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compensate for that repertoire. It is therefore feasible that
accumulation of T,‘,“ cells is too late to control the patho-
genic autoimmune response in aged BWF1 mice, or that
antigen specificity of T, cells in aged BWF1 mice differ
from those in young BWF1 mice However, there are olher
possible mechanisms for the inability of T, cells to
contral the pathogenic autoimmune response in aged
BWF1 mice as described below

There are several reports suggesting a possible effect
of T, cells on T-dependent B-cell responses. '*3* 4" |t
was, therefore, surprising that T, cells of BWF1 mice
could not suppress the in vitro antibody production in-
duced by CD25 CDA4" T cells despite their intact sup-
pressive activity against the proliferation of T cells in vitro
Possible explanations for our result are as follows: first
loss of the sensitivity of CD25- CD4* T cells of aged
BWF1 mice to T,,, cell-mediated suppression. second,
reversal of T, cell-mediated suppression by signaling
through co-stimulatory molecules. 0X40, 4-1BB, and
ICOS have been implicated in the pathogenesis of lu-
pus.*** OX40 and 4-1BB magnity the T-cell response
through induction of the proliferation of conventional T
cells and inhibition of T, cell-mediated immune sup-
pression.*” ** The ICOS-mediated signal is essential for
the: induction of follicular helper T cells. thus it functions
as an enhancer of B-cell response.*® On the contrary,
these molecules as well as ICOS also facilitate the ex-
pansion of T, cells. ™+ B cells of aged BWF 1 mice
however, did not show significant expression of ligands
tor these co-stimulatory molecules (data not shown). This
observation implies that reversal of the suppression, If
any, might take place through the other pathway(s) Also
CD25° CD4" T cells of aged, but not young, BWF1 mice
contain CXCR5" ICOS’ follicular helper T cells whose
function may be resistant to T, cell-mediated suppres
sion Further studies with regard to the impact of T,
cells on humoral immune response as well as the inter-
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Figure 6. Inability of T, colls of BWFI mie o
suppress in s antibody production induced by
D257 CD4T T cells of aged BWF] mice. Concen
tratwm of igt antibody 0 the colture supematant
was measurcd by eneyme-inked immunosaorbent
assay after coculiune of T cells and B cells in the
tollowing combinations for S days. B cells alone
(white column): B cells = CD25™ CIW* T cells
(hlack cobamnd; B cells + CD2S™ G4 T cells of
young BWT1 (light gray column), Beells + CD2S”
CIM™ T eells of aged BWF] (dark gray columni; B
cells + G257 CI4° T cells + CD25° Q4" 1
cells of young BWEI (dotted column), 18 cells +
CD2S™ CIM° T eells + CD25T CD4° T cells of
aged BWT 1 (sped column), CH257 CD4™ T eells
of aged BWF) mce were used for all comibvna-
tions. Breefl subvets wsed for cach combination
were indicaed above each pancl Duta ane pre
sentied as mean = SEM. ns, nol significam by
one-way analysis of varance with Bonfermmi's
mubtiphe comparison et Representative of thie
independent experiments is shown
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action between T, cells and their target cells will be
required to clarify their role in antibody-mediated autoim-
mune diseases such as SLE

Concomitant migratory behavior of T, cells and con-
ventional T cells was shown to be crucial for the immu-
noregulatory function of T,,, cells.?®'3 Chemokines
and their receptors, as well as the aclivalion markers
CD44, CD62L, CD69, and CD103, are the possible reg-
ulators of the migration of T cells. Our present data dem-
onstrating similar localization of T, cells and conventional
T cells with the comparable expression of chemokine re-
ceptors and activation markers between these cells sug-
gest! that regulation of the migratory behavior of these cells
were nol impaired; however, BWF1 mice still develop the
fatal autoimmune response. This idea, together with our
notion of intact suppressive aclivity, further suggests that
failure of T, cells to control the disease is because of the
other factor(s) residing in the microenvironment,

Collectively, we demonstrated that aged BWF 1 mice de-
veloping lupus nephritis had increased Foxp3™ CD4* T,
cells with highly activated phenotype and allered localiza-
tion, but with intact suppressive activity, Our present results
may provide a clue 1o understanding the nature of T, cells
in the lupus and also help to unveil the mecharisms of the
failure of T,,, celis to control autoimmune responses. Fur-
ther studies directed al these points would facilitate the
development ol novel strategies for the treatment of SLE
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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-
i tal autoi ine encephalomyelitis (EAE), an animal model of
MS, NR4A2, was selectively up-regulated in the Tcellsisolated from
the CNS. Strikingly, a forced expression of NR4A2 augmented
promoter activities of IL-17 and IFN-y genes, leading to an exces-
sive production of these cytokines. Conversely, treatment with
siRNA for NRAA2, 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, NRAA2 is an essential transcription factor for
triggering the inflammatory cascade of MS/EAE and may serve as
a therapeutic target.

IL-17 | interferon-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 1o 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 autoimmune encephalomyelitis (EAE) is a pro-
totype autoimmune disease model (5) that can be induced in
luboratory animals by active immunization with myelin antigens
(mAg) or by passive transfer of mAg-specific T cells. Because
Thi cell clones reactive to mAg are capable of inducing clinical
and pathological manifestations of EAE in naive mice, it has long
been believed that Thi cells producing IFN-y play a central role
in the pathogenesis of EAE and MS. This postulate is also
supported by the past experience that clinical application of
IEN-+ treatment for MS turned out to worsen the disease (6).
Furthermore. treatment with a peplide analogue of myelin basic
protein (MBP) resulted in disease exacerbation along with an
expansion of MBP-reactive Thi cells (7). These results have been
repeatedly mentioned to suppont the Thl-mediated pathogene-
sis of MS. However, this dogma has recently been challenged,
Namely. despite an obvious reduction of Th1 cells, mice deficient
for IFN-y or IFN.y receptor (8) or for IL-12 signaling were
susceptible 1o EAE (9, 10). Subsequent studies have clarified that
IL-23 rather than [L-12 is essential for EAE induction. Lately,
the 1L-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 Thi cells (13).

DNA microarray analysis revealed an up-regulation of 1L-17
in the brain lesions of M5 (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 apoptotic 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.

Results

Up-Regulation of NR4AZ in Peripheral Blood T Cells of M5, 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 NR4A2 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. NR4A2 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 NR4AZ tramscription between MS and con-
trols. CD3" T cellswere isolated from PRMC of 57 MS patients and of 19 healthy
donors, and total RNA was extracted cONA was synthesized and the expres-
sion levels of NR4AZ tranwript were analyzed by quantitative RT-PCR. Each
sample was normalized to GAPDH 1o adjust tor variations. Open circles, MS
patients; filled circles, healthy controls. Bars indicate mean values of each
gioup. The statistical differance was determined by two-sided Student ¢ test
(*», P < 0.01)

Teell-mediared 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*
I' cells were isolated from SPL, dLN, and PBMC after EAE
induction and the expression levels of NR4A 2 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. 2u Lefr), NR4A2 expres-

a g NR4A2
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0 7 18 21 28 d0 d7 d14d21 d28
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b 9 NA4A2
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Fig. 2, Kinetic analysis of NRAAZ expression in the disease course of EAE (a)
(Left) EAE was induced in B6 mice by immunization with MOGys s in CFA. Mice
were killed on days 7. 14, 21 and 28 after immunization, and T cell were
isclated from dLN, SPL, or PBMC, using anti-CD3 magnetic beads (Right) Total
RANAs were isolated from the T cell populations, and the expression levels of
NRAAZ were determined by quantitative RT-PCR. One representative data
from three independent experiments it shown, and data are expressed as
mean = SEM (n = 5 for each). (b) EAE induced in BE mice with MOGx s
Clinical scores were expressed 45 mean = SEM (n = 4). Here, we determined
NRAA2 expression in CD3" T cells isclated by using EPICS ALTRA cell sorter. The
lymphoid cells (SPL, dLN, and CNS) were pooled from tour mice on days 0, 9,
15, and 21 and used for cell sorting and AT-PCR analysis. The purity of the
CNS-derrved CDI™ T cells was =93%
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Fig 3. Accumulation of IL-17 or IFN-y-producing inflammatery T ealls in the
CNS. Mononuclear cells were holated from spleen or CNS on day 17 after
immunization and stimulated with PMA (20 ng/ml) and ionomycin (1 wglml)in
the presence of 2 mM monensin for 4 h. Production of IL-17 and IEN-y was
analyzed for the gated CD4* T cell population by intraceliular cytokine
staining. Black line represents samples stained with sither ant-IL-17 or anti
IFN-y Ab, and the filled histogram represents samples stained with isotype
control. Given values thow the percentage of rytokine preducing-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 accumulare
into the CNS and produce inflammatory cytokines, leading 10
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 celis specific for mAg have long been thought to induce EAE
through their production of IFN-y. However, recent studies
indicate that Th17 rather than Thi 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 10 produce IFN-y and
IL-17. Mononuclear cells were recovered from the CNS and SPL
on day 17, and stimulated with PMA and ionomyein (P/1). After
immunostaining, expression of 1L-17 or [FN-y in the CD4* T
cells was analyzed by flow cytometry. Major proportions of the
CNS-T cells were found 10 produce [L-17 (21.7% of the cells) or
IFN-y (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 cvtokines
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-y, or 1L-2. NR4A2 gene trans-
duction would result in a 1wofold augmentation of [L-17 pro-
moter activity and, for TFN-y, 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
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Fig. 4 Promoter activities of cytokine genes in the presence of NR4A2, (3)
The effect of NRAA2 expression on IL-17, IFN-y, and IL-2 promoter activity. A
reporter plasmid containing promater of cytokine gene (10 ug) and Renilla
luciferase plasmid (100 ng) were introduced into EL4 cells by electroporation,
together with pcDNAS-NRAAZ or pcDNA4-LacZ (10 pg). Cells were stimulated
for 18 h with PA. Luciferase activity was determined for each cell lysate after
normalization to the Renila luciferase activity. One representative data from
three independent experiments is shown Data are expressed as mean = 5D,
(b} The etfect of NR4A2 expression on basal promoter activity of IL-17 gene
EL4 cells tramsfected with pcDNAA-NRAAZ or pcDNAA-LacZ together with IL-17
reporter plasmid and Renilla luciferase plasmid as desribed in a were cultured
for 18 hwithout stimulation, One representative data from three indepen-
dent experiments is shown. Data are expressed as mean = 5D,

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

Retroviral Transduction of NR4AZ Gene Enhances Expression of In-
flammatory Cytokine in Primary T Cells. The resultsobtained 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
(PMIG-NR4A2) or empty vector (pMIG) were used for pro-
duction of retroviruses (Fig. 5a). 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 Tap). 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-NR4A2-introduced retrovirus
showed a massive IFN-y expression (35.19) compared with
control retrovirus (14.1%) (Fig. 56 Botom).

Silencing of NR4A2 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 selected 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 preduction
by primary murine CD4* Tcells. (a) DNA fragments encoding wild-type NRAAZ
were cloned into the pMIGIW) bicistronic retroviral vector, LTR, long terminal
repeat; IRES, internal ribosome entry site; eGFP, enhanced green fluorescence
protein b (b) Splenic CD4* T cells were infected with retrovirus encoding
NRAAZ or control retrovirus, and CDA* GFP~ T cells and CD4* GFP* T cells were
gated as RY and R2, respectively, Forced expr of NR4A2 | d the
number of CDA" T cells praducing IL-17 or IFN-y. The histogram shows intra-
cellular cytokine staining on the gated cells (R1 ar R2). Black line represents
cells in R2 gate (GFP+) stained with either anti-IL-17 or anti-IFN-y Ab, and the
filled histogram represents cells in R1 gate (GFP—) stained with isotype con-
trol. Given values show the percentage of oytokine producing-T cells present

siRNA is completely conserved between mice and human.
Therefore, we could apply it to human T cells and siudy 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 yer. Because silencing of
NRA4A2 expression rather selectively inhibited the expression of
inflammatory cytokines, it is arguable that NR4A2 may be a
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. S1). 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 silenting on T cell cytokine production. (4)
Specific inhibition of T cell production of IL-17 and IFN-y by siRNA treatment
Human CD4" T cells derrved fram PEMC were tramifected with URNA 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
Th1/2 eytokine kit. Preliferation rate was measured by "H-TdR uptake. (b
Effect of “RANA treatment for T cell production of TNF-a, IL-10, IL-5, and IL4
after stimulation with iImmabifized anti-CD3 Ab. The data are expressed as
mean = SD (s, P« 0.05; *v, P < 0.01; Mann-Whitney L/ test)

L cone

production of TNF-a, IL-5, and 1L-4 from T cells used for assays
(Table 51).

Amelioration of EAE by Silencing of NR4A2. 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 SJIL/J mice 10 days after immunization with PLP3¢_5,. The
dLN cells were transfected with the NR4A2 siRNA or control
RNA and stimulated with PLP3._1s; in vitro. Three days later,
the cultured cells enriched in lymphoblasts were transferred to
irradiated naive SIL/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 siRNAs 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 yt (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

BIB4 | wwav.pnas org/egi/dei/ 10 1073/prias 0803454105

EAE clinical score

control ANA

siANA

conirol ANA

siRNA

Fig. 7. The effect of T cell silencing of NRAA2 expression on passive EAE. (a)
Inguinal and popliteal LNs cells were collected from female SILU mice 10 days
after immunization with PLPyyg. 5, and were transfected 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 wgiml PLPyjg. 5y, and the cells were stimulated for an-
other 3 days. After expamion, cellswere harvested and transferred Lp. (5 » 108
cells per mouse) into 3Gy-irradiated naive SIL) mice (n = 10) followed by i.p
injection of PT. Mean = SEM clinical wcores were Indicated. (*, P < 0.05 by
Mann-Whitney U test.) (b) Histological analysis of spinal cords removed on day
31 atrer adoptive transfer of PLPy s 15i-reactive T calls. Sections obtained from
cervical cord regions were stained with HE or LFB. Infiltration of mononuclear
cells and damyslination of the cervical cord regions were analyzed for mice
injected with PLP g 15y -reactive T cell pretreated with contral RNA or siRNA
for NRAAZ

of inflammatory cytokines, including 1L-17 and [FN-y, is regu-
lated by NR4A2, whereas silencing of NR4A2 by a specific
siRNA prevents expression of these cylokines. 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 NR4AZ2 in the regulation of
T cell production of inflammatory cytokines.

NR4AZ is a member of the orphan nuclear NR4A subfamily
that consists of NR4AI1 (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 pulative ligand-binding domain. All these members
bind to the DNA sequence NBRE (AAAGGTCA) or NurRE to
activale target gene expression. NR4A1 and NR4A2 can also
heterodimenize 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-
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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 eells (29), RORy/RORyt were reported to
play un essential function in survival of CD4*CD8* thymocytes
(33, 34) and in the generaton of fetal lymphoid tissue inducer
(LTi) cells (35), 1t is particularly intriguing that the consensus
binding sequence for RORy [(A/T)sAGGTCA] overlaps with
that tor NR4A (NBRE: AAAGGTCAY}, 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 yer. 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 at a very early 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
chunge 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.
This 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 & specific siRNA, we showed that blocking
NR4A2 expression is effective for inhibiting production of IL-17
and [FN.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 Th17 cells would be a sole potent inducer of
autoimmune inflammation. However, T-bet-deficient mice and
Statd-deficient mice that obviously lack Thi 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 o inhibit produc-
tion of both IL-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) amino acids 3555 (MOG;s.c2 MEVGWYRSPFSRVVHLYRNGK) as
described in ref. 39. Female BE mice were immunized s.c. with 100 ug of
MOGs 55 mined with 1 mg of heat-killed Mycobacterium tuberculosis HITRA
emulsified in Freund's adjuvant (CFA), Pertussis toxin (PT) (200 ng) was in-
jected i.p. on days 0 and 2 after Immunization. Clinical signs were wored daily
as follows: 0, no clinical signs; 1, loss of tall tonicty; 2, flaccid tail; 3, partial hind
limb paralysis; 4, total hind limb paralysis; and 5, fore and hind limb paraiysis,

1. Sospedra M, Martin R 005) immunclogy of multiple sderosis. Annu Rev

Quamtitative RT-PCR. DNase-treated total RNAs were processed for ¢DNA
1, using random h primers and SuperScript |l reverse transcrip-
me (Invitrogen). cDNAs were amplified by PCR on Light Cycler $T300 (Roche
Diagnastics) 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 between different samples. Forward
primaer for amplifying human NRAAZ gene was 5’ -CGACATTTCTGCCTTCTCC. 3
and reverse primer 5 GGTAAAGTGTCCAGGAAAAG-3'. Mouse NR4A? for-
ward primer was designed as 5 -GCATACAGGTCCAACCCAGT-1" and revers
primer 5 AATGCAGGAGAAGGCAGAAA-I". To evaluate silencing efficacy of
NR4AZ-specific siRNAs, expression of NR4A2 gene was quantified by RT-PCR,
using the primers to flank the siRNA target sequence (forward, S
TGCCACCACTTCTCTCCCCA-3'; reverse, 5 -GCGGCATCATCTCCTCAGAC-T'),

Luciferase Assays. Ten million of EL4 thymoma cells suspended in 500 ul of cold
P85 and transfected with 4-20 ug of pcDNA4-NRAAZ or pcDNAA-LacZ in the
presence of 10 pg of reporter plasmid, 100 ng of Renilla luciferase plasmid,
and 5 ug of DEAE-DEXTRAN (Sigmal by electroporation {250 V, 975 uF, time
constant = 30-34 ms) with a GenePulser electroporator Il (Bio-Rad). $ix hours
later, cellswere stimulated with 20 ng/ml PMA and | pg/ml ionomycinfor 24 h,
followed by analysis for luciferase activity. The data were normalized for
intemal controls of Renilla luciferase activity

Retroviral Infection. Mouse CD4* T calls purified by AutoMACS using mouse
CD4 T isolation kit (Miltenyl Biotec) were stimulated with immobilized anti-
€03 Ab and soluble anti-CD28 Ab in complete medium supplemented with
IL-2 (100 unitw'ml) for 24-48 h before infection. The primed CDA* T cellswere
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 unituml of IL-2 for 2 days and were then subjected to
intracellular cytokine staining

Sllencing Effects of NRAA2 sIRNA on Passive EAE. To evaluate an effect of NRAAZ
sIRNA, an adoptive transfer EAE model in SILY mice was applied, because
consistent disease could be induced relatively easily. Female SIL/ mice (8-12
weeks old) (Charles River Laboratories) were immunized s.c. with 100 ug of
proteclipid protein (PLP) amino acids 139-151 (PLP) 3. 451; HSLGKWLGHPDKF)
and | mg of heat-killed M. tuberculosis HI7RA in CFA. Inguinal and popliteal
LNs harvested 10 days atter vwere transf dwith tiRNAs, using
hamaggultinating Virus of Japan envelope (HV)-E) vector kit (GENOMEONE;
Ishihara Sangyo). Eight hours later, the cells were stimulated with PLP, 34151
peptide (35 ug/mi). After 3 days, collected cells were injected Lp. (5 = 108 cells
per body) into irradiated mice (3 Gybody) with intrapelitoneal injection of PT,
For jonal histological analysis of EAE, paraffin-embedded spinal cords
ware stained with either HE or LF8.

Statistics. For statistical analysis, & nonparametric Mann-Whitney U test or
Student ¢ test wat used. P < 0.05 was considered statistically significant

Supporting Information, For further detalls, see 51 Marerials and Methods.
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ARTICLE INFO ABSTRACT

Article history: Previously, we found that more than a half of the NK1.1° T cell lines prepared from CD1-/- livers expressed
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invariant Va 19-Ja33 TCR a chains. Over-expression of the invariant Va19-Ja33 TCRa transgene (Tg) with
4 natural TCR a promoter and an enhancer in mice induced the development of NK1.1* T cells (Va9 NKT
cells) in the lymphoid organs, especially in the liver. Preferential usage of the Va 19 Tg by NKT cells in the

Aeaiintis oriltin:27 Seprombar 2008 transgenic mouse livers was indirectly indicated by the observation that few NK1.1* TCRa3* cells of the
= V19 Tg livers were stained with a coddail of anti-TCR Va antibodies in the FACS analysis. Upon invariant
Lt TCR engag in vivo g injection of mice with anti-CD3 antibody, NKT cells of the Tg mouse
Development livers as well as spleens promptly produced | gulatory cytokines such as IL-4 and IFN-y and
Irwarsant TCR altered surface receptor expression. Collectively, localization of Va19 NKT cells in the liver is suggested
Cytokine production that are ready to immediately response against antigen stimulation.
© 2008 Elsevier BV. All rights reserved.
1. Introduction organs including the liver and that mare than a half of the hybrid

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 a
chain (mouse Va14-Ja 18, human Va24-ja18) [1.2].

The requirement of invariant Va14-Ja18 TCR « chain expres-
sion for the development of Vix 14 NKT cells is demonstrated in the
invariant TCR transgenic (Tg) mice, where Tg* V14 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 a chain (Va19-
Jo33 (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 a chain was preferen-
tially expressed in NKT but not conventional T cells of the lymphoid

Abbreviations: V19 NKT cell, NKL1+ Val9-ja33 invariant TCR a+ cell; Vald
NKT cell, NK1.1+ Ve 19-Jox 18 invariant TCR o + cell; Tg. transgene or transgenic; MNC,
lear cell: MAIT, | tated T lymphacyte.
* Corresponding author ar: Devel 1 i logy Unit, 11 Mi
Machida, Tokyo 194-8511, Japan. Tel: +81 42 724 6315; fax: +81 42 724 6317.
E-mail address: michio®libra.ls. m-kagaku.co.jp (M. Shimamura )

0165-2478/5 - see front matter © 2008 Elsevier B.V. All rights reserved.
doi: 10,1016/ iniet 2008 08 002
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cell lines produced from NKT cells of CD1-deficient livers expressed
this invariant TCR a chain [6]. The localization of the invariant
V19 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 |b molecules MR1 [9] was also
indicated in these studies.

In the current study, we characterized the mice over-expressing
invariant Va19-Ja33 TCRa transgene with a natural TCRa promoter
and an enhancer to analyze the development of invariant Va19
TCR* NK1.1* (Va19 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 C57BLJ6 mice for
six generations, and mice with phenotypes of H-2P, NK1.1* and
CD1-/- were selected, TCR Ca-deficient mice, backcrossed with
C57BLY6 mice for more than 10 generations [11], were given
by Drs. H. Ishikawa (Keio University) and M. Nanno (Yakult
Co.).

2.2. Establishment of Ve 19 Tg mice

A Va19-Ja33 transgene with the endogenous TCR a promoter
and the enhancer was injected into C57BL/6 or TCR Cae-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. Va19 Tg mice were compared with non-Tg mice in the
same litter or with those with an appropriate genetic back-
ground (CS7BL/6, 129/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 [
(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 etal. [7).

24. Flow cytometry und antibodies

Mouse cells were pre-treated with anti-FeyRIl, 1Il 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-TCRCB), PK136 (anti-NK1.1), RM4.5 (anti-CD4),
53-6.7 (anti-CDBa), 53-5.8 (anti-CD8R), RR4-7 (anti-VP6), F23.1
(anti-VES8), B20.1 (anti-Va2), RR3-16 (anti-Ve3d,2), B2114 (anti-
Va8.3), RR8-1 (anti-Va11.1, 11.2). Tetramer of CD1-a-Gal-Cer was
prepared from a DNA construct { provided by Dr. M. Kronenberg, La
Jolla Institute for Allergy and Immunology) as described by Mat-
suda etal. [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 Vee197g lymphocytes by TCR
engagement

Mice of Val9Tg' (D1-/- and (D1-~ in the same litter,
and CSTBL/6 (B weeks of age) were intravenously injected with
anti-CD3 antibody (2C11, Pharmingen, 1.5 or 3.0 pg/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
5% 10° 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.

3. Results

3.1. Preferential development of Ve 19 NKT cells in the liver of
invariant Vae19-Jee33 TCR Tg mice

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

The development of lymphocytes expressing the invariant TCR
was demonstrated by the presence of TCRa* cells in the lymphoid
organs of the Va19 Tg mice with the TCRa-deficient (TCRax~/-)
background (Fig. 1A). A remarkable proportion of the Tg* cells was
differentiated into NK1,1° TCRx3* 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 (C57BLY6) (26.4%, 5.1%, 3.2%, respec-
tively, Fig. 1B [14]), The cellularity of these organs in the transgenic
mice (liver, 4.8 = 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 106; spleen, 1.2 x 108, bone marrow, 4.3 x 107 at
a similar age). Thus, these findings suggest that the expression of
the invariant TCR « transgene induced preferential development of
Vix19 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 C57BLJ6 (28.7%, Fig. 1B)) and CD1-/- (31.0%,
Supplementary Figure S2) where TCR af* cells are allowed to use
endogenous TCR « chains due to the incomplete allelic exclusion
of the TCR a locus. The preferential use of the transgene by the
cells of liver rather than spleen or thymus of the Tg mice with
C57BLJ6 background was supported by the expression of the trans-
gene analyzed by RT-PCR (Supplemental Figure S1D), Development
of Vix14 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-a-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 V19 but not Va4 NKT cells in spite
of the non-stringent pressure of TCR a usage. A similar increase
in NKT cell development was observed in the Va14-Ja 18 TCRax Tg
mice |3]. In contrast, few NKT cells were generated in Va11-ja2B4
or VaB-]Ja37? TCRa Tg mice |3,15]. Thus, NKT cell development is
possibly dependent on the use of invariant TCR a 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 manonuclear cells {MNCs) iso-
lated from Va19 Tg* CD1-/- and C57BLJ6 mice were triply stained
with fluorescence-conjugared anti-TCRoxe B, anti-NK1.1 and a cock-
tail of anti-Va2, 3, B and 11 antibodies, Staining profiles in the NKT
cell fraction (NK1.1*, TCRaB* ) and the conventional T cell fraction
[NK1.1-, TCRxR*) 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 Vi
staining. Here in the Tg livers, almost all the NKT cells were negative
for the Vox staining despite the lack of V14 NKT cells: whereas, a
substantial fraction of the conventional T cells was positive for the
Va expression. These observations indicate that the invariant Va19
TCRex-bearing cells were directed to develop preferentially into NKT
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Fig 1. Development of Ve 19 NKT cells in Vo 19 Tg mice. MNCs were (solated from lver, thymus, spleen, bone marrow and intestinal lamina propria of mice (at 8-12 weeks of
age, fernale), They were stained with fluorescence-labeled antibodies and analyzed by FACS. (A) Staining profiles of the Va9 Tg" TCRa /- and TCRa~'~ cells with anti-NK1.1
ic background {CSTBL/E). Note that plots of thymocytes are gated on

and anti-TCR ap antibodies. (B) Staining profiles of the Va19 Tg" and non-Tg cells with the same geneti
the HSA'= cells in (B). In (A) and (R), one of the three representative experiments, each using pools of cells from 2 to 3 mice is shown.
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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 CSTBL/6 background (ar 8- 10 weeks
of age, fernale, both in the range of 3-7 « 10 per animal) were stained with anti-TCR af antibody and either anti-NK1.1 antibody, CD1-a-Gal-Cer tetramers, or empty CD1

tetramers. The stained cells were analyzed by FACS,
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Fig. 3. Preferential expression of the invanant Va 19 TCR wansgene by the NK1.1°, TCRal* cells in the Tg livers. Liver MNCs from Va 19 TR Tg (CD1-" background ) and non-Tg
mice (at B weeks of age, female) were triply stained with an anti-TCRap, anti-NK1.1 and anti-TCR Va mixture (Va2, 3.2, 8, 11) or anti-VP antibodies, The histograms of the
NKL1*, TCR aff* (NKT) and the NKL1-, TCR afd* (T) cells stained with anti-TCR Vi cociaail, anti-VB6 and anti -V antibody are indicated.

cells in accord with our previous observation that invariant Ve 19 where the TCR @ chainis fixed to the V19 transgene (Table 1). This
TCR @ chains are predominantly expressed as NKT cells in the liver characteristic V@ usage was also found in V19 Tg* D1/~ mice.
[6]. The preferential development of Ve 19 NKT cells was also found These findings suggest that lymphoid precursors bearing invariant
in the lymphoid organs other than the liver in the Tg mice judging Va19"/confined VB semi-invariant TCR are preferentially differ-
from the Vo usage (Table 1). entiated into NKT cells.

Similar to invariant V19 TCR «* hybridomas |4,5], NKT cells A substantial number of NKT cells was observed in the a19
used VBG6 and VA8 relatively frequently in Ve 19 Tg* TCR e~/ mice, Tg* TCR a-/- gut lamina propria (Fig. 1) in accordance with the

Tabie 1
Va and VP usage of the NKT and conventional T cells in the genic and B lymphoid organs
Liver Spleen Bane marrow Intestine Thymus (lamina propria)
Vi cocksail® (%)
Val9Tg (D17~
NKT cell 06 88 106 68 6.1
Teell 143 1ns6 163 121 1ns
C57TBL6
NKT cell 26 74 155 143 59
Teell 013 pri e ] 216 169 78
VRE* (%)
Va19Tg* (D1~
NKT cell 171 133 174 140
Teell 78 85 10.8 7
Va 19T TCRa -
NKT cell 184 1z 148 14.0
Teell 19 10.1 129 80
CS7BL/6
NKT cell 13 85 100 56
Teell 83 78 68 75
VRE*(X)
Val9Tg ol
NKT cell 434 341 309 0.0
Teell 240 243 09 254
Va19Tg TCRa 1~
NKT cell 534 19 350 I
Teell 332 283 301 200
C578L/6
NKT cell 620 73 22 288
T cell 214 2 202 w07

Vi cockrail’. posirve for staiming with anni-Va2, 3, 8. and 11 antibody cockrail. The average of 2-4 experiments each using pools of cells from 2 1o 3 mice (8- 12 weeks old)
s shown.
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reports on the localization of invariant V19 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 51). Besides, the proportion of the
cells stained with the anti-Vex 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 Va19Tg"
NKT cells are preferentially localized in the lamina propria as well
as in the liver.

Va19 NKT cells were rarely found in the V19 Tg* TCR a/
thymus (0.3%, Fig. 1A). The proportion of CD4* or CD8"* single pos-
itive cells was reduced in the Tg thymus (4.4% in the Va19 Tg*
TCR o/~ thymus, 9.2% in the C57BL/6 thymus), suggesting the
impaired maturation of T-lineage cells in general with the TCR

-I- background. Above all, the development of NKT cells in the
Tg thymus seemed to be especially limited (cf. 0.6% in the Va9
Tg* thymus with the C57BLJ6 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 (CS7BLJ6) (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" Va19 NKT cells are comparable. Rather, the
CDB8" NKT cell subset predominates in the V19 Tg*TCR =/~ liver,
The CD8 molecules expressed by the NKT cells in the Tg liver and

Liver
21 5% 15 9%
va1gTgt —
4‘::9.‘3" ; I
21%, 1.8%
C57BL6 : b
(.
Splean
14.79% 14.4% 99%
VelgTgt
59 5% 23
C57BL6 ‘ o "_?
Bone Marrow
VaiaTg* e ‘5 7%
-TCRa™" '
%

| 7 43
c578L8 | | I‘
CD4

CD8u CD8p

Fig. 4. CDM4/CD8 co-receptor expression by NK11°, TCR ap* cells of Va19 Tg* and
nan-Tg mice. MNCs were isolated fram liver, thymus, spleen, and bone marmow of
Val0Tg" TCRa'~ and CS7BLY/6 mice (at 8-12 weeks of age). They were immunos-
tained and analyzed by flow cytometry. Profiles of CD4/CD8 co-receptor expression
in the NK11*, TCR af* cells of Va 19 Tg* TCRa /- and C57BL/6 organs are indicated.
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spleen consisted of the aef hetero-dimer, whereas those expressed
by the Tg bone marrow NKT cells were mostly the cx 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-, (D8~ 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-CD8- =3:1:6,
data not shown). The preferential generation of CD4-, CD8- T
cells has also been reported in Val14-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 Va 19 NKT cells in the liver upon TCR
engagement in vivo

Cytokine production by liver V19 NKT cells was examined
to assess their immunoregulatory potential. It has been reported
that V14 NKT cells in the spleen promptly produce immunoreg-
ulatory cytokines in resp to in vivo challenge with anti-CD3
antibody [15). Thus, production of cytokines by Va19 Tg* CD1-/-
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 IL-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 a~~ mice (data not shown), thus indicating that invari-
ant Va19 TCR® cells are the producer of the cytokines. In addition,
NK1.1* but not NK1.1- Va19 Tg* liver cells were responsive to the
stimulation to TCR-CD3 complexin culture and primarily produced
immunoregulatory cytokines (Shimamura etal., 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 Voe14 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 ug of anti-CD3 anti-
body. This dose of antibody was in accord with the dose required
for the maximum induction of the |L-4 mRNA expression from
the spleen cells isolated from mice with the antibody injection
[15].

IL-5 and IL-10 preduction by Va19 Tg* and C57BL6 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 highIL-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
IL-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 Vee19 NKT cells
upon TCR engagement in vivo

It has been reported that Vi 14 NKT cells respond to the stimu-
lation in vivo with a-Gal-Cer and down-regulate the expression
of NK1.I marker [16,17]. The proportion of NK1.1* T cells in the
liver of Va19 Tg* TCR a~/~ 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, V19 NKT cells, as well as V14 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. Cymokine production by Tg and non-Tg mice in response 1o in vivo treatment
with anti-CD3 antibody. Liver MNCs prepared from Val8 Tg" CD1--, €D, and
C57BL/6 mice injected 90 min previously with a different dose of anti-CD3 antibody
(2C11 ywere cultured in DMEM ( 10% FCS) without additional stimulation for 2 h. Cul -
ture supernatants were harvesied and tested for production of cytokines by ELISA.
The mean +5.D. for three mice in each strain is shown. Experiments were repeated
twice, and essennially the same profiles were obtained. Statistical significance in the
Va19Tg' and C57BL/6 cell responses compared with the CD17- cell responses was
assessed by Student’s t-test (*p<0.01 and = p<0.05).

4. Discussion

In the present study, invariant Vax19-Je33 TCR a Tg mice were
generated to examine the roles of invariant TCR a expression in
Va 19 NKT cell development. Over-expression of the invariant Va 19
transgene induced the development of NKT cells in the lymphoid
organs of Tg mice especially in the liver (Fig. 1, Table 1). In Va19
Tg* CD1-'~ organs, the proportion of cells stained with the anti-Vax
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 Va 19 TCR preferentially dif-
ferentiate into an NKT lineage under the non-stringent pressure of
TCR a usage. Invariant Va 19 TCR a chains prefer to pair with VB&*

and VBB* 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 Va19 Tg® TCRa/
mice are at least partially of an identical or similar lineage despite
their difference in phenotypes. In fact, NKTcells in the livers of Va 19
Tg* TCR @/~ mice reduced the expression of NK1.1 marker upon
TCR engagement (Fig. 6). The tissue distribution of invariant Va 19
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 Va19 TCR Tg mice
to some extent because the expression of the invariant TCR trans-
gene is controlled by the natural TCR a promoter and enhancer, The
predicted tissue distribution of Va19 NKT cells is similar to that of
Va 14 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]. V19 NKT cells were estimated to comprise about 50% of
the NKT cell population in the CD1 -/~ liver. Provided that Va 19 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 V14 NKT cells. The estimated population of V19
NKT cells is so 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 Vou19 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 V19 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 $1), The stain-
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Fig. & Surface receptor down-regulation of hepatic Va9 NKT cells upon TCR
engagement in vivo, Liver MNCs were prepared from Va 19 Tg' TCRa /- and CSTBL/6
mice injected 24 h previously with anti-CD3 antibody (2C11, 2 pg/mouse), Cells were
stained with anti-TCRo B and anti-NK1.1 antibodies and analyzed by Nlow cytometry
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ing of lamia propria lymphocytes in Va19 Tg* D1/~ mice with
anti-Va antibodies (6.8% of NKT cells, 12.1% of T cells), suggests
that invariant Vix19 TCR-bearing precursors preferentially differ-
entiate into NKT-lineage even in the gut lamina propria. Invariant
Va 19 TCR* MAIT cells are suggested to have roles in the control of
IgA production |7,19]. We found that the serum IgA level of Va19
Tg mice {132+ 56 jug/ml) was comparable to that of non-Tg mice
(115 + 59 pg/ml) with the same genetic background (C57BLG).
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 IL-4, I[FN-y, and to some
extent IL-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 Va19 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 incuding
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 Thi- or
Th2-biased cytokine production by them is potentially pathogenic
and deteriorates diseases such as inflammatory autolmmune dis-
eases, allergy or Abrosis [20,21]. V19 and V14 NKT cells share
similar properties regarding the potential to produce cytokines, tis-
sue distribution and morphology (revealed by electron microscopy
(Supplemental Figure 53)). 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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NKT Cell-Dependent Amelioration of a Mouse Model
of Multiple Sclerosis by Altering Gut Flora
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Improved hygiene has been suggested o influence
cenain amoimmune disorders, such as multiple scle-
rosis. I this seudy , we addressed whether altering the
composition of @i flora may affect suscepibility w
experimental amoimmune encephalomyelitis (EAE),

an animal model of MS. We wdhministered a mixwre of

non-absorbing antibiotics, Kanamycin. colistin, and
vancomycin (KCV), orally to mice induced to develop
FAE. The antibiotic treatment, beginning 1 week prior
1o sensitization , alwred the composition of gut fora
and, imriguingly. also ameliorated the development
of FAE. While this result was associated with a re-
duced production of pro-inflammatwry  cytokines
from the draining lymph node cells, a reduction of
mesenteric Th17 cells was found w correlate with
discase suppression. In addition, we found that Vala
invariant NKT (iNKT) cells were necessary for main-
tining the mesenteric Th17 cells, The homologous
effects of KOV treatment and iNKT cell depletion led
us to speculate that KOV treatment may suppress
FAE by aliering the function of iINKT cells. Consis-
tent with this hy pothesis, KCV treatment did not sup-
press FAE that was induced in iNKT cell-deficient
mice, although it was efficacious in mice thar lacked
Var19 mucosal-associated invariant T cells. Thus, gut
fMora may influence the development of FAE in a way
that is dependent on iNKT cells, which has significant
implications for the prevention and treaiment of au-
immune diseases,  (Am J Patbol 2008, 17417141724
DOL: L2355 ajpat. 2008 080622 )

The immunopathology of autoimmune diseases (s still
poorly understood, although comprehensive and mulli-
disciplinary approaches continue to give us new Insight

1714

Into the mechanisms of disease. Previous studles have
generally supported a pathogenic role of interferon
(IFN}y-producing Th1 cells In autoimmune diseases such
as multiple sclerosis (MS) that affect the central nervous
system (CNS)." As Th1 cells are cross-regulated by Th2
cells producing interleukin (IL}-4, IL-5, and IL-13, the
counterbalance between Tht and Th2 cells has been
posed as a key issue in understanding the pathogenesis
ol MS.? However, the traditional “Th1/Th2" paradigm is
now facing a fundamental challenge since a third class of
helpar CD4* T cells, named Th17 cells, have been found
to cause autoimmune Inflammation *® Thi7 cells are
IL-23-dependent cells that aré distinct from Thi and Th2
cells in their ability to produce IL-17%"® and their use of
the RORH transcription factor.® Although the relationship
between Th17 cells and Th1 or Th2 cells remains to be
lully characterized, Th17 cells are likely to exert a pre-
dominant pathogenic activity In various inflammatory
conditions associated with autoimmunity or allergy either
Independently or collaboratively with Th1 cells '@

It is widely accepted that development of autoimmune
disease is under control of both genatic and environmeri-
tal tactors. For example, recent whole genome analysis
nas revealed that several genas including human lauko-
cyle antigen-DR are positively linked with the suscepti-
bility to MS."" In contrast, most of our knowledge about
environmental factors relies on aptdermiological data. Re-
sults of migration studies, as well as the reported pres-
ence of clusters or outbreaks of MS, have illustrated
potential environmental influences on MS, Including in-
tection, stress, sunlight eéxposure, and sex hormane '=-'*
While an allered Intestinal microfiora has been suggested
to be an environmental risk factot for rheumatoid arthri-
us,'® Inflammatory bowel disease,'® and human allergy
and asthma,'” the staws of gut flora has rarely been
evaluated as a potential risk factor for MS

Supported by tha Health and Labour Sciences Research Grants on Brain
Scwonce and on Infractable Diseases (Neuroimmunologcal Diseases)
from the Ministry of Heath, Labowr and Waeltare of Japan

Accepled for publicaton September 9 2008

Aadress repnnt requests to Dr. Takashi Yamamura, Depanment of
Immunciogy. Natonal instiiute of Newoscience, Natonal Canter of Nou
rology and Peychialry, 4-1-1 Ogawahigashi, Kodaira, Tokyo 187-8502
Japan, E-mail: yamamurs@ncnp.go. jp




Recent studies have shown that animals bred in a
germfree environment are characterized by having low
dansities of lymphold cells in the gut mucosa, a reduced
size of specialized follicle structures, and low concentra-
tions of Immunoglobuling In the peripheral blood '®-2' |t
Is also of note that the Iintestinal lamina propria (LP) has
been identified as a site that is constitutively inhabited by
Th17 cells ? Thus the dialogue between host and bacteria
at the mucosal Interface seems to be critical in the de-
velopment of the competent immune system

To explore a possible role of intestinal microfiora in the
development of autoimmune disease, we tested It oral
administration of the mixture of non-absorbing antibiotics
kanamycin, colistin, and vancomycin (KCV) could modify
the developmant of experimantal autoimmune ancepha-
lomyelitis (EAE) induced In C57BLJ6 (B6) mice sensitized
against a myelin oligodendrocyte glycoprotein (MOG)
peplide of amino acids 35 1o 55 [MOG (35-55)]. Here we
report that continuous oral KCV treatiment, starting one
week before immunization, significantly suppressed the
development of EAE along with allering gut flora. Sup-
pression of EAE was accompanied by a reduced produc-
tion of pro-inflammatory cytokines from the draining
Iymph nodes (dLNs) in response 1o MOG (35-55). While
the antibiotic treatment suppressed MOG (35-55) reac-
tive Th17 cells within the mesenteric lymph nodes
(MLNs), it also reduced the total number of mesenteric
Th17 cells in nalvae mice. Furthermore, unexpectedly we
found that the Th17 cells in the MLNs are greatly reduced
in Ca1™'" mice or Ja281 7'~ mice, which lack invariant
Va 14 natural Killer T (iNKT) cells.® and that the KCV-
induced reduction of the mesenteric Th17 cells was only
marginal in the INKT cell-deficient mice. As such, KCV
treatment and INKT cell deletion showed homologous
effects on the mesenteric Th17 cells, which led us to
speculate that gut flora may influence the development of
CNS autoimmune disease in a way dependent of INKT
cells. Consistently, oral KCV treatment did not alter the
devalopment of EAE in INKT call-deficient mice. These
results indicate thal INKT cells play a critical role In the
dialogue betwean host and commensal flora,

Materials and Methods
Mice and Induction of EAE

Six-week-cld temale B6 mice were purchasad from CLEA
Laboratory Animal Corporation (Tokyo, Japan), Mr1 ="~
mice were provided by Dr. Susan Gilfillan, (Washington
University School of Medicine, St Louig)®® and were
backcrossed to B6 mice for ten generations. p2-micro-
globulin™~ mice were purchased from Jackson Labora-
tories. Cd1 ~"~2* and Ja281 ~~** mice were provided by
Dr. Steve B. Balk (Beth Israel Deaconess Medical Center,
Harvard Medical School, Boston, MA) and Dr. Masaru
Taniguchi (Riken Research Center for allergy and immu-
nology, Yokohama, Japan) respectively. These mice
were also back-crossed to BE mice for ten generations.
Animals were maintained In specific pathogen-free con-
ditions in accordance with the institutional guidelines. For
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Induction of EAE, B6 mice were injected subcutaneously
with 100 pg MOG (35-55) (MEVGWYRSPFSRVVHLYRNGK)
(TORAY Laboratory, Tokyo, Japan) and 1 mg heal-kiled
Mycobacterium tuberculosis H37RA (Difco) emulsified In
incomplete Freund's adjuvant. 200 ng of pertussis toxin
(List Biological Laboratories) in 200 ul PBS was injected
l.p. on days 0 and 2 after immunization, Clinical symp-
toms of EAE were daily evaluated and scored as follows:
0, no clinical signs; 1, loss of tail tonicity; 2, impaired
righting reflex; 3, partial hindlimb paralysis; 4. total hind-
limb paralysis; 5. moribund or dead.

Antibiotic Treatment of Mice

To treat mice with a mixture of non-absorbing antibiotics,
we used a previously described prolocol after adding
minor modifications.®® Briefly, o examine the effects of
altering gut flora, a group of mice were given ad ibitum
access to drinking water supplemented with kanamycin
(1 mg/ml), colistin (2000 U/ml), and vancomycin (0.1
mg/ml). Normal drinking water was given 1o another
group of mice serving as conitrol. For immunological stud-
les of MLNs, LPLs, and splanocytes, the antibiotic-con-
taining water was continuously given for 1 week until
Individual experiments were conducted To evaluate the
effect of antibiotics on EAE and recall responses, the
treatment was started 1 week before immunization, and
continued during the antire obsarvation period

Cell Proliferation and Cytokine Analysis

To measure cell proliferation and cytokine production, we
stimulated lymph node cells (1 x 10%waell) with antl-CD3
antibody (2C11) at 5 pg/mi for 72 hours in 96-well round-
boltomed plates. For evaluating MOG (35-55)-specific
recall responses, we stimulated lymph node cells (1 x
10%/well) with MOG (35-55) peplide at 1 1o 100 wmol/L tor
72 hours. The cells wera suspended In RPMI 1640 me-
dium (GIBCO) supplementad with 10% letal calf serum, 2
mmel/L L-glutamine, 100 U/mi of penicillin-streptomycin,
2 mmol/l. sodium pyruvate and 50 mmol/L g-mercapto-
ethanol, T cell proliferation 1o MOG (35-55) was determined
by measuring the incorporation of [*H) thymidine (1 xCi/
well) during the last 24 hours of culture in a B-1205 counter
(Pharmacia, Uppsala, Sweden), Assays were conducted In
triplicate wells and data were expressed as counts per
minute (c.p.m.). Cullure supernatant was collected 72
hours after stimulation, and cytokines in the supernatant
were measured by using cytomatric bead array kits for
mouse inflammatory cytokines (BD Biosclences) and
IL-17 enzyme-linked immunosorbent assay (ELISA) kit
(R&D systems).

Surface Marker Analysis, Quantification of CNS
Leukocytes and Histology
Cells were stained with fluorescence-labeled speciic an-

tibodies after incubation with anti-CD16/32 to aveid non-
specific staining and were analyzed with a FACSCalibur
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(BD) Except for Foxp3-APC from eBloscience, all of the
other antibodies were obtained from BD Pharmingen. For
flow cytometric analysis of CNS-infilirated cells, spinal cords
were homogenized, passed through 70-um nylon mesh
and separated by Percoll density-gradient centrifugation 1o
obtain single-cell suspensions. In some experiments, par-
affin-embedded spinal cords were stained with either luxol
fast blue or H&E for conventional histological analysis.

Intraceliular Staining

Calls collected from MLN were stimulated with phorbol
12-myristate 13-acetate (50 ng/mi) and lenomycin (750
ng/ml) for 5 hours In the presence of GolgiPlug (BD
Biosciences). Cells were first stained extracellularly with
PerCP-conjugaled anti-CD4, APC-conjugated anti-T cell
receptor-g and a-GalCer-loaded Dimer X recombinant
soluble dimeric mousa CD1 days (BD Pharmingen), and
then stained with fluorescein isothiocyanate-conjugated
mAb ABS5-1 specific for mouse IgG1 (BD Pharmingen),
and fixed and permeabilized with Fixation/Permiabilization
solution (BD Biosciences). Finally, cells were stained intra-
cellulary with phycoerythrin-conjugated anti-IL-17 (BD Bio-
sclences) Samples were acquired on a FACSCalibur (BD
Biosclences), and data were analyzed with CELLQuest soft-
ware (BD Biosciences)

Isolation of Lamina Propria Lymphocytes

Intestines wera removed from euthanized mice and
placed in ice-cold PBS containing 25 mmol/L HEPES.
Afer removal of residual mesentaric fat lissue, Peyer's
patches were carelully excised, and the intestine was
openad longitudinally. The intestine was than thoroughly
washed In ice-cold PBS and cut Into 1.5-cm piscas. The
pieces were Incubated four times in 5 mi of 5 mmol/L
EDTA, in 10% tetal call serum/25 mmol/L HEPES/PBS for
15 minutas at 37°C with fast rotation (200 rpm), Atter each
reund of incubation, the epithelial cell layer, containing
the Intraepithelial lymphocytes, was removed. After the
fourth EDTA incubation, the pleces were washed in PBS,
and placed in 25 mi of RPMI containing 20% fetal calf
serum, 25 mmol/L HEPES, and 300 U/mi of Collagenase
H (Roche). Digestion was performad three times by in-
cubating the pieces at 37°C for 40 minutes with slow
rotation (100 rpm) The solution was then vortexed in-
tansely and passed through a 70-mm cell strainer. The
pieces ware collected and placed inlo fresh digestion
solution. The procedure was repeated threa times. Su-
parnatanis from all three digestions from a single small
intestine were combined, washed once in cold PBS. re-
suspended in 5 mi of the 40% fraction of a 40:80 Parcoll
gradient, and overiaid on 2 mi of the 80% fractionina 15
ml Falcon tube. Percoll gradient separalion was per-
tormed by centrifugation for 20 minutes at 2800 rpm at
room temperature. LPLs were collected at the interphase
of the Percoll gradient, washed once, and resuspended
in FACS buffer or T cell medium. The cells were used
immediately tor expariments

RNA Extraction and Real-Time Reverse
Transcription-PCR

The SV Total RNA isolation kit (Promega) was used for
isolation of tolal RNA from mesenteric lymphocytes or
splenocytes according to the manufacturer's instruction.
First-strand cDNA was generated with the Advantage-RT
kit (Clontech). The Light Cycler FastStart DNA Master
SYBR Green | kit (Roche Diagnostics) was used lor quan-
titative PCR analysis, Gene expression values were nof-
malized to expression of the hypoxanthine guanine phos-
phoribosyl transterase (Hprf) as ‘housekeeping’ gene
QuantiTect Primer Assay (Qlagen) was used lor ampilifica-
tion of IL-21 and IL-23. The other primers used were as
follows: HPRT forward, 5'-GTTGGATACAGGCCAGACTTT-
GTTG-3'; HPAT reversa, 5 -GAGGGTAGGCTGGCCTATAG-
GCT-3"; RORylorward, 5-TGTCCTGGGCTACC CTACTG-3',
RORy  reverse, 5-GTGCAGGAGTAGGCCACATT-3,
TGF-1  forward.  5-TGCGCTTGCAGAGATTAAAA-3';
TGF-B1 reverse, 5'-GCTGAATCGAAA GCCCTGTAS: IL6
torward, S-TTCCATCCAGTTGCCTTICTT-3: IL6 reverss,
5-CAGAATTGCCQATTGCCATTGCACAAC-3'

Statistics

EAE clinical severity was daily scored as mean = SEM for
each group, and analyzed by the Mann-Whitney U non-
parametric ranking test. Differences in cumulative scores of
each group of mice were evaluated by Student's f-test
Cytokine secretion data were analyzed with Student’s f-test

Results

Oral KCV Treatment Suppressed the
Development of EAE and Inhibited
Pro-Inflammatory Cytokine Production from
Draining Lymph Node Cells

With an attemp! to modulate the compaosition of intestinal
flora, we treated wild-type B6 mice orally with a combi-
nation of antibiotics KCV as described in Materials and
Methods. Because these antibiotics are nol absorbed
through gut mucosa " any seffect caused by this treal-
ment is thought to arise from within the gut lumen. To
examine whether our treatment protocol would change
the composition of intestinal liora, we applied the DNA
microarray system referred to as ‘FloraArray®® and made
a comprehensive analysis for intestinal flora derived from
KCV-treated mice and control mice. To compare the
signal intensities of intestinal flora from the two groups of
mice, MA plols were illustrated from the fluorescent im-
ages. Although each spot on the FloraArray 1s derived
from a number of different sirains in the commensal mi-
croflora, this analysis gives us useful information regard-
ing the composition of gut Hora. The MA-plot analysis
revealed that 722 out of 1536 spots showed more than
twofold increase in the lecal DNA sample from KCV-
treated mice as compared with those from control mice
By contrast, 894 spols showed more than twolold in-
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Figure L. Altered composition of the intestinal microflora by oral admins-
teation of antibiotics KCV. A customs DNA microarmay named  FlorAmy ™
was used for evaluating the gut Mo of mice. Briefly, penomic DNA was
extracted from freshly colleaed fecal samples and frgmented by physical
force DNA fragments of approximately 2.0 kb were insented into the pUC
LeCInr 10 Cconsnia 3 shatpun Mbeury. Plasmid DNA was then extracied from
this library. A DNA microarmy was fabricawd by spotting the randomby
sehrated plasmid DNA sathout amplification on o glass slide. For analysis of
samiple [ANA by the amay, genomic DNA was extracted from fecal content of
wither control o KCV-tremed mice after 1-week treatment with antibictics
KOV, and punfied DNA was Libeled with Cyd or CyS, respectively. Then
fluorescent lmages wene analyzed by scanning the amay after performing
competitive hybridizanon with mixed fabeled DNA onthe amay. To compan
the signal intensities between the two samphes with or without: antibdotics
treatment, the data spots were displaved as MA plots Red carcles and blie
circles represent data of samples from control and KOV-reated  mice
respectively

crease In lecal DNA from control mice as compared with
the mica treated with antibiotics (Figure 1), We addition-
ally performed quantitative PCR analysis and revealed
that the antibiotic treatment caused differantial and recip-
rocal changes In the guantity of each bacterium specles
For example, a great raduction of Lactobacilus murinus
and Bacteroides fragiis was seen in the feces from KCV-
treated mice, whereas Bacteroides thetaiotaomicron was
significantly increased in the same samples of leces
(data not shown). These results demonstrate that the
protocol of the antibiotic treatment significantly affects
the content of intestinal flara

We next addressed whether the change of intestinal
flora could also modulate the progression of EAE, an
animal model of MS. When we continuously treated the
mice with KCV-containing drinking water from 1 week
before immunization, clinical signs of MOG (35-55)-in-
duced EAE were significantly suppressed in comparison
with control mice (Figure 2A). Accordingly, histological
examination showed a reduced infiltration of mononu-
clear cells and less noticeable demyelination at the lum-
bar region of the spinal cord of the treated mice (Figure
28). Moreover, we observed a lower number of tatal CNS
Infiltrating cells at an active stage of EAE (day 18) In
KCV-treated mice than in control mice when we isolated
mononuclear cells from CNS of those mice (data not
shown). In parallel, we examined the recall responses of
the dLNs 1o MOG (35-55) on day 11 after immunization
Although proliferation rates of the dLNs in response o
MOG (35-55) were comparable betwasn KCV-treated
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Figure 2 Suppression of EAE by oral KOV treatment As Clinkcal scone of
EAE After imnwinized with MOG (45-55) mice were treated with KCV as
descnbed in Materials and Methods. Clintcal EAE scores of KOV-treated nce
(KCV) and of control mice (control) are shown. Data represent mean score =
SEM from 3 fepresentative of three experiments (w = 5 for each group of
mice) The bar indicates the duration during which a sigaificant difference
was observed betwewn KOV and control: *F < (.05 (Mann-Whitney (ies)
B: Histopathological assessment of the CNS region in EAE-induced mice
Shown ane cellubar infiltrstion and demyelination (arrowheads ) of the lum-
bar spinal cord of control or KCV4reated mice on day 18 Panffinembedded
spinal cords were stained with laxol fast blue (left panels) or HAE (nght
panels). Representative figunes from iwo separite experinients are demon-
srated. Scale bar = 100 gm

mice and control mice (Figura 3A), the dLN cells from the
reated mice produced significantly lower amounts of
pro-inflammatary cytokines IFN-y, TNF-a, IL-6, and IL-17
In response to MOG (35-55) (Figura 3B), consistent with
the suppressed signs of EAE. We also measured the
racall response of the MLNs to MOG (35-55). The MLN
cells from control mice immunized with MOG (35-55)
showed significant responses 1o the MOG peptide in the
proliferative responses as well as IL-17 production (Fig-
ure 3C). However, those from KCV-treated mice showed
only marginal responses, indicating that induction of
MOG (35-55) specific encephalitogenic Th17 cells in
both diLNs and MLNs is impaired by an alteration of
intestinal contents caused by the antibiotic treatment

Mesenteric Lymphocytes from Naive Mice
Produce a Lower Amount of IL-17 after KCV
Treatment

MLNs are thought to offer an Important site for the func-
tional cross talk between intestinal microflora and gut
immunity **2° Next we investigated whether the antibiotic
treatment induced an alteration of the MLN cell functions




