enhancing IFN-y production should be undertaken for the
treatment of infectious diseases caused by various
pathogenic organisms.

iv) Auteimmune Diseases

Although we have not focused on inducing Th2-immune
bias in vivo in this review, Th2-immune bias has important

roles in ameliorating autoimmune diseases. Autoimmune
diseases ameliorated with NKT cell manipulation are listed
in Table 2 [29]. To skew toward the Th2 response, OCH is a
good inducer and has been applied for experimental
therapeutics [4]. For the DC-based modulation, the
administration of DCs pre-treated with CpG or IFN-y may be
preferable, since the systemic administration of CpG or IFN-
¥ may worsen Thl-mediated tissue damage. However, IFN-
YC, if available and efficacious, may also be tested for the
prolonged biological activity of IFN-y in order to enhance
IL-4 production by NKT cells.

In some murine models of autoimmune and allergic
diseases, the induction of IFN-y from NKT cells ameliorates
disease [35, 36]. Similarly, in some infectious disease
models, the induction of IL-4 production ameliorates disease
[29]. For both of these cases, appropriate immunomodulation
regimens should be developed according to the underlying
immunopathogenesis.

a) NKT Cells as Cellular Medicine

The above manipulations have been considered in a
situation in which a normal population of NKT cells is
present. However, NKT cells are absent or severely reduced
in some pathogenic situations [1]. In such cases, the
generation of NKT cells from progenitor cells has to be
considered. To this end, embryonic stem (ES) cell-based
generation of NKT cells may serve as a promising
therapeutic measure when we employ NKT cells as a magic
bullet for many immune-based diseases [37, Wakao et al.
this issue].
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CONCLUSION

We have developed DC immunotherapy based on the
negative feedback regulation of NKT cell responses, likely
through inhibitory ligand/receptor interactions. Elucidation
of the mechanism involved will be very important, not only
for the application to immune-mediated diseases but also for
understanding a novel regulatory mechanism of NKT cell
respotses.
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42

FUHIC

SRR EEE (WHO: World Health Organization) 1 & 5t R
JWEMFAE (GBD: The Global Burden of Disease Study) Tit. g
RRZ, F2REBEOERED1-2TH 52 & 2EH (WHO
(2009) : WHO (2004 update2008)) &#., EHEKROTTHRIE
BELEBE LTNESIT SR TWA, TENIB 50 REROE
RBBROBHFHBIERRBABRIZOVWT2MTH Y., 22 THHo
MEMEBEERAELNR L LABRBROBEFHEHIE { (Karlberg
(2008)). LBEFROFTERABIIERTH 5o

BARBEBRICBW T, RHEECESR LR ERTLEIDZ
EEE) ETTH 2V, FFICBT A ABMENBRIE. ChETHE
ENRIFELUERRZ RS BERNFLTHoz. LA L. ICH
(International Conference on Harmonisation of Technical Require-
ments for Registration of Pharmaceuticals for Human Use. H2K EU
EERHAFAMNERSE) OEIOYA F5(4 v (BEEEAEEREL
BRE (2001) THHERBINTWwEEBY, ELMBRT ISR
BRiZ, WHBRLEL T TRENFEESTENRSEOT SIS PR T
ZWwZ el FYRICHETAIRBRERSEEL 2 5MESH 5, &
i3, EHEV T Y URINIFEYDLS 0T T ARG ERRIC
L NABENLOHEHEIBELTBY, HRL2ZEF U ANERS
NBEHITolEE X 5.

L2 L. BEARROREREGREOW4FDLIN, FLTHI D
HEOKEETT T R BRI KL TB Y (Laughren (2001)).
TR THERBELRTIEDBRGE LI L TIIRY, 72, @
BOBRKABR, CEEME L TARICES T TEHAIL 0% KM LR



BRREORMBEDOME

RB7TY4 ¥ ORE i E ORE

N /
Y

FHERHRIE (X ERHEC Rt ¥ 58
1 BRERRORTICHRERITER

id# ¢ (Kola, et al (2004)). £ OHERIBBROFMNEZRT
TR TERV (Frank, et al (2003)) Z & RRT 5. BRKRRERD
BT, BHEGOMED H 505 BT VPP ERER LOM
BEOHERWEELKE (H1) T5, BUICHERABRTERELT
W 72, X FHE S M- RERETEISLELR 2T TR, 6B
3170 b b hBERESER LOBEICOWT b T9EHET 5 LEN
bho TDH, FETIE. F5 0ERDEEREL PN £ OF MM
HEYRIZTTERLOMBELIY LITHEAT 5,

HHEORROEDS 43



P15 DREDISFREER DI

K EEMEHEMNFERT (NIH: National Institutes of Health) o RER
HERBHT — ¥ X—X (http//www.clinicaltrials.gov/) 1Zix. £
FEIZIB)OBENRE LTS ENBOEAAIL_ETHRILE
HEX (2004 45 20104E 1 F TS SN2 B ARG L 2B
HEE) 0I5, REUFmEEENE LAERBLIUT YAk
EPEHERBREEANT 2 L. 101 BRERIBHFIN TS, ThHDER
HKEBEOFMNEDO T EFMEE &, HAM-D (Hamilton Depression
Rating Scale) # 7= X MADRS (Montgomery-Asberg Depression
Rating Scale) RXZE L FH XA TWwA (F2a), T HETIL.
HAM-D & 8 LT MADRS DX EFliEHE & L COMAEMT
HEmMbHS (H2b)o WRE L HHBREOEEREIT. BREELS
WTERSFERED I v b A 7RL V PELTHRESNED, &Hh v
M+ T7HRA Y MIHAM-D (17HE) <Tid 20 &2 £, MADRS TiX
2AUEEREEND I ENEV (H3), BEFESNTVA 101 HER
Db, BIREEE L UEEFEEE TRE SN T A ERFFHRE
PNTHLAAENTWEDIX 7T RBOATHEH. Z0DHH 12H
B BIREEL X T EFMEE CRE—0ERFMRESFER S
. R0 25 RERGBINERE L TEFMEEE & TR FERE (B
ZE, BIRFEH T HAM-D. EEFFEEE 12 MADRS) BRw LR
TWwhe ULEOBRBROKELAMIZ. S 6AAMD LT 8EHLE
BMESATVSE (1),
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EDEEHEONR-Z54 v HLERBERET TORLEFRFT SR
Bo EBNIZ 722 AKX (BEREHEL V7 RBEOE) PR
NBED, VRO ELHL T RIINTHISHENEET S, §
MEBRFERO 2T, ) ORPERURLEEEIIBWTT 7 EHRK
BEREVWI ERHLNTWS (H4). 77 RIUNMEZEET S
BEERIZOWTD 8 F £F 2K (Walsh, et al (2002) ; Fava, et al
(2003)) AT TVEA, HEICIE R o Tz, HEREICH LT
by BBEOL: OTHYE D - 2ERE LTCOHRELHFLL
INA T AHEEE (Marks (2009)) § 570, &) REELILE
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