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2. GLYCOLIPID LIGANDS FOR iNKT CELLS

2.1. Microbial and Self Ligands

To understand the function of INKT cells, the search for
microbial and self ligands is essential. Recent studies have
shown that glycosphingolipids (GSLs), bacterial components
from the cell wall of Sphingomonas, are vital ligands for
INKT cells [13,14,25]. Among the GSLs, monoglycosylce-
ramide (GSL~1) (Fig. 1A) seems to act as the most potent
stimulator of INKT cells [26]. The GSLs may act as a substi-
tute for lipopolysaccharide (LPS) in LPS-negative bacteria
and it is accepted that the GSLs-stimulated INKT cells par-
ticipate in clearing such bacterial infections. Borrelia
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Fig. (1). Chemical structures of glycolipids and the analogues.
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burgdorferi glycolipid 1 (BbGL-I) and II (BbGL-II) (Fig. .
1A) are also reported to activate both murine and human
INKT cells to elaborate IL-4 and IFN-y[27]. In addition,
glycolipids derived from Sphingomonas wirichii and Borre-
lia burgdorferi [28] are shown to stimulate TL-17 production
by a particular subset of iINKT cells and Mycobacterium bo-
vis (BCG) is also reported to activate a subpopulation of
INKT cells [29]. These results support the hypothesis that
INKT cells play a protective role following infection with
particular bacteria that express INKT cell ligands.

During investigation of iNKT cell ligands, glycosylphos-
phatidylinositol [30] and cellular phospholipids [31] were
identified as possible endogenous ligands for INKT cells.
Recent analysis has suggested that Isoglobotrihexosylcera-
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(A) GSL-1 derived from Sphingomonas bacteris, and BbGL-II derived from Borrelia burgdorferi, R1, sn-1 position of glycerol; R2, sn-2
position of glycerol (e.g. BbGL-Ia, R1 = C16:0, R2 = C18:1). (B) Endogenous ligand iGb3. (C) a-GalCer (KRN7000) [40] and the
synthetic analogues OCH [49], PBS-25 [57], C20:2 [58], «-C-GalCer [60).
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mide (iGb3) may be a natural ligand for INKT cells (Fig. 1B)
[32-34] and further evidence indicates that it is likely that
iGb3 functions as a physiological ligand for INKT cells,
which is required for their development. This hypothesis is
supported by data demonstrating that a lack of f-
hexoaminidese B, an enzyme which degrades iGb4 into
iGDb3, results in a severe impairment of thymic INKT cell
production in mice [35]. Furthermore, INKT cell number
was greatly reduced in mice that lacked a small lysosomal
protein, Niemann-Pick type 2, which is involved in loading
iGb3 onto CD1d [34]. However, it has recently been docu-
mented that the presence of iGb3 could not be detected in
either human or murine lymphoid organs [36], casting doubt
on the requirement of iGb3 for differentiation of INKT cells.
In addition, another research group has shown that iNKT
cells normally develop in the thymus of iGb3 synthase-
deficient mice [37]. Moreover, a defect in INKT cells has
been reported in multiple mouse models of lysosomal gly-
cosphingolipids storage disease, irrespective of the specific
genetic defect of lipid species stored; suggesting that storage
of glycosphingolipids may disrupt the presentstion of en-
dogenous ligands by CD1d and non-specifically affect iINKT
cell selection [38)]. Therefore, it still remains unknown as to
whether or not iGb3 is truly the exclusive ligand for INKT
cells.

2.2, a-GalCer

a-GalCer was originally isolated from glycolipid extracts
isolated from marine sponge Agelas mauritianus during an
attempt to seek substances with anti-tumor activity [39].
Studies carried out to explore the biological activity of a-
GalCer against immune cells demonstrated that o-GalCer
was 2 potent agonist for INKT cells [40]. KRN7000 (Fig.
1C), an analogue of o-GalCer modified for optimal produc-
tive condition, has been widely utilized for experimental and
clinical studies. Although a-GalCer is a potent pharmacol-
ogical activator of iNKT cells, it does not appear to be an
endogenous ligand for NKT cells. In fact, sugar moieties in
mammalian glycolipids are essentially linked in B-anomeric
position [7,40], and the presence of lipids with c-anomeric
sugar such as «¢-GalCer has not been confirmed in mammals.
Therefore, it is very likely that activation of INKT cells by
o-GalCer is qualitatively different from that by natural en-
dogenous antigens with B-anomeric sugar.

Following activation with a-GalCer, iINKT cells release
large amounts of IL-2, IL-4, IL-5, [L-10, IFN-y, and TNF-o.
and, on a per cell basis, the amount of these cytokines se-
creted by activated INKT cells is much greater than by con-
ventional T cells. This rapid and abundant cytokine produc-
tion by /NKT cells may be accounted for by the presence of
pre-existing transcripts for these cytokines in naive iINKT
cells [41-43]. In support of this, histone hyperacetylation of
IL~4 and IFN-y promoters could take place dynamically pos-
sibly following recognition of unknown endogenous ligands,
resulting in the pre-activated phenotypes of iINKT cells.

Cytokines released from activated iINKT cells can act as
intercellular mediators in the entire immune network. For
example, when o-GalCer is injected into mice intraperito-
neally, serum levels of IFN-y rise immediately and then per-
sist for several hours [44,45]. Studies have revealed that not
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only iNKT cells, but also NK cells, are major producers of
[FN-yin mice injected with a-GalCer [45,46] and that the
NK cell production of IFN-yis preceded by cellular cross-
talk between iNKT cells, dendritic cells (DCs) and NK cells.
It is now known that the [FN~y produced by iNKT cells plays
a role in this cross-talk, although we can not ignore the roles
of other molecules such as costimulatory molecules ex-
pressed by DCs, as well as IL-12 produced by DCs
[9,47,48].

2.3. Synthetic @-GalCer Analogues

Although o-GalCer is a potent agonist for INKT cells;
stimulation of iNKT cells with a-GalCer induces production
of both Thl and Th2 cytokines. Given that Th1 cells princi-
pally counteract with Th2 cells via production of cytokines,
the non-selective induction of counteracting cytokines could
lower the value of a-GalCer as an immunomodulatory agent.
In fact, our attempts to treat an animal model of MS, experi-
mental autoimmune encephalomyelitis (EAE), with o-
GalCer were successful only when we used mice lacking
IFN-y in which iNKT cells production of cytokines is biased
for Th2 [44]. A selective activator of Th2 cytokines from
INKT cells is more preferable as a therapeutic agent for
treatment of autoimmune diseases. Therefore, we screened
synthetic a-GalCer analogues for their ability to activate and
polarize INKT cell cytokine production, and identified OCH
as a first synthetic compound that could be regarded as a Th2
selective inducer (Fig. 1C) [49]. OCH has a shorter sphin-
gosine chain compared with a-GalCer, and provokes a rela-
tively weak proliferative response of INKT cells. Critically,
OCH stimulation of INKT cells in vitro or in vivo induced
much lower levels of IFN-y secretion, as compared to o-
GalCer stimulation; whereas similar levels of IL-4 were pro-
duced after OCH or a-GalCer stimulation of INKT cells.
These data suggest that, owing to its ability to polarize INKT
responses towards Th2, OCH may have a greater efficacy
than o-GalCer in suppressing inflammatory pathology medi-
ated by Thl cells. Indeed, although injecting a-GalCer did
not ameliorate EAE induced in wild-type B6 mice, we dem-
onstrated that in this disease model OCH had a significant
preventive and therapeutic effect [49].

Crystal structure analysis showed that two lipid tails of
&~-GalCer are bound to highly hydrophobic groove of CD1d
[50]. Subsequent analysis showed that the amount of IFN-y
triggered by an -GalCer analogue was positively correlated
with the length of its sphingosine chain. In contrast, there
was no clear correlation between IL~4 production by NKT
cells and the length of sphingosine chain [51]; indicating that
the shorter lipid tail may offer a structural basis for the Th2
inducing glycolipid OCH. Based on this premise, we specu-
lated that a selective deviation towards Th2 cytokine produc-
tion following OCH stimulation may correlate with an un-
stable association between this glycolipid and CD1d due to
its shorter sphingosine chain, Consistently, a-GalCer ana-
logues bearing a shorter sphingosine chain tended to have a
shorter half-life in the binding to CD1d, indicating that TCR
ligation by OCH is likely to be less persistent than that by -
GalCer. Intriguingly, TCR stimulation of INKT cells with
anti-CD3 antibody for a shorter time period (a few hours)
induced a detectable amount of IL-4, but not of IFN-y in vi-
tro. In fact, IFN-y production by /NKT cells required TCR
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stimulation for a longer period of time. Taken together, we
postulated that the differential cytokine profiles triggered by
«-GalCer or OCH may result from a differential duration of
TCR stimulation, due to the differences in length of their
lipid tail that correlate with their binding stability to the
CD1d molecule.

A previous study using a protein synthesis inhibitor indi-
cated that cytokines produced by iNKT cells could be di-
vided into two groups based on their dependency on de novo
protein . synthesis. IFN-y belongs to the group of cytokines
that would require de novo proteins synthesis, whereas IL-4
represents the group of cytokines that do not require addi-
tional synthesis of proteins. Our study has shown that pro-
tooncogene c-Rel, a member of the nuclear factor kB (NF-
kB) family of transcription factors, is an important molecule
in a-GalCer-induced transcription of the IFN-y gene [51].
We have proposed a model in which the longer sphingosine
chain of o-GalCer confers the ability to continuously stimu-
late INKT cells, inducing long lasting calcium influx, which
results in a sustained nuclear residence of nuclear factor of
activated T-cells (NF-AT), as well as c-Rel protein synthesis.
The sequence of events leads to the activation of IFN-¥ pro-
moter, enabling NKT cells to produce IFN-y. In contrast, the
rather sporadic stimulation of iNKT cells by OCH induces a
short-lived nuclear residence of NF-AT, followed by an in-
sufficient c-Rel expression, which prohibits an efficient pro-
duction of IFN-y from NKT cells. McCarthy et al. con-
firmed that shortening the phytosphingosine chain increased
the rate of lipid dissociation from CD1d molecule and in-
duced less sustained TCR signals [52]. In addition, they also
demonstrated there was a decreased affinity of TCR to
CD1d-bound OCH. Both the lower stability of the associa-
tion of OCH and CD14d and the lower affinity of TCR and
OCH/CDI1d complex may contribute to the less sustained
stimulation of TCR.

Activation of INKT cells with a-GalCer promotes vigor-
ous [FN-y production by bystander cells such as NK cells. It
is now thought that differential effects of a-GalCer and OCH
injected in vivo could be partly explained by a reduced abil-
ity of OCH to stimulate production of IFN-y from NK cells,
partly due to lack of IFN-y provided by INKT cells. It is
likely that the differential outcome following -GalCer and
OCH stimulation is also generated by differentially altered
DCs function. In fact, we found that in vivo injection of
OCH induces only one tenth of IL-12 in the serum of mice,
as compared with a-GalCer injection [45]. Simultaneous
injection of stimulating anti-CD40 antibody and IFN-y with
OCH restored [L-12 induction and administration of IL-12
together with OCH led to IFN-y production by NK cells [45].
Therefore, the lower IL-12 production is to be linked with a
lower expression of CD40L on iNKT cells, following OCH
stimulation, although the lower levels of IFN-y produced by
INKT cells and NK cells may also play a role [53-55]. In
summary, OCH induces a lower amount of IFN-y from iNKT
cells due to the less sustained stimulation of TCR. In the
context of the elaborate cellular network in vivo, OCH
stimulation of INKT cells is less efficient at cross-activating
DCs and NK cells, due to less CD40L expression on the
surface of INKT cells and a reduced secretion of IL-12 by
DCs, leading to a lower production of IFN-y by NK cells.
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An acquisition of Th2-biasing ability seems to be a gen-
eral consequence of truncations in the acyl or sphingosine
chains of a-GalCer [56]. PBS-25 is a synthetic compound
with short of acyl chains (C8) compared with c-GalCer bear-
ing a C26 fatty acid chain (Fig. 1C) [57]. Thus, iNKT cells
stimulated with this ligand would show a Th2 profile com-
pared with those stimulated with o-GalCer. However, the
mechanism of Th2-biased cytokine production mediated by
PBS-25 seems different from that mediated by OCH, since,
like o-GalCer, PBS-25 binds stebly to CD1d [58]. Apart
from the lipid chain truncation of a-GalCer, a-GalCer ana-
logue, C20:2, which is distinguished by unsaturation of the
fatty acid portion, has been reported to be a2 Th2 skewing
ligand [59]. C20:2 contains a C20 fatty acid with cis-
unsaturations at positions 11 and 14 (Fig. 1C) [59,60]. Al-
though C20:2 elicits a Th-2-biased response similar to those
induced by OCH, the mechanisms of preferentially inducing
Th2 cytokines appears to be different from OCH end remains
to be clarified. Conversely, synthetic C-glycoside analogue
of a-GalCer (o-C-GalCer) (Fig. 1C) elicits Thl type re-
sponses of iNKT cells even at very low concentrations and
exhibits a more potent anti-malaria and anti-tumor effect
compared to a-GalCer [61]. To overcome the poor solubility
of a-GalCer in vivo, a pegylated derivative of a-GalCer (a-
GalCerMPEG) has been designed and is found to be a more
efficacious compound than o-GalCer [62], although the
mechanisms underlying the Thl-biased response remain un-
clear.

3. THE EFFECT OF SYNTHETIC GLYCOLIPID AN-
TIGENS ON HUMAN iINKT CELLS

Early studies have documented that there is a reduced
number of INKT cells in the peripheral blood of patients
suffering from systemic sclerosis [63], MS [5,64,65], and
other autoimmune disease conditions [66-68]. However,
inconsistent results (decreased [69,70], normal [71] or
increased [72] numbers of INKT cells) obtained in type 1
diabetes patients by three independent groups has led to
considerable argument on the role of INKT cells in
autoimmunity. Moreover, INKT cells derived from patients
with atherosclerosis [73] appear to participate in promotion
of the diseases.

The potent therapeutic efficacy of synthetic a-GalCer
analogues has been reported in various autoimmune disease
models: EAE [49,74-76], type 1 diabetes mellitus [77-81],
arthritis [82-84], lupus [85-89] and experimental inflamma-
tory bowel disease [90,91]. Since mouse and human INKT
cells share similar characteristics in function and antigen
recognition, these promising results in disease models raised
the possibility of the development of /INKT cell-mediated
immunotherapy for human autoimmune diseases. However,
treatment with o-GalCer sometimes exacerbated EAE
[74,75] and lupus models [88,89] probably due to Thl re-
sponses elicited by NKT cell stimulation. To aveid such a
deleterious effect in human, it is obvious that choice of gly-
colipids for clinical application requires systemic evaluation
using human NKT cells.

The frequency of INKT cells in the peripheral blood is
approximately 0.1 % in healthy human individuals (Fig. 2A)
[5,7]. Such a low cell number might raise some concern as to
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Fig. (2). Identification of V24" VB 11" NKT cells in PBMCs and a-GalCer/OCH-stimulated cultures.

PBMCs obtzined from healthy subjects were stained with anti-Vo24 and VP11 mAbs. This combination of antibodies has been widely used
for identifying human INKT cells . (A) The percentege value represents the frequency of the Va24VB117 NKT cells among total lympho-
cytes. (B and C) a-GC- or OCH-stimulated cultures on day 7 were stained with those mAbs. The data shown here are representative out of

five samples.

whether or not INKT cells are relevant targets for human
diseases. However, stimulating human peripheral blood
mononuclear cells (PBMCs) with a-GalCer leads to a re-
markable expansion of NKT cells in vitro (Fig. 2B). Fur-
thermore, we have found that OCH also expands iNKT cells
in vitro, although its potency to induce proliferation of hu-
man iNKT cells was inferior to that of a-GalCer (Fig. 2C),
suggesting that OCH could be an efficient ligand for human
INKT cells even if the binding affinity of OCH to human
CD1d is weaker than that of a~GalCer as found in rodents.
To further analyze the responsiveness of INKT cells to OCH
in detail, we have generated CD4 " and DN iNKT cell clones
using a single cell sorting technique. We established four
CD4" and four DN iNKT cell clones from two healthy indi-
viduals by stimulating a single sorted CD4" NKT cell and
DN NKT cell with human rIL-2, human rIL-7, and PHA-P in
the presence of irradiated autologous PBMCs. All clone cells
positively stained with 6B11, a specific mAb to Vo24-JaQ
junction. We also confirmed that the clone cells express the
invariant Vo24-JaQ rearrangement by performing DNA
direct sequencing. All of the INKT cell clones were found to
proliferate upon stimulation with either a-GalCer or OCH in
the presence of CDld-transfected cells as APCs, As the
APCs do not express conventional MHC class I or class II
molecules, the clone cells should recognize giycolipid anti-
gens in 2 CD1d-dependent manner. We have also generated
INKT cell clones using o-GalCer as a primary stimulant.
These iNKT cell clones have maintained their reactivity to
a-GalCer but were unable to generate any responses to
OCH. Although not as yet proven experimentally, we specu-
late that an initial stimulation of INKT cells with a strong

= 117 =

agonist such es a-GalCer might heighten the threshold for
signals needed to activate INKT cells, and therefore, a
weaker ligand like OCH may not be able to induce & detect-
able response upon restimulation,

When we evaluated cytokine production profiles of sin-

.gle cell-sorted clones, we saw a tendency for CD4" /NKT

cell clones to produce greater amounts of cytokines than DN
INKT cell clones (Fig. 3A). Following a-GalCer stimulation,
CD4" INKT cell clones produced large amounts of IFN-y and
TNF-a., They also produced modest amounts of IL-2, [L-4,
[L-5 and IL-10. DN /NKT clones produced only a trace
amount of these cytokines. Compared with a-GalCer, OCH
stimulation induced production of lower amounts of Thl
cytokines (IFN-y, TNF-a;, and IL-2) by CD4" INKT cell
clones, However, the levels of Th2 cytokines (IL-4, IL-5 and
IL~10) were not altered from those induced by «-GalCer. On
the other hand, DN /NKT cells produced mainly Thi cytoki-
nes (IFN-y and TNF-ct) when stimulated with o-GalCer. The
response of DN /NKT cells to OCH was much lower as
compared with that of CD4" INKT cells. To evaluate the
ability of each ligand to polarize INKT cells towards Thl or
Th2, we have calculated an “OCH/o-GalCer ratio” for each
cytokine by dividing quantities of cytokine produced after
OCH stimulation by those following c-GalCer stimulation.
Thus a higher OCH/ e-GalCer ratio for a given cytokine im-
plies that OCH is more efficacious for inducing this cyto-
kine, as compared with a-GalCer. The results showed that
the ratios for Th2 cytokines were higher than those for Thl
cytokines (Fig. 3B), supporting that OCH stimulation also
polarize human CD4" /NKT cells towards Th2 ‘cytokine pro-
duction. Interestingly, that Goff ef al. also demonstrated the
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A
[ [TNFa | 2 | % | 15 1@
& OCH 1600* 1872 N. D. 844 1621
-1 a-GC 8357 5848 48 BET 885 290
NoAg | 78 | 68 | N.D 372 | 120 | N.D.
OCH_| 5962 | 91656 | N.D. | 424 | 70 | 1122 |
CO#"2 "5 BC | 16772 | 23121 | 1567 | 1794 82 476
NoAg | N.D. N.D. N.D N.D. N. D. N.D.
OCH | 3025 | 4578 | N.D 1080 158 398
CD4™3 a-GC 4163 11048 2872 1764 1338 125
No 4 | 216 | N.D. | 6 | ND. | N.D. |
OCH_| 2570 | 10262 | N.D. | 540 | 3340 | 887
CO4"4 | o.GC | ©708 | 87518 | 305 | 1448 | 9588 | 008
No Ag N.D._ 20 N. D. INL_D. N. D, N.D.
OCH | 173 | 292 | N.D. | 28 | 1202 | 24
DN-5 «-GC | 2167 | 5882 | N.D. | 325 | sos3 | 538
NoAg | N.D. | N.D. | N.D. | KD, | N.D. | N.D
OCH | 18 | 22 | ND | ND | 23 [ND
DN-8 «-GC | 1690 85 | N.D. | N.D. | 258 | N.D.
[ NoAg | N.D. | 20 | N.D. | N.D. | N.D. | N.D
OCH | 180 | 102 | N.D. | N.D. | 38 | N.D
DN-7 a-GC | 728 120 | N.D. | N.D. 58 N.D.
NoAg | N.D. | N.O. | N.D. | N.b. | N.D. | N.D
: OCH | 254 | 88 | N.D. | ND. | 45 | N.D
DN-8 oGC | 1480 54 N.O, | N.D. | 178 | N.D.
NoAg | N.D. N.D. N. D, N. D. N.D. N.D

“All values are expressed in pg/ml. The dstection limkt is 20pg/ml in this assay,
Ag: antigen, N. D.: Not detscted

OCH/a-Gal Car rallo
cBaxwbohb

CD4" iINKT

Fig. (3). Cytokine profile of CD4" and DN iNKT cell clones.

(A) Four CD4™ iNKT clones and thres DN {NKT clones were established from two donors respectively. In short, CD4" and DN V24"
VBI1* cell were sorted by flowcytometry into single wells of & 96-well culture plate, Each well contained a mixture of irradiated (100Gy)
autologous PBMCs at 1 x 10° cells/well supplemented with human rIL-2 (20 units/mI), humen rIL-7 (10 ng/ml) and PHA-P (lpg/ml) in
complete medium. To generate iNKT cell clones, the culture cells were re-stimulated three times with PHA, rIL-2 and rIL-7 in the presence
of irradiated APC every 18~20 days, thereafter the purity of INKT cells in the culture was more than 9%. Thess INKT cells were confirmed
10 bear invariant TCR consisting of Vo24/JxQ by direct DNA sequence and VP11 by flowcytometry. CD4™ and DN iNKT cell clones were
stimulated with a-GalCer or OCH in the presence of immature DC. Thl cytokines (IFN-y, TNF-¢t and IL-2) end Th2 cytokines (IL-4, [L-5
end IL-10) in the supernatants were examined using cytometric bead array, Four CD4" clones from two donors and four DN clones from two
donors were anelyzed. To discern any alteration in cytokine secretion profile following OCH stimulation, the OCH/xt-GalCer ratio for each
cytokine was defined according to the following equation: the value (pg/ml) in a-GalCer-stimulation/ the value (pg/ml) in a-GalCer-
stimulation. (B) Number 1~8 represents CD4*-1~DN-8 iNKT cell clone. The OCH/a-GalCer ratio of Th2 cytokines (IL-4, [L-5 and IL-10)
are shown in filled black dots and similar ratios for Thl cytokines (IFN-y, TNF-& and IL-2) are depicted as open dots. CD4" iNKT cell
clones (No. 1-4) tended towards Th2, but DN iNKT cell clones (No.5-8) showed no alteration of cytokine profile,

Th2-biased cytokine production from human and murine

develop 2 new drug for autoimmune diseases. A lthough such
iNKT cells when stimulated with &-GalCer analogue with

a highly selective drug could powerfully suppress the devel-

short sphingosine chain [56]. opment of disease, it is important to note that it is potentially
dangerous to suppress the self-defensive immune system,
4. CONCLUDING REMARKS particularly when considering responses against concurrent

infections and the development of malignant tumors. This

Targeting a single molecule that plays a crucial role in
mediating inflammatory processes is a popular sirategy to

concern is particularly serious in the case of autoimmune
diseases, as life-long treatment with conventional drugs
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could prolong life expectancy to the normal level. In con-
trast, targeting immune regulatory cells that are defective in
autoimmune diseases is conceptually less harmful. Among
known regulatory cells, iINKT cells are a promising target
since they recognize glycolipid antigen bound to monomor-
phic molecule CD1d. The advantagé of glycolipid over pep-
tide is obvious in that the glycolipid drug could elicit uni-
form responses in highly heterogeneous populations. On the
other hand, peptide therapy néeds to be individually designed
for each patient considering the human MHC polymorphism.
Since a-GalCer was identified as an /NKT cell ligand in
1997, the search for alternative ligands has greatly enriched
our understanding of the biology of iINKT cells, and has led
to the identification of novel therapeutic ligands such as
OCH.

ABBREVIATIONS

APC =  Antigen presenting cell

BbGL = Borrelia burgdorferi glycolipid
CHX = Cyclohexamide

DC = Dendritic cell

DN = Double negative

EAE =

Experimental autoimmune encephalomyeli-
tis

GM-CSF =  Granulocyte/macrophage colony stimulating
factor

GSL =  Glycosphingolipid

IFN = Interferon

iGb3 = Isoglobotrihexosylceramide

IL = Interleukin

INKT = Invariant Natural Killer T

LPS = Lipopolysaccharide

mAb =  Monoclonal antibody

MHC =  Major histocompatibility complex

MS = Multiple sclerosis

NF-AT = Nuclear factor of activated T-cells

NF-xB = Nuclear factor kappa B

NK = Natural killer

PBMC = Peripheral blood mononuclear cell

riL = Recombinant interleukin

T-bet = T-box expressed in T cells

TCR = T-cell receptor

Th = Thelper

INF = Tumor necrosis factor
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Abstract

Cells bearing invariant Va19-Ja33 TCR « chains are believed to participate in the regulation of
inflammatory autoimmune diseases. In this study, the potential to produce immunoregulatory
cytokines by these cells was characterized in order to find the mechanism underlying their
immunoregulatory functions. Serum levels of IL-4, IL-10, transforming growth factor-§, IFN-y and
IL-17 increased In mice over-expressing an invariant Va19-Ju33 TCR « transgene (Va19 Tag) In
response to anti-CD3 antibody injection. NK1.1* Va19 Tg*, but not NK1.1~ Va19 Tg" cells, promptly
produced immunoregulatory IL-4, IFN-y and IL-17 upon invariant TCR engagement with immobilized
anti-CD3 antibody in culture. The activation of Va19 Tg" cells then triggered the production of pro-
inflammatory cytokines by bystander cells. Interestingly, the ratio of T;,2 cytokines such as IL-4, IL-5
and IL-10, but not pro-inflammatory IL-17, to IFN-y was increased when the intensity of the stimulation
to invariant TCR was attenuated. Collectively, these findings suggest that invariant Va19 TCR™ cells
have the potential to participate In the regulation of inflammatory autoimmunity by producing Ty2-

biased cytokines in certain circumstances.

Introduction

In adaptive immunity, antigen receptors expressed by
T and B lymphocytes exhibit extensive diversity in their
responses to different antigens. Besides those lymphocytes
expressing diverse antigen receptors, several subsets of
lymphocytes are characterized by a limited antigen recep-
tor diversity, for instance, B1 B cells (1), certain ya T call
sub-populations (2) and NK1.1* Va14-Ja18 invariant TCRa"
(Va14 NKT) cells (3. 4).

The essential requirement of invariant Va14-Ju18 TCR
= chain expression for the development of Va14 NKT cells is
demonstrated in the invariant TCR transgenic (Tg) mice,
where Tg* Va14 NKT cells are similar to native NKT cells in
TCR P composition, antigen recognition and cytokine
production (5).

The presence of another invariant TCR « chain [Vx19-Ju33
(conventionally Jx26)] was shown by quantitative PCR analy-
ses in mouse, human and bovine lymphoid cells (6, 7). We
demonstrated that this invariant TCR « chain was preferen-
tially expressed in NKT cells but not conventional T cells

and that more than half of the hybrid cell lines produced
from NKT cells of CD1-deficient livers expressed this invari-
ant TCR a chain (8). Recently, the localization of the invariant
V18 TCR" cells in gut lamina propria was demonstrated (9).
These cells [designated as mucosal-associated invariant T
(MAIT) cells] are suggested to control IgA production in the
intestine (9). They are under restriction by cne of the evolu-
tionarily conserved MHC class Ib molecules, MHC-
related protein 1 (MR1) (10). It Is suggested that MAIT cell
activation is ligand dependent, but the natural ligand associ-
ated with MR1 is not determined (11). It has been also
reported that cells bearing invariant Va7.2-Ju33 TCR
« chains (corresponding to mouse Va19-Ja33) but not Va24-
JaQ TCR « chains (corresponding to mouse Vald4-Jal18)
accumulated in the lesions of multiple sclerosis patients (12).

Mice over-expressing an invariant Va19-Jx33 TCR o Tg
with a natural TCR a promoter generated invariant Va19 Tg*
cells in gut lamina propria and other lymphoid organs in-
cluding the liver (13-16). Invariant Va19 TCR Tg* cells
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Fig. 1. Cytokine production by Tg and non-Tg mice in response 1o in wvivo treatment with anti-CD3 antibody. Va19 Tg* CD17/=, D17~ and
C57BL/6 mice were injacted with anti-CD3 antibody (2C11), and serum cylokine levels ware determined at various points after the injection by
ELISA. The average + SD of three mice from each strain is shown. Experiments were repeated three times, and essentially the same results were
obtained. Note that serum IL-17 levels in 129/Sv and BALB/c mice (less than a few percentage of these genetic backgrounds were included in
that of CD1™'~ mice) were comparabile to the lavels in C57BL/6 mice (data not shown)

produce immunoregulatory cytokines in response to TCR en-
gagement (13-16). These cells are thought to regulate in-
flammatory autoimmune diseases (14). In the current study,
cytokine production by Va19 Tg® cells was characterized in
detail to find how these cells participate in the regulation of
Immune responses,

Materials and methods

Mice

C57BL/6 mice were purchased from Sankyo Service Co
(Tokyo, Japan). Beta2m-deficient mice, backcrossed with
C57BL/6 mice for six generations, were obtained from Jack-
son Laboratory (Bar Harbor, ME, USA). CD1-deficient mice
were provided by M. J. Grusby (Harvard University) (17).
They were backcrossed with C57BLJ6 mice for six genera-
tions, and mice with phenotypes H-2°, NK1.1* and CD17/~
were selected. TCR Ca-deficient mice, backcrossed with
C57BL/6 mice for 10 generations (1B), were provided by
H. Ishikawa (Keio University) and M. Nanno (Yakult Co.).

Establishment of V219 Tg mice

A Va19-Ju 33 Tg with the endogenous TCR o promoter and
enhancer was injected into C57BL/6 and TCR Ca-deficient
fertilized eggs. and Tg mouse lines were established (15).
A Va19Tg* CD1~/" mouse line was established from one of
the three Tqg lines with the C57BL/6 background by crossing
it with CD1-deficient mice. V19 Tg mice were compared

with non-Tg mice in the same litter or with non-Tg mice with
an appropriate genetic background (C57BL/6, 129/Sv or
BALB/c) possibly included in each Tg line.

The experiments using mice were permitted by the Animal
Experimental Committee of Mitsubishi Kagaku Institute of
Life Sciences and performed along the guidelines of the
committee.

In vivo stimulation of Vx19 Tg lymphocytes by TCR
angagement

Mice of Vx19Tg* CD1~"~ and CD1"'" from the same litter and
C57BL/6 genetic background (8 weeks of age) were intrave-
nously injected with anti-CD3 antibody (2C11; PharMingen,
San Diego, CA, USA; 1.5 pg per mouse) in 200 pl PBS, They
were bled at various times after the injection, and the cytokine
levels in serum were determined by ELISA. Cytokines in the
supernatants were determined by ELISA.

In vitro stimulation of Vx19 Tg cells through TCR

Plastic culture plates were pre-coated with anti-CD3 anti-
body (2C11, PharMingen) at the indicated concentration in
PBS, at 4°C for 16 h, and washed three times with DMEM
Mononuclear cells (MNCs) were isolated from the soleens
and livers of mice (8-10 weeks of age) by density gradient
centrifugation using Lymphosepar |l (IBL, Gunma, Japan;
d = 1.090) or Percoll (Pharmacia, Uppsala, Sweden) as de-
scribed previously (19). They were cultured on the plates in
DMEM (10% FCS), and cytokines in the culture supernatants
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were analyzed by ELISA. In some experiments, MNCs were
separated according to the expression of NK1.1 and/or TCR
ap by a cell sorter (EPICS-Altra, Coulter Co., Hialeah, FL,
USA) before culture. The purity of NK1.1*, TCR afi* and
NK1.1~, TCR af* fractions were in the range of 91-95% and
92-96%. respectively.

Intracellular cytokine staining

Spleen MNCs were cultured on a plate pre-coated with anti-
CD3 antibody for 1-2 days. They were stimulated with phor-
bol myristate acetate (50 ng ml~', Sigma) and ionomycin
(750 ng ml~', Sigma) in the presence of Golgi plug at the
recommended concentration (PharMingen) for the next 5 h.
Cells were stained with anti-NK1.1 and anti-TCR Cp antibod-
ies, permeabilized and fixed with Cytofix/Cytoperm Plus kits
(PharMingen) according to the manufacturer’s protocol. Then
they were stained with anti-cytokine antibody.

Cytokine determination by ELISA

Cytokines were determined by ELISA using antibodies from
PharMingen.

Results

Prompt T,2-biased cytokine production and the subsequent
pro-inflammatory cytokine production by Vx 19 Tg cells upon
TCR engagement

An invariant Va19-Ju33 TCR gene segment. isolated from
a hybrid line (7), was cloned into a TCR « vector containing
the TCR « endogenous promoter and enhancer, and Tg
mice (Va19 Tg mice) were produced (16). The development
of NK1.1% Tg* [NK1.1" Va18-J233 Invariant TCR o cell
(V19 NKT cell)] cells predominated in the liver and other
lymphoid organs. For instance, Va19 NKT cells share 295,
7.5 and 3.6% of MNCs in the liver, bone marrow and spleen
of Va19 Tg mice with TCR a-deficient genetic background.
Cells from these mice were used to characlerize cytokine
production by Va19 Tg cells,

Serum levels of cytokines in Va19 Tg® and non-Tg mice
were compared upon stimulation with anti-TCR antibody to
identify the immunoregulatory cytokines in activated Vai9
TCR* cells (Fig. 1). V219 Tg* CD1~'", CD1-deficient (both
lacking Va14 NKT cells) and normal mice were injected with
anti-CD3 antibody and bled at various time points. Produc-
tion of T,2-biased cytokines (IL-4, transforming growth
factor-f and IL-10) was found in the C57BL/6 mice at 2 h af-
ter antibody injection, while this prompt cytokine production
was reduced in CD1°/~ mice. The reduction was eliminated
by the introduction of Va19 Tgs, as demonstrated by the cy-
tokine levels in Va19 Tg* CD1°'" mice. In these mice, the
restoration of T,2 cytokine levels was more significant than
that of IFN-y levels. In addition, the kinetics of the decline in
Tn2 cytokine levels was faster than that of IFN-v levels in
Val9 Tg* CD17'~ serum. Thus, over-generated V19 Tg”
cells in Tg mice may take the place of Vald NKT cells in
C57BL/6 mice and are responsible for the prompt produc-
tion of T,2-biased immunoregulatory cytokines in response
to TCR engagement.

The T;.2 cytokine production found in CD1™/~ mice may be
partially attributable to invariant Va19 TCR™ cells.

Cytokine production by Va19 NKT cells 3
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Fig. 2. Cytoking production by Tg and non-Tg cells in culture upan TCR
engagement. Liver MNCs were prepared from Va19 Tg* TCR ™~
C57BL/6 and f2m~'~ 'mice. NK1.1* TCRafi* and NK1.1~ TCRxfi* cells
were sorled using a cell sorter. Cells in both fractions were cultured in
wells (2 % 10° ml™") pre-coated with anti-CD3 antibody (10 ug mi~').
The culture medium was exchanged daily. The concentration of
cylokines in the supernatants was determined by ELISA. One of the
two independent expenments, which gave essentially the same
cytokine profiles, is shown,

Prompt T,2-biased cytokine production by Val19 Tg* cells
was followed by pro-inflammatory-biased cytokine produc-
tion as shown by the serum levels of IFN-y and IL-17 at 6 h
and the later time points. The rise in IL-17 levels was more
significant in Va18 Tg than in non-Tg mice.

The temporal change in the cytokine profiles of Va19 Tg* cells
was further demonstrated in the analysis of those cells in vitro
upon TCR cross-inking (Fig. 2). NK1,1* and NK1.1~ T cells
prepared from Va1 Tg* TCR «~'~ and normal mouse livers
accompanied with total TCR af® cells from p2m~'" livers
(lacking both V219 and Va14 NKT cell population) were cul-
tured In wells pre-coated with anti-CD3 antibody (10 pg mi™")
and the cytoking production by them was determined.
NK1.1* T cells, but not NK1.1~ T cells, isolated from both
strains of mice promptly produced a significant amount of
IL-4, while the cells in each fraction continuously produced
IFN-y until the second day of culture. Similar profiles of cyto-
kine production were observed in the culture of NK1.1* and
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Fig. 3. Prompt production of cytokines by Va19 NKT cells in response 1o TCR engagement. Spleen MNC cells from C57BL/S and Vx13 Tg*
TCR a~'~ mice were cullured in wells pre-coated with anti-CD3 antibody for 1-2 days and then stimulated with phorbol myristate acetate and
ionomycin for 5 h, Intracellular cytokines were analyzed by flow cytometry. Plois are gated on TCR «f* cells, Data are repraesentative of three

independent experiments

NK1.1" spleen cells from V219 Tg* and non-Tg mice (data
not shown). These observations strongly suggest that
NK1.1* invariant Va19 TCR* cells in Tg mice as well as
Vatd NKT cells in wild-type mice (20) are responsible for
early-phase T,2-dominant and subsequent pro-inflammatory
cytokine secretion following antigenic stimulation

Next, Tg and non-Tg cells were analyzed for intracellular
cytokine production to identify the producer of each cytokine
after TCR engagement. Intracellular cytokine staining pat-
terns in spleen TCR «fi™ cells of Tg and non-Tg mice are
shown in Fig. 3. IL-4, IL-17 and IFN-y were mainly produced
by NK1.1* cells on day 1 of culture, whereas these cytokines
were produced by NK1.1™ cells on day 2 of culture in both
Tg and non-Tg cells. These findings support the findings in
Fig. 2 that T,,2-dominant cytokine production by the TCR en-
gaged NK1.1% Va19 TCR™ (Va18 NKT) cells in Tg mice or
presumably Va14 NKT cells in non-Tg mice is followed by
the pro-inflammatory cytokine secretion by conventional
Tcells.

Altered profiles of cytokine production by Va19 Tg' cells
depending on the intensity of TCR engagement

Although the potent immunoregulatory function of Vai9 Tg*
cells toward inflammatory diseases is accounted for by their
early-phase T,2-biased cytokine production, it is not in ac-
cord with the subsequent pro-inflammatory-dominant cyto-
kine production. To address this question, we examined
cytokine production of Va19 Tg* cells during different inten-
sities of TCR engagement. MNCs were isolated from the

livers of Vx19 Tg* TCR «'~, C57BL/6 and p2m~'~ mice
(NK1.1* TCRap* cells share ca. 30, 26 and 0.5% and
NK1.1~ TCRap"* cells share 19, 20 and 25% of liver MNCs
of these mice) (16). These cells were cultured on a plate
pre-coated with different concentrations of anti-CD3 anti-
body, and the cytokine production by these cells was deter-
mined. The profiles of cytokine production dependent on
the dose of anti-CD3 antibody were observed (Fig. 4A). The
Tg* and non-Tg cells, but not the p2m ™'~ cells, produced
a significant amount of IL-4 on day 1 of culture, while the
cells of all the strains produced larger amounts of cytokines
other than IL-4 on the second day of culture. These observa-
tions are well in accord with those found in Fig. 2 and sug-
gest that the major cytokine producers in both Tg* and
non-Tg cells are NKT cells and T cells on day 1 and day 2
of culture, respectively. In addition, the Tg* and non-Tg cells
continuously produced T,2 cytokines (IL-4, IL-5 and IL-10)
more than B2m~'~ cells until day 2 of culture; the production
was saturated before reaching the maximum dose of anti-
CD3 antibody. The relative production of each cytokine by
Va19 Tg* and B6 cells to the production by p2m~'" cells
was plotted along with the dose of anti-CD3 antibody to em-
boss the contribution by Va19 and Va14 NKT cells (Fig. 4B).
In addition to the prompt IL-4 production proportional to the
intensity of TCR engagement by Va19 as well as Va14 NKT
cells, it is also suggested that both NKT cells, especially
Va19 NKT cells, have the potential to continuously produce
Tr2-dominant cytokines after TCR engagement within an ap-
propriate range of intensity.
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Fig. 4. Cylckine production by invariant Va19 TCR Tg and non-Tg cells in culture stimulated with various concentrations of immaobilized anti-CD3
antibody. (A) Liver MNCs (1 % 10° mI~") prepared from Va19 Tg* TCR a~'~, C57BL/6 and p2m ™" mice were cullured on a plate previously coated
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cytokines in the supematants was determined by ELISA. The horizontal axis represents the concentration of anti-CD3 antibody used to coat the
cullure plates (micrograms per milliliter). The results indicate the average of a triplicate culture. The bars indicate standard deviations
Experiments were repeated four times, and essentially the same profiles were obtained. (B) The relative production of cytokine by V219 Tg* and
B6 cells to p2m '~ cells following stimulation with different dose of anti-CD3 antibody is indicated

Discussion

Cells In Va19 Tg* mice promptly secrete T,2-dominant and
then pro-inflammatory cytokines following TCR stimulation
in vivo (Fig. 1). The altered cytokine profiles of NK1.1* Va19
Tg* cells along with the duration of TCR stimulation become
clear when these cells are isolated and stimulated in culture
with anti-TCR-CD3 antibody (Fig. 2). Similar kinetics of cyto-
kine production by NK1.1* Va19 Tg* cells was suggested
by the intracellular cytokine staining experiments (Fig. 3)
and the bulk culture of liver MNCs (Fig. 4). However, it
remains possible that the delayed pro-inflammatory-
dominant cytokine production found in the Tg liver cells in
Fig. 4 is also ascribable 10 NK1.1~ Tg* following their own
TCR engagement and/or the bystander cells other than
NK1.1* Tg* cells since pro-inflammalory-dominant cytokines
from p2m~'~ cells were observed after prolonged TCR stim-
ulation (Fig. 2).

Recently, Sakuishi et al. (21) reported that the ratio of IL-5
to IFN-y production by cells of human Vx24 invariant TCR-
bearing lines was increased with a decrease in concentra-
tion of the anti-CD3 antibody used for stimulation. In accord
with this report, we found T, 2-dominant cytokine production
by invariant Va19 TCR Tg"* cells with the prolonged, attenu-
ated stimulation 1o the invariant TCR (Fig. 4B).

The intensity of TCR engagement in invariant Va19 TCR*
cells may be controlled by antigen-presenting cells under
the physiological conditions; these cells regulate the density
of MR1 expression and select the antigens that they present,
In Va19 Tg mice, the disease progress of experimental auto-
immune encephalomyelitis, an animal model for multiple

sclerosis, was suppressed (15). On the other hand, accumu-
lating evidence suggests that T,17 cells mediate certain In-
flammatory autoimmune diseases (22). In fact, invariant Va19
TCR Tg" cells, especially those of the NK1.1* subset, prefera-
bly produced IL-10, but not IL-17, after priming of mice with
a partial peptide of myelin oligodendrocyte glycoprotein (15).
Presumably, the intensity of TCR engagement in the Va19
TCR* cells of these mice may be in the range suitable for the
induction of regulatory rather than pro-inflammatory-dominant
immune responses. In the present study, enhanced produc-
tion of IL-17 was observed In cells from Va19 Tg mice in re-
sponse to polyclonal stimulation of TCR-bearing cells using
anti-=CD3 antibody as a TCR stimulator. Further studies were
thus required to elucidate how Va19 TCR* cells contribute
to preventing the progress of inflammatory autoimmune
diseases.

We have found that certain a-mannosylated glycolipids
have the potential to specifically activate Iinvariant Va19
TCR* cells in an MR1-dependent manner (23, 24) and that
some of these induce T,2-biased immune responses (23).
Taking into account these findings, it is possible to speculate
that certain natural ligands have potential to induce T,2-
dominant immune responses from invariant Va19 TCR" cells.

The production of immunoregulatory cytokines by a novel
NK1.1* T cell subset, V219 NKT cells, was characterized in
the current study. Va19 and Va14 NKT cells partially share
similar properties despite being subjected to the indepen-
dent control of different antigen-presenting molecules. In ad-
dition, these two subsets are possibly involved differently in
some immune responses. Thus, these NKT cell subsets are




possible targets for immunotherapies using activators spe-
cific to each subset,
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Abbreviations

MAIT mucosal-associated invariant T
MNC mononuclear cell

MR1 MHC-related protein 1

Tg transgene or transgenic

Vatd NKT  NK1.1* Va14-Ja18 invariant TCR «*
Va19NKT  NK1.1* Va19-J233 invariant TCR «*
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