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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 molecule-| ({CAM-1), and achemokine, monocyte chemoattractant peptide-| (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.
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Abbreviations: CMC = carboxymethylcellulose; COX = cyclooxygenase; EAN = experimental autoimmune neuritis;
EAE = experimenaal autoimmune encephalomyelitis; ELISA = enzyme-linked immunosorbent assay; ICAM-| = intercellular
adhesion molecule-1; IFN = interferon; IL = interleukin; LN = lymph node; MCP-1 = monocyte chemoattractant peptide-|;
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Introduction

Cyclooxygenase (COX) catalyses the conversion of arachido-
nic add 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 flow 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 prostanoids involved in
acute and chronic inflammation (Xie et al, 1997). COX-2

therefore appears to be a suitable 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
theumatoid arthritis and other inflammatory diseases. The
selectivity 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
dfect. Interestingly, the anti-tumour effect by celecoxib
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has been reported via both COX-2-dependent and COX-2-
independent mechanisms (Grosch et al, 2001). For
example, cel 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 er 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 ohigodendrocyte glycoprotein (MOG). EAE is mediated
primarily by CD4" Thi T céls producing interferon-y (IFN-v)
and tumour necrosis factor-a (TNF-a) (Nicholson and
Kuchroo, 1996; Kumar et 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 reported 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*-Thl T-cell-mediated autoimmune neurolo-
gical disease model similar to EAE (Miyamoto et al, 1998,
1999, 2002). These findings led us to 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 ceecoxib
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
(ICAM-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 CS57BL/6 (B6) mice were purchased from Clea Japan
(Tokyo, Japan). COX-2-deficient mice (COX-2"/") have been
backcrossed 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 MOG,s_ss peptide (MEVG-
WYRSPFSRVVHLYRNGK) in 0.1 ml phosphate-buffered saline
{PBS) and 0.1 ml complete Freund’s adjuvant (CFA) containing
I mg Mycobacterium tuberculosis H37Ra (Difco Laboratories,
Detroit, M1, 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 er al, 1997), nimesulid
{(Nakarai Tesque, Kyoto, Japan) (Nakatsuji et 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;;_gs-specific IgGl and
IgG2a titres

Enzyme-linked immunosorbent assay (ELISA) plates (Sumitomo,
Tokyo, Japan) were coated with 10 pg/ml MOGys 55 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 after
immunization, or normal mice or PBS were added to the plate.
MOGss 55-specific antibodies were detected using biotin-labelled
anti-lgGl 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
OD,sy values.

MOG;s_ss-specific T-cell proliferation assay

On Day 11 after immunization with MOG;s_ss, draining lymph
nodes (LN) were harvested and single cell suspensions were pre-
pared. Cells were cultured in RPMI1640 medium (Gibco,
Grand Island, NY, USA) supplemented with 5 x 10°° 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 plates (1 x 10° cellsiwell). The cells were sti-
mulated with peptide for 72 h at 37°C in a humidified air condition
with 5% CO,. To measure cellular proliferation, [*H|-thymidine
was added (1 uCi/well) and uptake of the radioisotope during the
final 18 h of culture was counted with a beta-1205 counter
(Pharmacia, Uppsala, Sweden). To evaluate 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_ss-immunized mice were cultured in the
standard medium in 96-well flat-bottom plates at 1 x 10°/well for
48 h in the presence of the different concentrations of MOG;;_ss.
The concentrations of IFN-v, interleukin-4 (IL-4) and 1L-10 in the
supernatants were measured by using a sandwich ELISA following
the protocol provided by BD Biosciences. A chemokine, MCP-1, in
the serum from mice on Day 7, 10 and 14 after induction of FAE
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 et al, 1997). The cells were
stained with APC-labelled anti-CD3 antibody, flucroisothiocyanate
(FITC) labelled anti-CD4 or CD8 or CD19 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 Biosciences.
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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 effea of celecoxib on the development of
EAE, we first administered celecoxib at the time of
immunization with MOGss_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 monocyte infiltration and demyelination 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 8
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Fig. | Effect of celecoxib on actively induced EAE EAE was induced in female 86 mice by immunization with MOG;¢_ss in CFA as described
in Material and methods. (A) Mice were orally administered $ ug/g (closed circles) or 10 ug/g (open diamond) of celecoxib starting from the
day of the immunization, or with 5 ug/g of celecoxid starting from 8 days after the immunizaton (open circles). Control mice were
administered vehicle alone (closed squares). Smtistical analysis is shown in Table I. (B) Mice were orally administered S 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). Satistical 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) 350 £ 020 12.50 = 156 100 (10/10) 33.00 > 5.05
Celecoxib 10 pglg 0.14 * 0.05* 17.50 = 050 20.0 (2/10) 0.42 = 0.04*
Celecoxib 5 pg/g 040 * 0.40* 17.00 = 000 20.0 (2/10) 3.80 * 3.80*
Celecoxib 5 pg/g (from Day 8) 242 > 0.57 14.20 = 183 83.3 (10112) 20.17 £ 5.2

Four groups of mice were immunized with MOGss_ss peptide for induction of EAE. The control CMC solution, 5 or 10 pg/g of celecoxib
diluted in CMC, was orally injected via a cannula every 2 days starting from Day O 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 summadon 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 |4 after immunization as described in Material
and methods. Thinly sliced (10 um) frozen sections of the brains
obtained from vehicle-treated mice (A and B) or celecoxib-treated
mice (C and D) were sined 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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not 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-spexific IgG1 and IgG2a
in the serum samples collected from individual EAE-induced
mice on Day 30. It is generally accepted that elevation of
antigen-specific 1gG2a antibody results from augmentation
of a Thl immune response to the antigen, whereas a higher
level of IgG1 antibody would reflect a stronger Th2 response
to the antigen. There was a significant elevation of the level of
MOG;s_ss-specific IgG1 and a slight reduction in the level of
MOG-spedific 1gG2a in celecoxib-treated group compared
with vehicle-treated group (Fig. 3A). In contrast, there
was no significant difference in the level of either [gG1 or
1gG2a in nimesulid-treated mice compared with vehicle-
treated group (Fig. 3B).

To further investigate the response of T cells to MOG;s_s5
in celecoxib-treated mice, we examined the proliferative
response and cytokine production of draining LN cells
in vitro. Mice were immunized with MOGjs_ss and were
administered celecoxib or vehicle on the day of immuniza-
tion. Ten days after immunization, draining LN cells were
collected and cultured with MOGis_ss 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
cytokines in the culture supernatant by ELISA. The level of
IFN-y was reduced in the culture supernatants of LN cells
obtained from mice treated with celecoxib compared with
that from control mice (Fig. 4B). IL-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-27/~ 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
IgG1andIgG2ainCOX-2~"~ mice were not different compared
with wild-type B6 mice (Fig. 5B). Moreover, celecoxib treat-
ment increased the level of MOG-specific IgGl even in
COX-27'~ mice, resulting in the elevation of IgGl : IgG2a
ratio similar to that in wild-type mice (CMC = 0.29, celecoxib
= 3.00) and COX-2""~ mice (CMC = 0.42, celecoxib = 2.52).
These results indicate that the effect on the inhibition of EAE

— 361 —



19853 ey (2005, 129, 19841992 K. Mivamow o1 o
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 + 0.20 13.10 = L.i6 100 (10/10) 2647 £ 5.13 10 (1/10)
Celecoxib 102 ~ 0.53* 1430 = 1.77 90 (9/10) 758 6. 2* 0 (0/10)
Nimesulid 254 + 0.68 13.50 = 1.56 100 (10/10) 2215 % 475 0 (0/10)
Indomethacin 1.70 = 0.83 13.90 = 1.93 100 (10/10) 1521 = 3.89 100 (10/10)*

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

in CMC, was orally administered via a annula 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 MOGajs_ss IgG1 and 1gG2a in EAE-induced mice. The relative titers of anti-MOG IgGI1 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, CEL5 = 5 g/g of celecoxib, CEL5# = 5 pglg of celecoxib from Day 8 after the immunization,
CELI0 = 10 pg/g of celecoxib. (b) Control = vehide alone, CEL = celecoxib, NIM = nimesulid, IND = indomethacin.

and Thi 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 vehide-treated mice. Mononuclear cells isolated
from the CNS of vehide-treated mice indude 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 cdls in all organs
examined from celecoxib-treated and vehicle-treated mice
(data not shown). These results suggest that celecoxib inhi-
bits an infiltration of inflammatory cels 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 into the brain
through the blood-brain barrier (BBB), some adhesion
molecules such as [CAM-1, VCAM-1 and P-selectin, and
chemokines such as MCP-1 are required (Engelhardt
et al, 1997; Hofmann et al, 2002). We performed an
immunohistostaining of sliced brain sections from mice
with EAE using antibodies against adhesion molecules.
ICAM-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 expression 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 is 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

— 362 —



Cotvonab provenis DAL Zrain (2006, 129, 1984-1392 e

2L
o

A proliferation B IFN-y

Acpm}) (pg/ml)
(5035 - m Control ) 10060 -

® Celecoxib =
4000 ] 8000 | ) '

v

3000 ] H 6000 A '
-~ //. ’ :‘

w00 4 ‘/{ é 4000 _ . _

S
o | & § @ 2000 /

. 4
0 o T T T T 1 0m T T T .|
0 1 3 10 33 100 0 i 3 10 33 100
MOG (» giml) MOG (u gim))

Fig. 4 Comparison of MOG;s_ss-specific T-cell response after treatment with celecoxib. Popliteal and inguinal LN cells from treated and
control animals were incubated in the presence of MOGj;5_s5 for 48 h. Proliferative response was determined by the upaake of [3H]
thymidine (A), 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
MOG;s.s5 in CFA as described in Material and methods. (A) Mice were orally administered celecoxib (5 ug/g) every 2 days starting from the
day of the immunization. Satstical analysis is shown in Table 3. Closed squares = vehicle alone for wild-type mice; closed circles = 5 uglg of
celecoxib for wild-type mice, open squares = vehicle alone for COX-2-deficient mice, open circles = § ng/g of celecoxib for COX-2-
deficient mice. (B) The relative ttres of ant-MOG IgG | and IgG2a in serum samples from individual mice on Day 30 after immunization
were analysed as indicated in Material and methods. Data represent mean * SEM. *P < 0.05 versus control. Control = vehicle alone, CEL =
celecoxib. One representative experiment of two independent experiments is expressed as mean * SEM.

celecoxib-treated mice was significantly lower compared with ~ Discussion

that obtained from vehicle-treated mice. These findings sug-  In the present study, we have demonstrated that a new-
gosted that celecoxib inhibits an infiltration of immune-  generation selective COX-2 inhibitor, celecoxib, strongly
mediated cells into CNS through the BBB by suppression  inhibited the development of EAE as compared with vehicle
of P-selectin, ICAM-1 and MCP-1. treatment or a traditional COX-2 inhibitor, nimesulid. The
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Table 3 Clinical scores of EAE in COX-2-deficient mice

Mouse Treatment Max score Day of onset Incidence (%) Cumulative score

Wild-type CMC 354+ 028 1260 = 115 100 (10/10) 2485 > 6.37
Celecoxib .13 = 0.39* 1320 = 1.80 80 (8/10) 6.29 = 4.02*

Ccox-2 ' CcMC 375 x 0.4 1278 = 1.57 100 (8/8) 29.88 * 5.62
Celecoxib 146 = 051* 14.13 = 1.96 875 (7/8) 5.39 = 3.36*

Wild-type and COX-2 '~ mice were immunized with MOG;s_gs peptide to induce EAE. The control CMC solution, or § pg/g 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 sensitzed mice (Incidence) and summation
of the clinical 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* cDI9*
cell cell cell cell
EAE mice
Control (CMC) 667 > 176 203 =69 158 x50 6= |
Celecoxib 90 = 57% 12 + 8% 95 0=x0
Naive mice 20> 6 5x12 3x2 1x0

CNS dssues from each group mouse were homogenized on Day 18
after immunization with MOG 3555 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 cdecoxib-
treated mice, MOG-specific Thl responses were reduced
and infiltration of immune cells was significantly inhibited
compared with vehicle-treated mice, which were associated
with lower expression of ICAM-1 and P-selectin 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 et 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 conditions in which cel-
ecoxib exhibited a strong inhibitory effect. The route and
timing of administration might be critical to modulate dis-
cases. The inhibitory effect mediated by celecexib was stron-
ger compared with other COX inhibitors, suggesting that
different mechanisms may be occurring in addition to 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-tumour
or anti-arthritic effect through enhanced apoptosis of
tumour cells or synovial cells (Kusunoki er al, 2002;

VCAM-1

‘ 7

\.

P-selectln

ICAM-1

Fig. 6 Immunohistochemical staining with ICAM-1, VCAM-| and
P-selectin of the brain in EAE-induced mice. Brains from EAE mice
were removed on Day 14 after immunization as described in
Material and methods. Thinly sliced (10 um) frozen sections of the
brain were immunosuined with anti-{CAM-1 antibody (A and B),
anti-VCAM-| antibody (C and D) and anti-P-selectin andbody

(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 different
COX-2-independent mechanisms might be important for
celecoxib-mediated inhibition of EAE. We observed that cel-
ecoxib treatment inhibited Th1 responses of MOG-reactive T
cells. In the regulation of Th1/Th2 responses, prostaglandin
E2 synthesized by COX has been reported to suppress IL-2
and IFN-y production by a Thl clone (Snijdewint et al.,
1993). In addition, Meyer et al. (2003) reported that admin-
istration of COX-2 inhibitor, NS398, increased Helicobacter-
stimulated [L-12 and IFN-y production, suggesting that
COX-2 inhibition resulted 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 to explain why celecoxib sup-
presses EAE to a greater degree compared with that of other
COX-2 inhibitors. Allonza er al (2006) reported that
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Table S Serum level of MCP-1 in EAE mice after

treatment with celecoxib

Day 0 Day7 Day 10 Day 14
EAE mice
Control (CMC) ND 60.0 =210 426 =170 ND
(n=18)
Celecoxib (n = 16) ND 8550 12985 ND
Naive mice (n = 10) ND ND ND ND

B6 mice were immunized with MOG;s_s5 peptide as described in
Material and methods. Serum samples from individual mice were
collected on Day 0, 7, 10 and |4 after immunizatdon. Serum con-
centraton of MCP-| was measured by ELISA. Data represent mean
= SEM (pg/ml). ND = not detectable. *P < 0.05 versus control.

celecoxib inhibits 1L-12 af8 and B2 folding and secretion in
association with the increased interaction of IL-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 to that of celecoxib on folding and secretion
of IL-12, indicating that ‘the effect is COX-2-independent.
Since 1L-12 is a key cytokine to provoke Thl immune
response, reduction in MOG-specific Thl response is con-
sistent with these previous findings.

‘The infiltration of immune cells in the CNS was signifi-
cantly inhibited in celecoxib-tréated mice. Celecoxib has
been reported to reduce expression of P-selectin and
ICAM-1 in experimental inflammatory modeds such as
experimental colitis (Cuzzocrea et al, 2001, 2002). In our
study, we observed that celecoxib suppressed expression of
P-selectin and ICAM-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; Scott 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. (2005) 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 inflammatory cells into the CNS through a COX-2-
independent mechanism. Further analysis of cdecoxib-
mediated suppression of EAE will help drug development
for multiple sderosis. Celecoxib is hoped to be a new choice
of the treatment of multiple sclerosis.

Bram (2006}, 129, 1984 19952
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Invariant V,19i T cells regulate autoimmune

inflammation

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

T cells expressing an invariant V,19-J,33 T cell receptor a-chain (V,19i TCR) are restricted by the nenpolymorphic major
histocompatibility complex class Ib molecule MR1. Whether V,19i 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
autoimmune 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,19i T cells mediated by the ICOS costimulatory molecule. These results suggest an immunoregulatory function

for V,19i T cells.

Two distinct mouse T cell subsets express invariant TCRax chains:
Vol4-Jo18 (V 14i; ref. 1) and V19-J,33 (Vo19i; ref. 2). Although
conventional T cells recognize peptide antigens presented by poly-
morphic major histocompatibility complex class 1a molecules, V,14i
‘invariant’ 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 V4 19i T cells’, but the identity or type of
endogenous ligand recognized by V419i T cells in vivo is unknown.
However, antigen recognition is essential for the development of
T cells expressing V,14i and V,19i TCR chains, as these subsets are

%bsem from Cd1d17'~ and Mri~"~ mice, respectively®’. Similar invar-

@Wiant 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’ (V414i NKT cells)*®.

Transgenic overexpression of the V414i TCR chain protects against
the development of mouse models of type I 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'*, Mechanistic studies suggest that Vy14i 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'®20.21,

The immune function of MR1-restricted invariant T cells remains
less clear than that of CD1d-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 V419-J,33 TCR chain in mice and cattle®. Vo 19i 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 V191 TCR is uniquely overexpressed in
the gut lamina propria and V4191 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 V4191 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 V419i TCR is expressed by most
T cell hybridomas derived from liver NK1.1* T cells from cdidr'’-
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 NKI1.1 expression remain unclear, but may be due to
differences among mouse genetic backgrounds. Alternatively, as with
CDld-restricted T cells, a subpopulation of MR1-restricted T cells
may lack NK1.1 expression. Based on their predominant distribution
in the gut, MRI1-restricted T cells are often referred to as ‘mucosal-
associated invariant T cells’>’. To avoid confusion, we subsequently
use the term ‘V,19i T cells to describe V19 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-restricted 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-restricted T cells in experimental auto-
immune encephalomyelitis (EAE)'*Y, a2 mouse model of multiple
sclerosis. Here we report that over-representation of V4191 T cells
decreased the severity of EAE, whereas depletion of V4191 T cells
exacerbated EAE. Furthermore, V419i 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
V191 T cells reduced the production of proinflammatory cytokines
and increased the production of interleukin 10 (IL-10), which may
account for V4191 T cell-mediated suppression of autoimmune
disease. Finally, interactions between V,19i T cells and B cells

g.l mediated by the ICOS costimulatory molecule increased B cell IL-10

roduction and may therefore represent a mechanism by which V,19i
T cells regulate inflammation.

RESULTS

Characterization of transgenic V,19i T cells

An antibody specific for the V191 TCR chain does not exist, and wild-
type mice have very few MR1-restricted V,19i T cells. Therefore, to
circumvent those experimental hurdles and to evaluate the function of
V,19i T cells in vivo, we used V,19i 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 Cd1di** and Cdldi~'~ C57BL/6 mice for seven to nine
generations. First we compared numbers of liver NKI1.1*
T cells present in CdldI*'*, Cdldl™"-, V,19iTgCdldI*'* and
V19iTgCdld1™"~ mice (Fig. 1a). TCRB*NKI1.1* T cells comprised
‘11.5% of total liver lymphocytes in Cd1d1** mice but only 2.3% of
total liver lymphocytes in Cd1d17- mice. Therefore, most (about
80%) of NKI1.1* T cells in Cd1dI** mice corresponded to CD1d-
restricted V,14i NKT cells, whereas about 20% were probably
MRI restmledJ Notably, V,19iTgCd1d1~"~ 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 NKIL.1* T cells

988

Figure 1 Characterization of NK1.1* T celis 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*TCRp* 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. (¢} 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 deficiency. In contrast, the number of NKL.1*
T cells was only slightly higher in V,19iTgCdldI*"* 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
V,19i 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 NKI1.17
T cell populations from V,19iTgCd1dI*'* or V419iTgCdldI~"~ mice
than in those from nontransgenic littermates (Fig. 1b). In V419
T cells, the V,19i TCR chain ‘preferentially’ associates with TCRB
chains containing Vg8 or Vg6 segments®%. Approximately 60-70% of
liver NKT cells from V,19iTgCdIdI™~ or V,19iTgTcra™™ mice -
expressed either V8 or Vg6, 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-J,33 TCR
chains and Vg6 or V8 TCR chains. Next we compared the ability
of NKL.I*" T cells from V,19iTg and nontransgenic mice to
produce immunosuppressive cytokines. To obtain V,19i T cells, we
depleted V,19iTgCd1dI~"~ 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). (¢} Monocyte infiitration
and demyelination (arrowheads) of the lumbar spinal cord during EAE (day
15). (d) Quantification of spinal cord cellular 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" cells. *, P < 0.05 (Mann-Whitney U-test). Data are representative

of three separate experiments.

VOLUME 7 NUMBER 9 SEPTEMBER 2006 NATURE IMMUNOLOGY

— 368 —



@© 2006 Nature Publishing Group http://www.nature.com/natureimmunology

&Figure 3 Inhibition of EAE is associated

Table 1 V,19i T cells in EAE

Group Mice with EAE  Group score  EAE score Day of onset
Wild-type 10 of 10 33:03 3.3:03 136207
cdidi™- 18 of 18 34102 34102 11.7+ 05
V,19iTgCo1d17"- 13 of 22 1.3+ 03*** 22102 143106
Wild-type Tof7 3602 3602 136+ 0.5
cdid1™ 11of 11 33:04 33:04 148:07
V,19iTgCd1d1™ 90of 13 1.3+03** 19104 1861 1.2*
NK1.17 AdTx 10 of 10 3603 3603 11.6 £+ 0.5
Va19i AdTx 8 of 10 22104 2803 15.8 + 0.6***
Mrl++ 10 of 10 3.0+02 3.0+£02 139+ 0.5
Mr1-+ 80f8 40+00** 40x200" 11.5x05*

Clinical outcome of mice immunized with MOG(35-55) to induce EAE. Data 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 (x s.e.m.); and mean day of onset (x s.e.m.). in one
experiment, mice received adoptive transfer {AdTx) of V,19i Tcells or NK1.1~ cells as a control,
*. P < 0.05, **, P < 0.01,and ***, P < 0.001, compared with contro! groups (Mann-
Whitney U nonparametric test).

asialo-GM]1 (anti-asialo-GM1). We then sorted NK1.17 cells from the
liver. When activated by plate-bound anti-CD3, NKL.1* T cells from
Cd1d1*™* mice secreted more interferon-y (IFN-y), tumor necrosis
factor (TNF) and interleukin 4 (IL-4) than did those from CdidI™~
mice, confirming that CD1d-restricted T cells are a chief source of
cytokines (Fig. 1¢). However, NKL:1* T cells from V,19iTg mice
secreted more Tyl cytokines (IFN-y and TNF) and Ty2
cytokines (IL-4 and IL-10) than did NKI1.1* T cells from nontrans-
genic littermates (Fig. 1c). During subsequent experiments, we used
V,19iTgCd1d1™"~ 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

with decreased Ty,1 cytokine production.

(a) Cytometric bead assay of cytokines in the
supernatants of MOG-specific lymph node cells
(1 x 109) isolated from mice on day 10 after
EAE induction and rechallenged with 100 uM
MOG(35-55) in vitro, measured 72 h after
rechallenge. Data represent the mean + s.e.m.
of duplicate samples from three separate
experiments. *, P < 0.05 (two-tailed Student's
t-test). (b} Inhibition of IFN-y or IL-17 in
V,19iTeCd1dI-- mice versus .Cd1d1" mice
from a, presented as ‘fold inhibition' of cytokine,
calculated as the cytokine concentration

from Cd1d1~- mice divided by the cytokine
concentration from V,19iTgCd1d1”~ mice.

(¢) T cell proliferation of cell preparations
identical to those in a from tymph nodes

{mouse genotypes, key) rechallenged for 72 h | i

IFN-y

Cytokine (pg n}

103 c.pm.
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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 CDI1d-
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 EAE induction showed less monocyte infiltration
and demyelination (assessed by Juxol fast blue staining) in
V,19iTgCd1dI™" mice than in Cd1d1™"~ mice (Fig. 2¢c). In agreement
with the histology, spinal cords of Cdldl~'~ mice contained three
times more infiltrating cells than did those from V,19iTgCd1d17/~
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,19iTgCd1d17'~ mice (6%) than

" in nontransgenic littermates (21%; Fig. 2d). Moreover, 11% and 15%

0

I V,19TgCe1adl ™
& Cdid1™~

s
S/

of CNS-infiltrating CD3* T cells expressed NK1.1* in CdldI~- and
V,19iTgCd1dI™" 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 Cdld1™/~
and V,19iTgCd1d1™", 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. TCRB*CD4* T cells isolated from the CNS,
lymph nodes and spleens of V,19iTgCdldI~~ and Cd1d1~"~ mice on
day 18 after EAE induction had similar surface expression of CCR1
and CCR2 {data not shown). However, V,19iTgCdldI”~ mice had
fewer CD44* and CD49d* TCRB* splenocytes than did Cd1dI~"~ 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,19iTgCdIdI~'~ mice produced less pro-
inflammatory cytokines (IFN-y,. TNF, IL-2 and IL-17) and more
immunosuppressive IL-10 (P < 0.05 Fig. 3a). IL-4 and IL-5 were

below the limits of analysis detection (less than 5 pg/ml).
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IFN-vy secretion was more susceptible to the inhibitory effects of V191
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,19iTgCd1d 1™/~ mice, despite the inhibition of Tyy1 cytokine
production (Fig. 3¢). Therefore, it is unlikely that the degree of EAE
suppression seen in V,19iTgCd1d1~"~ 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 x 10% V419i T cells isolated from V,19iTgCdId1™"~ 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 V419i~ NK1.1~ T cells.

Next we sought to determine if V4191 T cell deficiency could also
influence clinical EAE. As no V,19i-specific TCR antibody is available
to deplete mice of V419i T cells inn vivo, we used Mr1™'~ mice, which
lack V419i T cells’. As wild-type nontransgenic mice have about four
times more V,14i NKT cells than V419i T cells and Cd1d1™"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

enic controls, MrI~"~ mice showed a significantly more severe form of

li.l alter the clinical course of EAE. Compared with wild-type nontrans-

=" 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 IL-10 (data not shown). These experiments
collectively suggest that V,19i T cells have a regulatory function in a
Ty 1-mediated autoimmune disease.

V,19i T cells induce B cell IL-10 production

MOG(35-55)-primed V,19iTg lymph node cells and splenocytes
secreted IL-10, which potently inhibits EAE2-* (Fig, 3a). Therefore,
we sought to determine whether an increase in V4191 T cells
augmented general IL-10 production. To address that, we developed

Figure 5 V,19i T cells induce B cells to secrete iL-10. (a) Intracellular
flow cytometry of 1L-10 production by liver V,19i T cells from naive
V,19iTgCd1d1~~ 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
1L-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 encoding 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 splenocytes induce IL-10.

(a) Cytometric bead assay of IL-10 in the supernatants of liver V,19i T cells
from naive V,19iTgCd1d1~- 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 cells from V,19iTgCd1d1~- 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 t-test). (b) intracellular flow cytometry of IL-10
production by total cells from a. Areas to the right of dashed lines 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 NKL.1~
T cells from V,19iTgCd1d1™~ mice together with MOG(35-55)-primed
nontransgenic splenocytes (Fig. 4a). Neither NK1.1* or NK1.17 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 supematant contained considerable IL-10
(after stimulation with MOG(35-55)) in the presence of NK1.1* but
not NK1.I= T cells from V,19iTgCdldl~~ mice (Fig. 4a). NK1.1*
T cells from V,19iTgCdldl™~ mice induced IL-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,19iTgCd1dI”~ mice (Fig. 4b). However, in the presence of
transwell inserts, IL-10 production was inhibited, indicating that
Vo191 T cell-mediated IL-10 production depends mainly on cell-cell
contact (Fig. 4a). [L-4 and IL-5 were below the limit of detection (less
than 5 pg/ml), and IFN-y and TNF were slightly upregulated in the
presence of Vo191 T cells (data not shown).

To determine which cells produced IL-10, in the same coculture
experiment we analyzed IL-10 production by CD19*, CD4*, CD8*,
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CD3*NKI1.1* or CD14* cells using intracellular cytokine flow cyto-
metry. The addition of V,19i T cells greatly increased IL-10 produc-
tion by CD19* B cells and CD3* NK1.1* NKT cells (Fig. 5a). CD4"
and CD8* T cells also showed slight increases in IL-10 production in
the presence of V,19i T cells. To demonstrate that B cells were the
main [L-10 producing cells in vivo, we extracted RNA from sorted
splenic CD4* T cells or CDI9* B cells from V,19iTgCdldI~-
or nontransgenic mice with EAE (Fig. 5b). In agreement with the
results of the i1 vitro coculture system, we found that B cells isolated
from V,19iTgCd1dI”~ mice had higher expression of mRNA tran-
scripts encoding IL-10 than did T cells (Fig. 5b). In addition, B cells
from V,19iTgCd1d1~~ mice had higher expression of 1110 transcripts
than did B cells from CdldI™™ mice (Fig. 5b). In contrast, CD4*
T cells from V419iTgCdldl™~ mice had lower expression of Tyl
cytokine—encoding mRNA transcripts than did CD4* T cells from
Cd1d1™~ mice (Fig. 5b).

To determine if Vo191 T cell-B cell interactions are essential for
IL-10 production in the coculture system, we immunized B cell-
deficient (LMT) mice with MOG(35-55) to obtain a source of MOG-
primed spleen cells lacking B cells. After culture together with V,19i
T cells, B cell-deficient splenocytes produced less IL-10 than did wild-
li.l type nontransgenic splenocytes (Fig. 6a). As uMT knockout mice may

© 2006 Nature Publishing Group http://www.nature.com/natureimmunology

ave unusual follicular architecture, to exclude potential indirect

=" effects we repeated these coculture experiments using B cell-depleted
wild-type nontransgenic splenocyte samples. B cell-depleted spleno-
cyte samples produced less IL-10 than did nondepleted splenocyte
samples whereas the readdition of wild-type B cells to B cell-depleted
splenocyte samples restored [L-10 production (56.3 + 1.2 pg/ml for

Figure 7 ICOS-B7RP-1 costimulation contributes to V,19i T cell-induced
B cell IL-10 production. (a) Flow cytometry of costimulatory molecule
expression on the surface of liver V,19i T cells (filled histograms) and naive
splenic T cells from C57BL/6 mice (dotted lines). Data are representative
of three separate experiments. (b) Cytometric bead assay of IL-10 in the
supernatants of liver V,19i T cells from naive mice, cultured with
MOG(35-55) and MOG(35-55)-specific splenocytes from wild-type
nontransgenic EAE mice in the presence of isotype-matched control
antibody (Ctrl mAb) or of blocking antibodies specific to various
costimulatory molecules {x-; below graph), measured after 72 h of
incubation. Data are representative of two separate experiments.

(c) Cytometric bead assay of IL-10 in the supernatants of liver V,19i T cells
from naive V,19iTgCdld1-" mice, cultured with MOG(35-55) and
MOG(35-55)-specific spienocytes or sorted B cells from wild-type
nontransgenic EAE mice in the presence of various antibodies (key),
measured after 72 h of incubation. *, P < 0.001, compared with contro!
groups {analysis of variance). Data represent mean + s.e.m. of triplicate
samples from two separate experiments.
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Figure 6 V,19i T cell-induced IL-10 production is partially B cell dependent but completely MR1
independent. Cytometric bead assay of IL-10 in the supernatants of liver V,19i T celis from naive
V,19iTgCd1d 1 mice, cultured for 72 h with MOG(35-55) plus MOG(35-55)-specific splenocytes
from wild-type nontransgenic or B cell-deficient uMT mice (a) or from wild-type nontransgenic or
MR1-deficient mice (b). Data represent mean = s.e.m. of duplicate samples from three independent

between MRI1 on B cells and the V,19i TCR
on T cells could induce IL-10 secretion from
both cell types. To test that, we immunized
Mr1'- mice with MOG(35-55), followed by
coculture experiments. In the absence of
MRI, V,19i T cell-mediated IL-10 produc-
tion was not reduced (Fig. 6b). These results
suggest that V4191 T cell-induced IL-10 pro-
duction can occur at least in part through
MRI-independent interaction with B cells.
However, non-B cells also seem to contribute to V19 T cell-induced
IL-10 production.
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Costimulation in V,19i T cell-induced IL-10 production
Naive V,19i T cells from V,19iTgCd1d17~ mice expressed more of the
costimulatory molecules CD278 (ICOS), CD86 (B7-2), CD154
(CD40L) and CD28 than did naive splenic T cells (Fig. 7a). V,19i
T cells also expressed CD44 more ‘brightly’ than did naive T cells (data
not shown). These results indicate that V,19i T cells have an activated
or memory phenotype, similar to that of V,14i NKT cells! and
‘mucosal-associated invariant T cells’ isolated from gut mucosaZ.
Given that MR1 is not required for IL-10 production, we hypothe-
sized that costimulatory interactions may provide the stimulus for
IL-10 production. To test that, we repeated the coculture experiments
in the presence of blocking antibodies specific for the costimulatory
molecules B7RP-1, CD80, CD86 and CD40L. We found that blockade
of each costimulatory pathway resulted in significantly lower IL-10
secretion than that of control cocultures treated with control immu-
noglobulin (Fig. 7b). However, blockade of the ICOS-B7RP-1 path-
way inhibited IL-10 production most substantially. To extend those
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findings further, we cultured V,19i T cells together with purified B
cells. This resulted in B7RP-1-dependent IL-10 production (Fig. 7c).
B7RP-1 blockade partially inhibited IL-10 production in cocultures of
V4191 T cells and splenocytes and fully inhibited IL-10 production in
cocultures of V419i T cells and purified B cells (Fig. 7c). These results
suggest that although B cells are a chief producer of IL-10 in this
“system, other cell types also contribute to V,19i T cell-induced IL-10
production. Furthermore, the ICOS-B7RP-1 pathway is vital for V,19i
T cell-induced, B cell-mediated IL-10 production, as blockade with a
combination of antibodies to costimulatory molecules (B7RP-1,
CD80, CD86 and CD40L) inhibited IL-10 to the same degree as
anti-B7RP-1 alone (Fig. 7c). However, other costimulatory molecules
are involved in V,19i T cell-induced IL-10 production from whole
splenocytes (Fig. 7b).

DISCUSSION
Although T cells expressing the invariant V,19-],33 TCR chain were
first identified in 1993 (ref. 22), knowledge of the immunological
function of this invariant T cell population is still limited. Never-
theless, important characteristics of this lymphocyte subset have been
characterized, including their restriction by MRI, their TAP (trans-
porter associated with antigen processing)--independent development
in rodents, humans and cattle, and the notable interspecies conserva-
tion of this invariant TCR. Because CD1d-restricted V,14i NKT cells,
which influence autoimmunity, have similar properties, we speculated
that MR1-resricted T cells would also be capable of modifying
autoimmunity. However, V,19i T cells are distinct from V,l4i
CD1d-restricted T cells in their ‘preferential’ distribution in the gut
mucosa and their dependence on the presence of B cells and gut flora.
V,7.2i T cells, the human homolog of V419i T cells, are present in
lesions of patients with multiple sclerosis?>. As multiple sclerosis is a
demyelinating disease involving autoimmune T cells, B cells, macro-
phages and various inflammatory mediators, it is possible that MR1-
restricted T cells may regulate ongoing disease activity in the CNS.
Using an animal model of multiple sclerosis, we examined the effect of
overexpression or deletion of MR1-restricted T cells on disease course
and severity. Our study suggests that V191 T cells can suppress
" gyerautoimmune inflammation. In addition, we have shown that V,19i
&T cells have a memory or activated surface phenotype and are able to

=% produce large amounts of Tyl and Ty2 cytokines. NK1.1* T cells

from V,19iTg mice produced more cytokines than did NK1.1* T cells
from V,19iTgCdld1~~ mice, indicating a possible interaction between
CD1d- and MRI1-restricted lymphocytes.

We undertook several approaches to determine whether V,19i
T cells regulate EAE pathogenesis. Overexpression of Vo191 T cells
protected mice from clinical EAE. Inhibition of EAE was associated
with reduced infiltration and demyelination of the spinal cord as well
as a decrease in the production of disease-promoting Tyl cytokines in
the draining lymph nodes and spleen and a reciprocal increase in
IL-10, a well established inhibitor of EAE?-%. IL-17-secreting cells,
which function independently of Ty1 cells, may promote EAE*!. Here
we determined that the inhibitory effect of V,i9i T cells is biased
toward prevention of secretion of Tyl cytokines rather than IL-17.

A potential limitation of TCR-transgenic models is the possible
disruption of conventional TCR diversity, which could skew TCR
recognition of MOG. However, this is unlikely, as anti-MOG T cell
proliferative responses were similar in wild-type nontransgenic and
V,19iTg mice. Furthermore, we adoptively transferred liver V,19i
T cells from naive V,19iTgCdidI~~ mice into wild-type nontrans-
genic mice with EAE, which express natural TCR diversity. In those
experiments, V191 T cells effectively inhibited EAE, suggesting that

992

Vo191 T cells have a regulatory function during EAE. However, a
potential limitation of our model is the difficulty of obtaining pure
Vq19i T cell preparations because of the lack of a V19 TCR-specific
antibody. Therefore, experiments using sorted CD3* NKI1.1* cells
from V,19iTgCdldI™~ mice may also contain small numbers of
non-V,14i TCR NK1.1* T cells of other TCR specificities. To ascertain
whether normal numbers of V,19i T cells in wild-type nontransgenic
mice could be involved during EAE, we induced EAE in MrI~'~ mice
and found that the absence of V,19i T cells resulted in a more severe
clinical disease than that of wild-type nontransgenic mice.

Vo191 T cells most likely exert their main effects in the peripheral
lymphoid tissue, as the reduction in proinflammatory cytokines and
increase in IL-10 was in the draining lymph nodes and spleen. We also
demonstrated that the protective effect of V,19i T cells was indepen-
dent of V,14i NKT cells by using V,19iTg mice on a CD1d-deficient
background. Notably, we found reduced adhesion molecule expression
on effector T cells from V,19iTgCd1d1~"~ mice, which correlated with
reduced T cell infiltration of the CNS. However, we did note low
numbers of V,19i T cells (CD3*NK1.1* from V,19iTgCdld1 " mice)
and B cells in the CNS of mice with EAE, suggesting that V,19i T cells
may also regulate EAE in the CNS.

Coculture experiments suggested that IL-10-producing B cells are
involved in the amelioration of EAE in V,19iTgCd1d1”~ mice.
Notably, that finding is consistent with published studies demonstrat-
ing that IL-10-producing B cells are involved in spontaneous remis-
sion from EAE and could limit clinical disease when adoptively
transferred into mice with EAE*? or a model of collagen-induced
arthritis**. However, those results do not exclude the possibility that in
vivo, other cell types are also involved in V,19i T cell-mediated
immune regulation. B cells express MR1 (ref. 34), and V,19i T cells
are MR1 restricted?, but IL-10 production was unaffected in coculture
experiments with lymphocytes from MR1-deficient mice, suggesting
that MR1, although necessary for V419i T cell selection, is not essential
for V419i T cell-induced B cell IL-10 production.

T cell activation requires TCR stimulation as well as costimulatory
signals. Many costimulatory molecules that regulate cell activation and
cytokine secretion have been identified: ICOS and its ligand B7RP-1,
CD40-CD40L and CD28-CD80 and CD28-CD86 (refs. 35-38). ICOS
costimulation induces IL-10 production as well as help for B cell
maturation and CD40L expression™®%°. The expression of costimula-
tory molecules on V,19i T cells was unknown before; we have
demonstrated here that V,19i T cells express 1COS, CD28, CD86
and CD40L. To determine the contribution of each of these costimu-
latory signaling pathways on the production of IL-10 after V,19i
T cell-B cell interactions, we repeated the coculture experiments using
blocking monoclonal antibody to each of the costimulatory pathways.
We found that blockade of the ICOS-B7RP-1 pathway inhibited IL-10
production. Furthermore, blockade of the CD40-CD40L, CD28-CD80
or CD28-CD86 pathway also blocked IL-10 production, although not
to the extent seen with ICOS blockade.

Commensal flora in the gut are important for the selection of V,19i
T cells’”. V419i T cells may also control gut production of immuno-
globulin A from B cells, suggesting involvement of V,19i T cells in
intestinal B cell regulation’. Additionally, IL-10 is important for
inhibiting excessive inflammation toward gut flora®!, and it has
been shown that IL-10 and transforming growth factor-B are involved
in immunoglobulin A synthesis and secretion?’. In the presence of
IL-10 and CD40-CD40L signaling, production of immunoglobulin A
is increased®’. Thus, our findings presented here are consistent with
the hypothesis that V,19i T cells are involved in the homeostasis of gut
immunity>’. We have shown that V,19i T cells help B cells produce
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1L-10, which in nonpathogenic conditions may inhibit inflammation
against gut flora required for V,19i T cell selection. Therefore, we
propose a model of V,19i T cell-induced protection from EAE
whereby V,19i T cells interact with B cells in lymphoid tissue through
ICOS-B7RP-1 and to a lesser degree through other costimulatory
pathways to induce IL-10 production, which in turn can inhibit the
production of disease-promoting Tyl cytokines such as [FN-y and
TNE In conclusion, here we have identified a protective function for
invariant V4191 T cells in autoimmune disease. In contrast to ‘con-
ventional’ V4141 NKT cells, more T cells express the V,19i TCR
human homolog V,7.2-J,33 than in mice and therefore these cells
may prove to be useful therapeutic targets for the treatment of
autoimmune disease.

METHODS

Mice and induction of EAE. C57BL/6 mice (CLEA Laboratory Animal), uyMT
mice (Jackson Laboratories). V,19iTg mice®, V,19iTgCd1dI™"~ mice. Cd1dI™-
mice and MrI™~ mice’ were maintained in specific pathogen—free conditions in
accordance with institutional guidelines (National Institute of Neuroscience.
Tokyo, Japan.). Mri”"~ mice were backcrossed to C57BL/6 mice for ten
generations®®. Mice were injected subcutaneously with 100 pg MOG(35-55)
and | mg heat-killed Mycobacterium tuberculosis H37RA (Difco) emulsified in
complete Freund’s adjuvant. Pertussis toxin (200 ng in PBS; List .Biological
Laboratories) was injected intraperitoneally on days 0 and 2 after immuniza-
tion. EAE clinical symptoms were assigned scores daily as follows: 0, no clinical
signs; 1. loss of tail tomicity; 2. impaired righting reflex; 3, partial hindlimb
paralysis; 4, total hindlimb paralysis.

Cell sorting and adoptive transfer. For depletion of NK cells, mice were
injected intraperitoneally with 100 pg anti-asialo-GM, (ref. 44) 48 h before
purification of V,19i T cells. Liver or spleen cells were isolated from mice
by Percoll density-gradient centrifugation, and NKT cells. B cells and T cells
were purified with the AutoMACS cell purification system (Miltenyi
Biotech). NKT cells were isolated using phycoerythrin-conjugated anti-NK1.1
(PK136; BD Pharmingen) and anti-phycoerythrin microbeads (Miltenyi
Biotech). The purity of isolated NK1.1° T cells, assessed by tlow cytometry.
was more than 90%. In some experiments, single-cel suspensions were
incubated with tluorescein isothiocyanate-anti-CD3 (2C11; BD Pharmingen)
and phycoerythrin-anti-NK1.1 (PK136, BD Pharmingen) for sorting by flow

s)cytometry. B cells and T cells were isolated from the spleen with anti-CD19
@micmbeads or the ‘pan T cell' kit (Miltenyi Biotech). For adoptive transfer
liver CD3*NK1.1* V4,191 T cells were sorted from naive
V,19iTgCdld]"~ mice as described above, and 1 ~ 10¢ V,191 T cells were
injected intraperitoneally into naive C57BL/6 recipient mice on the day of
immunization with MOG(35-55). Control groups received identical numbers
of CD3*NKI1.17 hepatic cells.

Cell proliferation and cytokine analysis. For in vitro stimulation of sorted
V,19i T cells, CD3*NK1.1* and CD3*NK1.1" cells were suspended in RPMI
1640 medium (Sigma) supplemented with 10% FCS. 2 mM L-glutamine,
100 U/ml of penicillin-streptomycin, 2 mM sodium pyruvate and 50 uM
B-mercaptoethanol and were stimulated with immobilized anti-CD3 (5 pg/ml:
BD Pharmingen). Cytokines were measured with inflammation cytometric
bead assay kits (BD Biosciences) at 24, 48 and 72 h after stimulation with
mouse Ty 1-Ty2 cytokines. At 10 d after EAE induction without pertussis toxin,
myelin-specific T cell responses were measured. Lymphocytes (1 ~ 10%) were
cultured with MOG(35-55) (1-100 uM for proliferation studies and 100 uM
for cytokine analysis). Cytokines were measured with a cytometric bead assay
kit (BD Biosciences) or an IL-17 enzyme-linked immunosorbent assay kit
(BD Pharmingen) at 72 h after stimulation. ldentical sets of wells were used for
proliferation studies. After 72 h, cells were incubated with |°Hithymidine
(1 pCi/well) for the final 16 h of culture and incorporation of radioactivity was
analyzed with a B-1205 counter (Pharmacia). Proliferation was determined
from triplicate wells for each peptide concentration and is expressed as counts
per minute.
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Surface marker analysis, quantification of CNS leukocytes and histology.
The surface phenotype of sorted V,19i T cells was analyzed by flow cyrometry.
Nonspecific staining was inhibited by incubation with anti-CD16/32
(BD Pharmingen). Cells were then stained with fluorescence-labeled antibodies
specific for CD4, NKIL1. TCRB, CD3, CD44, CD49d, CD19. CD8,
CD14, CD28, CD278, CD86 or CD154 (BD Pharmingen) or CCR1 and
CCR2 (Santa Cruz). followed by phycoerythrin-conjugated anti-goat immu-
noglobulin G (Santa Cruz), and were analyzed with a FACSCalibur (Becton
Dickinson). Intracellular cytokines were analyzed by flow cytometry with the
BD Cytofix/Cytoperm kit (BD Pharmingen). Staining of paraffin-embedded
spinal cords with luxol fast blue and with haematoxylin and eosin was done by
SRL. For quantification by flow cytometry, spinal cords were homogenized
through 70-um nylon mesh and by Percoll density-gradient centrifugation to
form single-cell suspensions.

RNA extraction and real-time RT-PCR. The SV Total RNA isolation kit
(Promega) was used for isolation of total RNA from sorted liver or splenic NKT
cells, T cells or B cells according to the manufacturer’s instructions. First-strand
¢DNA was generated with the Advantage-RT kit (Clontech). The Light Cycler-
FastStart DNA Master SYBR Green 1 kit {Roche Diagnostics) was used for real-
time PCR. Gene expression values were normalized to expression of the
hypoxanthine guanine phosphoribosyl transferase (Hprt1) ‘housekeeping’ gene.
Primers from Bex Co are listed in Supplementary Table 1 online.

Mixed-lymphocyte experiments. MOG(35-55)-specific spleen cells (2 » 10°)
isolated from wild-type nontransgenic mice 10 d after EAE induction were
mixed with liver V,19i T cells (5 ~ 10°) sorted from naive \’al9iTng1d1‘/'
mice, in the presence of 100 pg/ml of MOG(35-55) in 24-well plates or
transwell plates (Corning). Where indicated, MOG(35-55)-specific spleen cells
were isolated from Mrl~~ or pMT mice or were subjected to deple-
tion with anti-CD19 microbeads (Miltenyi Biotech). Costimulatory molecules
were blocked with 10 pg/ml of anti-B7RP-1 (HK5.3) or anti-CD40L (MR1) or
with anti-CD80 and anti-CD86 (16-10A1 and GL1, respectively: all from BD
Pharmingen)®S. After 72 h, cytokines in the supernatant were analyzed by
cytometric bead assay, enzyme-linked immunosorbent assay or intracellular
flow cytometry. Proliferation of MOG(35-55)-specific lymph node cells was
assessed 24 h after the addition of [*H ]’thymidine (1 uCi/well) to 96-well plates.

Statistics. EAE clinical scores for groups of mice are presented as the mean
group clinical score t s.e.m., and statistical differences were analyzed by the
Mann-Whitney U nonparametric ranking test. Cytokine secretion data were
analyzed with the two-tailed Student’s f-test or one-way analysis of variance
with Tukey post-analysis for multiple group analysis.

Note: Supplementary information is available on the Nature Immunology website.
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Differential Expression of CD11c by Peripheral Blood NK
Cells Reflects Temporal Activity of Multiple Sclerosis’

Toshimasa Aranami, Sachiko Miyake, and Takashi Yamamura’

Multiple sclerosis (MS) is an autoimmune disease, showing a great degree of variance in temporal disease activity. We have
recently demonstrated that peripheral blood NK cells biased for secreting IL-5 (NK2 bhias) are associated with the remission state
of MS. In this study, we report that MS patients in remission differentially express CD11c on NK cell surface (operationally defined
as CDI1A"®" or CD11c**). When we compared CDH 8" or CD11c¢'" patients, the expression of IL-5 and GATA-3 in NK cells
suppused to endow a disease-protective NK2 phenotype was observed in CD11¢'®™ but not in CD11c™#" patients. In contrast, the
CDI11c"#" group showed a higher expression of HLA-DR on NK cells. In vitro studies demonstrated that NK cell stimulatory
cytokines such as I1.-15 would up-regulate CD11c expression on NK cells. Given previous evidence showing an association between
an increased level of proinflammatory cytokines and temporal disease activity in MS, we postulate that inflammatory signals may
play a role in inducing the CD11c"e" NK cell phenotype. Follow-up of a new cohort of patients showed that 6 of 10 CD11c"®" MS
patients developed a clinical relapse within 120 days after evaluation, whereas only 2 of 13 CD11¢'°™ developed exacerbated disease
(p = 0.003). As such, a higher expression of CD11c on NK cells may reflect the temporal activity of MS as well as a loss of
regulatory NK2 phenotype, which may allow us to use it as a potential biomarker to monitor the immunological status of MS

patients. The Journal of Immunology, 2006, 177: 5659-5667.

ultiple sclerosis (MS)’ is a chronic inflammatory dis-

ease of the CNS. in which autoreactive T cells target-

ing CNS Ags are presumed to play a pathogenic role
(1. A large majority of the patients with MS (~70%). known as
relapsing-remitting MS. would develop acute exacerbations of dis-
case between intervals of remission. It is currently believed that
relapses are caused by T cell- and Ab-mediated inflammatory re-
actions to the self-CNS components. and could be controlled at
least to some degree by anti-inflammatory therapeutics. immuno-
suppressants. or plasma exchange.

The clinical course of MS varies greatly among individuals.
implicating difficulties to predict the future of cach patient. For
example. patients who had been clinically inactive in the ecarly
stage of illness could abruptly change into active MS accompany-
ing frequent relapses and progressive worsening of neurological
conditions. There are a number of unpredictable matters in MS.
including an interval between relapses. responsiveness to remedy
and the prognosis in terms of neurological disability. To provide
better quality of management of the patients. searches of appro-
priate biomarkers are currently being wamanted (2).

We have recently shown that surface phenotype and cytokine
secretion pattern of peripheral blood NK cells may reflect the dis-
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ease activity of MS (3. 4). A combination of quantitative PCR and
flow cytometry analysis has revealed that NK cells in clinical re-
mission of MS are characterized by a higher frequency of CDYS™
cells as well as a higher expression level of IL-S than those of
healthy subjects (HS) (3). As IL-5-producing NK cells. referred to
as NK2 cells (5). could prohibit Th1 cell activation in vitio (3). we
interpreted that the NK2 bias in MS may contribute to maintaining
the remission state of MS. More recently. we have found that MS
patients in remission can be further divided into CDYSM#® and
CDY5*™, according to the frequency of CDYS™ cells among NK
cells (4). Notably. memory T cells reactive to myvelin basic protein.
a major target Ag in MS. were increased in CD9S™ patients.
compared with CD95™™ . Of note. CDYSM" NK cells exhibited an
ability to actively suppress the autoimmune T cells. whereas those
from CDY5™ patients did not. These results suggest that NK cells
may accommodate their function and phenotype to properly coun-
terregulate autoimmune T cells in the remission state of MS.

Recently. a distinct population of NK cells that express CD1l¢.
a prototypical dendritic cell (DC) marker. was identified in mice
(6. 7). As the CD1l¢™ NK cells exhibited both NK and DC func-
tions. thev are called as “bitypic NK/DC cells.” CD1l1¢ associates
with integrin CDI8 to form CD11¢/CDI8 complex and is ex-
pressed on monocytes. granuloeytes. DCs, and a subset of NK
cells. Although precise functions are unclear. it has been reported
that CD1ic¢ is involved in binding of iC3b (8). adhesion to stim-
ulated endothelium (9) or phagocytosis of apoptotic cells (10). The
initial purpose of this study was to evaluate CDI fc expression and
function of CD11c™ NK cells in MS in the line of our research o
characterize NK cells in MS. On initiating study. we noticed that
there was no significant difference between MS and HS in the
frequency of CD11c¢” NK cells. However. expression Jevels of
CD1lc were significantly higher in MS. We further noticed that
up-regulation of CDIIc¢ is seen in some. but not all. patients with
MS. So we have operationally classificd MS into CDHe™ and
CD11c™e,

In this study. we demonstrate that TL-5. characteristic of NK2
cells (5). were significantly down-regulated in CD1IC™E" than
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CDH1e™ NK cells. In contrast. expression of HLA-DR class 11
molecule was up-regulated in CD11¢"E" NK cells. Notably. both
CD11¢ and HLA-DR on NK cells were reproducibly induced in
vitroin the presence of IL-15 (11) or combination of inflammatory
cvtokines. known o be increased in the blood of MS (12-14).
Furthermore. we found that the vemission state of CDI1c™#" js
unstable in comparison to CD11e"*. as judged by an increased
number of the patients who exacerbated during the 120 days after
examining NK cell phenotypes. These results suggest that the
CDI11MEP proup of patients may be in more unstable condition
than CD11c™, presenting with reduced regulatory functions of
NK cells.

Materials and Methods

Subjects

Twentv-five patients with relapsing-remitting MS (151 tmale (Mi/female
(Fy = 8/17:age = 37.7 = 1 1.1 (year old)} and 10 sex- and age-matched HS
(MF = 3T age = 39.9 = 12.2 (year old)) were enrolled for studying NK
cell phenotypes. All the patients were in the state of remission at exanu-
nation as judged by magnetic resonance inmging scanning and clinical
assessment. They had not been given immunosuppressive medications. or
corticosteroid for at least 1 mo before examination. They had relatively
mild neurological disabiliy (expanded disability status scale <'4) and
could walk to the hospital withow any assistance during remission. The
same neurologist fotlowed up the patients regularly (every -4 wk) and
judged the occurrence of relapse by using magnetic resonance imaging and
chnical exammations. nformation on NK cell phenotype or other immu-
nological parameters was never given to either the neurologist or the pa-
tients at the time of evaluation. o precisely deternmine the onset of relapse.
patients were allowed to take examination within a few days after a new
symplom appeared. Written informed consent was obtained from all the
patients and the Ethics Commintee of the National Center of Neuroscience
(NCNP) approved the study. ’

Reagents

Mouse I2G1 isotype control-PE. anti-CD3-energy-coupled dye (ECD). anti-
CD4-PE. anti-CD8-PCS. anti-CDS6-PCS, anti-CDGY-PE. and anti-HLA-
DR-FTTC mAbs were purchased fromy Immunotech. Anti-CD11¢-PE and
anti-CDY5-FITC were purchased from BD Pharmingen. Recombinant hu-
man cytokines were purchased from PeproTech. AIM-V tInvitrogen Life
Technologies) was used for cell culture after supplementing 2 mM L-glu-
tamine. 100 U/ml penicillin. and 100 mg/iml streptomycin (Invitrogen Life
Technologies).

Cell preparation and NK cell purification

PBMC were separated by density gradient centrifugation with Ficoll-
Hypaqgue PLUS tAmersham Biosciences). To purify NK cells. PBMC were
treated with NK isolation Kit I} (Miltenyi Biotec) twice. according to the
manufacturer’s protocol. Briefly. PBMC were labeled with a mixwre of
biotin-conjugated mAbs reactive to non-NK cells and magnetic microbead-
conjugated anti-bivtin mAbs. The magnetically labeled non-NK cells were
depleted with auto-MACS (Miltenyi Biotec) and this procedure always
vielded >95% purity of NK cells when assessed by the proportions of
CD37CDS6™ cells with flow cytometry.

Flow evtometry

To evaluate the expression of CD11e. CIDYS. or other surface molecules on
NK cells. PBMC were stained with anti-CD3-ECD. anti-CDS6-PCS. and
FITC- or PE-comugated mAbs against molecules of our interest and were
analyzed with EPICS flow cviomerry (Beckman Coulter). Mean fluores-
cence intensity (MFD of CD1e was measured on gated CD1le” fraction
or whole NK cells. .

Stimulation of purified NK cells with proiflammatory cytokines

Purified NK cells (1 X [0%well) were stimulated in the presence or ab-
sence of TL-4. TL-8 [L-12. [L-13. fL-18. IL-23. TNF-a. and GM-CSF or
combination of 11.-12, IL-15. and H.-18 {or 3 days. We analyzed CD1l¢
expression after staining the cells with anti-CD1e-PE. ani-CD3-ECD,
and anti-CDAG-PCS. The concentration of T1.-12 was at 10 ng/ml. and those
of the other cytokines were at 100 ng/ml.

UP-REGULATION OFF CD11C ON NK CELLS IN ACTIVE MS

RT-PCR

Total RNA were extracted with a RNeasy Mini kit (Qiagen) from purified
NK cells. and the cDNA were synthesized with Super Script IH first strand
systems (Invitrogen Life Technologies) according to the manufacturer’s
protocol. For quantitative analysis of IL-5, IFN-1. GATA-3. and T-bet. the
LightCycler quantitative PCR system (Roche Diagnostics) was used. Rel-
ative quantities of mRNA were evaluated after normalizing each expres-
sion levels with S-actin expression. PCR primers used were as follows:
B-actin-sense. AGAGATGGCCACGGCTGCTT, and -antisense. ATTT
GCGGTGGACGATGGAG: [FN-~-sense. CAGGTCATTCAGATGTA
GCG. and -amtisense. GCTTTTCGAAGTCATCTCG: [L-S-sense. GCA
CACTGGAGAGTCAAACT. and -antisense. CACTCGGTGITCATTA
CACC: GATA-3-sense. CTACGGAAACTCGGTCAGG. and -antisense.
CTGGTACTTGAGGCACTCTT: T-bet-sense. GGAGGACACCGACTA
ATTTGGGA. and -antisense. AAGCAAGACGCAGCACCAGGTAA.

Statistical analysis of remission rate

We set the tirst episode of relapse after blood sampling as an end point.
although we followed clinical course of each patient for up to 120 days.
regardless of whether they developed relapses. No patients developed sec-
ond relapse during the 120 davs. When the neurologist prescribed corti-
costeroids withowt knowing any information on the NK cell phenotype. the
patient was considered as the dropout at that time point. Remission rate was
calculated as Kaplan-Meier survival rate. and statistical difference between
CDI11¢ and CD1 " MS was evaluated with the log-rank test.

Results

CDI1lic on NK cells is up-regulated in MS remission

First. we confirmed that PBMC from healthy individuals and MS
contain CD11c™ NK cells (Fig. 1). which constitute a major pop-
ulation of whole NK cells. We then noticed that proportion of
CD11c™ NK cells as well as its levels of expression greatly varied
among individuals. particularly in MS. To examine this issue fur-
ther. we systemically examined 25 MS patients in remission and
10 HS for NK cell expression of CD1le. Whereas 20-80% of NK
cells are CD1ic™ in HS (Fig. lc). almost all NK cells were
CDIilc”™ in some MS patients (Fig. 1. ¢ and e). However. reflecting
a great degree of variance. comparison between HS and MS did
not reveal a significant difference (Fig. 1¢). In contrast. when we
measured the MFL of CD11c¢ expression on CD11e™ NK cells. it
was significantly higher in MS as compared with HS (Fig. la).
This difference was also noticed when MFI of CDlic was mea-
sured for all the NK cell populations (Fig. 15). It was interesting to
know whether the levels of CD11c¢ expression may correlate with
NK cell functions. Therefore. we operationally divided the MS
patients into CD11c™ and CD11¢" " subgroups (Fig. 1a). by set-
ting the border as (the average + 2 X SI) of the values for HS.

CD11cM% NK cells express HLA-DR more brightly than
CD11™ NK cells

It was previously reported that infection with certain viruses would
accompany up-regulation of CD11¢ on NK cells (16). This raises
a possibility that the increascd expression of CD11c in CD11c™”
MS may reflect an activation state of NK cells caused by some sort
of stimuli. To verify this hypothesis. we examined surface expres-
sion of cell activation markers (CD69 and HLA-DR). Although
CDAY. an early activation marker. was not detectable on NK cells
(Fig. 2a). NK cells from MS. particularly CD1 1cM#" MS. signif-
icantly overexpressed HLLA-DR on surface (Fig. 2). Interestingly.
HLA-DR expression was also up-regulated on CDA™ T cells from
CD11c™" MS compared with those from HS (data not shown).
These results indicate that NK cells and T cells are differentially
activated in CD11c™™ MS. CDH™ MS. and HS.

Absence of NK2 bias in CDI1c"" MS

We have previously reported that a higher level of 11.-5 expression
(NK2 bias) is one of the characteristics of NK cells of MS in
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FIGURE 1. CDIlc on NK cells 1s -
up-regulated  MS in remission. . 2
PBMC from HS (n = 10) and MS pa-
tients in remission (# = 25) were stained 10
with anti-CD11e-PE. -CD3-ECD, and 2
-CD56-PCS mAb. and CD1lc expres- o 8
sion was measured on the CD1le™ frac- g
tion gated within whole NK cells = ©
(CDIe™CD3™CD56" cells) as nean
fluorescence intensity (MFD. Each dot ¢
represents the data from individual pa-
tients. CD11c"* and CD11¢™* eroups 2
of patients are encircled as described in covie=
the text. b, In parallel. CD1 I¢ expression 0 s
(MFI) was measured for the whole NK HS remission
cells  «CDITCDS6™  cells).  which
vielded a similar result. ¢, The propor- d
tions of CDI L™ cells among whole NK s

cells are plotted. No signiticant differ-
ence was noted between HS and MS re-

5661

mission. ¢ and ». Representative histo-
gram pattemns of CD1lc on NK cells
(closed histogran) from a single healthy
subject (HS) (d) and a patient corre-
sponding o CD11c™" MS (#). Open

histograms represent  isotype  control
staining. Values represent proportions of
CDlic™ fraction (%) and MFI for
CD11e™ cells. Mann-Whitney 7 test
was used for statistical analysis. Hori-
zontal bars indicate the mean values. ¢
p <005 25 p < 001

CDi1c

temission (3). Although the mechanism for NK2 bias in MS re-
mains to be further studied. up-regulation of GATA-3 has recently
been reported in the induction of NK2 cells in mice (17). To ex-
plore the possible difference in the functions of CD11¢™¢"® and
CDI11e™ NK cells. we isolated NK cells from CD11c"" or
CD11c™Y group of patients and measured the mRNA levels of
representative cytokines 1FN-vy and IL-5 as well as corresponding
transcription factors T-bet and GATA-3. As shown in Fig. 3,
mRNA expression of both 1L-5 and GATA-3 was significantly
higher in CD11¢™ MS compared with HS or CD11cMe MS.
indicating that NK2 bias thought to be characteristic of MS remis-
sion is restricted to CD11¢ MS. In contrast. there were no dif-
ferences in mMRNA expression of IFN-y and T-bet among these
three groups. Because NK cells from CD11c"#" patients expressed
HLA-DR most brightly. we speculate that NK2 bias associated
with CD1 e MS would attenuate when NK cells are further
activated or differentiated.

NK cell stimulatory proinflummatory cvtokines induce up-
regulation of CD1ic

We next attempted to explore the mechanism(s) for up-regulation
of CDI1c on NK cells in CD M MS. Because both NK cells
and CD4° T cells overexpressed HLA-DR in CD11c™¥", s it
probable that immune signals influencing both innate and acquired
immunity are operative. So we hypothesized that cytokine signals
that have been implicated in the pathogenesis of MS may play a
role. We cultured NK cells from HS in the presence or absence of
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cvtokine(s) for 3 days. and evaluated the CDI1 Ic expression (MF).
We focused our attention to JL-12. IL-15. and 1L.-18. which are
known to stimulate NK cells with or without help of other cyto-
Kines. Notably. they are reportedly elevated in the serumn or blood
lvmphocytes of MS patients as compared with HS (11-14. 18. 19).
and prior studies suggest that they may play an important role in
autoimimune discases (20-24). As shown in Fig. 4. although H_-12
and IL-18 showed only a marginal effect on purified NK cells.
IL-15 consistently induced 2- 1o 3-fold up-regulation of CD1lc
compared with control culture without addition of cytokines. As
I1.-12 and 11.-18 were reported to synergistically work in various
settings (25. 26). we then examined whether combinations of these
cytokines may induce CD11c. Combination of 11-15 and [1-12 or
of IL-15 and IL-18 did not augment the CD! ¢ expression 1o the
level higher than that could be induced by 11-15 alone. However.
the combination of 11L.-12 and IL- 18 did up-regulate CDlc on NK
cells. which was comparable (o the effect of 11.- 15 alone (Table 1.
Additionally. we tested the effects of several cytokines involved in
differentiation of DC (TNF-«v. GM-CSF. I1.-4) (27). or known to
up-regulate CD11lc in granulocytes (IL-8) as controls (28) in the
same assay. These cytokines showed no significant effect ¢ Table 1).

CDI1M" MS relapsed carlier

Given the significant difference in activation status and cytokine
phenotype of NK cells as well as HLA-DR expression by CD4™ T
cells. it was particularly interesting to know whether CD11¢M and

CD11c™¥ MS may follow a different clinical course. A new cohortof
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