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rat CD 1d are designated as PSOrCD80:CD 1d. those transduced with mouse
CDId as PSO:CDSOMCD 1 d.

Mouse CDid was cloned from A20mCD1d cel line (38) by RT-PCR
using the following primers: mCD1d-EcoR)-Fow (5'-GGG GAG AAT
TCC GGC GCT ATG CGG TAC CTA CC-3'): and mCD1d-EcoR}-Rev
{5'-GGT GGA ATT CAG AGT CAC CGG ATG TCT TGA TAA G-3').
The sequence of the insert showed a complete overlap with the mouse
CD1d sequence available in the gene bank under X13170 (29). Rat CD1d
¢DNA was obtained by RT-PCR uxing RNA isolated from F344/Crl rat
bone mamrow as a template and CDld-specific primers: N366 (5'-TCG
GAG CCC AGG GCT GTG TAG A-3'): and rCDIdRev (5°-TTC TGA
GCA GAC AAG GAC TGA-3"). PCR product was cloned imo TOPO
cloning vector and sequenced. The sequence was identical with rat CD1d
(GenBank accession number AB029486) published by Katabami et al.
(23). Mouse and rat CDId DNA were cloned into EcoR] site of
pezCGZ51Z and pezCGZ5 IEGZ vectors. respectively. and were further
used for retroviral infection of PSOrCDS0 cells.

The expression of mouse CD1d was tested with the CD1d-specific mAb
1B} (BD Pharmingen). whereas expression of rat CD 1d was assessed {rom
the green fluorescence of the EGFP reporter gene. Surface expression of rat
CDIld was also confirmed with a novel rat CD 1d-specific mAb (E. Pyz and
T. Herrmann, unpublished observations). The Ag-presenting cell lines were
enriched for CD1d expression by cell sorting or selection with antibiotics.

Stimulation with «a-GalCer in vitro -

a-GalCer was generated as described (40). The reactivity of mouse and rat
JHLs 10 a-GalCer was tested hy cullure of THL (1 X 107 cells/well of a
96-well round-bottom plate) in the presence of «-GalCer (100 ng/ml). ve-
hicle (DMSO). or complete medium for 24 h at 37°C. The level of 1L-4-and
1EN-~ released into culture supematants was determined using ELISA Kits
{BD Phurmingen).

To analyze the a-GalCer yeactivity of TCR-transduced cell lines. mouse
and rat thymocytes (1 X 10% cells/well). or CDld-ransduced cells
(PSOMCD1drCDS0. PSOrCDIArCDS0. 5 X 107 cell/well) used as APC
were loaded with either o-GalCer (1-100 ng/ml) or vehicle {DMSQ) for
1-2 h before the addition of responder cells. Ax a positive control. TCR-
positive cell lines were stimulated with plate-bound anti-mouse CD3 mAb
145C11. After 24 h of culture. supematants were taken. and the secreted
mouse JL-2 was guantified using a commercial ELISA Kit (BD
Pharmingen).

Immunafluorescence and flow cytomerry

For the staining. 2 X 107 cells were diluted in 100 it of FACS buffer (PBS
ipH7.4). 0.14% BSA. 0.02% NaN:) and were treated for 10 min at 4°C with
normal mouse g (Sigma-Aldrich) or mouse FeyR-specific 2.4G2 Ab 1o
block umspecific binding or binding to Fe receptors. Subsequently. cells
were stained for 30 min with labeled mAbs. washed. and stined with
another mAb or analyzed with a FACScan or FACSCalibur flow eytometer
{BD Biosciences).
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All mouse and rat mAbs were obtained from BD Pharmingen and are
given with their clone names: mouse VES.1. 8.2, 8.3 (F23.1); mouse CD3
e-chain (145-C11: mouse CDId 11B1): mouse CD4 (GK1.5). mouse
CD8« (53-6.7): NK1.1 (PK136): BVSES4A] and BVSS4A2. V582 of
LEW rats and V8.4 of F344/Crl rat (R78); rat TCR S-chain (R73): rat
CD4 (W3/25); rat CD4 (OX35): rat CDSS (3.4.1.): rat NKR-PIA (10-78).
Abs were usually FITC or PE labeled. Biotinyluted mAbs. when used. were
visualized with swreptavidin-CyChrome. Unconjugmed Abs. used in indi-
rect immunofluorescent staining, were detected by using fluorochrome-
conjugated Abs: PE- or Cy5.5-conjugated tFab’), fragment of denkey anti-
mouse 1gG or goat anti-humster 1gG FITC obtained from Dianova or
Serotec).

Staining with «-GalCer-loaded mouse CD1d-PE tetramer

«-GalCer-loaded or conrol mouse CD 1d-PE tetramers were generated as
described in Ref. 18. Tetramer staining of mouse/rat IHL- or TCR-trans-
duced cell lines was performed as normul FACS staining. but with incu-
bation for 1 h at room temperature. Tetramer concentrations were 350 thigh
tetramer) or 35 ng/50 pd cell suspension {low tetramer).

Results

Phenoype and «-GalCer response of rat IHL

In mouse and human. the highest proportion iNKT cells can be
found among ‘intrshepatic lymphocytes. In un attempt to identify
the corresponding population in ral. THL of F344/Crl rats and
C57BL/6 mice were compared for cell surface phenotype (Fig.
1A). binding of «-Gul-louded mouse CDld tetramers (Fig. 1B).
and «-GalCer-induced cytokine production (Fig. 10). In agree-
ment with published data. about one-third of mouse THL coex-
pressed NK 1.1 (mouse homolog to rat NKR-P1A) and TCR. More
than 20% of THL coexpressed NK1.1 und CD4. but very few co-
expressed NKI.1 and CD8wf. As shown in Fig. 1B, ~27% of THL
show costaining of «-GulCer-louded CD1d tetramer and anti-CD3.
with the tetramer positive cells having a lower or intermediate
level of expression of CD3. 25.5% of IHL were costained by let-
ramer and anti-NK1.1 (data not shown) and 20.4% by tetramer and
anti-CD4., whereas only very few (0.38%) stuined with CD1d tet-
ramer and CD8-specific mAb (data not shown).

The phenotypes of rat and mouse THL diflered considerably.
First of all, <3% of rat IHL coexpressed NKR-P1A and CD3. and
most of these cells were positive for CD8af3 but not for CD4. and
they did not express intermediate CD?3 levels. Secondly. in contrast
to results found in mice. only a very small number of CD37 ratl
THL were stuined with «-GulCer-loaded mouse CDId tetramer:

FIGURE 1. Phenotypic and functional analy-
sis of typical INKT cell features of C57BLJ6
mouse and F344/Cr rat THL. A, Two-color flow
cytometry for coexpression of NK1.1 or NKR-
PIA and indicated T cell markers. Percent of
positive cells are indicated by numbers in the
upper right guadrani. B, Two-color flow cytom-
etry for hinding of o~GalCer-loaded or unloaded
mouse CD1d tetramers to CD3* positive tupper
right quadranny or CD37 wupper left quodran)
CSTBL/6 mouse or F344/C] rat 1HLL. Percen-
ages of tetramer-positive cells are given in the
respective guadrants. C. IFN-v or 1H.-4 secretion
during 24-h stimulation of | X 1 rat or mouse
JHL with 100 ng/ml o-GuiCer dissolved in
DMSQ. vehicle (IDMSO alone). or medium
alone. Ordinaie, Cytokine concentration in pico-
grams per millilier.
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0.4% of THL were stuined with e-GulCer-louded tetramer and
0.15% with control tetramer. Even higher proportions of CD37
lymphocytes were stained by «-GalCer-loaded tetramers (1.61%)
or contro] tetramers {0.84% ). which made it likely that (much of)
the tetramer staining of CD37 rat IHL was unspecific.

To test whether the lack of binding of mouse CD1d tetramer to
rat IHL was due to the absence of a-GalCer-specific cells in F344/
Crl rat liver, the «-GulCer reactivity of F344/Crl and C57BL/6
[HL (Fig. 1C) was compared. After 24 h of stimulation with
-GalCer (100 ng/ml), mouse and rat liver lymphocytes produced
both IFN-y and IL-4. The amount of rat IL-4 reached ~15% of
that secreted by mouse cells. The IFN-vy production by rut IHL
exceeded that of mouse THL. but rat THL showed also a high level
of huckground IFN-vy production.

The «-GalCer-induced activation of cytokine production in con-
junction with the detection of AVI4ATI8 reurrungements in rat
THL strongly support the existence of an iNKT cell population in
F344/Crl rats, although these cells could not be detected by mouse
CD1d tetramer. This could be a consequence of 1) an extremely
low frequency of rat iNKT cells und/or 2) a requirement for pre-
sentation of «-GalCer by syngeneic CDId (species specificity).
which finally would result in a lack of hinding of mouse CD1d
tetramers 1o rat iINKT TCR. To test the latter hypothesis. iNKT
TCRs were cloned and expressed in TCR-negative BWS58r/
mCD28 cells and tested for mouse CD1d tetramer binding. In ad-
dition. these lines as well as lines expressing iINKT TCR variants were
tested for reactivity o «@-GalCer presented by mouse or rat CDlId.

Cloning and rransduction of mouse and rar CDId and iNKT
TCR

Cloning. transduction. and quantification of surface expression of
iINKT TCR wus performed as described in Marerials and Methads.
Three AV 14 a-chains were cloned into a retroviral vector carrying
an EGFP as reporter gene. Two of them comprised V-encoded
amino acid sequences identical with that of rat AVI4S] and rat
AV14S8. The mouse AVI4S1A2-chain wus cloned from the
w-GulCer-reactive mouse C57BL/6-derived iNKT cell hybridoma
KTI12. All AV14 a-chains were coexpressed with different mouse

a-chain CDR} CDR2
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or rat BV8S2 f-chains. the properties of which will be discussed
later in this section.

The sequences of the tested iNKT TCR «-chains are compared
in the upper part of Fig. 2. Both rat AVI4S] and rat AV14S8
a-chain comprise type I AV14 sequences. The V domain of the rat
AVI45] a-chain is identica) with sequences previously found by
Matsuura et al. in F344/Crl rut liver (6). The rat AV14S8 a-chain
sequence was directly cloned from F344/Crl THL.. as described in
Muierials and Methods. AV 4S8 has not yet been described for
F344/Crl rats. but an identical sequence hus been found in the
BN/SsNHsd rat genome. where it has been numed AVI4S8 (25).
A peculiarity of the AVId4S8-comprising «-chain used in this
study may be the valine located at position 93 of the VJ junction
which corresponds 1o the adult type of AVI4AT18 rewrangements
(26). Otherwise, the mature Ve domuains of the two rat TCRs dif-
fered by the following substitutions: KIR. QISE. and K51T.

The middle part of Fig. 2 aligns the sequences of the TCR
B-chains used in this study. The BV8S2-positive mouse B-chuin
was originally isoluted from the iNKT T cell hybridoma KT12.
The rat BV8S2 (BVBS2AL or Terb-V8.2')-comprising -chain
used in this study was derived from the rat T cell hybridoma 35/1.
which wus generated with an encephulitogenic cell line of LEW/
Crl origin as fusion partner. The 35/1 TCR is RTIB'-restricted
gpMBP,y_ss specific and reacts also with the superantigens of
Yersinia pseudotuberculosis and Mycoplasma arthritidis and the
stuphylococcal enterotoxins B und Cl (33). As previously de-
seribed in some detail (33), replacement of the CDR2 and/or the
CDR4/HV4 of the BV8S4A2 with those of F344/Crl rats had dis-
tinct effects on (super)Ag reactivity. Changes in the CDR2 abol-
ished reactivity lor peptide Ag and staphylococcal] enterotoxins B
and C1, whereas mutation of the HV4/CDR4 ufiected only the
response to staphylococceal enterotoxins (33). The B-chain contain-
ing the mutations within CDRZ and CDR4 is. with exception of u
lacking LI4K substitution. identical with the BV8S4A2 of Fadd/
Crl rats. 1t Jost specificity for the peptide Ag. staphylococcal en-
lerotoxins and the superantigen of M. arthvitidis (33),

The lower part of Fig. 2 presents the amino acid sequence of the
a-1 and «-2 domains of rat and mouse CDId. The w-helical purts
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FIGURE 2.

Alignment of amino acid sequences of the mature peptides TCR chain proteins ta-chain and f~chain) and CD Id molecules used or discussed

i this study. Underlined parts of the TCR sequences indicate tocalization of CDRs. Pants of CD1d sequences in italies indicare a-helical regions. Amina
acid sequences were deduced from the nucleotide sequences. the accession numbers of which can be found in GenBank: rAV14SY vw-chain. DQ340291:
rAVI14S1 echain. DQ340293; mAV I4S 1. AYISR221: mAV I4STA2 (KT12 hybridoma). DQ340292: BV8S2A! TCR33/1 f~chain. AY22854Y. Mutanis
entry indicates localization of the CDR2 and CDR4/HV4 substitutions introduced in the TCR3S/1 f-chain. which are highlighted by bold Jetiers, mBVSS2
TCR KT12. DQ340294: mCD 1d (mouse CD Iy XT3170.1: 1CD I (rat CD1d). AB029486.
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of CD1d are marked. The « helices of the @] domains differ in 3
aa. Visualization of the of the PDB files 1ZHN (10) and 1Z5L (12)
of the mouse CD1d crystul structure by Swiss-PDB-viewer (hitp://
swissmodel.expasy.org/SM_TOPPAGE.html) shows that T74
points upwards and K81 outwards. defining them as theoretical
contuct sites with the TCR. 183 points into the binding groove. The
«-helical parts of the «-2 domain differ by 7 au. With exception of
the R157S. side chains of all substitutions show upwurds and pro-
vide possible contucts for the TCR. In contrast 1o the differences in
potential TCR contacts, those umino acids shown 1o provide H
bonds with «-GalCer we conserved (12). Both CDId genes were
expressed in P815 cells (P8OrCD80) overexpressing rat CD80 as
described in Marerials and Methads.

Species specificity of CDId restriction in Ag recognition by rai
iNKT TCR

First. we tested three responder cell lines for their a-GulCer reuc-
tivity and their cupuacity to bind mouse CD1d tetramers. The lines
were BWr/mCD28 cells expressing: 1) as positive control, mouse

iNKT TCR isolated from the KT12 hybridoma which consisted of

a4 mouse AVI4STA2 a-chain and mouse BV8S2 S-chain: 2) rat
AV14S] e-chain with the CDR2+4 B-chain mutant: 3) the rat
AV 1488 w-chain with the sume S-chain mutant. The BV8S4-like
CDR2+4 B-chain mutant was used. because there is circumstantial
evidence that in F344/Crl rats. iNKT cells express the BV854-
comprising B-chains (6). The two rat TCR lines expressed very
similar levels of TCR. whereus expression of the mouse TCR was
considerably lower (Fig. 3). Cell lines were lested three to five
times for their a-GalCer-induced [1.-2 secretion. IL-2 Jevels ufter
CD3 ligation were quite similuar. with the exception of sometimes
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considerably lower 1L-2 production by the mouse iNKT TCR-
trunsduced line (data not shown). Fig. 3 shows data from one rep-
resentative assay of w-GulCer-induced I1.-2 secretion. The APC-
type thymeocytes vs CDI1d-transduced P80 cells and the origin of
the transduced CD1d (rat vs mouse) considerubly affected the out-
come of the assay. Generally, with CDld-transduced P80OrCD80
cells as APC, II-2 production was much higher than with thymo-
cytes. This may reflect the differences in the level of CDId and
CD80 surface expression in primary vs CDIld-transduced cells
(duta not shown). In assays with mouse thymocytes s APC. some
background IL-2 production wus found. even if TCR-negaiive
BWS58 cells were used as responders, suggesting that 1L-2 wus
secreted by a-GulCer-stimulated thymocytes (Figs. 3 and 5). With
regard 10 a possible species specificity in CDId-restricted «-Gul-
Cer recognition. all three lines responded to «-GalCer presented by
rat CDld-expressing cells. whereas a-GalCer mouse CDI1d com-
plexes stimulated only mouse iNKT TCR responder cells. In ad-
dition, the stimulation of the line expressing the rat AVI14S]
a-chain was considerably stronger thun ol the rat AVI]4S8
«-chain-expressing line.

The differences in the response to w-GulCer presented by
mouse CD1d correlated with the pattern of mouse CDId tet-
ramer staining as is shown in Fig. 3 Binding of mouse CDI1d
letramers was normalized by dividing mean fluorescence inten-
sity (MFI of tetramer staining. through MFT of CD3 staining.
After normalization. tetramer staining of the mouse iINKT TCR-
expressing line was 24-fold. respectively. 8-fold stronger than
that of the rat AV]4S8 w-chuain-expressing line or the rut
AV14S1 a-chain-expressing line.
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A. Species specificity of CDId-restricted o-GalCer recognition by rat iNKT TCR-transduced cells. The graphs in the upper row indicate

degree of 1L-2 production (please note the diferent scales of the ordinates) by TCR-transduced BWSS#/mCD28 cells after stimulation with 0-GalCer
presepted by different APC-expressing mouse or rat CD . Transduced TCR: G vector control: B, mAVI4STA2~ mBVES2 mouse ~-chain + mouse

[-chain); A, AV14SS + rat CDR2 4

fB-chain trat AVSS a-chain + BVSS4-like rat jS-chuin), @. AVI4S! = it CDR2+ 4 fi-chain trat AVST a-chain =

BVE8S4-like rat f-chain). Amino acid seguences of the TCR chains used by these are given in Fig. 2. The type of a-GalCer-presenting celis and
concentrations of n-GalCer used for stimulation are indicated on top of the respective graphs and at the abseissa. respectively. Zero ng/ml indicates the use
of vehicle control. B. Upper row. CD3 expression of TCR-transduced cell Tines used in A. Binding of isotype control tE) or anti=CD3 (2D, Lower row,
Mouse CDId tevamer staining. Binding of unlnaded control (350 ng/50 <l sample. £ and of a-GalCer-loaded tetamers (350 ng/50- . sample. U, The
type of vansduced TCR is given on op of the histograms. The numbers in the histogram give ratios of MFIs for staining with «-GalCer-loaded mouse CDI1d

tetramers divided by that for staining with ami-CD3.
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FIGURE 4. CDld-restricted a-GalCer recog-
nition of rat iNKT TCR. Species specificity of
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CDI1d restriction. Shown ix the «-GaiCer-in-
duced 1L-2 production of BWS8r/m CD28 trans-
duced with rat AV14S1 or AV148 a-chains and
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PB0ICDE0 ransduced with:
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Effects of iNKT TCR «- and B-chain differences on
CDld-restricted «-GalCer recognition

We have previously analyzed the effects of CDR2 and/or CDR4
mutations of rat BV8S2 on the recognition of peptide Ags und
superantigens (33). To lewrn whether the known BV encoded (su-
per)Ag recognition sites may also contribute to «-GulCer recog-
nition. AV14 a-chains were coexpressed with the various rat
BV8S2 S-chain mutants and a4 mouse BVES2 S-chain. These lines
were then tested for the response to a-GalCer presented either by
rut or mouse CDId and for binding of «-GulCer-louded mouse
CD1d tetrumer.

Al lines expressed similar levels of TCR (summarized in Fig. 6)
and produced similar amounts of 1IL-2 after stimulation with anti-
CD3 mAb. with the exception of the mouse S-chain-expressing
lines, which sometimes showed a rather Jow level of 11.-2 produc-
tion (data not shown). All lines were tested two to five times: and
although the overall degree of stimulation varied between exper-
iments. the patterns of «-GalCer reuctivity remained the same.
Figs. 4 und 5 show results from a representative experiment com-
paring all cell lines und Fig. 6 summurizes the results of all
experiments.

The INKT TCR composition affected the a-GulCer reactivity as-
follows: 1) the w-chain sequence of the transduced TCR lurgely

ogimi -2

affected the general degree of a-GulCer reactivity. becuause all rat
AV14S]1 a-chuin-expressing lines responded considerably better
to «-GulCer than the corresponding rat AV14S8 a-chain-express-
ing lines (Figs. 3 and 4): 2) lines with TCR comprising the two rat
a-chains showed no or only a4 marginal response to a-GalCer
which was presented by mouse CD1d, regardless of the type of the
pairing B-chain (Fig. 4. These findings confirmed and extended
the results on the species specificity of CDId-restricted o-GalCer
recognition by rat iNKT TCR shown in Fig. 3) only lines with
TCR comprising the mouse «-chain in combination with mouse
$-chain or with suitable rat B-chains responded to «-GulCer pre-
sented by mouse CD1d (Fig. 5). Suitable were those rat S-chains.
which contained the BV8S4-like CDR2 (CDR2 or CDR2+4 mu-
tunt). whereas B-chains with the CDR2 of rat BV8S2 (CDR4 mu-
tant and wild-type BV8S2) showed in the sume setting only a
marginal or no response. This pattern of reactivity maps the CDR2
of the B-chain as a region contributing to CD1d-restricted «-Gul-
Cer recognition in the interspecies comparison. .

In contrast to the variation in the response to «-GalCer pre-
sented by mouse CD1d. recognition of rat CDld-a-GalCer com-
plexes was lurgely unaffected by the S-chain of INKT TCR. All
lines expressing TCR comprising the rat or mouse AVI4S]
a-chains (Figs. 4 and 5) showed a very similar response. The

BW58 cells iransduced with mouseAV14S2
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FIGURE 5.

ligand recognition by iNKT TCR. Shown is IL-2 production of BWS8i/m CD28 transduced with AVI4STA2 n-chains and various B-chains indicated hy
the symbols in the graph to we-GalCer presented by indicated APC. BW indicates cells runsduced with vector control. Every section of the columns indicates
IL-2 production by cclls expressing o certain «-f-chain combination. Note the variation of the scales indicating 1L-2 production in the various graphs,
a-GalCer concentrations are given in ng/ml. Vehicle designates culture with solvent {DMSO) only.
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somewhat Jower IL-2 production of the line coexpressing rat
AV14S] a-chain und the CDR4 mutant B-chain probably reflects
a generally weaker capacity in TCR-triggered IL-2 production. he-
cause anti-CD3A induced 1L-2 secretion (not shown) was only about
one-half of that found Jor the other lines. Less clear were the re-
sults for cell lines expressing rat AV 1488 a-chain. In two of four
cxperiments. f-chain composition affected the response to rat
CD1-w-GulCer complexes of the lines. An example for such a
differentiu) response is given in Fig. 4. where the lines expressing
the CDR2 or CDR2+4 mutant S-chuins reucted far better than
those lines expressing the wild-type BV8S2 or the CDR4 mutunt.
Finally. effects of the a-chuin composition were also seen for
the three mouse B-chain-expressing lines. The rat AVI14S8
a-chain/mouse B-chuin-expressing line completely lucked @-Gul-
© Cer reactivity (Fig. 4). whereas the rut AVI14S] a-chain/mouse
B-chain expressing line responded lo a-GalCer il it was presented
by rat CDId-transduced P8OrCD8O cells (Fig. 4). implicating rut
Ve interactions with CD1d in imparting the observed species spec-
ificity. Only the mouse AVI4STA2 «-chain/mouse fS-chuin ex-
pressing line responded irrespective of the types of APC or origin
of CD1d used to present the a-GalCer (Fig. 4).

Diflereniial binding of «-GalCer-loaded mouse CDId tetramers
10 INKT-TCR-1ransduced lines

All cell lines were ulso tested for TCR expression and binding of
w-GalCer-Joaded tetramers at two different concentrations. In all
cases. binding of unloaded tetramer control was negligible. Fig. 6
summarizes data from such an experiment and gives an overview
of the results obtained in the functional assays. The capucity to
bind «-GalCer-loaded mouse CD1d tetrumers is presented by the
ratio of MF1 of fetramer binding and MFJ of anti-CD3 binding.
The best binding was found for the TCR comprising mouse
AV14S8] a-chuin paired with the CDR2. CDR2+4 mutants of rat
BVSS2 S-chains or the mouse BV8S2 S-chain (Figs. 3 und 6).
which is consistent with their exclusive capacity to respond to
w-GalCer presented by mouse CD1d. At least 8 times weuker was
the tetramer binding of lines coexpressing mouse a-chains and rat
BVES2 und CDR4 mutanis.

Interestingly. the tetramer binding varied alse between the rat
w-chain-expressing lines. The poorly responding ral AVI4SS
a-chain-expressing lines showed essentially no binding. whereas
at least some tetramer binding was found for the more reactive
lines coexpressing rut AVI4S] a-chain and the suitable CDR2 or
CDR2+4 mutated B-chains. Finally. and ugain consistent with the
functional assays. the rat a-chains paired with mouse S-chain
bound no tetramer. whereas the original mouse iINKT TCR bound
it very well. Indeed. the eflicient binding of this TCR at the lower
tetramer concentration suggests a rather high avidity of the original
mouse iNKT TCR for «-GulCer-mouse CD1d complexes. consis-
tent with measurements conducted with other mouse iNKT cell
hybridomas and T cell populations.

Fig. 6 summurizes our results on the CDld-restricted a-GalCer
response and hinding of a-GulCer-louded mouse CDId tetramers
1o INKT TCR-transduced cell lines. It appears that the lack of
reactivity to «-GalCer presented by mouse CDId results from an
impaired binding of the rat INKT TCR a- rather than S-chuin to
mouse CD1d. Furthermore. comparison of iINKT TCR sharing the
sume «-chain but comprising different S-chains revealed thut the
amino acid composition of CDR2 of the fB-chain strongly affects
the CDld-restricted glycolipid reactivity.

Discussion

This study was initiated to characterize the phenotype und the
a-GualCer response of rat INKT cells in 4 side by side compurison
of mouse and rat 1HL. As previously described (1. 6, 28). ~30%
of mouse THL coexpressed NK 1.1 and TCR und were either CD4"
or CD47CD8 ™, whereas rat IHL comprised rather low numbers of
NKR-PJA (rat homolog of NK1.1)and TCR™ cells. most of them
being CD8af3™. Our atiempts to directly detect rat iNKT cells by
stuining with «-GalCes-loaded mouse CDId tetramers failed, al-
though the capacity of rut THL to produce IFN-vy and IL-4 produc-
tion alter stimulation with a-GulCer suggested that there is indeed
a functional iINKT cell population in F344/Cr] rats. Analysis of
newly generated cell lines expressing CDId and iNKT TCR of
both species allowed us to directly demonstrate the Tunctionality
of the rat elements of cognate Ag recognition by iINKT cells. In
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addition. this analysis revealed that Ag recognition by rat iNKT
TCR required its presentation by syngeneic CD1d. which was un-
expected. given that mouse und humaun CD1d tetramers and dimers
(18-20) bind to iNKT cells of the opposite species. Nevertheless,
despite this cross-species reactivity, mouse iNKT TCRs bind
mouse CD1d beter thun human CDId. as was shown with «-Gal-
Cer-louaded mouse CD1d dimers (4). In uddition. the weakly bind-
ing human dimers showed u stronger preference for mouse BV8S2
iNKT TCR than for mouse dimers. a result that underlines the
substantial contribution of the B-chain to binding of «-GalCer
CD1d complexes (4).

Interestingly. mouse iNKT TCR-transduced lines responded
quite well to «-GalCer presented by rat and by mouse CDId.
whereas the rat iNKT TCR-expressing lines responded only when
Ag was presenled by rut CD1d. What could be the reason for the
need of syngenicity between INKT TCR and CDI1d only in one
direction? One possibility could be thut higher numbers of a-Gal-
Cer complexes on rat CD1d™ APCs could huve compensated for
the generally low avidity of rat iNKT TCR for CD1ld, in particular
for mouse CD1d. This possibility cannot be formally excluded but
seems to be rather unlikely because homologous types of APC
were used for presentation. Alernatively, we suggest a higher de-
gree of promiscuity either in Ag recognition by mouse vs rat INKT
TCR or in Ag presentation by rat vs mouse CDld.

With the help of chimeric and mutated iNKT TCR, we could
identify TCR regions. which contribute to binding of a-GalCer and
(mouse) CDI1d. Cell lines expressing TCR comprising 1 mouse
iNKT TCR «-chain und a suituble B-chain trunsgressed the thresh-
old for the induction of u response to Ags presented by mouse
CDI1d. and these cells efficiendy bound mouse CDId tetramers.
The differentia) reactivity of the rat BV8S2 B-chain mutants al-
lowed us for the first ime o demonstrate the important role of
BV-encoded parts in the «-GalCer response. without a possible
interference by CDR3 diversity. In addition. unalysis of mutants
swapping the CDR2 of BV8S2 with that of BVES4 provided ev-
idence for un involvement of the CDR2 of the B-chuin in recog-
pition of the «-GulCer-CD1d complex. In this context, it is of
interest that the CDR2 of rut BV8S4. which in the combination
with the mouse iNKT TCR «-chain permitted binding of «-Gul-
Cer-mouse CD1d complexes. and the CDR2 of mouse BV8S differ
from euch other by only one amino acid (Fig. 2). In contrast, the
CDR2 of rat BV8S2. which in the interspecies compuirison was
nonpermissive. differed from that of mouse BV8S2 by 3 ua.

Rat Terb haplotypes vary in expression of functional BVES2
und BV8S4 genes. The Terh” haplotype, which is found in F344/
Cr] and DA rats, expresses BV8S2 and BV8S4, whereus the Terd’
huplotype of LEW/Cr. BN, and PVG rats expresses only BV8S2
(24, 31, 41, 42). These rat strains are widely used as models for
autoimniune diseases: therefore, it is of special interest to inves-
tigate whether differences in reactivity to natural iNKT TCR li-
gands based on differences in the CDR2s of BVES2 vs BV8S4
could Jead to a rat strain-specific vadation in iNKT T cell devel-
opment or Ag reactivity.

The three a-chains tested contributed not only to restricted rec-
ognition of syngeneic CDI1d. hut also to the overall magnitude of
the «-GulCer response. The lines cxpressing TCR with rat
AV148] chains and mouse AVI4SIA2 a-chains showed a much
better response thun the rat AV ]14S8-expressing lines. By unalogy
to what is known from MHC-restricted recognition of peptide Ags,
the differences in a-GalCer reactivity of the two rat a-chains could
have been expluined by the K50T substitution in the CDR2¢ and
by the A93V difference in the CDR3«x (43). Two reuasons lead us
to assume that the CDR2« difference is of minor importance. In &
comprehensive study on a mouse AVI4S] polymorphism. Sim el

Ag RECOGNITION BY RAT iNKT TCR

al. (44) demonstrated that a pronounced CDR2« difference be-
tween mouse AVI4SIAL und AVI4STA2 (see ulso Fig. 2) had
little if any effect on TCR-binding to a-GulCer-CD1d complexes
(44). Also. our own preliminary results (E. Pyz. 1. Miiller, and T.
Herrmann. unpublished observitions) obtained with rat AV14S}
and AV 1458 chain mutants showed little effect of the K50T sub-
stitution on the a-GulCer response. whereas a pronounced effect
was found for the VI93A substitution.

To sum up. we showed that efficient activation of rat iNKT
TCR-expressing lines requires presentation of «-GulCer by syn-
geneic CD1d. and that reactivity to complexes of «-GualCer and
mouse CDI1d can be obtained by replacing the rat a-chain against
that of the mouse and by using a B-chain comprising the CDR2 of
rat BV8S4,

This finding thus provides the first description of a genmline-
encoded CDR involved in ligund recognition by iNKT TCR. The
generation and functional analysis of further chimeric rat/mouse
iINKT TCR and of chimeric rat/mouse CD1d molecules should
strongly facilitate the characterization of the TCR/CD1d/Ag com-
plex. At a certain point of chimerism of TCR or CD1d. cells ex-
pressing iNKT TCR comprising rat/mouse «o-chain chimeras
would be expected to gain specificity for w-GalCer presented by
mouse CDI1d and mouse/rat CDId chimeras should guin the ca-
pacity to efficiently present Ag to rat iNKT TCR. Finally. com-
bined functiona] assays with cells expressing such chimeric or mu-
tated receptors and ligands, af best together with binding studies of
recombinant molecules. may even allow definition of direct con-
tacts in the ternary complex comprising INKT TCR/Ag und CD1d.
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Selective COX-2 inhibitor celecoxib prevents
experimental autoimmune encephalomyelitis
through COX-2-independent pathway
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Cyclooxygenase (COX) is a key enzyme of arachidonic acid metabolism and exists as two distinct isoforms.
COX-1 is constitutively expressed in most tissues, whereas COX-2 is inducibly expressed at the site of inflam-
mation. Selective inhibitors of COX-2 have been developed and have been used as anti-inflammatory agents.
Here, we show that a new-generation COX-2 inhibitor, celecoxib, inhibited experimental autoimmune ence-
phalomyelitis (EAE). Celecoxib, but not other COX-2 inhibitors such as nimesulid, prevented myelin oligoden-
drocyte glycoprotein (MOG) induced EAE when administrated orally on the day of disease induction. Moreover,
celecoxib inhibited EAE in COX-2-deficient mice, indicating that celecoxib inhibited EAE in a COX-2-
independent manner. In celecoxib-treated mice, interferon-y (IFN-y) production from MOG-specific T cells
was reduced and MOG-specific IgG | was elevated compared with vehicle-treated mice. Infiltration of inflam-
matory cells into the central nervous system and the expression of adhesion molecules, P-selectin and inter-
cellular adhesion molecuie-1 (ICAM-1), and 2 chemckine, monocyte chemoattractant peptide-1 (MCP-1), were
inhibited when mice were treated with celecoxib. These results suggest that celecoxib may be useful as a new
additional therapeutic agent for multiple sclerosis.

Keywords: COX-2 inhibitor; celecoxib; experimental autoimmune encephalomyelitis; multiple sclerosis

Abbreviations: CMC = carboxymethylcellulose; COX = cyclooxygenase; EAN = experimental autoimmune neuritis;
EAE = experimental autoimmune encephalomyelitis; ELISA = enzyme-linked immunosorbent assay; ICAM-| = intercellular
adhesion molecule-1; IFN = interferon; IL = interleukin; LN = lymph node; MCP-1 = monocyte chemoattractant peptide-!;
MOG = myelin oligodendrocyte glycoprotein; PBS = phosphate-buffered saline
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Introduction

Cyclooxygenase (COX) catalyses the conversion of arachido-
nic acid to prostaglandins and has two isoforms, COX-1 and
COX-2 (Vane et al, 1994; Warner and Mitchell, 2004).
COX-1 is constitutively expressed in most tissues and pro-
duces prostaglandins involved in maintenance of the gastric
mucosa, regulation of renal blood tlow and platelet aggrega-
tion. On the other hand. COX-2 is inducibly expressed in
cells involved in inflammation and in neoplastic tissues by
proinflammatory and mitogenic stimuli, and is primarily
responsible for the synthesis of prostancids involved in
acute and chronic inflammation (Xie er al, 1997). COX-2

therefore appears to Dbe a suilable target for the anti-
inflammatory effects of non-steroidal anti inflammatory

- drugs. These findings have provided the rationale for the

development of selective inhibitors of COX-2.

Celecoxib is a new generation of highly specific COX-2
inhibitors that have been approved for the treatment of
rheumatoid arthritis and other inflammatory diseases. The
selectivily of COX-2 inhibition is much higher than tradi-
tional COX-2 inhibitors (Penning et al.,, 1997). Furthermore,
celecoxib has been shown to exert a potent anti-tumour
effect. Interestingly, the anti-tumour effect by celecoxib

" The Author (20086). Published by Oxford University Press on behalf of the Guarantors of Brain. All sights reserved. For Pennissions, please email: journals. permissions@oxfordjournals.org
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has been reported via both COX-2-dependent and COX-2-
independent mechanisms (Grosch et al, 2001). For
example, cell cycle arrest and apoptosis of various kinds
of cells induced by celecoxib appeared to be COX-2-
independent effects (Hsu et al, 2000; Arico et al, 2002;
Liu et al., 2004). :

Experimental autoimmune encephalomyelitis (EAE) is a
widely used animal model for multiple sclerosis that can be
induced by immunization with myelin antigens such as mye-
lin oligodendrocyte glycoprotein (MOG). EAE is mediated
primarily by CD4* Thi T cells producing interferon-y (IFN-v)
and tumour necrosis factor-a (TNF-a) (Nicholson and
Kuchroo, 1996; Kumar ef al, 1997; Zhang et al, 1997).
COX-2 is expressed in neurons and endothelial cells in
healthy brain. In rats with EAE, the expression of COX-2
was reporied to be upregulated in endothelial cells in inflam-
matory lesions. In addition, non-selective COX-2 inhibitors
have been reported to moderately ameliorate EAE (Prosiegel
et al., 1989; Weber et al., 1991; Simmons et al., 1992), sug-
gesting that COX-2 may have an important role in the
pathogenesis of EAE {Deininger and Schluesener, 1999).
Furthermore, we recently demonstrated that COX-2 inhibi-
tors suppress experimental autoimmune neuritis (EAN), a
model of Guillain-Barré syndrome, which is also character-
ized as a CD4"-Th1 T-cell-mediated autoimmune neurolo-
gical disease model similar to EAE (Miyamoto et al., 1998,
1999, 2002). These findings led us lo investigate the effect of
COX-2 inhibitors on EAE.

In the present study, we found that celecoxib greatly sup-
pressed EAE in comparison with traditional COX-2 inhibi-
tors. Furthermore, we have demonstrated that celecoxib
inhibited EAE by inhibiting Thl response of autoreactive
T cells and that this inhibition was COX-2-independent.
Finally, we demonstrated that celecoxib prevented cell
entry into the CNS in association with the inhibition of the
expression of P-selectin, intercellular adhesion molecule-1
(1CAM-1)} and monocyte chemoattractant peptide-1 (MCP-1).
These results highlighted the COX-2-independent therapeu-
tic potential of celecoxib for multiple sclerosis.

Material and methods

Mouse - :

Wild-type C57BL/6 (B6) mice were purchased from Clea Japan
(Tokyo, Japan). COX-2-deficient mice (COX-27"") have been
backerossed to B6 background for more than five generations
and were purchased from Taconic (Germantown, NY, USA)
These mice were maintained under specific  pathogen-free
conditions.

Induction of EAE

For induction of EAE, mice were immunized {5~10 mice per group)
subcutaneously in flanks with 100 pg of MOGgzs_ s peptide (MEVG-
WYRSPESRVVHLYRNGK) in 0.1 ! phosphate-buffered saline
(PBS) and 0.1 ml complete Freund's adjuvant (CFA) containing
I mg Mycobacterivm  tuberadosis H37Ra (Difco  Laboratories,
Detroit, M, USA) and were injected intravenously with 200 ng
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of pertussis toxin (List Biological Laboratories, Campbell, CA,
USA) on the day of immunization and 2 days later.

Clinical assessment of EAE

EAE was scored on the following scale: 0 = no clinical signs; 1 =
partial loss of tail tonicity; 2 = completely limp tail and abnormal
gait; 3 = partial hindlimb paralysis; 4 = complete hindlimb paralysis;
and 5 = fore- and hindlimb paralysis or moribund state.

Treatment with COX-2 inhibitors

Mice were orally administered 5 pg/g of COX-2 inhibitor, celecoxib
(Searle, St Louis, MO, USA) (Penning et al, 1997), nimesulid
{Nakarai Tesque, Kvoto, Japan) (Nakatsuji er al, 1996}, or indo-
methacin (Nakarai Tesque) in 0.5% carboxymethylcellulose (CMC)
via a feeding cannula every 2 days. Control mice were orally admi-
nistered vehicle (0.5% CMC) alone.

Measurement of MOG;5_55-specific igGl and
IgG2a titres

Enzyme-linked immunosorbent assay (ELISA) plates (Sumitomo,
Tokyo, Japan) were coated with 10 pg/ml MOG;s. s in PBS over-
night at 4 C. After blocking with 2% bovine serum albumin (BSA)
in PBS, different dilutions of the serum from animals at Day 30 afier
immunization, or normal mice or PBS were added to the plate.
MOGs;-_ss-specific antibodies were detected using biotin-labelled
anti-IgGl and anti-IgG2a antibodies (Vector Laboratories, Burlin-
game, CA, USA). After adding streptavidin-peroxidase (BD Bios-
ciences, San Jose, CA, USA) and a substrate, plates were read at
ODyy values.

MOG;;.s5-specific T-cell proliferation assay

On Day 11 after immunization with MOGas..»s, draining lymph
nodes (LN} were harvested and single cell suspensions were pre-
pared. Cells were cultured in RPMII640 medium (Gibeo,
Grand lIsland, NY, USA) supplemented with 5 x 107" M
2-mercaptoethanol, 2 mM L-glutamine, 100 U/ml penicillin and
streptomycin and 1% autologous mouse serum, and seeded onto
96-well flat-bottom plales (1 X 10° cells/well). The cells were sli-
mulated with peptide for 72 h at 37 Cin a humidified air condition
with 5% CO,. To measure cellular proliferation, |"H]-thymidine
was added (1 pCifwell) and uptake of the radicisotope during the
final 18 h of culture was counted with a beta-1205 counler
(Pharmacia, Uppsala, Sweden). To evaluale proliferative responses
of LN cells to peptide, we determined the Ac.p.m. value for cells in
each well by subtracting the background c.p.m.

Detection of cytokines and chemokine

LN cells from the MOG;s_..-immunized mice were cultured in the
standard medium in 96-well fal-bottom plates at 1 x 10%well for
43 h in the presence of the different concentrations of MOGss. s
The concentrations of IFN-y, interleukin-4 {11.-4) und [L-10 in the
supernatanls were measured by using a sandwich ELISA following
the protocol provided by BD Biosciences. A chemokine, MCP-1, in
the serum {rom mice on Day 7, 10 and 14 after induction of EAE
was also measured by using a sandwich ELISA following the
protocol provided by BD Biosciences. All reagents, including
recombinant mouse cytokines, chemokine and antibodies were pur-
chased from BD Biosciences.
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Analysis of infiltrating cells isolated from CNS
Mice were anaesthetized with diethyl ether on Day 14 after induc-
tion of EAE. After perfusion with PBS, brain and spinal cord were
removed and homogenized. After washing with PBS, mononuclear
cells were isolated using Ficoll gradient (Amersham Biosciences,
Piscataway, NJ, USA) (Krakowski er al, 1997). Tlme cells were
stained with APC-labelled anti-CD3 antibody, fluoroisothiocyanate
(FITC) labelled anti-CD4 or CD8 or CDI19 antibody (BD
Biosciences) and were analysed by flow cytometer (BD FACS Cali-
bur). Apoptosis of lymphocytes was analysed by using Annexin-5
apoptosis kit (BD Biosciences).

Pathological analysis

The brain and spinal cord were removed on Day 7, 10 and 14 after
induction of EAE. Ten-micrometre frozen sections were fixed with
acetone and stained with haematoxylin and eosin (HE), Luxol fast
blue or antibodies of adhesion molecule ICAM-1 (CD54), vascular
cell adhesion molecule-1 (VCAM-1: CD106), E-selectin {CD62E)
and P-selectin (CD62P) (BD Biosciences), following the protocol
provided by BD Blosciences.
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Statistics

For statistic analysis, non-parametric Mann-Whitney U-test was
used to calculate significant levels for all measurements. Values
of P < 0.05 were considered statistically significant.

Results

Celecoxib inhibits EAE

To examine the effect of celecoxib on the development of
EAE. we first administered celecoxib al the time of
immunization with MOG3s_ss. Oral administration of cel-
ecoxib reduced the incidence of disease and suppressed max-
imum EAE score and cumulative score compared with the
control group (Fig. 1A, Table 1). Histological comparison
between the thoracic region of the spinal cord demonstrated
reduced monocyle infiltration and demvelination in
cerecoxib-treated mice compared with vehicle-treated
mice (Fig. 2A~D). Celecoxib was also effective in reducing
the severity of disease when administered at Day §

B
4

3.5-

clinical score

22

T
19
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13 16 25

Fig. I Effect of celecoxib on actively induced EAE. EAE was induced in female Bé mice by immunization with MOG;js_gs in CFA as described
in Material and methods. (A) Mice were orally administered 5 ug/g (closed circles) or 10 pg/g (open diamond) of celecoxib starting from the
day of the immunization, or with 5 ug/g of celecoxib starting from 8 days after the immunization (open circles). Control mice were
administered vehicle alone {closed squares). Statistical analysis is shown in Table |. {B) Mice were orally administered 5 pg/g of celecoxib
{closed circles) or nimesulid {open triangle) or indomethacin {(crosses) every 2 days from the day of EAE induction. Control mice were
administered vehicle alone (closed squares). Statistical analysis is shown in Table 2. One representative experiment of two independent
experiments is expressed as mean = SEM.

Table | Clinical scores of EAE treated with celecoxib

Max. score Day of onset Incidence (%) Cumulative score
Control (CMC) 3.50 = 0.20 12,50 = 1.56 100 (10/10) 33.00 = 5.05
Celecoxib 10 pglg 0.14 = 0.05* 17.50 = 0.50 20.0 (2/10) 042 = 0.04*
Celecoxib 5 pglg 040 = 0.40* 17.00 = 0.00 20.0 (2/10) 3.80 = 3.80*
Celecoxib 5 pg/g (from Day 8) 242 = 0.57 14.20 = 1.83 83.3 (10/12) 20.17 = 5.22

Four groups of mice were immunized with MOGas_5s peptide for induction of EAE. The control CMC solution, 5 or 10 pglg of celecoxib
diluted in CMC, was orally injected via a cannula every 2 days starting from Day 0 or 8 after induction of EAE. Mean = SEM of the
following parameters are shown: maximum score of EAE (Max. score), the days of EAE onset, incidence of paralysed mice among
sensitized mice {Incidence) and summation of the clinical scores from Day 0 to 30 (Cumulative score). *P < 0.05 versus control.
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Fig. 2 Histopathological assessment of the CNS region in EAE-
induced mice. Brains and spinal cords from EAE mice were
removed on Day 14 after immunization as described in Material
and methods. Thinly sliced (10 jum) frozen sections of the brains
obtained from vehicle-treated mice (A and B) or celecoxib-treated
mice {C and D) were stzined with haematoxylin and eosin (B and
D), or Luxol fast blue (A and C).

post-EAE-induction. Although indomethacin suppressed
EAE to some extent, all mice died around Day 30 after
immunization owing to intestinal ulcer. In contrast, oral
administration of nimesulid, another COX-2 inhibitor, did
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nol suppress either the incidence or the severity of EAE

(Fig. 1B). Composite data from experiments is shown in
Tables 1 and 2.

Celecoxib inhibits MOG-specific

Thl response

To determine the mechanisms by which celecoxib inhibits
EAE, we examined the level of MOG-specific 1gG1 and 1gG2a
in the serum samples collecied from individual EAE-induced
mice on Day 30. It is generally accepted that elevation of
antigen-specific 1gG2a antibody results from augmentalion
of a Th1 immune response lo the antigen, whereas a higher
level of 1gG1 antibody would reflect a stronger Th2 response
to the antigen. There was a significanl elevation of the level of
MOG;;.55-specific IgG1 and a slight reduction in the level of
MOG-specific 1gG2a in celecoxib-treated group compared
with vehicle-treated group (Fig. 3A). In contrast, there
was no significant difference in the level of either 1gG1 or
IgG2a in nimesulid-treated mice compared with vehicle-
treated group (Fig. 3B).

To further investigate the response of T cells to MOGs5.55
in celecoxib-treated mice, we examined the proliferative
response and cytokine production of draining LN cells
in vitro. Mice were immunized with MOG;s_ss and were
administered celecoxib or vehicle on the day of immuniza-
tion. Ten days afler immunization, draining LN cells were
collected and cultured with MOG ;. 55 peptide. As shown in
Fig. 4A, there was no significant difference in a proliferative
response of MOG-reactive T cells between celecoxib-treated
and vehicle-treated groups. We next examined the levels of
cylokines in the culture supernatant by ELISA. The level of
IFN-v was reduced in the culture supernatants of LN cells
obtained from mice (reated with celecoxib compared with
that Irom control mice {Fig. 4B). 11-4 and IL-10 were not
detected in either culture supernatant. These results indicate
that celecoxib reduces Thl cytokine production from
MOG-reactive T cells.

Celecoxib prevents EAE even in
COX-2-deficient mice

Since another COX-2 inhibitor, nimesulid, did not have the
inhibitory effect on EAE, we examined whether celecoxib could
inhibit EAE in COX-2-deficient mice. As shown in Fig. 5A, the
maximum EAE score, the day of onset and the severity of EAE
were not significantly different between COX-2""" and wild-
type mice. Administration of celecoxib prevented the develop-
ment of EAE in COX-27'" mice as well as in wild-type mice.
Consistent with the severity of EAE, the levels of MOG-specific
1¢G1 and 1gG2ainCOX-2""" mice were not different compared
with wild-type B6 mice {Fig. 5B). Moreover, celecoxib treal-
ment increased the level of MOG-specific IgGl even in
COX-2""" mice, resulting in the elevation of 1gG1 : 1gG2a
ratio similar 1o that in wild-type mice (CMC = (.29, celecoxib
= 3.00) and COX-27"" mice (CMC = 0.42, celecoxib = 2.32).
These resulls indicate that the effect on the inhibition of EAE
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Table 2 Clinical scores of EAE treated with celecoxib or other non-steroidal anti-inflammatory drugs

Max. score Day of onset Incidence (%) Cumulative score Death (%)
Control (CMC) 3.05 =020 13.10 = L.I6 100 {10/10) 2647 = 5.13 10 (1/10)
Celecoxib 1.02 = 0.53% 1430 = L.77 90 (9/10) 7.58 = 6.72% 0 (0r10)
Nimesulid 2.54 > 0.68 13.50 = 1.36 100 (10/10) 22.15 = 475 0 (0/10)
Indomethacin 1.70 = 0.83 13.90 = .93 100 (10/10) 1521 = 3.89 100 (10/10)*

Each mouse was immunized with MOG;s_ss peptide for induction of EAE. The control CMC solution, or 5 pglg of drugs diluted

in CMC, was orally administered via a cannula every other day. Mean = SEM of the following parameters are shown: maximum score
of EAE (Max. score), the days of EAE onset, incidence of paralysed mice among sensitized rats (Incidence), summation of the clinical
scores from Day 0 to 30 (Cumulative score) and the incidence of death during EAE (Death). P < 0.05 versus control.
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Fig. 3 Analysis of MOGssss 1gG1 and IgG2a in EAE-induced mice. The relative titers of anti-MOG IgG1 and IgG2a in serum samples from
individual mice (n = 10) on Day 30 after immunization were analysed as indicated in Methods. Data represent mean = SEM. #P < 0.05 versus
control. (a) Control = vehicle alone, CELS = 5 pg/g of celecoxib, CELS# = 5 pglg of celecoxib from Day 8 after the immunization,
CELI0 = 10 pglg of celecoxib. (k) Control = vehicle alone, CEL = celecoxib, NIM = nimesulid, IND = indomethacin.

and Thl response by celecoxib is mediated by a COX-2-
independent pathway (Table 3)

Celecoxib inhibits an infiltration of

immune cells into CNS _
To characterize the infiltrated cells into CNS, we isolated

mononuclear cells from CNS obtained from celecoxib-
treated or vehicle-treated mice. Mononuclear cells isolated
from the CNS of vehicle-treated mice include CD3* T cells
that comprised >80% of CD4" cells. In mice treated with
celecoxib, the number of infiltrated cells was less than
one-seventh compared with vehicle-treated mice (Table 4).
In addition, we analysed apoptotic cells from CNS, spleen
and draining LNs using annexin-5 staining. There was no
difference in the frequency of apoptotic cells in all organs
examined from celecoxib-treated and vehicle-treated mice
{data not shown). These resulls suggest that celecoxib inhi-
bits an infillration of inflammalory cells into the CNS rather
than induction of apoptosis of autoreactive T cells.

Celecoxib suppresses the expression of
adhesion molecules and a chemokine -
related to cell infiltration into CNS

For the recruitment of autoreactive T cells inlo the brain
through the blood-brain barrier (BBB), some adhesion
molecules such as ICAM-1, VCAM-1 and P-selectin, and
chemokines such as MCP-1 are required (Engelhardt
et al, 1997; Hofmann er al, 2002). We performed an -
immunohistostaining of sliced brain sections from mice
with EAE wusing antibodics against adhesion molecules.
1ICAM-1, VCAM-1 and P-selectin (Fig. 6A, C and E) were
expressed on choroid plexus in the brain obtained from
EAE-induced mice. In contrast, in brains obtained from
celecoxib-treated mice. the cxpression level of P-selectin
and ICAM-1 was lower compared with the control
{Fig. 6B, D and F). In addition, we examined the level of
MCP-1, which 1s an important chemokine involved in
recruiting autoreactive T cells into the brain. As shown in
Table 5, the level of MCP-1 in the serum obtained from
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Fig. 4 Comparison of MOG;;.ss-specific T-cell response after treatment with celecoxib. Popliteal and inguinal LN cells from teated and
control animals were incubated in the presence of MOGjs.ss for 48 h. Proliferative response was determined by the uptake of *H]
thymidine (&), and IFN-y was detected by ELISA (B). Representative data of two independent experiments are shown (n = 5 for each
group). Error bars represent SEM. *P < 0.05 versus control.
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Fig. 5 Effect of celecoxib on actively induced EAE in COX-2-deficient mice. B6 mice and COX-2-deficient mice were immunized with

. MOGag_ss in CFA as described in Material and methods. (&) Mice were orally administered celecoxib (5 g/g) every 2 days starting from the
day of the immunization. Statistical analysis is shown in Table 3, Closed squares = vehicle alone for wild-type mice; closed circles = 5 pg/g of
celecoxib for wild-type mice, open squares = vehicle alone for COX-2-deficient mice, open circles = 5 jgfg of celecoxib for COX-2-
deficient mice. (B) The relative ttres of anti-MOG IgG| and 1gG2a in serum samples from individual mice on Day 30 after immunization
were analysed as indicated in Material and methods. Data represent mean 2= SEM. #P < 0.05 versus control. Control = vehicle alone, CEL =
celecoxib. One representative experiment of two independent experiments is expressed as mean = SEM.

celecoxib-Lreated mice was significantly lower compared with Discussion

that obtained from vehicle-treated mice. These findings sug-
gested that celecoxib inhibits an infiltration ol immune-
mediated cells into CNS through the BBB by suppression
of P-selectin, ICAM-1 and MCP-1.

In the present study, we have demonstrated that a new-
generation selective COX-2 inhibitor, celecoxib, strongly
inhibited the development of EAE as compared with vehicle
treatment or a tradiional COX-2 inhibitor, nimesulid. The
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Table 3 Clinical scores of EAE in COX-2-deficient mice
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Mouse Treatment Max. score Day of onset Incidence (%) Cumulative score

Wild-type CcMC 354 =028 12.60 = 115 100 (10/10) 2485 * 6.37
Celecoxib 113 = 0.39% 13.20 = 1.80 80 (8/10) 6.29 = 4.02%

Cox-27"- CMC 3752044 12.78 = 1.57 100 (8/8) 29.88 = 5.62
Celecoxib 146 = 0.51* 14.13 = 1.96 875 (7/8) 5.39 * 3.36*

Wild-type and COX-2~'~ mice were immunized with MOGss.s5 peptide to induce EAE. The control CMC solution, or 5 uglg of
celecoxib diluted in CMC, was administered every other day. Mean = SEM of the following parameters are shown: maximum
score of EAE (Max. score), the days of EAE onset, incidence of paralysed mice among sensitized mice (Incidence) and summation
of the dinical scores from Day 0 to 30 (Cumulative score). #P < 0.05 versus control.

Table 4 Cell infiltration into the CNS of EAE-induced
mice

Mononuclear CD3* CD4* CcDl9*
cell cell cell cell
EAE mice
Control (CMC) 667 = 176 203 =69 158 =50 6= |
Celecoxib 90 = 57+ 12 = g* 985 0=0
Naive mice 206 5x2 32 1=x¢0

~ CNS tissues from each group mouse were homogenized on Day 18
after immunization with MOGas.ss peptide. Mononuclear cells were
isolated by Percoll solution. The cells were stained with cell markers
and analysed by flow cytometer. Mean = SEM of cell number (10°
cells/mouse) is shown. Representative data of two independent
experiments are shown {n = 5 for each group). *P < 0.05 versus
control.

inhibitory effect on EAE by celecoxib was also evident in
COX-2-deficient mice, indicating that celexoxib suppressed
EAE in a COX-2-independent mechanism. In celecoxib-
treated mice, MOG-specific Thl responses were reduced
and infiltration of immurie cells was significantly inhibited
compared with vehicle-treated mice, which were associated
with lower expression of ICAM-1 and P-sclectin on the
choroid plexus in the brain.

Since EAE is an autoimmune inflammatory disease,
administering COX-2 inhibitor was expected to inhibit dis-
ease as well as other COX inhibitors. Recently, Muthian e7 al.
(2006) showed that some COX-2 inhibitors such as NS398
and LMO1 suppressed EAE, when administered intraperito-
neally every other day. In our study, we could not observe the
inhibitory effect of nimesulid on EAE when orally adminis-
tered every 2 days using the same condilions in which cel-
ecoxib exhibited a strong inhibitory effect. The route and
timing of administration might be critical to modulate dis-
eases. The inhibitory effect mediated by celecoxib was stron-
ger compared with other COX inhibilors, suggesting that
different mechanisms may be occurring in addition 1o the
suppression of production of prostanoids that occurred at
sites of disease and inflammation. In fact, COX-2 was not
required for the celecoxib-mediated inhibitory effect on EAE.
Recent studies have suggested that COX-2-independent
pathways may contribute to celecoxib-mediated anti-lumour
or anti-arthritic effect through enhanced apoptosis of
tumour cells or synovial cells (Kusunoki er al, 200

ICAM-1 VCAM-1

P-selectin

Fig. 6 Immunohistochemical staining with ICAM-1, VCAM-1 and
P-selectin of the brain in EAE-induced mice. Brains from EAE mice
were removed on Day [4 after immunization as described in
Material and methods. Thinly sliced {10 um) frozen sections of the
brain were immunostained with anti-ICAM-| antibody (A and B),
anti-VCAM-1 antibody (€ and D) and anti-P-selectin antibody

(E and F). Figure shows choroid plexus region. Bar = 100 pm.

Shishodia et al, 2004). In our study. enhancing apoptosis
of immune cells was not detected, indicating that differem
COX-2-independent mechanisms might be important for
celecoxib-mediated inhibition of EAE. We observed that cel-
ecoxib treatment inhibited Th] responses of MOG-reactive T
cells. In the regulation of Th1/Th2 responses. prosiaglandin
E2 synthesized by COX has been reported to suppress 11.-2
and IFN-vy production by a Thl cdone (Snijdewint et al,
1993). In addition, Meyer et al. (2003) reported that admin-
istration of COX-2 inhibitor, NS398, increased Helicobacter-
stimulated IL-12 and IFN-y production, suggesting that
COX-2 inhibition resulled in enhanced Thl responses. In
contrast, celecoxib inhibited Thl responses of autoreactive T
cells. Therefore, this COX-2-independent effect on immune
system may be a mechanism te explain why celecoxib sup-
presses EAE to a greater degree compared with that of other
COX-2 inhibitors. Allonza o al (2006} reported that
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Table 5 Serum level of MCP-I
treatment with celecoxib

in EAE mice after

Day 0 Day7 Day 10 Day 14
EAE mice
Control (CMC) ND 600 =210 426 =170 ND
(n=18) '
Celecoxib (n= 16) ND 85 =50 129 =85 ND
Naive mice (n=10) ND  ND ND ND

Bé mice were immunized with MOG3;s_g5 peptide as described in
Material and methods. Serum samples from individual mice were
collected on Day 0, 7, 10 and 14 after immunization. Serum con-
centration of MCP-1 was measured by ELISA. Data represent mean
= SEM (pg/ml). ND = not detectable. *P < 0.05 versus control.

celecoxib inhibits 1L-12 a3 and B2 folding and secretion in
association with the increased interaction of 1L-12 with cal-
reticulin, an endoplasmic reticulum-resident chaperone in
retention of misfolded cargo proteins, while blocking inter-
action with Erp44. They also demonstrated that an analogue
of celecoxib lacking the COX-2 inhibitor activity showed
identical effects Lo that of celecoxib on folding and secretion
of IL-12, indicating that the effect is COX-2-independent.
Since IL-12 is a key cytokine to provoke Thl immune
response, reduction in MOG-specific Thi response is con-
sistent with these previous findings.

The infiliration of immune cells in the CNS was signifi-
cantly inhibited in celecoxib-treated mice. Celecoxib has
been reported to reduce expression of P-selectin and
ICAM-1 in experimental inflammatory models such as

" experimental colitis (Cuzzocrea et al,, 2001, 2002). In our
study, we observed that celecoxib suppressed expression of
P-selectin and 1ICAM-1 in the brain of EAE mice. Since
P-selectin and ICAM-1 are the adhesion molecules involved
in the recruitment of inflammatory cells into CNS
(Engelhardt er al, 1997; Dietrich, 2002; Scolt et al., 2004),
inhibition of cellular infiltration by celecoxib might be
mediated by the downregulation of the expression of
adhesion molecules.

Chemokines are also required for recruitment of immune
cells into the CNS. MCP-1 is reported to be an essential
chemokine in EAE (Hofmann et al, 2002). In the mouse
model of atherosclerosis, Wang et al. {2003) reported that
celecoxib decreased the ~inflammatory response and
hyperplasia following vascular injury through inhibition of
MCP-1 induction. We detected a decreased level of MCP-1
in the serum in celecoxib-treated mice on EAE. The suppres-
sion of MCP-1 by celecoxib might also contribute to the
reduction of infiltrating cells into the CNS.

In conclusion, celecoxib has a potent therapeutic potential
for EAE by inducing a Th2 bias and suppressing infiltration
of inflammalory cells into the CNS through a COX-2-
independent mechanism. Further analysis of celecoxib-
mediated suppression of EAE will help drug development
for multiple sclerosis. Celecoxib is hoped to be a new choice
of the treatment of multiple sclerosis.
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Invariant V,19i T cells regulate autoimmune

inflammation

J Ludovic Croxford!, Sachiko Miyake!, Yi-Ying Huang?, Michio Shimamura®? & Takashi Yamamural

T cells expressing an invariant V,19-J,33 T cell receptor ¢-chain (V191 TCR) are restricted by the nonpolymorphic major
histocompatibility complex class ib molecule MR1. Whether V,18i T cells are involved In autoimmunity is not understood.
Here we demonstrate that T cells expressing the V,19i TCR transgene inhibited the induction and progression of experimental
auteimmune encephalomyelitis (EAE), a mouse model of multiple sclerosis. Similarly, EAE was exacerbated in MR1-deficient
mice, which lack V,19i T cells. EAE suppression was accompanied by reduced production of inflammatory mediators

and increased secretion of interleukin 10. Interleukin 10 production occurred at least in part through interactions between

B cells and V,18i T cells mediated by the ICOS costimulatory molecule. These results suggest an immunoregulatory function

for V,19i Tcells.

Two distinct mouse T cell subsets express invariant TCRa chains:
Vo 14-],18 (V, 14§ ref. 1) and V,19-J,33 (V,19; ref 2). Although
conventional T cells recognize peptide antigens presented by poly-
morphic major histocompatibility complex class 1a molecules, V,14i
Ynvariant T cell populations recognize nonpeptide antigens™
presented in the context of the nonpolymorphic major histocompat-
ibility complex class Ib molecule CD1d. MR1 may be able to present
glycolipids in vitro to V4191 T cells’, but the identity or type of
endogenous ligand recognized by V,19i T cells in vivo is unknown.
However, antigen recognition is essential for the development of
T cells expressing V,14i and V4191 TCR chains,. as these subsets are
sent from CdldI~~ and Mr1™*~ mice, respectively®’. Similar invar-
nt T cell subsets are present in humans®®. Many of these cells also
express natural killer (NK) cell markers on their surface (such as
mouse NK1.1). Consequently, CD1d-restricted invariant T cells have
traditionally been referred to as ‘NKT cells’ (V4141 NKT cells)!?,

‘Transgenic overexpression of the V,,14i TCR chain protects against
the development of mouse models of type 1 diabetes!! and multiple
sclerosis’?, suggesting that V,14i NKT cells may be involved in
regulating autoimmunity. In addition, susceptibility to type I diabetes
is linked to quantitative and functional deficiencies in V,14i NKT
cells’3. Mechanistic studies suggest that V,14i NKT cells may down
regulate autoimmunity by increasing the production of T helper type
2 (Ty2) cytokines!*!°. However, in other conditions, NKT cells may
promote the exacerbation of autoimmune disease. V,14i NKT cell-
deficient mice show ameliorated arthritis compared with that of their
wild-type counterparts!®2®21,

The immune function of MR1-restricted invariant T cells remains
less clear than that of CDld-restricted lymphocytes. MR1-restricted
invariant T cells were first identified among human peripheral blood

CD4-CD8" T cells as a clonally expanded population expressing an
invariant V,7.2-J,33 TCR chain (V,7.2i T cells)??. Subsequent studies
identified clonally expanded T cells expressing the highly homologous
invariant V,19-J,33 TCR chain in mice and cattle’. V19 T cell
development has been found to depend on the nonpolymorphic
major histocompatibility complex class Ib molecule MR1 and on
the presence of B cells’. The V,19i TCR is uniquely overexpressed in
the gut lamina propria and V,19i T cell development depends on the
presence of commensal gut flora, indicating potential involvement of
these cells in gut immunity™’. As MR1 molecules are thought to be
retained in the endoplasmic reticulum, intestinal flora might provide
exogenous ligands for the Vo19i TCR, or a cellular ‘stress’ signal,
that enables transit of MR1 from the endoplasmic reticulum to the
cell surface?”.

Human V,7.2i T cells® but not mouse gut V419i T cells express
NKT cell markers’. In contrast, the V4191 TCR is expressed by most
T cell hybridomas derived from liver NX1.1* T cells from Cd1dI~-
mice?®. Furthermore, 25-50% of V,19i cells from V,19i transgenic
mice on a Tera™~ background express NK1.1 (ref. 24). Those divergent
results regarding NK1.1 expression remain unclear, but may be due to
differences among mouse genetic backgrounds. Alternatively, as with
CDid-restricted T cells, a subpopulation of MR1-testricted T cells
may lack NK1.1 expression. Based on their predominant distribution
in the gut, MR1-restricted T cells are often referred to as ‘mucosal-
associated invariant T cells®’. To avoid confusion, we subsequently
use the term V191 T cells’ to describe V,19i T cells expressing NK1.1.

The V,7.2i TCR is over-represented in central nervous system
(CNS) lesions from multiple sclerosis autopsy samples?®, whereas
the V,24i TCR is mostly absent?®, Those findings led us to speculate
that MR1-testricted T cells may ‘preferentially’ migrate to CNS lesions,
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where they regulate CNS inflammation. We designed this study to
address the function of MR1-testricted T cells in experimental auto-
immune encephalomyelitis (EAE)'*7, a mouse model of multiple
sclerosis. Here we report that over-representation of V,19i T cells
decreased the severity of EAE, whereas depletion of V,19i T cells
exacerbated EAE. Furthermore, V4191 T cells exerted an influence on
the phenotype and functions of autoimmune T cells in the draining
lymph nodes and spleens of mice. In particular, over-representation of
V,19i T cells reduced the production of proinflammatory cytokines
and increased the production of interleukin 10 (IL-10), which may
account for V,19i T cell-mediated suppression of autcimmune
disease. Finally, interactions between V19 T cells and B cells
mediated by the 1COS costimulatory molecule increased B cell 1L-10
production and may therefore represent a mechanism by which V1%
T cells regulate inflammation.

RESULTS

Characterization of transgenic V,19i T cells

An antibody specific for the V,19i TCR chain does not exist, and wild-
type mice have very few MRI-restricted V419i T cells. Therefore, to
circumvent those experimental hurdles and to evaluate the function of
Vo191 T cells int vivo, we used V, 191 TCR-transgenic (V,19iTg) mice®,
which were originally generated by injection into C57BL/6 mouse
oocytes of a transgenic construct encoding a V,19-J,33 TCR construct
driven by the endogenous Tcra promoter. We crossed the transgenic
line with Cd1d1** and Cdidi~~ C57BL/6 mice for seven to nine
generations. First we compared numbers of lLver NKI1.1%
T cells present in CdldI*™, Cdldl™, V,19iTgCdldl*"* and
V,19iTgCdldI~~ mice (Fig. 1a). TCRB*NKL.1' T cells comprised
11.5% of total liver lymphocytes in CdZdI** mice but only 2.3% of
total liver lymphocytes in Cdldi~~ mice. Therefore, most (about
80%) of NKL.1* T cells in CdldI*"* mice corresponded to CD1d-
restricted V,141 NKT cells, whereas about 20% were probably
MR1 restricted?®. Notably, V,19iTgCdldI™~ mice had many NK1.1*
T cells (12.0%), indicating that overexpression of the V,19i TCR in
Cdldl™~ mice compensated for the reduction in NK1.1* T cells

a8s

Figure 1 Characterization of NK1.1* T cells from V,19iTg mice. (a) Flow
cytometry of liver NK1.1* T cells 48 h after anti-asialo-GM1 -mediated
depletion of NK cells {mouse genotypes, above plots). Numbers above gated
regions indicate the percentage of NK1.1*TCRB* cells. (b) Real-time
RT-PCR of V,19i TCR mRNA expression in liver or spleen NK1.1* T cells
(mouse genotypes, key). Data are presented as 'fold increase’ over
expression of Hprtl. (c) Cytokines in the supernatants of sorted liver NK1.1+
T cells {(mouse genotypes, key) stimulated by immobilized anti-CD3 in vitro,
measured at 24, 48 and 72 h after stimulation. Data are representative

of two separate experiments (a,b) or the mean of two replicate values from
two separate experiments (c).

caused by CDI1d defidency. In contrast, the number of NKI1.1*
T cells was only slightly higher in V419iTgCdldI*/* mice, which
had normal numbers of V,14i NKT cells. To confirm that the NK1.1*
T cell population in V,19iTg mice was enriched in cells expressing the
V419 TCR chain, we measured V,19i mRNA transcripts in NK1.1*
liver cells and splenocytes by real-time RT-PCR (Fig. 1b). V,19i
mRNA expression was much greater in liver and splenic NX1.1*
T cell populations from V,19iTgCd1dI*'* or V,19iTgCdidI™* mice
than in those from nontransgenic littermates (Fig. 1b). In V,1%
T cells, the V4191 TCR chain ‘preferentially’ associates with TCRB
chains containing V8 or Vg6 segments?®, Approximately 60-70% of
liver NKT cells from V,19iTgCdldI™ or V,19iTgTcra”™ mice
expressed either V8 or V6, compared with 30-40% of conventional
T cells in the same mice (unpublished observations). These observa-
tions collectively demonstrate that NK1.1* T cell populations in
V,19iTg mice are highly enriched in cells expressing V,19-),33 TCR
chains and V6 or Vg8 TCR chains. Next we compared the ability
of NKL.1* T cells from V,19iTg and nontransgenic mice to
produce immunosuppressive cytokines. To obtain V,19i T cells, we
depleted V,19iTgCdldI~'~ mice of NK cells by injecting antibody to
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Figure 2 V,19i T cells in EAE. (a,b) Clinical EAE scores of mice immunized
with MOG(35-55). WT, wild-type. Data represent mean score + s.e.m. from
three independent experiments {n = 10-22 mice). (c) Monocyte infiltration
and demyelination (arrowheads) of the lumbar spinal cord during EAE (day
15). (d) Quantification of spinai cord celiular infiltrates by flow cytometry.
Areas to the right of dashed lines indicate positive cellular staining; numbers
in histograms indicate percentage of CD4+, NK1.1* (gated on CD3*) or
B220* celis. *, P < 0.05 (Mann-Whitney U-test). Data are representative
of three separate experiments.
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Table 1 V,19i Tcells in EAE

Mice with EAE  Group score

Group EAE score Day of onset
Wild-type 100of 10 33=x03 3303 136+0.7
Cdldi- 18 of 18 3.4+02 34 =02 117 %05
V,19iTgCdldI+ 13of 22 1.3+£03*** 22=x02*" 143=x0.6*
Wild-type 7of7 3.6=x0.2 3.6+0.2 13.6%05
Cdld1* 11of 11 33x04 33zx04 148x0.7
V,19iTgCdld1++ 9of 13 1.3:03** 1904 186=x1.2*
NK1.1- AdTx 100of 10 36=03 36203 116+£05
V,19i AdTx 8of 10 2.2 £0.4* 28x03 15.8 £ 0.6***
Mrt+ 10of 10 3.0x02 3.0=x02 13905
Mri-- 8of 8 4.0+£00"™ 40x00* 11.5%0.5**

Clinical outcome of mice immunized with MOG(35-55) to induce EAE. Dala represent number
of mice with EAE (of total mice in group); mean group EAE score {+ s.e.m.); mean EAE score
excluding mice without evidence of EAE (2 s.e.m.); and mean day of onset (x s.e.m.). In one
experiment, mice received adoptive transfer {AdTx) of V,;19i T cells or NK1.1- celis as a control.
* P < 0.05 **, P< 0.01,and ***, P < 0.001, compared with control groups (Mann-
Whitney U nonparametiic test).

asialo-GM1 (anti-asialo-GM1). We then sorted NK1.1% cells from the
liver. When activated by plate-bound anti-CD3, NK1.1* T cells from
Cdid1*"* mice secreted more interferon-y (IFN-y), tumor necrosis
factor (TNF) and interleukin 4 (1L-4) than did those from cdidr-
mice, confirming that CD1d-restricted T cells are a chief source of
cytokines (Fig. 1c). However, NK1.1* T cells from V,19iTg mice
secreted more Tyl cytokines (IFN-y and TNF) and Ty2
cytokines (IL-4 and 11-10) than did NK1.1* T cells from nontrans-
genic littermates (Fig. 1¢). During subsequent experiments, we used
Vo 19iTgCd1dI~~ mice as a source of V,19i T cells.

V,19i T cells in EAE

To determine if an abundance of V4191 T cells could modulate
autoimmune disease, we analyzed the development and progression
of EAE in V,19iTg mice. We induced EAE by immunizing mice with a

~

gure 3 Inhibition of EAE is associated

ARTICLES

peptide of amino acids 35-55 of myelin oligodendrocyte glycoprotein
(MOG(35-55)). The presence of the V,19i transgene suppressed the
development and progression of EAE, regardless of whether CD1d-
restricted NKT cells were present (Fig. 2a,b and Table 1). The onset of
EAE was delayed in V,19iTg mice, and the incidence and severity of
clinical EAE was reduced.

Histological examination of the lumbar (L3) region of the spinal
cord 15 d after BEAE induction showed less monocyte infiltration
and demyelination (assessed by luxol fast blue staining) in
V,16iTgCd1d1~ mice than in CdldI~~ mice (Fig. 2c). In agreement
with the histology, spinal cords of CdIdI~'~ mice contained three
times more infiltrating cells than did those from V19iTgCdldi~~
mice (0.09 x 10° and 0.03 x 10° cells respectively, pooled from three
mice). Flow cytometry showed fewer CD4* T cells infiltrating the CNS
at an active stage of EAE (day 15) in V,19iTgCd1dI”~ mice (6%) than
in nontransgenic littermates (21%; Fig. 2d). Moreover, 11% and 15%
of CNS-infiltrating CD3* T cells expressed NK1.1* in CdidI™ and
V,19iTgCdldI™~ mice, respectively, and NK1.1* T cells comprised
between 1% and 2% of total CNS-infiltrating cells (Fig. 2d). Also, few
B cells trafficked into the CNS during EAE (3% and 2% in Cdidi~~
and V,191TgCdl1dI™", respectively, Fig. 2d). To determine potential
mechanisms of reduced CNS infiltration, we analyzed the expression
of chemokine receptors and adhesion molecules necessary for T cell
migration into the CNS. TCRP*CD4* T cells isolated from the CNS,
lymph nodes and spleens of V,19iTgCdIdl~~ and CdIdI~~ mice on
day 18 after EAE induction had similar surface expression of CCR1
and CCR2 (data not shown). However, V,19iTgCd1dI~~ mice had
fewer CD44* and CD49d™ TCRB* splenocytes than did C1dI™" mice
(Supplementary Fig. 1 online).

Next we examined recall responses of MOG(35-55)-primed T cells
by ex vivo rechallenge with MOG(35-55) on day 10 after disease
induction. Compared with nontransgenic cells, lymph node cells
from MOG(35-55)-primed V,19iTgCd1dI™~ mice produced less pro-
inflammatory cytokines (IFN-y, TNF IL-2 and 1L-17) and more
immunosuppressive 1L-10 (P < 0.05 Fig. 3a). IL-4 and 11-5 were
below the limits of analysis detecton (less than 5 pg/mi).

with decreased Tyl cytokine production. a 0O v.18gCdior™ & Catar™ b

(a) Cytometric bead assay of cytokines in the 1PN 1L-17 TNF 1L-10 s

supernatants of MOG-specific lymph node cells 15.0001 750 1,000 20 ';5

(1 x 108) isolated from mice on day 10 after £ . 750 15 x ;; 3 g

EAE induction and rechailenged with 100 pM £ 10.0001 500 BE QS

MOG(35-55) in vitro, measured 72 h after g 500 10 f} z 92:

rechailenge. Data represent the mean + s.e.m. é 5,000 250 250 s % g ;

of duplicate samples from three separate &) XN

experiments. *, P < 0.05 (two-tailed Student’s 0 0 0 0 E o e "_1_'
t-test). (b) Inhibition of IFN-y or IL-17 in Q Y
V,19iTgCd1d 17~ mice versus Cd1d1™ mice c 2 vaemgcarar” = Va10iT celis e U

from a, presented as ‘fold inhibition’ of cytokine, & Cotar” o NK1.1™ cells < Mri"
calculated as the cytokine concentration & LI —

from Cd1d1-~ mice divided by the cytokine ] I ¢! ‘“"h er
concentration from V,19iTgCd1d17- mice. g 50 //f g3 Iﬁéﬁ} 2a

{¢) T cell proliferation of cell preparations S A / £ Ii I W,

identical to those in a from lymph nodes Q28 u 1 iﬁ L u

{mouse genotypes, key) rechallenged for 72 h / g 1 /}I 1 é 1

with varying doses of MOG(35-55), assessed by . A — oa——;ﬂ—;g-vf‘-—-——mvs——so 0 geonedi—
[3Hthymidine incarporation. Data represent the W MOG peptide Time after immunization (d) Time after immunization (d)

mean of triplicate samples from three separate
experiments. (d} Clinical EAE scores of wild- type
nontransgenic mice {n = 10) that received 1 >

Tx

¢ 106 sorted V,19i T cells or an equal number of NK1.1- TCRB* liver cells from V,19iTgCd1d1~ mice on

the day of immunization with MOG(35-55). Tx indicates the day of adoptive transfer of cells. (e) Clinical EAE scores of Mrl-~ and Mrl*'* mice (n = 8-10)
immunized with MOG(35-55). Data are representative of triplicate samples from three separate experiments.
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IFN-y secretion was more susceptible to the inhibitory effects of V,19i
T cells than was IL-17 (Fig. 3b). Splenocytes acted like lymph node
cells (data not shown).

Overexpression of the V,191 TCR might compromise the ability of
conventional T cells to recognize myelin-derived peptides. However,
the proliferative responses of MOG(35-55)-reactive T cells were not
lower in V,19iTgCdldI™ mice, despite the inhibition of T1 cytokine
production (Fig. 3¢). Therefore, it is unlikely that the degree of EAE
suppression seen in V,19iTgCdldI™~ mice was the result of alterations
in the MOG(35-55)-specific T cell repertoire. However, to exclude
that possibility, we did adoptive transfer experiments. We transferred
1 % 108 V,19i T cells isolated from V,19iTgCdIdI7~ mice into
nontransgenic mice on the day of EAE induction. Mice that received
TCRB* T cells were significantly protected from EAE (Fig. 3d) and the
onset of clinical disease was significantly delayed (Table 1) compared
with that of mice that received V,19i NK1.17 T cells.

Next we sought to determine if V4191 T cell deficiency could also
influence clinical EAE. As no V,19%i-specific TCR antibody is available
to deplete mice of V,191 T cells in vivo, we used Mrl™" mice, which
lack V419i T cells”. As wild-type nontransgenic mice have about four
times more V,14i NXT cells than V,19i T cells and Cd141"~mice did
not show protection from EAE (Fig. 2a), we sought to determine
whether the deletion of small numbers of MR1-restricted T cells could
Iter the clinical course of EAE. Compared with wild-type nontrans-
enic controls, Mrl~~ mice showed a significantly more severe form of
EAE with an earlier onset (P < 0.05; Fig. 3e and Table 1). Further-
more, T cells from MrI™" mice proliferated more and produced more
Tyl cytokines and less 1L-10 (data not shown). These experiments
collectively suggest that V,19i T cells have a regulatory function in a
Tyl-mediated autoimmune disease.

V. 19i T cells induce B cell 11-10 production

MOG(35-55)-primed V,19iTg lymph node cells and splenocytes
secreted IL-10, which potently inhibits EAE*=° (Fig. 3a). Therefore,
we sought to determine whether an increase in V, 191 T cells
augmented general 1L-10 production. To address that, we developed

Figure 5 V,19i T cells induce B cells to secrete |L-10. (a) Intraceliular
flow cytometry of 1L-10 production by liver V,19i T cells from naive

Vo 18iTgCd1d1~- mice, cultured for 72 h with MOG(35-55)-specific
splenocytes and MOG(35-55). Areas to the right of dashed lines indicate
positive cellular staining; numbers in histograms indicate percentage of
I1L-10-producing cells expressing various surface markers (above plots).
Data are representative of two separate experiments. (b) Real-time RT-PCR
of the expression of transcripts enceding various cytokines (above graphs) by
splenic CD19* B cells or CD4* T cells sorted from mice with EAE. Data are
expressed as a percentage of expression of Hprtl and are representative of
two separate experiments. *, P < 0.05 (two-tailed Student’s t-test).
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Figure 4 Interactions of V,19i T cells and splenccytes induce IL-10.

(a) Cytometric bead assay of IL-10 in the supernatants of liver V,19i T cells
from naive V,19iTgCdld I~ mice, cultured for 72 h with MOG(35-55)-
specific splenocytes and MOG(35-55) (filled bars). In some cases, V,19i

T cells were separated from splenocytes by transwell inserts (open bars).
Controls received NK1.1- liver celis from V, 18iTgCd 1d1-*~ mice. Data
represent = s.e.m. from duplicate samples from three independent
experiments. *, P < 0.01, and **, P < 0.001, compared with control
(two-tailed Student's #test). (b) Intracellular flow cytometry of IL-10
production by total celis from a. Areas to the right of dashed fines indicate
positive cellular staining; numbers in histograms indicate percentages of
IL-10-producing cells. Data are representative of three separate experiments.

a mixed-lymphocyte assay in which we cultured NK1.1* or NK1.1-
T cells from V,19iTgCA1d1~ mice together with MOG(35-55)-primed
nontransgenic splenocytes (Fig. 4a). Neither NK1.1* or NK1.1~ T cells
inhibited the proliferation of MOG(35-55)-primed splenic T cells
restimulated with MOG(35-55) (data not shown). Cytokine analysis
showed that the coculture supernatant contained considerable 1L-10
(after stimulation with MOG(35~55)) in the presence of NK1.1* but
not NKLI" T cells from V,19iTgCdldI™~ mice (Fig. 4a). NK1.1*
T cells from V,19iTgCd1d1™~ mice induced 1L-10 production even
in the absence of MOG(35-55) (P < 0.05; Supplementary Fig. 2
online). However, IL-10 secretion was significantly enhanced in the
presence of exogenous MOG(35-55) (P < 0.01; Supplementary
Fig. 2). Intracellular cytokine analysis confirmed that IL-10 produc-
tion was induced by the addition of NK1.1* but not NK1.1™ T cells
from V,19iTgCdIdl~~ mice (Fig. 4b). However, in the presence of
transwell inserts, IL-10 production was inhibited, indicating that
V191 T cell-mediated 1L-10 production depends mainly on cell-cell
contact (Fig. 4a). IL-4 and 1L-5 were below the limit of detection (less
than 5 pg/ml), and IFN-y and TNF were slightly upregulated in the
presence of V4191 T cells (data not shown).

To determine which cells produced 11-10, in the same coculture
experiment we analyzed 1L-10 production by CD19*, CD4*, CD8*,
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