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Previously, we found that more than a half of the NK1.1* T cell lines prepared from CD1~/~ livers expressed
invariant Va19-Ja33 TCR a chains. Over-expression of the invariant Va19-Ja33 TCR o transgene (Tg) with
a natural TCR a promoter and an enhancer in mice induced the development of NK1.1* T cells (Va19 NKT
cells) in the lymphoid organs, especially in the liver. Preferential usage of the Va19 Tg by NKT cells in the

transgenic mouse livers was indirectly indicated by the observation that few NK11* TCRap* cells of the
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V19 Tg livers were stained with a cocktail of anti-TCR Vi antibodies in the FACS analysis. Upon invariant
TCR engagement in vivo following injection of mice with anti-CD3 antibody, NKT cells of the Tg mouse
livers as well as spleens promptly produced immunoregulatory cytokines such as IL-4 and IFN-y and
altered surface receptor expression. Collectively, localization of Va19 NKT cells in the liver is suggested
that are ready to immediately response against antigen stimulation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Natural killer T (NKT) cells are defined as lymphocytes bearing
both the common NK marker NK1.1, a product of a member of the
NKR-P1 gene family, and TCR-CD3 complex [1,2]. The major com-
ponent of NKT cells (Va14 NKT cell) express the invariant TCR «
chain (mouse Va14-Ja18, human Va24-Ja18) [1.2].

The requirement of invariant Va14-Jo18 TCR o chain expres-
sion for the development of V14 NKT cells is demonstrated in the
invariant TCR transgenic (Tg) mice, where Tg* Va14 NKT cells are
similar to native NKT cells in TCR B composition, antigen recogni-
tion and cytokine production [3].

Recently, the presence of another invariant TCR « chain (Vee19-
Ja33 (conventionally Ja26), AV19-A]33) was shown by quantitative
PCR analyses in mouse, human and bovine lymphoid cells [4,5].
We demonstrated that this invariant TCR « chain was preferen-
tially expressed in NKT but not conventional T cells of the lymphoid

Abbreviations: V19 NKT cell NK1.1+ Var19-Ja33 invariant TCR a+ cell; Vaild
NKT cell, NK1.1+ Vax19-Ja 18 invariant TCR o+ cell; Tg, transgene or transgenic; MNC,
mononuclear cell; MAIT, mucosal-assodated T lymphocyte.

* Corresponding author at: Developmental Immunology Unit, 11 Minamiooya,
Machida, Tokyo 194-8511, Japan. Tel.: +81 42 724 6315; fax: +B1 42 724 6317,
E-mail address: michio®@libra.ls.m-kagaku.co.jp (M. Shimamura).
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organs including the liver and that more than a half of the hybrid
cell lines produced from NKT cells of CD1-deficient livers expressed
this invariant TCR « chain [6). The localization of the invariant
Va19 TCR* in gut lamina propria was then demonstrated in the
recent reports [7,8]. Positive selection of these cells (designated as
mucosal-associated invariant T (MAIT) cells) by one of the evo-
lutionarily conserved MHC-class Ib molecules MR1 [9] was also
indicated in these studies.

In the current study, we characterized the mice over-expressing
invariant Vox19-Je33 TCRa transgene with a natural TCRa promoter
and an enhancer to analyze the development of invariant Va19
TCR* NK1.1* (V18 NKT) cells, We found that the invariant TCR
transgene was always more frequently used by NKT cells than con-
ventional T cells in the lymphoid organs, especially in the liver, and
that the proportion of Va19 NKT cells was the largest in the liver
among the lymphoid organs examined. Thus these findings indicate
the preferential differentiation of Tg* lymphoid precursors into NKT
cell lineage in the liver.

2. Materials and methods
2.1. Mice

C57BL/6 mice were purchased from Sankyo Service Co. (Tokyo,
Japan). Beta2m-deficient mice with C57BL/6 genetic background
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were obtained from Jackson Laboratory (Bar Harbor, ME, USA).
CD1-deficient mice were provided by Dr. M.J. Grusby (Harvard
University) [10]. They were backcrossed with C57BL/6 mice for
six generations, and mice with phenotypes of H-2%, NK1.1* and
CD1-/~ were selected. TCR Ca-deficient mice, backcrossed with
C57BL/6 mice for more than 10 generations [11], were given
by Drs. H. Ishikawa (Keio University) and M. Nanno (Yakult
Co.).

22. Establishment of Vae19 Tg mice

A Va19-Ja33 transgene with the endogenous TCR a promoter
and the enhancer was injected into C57BL/6 or TCR Ca-deficient fer-
tilized eggs and transgenic mouse lines were established. Details
are shown in Supplemental Figure S1 online. A Va19Tg*CD1-/-
mouse line was established from one of the three transgenic
lines with the C57BL/6 background by cross with CD1-deficient
mice. Vee19 Tg mice were compared with non-Tg mice in the
same litter or with those with an appropriate genetic back-
ground (C57BL/6, 125/Sv or BALB/c) possibly included in each Tg
line.

2.3. Cell preparations

MNCs were prepared from single cell suspension of mouse
organs by density gradient centrifugation using Lymphosepar II
(IBL, Gunma, Japan, d = 1.090) for spleen and bone marrow and Per-
coll (Pharmacia, Uppsala, Sweden) for liver as described previously
[12]. Lamina propria lymphocytes were prepared as described by
Treiner et al. [7].

2.4. Flow cytometry and antibodies

Mouse cells were pre-treated with anti-FcyRIl, 11l monoclonal
antibody, 2.4G2 (Pharmingen, San Diego, CA, USA), to saturate Fc
receptors, Specific staining was performed with a combination
of the following conjugated antibodies purchased from Pharmin-
gen; H57-597 (anti-TCR CB), PK136 (anti-NK1.1), RM4.5 (anti-CD4),
53-6.7 (and-CD8«), 53-5.8 (anti-CD8PR), RR4-7 (anti-VP6), F23.1
{anti-VP8), B20.1 (anti-Va2), RR3-16 (anti-Va3.2), B21.14 (anti-
Vce8.3), RR8-1 (ant-Va11.1, 11.2). Tetramer of CD1-a-Gal-Cer was
prepared from a DNA construct (provided by Dr. M. Kronenberg, La
Iolla Institute for Allergy and Immunology) as described by Mat-
suda et al. [13]. The stained cells were analyzed on a FACS can flow
cytometer equipped with the Cell Quest Software (Becton Dickin-
son, San Jose, CA, USA).

2.5. In vivo stimulation of Va19Tg lymphocytes by TCR
engagement

Mice of Va19Tg* CD1-/~ and CD1-/- in the same litter,
and C57BL/6 (8 weeks of age) were intravenously injected with
anti-CD3 antibody (2C11, Pharmingen, 1.5 or 3.0 ug/mouse) in
200l PBS. Livers were removed from mice 90min after anti-
body injection, and MNCs were immediately prepared from them
as described above. They were cultured at the concentration of
5x10° per ml in the DMEM (10% FCS, 50 pg/ml streptomycin,
50U/ml penicillin) without further supplements. Cytokines in the
supernatants were determined by ELISA using antibodies that
were purchased from Becton Dickinson. In some experiments,
livers were removed from mice 1 day after antibody injection,
and MNCs were immunostained and analyzed by flow cytome-
try.
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3. Results

3.1. Preferential development of Var19 NKT cells in the liver of
invariant Vee19-Ja33 TCR Tg mice

Aninvariant Va19-Ja33 TCR gene segment was cloned into a TCR
o vector containing the TCR o endogenous promoter and enhancer,
and Tg mice (V19 Tg mice) were produced to examine the role of
the invariant TCR in Va19 NKT cell development (Supplementary
Figure S1 online).

The development of lymphocytes expressing the invariant TCR
was demonstrated by the presence of TCRaB* cells in the lymphoid
organs of the Va19 Tg mice with the TCRa-deficient (TCRa~/-)
background (Fig. 1A). A remarkable proportion of the Tg* cells was
differentiated into NK1.1* TCRaf* NKT cells in the Tg organs, espe-
cially in the liver (liver, 29.5%; bone marrow, 7.5%; spleen, 3.6%).
The proportion was comparable to that in the non-Tg mice with
the same genetic background (C57BL/6) (26.4%, 5.1%, 3.2%, respec-
tively, Fig. 1B [14]). The cellularity of these organs in the transgenic
mice (liver, 4.8 x 105; bone marrow, 4.5 x 107; spleen, 1.3 x 10 at
8 weeks of age) was not significantly altered from that in non-Tg
mice (liver, 4.4 x 10°; spleen, 1.2 x 10%; bone marrow, 4.3 x 107 at
a similar age). Thus, these findings suggest that the expression of
the invariant TCR a transgene induced preferential development of
V19 NKT cells in these organs compared with the development of
NKT cells in normal mice.

The preferential development of NKT cells in the Tg liv-
ers was also observed in the livers of the Tg mice with the
genetic background of C57BL/6 (28.7%, Fig. 1B)) and CD1-/- (31.0%,
Supplementary Figure 52) where TCR af8* cells are allowed to use
endogenous TCR o chains due to the incomplete allelic exclusion
of the TCR « locus. The preferential use of the transgene by the
cells of liver rather than spleen or thymus of the Tg mice with
C57BL/6 background was supported by the expression of the trans-
gene analyzed by RT-PCR (Supplemental Figure 51D}, Development
of Vee14 NKT cells was suppressed not only in the Tg livers with
CD1-/= background but also in the Tg livers with C57BL/6 back-
ground, because only a limited fraction of the Tg liver cells were
stained with CD1-ce-Gal-Cer tetramers (1.6%) compared with the
non-Tg mouse liver cells with C57BL/6 background (17.1%) (Fig. 2).
Taken together, most NKT cells in the Tg livers with these genetic
backgrounds were probably Va18 but not Va14 NKT cells in spite
of the non-stringent pressure of TCR « usage. A similar increase
in NKT cell development was observed in the Vee14-Ja18 TCRax Tg
mice [3]. In contrast, few NKT cells were generated in Va11-Ja2B4
or Va8-Ja37 TCRa Tg mice [3,15]. Thus, NKT cell development is
possibly dependent on the use of invariant TCR « chains expressed
by lymphoid precursors.

The facilitated development of Va19 NKT cells in the Tg mice
was supported by a comparison of the TCR structure between
Tg and non-Tg mouse cells. Liver mononuclear cells (MNCs) iso-
lated from V19 Tg* CD1-/~ and C57BL/6 mice were triply stained
with fluorescence-conjugated anti-TCRaf, anti-NK1.1 and a cock-
tail of anti-Va2, 3, 8 and 11 antibodies. Staining profiles in the NKT
cell fraction (NK1.1*, TCRaxf*) and the conventional T cell fraction
(NK1.1-, TCRaB*) with the anti-Va antibody cocktail are shown
in Fig. 3 and Table 1. Since Va14 NKT cells were a main compo-
nent of the NKT cell population in the non-Tg normal liver, few NKT
cells were stained with the anti-Va antibody cocktail; whereas, a
substantial fraction of conventional T cells was positive for the Va
staining. Here in the Tg livers, almost all the NKT cells were negative
for the Va staining despite the lack of V14 NKT cells; whereas, a
substantial fraction of the conventional T cells was positive for the
Ve expression. These observations indicate that the invariant V19
TCRa-bearing cells were directed to develop preferentially into NKT

Gl_
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Fig. 1. Development of V19 NKT cells in Va13 Tg mice. MNCs were isolated from liver, thymus, spleen, bone marrow and intestinal lamina propria of mice (at 8-12 weeks of
age. female). They were stained with fluorescence-labeled antibodies and analyzed by FACS. (A) Staining profiles of the Va19 Tg* TCRo—+- and TCRa '~ cells with anti-NKL1
and anti-TCR o antibodies. (B) Staining profiles of the Va19 Tg* and non-Tg cells with the same genetic background (C57BL/6). Note that plots of thymocytes are gated on
the HSA™ cells in (B). In (A) and (B), one of the three representative experiments, each using poals of cells from 2 to 3 mice is shown.

Vai19Tg*
(86)

26.4% B6

NK1.1

(CD1-a-GalCer)4

TCRaf

Fig. 2. Staining profiles of Tg- and non-Tg liver MNCs with CD1-a-Gal-Cer tetramers. Liver MNCs isolated from Tg and non-Tg mice on the CS7BLJ6 background (at 8-10 weeks
of age, female, both in the range of 3-7 x 10 per animal) were stained with ant-TCR af antibody and either anti-NK11 antibody, CD1-c-Gal-Cer tetramers, or empty CD1
tetramers. The stained cells were analyzed by FACS.
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Va19Tg*CD1*
NKT

Counts
I 0B

V6

Fig. 3. Preferential expression of the invariant Va19 TCR transgene by the NKL1*, TCRo(* cells in the Tg livers. Liver MNCs from V19 TCR Tg (CD1-*~ background) and non-Tg

mice (at 8 weeks of age, femals) were triply stained with an anti-]

-TCRaf, ant-NK11 and anti-TCR Ve mixture (Va2, 3.2, 8, 11) or anti-Vp antibodies. The histograms of the
indicated

NKL1*, TCR af3* (NKT) and the NKL1-, TCR 2f* (T) cells stained with anti-TCR Va cockzail, anti-VB6 and anti-VR8 antibody are

cells in accord with our previous observation that invariant Va19
TCR e chains are predominantly expressed as NKT cells in the liver
|6]. The preferential development of V19 NKT cells was also found
in the lymphoid organs other than the liver in the Tg mice judging
from the Ve usage (Table 1).

Similar to invariant Va19 TCR «* hybridomas [4,5], NKT cells
used V6 and V/8 relatively frequently in Va19 Tg* TCR o/~ mice,

Table 1

where the TCR a chain is fixed to the V19 transgene (Table 1). This
characteristic VB usage was also found in V19 Tg* CD1-/~ mice.
These findings suggest that lymphoid precursors bearing invariant
Va19*/confined VB* semi-invariant TCR are preferentially differ-
entiated into NKT cells.

A substantial number of NKT cells was observed in the a19
Tg* TCR a~/- gut lamina propria (Fig. 1) in accordance with the

Va ilul\fﬁl.lslﬂutflh: NKT and conventional T cells in IMM&M mﬂ-lﬂﬂmnk lymphoid nmm

Vo cockeail®, positive for stainiing with anti-Via2, 3, 8, and 11 antibody cocktail. The average of 2-4 experiments each using pools of cells from 2 to 3 mice (8-12
is shawn,

..63_
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reports on the localization of invariant Va19 TCR* cells there [7,8].
The proportions of NK1.1* T cells were increased in the lamina
propria of the Tg mice, irrespective of their genetic background
(6.0 1.5% in Va19 Tg* TCRa~/- intestine, 2.8+ 1.0% in C57BL/6
intestine, Supplementary Table S1). Besides, the proportion of the
cells stained with the anti-Va cocktail in lamina propria NKT cells
was less than that in spleen or bone marrow NKT cells in Va19 Tg*
CD1-/- mice (Table 1). Taken together, it is suggested that Va19 Tg*
NKT cells are preferentially localized in the lamina propria as well
as in the liver.

V19 NKT cells were rarely found in the Va19 Tg* TCR o/~
thymus (0.3%, Fig. 1A). The proportion of CD4* or CDB* single pos-
itive cells was reduced in the Tg thymus (4.4% in the V19 Tg*
TCR o/~ thymus, 9.2% in the C57BL/6 thymus), suggesting the
impaired maturation of T-lineage cells in general with the TCR
a~/~ background. Above all, the development of NKT cells in the
Tg thymus seemed to be especially limited (cf. 0.6% in the Va19
Tg* thymus with the C57BL/6 background, 0.7% in the C57BL/6 thy-
mus). However, comparison between the proportion of NKT cells
among HSA'"" thymocytes in the Tg and that in non-Tg mice with
the same background (C57BL/6) (4.8% and 2.1%, Fig. 1B) suggests
that the thymus is also the organ where V19 Tg* NKT cells are
distributed.

A quite unique CD4, CD8 co-receptor expression was observed
in Va19 NKT cells (Fig. 4). Different from Va14 NKT cells, num-
bers of CD4" and CD8* V19 NKT cells are comparable. Rather, the
CD8* NKT cell subset predominates in the V19 Tg*TCR a~/~ liver.
The CD8 molecules expressed by the NKT cells in the Tg liver and

Liver
ol Tl Wl U
Spleen
varorg: | AT i —_
Cs7BUS ﬁ.s? 25% L%
Bone Marrow
i e T T
‘ 412 4.3% 3.6%
Cs7BL6 [ — —
CD4 CD8a CcD8p

Fig. 4. CD4/CD8 co-receptor expression by NK1L1", TCR af* cells of Va19 Tg" and
non-Tg mice. MNCs were {solated from liver, thymus, splesn, and bone marrow of
Va19 Tg* TCRa~~ and C57BLJ6 mice (at 8-12 weeks of age). They were immunos-
tained and analyzed by flow cytometry. Profiles of CD4/CD8 co-receptor expression
inthe NK1.1*, TCR ap* cells of Va19 Tg* TCRa~~ and C57BLJ6 crgans are indicated.

spleen consisted of the af hetero-dimer, whereas those expressed
by the Tg bone marrow NKT cells were mostly the aa homo-dimer,
thus suggesting the presence of heterogeneity in the CD8* NKT
cell subset depending on the tissue distribution in the Tg mice.
However, the CD4-, CD8~ double negative NKT cell population
was present as the major component in all the Tg organs analyzed
here including the lamina propria (CD4*:CD8*:CD4~- (D8~ =3:1:6,
data not shown). The preferential generation of CD4-, (D8~ T
cells has also been reported in Val4-Ja18 invariant TCRa Tg
mice [3]. Therefore, it is not clear whether the double negative
population is generated as the major subset during normal devel-
opment.

3.2. Prompt activation of V19 NKT cells in the liver upon TCR
engagement in vivo

Cytokine production by liver Va19 NKT cells was examined
to assess their immunoregulatory potential. It has been reported
that Va14 NKT cells in the spleen promptly produce immunoreg-
ulatory cytokines in response to in vivo challenge with anti-CD3
antibody [15]. Thus, production of cytokines by V18 Tg* cD1-H-
liver cells was compared with the production by CD1-deficient
or normal liver cells that were prepared from mice previously
injected with anti-CD3 antibody (Fig. 5). Production of 1L-4 and
IFN-y was reduced in CD1~/- liver cells compared with C57BL/6
cells. This reduction was restored by the introduction of invari-
ant Va19 TCR transgene into CD1~/~ mice. The prompt production
of cytokines by liver lymphocytes was similarly observed in Va19
Tg* TCR o/~ mice (data not showa), thus indicating that invari-
ant Va19 TCR* cells are the producer of the cytokines. In addition,
NK1.1* but not NK1.1~ Vat19 Tg" liver cells were responsive to the
stimulation to TCR-CD3 complex in culture and primarily produced
immunoregulatory cytokines (Shimamura et al.. submitted for pub-
lication). Thus it is suggested that certain subsets of the Tg TCR*
cells in V19 Tg* mice, probably Va19 NKT cells take the place
of Va14 NKT cells in the normal mice and are responsible for the
prompt cytokine production responding to TCR stimulation. The
prompt production of IL-4 and IFN-y by hepatic NKT cells almost
reached maximum with administration of 1.5 pg of anti-CD3 anti-
body. This dose of antibody was in accord with the dose required
for the maximum induction of the IL-4 mRNA expression from
the spleen cells isolated from mice with the antibody injection
[15].

IL-5 and IL-10 production by Va19 Tg* and C57BL/6 liver cells
increased with anti-CD3 antibody administration to some extent.
The increase was more significant than the change in the produc-
tion of these cytokines by CD1-/- liver cells. Nevertheless, liver
cells showed relatively high IL-5 and IL-10 production in the culture
without sensitization by injection of anti-CD3 antibody in contrast
to the IL-4 and IFN-y production. The background levels of IL-5 and
[L-10 in the culture supernatants of spleen cells of the same mice
were kept to be very low (data not shown).

3.3. Surface receptor down-regulation of hepatic V19 NKT cells
upon TCR engagement in vivo

It has been reported that V14 NKT cells respond to the stimu-
lation in vivo with a-Gal-Cer and down-regulate the expression
of NK1.1 marker [16,17]. The proportion of NK1.1* T cells in the
liver of Va19 Tg* TCR o=/~ mice reduced when the mice were pre-
viously injected with anti-CD3 antibody (Fig. 6). Conversely, the
proportion of NK1.1~ T cells, especially TCRap!" cells, increased.
Thus, Vae19 NKT cells, as well as Va14 NKT cells, are suggested
to down-modulate surface expression of NK1.1 receptors promptly
responding to stimulation to TCR.
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Fig. 5. Cytokine production by Tg and non-Tg mice in response to in vivo treatment
with anti-CD3 antibody. Liver MNCs prepared from Va9 Tg* CD1--, CD-'-, and
C57BLJ6 mice injected 90 min previously with a different dose of anti-CD3 antibody
(2C11) were cultured in DMEM (10% FCS) without additional stimulation for 2 b Cul-
ture supernatants were harvested and tested for production of cytokines by ELISA.
The mean £ 5.0, for three mice in each strain Is shown. Experiments were repeated
twice, and essentially the same profiles were obtained. Statistical significance in the
Va15Tg" and CS7BL/6 cell responses compared with the CD1-/~ cell responses was
assessed by Student’s t-test (*p < 0.01 and "p<0.05).
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4. Discussion

In the present study, invariant Va19-Ja33 TCR « Tg mice were
generated to examine the roles of invariant TCR « expression in
Va19 NKT cell development. Over-expression of the invariant Ve 19
transgene induced the development of NKT cells in the lymphoid
organs of Tg mice espedially in the liver (Fig. 1, Table 1). In V19
Tg" CD1-/~ organs, the proportion of cells stained with the anti-Va
antibody cocktail in the NKT cell population was less than that in
the conventional T cell population (Fig. 3, Table 1), suggesting that
lymphoid precursors bearing invariant Va19 TCR preferentially dif-
ferentiate into an NKT lineage under the non-stringent pressure of
TCR « usage. Invariant V19 TCR a chains prefer to pair with VB6*

and VB8* TCR B chains. Such a characteristic VB usage was found
not only in the NKT cells but also in the conventional T cells to a
degree of the Va19 Tg* TCR a—— mice where the TCR « chain is
fixed to the V19 transgene (Table 1). These findings raise the pos-
sibility that NKT and T cells with expression of the semi-invariant
Va19* [VB6* or VB8® TCR frequently present in Vo198 Tg* TCR o/~
mice are at least partially of an identical or similar lineage despite
their difference in phenotypes. In fact, NKT cells in the livers of V19
Tg* TCR a~/~ mice reduced the expression of NK1.1 marker upon
TCR engagement (Fig. 6). The tissue distribution of invariant Va19
TCR* cells in normal mice has not been definitively determined
because of a lack of reagents specifically identifying this popula-
tion, but is probably reflected in the invariant V19 TCR Tg mice
to some extent because the expression of the invariant TCR trans-
gene is controlled by the natural TCR « promoter and enhancer. The
predicted tissue distribution of Vee19 NKT cells is similar to that of
V14 NKT cells in normal mice [18],

Our previous study on CD1-/- liver lymphocytes indicated that
invariant Va19 TCR-bearing cells preferentially developed in the
liver [6). Var19 NKT cells were estimated to comprise about 50% of
the NKT cell population in the CD1~/~ liver. Provided that Va19 NKT
cells develop similarly in normal and CD1-/= livers, they account
for about 0.5-1% of normal liver MNCs, corresponding to 1/40-1/20
the number of Vee14 NKT cells. The estimated population of V19
NKT cells is 50 large as a clone that they may have their own roles
in the immune system.

The MHC restriction molecules for the preferentially generated
V19 NKT cells in the Tg livers were not determined. However, the
expression of invariant Va19 TCR was reduced in the B2m~/- livers
[6]. In addition, Kawachi et al. reported that development of NKT
cells in the spleen or lymph node of another invariant Va19 TCR Tg
line was reduced under the MR1-deficient background [8]. Thus,
it is possible to speculate that a large proportion of the Va19 NKT
cells in the present Tg livers are restricted by MR1.

Localization of the invariant Va19 TCR* cells in the gut lamina
propria (MAIT cells) compared with mesenteric lymph nodes, skin
and gut intraepithelium has been reported [7,8). Consistent with
these reports, increased percentages of Va19* NKT cells in the Tg
lamina propria were observed (Supplementary Table 51). The stain-

Cs7BL/S

Va19Tg+TCRa/-

NK1.1

Fig. 6. Surface receptor down-regulation of hepatic Va19@ NKT cells upon TCR
engagement in vivo. Liver MNCs were preparad from Vo129 Tg* TCRa~/- and C57BLJ6
mice injected 24 h previously with anti-CD3 antibody (2C11, 2 pg/mouse). Cells were
stained with anti-TCRaf and anti-NK1.1 antibodies and analyzed by flow cytometry.
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ing of lamia propria lymphocytes in V19 Tg* CD1-/~ mice with
anti-Va antibodies (6.8% of NKT cells, 12.1% of T cells), suggests
that invariant Va19 TCR-bearing precursors preferentially differ-
entiate into NKT-lineage even in the gut lamina propria. Invariant
Va19 TCR® MAIT cells are suggested to have roles in the control of
1gA production [7,19]. We found that the serum IgA level of Va19
Tg mice (132 £ 56 pg/ml) was comparable to that of non-Tg mice
(11559 pg/ml) with the same genetic background (C57BL/6).
Thus, MAIT cells may participate in the control of IgA production
for mucosal immunity.

Val9 NKT cells in the liver were induced to produce
immunoregulatory cytokines such as L4, [FN-y, and to some
extent [L-5 and IL-10 following administration of anti-TCR anti-
body (Fig. 5), and altered surface receptor expression (Fig. 6). Thus
it is possible that V19 NKT cells are ready to respond to antigen
stimulation and initiate the following immune responses not only
in the intestine but also in the other lymphoid organs including
the liver. These cells may contribute to the control of the immune
responses and suppress the autoimmunity in certain cases. How-
ever, it is also possible in other situations that either Th1l- or
Th2-biased cytokine production by them is potentially pathogenic
and deteriorates diseases such as inflammatory autoimmune dis-
eases, allergy or fibrosis [20,21]. V19 and Va14 NKT cells share
similar properties regarding the potential to produce cytokines, tis-
sue distribution and morphology (revealed by electron microscopy
(Supplemental Figure S3)). However, these two subsets are sub-
jected to independent MHC controls and are possibly involved in
certain immune responses in an individual manner as previously
suggested by their behavior in the autoimmune diseases [22,23].
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Orphan nuclear receptor NR4A2 expressed
in T cells from multiple sclerosis mediates
production of inflammatory cytokines
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Multiple sclerosis (MS) is an autoimmune disease of the central
nervous system (CNS) mediated by Th17 and Th1 cells. DNA
microarray analysis previously showed that NR4A2, an orphan
nuclear receptor, is strongly up-regulated in the peripheral blood
T cells of MS. Here, we report that NR4A2 plays a pivotal role for
mediating cytokine production from pathogenic T cells. In exper-
imental autoimmune encephalomyelitis (EAE), an animal modeal of
MS, NRAA2, was selectively up-regulated in the T cells isolated from
the CNS. Strikingly, a forced expression of NR4AZ augmented
promoter activities of IL-17 and IFN-y genes, leading to an exces-
sive production of these cytokines. Conversely, treatment with
siRNA for NR4A2, resulted in a significant reduction in the produc-
tion of IL-17 and IFN-y. Furthermore, treatment with NR4A2 siRNA
reduced the ability of encephalitogenic T cells to transfer EAE in
recipient mice. Thus, NR4A2 is an essential transcription factor for
triggering the inflammatory cascade of MS/EAE and may serve as
a therapeutic target.

IL-17 | interferan-y | EAE | Th17 | siRNA

M ultiple sclerosis (MS) is a chronic disease of the central
nervous system (CNS), accompanying multiple foci of
inflammatory lesions. MS is thought to have an autoimmune
pathogenesis, involving autoimmune T cells reactive to myelin
antigens (1). Development of the CNS inflammation is triggered
by proinflammatory cytokines produced by the autoimmune T
cells, which penetrate into the CNS parenchyma after being
activated in the periphery (2, 3). Although the precise mecha-
nism for the peripheral T cell activation remains obscure, studies
indicated possible roles for cross-reactive peptides, cytokines, or
superantigen (4).

Experimental antoimmune encephalomyelitis (EAE) is a pro-
totype autoimmune disease model (5) that can be induced in
laboratory animals by active immunization with myelin antigens
(mAg) or by passive transfer of mAg-specific T cells. Because
Thl cell clones reactive to mAg are capable of inducing clinical
and pathological manifestations of EAE in naive mice, it has long
been believed that Th1 cells producing IFN-vy play a central role
in the pathogenesis of EAE and MS. This postulate is also
supported by the past experience that clinical application of
IFN-v treatment for MS turned out to worsen the disease (6).
Furthermore, treatment with a peptide analogue of myelin basic
protein (MBP) resulted in discase exacerbation along with an
expansion of MBP-reactive Th1 cells (7). These results have been
repeatedly mentioned to support the Thl-mediated pathogene-
sis of MS. However, this dogma has recently been challenged.
Namely, despite an obvious reduction of Thl cells, mice deficient
for IFN-y or IFN-y receptor (8) or for [L-12 signaling were
susceptible to EAE (9, 10). Subsequent studies have clarified that
IL-23 rather than IL-12 is essential for EAE induction. Lately,
the IL-23-dependent pathogenic T cells were identified as Th17
cells, a novel helper T cells producing IL-17 (11, 12). Currently,
it is widely appreciated that Th17 cells are crucial in the
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development of autoimmune diseases either independently or
collaboratively with Thl cells (13).

DNA microarray analysis revealed an up-regulation of IL-17
in the brain lesions of MS (14). More recently, a pathological
study has demonstrated that IL-17 secreting T cells are present
in active lesions of MS (15). Gene expression profiling provided
a number of potential candidate molecules that might be ap-
propriate as'a therapeutic target (14, 16). We recently charac-
terized gene signature of peripheral blood T cells from Japanese
MS patients and found that a nuclear orphan receptor NR4A2
is most significantly overexpressed in MS (17). NR4A2 muta-
tions are reported to cause familial Parkinson's disease, reflect-
ing its essential role in the development and survival of sub-
stantia nigra neurons (18). In contrast, much less attention has
been paid onto its role in T cells. NR4A family members (NR4A1
and -3) were shown to mediate apopiotic processes of mature
(19, 20) and immature T cells (21, 22). However, these studies do
not give insights into an overexpressed NR4A2 in MS. Here, we
report that NR4A2 is a transcription factor regulating the
expression of key cytokines in the pathogenesis of MS, including
IL-17. Furthermore, we revealed that silencing NR4A2 expres-
sion by specific siRNA effectively prevents the production of the
cytokines, thereby inhibiting their pathogenic potentials to
mediate EAE.

Resuits

Up-Regulation of NR4A2 in Peripheral Blood T Cells of MS. We
analyzed gene expression profiles of peripheral blood T cells
from MS and control subjects (17, 23). Comparison of the
patients and healthy donors has revealed that 286 of 1,263 genes
are differentially expressed between MS and controls. Among
genes up-regulated in MS, NR4A2 was most significantly over-
expressed in MS in statistical P values and an increase ratio
(3.6-fold). To consolidate the overexpression of NR4A2 in MS,
we performed quantitative RT-PCR for NR4AZ expression,
using the same samples previously analyzed. Expression of
NR4A2 in T cells from MS increased ~5-fold on average
compared with healthy donors (Fig. 1; P < 0.01).

T Cell Expression of NR4A2 in EAE. NR4AZ is a transcription factor
of steroid/thyroid receptor family implicated in various cellular
responses such as steroidogenesis, neuronal development,
atherogenesis, and cell cycle regulation (24). However, its role in
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Fig. 1. Quantitative analysis of NR4A2 transcription between MS and con-
trols. CD3* T cells were isolated from PEMC of 57 MS patients and of 19 healthy
donors, and 1otal RNA was extracted, cDNA was synthesized and the expres-
sion levels of NR4A2 transcript were analyzed by quantitative RT-PCR. Each
sample was narmalized 1o GAPDH to adjust for variations. Open circles, MS
patients; filled circles, healthy controls. Bars Indicate mean values of each
group. The statistical difference was determined by two-sided Student t test
(e=, P<0.01).

T cell-mediated autoimmune diseases is unknown. Therefore, we
explored the functional involvement of NR4A2 in EAE induced
in C57BL/6 (B6) mice by immunization with MOGas_ss. CD3"
T cells were isolated from SPL, dLN, and PBMC after EAE
induction and the expression levels of NR4A2 gene were mea-
sured by quantitative RT-PCR (Fig. 2a Right). NR4A2 expres-
sion was detectable in PBMC-T cells on days 14, 21, and 28,
showing a maximum value on day 21, which was well correlated
with the clinical severity of EAE (Fig. 2a Left). NR4A2 expres-
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Fig.2. Kineticanalysis of NRAA2 expression in the disease course of EAE. (a)

(Left) EAE was induced in B6 mice by immunization with MOGasss in CFA. Mice
were killed on days 7. 14, 21 and 28 after immunization, and T cells were
isolated from dLN, SPL, or PBMC, using anti-CD3 magnetic beads. (Right) Total
RNAs were isolated from the T cell populations, and the expression levels of
NR4A2 were determined by quantitative RT-PCR. One representative data
from three independent experiments is shown, and data are expressed as
mean = SEM (n = 5 for each). (b) EAE induced in B6 mice with MOG3s.ss.
Clinical scores were expressed as mean = SEM (n = 4), Here, we determined
NR4A2 expression in CD3* T cells isolated by using EPICS ALTRA cell sorter. The
lymphaoid cells (SPL, dLN, and CNS) were pooled from four mice on days 0, 9,
15, and 21 and used for cell sorting and RT-PCR analysis. The purity of the
CNS-derived CD3* T cells was >93%.
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Fig.3. Accumulation of IL-17 or IFN-y-producing inflammatory T celis in the
CNS. Mononuclear cells were isolated from spleen or CNS on day 17 after
immunization and stimulated with PMA (20 ng/ml) and ionomycin (1 ug/ml) in
the presence of 2 mM monensin for 4 h, Production of IL-17 and IFN-y was
analyzed for the gated CD4" T cell population by intracellular cytokine
staining. Black line represents samples stained with either anti-IL-17 or anti-
IFN-y Ab, and the filled histogram represents samples stained with isotype
control. Given values show the percentage of cytokine producing-T cells
present in each panel

sion in SPL-T cells and dLN-T cells was also correlated with the
severity of EAE, but only marginally.

In the course of EAE, mAg-primed T cells would accumulate
into the CNS and produce inflammatory cytokines, leading to
the formation of inflammatory lesions (25). We next examined
a kinetic change of NR4A2 in the T cells infiltrating into the
CNS. As assessed by quantitative RT-PCR, remarkable expres-
sion of NR4A2 was observed in the CNS-T cells on day 9, when
an early EAE sign became evident (Fig. 2b). The expression level
decreased gradually thereafter, but was still significant until day
21. These results suggest that the CNS-T cells also express
NR4A2, but the expression kinetics significantly differed from
that of PBMC-T cells.

Accumulation of IL-17- and IFN-y-Producing T Cells in the CNS of EAE.
Thi cells specific for mAg have long been thought to induce EAE
through their production of IFN-y. However, recent studies
indicate that Th17 rather than Thil cells may play a central role
(13). To make this point clear in our experimental setting, we
examined the ability of the CNS-T cells to produce IFN-y and
IL-17. Mononuclear cells were recovered from the CNS and SPL
on day 17, and stimulated with PMA and ionomycin (P/1), After
immunostaining, expression of 1L-17 or IFN-y in the CD4* T
cells was analyzed by flow cytometry. Major proportions of the
CNS-T cells were found to produce IL-17 (21.7% of the cells) or
IFN-v (28.1%) after stimulation (Fig. 3). In contrast, spleen cells
contained a lower number of cells producing these cytokines.

Transcriptional Up-Regulation of IL-17 and IFN-y After Introduction of
NR4A2. The concomitant expression of inflammatory cytokines
and NR4A2 has guided us to investigate whether NR4A2
directly affects cytokine gene expression as a transcription
factor, using luciferase reporter plasmids containing the pro-
moter fragment of IL-17, IFN-v, or IL-2. NR4A2 gene trans-
duction would result in a twofold augmentation of IL-17 pro-
moter activity and, for IFN-v, an even higher (5-fold) induction
(Fig. 4a). A significant induction of IL-2 promoter activity was
also noted. Intriguingly, an introduction of NR4A2 plasmid

Dot er al.

— 68 —




IFN-y IL-2

i
R

Normalized lucilease acthvity
o - [
in = wMin

o o o
B Fy

-
4

b IL-17
57
6
5
éd B NR4AZ
2 3 CLacZ
g2
i
0
2 0 4 B 12 18 20

Plasmid conc. (ug)

Fig, 4. Promoter activities of cytokine genes in the presence of NRSAZ. [a)
The effect of NRSA2 expression on IL-17, IFN-y, and IL-2 promaoter activity. A
reporter plasmid containing promoter of cytokine gene (10 ug) and Renilla
luciferase plasmid (100 ng) were introduced into EL4 cells by electroporation,
together with pcDNAS-NR4AAZ or pcDNAS-LacZ (10 pg). Cells were stimulated
for 18 h with Pfl. Luciferase activity was determined for each cell lysate after
normalization to the Renilla luciferase activity. One representative data from
three independent experiments is shown, Data are expressed as mean = 5D
(b) The effect of NRAA2 expression on basal promoter activity of IL-17 gene
EL4 cells transfected with pcDNA4-NR4A2 or peDNAA-LacZ together with IL-17
reporter plasmid and Renilla luciferase plasmid as desribed in a were cultured
tor 18 h without stimulation. One representative data from three indepen-
dent experiments is shown. Data are expressed as mean = 50,

without P/1 stimulation also augmented basal promoter activity
of IL-17 genes in a dose dependent manner (Fig. 4b). Similarly,
basal promoter activity of IFN-y was promoted (data not
shown).

Retroviral Transduction of NR4A2 Gene Enhances Expression of In-
flammatory Cytokine in Primary T Cells. The results obtained in EL4
lymphoma cells need to be verified in more physiological set-
tings. Next, we examined whether forced expression of NR4A2
may affect the expression of cytokines in primary rodent T cells.
Bicistronic retroviral vector containing NR4A2 gene fragment
(pPMIG-NR4A2) or empty vector (pMIG) were used for pro-
duction of retroviruses (Fig. Sa). We infected the B6 T cells with
either of the retroviruses as described in ref. 26 and compared
the cytokine production between GFP-positive (infected) and
GFP-negative (uninfected) CD4" T cells by intracellular cyto-
kine staining (Fig. 5b Top). CD4* T cells infected with pMIG-
NR4A2-introduced retrovirus showed a twofold enhancement
of IL-17 expression (8.4%) compared with those infected with
control retrovirus (4.1%) after stimulation with P/1. In contrast,
IL-17 production by uninfected T cells in either panel was almost
equivalent (Fig. 5b Middle). Furthermore, one-third of the CD4~
T cells infected with pMIG-NR4AZ2-introduced retrovirus
showed a massive IFN-y expression (35.1%) compared with
control retrovirus (14.1%) (Fig. Sb Bottom).

Silencing of NR4AZ Gene Expression Results in a Reduced Production
of IL-17 and IFN-y. Reporter gene analysis and retroviral trans-
duction experiments demonstrated that T cell production of
IL-17 and IFN-y is controlled by NR4A2 (Figs. 4 and 5). We
further explored whether silencing of NR4A2 gene may affect
the production of inflammatory cytokines by CD4* T cells. An
NR4A2-specific siRNA was sclected from three siRNAs based
on the inhibitory efficacy. The targeting sequence of the NR4A2
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Fig.5. The effect of retrovirally transduced NR4A2 on cytokine production
by primary murine CD4* T cells. (#) DNA fragments encoding wild-type NRAA2
were cloned into the pMIG(W) bicistronic retroviral vector. LTR, long terminal
repeat; IRES, internal ribosome entry site; eGFP, enhanced grean fluorescence
protein b. (b} Splenic CD4® T cells were infected with retrovirus encoding
NR4AZ or control retrovirus, and CD4* GFP~ T cells and CDa” GFP* T cells were
gated as R1 and R2, respectively, Forced expression of NRAAZ increased the
number of CD4* T cells producing IL-17 or IFN-y. The histogram shows intra-
cellular cytokine staining on the gated cells (R1 or R2). Black line represents
cellsin R2 gate (GFP+) stained with either anti-IL-17 ar anti-IFN-y Ab, and the
filled histogram represents cells in R gate (GFP—) stained with isotype con-
trol. Given values show the percentage of cytokine producing-T cells present.

siRNA 1s completely conserved between mice and human.
Therefore, we could apply it to human T cells and study whether
NR4A2 could be a therapeutic target in human MS. In a
preparatory experiment, using FITC-labeled siRNA, the trans-
fection efficiency was found to be 95%. We purified CD4* T cells
from human PBMC and transfected them with the NR4A2
siRNA or control RNA, using nucleofector I1. The cells were
stimulated with immobilized anti-CD3 Ab. As shown in Fig. 6a,
silencing NR4A2 gene expression resulted in a 50% reduction of
IL-17 and IFN-y production. However, production of TNF-a,
IL-4, or IL-5 was not changed significantly after siRNA treat-
ment (Fig. 6b). Intriguingly, the siRNA treatment also induced
a modest reduction of IL-10 production. The molecular mech-
anism of this inhibition is not clarified yet. Because silencing of
NR4A2 expression rather selectively inhibited the expression of
inflammatory cytokines, it is arguable that NR4A2 may be 3
good target for therapeutic intervention of MS. In this line, we
next examined whether the NR4A2 siRNA is effective for
inhibiting a production of inflammatory cytokines in MS. For
this aim, CD4" T cells were isolated from pairs of an MS patient
and an age- and sex-matched healthy donor and were stimulated
with anti-CD3 Ab after being transfected with the NR4A2
siRNA or control RNA., We found that the siRNA treatment
significantly reduced the production of IL-17 and IFN-y by T
cells from MS or healthy donors [supporting information (SI)
Fig. 51]. Again we observed some reduction of IL-10 after
SIRNA treatment. However, the siRNA showed little effect on
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Fig.6. The effect of NRAAZ gene silencing on T cell cytokine production. (a)
Specific inhibition of T cell production of IL-17 and IFN-y by siRNA treatment
Human CD4* T cells derived from PBMC were transfected with siRNA or
control RNA and stimulated by immobilized anti-CD3 Ab for 48 h. Cytokine
levels in the culture supernatant were determined by ELISA or a CBA human
Th1i2 cytokine kit. Proliferation rate was measured by 'H-TdR uptake. (b}
Effect of siRNA treatment for T cell production of TNF-a, IL-10, IL-5, and IL-4
after stimulation with immobilized anti-CD3 Ab, The data are expressed as
mean = 50 [+, P < 0.05; «=, P < 0.01; Mann-Whitney U test).

production of TNF-a, IL-5, and IL-4 from T cells used for assays
(Table S1).

Amelioration of EAE by Silencing of NR4AZ. Finally, we investigated
the therapeutic implication of the siRNA experiments in a model
of passively induced EAE, induced by adoptive transfer of
mAg-activated LN cells. We prepared lymphoid cells from dLN
of SJL/J mice 10 days after immunization with PLPy3g_151. The
dLN cells were transfected with the NR4A2 siRNA or control
RNA and stimulated with PLPyag.ys; in vitra. Three days later,
the cultured cells enriched in lymphoblasts were transferred to
irradiated naive SJL/J mice. In addition to evaluating clinical
manifestations, histology was assessed by hematoxylin-eosin
(HE) and luxol fast blue (LFB) staining of paraffin-embedded
spinal cord sections. Notably, severity of clinical (Fig. 7a) and
histological EAE on day 31 (Fig. 7b) was significantly prevented
in siRNA-treated group compared with control RNA-treated
group (Fig. 7b). These results suggest that modulation of NR4A2
expression by specific $iRNAs or other chemical compounds
might be a promising treatment for active MS that are harboring
potent encephalitogenic T cells.

Discussion

Although mAg-specific T cell clones isolated from the peripheral
blood has been widely used to gain insights into the pathogenesis
of MS (27), analysis of polyclonal T cells has been undervalued
for a long time. However, it was recently demonstrated that
peripheral T cells from MS and healthy subjects significantly
differ in surface phenotype or gene expression profiling (17, 23,
28). Using cDNA microarray, we have identified NR4A2 as a
gene most significantly up-regulated in the peripheral T cells of
MS (17). We conducted the present study to clarify the impli-
cation of this interesting observation. Inspired by the recent
discovery that retinoid-related orphan receptor vt (RORYt) is
essential for Th17 cell differentiation (29) and that retinoic acids
play a regulatory role in Th17 cell differentiation (30), we have
focused our efforts to explore the possible role of NR4A2 in
cytokine regulation. Reporter gene analysis and retroviral trans-
duction of NR4A2 clearly demonstrated that T cell production
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Fig. 7. The effect of T cell silencing of NRAAZ expression on passive EAE. (a)

Inguinal and popliteal LNs cells were collected from female SIL mice 10 days
after immunization with PLPy3gy5y, and were tramsfected with siRNA for
NR4A2 or control RNA, using HVI-E vector kit The cells were cultured in
complete media for 8 h. Then the media were replaced with fresh complete
media containing 35 ugiml PLPy3s.q1y, and the cells were stimulated for an-
other 3 days, After expansion, cells were harvested and transferred |.p. (5 % 106
cells per mouse) into 3Gy-irradiated naive SJILU mice (n = 10) followed by i.p
injection of PT. Mean = SEM clinical scores were indicated. (=, P < 0.05 by
Mann-Whitney Utest.) (b) Histological analysis of spinal cords removed on day
31 atter adoptive transfer of PLPyge 5 -reactive T cells. Sections obtained from
cervical cord regions were stained with HE or LFB. infiltration of mononuclear
cells and demyelination of the cervical cord regions were analyzed for mice
injected with PLP g sy-reactive T cells pretreated with control RNA or siRNA
for NR&A2

of inflammatory cytokines, including IL-17 and IFN-y, is regu-
lated by NR4AZ, whereas silencing of NR4A2 by a specific
siRNA prevents expression of these cytokines. Furthermore,
treatment with the siRNA reduced the ability of pathogenic T
cells to adoptively transfer EAE. These results have identified a
previously uncharacterized role for NR4A2 in the regulation of
T cell production of inflammatory cytokines.

NR4A2 is a member of the orphan nuclear NR4A subfamily
that consists of NR4Al (also referred to as Nur77), NR4A2
(Nurrl), and NR4A3 (NOR-1) (24). The NR4A members share
a highly conserved zing finger DNA binding domain and a less
conserved putative ligand-binding domain. All these members
bind to the DNA sequence NBRE (AAAGGTCA) or NurRE to
activate target gene expression. NR4Al and NR4A2 can also
heterodimerize with retinoic X receptor (RXR) and activate
gene expression through DRS (24). They exert pleiotropic
functions and are classified as immediate early genes induced by
physiological and physical stimuli, Studies of gene-targeted mice
have shown that NR4A1 and NR4A3 play a critical role in T cell
apoptosis during the thymocyte development (20-22, 31). In
contrast, developing thymocytes in NR4A2 deficient mice ap-

Dol eral,

0




pear to be normal (21, 32), which distinguishes NR4A2 from
other NR4A members.

Involvement of orphan nuclear receptor in T cell differenti-
ation has recently attracted broad attention, because RORyt, a
splice variant of RORy, was found to play an essential role in the
development of Th17 cells (29). ROR/RORy1 were reported to
play an essential function in survival of CD4*CD8" thymocytes
(33, 34) and in the generation of fetal lymphoid tissue inducer
(LTi) cells (35). It is particularly intriguing that the consensus
binding sequence for RORy [(A/T)sAGGTCA] overlaps with
that for NR4A (NBRE; AAAGGTCA), which has encouraged
us to explore the functional role of NR4A2 in the production of
IL-17 and IFN-y. Although the molecular mechanism of cyto-
kine production through the induced expression of NR4A2 is not
clear yet, NR4A2 and RORyt may have an overlapping role in
regulating the development and effector functions of Th17 cells.

NR4A2 expression in the CNS-infiltrating T cells showed a
peak value ata very carly phase of EAE (day 9-12) (Fig. 2b). We
speculate that this probably coincides with the entry of enceph-
alitogenic cells into the CNS (2, 3). Consistently, a similar kinetic
change was found in expression of T-bet and RORyt in the
CNS-T cells (data not shown). In contrast, up-regulation of
NR4A2 in peripheral blood T cells was significantly delayed.
Thus is likely to result from a late activation of peripheral T cells
after peripheral recruitment of antigen presenting cells engulfing
myelin and/or peripheral dispersion of myelin protein or its
fragments.

By applying a specific siRNA, we showed that blocking
NR4AZ expression is effective for inhibiting production of IL-17
and IFN-y from T cells from healthy donors and MS patients.
Therapeutic implication was further demonstrated by using an
adoptive transfer EAE model. Because Th17 cells were identi-
fied as a major player in autoimmunity (12, 15), it is sometimes
argued that Thl7 cells would be a sole potent inducer of
autoimmune inflammation. However, T-bet-deficient mice and
Statd-deficient mice that obviously lack Thl cells would resist
against induction of EAE, although they maintain a large
number of Th17 cells (36, 37). This suggests that both Thl and
Th17 cells are required for induction of full-blown EAE (38). In
this context, the ability of the NR4A2 siRNA to inhibit produc-
tion of both 1L-17 and IFN-+y suggests the advantage of NR4A2
targeting therapy in controlling autoimmune inflammation.

Materials and Methods

EAE Induction. Active EAE was induced with myelin oligodendrocyte glycop-
rotein (MOG) aming acids 35-55 (MOGas.4s; MEVGWYRSPFSRVVHLYRNGK) as
described in ref. 39, Female B6 mice were immunized s.c with 100 xg of
MOG 3555 mixed with 1 mg of heat-killed Mycobacterium tuberculosis HI7TRA
emulsified in Freund's adjuvant (CFA), Pertussis toxin (PT) (200 ng) was in-
jectedi.p. on days 0 and 2 after immunization. Clinical signs were scored dally
a5 follows: 0, noclinical signs; 1, loss of tall tonicity; 2, flaccid tail; 3, partial hind
limb paralysis; 4, total hind limb paralysis; and 5, fore and hind limb paralysis.
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Quantitative RT-PCR. DNase-treated total RNAs were processed for cONA
synthesis, using random hexamer pnmers and SuperScript || reverse Transcrip.
tase (Invitrogen). cDNAs were amplified by PCR on Light Cycler ST300 (Roche
Diagnostics) by using a Light Cycler-FastStart DNA Master SYBR Green | kit
(Roche). Values for each gene were normalized to those of a housekeeping
gene GAPDH to adjust for variations b different ples. Forward
primer for amplifying human NR4AZ2 gene was 5 -CGACATTTCTGCCTTCTCC-3'
and reverse primer 5'-GGTAAAGTGTCCAGGAAAAG-3'. Mouse NR4AZ for-
ward primer was designed as 5'-GCATACAGGTCCAACCCAGT-3' and reverse
primer 5'-AATGCAGGAGAAGGCAGAAA-' To evaluate silencing efficacy of
NR4A2-specific siRNAs, expression of NRSAZ gene was quantified by AT-PCR,
using the primers to flank the siRNA target sequence (forward, 5'-
TGCCACCACTTCTCTCCCCA-3'; reverse, 5'-GCGGCATCATCTCCTCAGALC-3).

Luciferase Assays. Ten million of EL4 thymoma cells suspended in 500 wl of cold
PES and transfected with 4-20 .g of pcONAS-NRAAZ or pcDNA4-LacZ in the
presence of 10 ug of reporter plasmid, 100 ng of Renilla luciferase plasmid,
and 5 pg of DEAE-DEXTRAN (Sigma) by electroporation (250 V, 975 uf, time
constant = 30-34 ms) with a GenePulser electroporator Il (Bio-Rad). Six hours
later, cells were stimulated with 20 ng/m| PMA and 1 pg/mlionomycin for 24 h,
followed by analysis for luciferase activity. The data were normalized for
internal controls of Renilla luciferase activity

Retroviral Infection. Mouse CD4* T cells purified by AutoMACS using mouse
CD4 T isolation kit (Miltenyi Biotec) were stimulated with immobilized anti-
CD3 Ab and soluble anti-CD28 Ab in complete medium supplemented with
IL-2 (100 units/ml) for 24-a8 h before infection. The primed CD4* T cells were
infected twice with retroviruses produced by 2937 cells cotransfected with
pMIG retroviral vector and pCL-Eco packaging vector. The T cells were cultured
in the presence of 30 units/m! of IL-2 for 3 days and were then subjected to
intracellular cytokine staining.

Silencing Effects of NR4A2 siRNA on Passive EAE To evaluate an effect of NRGAZ
siRNA, an adoptive transfer EAE model in SIU/) mice was applied, because
consistent disease could be induced relatively easily. Female SJU/J mice (B-12
weeks old) (Charles River Laboratories) were immunized s.c. with 100 ug of
proteolipid protein (PLP) amino acids 139-151 (PLP 3y HSLGKWLGHPDKF)
and 1 mg of heat-killed M. tuberculosis H37RA in CFA. Inguinal and popliteal
LNs harvested 10 days after immunization were transfected with siNAs, using
hemaggultinating Virus of lapan envelope (HVI-E) vector kit (GENOMEONE;
Ishihara Sangyo). Eight hours later, the cells were stimulated with PLPy3sn
peptide (35 wg/ml). After 3 days, collected cells were injected i.p. (S % 108 cells
per body) into irradiated mice (3 Gy/body) with intrapelitoneal injection of PT
For conventional histological analysis of EAE, paraffin-embedded spinal cords
were stained with either HE or LFB.

Statistics. For statistical analysis, a nonparametric Mann-Whitriey U test or
Student t test was used. P < 0,05 was considered statistically significant.

Supporting Information. For further details, see 5! Materials and Methods.
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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 grest degree of variance in temporal disease activity. We have
recently demonstrated that peripheral blood NK cells biased for secreting 11-5 (NK2 bias) are associated with the remission state
of MS. In this study, we report that MS patients in remission differentially express CD1le on NK cell surface (operationally defined
as CDUE™ or CD11E™). When we compared CD11"™ " or CD11c™™ patients, the expression of 1L-5 and GATA-3 in NK cells
supposed to endow a disease-protective NK2 phenotype was observed in CD11¢™™ but not in CD11¢"*" patients. In contrast, the
CD11c™™ group showed a higher expression of HLA-DR on NK cells. In vitro studies demonstrated that NK cell stimulatory
cytokines such as - 15 would up-regulate CD1 e 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 infl ¥ signals may
play a role in inducing the CD11¢™* 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 CD11c"" developed exacerbated disease
(p = 0.003). As such, a higher expression of CD1le on NK cells may reflect the temporal activity of MS as well us a loss of
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patients. The Journal of Immunology, 2006, 177: 5659-5667.

ultiple selerosis (MS) is a chronic inflammatory dis-
M case of the CNS, 10 which autorcactive T cells target-

ing CNS Ags are presumed to play a pathogenic role
(1), A large majonity of the patients with MS (—T704%), known as
relapsing-remitting MS, would develop acute exacerbations of dis-
ease between intervals of remission. It is currently believed that
relapses are caused by T cell- and Ab-mediated inflammatory re-
actions to the sell~CNS components, and could be controlled art
least to some degree by anti-inflammatory therupeulics, immuno-
suppressants, or plasma exchange.

The clinical course of MS vanes greatly among individuals,
implicating dificulies 1o predict the future of cach patient. For
example, paticnts who had been clinically inactive in the carly
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
betier quality of management of the patients, searches of appro-
priate biomarkers are currently being warranted (2).

We have recently shown that surface phenotype and cytokine
secretion pattern of penpheral blood NK cells may reflect the dis-
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type, which may allow us to use it as o |

itor the logical status of MS

1
Kuer o

case activity of MS (3, 4). A combination of quantilatve PCR and
Now cylometry analysis has revealed that NK cells in clinical re-
mission of MS are characterized by a higher frequency of C)95°
cells as well as a higher expression level of IL-5 than those of
healthy subjects (HS) (3). As IL-5-producing NK cells, referred to
as NK2 cells (5). could prohibit Thl cell activation in vitro (3), we
interpreted that the NK2 bias in MS may contnibute to mantaining
the remission state of MS. More recently, we have found that MS
patients in remussion can be further divided into CDYS™# and
CD95"™*, according to the frequency of CD95” cells among NK
cells (4). Notably, memory T cells reactive 1o myelin basic protein,
a major target Ag in MS, were increased in CD9S™ patients,
compared with CD95". OFf note, CD9S™# NK cells exhibited an
ability to actively suppress the antoimmune T cells, whereas those
from CDY5™ patients did not. These results suggest that NK cells
may accommaodate their function and phenotype to properly coun-
lerregulate autoimmune T c¢ells in the remission state of MS,

Recently, a distinct population of NK cells that express CD1le,
a prototypical dendritic cell (DC) marker, was identified in mice
16, 7). As the CD11e™ NK cells exhibited both NK and DC func-
uons, they are called as “bitypic NK/DC cells.™ CDI l¢ associates
with integrin CD18 to form CD11/CD1S complex and 15 ex-
pressed on monocytes, granulocytes, DCs, and a subset of NK
cells. Although precise functions are unclear, it has been reported
that CD11c is involved in binding of iC3b (B), adhesion to sum-
ulated endothelium (9) or phagocytosis of apoptotic cells (10), The
initial purpose of this study was to evaluate CD11c expression and
function of CD11e™ 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 CD11e™ NK cells. However, expression levels of
CD11e were significantly higher in MS, We further noticed that
up-regulation of CD11¢ 15 seen in some, but not all, patients with
MS. So we have operationally classified MS into CD 1c"™ and
CDIIE™,

In this study, we demonstrate that [L-5, characteristic of NK2
cells {5). were significantly down-regulated in CD11"" than
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CD11e™ NK cells. In contrast, expression of HLA-DR class 11
molecale was up-regulated in CD1 1" NK cells. Notably. both
CD1le and HLA-DR on NK cells were reproducibly induced in
vitroin the presence of 11.-15 (11) or combination of inflammatory
cytokanes, known to be increased in the blood of MS (12-14)
Furthermore, we found that the remussion state of CD11c™ 15
unstable in comparison 1 CD11'™, 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
CD11e™* group of patients may be in more unstable condition
than CD11c™™, presenting with reduced regulatory functions of
NK cells.

Materials and Methods

Subjects

Twenty-five ¢ with relapsing 2 MS (15) tmale (Myfenile
(F) - 8/17:age = 37.7 = LLI (year old)) and 10 sex- and age-matched 11S
(M/F = 3T, age = 39.9 = 1202 (year old)) were enrolled for sudying NK

cell phenotypes. All the panients were u the state of remission at exami-
nation as judged by nag e ging scanming and cluucal
assexsment. They had not been given immunosuppressive medications, or
corticosterond for at least | mo before examination. Thev had relatively
muld neurological disability (expanded disability status scale =J) and
could walk 1o the hospial without any ¢ during . The
same neurologist followed up the patients repularly tevery 3-4 wk) and
judged the occurrence of relapse by using magnetic resonance imaging and
chimeal exammations, Information on NK cell phenotype or other immii-
nological parameters was never given o either the neurologist or the pa-
tients at the iyt of evaluation, To precisely determine the onset of reliapse,
patients were allowed 1o take examination wathin a few days alter a niew
symptom appeared, Written miformed consent was obtained from all the
patents and the Ethics Comnuttee of the Natonal Center of Newroscience
(NCNP) approved the smudy.

Reagents

Mouse [pG 1 isotype control-PE, anti-C3-energy-coupled dye tECD), ani-
CD4-PE, ant-CDS-PCS, ann-CDS6-PCS, anti-CDOY-PE, and ann-HLA-
DR-FITC mAbs were purchased from Imnwnotech. Ani-CDIe-PE and
anli-CDYS-FITC were purchased from BD Pharnungen. Recombinant hu-
man cytokines were purchased from PeproTech, AIM-V (Invitrogen Life
Techiwologies) was used for cell cullure after supplementing 2 mM L-glu-
tamine, 10 Ufml penicillin, and 100 mg/mi streptomycn (Invitrogen Life
Technologies)

Cell preparation and NK cell punification

PBMC were scparated by denmity gradient centrifugation with Ficoll-
Hypaque PLUS (Amersham Biosciences), To punfy NK cells, PBMC were
treated with NK wolation kit 11 {Miltenyr Biotec) twice, according (o the
manufacturer’s protocol. Briefty, PEMC were labeled with a mixture of
hintin-conjugated mAbs reactive to non-NK cells and magnetic microbead-
conjugmed anti-biotin mAbs. The magnetically labeled non-NK cells were
depleted with aue-MACS (Milieny) Bioteo) and ihis procedure always
yielded =95% punity of NK cells when assessed by the proportions ol
CD3ITCDS6™ cells with fow cytometry.

Flow eylometry

To evaluate the expression of CDI J¢, CD5. or other surface molecules on
NK cells, PBMC were stained with anti-CD3-ECD. anti-CD36-PCS, and
FITC- or PE-conjugated mAbs aganst molecules of our umerest amd were
analyzed with EPICS flow cytometry (Beckman Coulter), Mean fuores-
cence intensity { MFT) of CD lc was nwasured on gated CDI1CT fraction
or whole NK cells.

Stimudation of purified NK cells with proinflammatory cytokines
P proin )

Punified NK cells (1 % 10%well) were sumulated i the presence or ab-
sence of [L-4, [L-8, [L-12, IL-15, IL-18, [L-23, TNF-«, and GM-CSF or
combmation of 1L-12, IL-15, and [L-18 for 3 days. We analvzed CD11c
expression after stmmng the cells with ant-CDe-PE, anti-CDRECD,
and ant-CDS6-PCS. The concentration of 11-12 was at 10 ng/ml. and those
of the other cytokines were at 100 ng/ml.

UMREGULATION OF CD11C ON NK CELLS IN ACTIVE MS

RI-PCR

Total RNA were extracted with a RNeasy M kat (Qhagen) from purified
NK cells, and the c1INA were synthesized with Super Scnpt 1 first strand
systeme (Invitrogen Life Technologies) according to the manufacturer’s
protocol, For quantitative analysis of 11-5, IFN-5, GATA-3, and T-het, the
LightCyeler quantitative PCR system (Roche [hagnostics) was used. Rel-
ative quantities of MRNA were evalusted alter normalizing each expres-
sion levels with B-actin expression. PCR primers uzed were as follows:
factn-sense, AGAGATGGCCACGGCTGCTT. and -anusense, ATTT
GCGGTGGACGATGGAG: [FN-y-sense, CAGGTCATTCAGATGTA
GOG, and -aniisense, GCTTTTCGAAGTCATCTCG: IL-5-sense, GCA
CACTGGAGAGTCAAACT, and -antisense, CACTCGGTGTTCATTA
CACC: GATA-3-sense, CTACGGAAACTCGGTCAGG, and -antisense,
CTGGTACTTGAGGCACTCTT, T-bet-sense, GGAGGACACCGACTA
ATTTGOGA, md -annisense, AAGCAAGACGCAGCACCAGGTAA.
Statistical analysis of remission rate

We set the first epsode of relapse afier blood samphing as an end poni,
although we followed climcal course of each patient for up to 120 days,
regardless of whether they developed relapses. No patienis developed sec-
ond relapse during the 120 days. When the neurclogist prescmibed coni-
costeroids without knowing any mforniation on the NK cell phenotype, the
patient was cousidered as the dropout at that time point, Remission rate was
calculated as Kaplan-Meier survival eate, and statistical difference between
CDHE and CDLI™™ MS was evaluated with the log-rank test.

Results
CO/ e on NK cells is up-regulated in MS remission

First, we confinmed that PBMC from healthy individuals and MS
contain CD11e™ NK cells (Fag. 1), which consutule a major pop-
ulation of whole NK cells. We then noticed that proportion of
CDle™ NK cells as well as its levels of expression greatly vaned
among individuals. partucularly in MS. To exanune this issue fur-
ther. we systemically examined 25 MS paticnts in repussion and
10 1S for NK cell expression of CD11c. Whereas 20-804% of NK
cells are CD1le’ in HS (Fig. Ie), almost all NK cells were
CDIe” insome MS putients (Fig. 1, ¢ and ¢). However, reflectung
a great degree of vanance, companson between HS and MS did
not reveal o significant difference (Fig. 1c). In contrast, when we
measured the ML of CD1le expression on CD1e™ NK cells. it
was significantly hagher in MS as compared with HS (Fig. la).
This difference was also noticed when MFL of CD1lc was mea-
sured for all the NK cell populations (Fig. 1&). It was interesting to
know whether the levels of CD1lc expression may correlate with
NK cell functions. Therefore, we operationally divided the MS
patients into CD1 1™ and CD1 1™ subgroups (Fig. 1a), by set-
ting the border as (the average + 2 X SD) of the values for HS,

COHM NK cells express HLA-DR more brightly than
CD1I™ NK cells

It was previously reported that infection with certain viruses would
accompany up-regulation of CD11e on NK cells (16). This raises
a possibility that the increased expression of CD1le in CLI 1™*F
MS may reflect an activation state of NK cells caused by some sort
of stimuali. To verily this hypothesis, we examined surface expres-
sion of cell activation markers (CD69 and HLA-DR). Although
€169, an carly activation marker, was not detectable on NK cells
(Fig. 2a). NK cells from MS, particularly CD11c™5" MS, signif-
icantly overexpressed HLA-DR on surface (Fig. 2). Interestingly,
HLA-DR expression was also up-regulated on CD47 T cells from
O™ MS compared with those from HS (data not shown)
These results indicate that NK cells and T cells are ditferentally
activated in CD11c™® MS, CD11™ MS. and HS.

Absence of NK2 biax in CDH™" M8

We have previously reported that a higher level of [L-5 expression
(NK2 hias) 15 one of the charactensncs of NK cells of MS in
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