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Figure 4. Priming of Va19 NKT cells in vivo with a-ManCer
derivatives. Spleen cells from Va19 Tg* TCRa™" and C57BL/6
mice previously injected intravenously with glycolipids (20 pg/
animal) or vehicle (DMSO) in 200 pL PBS via the tail were
cultured for the period indicated. Culture supernatants were
harvested and tested for production of cytokines at the
indicated time points. The thick line with dots and the fine
line in each panel represent the cytokine production in the
culture with glycolipids and vehicle, respectively. Three
independent experiments were performed and essentially
the same profiles were obtained.

MR1-restricted stimulation of Va19 Tg" cells
with the a-ManCer derivatives

MHC restriction of the immune responses by Val9 NKT
cells to the a-ManCer derivatives was examined. Affinity
of a-ManCer derivatives to immobilized MR1/82m
proteins were suggested by the binding assay shown
in Fig. 5. The binding of a-ManCer derivatives to the
plastic well previously coated with MR1/ 82m proteins
was indirectly detected by the subsequent binding of
Con A to the glycolipids. The binding of a-ManCer
derivatives to MR1 was further supported by the
observation that Val9 Tg* cells were activated to some
degree when they were cultured in the plastic wells pre-
coated with MR1/ R2m proteins followed by a -ManCer
derivatives (Supporting Information online).

Next, MR1-restricted immune responses in culture by
Val9 Tg* cells were tested (Fig. 6). Liver MNC from
Va19 Tg* TCRo™~ and C57BL/6 mice were cultured with
the a-glycosphingolipid analogues in the presence of
anti-MR1 antiserum or pre-immune serum, and the
responses were analyzed (Fig. 6C). The immune
responses by Va19 NKT cells to the a-ManCer derivatives
were drastically reduced in the presence of anti-MR1
antiserum in culture. On the other hand, the antiserum
had no effects on the responses of C57BL/6 liver MNC
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Figure 5. Binding of a-ManCer analogues to immobilized MR1.
(A) The MRV 2m proteins expressed in E. coli proteins were
analyzed by SDS polyacrylamide gel electrophoresis. (B)
Binding of a-ManCer analogues to immobilized MR1. MR1/
2m proteins (3 pg/mL) were immobilized on a 96-well plate.
After washing, a-ManCer analogues were added to the wells
and incubated. The glycolipids bound to the MR1 proteins were
detected with peroxidase-conjugated Con A. Results are shown
as difference in color development (OD 450 nm) from the well
added by o-GalCer. One representative experiment of four is
shown. Closed symbols represent the binding of peroxidase-
conjugated Con A to the well previously coated with the MRV
32m proteins, whereas open symbols represent the binding to
the well without coating with the proteins.

(where CD1d-restricted Va14 NKT cells represent about
30% of population) toward a-GalCer (GalC24).

MR1 restriction was further supported by the
immune responses of Val9 Tg* cells toward MR1-
transfectants. CD5" cells were prepared from the liver
MNC of Va19 Tg* TCRa™" or R2m™" mice to enrich T-
lineage cells, and they were stimulated with the MR1-
transfected or non-transfected cells of a B lymphoma
line (Raji) [19] previously loaded with a-ManCer
derivatives (Fig. 6D). The CD5™" cells from Val9 Tg*
TCRa™”~ but not R2m™" livers responded to the
stimulation with the MR1-transfectants treated with
the a-ManCer derivatives.

Taken together, it is strongly suggested by these
findings that Val9 NKT cells respond to a-ManCer
derivatives that are presented by non-classical MHC
class I-like MR1 molecules.

Discussion

In this study, we demonstrated that TCR engagement of
Val9 NKT cells was induced by the stimulation with the
modified a-ManCer that were presented by MRI1-
transfectants (Fig. 6) or immobilized MR1/ £2m
proteins (Supporting Information). Either Thl- or
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Figure 6. Stimulation of Va19 NKT cells with a-ManCer derivatives in the context of MR1. {A)Preparation of MR1-transfectants. MR1
cDNA tagged with FLAG was expressed in Raji cells. Cell lysates were analyzed by Western blotting. A 40-kDa band was specifically
stained with the partially purified anti-MR1 antiserum for the MR1-Raji cells corresponding to the band stained with anti-FLAG
antibody. {B) Expression of MR1 by MR1-transfected cells. MR1- or mock-transfected Raji cells were stained with anti-MR1
antiserum in the presence or absence of the partial MR1 peptide used as an antigen or pre-immune serum peptide and analysed by
FACS. (C) Inhibition of the immune responses in the presence of anti-MR1 antiserum. Liver MNC prepared from Va19 TCR Tg" TCR
o~ or C57BL/6 mice were stimulated with a-ManCer derivatives for 2 days in the presence of anti-MR1 antiserum or pre-immune
serum. Cytokines were measured by ELISA. The average of triplicate culture in one of the representative three experiments is
shown. (D) Stimulation of Va19 NKT cells with a-ManCer derivatives presented by MR1 transfectants. T-lineage cells (CD5" cells)
were enriched from liver MNC of Va19 TCR Tg* TCR o™~ or 82m™" mice. They were stimulated with MR1-transfected or mock-
transfected Raji cells, previously loaded with a-ManCer derivatives. Immune responses were determined on day 2 of culture by
measuring the secretion of IL-4 and IFN-y. The average of triplicate cultures in one of the representative three experiments is
shown.

Th2-dominant immune responses of Val9 NKT cells
were brought by the administration of a-ManCer
analogues not only in vitro but also in vivo (Fig. 4);
thus the potentials as an immune modulator were found
in the glycolipids.

The structural modification of the sphingosine
moiety of the a-ManCer analogues could alter the
interaction between the antigen-presenting MHC mole-
cule, MR1. It has recently been reported that 2-
hydroxymethyl 4-phenyl sphingosine (FTY720) and

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the related compounds mimic sphingosine-1-phosphate
and work as an agonist for sphingosine-1-phosphate
receptor [20]. This finding suggests that the modified
a-ManCer as well as the natural a-ManCer are capable of
being presented by MR1. The altered interaction
between the modified a-ManCer and MR1 could
presumably influence the spatial location of the
a-mannosyl residue to be recognized by the invariant
Va19 TCR and eventually result in the modulation of the
immune responses of Va19 NKT cells. Induction of Th2-
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biased immune responses of Val4 NKT cells with the
a-GalCer consisting of a short sphingosine base has been
reported [21]. It is proposed in the report that the
sporadic stimulation of the invariant Va14 TCR with the
galactose residue of the modified a-GalCer causes
insufficient transcription of c-Rel, which is responsible
for the expression of Th1l cytokines such as [FN-y [22].
Provided that this speculation on the immune responses
of Val4 NKT cells is applicable to those of Val9 NKT
cells, introduction of 4-phenyl or 2-hydroxymethyl
group into the sphingosine portion of a-ManCer is
suggested to stabilize the interaction with MR1 and
sustain the stimulation of the invariant Va19 TCR with
the modified a-ManCer, because the modified a-ManCer
induced more IFN-y production in Va19 NKT cells than
a-ManCer without substitution. In fact, the affinity of
Man2HM4PhC16 or Man4PhC16 to immobilized MR1
proteins was suggested to be larger than that of ManC16
by the binding assay (Fig. 5). However, the supposed
binding affinity of the glycolipids to the MR1 antigen-
presenting groove did not necessarily parallel with the
activity to induce cytokine production, especially IL-4
production, by Val9 NKT cells. For example,
Man2HMC16 induced Vo19NKT cells to produce more
IL-4 than Man2HM4PhC16 or ManC16. The special
location of the a-mannosyl residue of the glycolipids,
which is influenced by the interaction between the
glycolipid and MR1, may also be important to determine
the antigenic activity in addition to the stability of the
interaction between them.

Antigen nonspecific polyclonal activation of Val9
cells in culture with immobilized anti-CD3 antibody
induced the cytokine production, where the ratio of
IL-4/IFN-y was similar to that when Val9 cells were
stimulated with Man4PhC16 (data not shown). Based on

this standard, the cytokine releases of Val9 NKT cells

induced with ManC16, Man30HC16, Man2HMC16 and
Man2HMC24 are assigned to be Th2 biased, whereas
those with Man2HM4PhC16 are Th1 biased (Fig. 2D). To
our knowledge, the present finding on Man2HM4PhC16
is the first model for the induction of Thl-dominant
immunity by administration of glycolipid activators.
Val19 NKT cells sorted from MNC of Val9 TCR Tg*
TCRo ™" livers had potentials to secrete both IL-4 and
IFN-y following TCR engagement. Nevertheless, it is
possible that cytokine production found in the cells from
Va19 Tg mice in part arose not only from the Va19 NKT
cells but also from the bystander cells. In fact,
intracellular IFN-y production in NK1.1* TCR™ and
NK1.1" TCR" cells as well as NK1.1* TCR™ cells in the
Val9 Tg cells were found following TCR engagement
with anti-CD3 antibody (submitted for publication).
Similarly, cells in the other lineage such as dendritic cells
in the culture may contribute to producing IL-12, for
instance, in a secondary manner. However, it should be
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noted that the specific TCR engagement of Val9 NKT
cells with the modified a-ManCer triggers the following
characteristic cytokine production of Val9 Tg cells in
vitro and in vivo that will contribute to the regulation of
Th1/Th2 homeostasis.

Va19 and Va14 NKT cells are suggested to share roles
in the regulation of the immune system despite being
subjected to the controls of independent MHC restric-
tion and antigen specificity. Presumably, these two
repertoires are individually involved in certain immune
regulatory functions. Recently, localization of V19 but
not Val4 invariant TCR a chain-bearing cells in gut
lamina propria was reported [13]. In addition, we found
that they accumulated in the lesions of patients suffering
from multiple sclerosis and autoimmune inflammatory
neuropathy [23]. We also found that over-generation of
invariant Val9 TCR™ cells inhibited the induction of
experimental autoimmune encephalomyelitis, a mouse
model of multiple sclerosis [24]. These findings suggest
the possible functional sharing among these subsets.
Hence, a series of the a-ManCer derivatives will be
important as a prospective immunotherapeutic reagent
selectively targeting Val9 NKT cells for various auto-
immune diseases in either Th1 or Th2 excess.

Materials and methods
Synthetic glycolipids

a-ManCer consisting of 3-hydroxy sphingosine (Man30HC16,
Fig. 1) was synthesized as previously described [15]. Other
synthetic glycolipids consisting of immunosuppressant
FTY720 and its related compounds listed in Fig. 1 were
synthesized as described [18].

Mice

C57BL/6 mice and R2m-deficient (R2m™") mice with the
C57BL/6 genetic background were obtained from Sankyo
Service (Tokyo, Japan) and Jackson Laboratory (Bar Harbor,
ME). TCR Ca-deficient mice [25], originally with the 129
genetic background that were backcrossed with C57BL/6 mice
for ten times, were a gift of Dr. H. Ishikawa (Keio University).

Va19-Ja26 invariant TCR Tg mice with the TCR Ca-deficient
background were established as described previously (sub-
mitted for publication, [15]). In brief, a Va19-Ja26 invariant
TCR gene segment amplified from the genomic DNA of
hybridoma NB403 [11] was linked to the TCR a chain
promoter, constant, and enhancer regions. The ransgene thus
produced was introduced into the fertilized eggs of TCR o™~
mice and a Tg line was established. The Tg* cells preferentially
develop as NKT cells in the Tg mice. The Tg*, NK1.1*
population accounts for 30% of total MNC in the Tg liver.

All the experiments using mice were reviewed and approved
by the experimental animal committee of Mitsubishi Kagaku
Institute of Life Sciences.
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Bioassay of the synthesized glycolipids in culture

MNC used as responders were prepared from mouse livers by
density gradient centrifugation using Percoll (Pharmacia,
Uppsala, Sweden) as described previously [26]. Liver MNC
from indicated strains of mice (2~4 months of age) were
cultured in DMEM supplemented with 10% FCS, 100 U/mL
penicillin, 50 pg/mL streptomycin and 5 X 10~ M 2-mercapto-
ethanol (10° cells/200 pL) in the presence of glycolipids.
Glycolipids were dissolved in DMSO and were added to the
culture at the final concentration of 2 ug/mL. Each culture
included 1/200 v/v of DMSO (used as the vehicle).
Concentrations of cytokines in the culture supernatants were
determined by ELISA using ELISA kits (PharMingen, San
Diego, CA). The error bars indicate the standard deviation.
Statistical analysis (Dunnett's multiple comparison post-test)
was applied to some results of the immune responses in
comparison with the control (the immune responses in culture
only with the vehicle).

In some experiments, liver MNC were treated with
biotinylated anti-NK1.1 mAb (PK136, PharMingen) or anti-
TCR CB (H57-597, PharMingen) and then with magnetic beads
coated with streptavidin (Dynal Biotech, Oslo, Norway) to

. remove NK1.1* or TCRCR* cells before culture. The percentage
of NK1.1* or TCRaf3* cells after treatments with magnetic beads
was less than 3%. In other cases, liver MNC were treated with
magnetic beads coated with anti-B220 antibody (Dynal
Biotech). After removal of B220* cells, the remaining cells
were then treated with magnetic beads coated with anti-CD5
antibody (Miltenyi Biotech, Gladbach, Germany). The CD5*
cells were enriched by MACS and were used as responders. The
percentages of TCRa3* cells in the CD5* and CD5™ fractions
were in the range of 91-96 and 1-4%, respectively.

MR1-transfectants

MRI1-transfectants were prepared from cells of a human
Burkitt's B lymphoma line, Raji (ATCC) [19]. Mouse MR1 A
c¢DNA [27] was amplified from genomic DNA of C57BL/6
spleen cells using RT-PCR kits (Takara, Tokyo, Japan).The
following PCR primers were used for: (5'-MR1), 5'-ATGATGC-
TCCTGGTTACCTGG-3'; (FLAG-3'-MR1), 5'-CTACTTGTCATC-
GTCATCCTTGTAGTC(FLAG)-AGAGGGAGAGCTTCCCTCAT-3'.
The PCR product was cloned into pGEM-Teasy (Promega,
Madison, WI). The MR1 ¢DNA was recombined into a
eukaryotic expression vector, pCXN [28] (provided by Dr. J.
Miyazaki, Osaka University). The expression vector was
transfected into Raji cells. The transfectants were selected in
the culture medium containing G418 (1 mg/mL) for 1 month.
The expression-of FLAG (Asp-Tyr-Lys-Asp-Asp-Asp)-MR1 in the
transfectants was analyzed by Western blot using the
combination of anti-FLAG antibody (Stratagene, La Jolla,
CA) and HRP-labeled anti-mouse immunoglobulin (Sigma, St.
Lewis, MO) or anti-MR1 antiserum (described below) and
HRP-labeled anti-rabbit immunoglobulin (Sigma).

Generation of anti-MR1 antiserum

Rabbits were immunized with a keyhole limpet hemocyanin-
conjugated polypeptide corresponding to the ¢2 domain of
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mouse MR1 (residue 139-161) [27] with Freund's complete
adjuvant (Sigma). Anti-MR1 antiserum was concentrated by
affinity chromatography using Sepharose 4B (Pharmacia)
conjugated with the antigen peptide.

Cytometric analysis of MR1-transfectant cells

MR1-transfectant cells were pretreated with anti-CD16 mAb
(LNK16, Dainippon Pharma, Tokyo, Japan). After immunos-
taining of the cells with rabbit anti-MR1 antiserum, they were
treated with an FITC-labeled second antibody (donkey IgG
F(ab"), fragment against rabbit IgG, Jackson Laboratory).
Mouse cells were pretreated with anti-Fc receptor antibody
(2.4G2), then stained with anti-TCR Cf$ antibody (H57-597) or
anti-NK1.1 antibody (PK136). The antibodies were obtained
from Becton Dickinson (San Jose, CA). The stained cells were
analyzed on a flow cytometer (FACScan, Becton Dickinson)
equipped with Cell Quest software.

Stimulation of Va19 Tg* cells with MR1-transfectants

MR1- and mock-transfected Raji cells (1 x 10°) were incubated
in DMEM with glycolipids (5 pg/mL) for 18 h and washed with
DMEM twice. After irradiaton (3000 rad), they were
cocultured with liver MNC (1 x 10%) in DMEM (200 L) for
2 days. Immune responses by the liver MNC in the mixed
lymphocyte reactions were monitored by measuring concen-
trations of cytokines in the culture fluid by ELISA.

Stimulation of Va19 Tg* cells in vivo

Stimulation of lymphocytes in vivo was performed as reported
[29]. Va19 Tg* TCR «™~ or C57BL/6 mice (8-20 weeks of age)
were intravenously injected with glycolipids (20 ng/200 puL
PBS) instead of anti-CD3 antibody. Spleens were removed from
mice 90 min after the injecion. MNC were immediately
prepared from them by density gradient centrifugation using
lymphosepar II (IBL, Gunma, Japan, d = 1.090). They were
cultured in DMEM (107 cells /mL). Cytokine concentration in
the culture fluid was determined by ELISA.

Expression of MR1 proteins

MR1 A and R2m cDNAwere amplified from C57BL/6 spleen cells
[27] using RT-PCRKits (Takara, Tokyo, Japan). MR1 cDNAwitha
sequence for a BirA site [30] was cloned into pRSET expression
vector (Invitrogen, Carlsbad, CA). Similarly, 82m cDNA was
cloned into pET28a vector (Novagen, San Diego, CA). The
proteins were expressed in BL21(DE3) codon plus RIL host cells
(Stratagene, La Jolla, CA). The expressed proteins were
dissolved in 6 M guanidine hydrochloride solution. MR1
proteins were labeled with biotin using a labeling kit (Roche,
Mannheim, Germany), and purified by avidin gel chromato-
graphy (Pierce Biotechnology, Rockford, IL). The proteins were
refolded as described [31]. MR1/ B2m complex yielded 35- and
12-kDa bands in SDS PAGE analysis after staining with
Coomassie brilliant blue (more than 95% purity).

Binding assay

MR1 proteins in PBS (3 pg/mL, 100 uL) were incubated in a
96-well plate for overnight at 4°C. The plate was washed with
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PBS and blocked with the assay diluent solution for ELISA
(Becton Dickinson) for 2 h at room temperature. After
washing with PBS, the plate was incubated with the solution
of modified a-ManCer or a-GalCer (33, 10 and 3 pg/mL in PBS
including 0.1% Tween 20, 50 pL) for 2 h at room temperature.
The plate was washed with PBS, then peroxidase-conjugated
Con A (Sigma, 0.5 ug/mL in the assay diluent, 50 pL) was
added to the plate. It was incubated for 30 min at room
temperature. It was washed with PBS including 0.1% Tween 20
seven times, and was added by tetramethylbenzidine liquid
substrate (Sigma). The color development was measured by an
ELISA reader (Model 550, Bio-Rad, Hercules, CA).
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We have previously demonstrated that a-mannosyl ceramide and its deriva-
‘tives promote immune responses of NK1.1* invariant Val9-Ja33 T cell

receptor (TCR) a” T cells (V19 NKT cells). In this study, attempts were
made to determine the structural requirements for natural ligands for Val9
NKT cells. Naturally occurring and synthetic glycolipids were analyzed for
their ability to stimulate the cells prepared from invariant Val9-Ja33 TCR
transgenic mice, in which development of Val9 NKT cells is facilitated. As
a result, a-mannosyl phosphatidylinositols such as 2,6-di-ax-mannosyl phos-
phatidylinositol and - «-mannosyl-4a-glucosaminyl-6-phosphatidylinositol
(2-Man-GIcNH,-PtdIns) as well as a-mannosyl ceramide derivatives were
found to activate the cells from the transgenic mouse liver, gut lamina pro-
pria and spleen in vivo and in vitro. Thus, glycolipids with nonreducing end
a-mannosyl residues are suggested to be potent antigens for Val9
NKT cells. Next, a series of invariant Val9-Ju33 TCR* hybridomas, each
with variations in the sequence of the Va-Ja junction and the TCR P chain,
were tested for responsiveness toward the a-mannosyl glycolipids. A loose
correlation between the primary structure of the TCR and the reactive
glycolipids was observed. For instance, hybridomas expressing TCRs
consisting of an o chain with a variation in the Val9-Ja33 junction and a
VB6” . Bchain showed affinity towards a-mannosyl ceramide and o-Man-
GIcNH,-PtdIns, whereas those expressing TCRs with an invariant
Vo19-Ja33 o chain and a VB8™* P chain responded to 2.6-di-x-mannosyl
phosphatidylinositol. Thus, it is suggested that Val9 NKT cells with micro-
heterogeneity in the TCR structure have been generated for defense against
various antigens expressing a-mannosyl glycolipids.

Natural killer T (NKT) cells are defined as lympho- T cell receptor (TCR)-CD3 complex [1]. Cells forming

cytes bearing both the common NK marker NK1.1, a
product of a member of the NKR-P1 gene family, and

Abbreviations

" the major component of NKT cells [NK1.17 Vald-
Jul8 invariant TCR o cells (Vald NKT cells)]

x-GalCer, a-galactosyi ceramide; x-ManCer, «-mannosyl-.ceramide; xManCer(Phe), N-{1<a-mannosyloxymethyl}-3-(4-octylphenylpropyil
hexadecanamide; xMan-GlcNH-PtdIns, x-mannosyt4x-glucosamine-6-phosphatidyfinositol; {a-Man),-Ptdins, 2,6-di-a-mannosyl
phosphatidylinositol; B2m, pz-microglobulin; GP1, glycosylphosphatidylinosital; IFN, interferon; IL, interleukin; LAM, lipoarabinomannan; LPL,
lamina propria lymphocyte; MNC, mononuclear cell; NKT, natural killer T; TCR, T cell receptor; Tg, transgene or transgenic; Va14 NKT cell,
NK1.1* Va14-Jx18 invariant TCR a* cell; Va19 NKT cell, NK1.1* Va19-Ja33 invariant TCR «* cell.
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express the invariant TCR a chain (mouse Val4-Jal8g,
human Vo24-Jal8) [2,3]. Val4 NKT cells are respon-
sive to certain glycosphingolipids such as a-galactosyl
ceramide (a-GalCer) [4] isolated from marine sponge
[5], a-glucuronosyl ceramide and «-galacturonosyl cer-
amide from a-proteobacteria [6,7], and intracellular
lysosomal isoglobotriaosyl ceramide {8} in the context
of CDI1d [9,10].

Recently, another invariant TCR o chain consisting '

of Val9-Ja33 (conventionally Ja26) has been found
[11]. We have demonstrated that cells expressing the
Va19-Ja33 invariant TCR a chain are mainly present
as NKT cells in mouse livers [12]. These cells [desig-
nated as NKI1.1* Val9-Ja33 invariant TCR a* cells
(Val9 NKT cells)] represent about 1% of mono-
nuclear cells (MNCs) in the liver, so they are a con-
siderably large population as a lymphocyte clone.
Preferential localization of the invariant Val9-Ja33
TCR*Y cells in gut lamina propria has also been
reported [13]. Val9 NKT cells promptly respond to

the TCR engagement and produce large amounts of .

both Thl-promoting and Th2-promoting immuno-
regulatory cytokines. Thus, they are considered to
have important roles in the regulation of the immune
system [14,15] (M. Shimamura er al, unpublished
results). Recently, participation of Val9 NKT cells in
the regulation of autoimmune diseases has been sug-
gested [16]. Therefore, the search- for specific antigens
for Val9 NKT cells is quite important in developing
new therapies for various immunoregulatory disorders
on the basis of the functional modulation of the
repertoire. .

The cells bearing the invariant Va19-Ja33 TCR are

positively selected by nonclassic MHC class I molecule -

MRI1 [13]. However, the antigens presented by MRI
have not been identified [17]. We have found that
Val9 NKT cells are specifically stimulated by a-mann-
osyl ceramide (x-ManCer) [14] and its derivatives with
modifications in the sphingosine unit [18] in the con-
text of MR1. In the current study, glycolipids related
to a-ManCer were tested for their ability to stimulate
Val9 NKT cells, to determine the structural require-
ments for natural ligands. In addition. MR transfect-
ants were prepared from cell lines deficient in
glycolipid biosynthesis, and their ability to stimulate
Val9 NKT cells was compared with that of those
prepared from wild-type cell lines in an attempt to
determine the endogenous antigens synthesized and
presented by the MRI1 transfectants. It was suggested
that possible candidates were glycolipids independent
of the synthetic enzyme for B-glucosylceramide [19] or
glycosylphosphatidylinositol (GPI) anchor [20].

2922
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Results

Activation of Va19 NKT cells with a-mannosyl
glycolipids

Attempts were made to determine the structural require-
ments for natural ligands for Val9 NKT cells. Natur-
ally occurring and synthetic glycolipids were analyzed
for their potential to induce immune responses from
Val9 NKT cells. Liver MNCs isolated from invariant
Veal9-Jx33 TCR transgenic (Val9 Tg) mice with the
TCR o~ background [Va19 Tg™ cells are the sole com-
ponent of TCR* cells in them (c. 50%)]}, CS7BL/6 mice
[Val4 NKT cells represent the largest proportion in
them (c. 25%)] and B;-microglobulin (B2m)™~ mice
(negative control) were cultured in the presence of the
glycolipids shown in Fig. 1 (1 pgmL™"). Cytokine secre-
tion into the supernatants and cell proliferation were.
determined (Fig. 2A). A correlation between the specific
antigenicity towards Val9 Tg" cells and the structure
was suggested in the glycolipids tested here. As well as
o-ManCer [14] and its derivatives [18], 2,6-di-a-mannosyl
phosphatidylinositol (¢-Man),-PtdIns, a partial structure
of bacterial lipoarabinomannan (LAM) [21]) and
a-mannosyl 1-4a-glucosamine-i-6-phosphatidylinositol
(«-Man-GIcNH,-PtdIns, a partial structure of GPI
anchor [22]) were found to be potent stimulators of
Val9 NKT cells. The active glycolipids commonly had
o-mannosyl residue(s) at the nonreducing end. In con-
trast, glycolipids such as porcine blood glycosphingo-
lipids [including B-glucosyl ceramide (B-GlcCer) lactosyl
ceramide, globotriaosyl ceramide, and globotetraosyl
ceramide]), bovine brain gangliosides (including GM3,
GM2, GM1, GDI, and GTI), phospholipids (phos-
phatidylinositol, phosphatidylcholine, phosphatidyle-
thanolamine, and phosphatidylserine), yeast glycosyl
phosphoinositol ceramide mixture (a-Man-Ino-POs-
Cer, etc. [23]), mycobacterial LAM and its partially
degraded derivatives [(x-Man),-PtdIns, 40 kDa] [24],
B-galactosyl phytodiacylglycerol [25] and bivalve a-man-
nosylated trihexosyl ceramides (a-Man-Man-Glc-Cer,
etc.) [26] (see Experimental procedures) did not stimu-
late Va19 Tg* cells up to 10 pgmL ™" (data not shown).

The responses of Val9 Tg™ cells were dependent on
the dose of the glycolipids in culture (Fig. 2B). The
cells secreted interleukin (IL)-4 in the early phase, and
then interferon (IFN)-y and IL-17 in the same fashion
as they produced cytokines in response to TCR engage-
ment with antibody to CD3 (M. Shimamura et al.,
unpublished results). Thus, stimulation by glycolipids
possibly induces TCR engagement of invariant Val9
TCR" cells. However, stimulation by glycolipids was
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Compound name
a-ManCer
a-GalCer

a-FucCer
B-GaiCer

a-ManCer(Phe)

a-Man-Man-Glc-Cer

a-mannosyl phosphoinositol-Cer

(a-Man)2-PI1
. a-Man-GicNH2-PI
Fig. 1. Diagram of glycolipids characterized
in this study.. B-Gal diglyceride

less intensive than stimulation by aatibody to CD3
even at the maximum dose (typically, invariant Val9
TCR* cells produce, upon direct TCR engagement
with antibody to CD3, 5-10 times more cytokines than
they produce after stimulation with glycolipids).

Next, Val9 Tg* cells before and after depletion of
NKI1.1% cells were cultured in the presence of a-manno-
syl glycolipids to determine the cell population respond-
ing to the glycolipids (Fig. 2C). The immune response
to («-Man),-Ptdlns and o-Man-GlcNH,-Ptdlns as
well as to N-{1-(x-mannosyloxymethyl)-3-(4-octylphe-
nyl)propyl] hexadecanamide [a-ManCer(Phe)] were
found entirely in the culture of Val9 Tg* cells before
NK1.1* cell depletion, thus clearly indicating that
Val9 NKT cells are responsible for the reactivity to
glycolipids.

The a-mannosyl glycolipids induce immune
responses of Val9 Tg™ cells of any lymphoid organs
examined. The profiles of cytokine production by gut
lamina propria lymphocytes (LPLs) in culture are
shown in Fig. 3. Like liver MNCs, LPLs isolated from
Val9 Tg® TCR o/~ mice but not those from
C57BL/6 or B2m™"" mice (data not shown) specifically
responded to the a-mannosyl glycolipids. Thus, it is
suggested that Val9 Tg* cells with responsiveness
towards the a-mannosyl glycolipids are distributed
over the lymphoid organs. ’

The immune responses of Val9 Tg" cells were also
observed when they were primed invivo with the
a-mannosyl glycolipids. Spleen cells from Val9Tg*

FEBS Journal 274 {2007) 2921-2932 © 2007 The Authers Journal compilation ® 2007 FEBS
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TCRa ™~ and C57BL/6 mice injected 90 min previously
with the glycolipids were cultured, and cytokines secre-
ted into the supernatants were determined (Fig. 4).
Val9 Tg* TCRo /™ splenocytes produced IL4 and
IFN-y the same as when they were stimulated in vitro.
On the other hand, C57BL/6 cells displayed less respon-
siveness to these o-mannosyl glycolipids, presumably
due to the lower frequency of Val9 NKT cells in the
spleen. Thus, a-mannosyl glycolipids injected into mice
possibly target Val9 NKT cells, given the lack of
immune responses to the glycolipids in the culture of
Va9 Tg cells depleted of NK1.1" cells. Collectively, a
possible application of these glycolipids to immunother-
apies is suggested by these observations.

MR1-restricted stimulation of Va19 Tg* cells
with the a-mannosyl glycolipids

MHC restriction of the immune responses by Val9
Tg™ cells to the a-mannosyl glycolipids was examined
(Fig. 5). Liver MNCs were prepared from Val9 Tg*
TCRo™~ and C57BL/6 mice, and they were cocultured
with the cells of a B-lymphoma line (Raji) [27] trans-
fected with the cDNA of nonclassic MHC class I mole-
cules (CD1, MRI, Qa2, TL). Val9 Tg" cells were
weakly stimulated in coculture with the Raji cells trans-
fected with the cDNA of one of the nonclassic MHC
class I molecules, MR1, as suggested previously .[14],
whereas they were not responsive to stimulation with
the transfectants of any other MHC genes (data not
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Fig. 2. Activation of invariant Va19 TCR* cells with glycolipid antigens in culture. {A) Liver MNCs prepared from Va19 Tg* TCRa™’",
C57BL/6 and p2m™~ mice were cultured in the presence or absence of glycolipids (1 pgmL™"). After 2 days, the immune responses were
monitored by examining IL-4 and IFN-y secretion and cell proliferation {{*Hlthymidine incorporation for & h). As for a-Man-Man-GlcCer [27],
the results of Man-a1-4-Man-B1-4-Glo-B1-1Cer are shown here, but similar results were obtained when Man-a1-2-Man-p1-4-Gle-B1-1Cer
was used. Student’s t- test was performed to evaluate the statistical significance of the immune responses by Vx19 Tg* cells towards
a-mannosy! glycolipids [+ManCer, x-ManCer({Phe), Man{Man)}-Ptdins, and Man-GlcNH-Ptdins). The Rvalues in Student’s ttest'were less
than 0.05 when the immune responses to each a-mannosyl glycolipid were compared with the immune responses towards B-GalCer or
aFucCer. {B) Time course and dose-dependent activation of invariant Va19 TCR* cells. Liver MNCs prepared from Va19 Tg™ TCRa™"~ mice
were cultured in the presence of glycolipids at the indicated dose. After 1 and 2 days, the immune responses were monitored by measuring
cytokine secretion. The average of the duplicate cultures in one of the two experiments giving similar results is demonstrated. (C) Determin-
ation of the cell population in the Va19 Tg mice responsive to glycolipid antigens. Liver MNCs were isolated from Vaig Tg* TCR«™"and
C57BL/6 mice. Cells were divided into two fractions. One of them was depleted of NK1.1* cells using magnetic beads. The cells in each
fraction were cultured with the glycolipids {2 ug-mL™") for 3 days. The concentrations of iL-4 on day 1 and IFN-y on day 3 were determined.
One of the representative two experiments giving essentially the same profiles is shown.

shown). Thus, it is likely that invariant Val9  This result is in accord with recent reports that invari-
TCR-bearing cells are restricted by MR1 that is pre-  ant Val9 TCR" cells are positively selected by MR1
senting certain endogenous antigens or chaperomnes. [13,15].
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Fig. 3. Stimulation of LPLs isolated from invariant Vx19 TCR Tg mice
with glycolipid antigens. LPLs prepared from Va19 Tg" TCRx™~ and
C57BL/6 mice under specific pathogen free conditions were cultured
in the presence of glycolipids (2 pg'mL™"). After 2 days, the immune
responses were monitored by analyzing cytokines. The aver-
age x SD of the triplicate cultures is shown. The assays were repea-
ted twice, and similar results were obtained. The Avalues in
Student’s ttest were less than 0.05 when the immune responses to

each a-mannosyl glycolipid were compared with those to f-GalCer.

The immune responses of LPLs from Va19 Tg* TCR«™"~ or C57BL/6
‘triggered by the TCR engagement with antibody to CD3 were typic-
ally in the range of a 10-20-fold increase compared with the
responses by the cells in the control culture.

The immune responses of Val9 Tg* cells towards
MRI transfectants were enhanced when the transfect-
ants were previously loaded with the a-mannosyl gly-
colipids as well as a-ManCer [14]). Presumably,
putative intracellular ligands were replaced by these
" glycolipids at the antigen-presenting groove in MRI
molecules. The immune responses were drastically
reduced in the presence of anti-MR1 serum -but not in
the presence of preimmune serum. The immune
responses by Val9 Tg* cells upon TCR engagement

with antibody to CD3 were about five times as great’

as those induced in coculture with the glycolipid-loa-
ded MR transfectants, and were not reduced in the
presence of anti-MR1 serum. Taken together, these
findings strongly suggest that invariant Val9 TCR™

a-Mannosyl glycolipids that activate NKT cells
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Fig. 4. Stimulation of V19 Tg* cells in vivo following challenge with
a-mannosyl glycolipids. Spleen cells from. V19 Tg* TCR«™’~ and
C57BL/6 mice injected 90 min previously with glycolipids (20 pg in
NaCl/P; per animal, dosed circles) or vehicle (dimethylsulfoxide in
NaCl/P,, open circles) via the tail vein were cultured for the periods
indicated. Culture supernatants were harvested and tested for pro-
duction of cytokines. The data paints at 0 h represent the concen-
tration of cytokines in the serum 90 min after the glycolipid
injection. Representative profiles obtained from one of the three

experiments, each using three mice of both strains, are indicated.

cells recognize a-mannosyl glycolipids that are presen-
ted by MR1.

Correlation betWeen the TCR structure in V19
NKT cells and antigen specificity

Two species of glycolipids were observed, after screen-
ing, to be potent antigens for Val9 Tg* cells: a-man-
nosyl sphingolipids and phosphatidylinositols. The
responses of Val9 NKT cell hybridomas were examined
to determine the antigen specificity of a single NKT cell
clone (Fig. 6). NB116 and NB202, expressing a variant
Val9 TCR « chain coupled with a VB6™ P chain,
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Fig. 5. Stimulation of Vai9 Tg cells with glycolipid antigens in the -

context of MR1. MRi-transfected or nontransfected Raji cells were
incubated with glycolipids (2 ug-mL™") for 5§ h. They were washed
with medium and irradiated (3000 rad), and then cultured with liver
MNCs isolated from V19 Tg* TCRx™~ mice for 3 days in the pres-
ence or absence of purified rabbit anti-MR1 serum or preimmune
serum (3 ugmL™"). The cytokine concentration in the culture fluid
was determined by ELISA. The averages of friplicate cuitures in
one of the representative two results are shown.

M. Shimamura et al.

showed similar responses towards a series of glycolipids.
Hybridomas expressing the invariant Val9 TCR « chain
responded to a-ManCer derivatives and/or (4-Man),-
PtdIns, presumably depending on the CDR3 structure
of the B chain. Taken together, these findings suggest
a degree of correlation between the structure of the
semi-invariant Val9 TCR «f and the affinity for glycoli-
pid antigens, although it was not strict.

Possible candidates for the endogenous antigens
for invariant Va19 TCR" cells

The MR transfectants were able to activate Val9 Tg™
cells without them being loaded with any antigens
(Fig. 5), although the activation was less efficient than
the stimulation with the MR1 transfectants previously
loaded with o-mannosyl glycolipids (less than one-
third). Thus, it was suggested that certain endogenous
antigens were synthesized and loaded over MR1 mole-
cules in a manner independent of Tap (transporter asso-
ciated with antigen processing) in the transfected cells
[17]. To obtain knowledge about the endogenous anti-
gens, the stimulation of Val9 Tg* cells with MRI
transfectants deficient in B-D-GlcCer synthase [19] or
GPI anchors (with a defect in PIG-L [20]) was com-
pared with that with wild-type MR transfectants. MR1
transfectants deficient in B-D-GlcCer synthase or GPI

NKT hybridomas (Va19 /VB)| e-ManCer

a-ManCer{Phe)

a-Man

(a-Man)2-Pi | -GIcNHg-P! «-GalCer

NB116 (94Ser-->Arg / 6)
NB202 (92Arg-->Gly/ 6)
NB206 (-/4)
NB212 (-/5)
NB20t (-/7)
NB204 (-/8)
NB213 (-/8)
NB403 (-/8)

RT23 (Vai4/8)

BW5147

200 200 200 200

{3 IFN=y (pg/mi)
B L-4 (pg/ml) x 3

Fig. 6. Stimulation of Va18 NKT cell hybridomas with a-mannosyl glycolipids. Dendritic cells prepared from C57BL/6 bone marrow were cul-
tured with s=mannosyl glycolipids for 16 h. They were cacultured with V219 NKT cell hybridomas for 2 days. Cytokines in the culture fluid were
measured by ELISA. The TCR structure of the hybridomas is listed on the left. NB116 and NB202 have an amino acid variation at the CDR3
region of the invariant Va19-Ja33 a chain, whereas the others have a ‘canonical’ (germline) sequence. As controls, invariant Vxi4 NKT cell
hybridoma (RT23 [40]) and TCR-negative parental line BW5147 were examined. A representative profile of five experiments is indicated.
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Fig. 7. Stimulation of invariant Va19 TCR™ cells with mutated MR1 transfectants. (A} Stimulation of Va19 Tg cells with MR1 transfectants
deficient in B-GlcCer synthase [19]. MR1-transfected or nontransfected célls of a melanoma line (MEB-4} and its mutant line deficient in
B-GlcCer synthase were immunostained with anti-MR1 serum or preimmune serum, and the expression of MR1 was analyzed by FACS.
They were imadiated {3000 rad), and then cultured with liver MNCs from V«18 Tg* TCRa™"~ mice for 2 days. Production of IL-4 on day 1 and
IFN-y on day 2 of culture was determined by ELISA. (B} Stimulation of Va19 Tg cells with MR1 transfectants deficient in GPI anchor syn-
thase (PIG-L) [20). MR1-transfected or nontransfected cells of a Bdymphoma line {Raiji3) and its mutant line deficient in GPI anchor (Raji26)
were immunostained with anti-CD59 serum, ant-MR1 serum or preimmune serum, and analyzed by FACS. They were irradiated (3000 rad),
and then cultured with liver MNCs from Va19 Tg* TCRx™~ mice for 2 days. Production of IL-4 on day 1 and IFN-y on day 2 of culture was
determined by ELISA. The averages = SD of triplicate cultures in one of the representative two results are shown in (A) and (B).

anchors activated the responder cells isolated from
Val9 Tg* TCRa™~ mice as well as the parental MR1
transfectants (Fig. 7). Thus, it is indirectly suggested

_ that o-mannosyl glycosphingolipids, independent of
B-GlcCer synthase or a-mannosyl phosphatidylinositols
other than GPI anchors such as (a-Man),-PtdIns, if
there are any in mammalian cells, are frequently pre-
sented by MRI as endogenous antigens.
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Discussion

Identifying ligands for the invariant V19 TCR is quite
important for potential medical applications based on
Val9 NKT cell functions. Specific activators or inhibi-
tors of Val9 NKT cells may be useful in treating dis-
eases, as specific activators of Val4 NKT cells such as
a-GalCer and its homologs have been shown to be
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effective in a number of animal models of disease
[28,29]. In the present study, naturally occurring and
synthetic glycolipids were comprehensively examined
to determine the structural requirements for natural
ligands for invariant Val9 TCR™ cells.

Certain glycolipids, possessing a-mannosyl residue(s)
at the nonreducing end, have been shown to be potent
ligands for Val9 NKT cells when they are presented
by MRI1. As the truncation of the N-acyl group length
from Ci¢ to Cg or C; in a-glycosyl ceramides drastic-
ally reduced the antigenic activity towards Val9
NKT cells [14], the lipid portion of antigenic glycoli-
pids possibly binds to the antigen-presenting groove of
MR, similar to CD], leaving the sugar moiety avail-
able for the interaction with the invariant TCR. These
active glycolipids are of different glycolipid species,
a-ManCer and phosphatidylinositol. Judging from the
lack of antigenicity in either of the a-mannosyl inositol
phosphoceramides isolated from yeast [23] (data not
shown) or bivalve a-mannosylated trihexosyl ceramides
(a-Man-Man-Glc-Cer; Fig. 2A) [26] towards Val9
Tg" cells, the a-mannosyl residues must be properly
located with respect to the invariant TCR. The result
for the bivalve sphingolipids is in contrast to the speci-
fic recognition of isoglobotriaosyl ceramide (with a
nonreducing end o-galactosyl residue) by Vald
NKT cells {8}

It is possible that the variations in the primary struc-
ture of the semi-invariant Val9 TCR af chains
determine the antigenic specificity. In fact, a loose cor-
relation between the structure of semi-invariant Val9
TCR aff and the antigen specificity was suggested in
Val9 NKT cell hybridomas (Fig. 6). Invariant Tg
Val9 TCR was cloned from one of the Val19 NKT cell

hybridomas (NB403) with a canonical (germline form)

Val9-Ja33 sequence. The Val9 Tg™ cells from the Tg
mice expressed TCR B chains with not only V8 but
also V6, etc. They were responsive to any of the active
a-mannosyl glycolipids. Thus, a possible involvement

of the TCR P chain structure was suggested in the

determination of antigen specificity, as reported for the
specificity of lipid antigens for invariant Val4 TCR™
cells [30]. It is not certain whether the responsiveness to
the a-mannosyl glycolipids found in the Val9™ hybri-
domas represents the whole antigen specificity of
invariant Val9 TCR-bearing cells. A series of
semi-invariant Va19 TCR o™ cells against various
glycolipids so far characterized and not identified may
be generated in the immune system to respond to mul-
tiple endogenous and/or exogenous antigens.

It is not clear at present whether the specific anti-
gens for invariant Val9 TCR™ cells are of endogenous
or exogenous origin. The activation of invariant Val9
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TCR™ cells by coculture with MR1 transfectants with-
out exogenous antigens suggests the existence of
endogenous antigens. The deficiency in B-GlcCer or
GPI anchor synthase in MRI . transfectants did not
affect the efficiency of stimulation of Val9 Tg* cells
(Fig. 7). Thus, the possible endogenous antigens are
the glycosphingolipids synthesized by glycosyltrans-

- ferases other than B-GlcCer synthase or the glycosyl

phosphatidylinositols other than the GPI anchors.
However, it remains. possible that the endogenous anti-
gens are irrelevant to glycolipids [17]. ‘

The enhanced responsiveness of Val9 Tg* cells to
the MR1 transfectants previously loaded with the

.a-mannosyl glycolipids suggests that Val9 NKT cells

have the potential to recognize exogenous antigens pre-
sented by MR1. Glycosyl phosphatidylinositols such as
(a-Man),-PtdIns and o-Man-GlcNH;-PtdIns may be
possible candidates for exogenous antigens. These gly-
colipids form part of the structure of lipopolysaccha-
rides such as LAM or GPI anchors, which are cell
surface components of pathogenic microorganjsms.
Although mycobacterial LAM or its degraded deriv-
ative did not stimulate Va19 Tg* cells in the present
study, this is presumably because of the insufficient
efficiency of processing and presentation of these com-
pounds with more than 80 mannosyl residues in anti-
gen-presenting cells. On the other hand, the natural
occurrence of a-ManCer has not been demonstrated.
Thus, glycosphingolipids with an a-mannosyl residue
properly located for recognition by Val9 invariant
TCR may be present. Otherwise, a-ManCer may be’
synthesized by ceramide a-mannosyltransferase, which
is so far unknown in mammals or other organisms.
The immune responses of Val9 Tg* cells induced by
the a-mannosyl glycolipids were less intensive than the
immune responses of C57BL/6 cells caused by o-Gal-
Cer. However, the immune responses of Val4
NKT cells induced by the glycolipids found as exogen-
ous antigens for them (a-galactosyl diacylglycerol [31],
a-glucuronyl or a-galacuronyl ceramide [7,32], and
a-mannosyl phosphatidylinositol [33]) reached a maxi-
mum at concentrations of these antigenic glycolipids
greater than 10 pgmL”', and were rather moderate in
comparison with those induced by the agonist «-Gal-
Cer. Thus, it is not certain whether the putative nat-
ural exogenous antigens for Val9 NKT cells activate
them more intensively than the o-mannosyl glycolipids
found in this study.

Val9 and Val4 invariant TCR™ cells are possibly
involved in the regulation of the immune system despite
being subjected to independent MHC controls. We have
recently demonstrated that cells bearing Vo7.4-Ja33
(corresponding to mouse Va19-Ja33) but not Ve24-Jul8
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(corresponding to mouse Val4-Ju18) invariant TCR o
chains are frequently present in the lesions of multiple
sclerosis patients [34], and that these cells are possibly
involved in the suppression of the disease {16]. Thus,
these subsets will be possible targets of immunotherapies
using glycolipid activators specific to each repertoire.

Experimental procedures

Mice

C57BL/6 mice were purchased from Sankyo Service Co.
(Tokyo, Japan). PB2m-deficient mice, backcrossed with
CS57BL/6 mice for six generations, were obtained from
Jackson Laboratory (Bar Harbor, ME, USA). TCR
Ca-deficient mice, backcrossed with CS7BL/6 mice for
more than ten generations [35), were provided by H. Ish-
ikawa (Keio University, Japan) and M. Nanno (Yakult
Co., Kunitachi, Tokyo, Japan). Experimental animals were
" treated according to the guidelines of the experimental ani-
mal committee of Mitsubishi Kagaku Institute of Life
Sciences. ‘

Establishment of Va19 Tg mice

A Val9-Ja 33 Tg cloned from Val9 NKT cell hybridoma
(NB403) [12] and combined with the endogenous TCR «
promoter and the enhancer was injected into CS7BL/6 or
TCR Ca-deficient fertilized eggs, and Tg mouse lines were
-established. Details are described elsewhere [14] (M. Shi-
mamura ef al., unpublished results).

~ Cell preparations

MNCs were prepared from single-cell suspensions of mouse
organs by density gradient centrifugation using Lymphose-
par II (IBL, Gunma, Japan; d = 1.090) for spleen, and Per-
coll (Pharmacia, Uppsala, Sweden) for liver, as described
previously [36], LPLs were prepared as described by Treiner
etal [13. : ‘

Flow cytometry

" Human lymphoma line Raji cells were pretreated with
monoclonal antibody to CDI16 (LNKI1i6; Dainippon
Pharma Co., Tokyo, Japan). Specific staining was per-
formed with p282 (anti-human CDS59; Becton Dickinson,
San Jose, CA, USA) or anti-MR! serum. Fluorescein
isothiocyanate-conjugated  anti-rabbit IgG  [donkey IgG
F(ab’); fragment; Jackson Laboratory] was used as a sec-
ond antibody for the cells stained with anti-MRI1 serum.
The stained cells were analyzed on a FACScan flow
cytometer equipped with the CELL QUEST software (Becton
Dickinson).
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In vivo stimulation of Va19 Tg lymphocytes

Val9 Tg* TCRa™" and C57BL/6 mice (8 weeks of age)
were intravenously injected with glycolipids (20 pg per
mouse) in 200 pL of NaCl/P; including 1 : 200 (v/v) of the
vehicle (dimethylsulfoxide). Spleens were removed from
mice 90 min after glycolipid injection, and MNCs were
immediately prepared from them as described above. They
were cultured at a concentration of 5 x 10% va’l
in DMEM (10% fetal bovine serum, 50 jigmL™' strepto-
mycin, 50 U'mL™' penicillin) without further supplements.
Cytokines in the supernatants were determined by ELISA.

In vitro stimulation of Va19 Tg cells with
glycolipids

MNCs were isolated from liver or gut lamina propria of
mice (8—12 weeks of age) of the indicated strain. Typically,
the liver MNCs include 30% NKT cells and 20% T cells,
and the gut lamina propria MNCs include 8% NKT cells
and 45% T cells in Val9 Tg* TCR o™/~ mice. In C57BL/6
mice, the liver MNCs consist of 25% NKT cells and 25%
T cells, and the gut lamina propria MNCs consist of 3%
NKT cells and 35% T cells. They were cultured (10° pwer
200 pL for liver cells, and § x 10° per 200 uL for LPLs) for
determined periods in DMEM (10% fetal bovine serum)
in the presence of glycolipids with 1 : 1000 (v/v) dimethyl-
sulfoxide, and the culture supernatants were analyzed
for cytokines by ELISA. Cell proliferation was assessed

" by measuring the incorporation of PH]thymidine (0.5

pCi'mL™") for 5 h. In some experiments, the responder cells
were cultured on the plate previously coated with: antibody
to CD3 (2C11; Becton Dickinson; 10 pgmL™' in NaCV/P).
In other experiments, NKI.1* cells were removed from
liver MNCs using magnetic beads (Dynal A. S., Oslo, Nor-
way) before culture. The proportion of NK1.1* cells in the
MNCs prepared from Val9 Tg* TCR o™~ or CS7BL/6
livers was reduced from about 40% to less than 2% after
the fractionation. The viability of the cells after the treat-
ment was confirmed by the observation that they retained a
potential to produce IFN-y upon TCR engagement with
antibody to CD3 that was comparable to that of the same
pumber of the MNCs before NK1.1 depletion.

Glycolipids

a-Glycosylceramides {14], a-ManCer(Phe) [18] (x-Man),-
Ptdlns [21], «-Man-GlcNH-PtdIns {22]Jand Manal-
4Manal-4Glcfl-1Cer [26] were synthesized as previously
described. Porcine blood glycolipids, bovine brain
gangliosides, B-galactosyl diglyceride isolated from wheat
flour [25), phosphatidylinositol, phosphatidylcholine, phos-
phatidylethanolamine, and phosphatidylserine were obta-
ined from Sigma (St Louis, MO, USA). LAM and its
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degraded derivatives [40 kDa (x-Man),-PtdIns, n = 80-90] .

prepared from Mycobacterium bovis Ravenel [24] were pro-
vided by M. Sumida (Kagoshima University, Japan).

Stimulation of Va19 NKT cell hybridomas
with glycolipids

Bone marrow cells from CS7BL/6 mice were cultured for
5 days in the presence of granulocyte-macrophage colony-
stimulating factor (2 ngmL™"; Peprotech, London, UK) to
prepare dendritic cells. They were incubated with a-manno-
syl glycolipids (5 pgmL™") with 1 : 1000 (v/v) dimethylsulf-
oxide for 16 h. After being washed with DMEM, bone
marrow cells (1 x 10%) were cultured with Val9 NKT cell
hybridomas (1 x 10°) [12] in 200 uL of DMEM for 2 days.
The concentrations of IL-4 and IFN-y in the culture super-
natants were determined.

Production of MR1 transfectants and anti-MR1
serum

Mouse MR1 A c¢DNA [37] was amplified from CS7BL/6
spleen cells using the following PCR primers: 5-MR1, 5-AT
GATGCTCCTGGTTACCTGG-3; Flag-3"-mrl, 5-CTAC
TTGTCATCGTCATCCTTGTAGTC(F LAG)AGAGGG
AGAGCTTCCCTCAT-3".

The PCR product was cloned into a eukaryotic expression
vector (pCXN) [38). The vector was transfected into the fol-
lowing cell lines: a human Burkitt’s B-lymphoma {Raji [24]
(ATCCQ)}, its subline deficient in PIG-L (Raji26 [20]), a
C57BL/6 melanoma line [MEB-4 (a subclone of B16)], and

its subline deficient in B-GlcCer synthase (GM95, obtained -

from Riken Bioresource Center, Tsukuba, Japan) [19]. The
transfectants were selected in the culture medium containing
G418 (1 mgmL™") for | month. The expression of FLAG
(Asp-Tyr-Lys-Asp-Asp-Asp)-MR1 in the transfectants was
analyzed by western blot using antibody to FLAG and
horseradish peroxidase-labeled anti-(mouse I1gG) (Sigma).

Anti-MR|1 serum was prepared by immunization of rab-
bits with a keyhole limpet hemocyanin-conjugated polypep-
tide corresponding to the o2” domain of mouse MRI
(residues 139-161, TKQAWEANLHELQYQKNW LEEEC
[39]), with Freund’s complete adjuvant (Sigma). In western
blot analysis, MR transfectants gave a 40 kDa band with
anti-MR1 serum staining, corresponding to the band with
anti-FLAG staining (data not shown).

Stimulation of Va19 Tg" cells with MR1
transfectants

MRI transfectants or their parental cells (1 x 10° per well
in DMEM, 10% fetal bovine serum) were incubated with
glycolipids (2 pgmL~") with 1 : 1000 (v/v) dimethylsulfox-
ide used as the vehicle for 5 h, washed twice with DMEM,
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and irradiated (3000 rad). These cells were cocultured with
liver MNCs (1 x 10° per well) from Val9 Tg or non-Tg
mice (812 weeks of age) in 200 uL of DMEM (10% fetal
bovine serum) for 2-3 days. In some cultures, anti-MRI
serum or preimmune rabbit serum was added to the culture
(3 pgmL™"). Immune responses were monitored by measur-
ing cytokines in the culture fluid.
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Medullary thymic epithelial cells expressing Aire
represent a unique lineage derived from cells

expressing claudin

Yoko Hamazaki!, Harumi Fujita?, Takashi Kobayashi®, Yongwon Choi%, Hamish $ Scott®,

Mitsuru Matsumoto® & Nagahiro Minato!:2

The autoimmune regulator Aire is expressed in a small proportion of medultary thymic epithelial cells (mTECs) and is crucial in
the induction of central T cell tolerance. The origin and development of Aire* mTECs, however, are not well understood. Here
we demonstrate that the tight-junction components claudin-3 and claudin-4 (Cld3,4) were ‘preferentially’ expressed in Aire*
“mTECs. In early ontogeny, Cid3,4" TECs derived from the most apical layer of the stratified thymic anlage first expressed
known mTEC markers such as UEA-1 ligand and MTS10. We provide evidence that such Cld3,4" UEA-1* TECs represented
the initial progenitors specified for Aire* mTECs, whose development crucially required NF-xB-inducing kinase and the

adaptor molecute TRAF6. Our results suggest that Aire* mTECs represent terminally differentiated cells in a unique lineage

arising during thymic organogenesis.

The thymus has a- characteristic three-dimensional meshwork struc-
ture consisting of two distinct anatomical regions, the cortex and the
medulla, each of which contains different types of thymic epithelial
cells (TECs)!=. The thymic stroma of each region provides the
microenvironment required for distinct aspects of T cell development.
Cortical TECs (cTECs) regulate the directional migration and popula-
tion expansion of T cell progenitors as well as the positive (and in part

ively selected CD4* or CD8" single-positive thymocytes then move
toward the medulla®¢, where medullary TECs (mTECs), in conjunc-
tion with dendritic cells, support the late stages of T cell development,
including the deletion of self-reactive T cells that escaped negative
selection in the cortex’.

Accumulating evidence indicates that mTECs comprise hetero-
geneous populations®. For example, a small population of mTECs
expresses the  autoimmune regulator Aire, which is crudal in the
induction of T cell tolerance toward tissue-restricted antigens™!®.
Reports have indicated that both ¢TECs and mTECs are derived

gegaﬁve) selection of CD4*CD8* double-positive thymocytes!. Posi-

from common progenitors in ontogeny!!~!3, However, it remains to-

be determined whether the heterogeneity of mTECs reflects distinct
mTEC lineages or various stages of differentiation in a single lineage”'%.

The unique structure of the thymus is organized during embryonic
development after the immigration of T cell progenitors!>17.
Although the thymic anlage initially develops as stratified epithelium
from the third pharyngeal pouch endoderm?®, the architecture is

reorganized to a meshwork structure of epithelial cells with apparent
loss of apico-basal cell polarity’. In simple epithelia, the epithelial cell
integrity is maintained by junctional complexes at the apical part of
cell adhesion sites: tight junctions, adherens junctions and desmo-
somes!®, Although adherens junctions and desmosomes are anchoring
junctions mechanically attaching cells to their neighbors, tight junc-
tions are defined as occluding junctions. Tight junctions are composed
of tetraspanning membrane proteins, claudin proteins and occludin
and function as a ‘barrier’ to separate various microenvironments
across the epithelial sheets and as a ‘fence’ to maintain the epithelial
cell polarity!®. Although the regulation of tight junctions in TECs is
probably important, given the transition from a layer to a cluster
structure of the thymus, the expression of tight junction components
has not been studied extensively.

Here we systematically investigated the expression of the molecular
components of tight junctions in the thymus. We found that claudin-3
and daudin-4 (Cld3,4) and occludin were expressed selectively in an
mTEC subset expressing Aire and large amounts of major histocom-
patibility complex (MHC) class 1I molecules in the thymus of the
adult mouse. In early ontogeny, Cld3,4 proteins were expressed
selectively in the TECs lining the apical layer of the stratified thymic
anlage, and those Cld3,4* TECs became the initial mTEC progenitors
after the disruption of layer structure. We provide evidence that
mTECs expressing Aire arise from the Cld3,4* mTEC progenitors as
a unique cell lineage. ' ' '
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Figure 1 Expression of tight-junction components in a small population of mTECs. (a) immunostaining of adult mouse thymus with antibodies to E-cadherin
(E-cad), desmoplakin (Dpk), occludin (Occl) and Cld3,4. DAPI, 4,6-diamidino-2-phenylindole; M, medulla; C, cortex. Broken lines indicate the cortico-
medullary barders. (b) Two-color immunostaining of adult mouse thymus with anti-Cld3,4 and anti-MTS10. Bottom row; blue indicates DAPI staining.

Scale bars, 50 um (a; b, top row) or 10 um (b, bottom row). Data are representative of five experiments.

RESULTS occludin protein, in addition to adherens junction and desmosome
Expression of tight-junction components in Aire*t mTECs " components, in the mouse adult thymus. Although E-cadherin and )
Among the claudin family members, transcripts encoding Cld3,4 were  desmoplakin were expressed in all TECs of both cortex and medulla,
‘preferentially’ expressed in mouse thymic stroma cells (data not we detected Cld3,4 and occludin in only a small population of TECs in
shown); therefore, we first examined the expression of Cld3,4 and the medulla (Fig. 1a). Double staining with an antibody specific for
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Figure 2 Cld3,4* TECs express Aire and large amounts of MHC class 11 and costimulatory molecules. (a) Left, flow cytometry of CD45- stromal cells from
adult mouse thymus with biotinylated C-CPE and FITC~UEA-1. Numbers in boxed areas indicate percent C-CPEM UEA-1* cells {top) and C-CPE"® UEA-1*
cells (bottom). Right, RT-PCR of gene expression by sorted C-CPEM UEA-1* and C-CPE' UEA-1* cells (boxed gates at left): C/dn3, claudin-3; Cidn4,
‘claudin-4; Cdhl, E-cadherin; Foxnl, forkhead box N1; Relb, RelB; Aire, Aire; Ins2, insulin |l; Gadl, glutamic acid decarboxylase 1 (GAD67); Chrnal,
nicotinic cholinergic receptor, a1 subunit; Tg, thyroglobulin; Actb, B-actin (loading control). (b} Two-color immunostaining of thymi from adult Aire* and
Aire”- mice with anti-Cld3,4 and anti-Aire. (¢) Flow cytometry of CD45- stromal cells from aduit thymus with biotinylated C-CPE and antibodies specific
for surface markers (left margins). Numbers in quadrants indicate percent cells in each. (d} Three-color immunostaining of thymi from normal adult B6
mice injected intraperitoneally with 1 mg BrdU; 4 h later, thymi were stained with anti-Aire, anti-Cld3,4 and anti-BrdU. Filled arrowheads indicate
Cld3,4+Aire-BrdU* mTECs; open arrowheads indicate Cld3,4*Aire*BrdU~ mTECs. Scale bars (b,d), 10, pm. Data are representative of five (a), two (b) and
three (c,d) experiments.
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Figure 3 Expression of Cld3,4 marks the origin and development of mTECs during f

ontogeny. Thymic anlage at various mouse embryonic stages (left margin) was
stained with various combinations of antibodies (above images). Blue (a, bottom)

‘indicates DAPI staining. Arrowheads (a, bottom right image) indicate Cld3,4 at the
apical part of cell adhesion sites, characteristic of tight junctions. K8, cytokeratin

8. Scale bars, 40 pm (a, top and middle), 10 um (a, bottom), SO um (b; c, top;
d-f) and 25 um (c, bottom). Data are representative of three experiments.

TS10, the marker of a chief subset of mTECs, showed that the
Cld3,4* TECs had almost no MTS10 expression (Fig. 1b). Cld3,4*
TECs were scattered in the medulla as single cells or in small cell
clusters, and Cld3,4 proteins on such solitary mTECs were expressed
diffusely around the cell surface with no sign of tight-junction
formation with the neighboring cells (Fig. 1b). _

To isolate Cld3,4* mTECs, we used a biotinylated C-terminal
fragment of Clostridium perfringens -enterotoxin (C-CPE), which
binds spedifically to the extracellular domains of Cld3 and Cld4
with high affinity?! (Supplementary Fig. 1 online). Flow cytometry
of adult thymic stromal cells indicated that a small proportion
(around 30%) of UEA-1* mTECs bound large amounts of C-CPE
(C-CPEY), whereas the rest of the UEA-1* mTECs bound less
C-CPE (C-CPE!°;, Fig. 2a). C-CPE did not bind to non-
epithelial cells negative for expression of the epithelial cell-specific
adhesion molecule EpCAM in the CD45~ thymic stromal cell fraction
(such as CD31* endothelial cells; Supplementary Fig. 1). Sorted
C-CPEN UEA-1* TECs contained abundant Cldn3 and Cldn4 tran-
scripts, whereas C-CPE'® UEA-1* TECs had marginal expression of
Cldn3 and Cldn4; in contrast, the two subsets had similar expression of
transcripts for Ecadherin, confirming the feasibility of C-CPE stain-
ing (Fig. 2a). Sorted C-CPEM TECs bound Cld3- and Cld4-specific
antibodies, whereas C-CPE*® TECs had minimal surface expression of

306

K8 Cld3.4

Cid3.q
E18 E-cad Ocxt E-cad Qcct
E135
e MTS10 Ci3.4 MTS10 Cli3.4
E155

MTS10 Cid3 4

MTS10

New-

Cld3,4 protein by immunostaining (data not shown]. Therefore, we
use ‘C-CPEM' and ‘C-CPE'® here synonymously with Cld3,4* and
Cld3,47, respectively. C-CPEM TECs had more expression transcripts
for the transcription factor RelB than did C-CPE' TECs, whereas
expression of the gene encoding forkhead box N1 was similar in the
two subsets. Aire and tissue-specific genes encoding insulin, glutamic
acid decarboxylase (GAD67), the a1 subunit of the nicotinic choli-
nergic receptor, and thyroglobulin were expressed almost exclusively
in C-CPEhi TECs (Fig. 2a). Immunostaining analysis confirmed that
most Aire* cells expressed Cld3,4 (Fig. 2b). Careful examination
showed the presence of rare Aire* cells lacking Cld3,4 expression;
such cells expressed CD11c and were thus considered to represent
thymic dendritic cells (Supplementary Fig. 2 online). We detected
Cld3,4" mTECs in Aire”~ and Aire*/~ thymi (Fig. 2b), indicating that
expression of Cld34 was independent of Aire. Flow cytometry
indicated that most C-CPEY mTECs had high expression of MHC
class 11 and CD80, with a small portion (around 25%) also expressing
CDS86 (Fig. 2c). In addition, all C-CPE™ mTECs also had high
expression of PD-L1, a ligand for the inhibitory receptor PD-1;
however, expression of PD-L2, another ligand for PD-1, was marginal.
Because MHC class 1l-high Aire* mTECs are thought to represent
terminally differentiated cells’, we also examined the proliferation of
Cld3,4* mTECs in vivo. At 4 h after injection of 5-bromodeoxyuridine
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