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[FN -y secretion was more susceptible to the inhibitory effects of V, 191
T cells than was IL-17 (Fig. 3b). Splenocytes acted like lymph node
cells (data not shown).

Overexpression of the V19 TCR might compromise the ability of
conventional T cells to recognize myclin-derived peptides. However,
the proliferative responses of MOG(35-55)-reactive T cells were not
lower in V, 19iTgCd 1d 17"~ mice, despite the inhibition of Ty;1 cytokine
production (Fig. 3c). Therefore, it is unlikely that the degree of EAE
suppression seen in V1 9TgCd1dI™~ mice was the result of alterations
in the MOG(35-55)-specific T cell repertoire. However, to exclude
that possibility, we did adoptive transfer experiments. We transferred
1 x 107 V191 T cells isolated from V,19iTgCd1dI™" mice into
nontransgenic mice on the day of EAE induction. Mice that received
TCRB* T cells were significantly protected from EAE (Fig. 3d) and the
onset of clinical disease was significantly delayed (Table 1) compared
with that of mice that received V191" NK1.17 T cells.

Next we sought to determine if V191 T cell deficiency could also
influence clinical EAE. As no V,1%i-specific TCR antibody is available
to deplete mice of V191 T cells in vivo, we used MrI™ mice, which
lack V,19i T cells’. As wild-type nontransgenic mice have about four
times more V141 NKT cells than V,19i T cells and Cdld 1™ "mice did
not show protection from EAE (Fig. 2a), we sought to determine
whether the deletion of small numbers of MR -restricted T cells could
g!ltr the clinical course of EAE. Compared with wild-type nontrans-
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enic controls, Mr1™"~ mice showed a significantly more severe form of
EAE with an earlier onset (P < 0.05; Fig. 3¢ and Table 1). Further-
muore, T cells from MrI™= mice proliferated more and produced more
Tyl cytokines and less [L-10 (data not shown). These experiments
collectively suggest that V,19i T cells have a regulatory function in a
Tyl -mediated autoimmune disease.

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

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

Figure § V, 19 Tcells induce B cells to secrete IL-10. (a) Intracellular
flow cytometry of IL-10 production by liver ¥, 191 T cells fram naive
V,19iTgCald 1™ mice, cultured for 72 h with MOGI35-55)-specific
splenocytes and MOG(35-55), Areas to the right of dashed lines indicate
positive callular staining: numbers in histograms indicate percentage of
IL-10-producing cells expressing vanous surface markers (above plots).
Data are representative of two separate experiments. (b) Real-time RT-PCR
of the expression of transcnpts encoding vanous cytokines {(above graphs) by
splenic CD19* B cells or CDA4* T cells sorted from mice with EAE. Data are
expressed as a percentage of expression of Hprtl and are represantative of
two separale expeniments. *, P < 0.05 (two-tailed Student’s Mtest)

Figure 4 Interactions of ¥, 15 T celis and splenocytes induce (L-10,

{a) Cytometric bead assay of IL-10 in the supernatants of liver V191 Tcalls
from naive V, 1 9iTgCdldl~ mice, cultured for 72 h with MOG(35-55)
specific splenocytes and MOG(35-55) (filled bars). In some cases, V,151

T celis wera separated from splenocytes by transwell inserts {open bars)

Controls received NK1.1- liver cells from V,19i1TRCd1d 1™ mice. Data
represent + 5.e.m. from duplicate samples from three indepandent
expeniments. *, P < 0.01. and **, P « 0.001, compared with control
(two-taled Studant’s f-test), (b} Intracellular flow cytometry of IL-10
production by total cells from a. Areas to the nght of dashed lines indicate
positive cellular staining: numbers in histograms indicate percentages of

IL- 10-producing cells. Data are representative of three separate experimants.

a mixed-lymphocyte assay in which we culured NK1.1* or NK1.1™
T cells from V,19iTgCd1d 1™ mice together with MOG(35-55)-primed
nontransgenic splenocytes (Fig. 4a). Neither NK1.1* or NKLITT cells
inhibited the proliferation of MOG(35-55)-primed splenic T cells
restimulated with MOG{35-55) (data not shown). Cytokine analysis
showed that the coculture supernatant contained considerable [L-10
(after stimulation with MOG(35-55)) in the presence of NK1.1* but
not NKLI™ T cells from V,I19iTeCdldI™ mice (Fig. 4a). NK1L.1"
T cells from V,19TgCd1d1~= mice induced [L-10 production even
in the absence of MOG{35-55) (P < 0.05; Supplementary Fig. 2
online). However, [L-10 secretion was significantly enhanced in the
presence of exogenous MOG(35-55) (P < 0.01; Supplementary
Fig. 2). Intracellular cytokine analysis confirmed that [1-10 produc-
tion was induced by the addition of NKI1.1' but not NK1.1™ T cells
from V,19iTgCdld1™~ mice (Fig. 4b). However, in the presence of
transwell inserts, 1L-10 production was inhibited, indicating that
Va19i T cell-mediated IL-10 production depends mainly on cell-cell
contact (Fig. 4a). TL-4 and IL-5 were below the limit of detection (less
than 5 pg/ml), and [FN-y and TNF were slightly upregulated in the
presence of V191 T cells (data not shown).

To determine which cells produced [L-10, in the same coculture
experiment we analyzed [L-10 production by CD19%, CD4', CD8",
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B celldepleted splenocyte samples; 1260 +

a B e ::‘:Y b ~ o ::":r 1 44 pg/ml for B cell-depleted splenocyte
E i’” samples with B cells ‘added back’: and
£oa S = 1704 + 08 pg/ml for nondepleted
5 = ] ey . 2 - splenocyte samples).

ol [ We  hypothesized that an interaction

MoG - . . . MOG - ' . + between MRI on B cells and the V19 TCR

:.;:MFT S : :“‘q'l' B N n on T cells could induce IL-10 secretion from

MOG-primad splanocyles = . - . MOG-primad splenccytes  + ‘ * . both cell types. To test that, we immunized

expeniments. *, P < 0.05, compared with control (two-tailed Studant’s f-test),

CD3*NKIL.1* or CD14* cells using intracellular cytokine flow cyto-
metry. The addition of V191 T cells greatly increased IL-10 produc-
tion by CD19* B cells and CD3* NKI.1* NKT cells (Fig. 5a). CD4'
and CDB" T cells also showed slight increases in IL-10 production in
the presence of V,19i T cells. To demonstrate that B cells were the
main [L-10 producing cells in vivo, we extracted RNA from sorted
splenic CD4' T cells or CDI9' B cells from V, 19iTgCdldI"-
or nontransgenic mice with EAE (Fig. 5b). In agreement with the
results of the in vitro coculture system, we found that B cells isolated
from V,19iTgCdld]™"~ mice had higher expression of mRNA tran
scripts encoding [L-10 than did T cells (Fig. 5b). In addition, B cells
from V,19TgCd1d1™~ mice had higher expression of 10 transcripts
than did B cells from Cdld]™"= mice (Fig. 5b). In contrast, CD4*
T cells from Vo19iTgCd1d1™~ mice had lower expression of Tyl
cytokine-encoding mRNA transcripts than did CD4* T cells from
CdldI™= mice (Fig. 5b).

To determine if V5191 T cell-B cell interactions are essential for
IL-10 production in the coculture system, we immunized B cell-
deficient (UMT) mice with MOG(35-55) 10 obtain a source of MOG-
primed spleen cells lacking B cells. After culture together with V,19i
T cells, B cell-deficient splenocytes produced less 1L-10 than did wild-
gypc nontransgenic splenocytes (Fig. 6a). As pMT knockout mice may
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have unusual follicular architecture, to exclude potential indirect
effects we repeated these coculture experiments using B cell-depleted
wild-type nontransgenic splenocyte samples, B cell-depleted spleno-
cyte samples produced less [L-10 than did nondepleted splenocyte
samples whereas the readdition of wild-type B cells to B cell-depleted
splenocyte samples restored IL-10 production (363 = 1.2 pg/ml for

Figure 7 |COS-B7RP-1 costimulation contributes to V, 191 T cell-induced
B cell IL-10 production. (a) Flow cytometry of costimulatory molacule
expression on the surface of liver V,19i T cells {filled histograms) and naive
splenic T cells from C57BL/G mice (dotted lines). Data are representative
of three separate experiments, (b) Cytometric bead assay of IL-10 in the
supernatants of liver V,19i T cells from naive mice, cultured with
MOG(35-55) and MOG(35-55)-specific splenocytes trom wild-type
nontransganic EAE mice in the presence of isotype-matched control
antibody (Ctrl mAb) or of blocking antibodies specific to various
costimulatory molecules («-: below graph), measured after 72 h of
incubation, Data are representative of two separate experiments.

(€) Cytometric bead assay of IL-10 in the supernatants of liver V,19i T cells
from naive V,1HTgCd1d 1" mice, cultured with MOGI35-55) and
MOG{35-55)-specific splenocytes or sorted B cells from wild-typa
nontransgenic EAE mice in the presence of varows antibodies (key),
measured after 72 n of incubation, *, P < 0.001, compared with control
groups {analyss of variance). Data represent mean + s.e.m. of triplicate
samples from two separate expernimants.
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Figure 6 V,19) T call-induced IL-10 production is partially B cell dependent but completely MR1
independent, Cytometnc bead assay of IL-10 in the supernatants of liver V, 19t T cells from naive
V. 19iTgCd1d1" mice, cultured for 72 h with MOGI35-55) plus MOGI35-55)-specific splenocytes
from wild-type nontransgenic or B cell-deficient pMT mice (a) or from wild-type nontransgenic or
MR 1-deficient mice (b). Data represent mean + s.e.m, of duplicate samples from three independent

MrI™= mice with MOG(35-55), followed by
coculture experiments. In the absence of
MR, V.19 T cell-mediated IL-10 produc-
tion was not reduced (Fig. 6b). These results
suggest that V, 19 T cell-induced IL-10 pro-
duction can occur at Jeast in part through
MRI-independent interaction with B cells.
However, non-B cells also seem to contribute 1o V191 T cell-induced
IL-10 production.

Costimulation in V,19i T cell-induced IL-10 production
Naive V191 T cells from V19iTgCd1d 17"~ mice expressed more of the
costimulatory molecules CD278 (ICOS), CD8s (B7-2), CDI54
(CD40L) and CD28 than did naive splenic T cells (Fig. 7a). V1%
T cells also expressed CD44 more ‘brightly’ than did naive T cells (data
not shown). These results indicate that V,19i T cells have an activated
or memory phenotype, similar to that of V,14i NKT cells' and
‘mucosal-associated invariant T cells' isolated from gut mucosa’,
Given that MR is not required for IL-10 production, we hypothe-
sized that costimulatory interactions may provide the stimulus for
IL-10 production, To test that, we repeated the coculture experiments
in the presence of blocking antibodies specific for the costimulatory
malecules B7RP-1, CDA0, CDA6 and CD4OL We found that blockade
of each costimulatory pathway resulied in significantly lower IL-10
secretion than that of control cocultures treated with control immu-
noglobulin (Fig. 7b). However, blockade of the ICOS-B7RP-1 path-
way inhibited [L-10 production most substantially, To extend those
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findings further, we cultured V,191 T cells together with purified B
cells. This resulted in B7RP-1-dependent IL-10 production (Fig. Te).
B7RP-1 Hockade partially inhibited [L-10 production in cocultures of
Vo190 T cells and splenocytes and fully inhibited IL-10 production in
cocultures of V191 T cells and purified B cells (Fig. 7¢). These results
suggest that although B cells are a chief producer of IL-10 in this
system, other cell types also contribute to V,191 T cell-induced IL-10
production. Furthermore, the ICOS-B7RP-| pathway is vital for V,19i
T cell-induced, B cell-mediated [L-10 production, as blockade with a
combination of antibodies to costimulatory molecules (B7RP-1,
CD80, CD86 and CDM40L) inhibited [L-10 to the same degree as
anti-B7RP-1 alone (Fig. 7c). H , other costimulatory molecules
are imvolved in V, 19 T cell~induced [L-10 production from whole
splenocytes (Fig. 7b).

DISCUSSION
Although T cells expressing the invariant V,19-1,33 TCR chain were
first identified in 1993 (ref. 22), knowledge of the immunological
function of this invariant T cell population is still limited. Never-
theless, important characteristics of this lymphocyte subset have been
characterized, including their restriction by MRI, their TAP (trans-
porter associated with antigen processing}—independent development
in rodems, humans and catle, and the notable interspecies conserva-
tion of this invariant TCR. Because CD1d-restricted V, 14 NKT cells,
which influence autoimmunity, have similar properties, we speculated
that MR1-resricted T cells would also be capable of modifying
autoimmunity. However, Vo191 T cells are distinet from V, 14i
CD1d-restricted T cells in their 'preferential’ distribution in the gut
mucosa and their dependence on the p e of B cells and gut flora.
V,7.2i T cells, the human homolog of V19 T cells, are present in
lesions of patients with multiple sclerosis®®, As multiple sclerosis is a
demyelinating di imvolving i T cells, B cells, macro-
phages and various inflammatory mediators, it is possible that MR1-
restricted T cells may regulate ongoing disease activity in the CNS.
Using an animal model of multiple sclerosis, we examined the effect of
overexpression or deletion of MR -restricted T cells on disease course
and scvcmy Our study suggests that V191 T cells can suppres
infl In addition, we have shown that V,1%

9[ cells have a memory or activated surface phenotype and are able to

produce large amounts of Tyl and Ty2 cytokines. NKLI® T cells
from V;19iTg mice produced more cytokines than did NK1.1* T cells
from V I9iTgCd1di~~ mice, indicating a possible interaction between
CD1d- and MR1 -restricted lymphocytes.

We undertook several approaches to determine whether V, 1%
T vells regulate EAE pathog Overexpression of V191 T cells
protected mice from clinical EAE. Inhibition of EAE was associated
with reduced infiltration and demyelination of the spinal cord as well
as a decrease in the production of disease-promoting Ty | cytokines in
the dnaining lymph nodes and spleen and a reciprocal increase in
IL-10, 2 well established inhibitor of EAEY™-" IL-17-secreting cells,
which function independently of Tyl cells, may promote EAE'!. Here
we determined that the inhibitory effect of V191 T cells s biased
toward prevention of secretion of Tyl cytokines rather than IL-17,

A potential limitation of TCR-transgenic models is the possible
disruption of conventional TCR diversity, which could skew TCR
recognition of MOG, However, this is unlikely, as anti-MOG T cell
proliferative responses were similar in wild-type nontransgenic and
V,19iTg mice. Furthermore, we adoptively transferred liver V,19i
T cells from npaive V,I9%TgCdIdI™™ mice ino wild-lype nontrans-
genic mice with EAE, which express natural TCR diversity. In those
experiments, Vo191 T cells effectively inhibited EAE, suggesting that

V191 T cells have a regulatory function during EAE. However, a
potential limitation of our model is the difficulty of obtaining pure
V19 T cell preparations because of the lack of a V419 TCR—specific
antibody. Therefore, experiments using sorted CD3* NKILI' cells
from V,19iTgCdldI™™ mice may also contain small numbers of
non=V,14i TCR NKL.1* T cells of other TCR specificities. To ascertain
whether normal numbers of V,19i T cells in wild-type nontransgenic
mice could be involved during EAE, we induced EAE in MrI~~ mice
and found that the absence of V,19i T cells resulted in a more severe
clinical disease than that of wild-type nontransgenic mice.

Va1 T cells most likely exert their main t[fm.s in the peripheral
lymphaid tissue, as the reduction in proinfl y cytokines and
increase in [L-10 was in the draining lymph nodes md spleen. We also
demonstrated that the protective effect of V,19i T cells was indepen-
dent of V,14i NKT cells by using V,19iTg mice on a CD1d-deficient
background. Notably, we found reduced adhesion molecule expression
on effector T cells from V,19iTgCd1d 1™~ mice, which correlated with
reduced T cell infiltration of the CNS. However, we did note low
numbers of V4191 T cells (CD3*NKL.1" from V19 TgCdldI™ mice)
and B cells in the CNS of mice with EAE, suggesting that V;19i T cells
may also regulate EAE in the CNS.

Coculture experiments suggested that IL-10-producing B cells are
involved in the amelioration of EAE in V, I19TgCdldI™ mice.
Notably, that finding is consistent with published studies demonstrat-
ing that IL-10-producing B cells are involved in spontancous remis-
sion from EAE and could limit clinical disease when adoptively
transferred into mice with EAEY or a model of collagen-induced
arthritis"?, However, those results do not exclude the possibility that in
vivo, other cell types are also involved in V,19i T cell-mediated
immune regulation. B cells express MR1 (ref. 34), and V4191 T cells
are MR restricted’, but [L-10 production was unaffected in coculture
experi s with lymphocytes from MRI-deficient mice, suggesting
that MR1, although necessary for V191 T cell selection, is not essential
for V419 T cell-induced B cell 1L-10 production,

T cell acti req) TCR lation as well as costimulatory
signals. Many costimulatory molecules that regulate cell activation and
cytokine secretion have been identified: 1COS and its ligand B7RP-1,
CD40-CD40L and CD28-CDB0 and CD28-CDB6 (refs. 35-38), [COS
costimulation induces [L-10 production as well as help for B cell
maturation and CD40L expression’®, The exp of costimula-
tory molecules on V19 T cells was unknown before; we have
demonstrated here that V,19i T cells express 1COS, CD28, CDas
and CD4OL. To determine the contribution of each of these costimu-
latory signaling pathways on the production of IL-10 after V,19i
T cell-B cell interactions, we repeated the coculture experiments using
blocking monoclonal antibody to each of the costimulatory pathways.
We found that blockade of the ICOS-B7RP-| pathway inhibited [L-10
production. Furthermore, blockade of the CD40-CD40L, CD28-CDS0
or CD28-CD86 pathway also blocked IL-10 production, although not
1o the extent seen with ICOS blockade.

Commensal lora in the gut are important for the selection of V, 19
T cells’, V419 T cells may also control gut production of immuno-
globulin A from B cells, suggesting involvement of V4191 T cells in
intestinal B cell regulation’, Additionally, 1L-10 is important for
inhibiting excessive inflammation toward gut flora", and it has
been shown that [L- 10 and transforming growth factor-B are involved
in ims globulin A synthesis and secretion'?, In the presence of
[L-10 and CD40-CD4OL signaling, production of immunoglobulin A
is increased™. Thus, our findings presented here are consistent with
the hypothesis that V191 T cells are involved in the homeostasis of gut
immunity™. We have shown that V,19i T cells help B cells produce
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IL-10, which in nonpathogenic conditions may inhibit infl
against gut flora required for V,191 T cell selection. Therefore, we
propose a model of V,191 T cell-induced protection from EAE
whereby V191 T cells interact with B cells in lymphoid tissue through
ICOS-B7RP-1 and to a lesser degree through other costimulatory
pathways to induce IL-10 production, which in turn can inhibit the
production of di pr ing Tyl cytokines such as IFN-y and
TNE In conclusion, here we have identified a protective function for
imvariant V, 191 T cells in autoimmune disease. In contrast to ‘con-
ventional” V 14i NKT cells, more T cells express the V, 191 TCR
human homolog V;7.2-],33 than in mice and therefore these cells
may prove to be useful therapeutic targets for the treatment of
autolmmune disease.

METHODS

Mice and induction of EAE C57BL/6 mice (CLEA Laboratory Animal), pMT
mice {lackson Laboratories), V,419iTg mice®, Vo 19TgCdId] " mice, Cdldl~
mice and Mr1*" mice” were mai 1 in specific path 1 in
accordance with institutional (National | of Neurosdence,
Tokyo, lapan.). Mri™" mice were backcrossed to CS7BL/6 mice for ten
generations®’. Mice were injected subcutancously with 100 pg MOG(35-55)
and | my heat-killed Mycobacterium tuberculosis HITRA (Difco) emulsified in
complete Freund's adjuvant. Pertussis toxin (200 ng in PBS; List Biological
Labaratories) was inpected intraperitoneally on days 0 and 2 after immuniza-
tion. EAE clinical symptoms were assigned scores daily as follows 0, no chmical
signs: 1, loss of tail tnnulr)': 2, |n1[|.‘|m'd righting reflex; 3, partial hindlimb

ralysis; 4, total hindl

e &

L4l

Cell sorting and sdopri fer. For depletion of NK cells, mice were
injected intraperitoneslly with 100 pg anti-asialo-GM, (ref 44) 48 h before
purification of V419 T cells Liver or spleen cells were isolated from mice
by Percoll density-gradient centnifugation, and NKT cells, B cells and T cells
were  purifind with the AutoMACS cell purification  system  (Miltenyi
Biotech). NKT cells were isolated using phycoerythrin-conjugated ant-NK1.1
(PK136; BD Pharmingen) and anti-phycoerython microbeads  (Miltenyi
Biotech). The purity of isolated NK1.1° T cells, assessed by flow cytometry,
was more Ihan 0%, ln some experiments, single-cell suspentions were
incubated wit thiocyanate-anti-CD3 (2C11; BD Pharmingen)
and ph)u\:rylhun-:mi-"ml.l (PK136, BD Pharmingen) for sorting by flow
cytometry. B cells and T cells were isolated from the spleen with anti-CD19

icrobeads or the ‘pan T cell' kit (Miltenyi Biotech). For adoptive transfer
studies, liver CDI'NKLI® Vo9 T cells were sorted fom  nave
VI9iTgCdldl ™ mice as described above, and | # 107 V195 T cells were
injected intraperitoneally into naive CSTBL6 recipient mice on the day of
immunization with MOG(35-55). Control groups received identical numbers
of CDI"NKI1.1™ hepatic cells.

Cell proliferation and cytokine analysis. For in virro stimulation of sorted
Val9i T cells, CD¥NKLL" and CDI*NKL1™ cells were suspended in RPMI
1640 lium (Sigma) suppl | with 104 FCS, 2 mM t-glutamine,
100 Uiml of penicillin-streptomycin, 2 mM sodium pyruvate and 50 pM
i procthanol and were lated with i + iiiml anli-Cm (5 pg/ml,
BD Pharmingen). Cytokines were 1 with i i
bead assay kits (BD Blosciences) at 24, 48 and 72 h after smnulnhun with
maouse Ty 1-Ty2 oytokines. At 10 d after EAE induction without pertussis toxin,

yelin-specific T cell were L Lymphocytes (1 = 10°) were
cultured with MOG(35-55) (1=100 uM for proliferation studies and 100 uM
for cytokine analysis), Cytokines were measured with a cytometric bead assay
kit (KD Hiosciences) or an 1117 enzyme-linked immunosorbent assay kit
(BD Fharmingen) at 72 h after stimulation. Identical sets of wells were used for
proliferation studies, After 72 h, cells were incubated with |"Hthymidine
(1 uCitwell) for the final 16 h of culture and incorporation of radivactivity was
analyzed with a f-1205 counter (Pharmacia). Proliferation was determined
from triplicate wells for each peptide and is 1 as counts
per minute.

+
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— 48

marker ysis, quantification of CNS leukocytes and histology.
The surface phenotype of sorted V1% T ..:Lh wn analyzed by flow cytometry.
pecific was inhibited by 1 i with anti-CD16/32
(BD Pharmingen). Ccl!; were then stained wlth fi ce-labeled antibodi
specific for CD4, NKL1, TCRB, CD3, CD44, CD49d4, CD19, CD8,
CD14, CD28, CD278, CD86 or CD154 (BD Pharmingen) or CCRI and
CCR2 (Santa Cruz), followed by phycoerythrin-conjugated anti-goat immu-
noglobulin G (Santa Cruz), and were analyzed with & FACSCalibur (Becon
Dickinson). Intracellular cytokines were analyzed by flow cytometry with the
B CytofidCytoperm kit (BD Pharmingen). g of paraffin.embedded
spinal cords with lusol fast blue and with haematoxylin and ecsin was done by
SRL. For quantification by tlow cytometry, spinal cords were homogenized
through 70-pm nylon mesh and by Percoll density-gradient centrifugation to
form single-cell suspensions.

RNA extraction and real-time RT-PCR. The SV Total RNA isolation kit
(Promega) was used for isolation of total RNA from sorted liver or splenic NKT
cells, T cells or B cells according to the manufacturer’s instructions. First-strand
cDINA was generated with the Advantage-RT kit (Clontech). The Light Cycler-
FastStart DNA Master SYBR Green | kit (Roche Diagnostics) was used for real-
time pu: Gene expression valm's were normalized to expression of the

phosph: U (Hpral} b ping’ gene
l‘nmm from ch Co are ||s|v:d in Suppimmhry Tahle 1 online.

Mixed-lymphocyte experimenta. MOG(35-55)-specific spleen cells (2 = 107)
isolated from wild-type nontransgenic mice 10 d after EAE induction were
mixed with liver V191 T cells (5 = 10°) sorted from naive Vo 195 TgCdldl
mice, in the presence of 100 pg/ml of MOG{35-55) in 24-well plates or
transwell plates (Corning). Where indicated, MOG{35-55)-specific spleen cells
were polated from Mrl™ or pMT mice or were subjected to deple-
tien with anti-CI019 microbeads {Miltenyi Biotech). Costimulatory molecules
were blocked with 10 pg/ml of anti-B7RP-1 (HK5.3) or anti-CD401, (MR1) or
with anti-CDR0 and anti-CIORA (16-10A1 and GLI, respectively; all from BD
Pharmingen)’®. Aker 72 h. cytol in the sup were analyzed by
cytometnic bead assay, enzyme-linked immunosorbent assay or intracellular
flow cytometry, Proliferation of MOG(35-55)-specific lymph node cells was
assessed 24 b atter the addition of I‘H}Ih)rmnlmr (1 pCinwell) to 96-well plates,

Statistics. EAE clinical scores for groups of mice are presented as the mean
group clinical score & sem. and staristical differences were analyzed by the
Mann-Whitney U nonparametne ranking fest. Cytokine secretion data were
analyzed with the two-tailed Student’s ¢-test or one-way analysis of variance
with Tukey post-analysis for multiple group analysis

Note: Suppl ¥ arif u

'‘FF 4

kable an the Nature Immunology webiite.
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NKT Cell-Dependent Amelioration of a Mouse Model
of Multiple Sclerosis by Altering Gut Flora

Hiroaki Yokote,*! Sachiko Miyake,*
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From the Dep of I logy,* National Institute of
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Improved hygiene has been suggested to influence
certain autoimmune disorders, such as multiple scle-
rosis. In this study , we addressed whether altering the
composition of gut flora may affect susceplibility to
experimental autoimmune encephalomyelitis (EAE),
an animal model of MS. We administered a mixture of
non-absorbing antibiotics, kanamycin, colistin, and
vancomycin (KCV), orally to mice induced to develop
EAE. The antibiotic treatment, beginning 1 week prior
to sensitization, altered the composition of gut flora
and, intriguingly, also ameliorated the development
of EAE. While this result was associated with a re-
duced production of pro-inflammatory cytokines
from the draining lymph node cells, a reduction of
mesenteric Th17 cells was found to correlate with
disease suppression. In addition , we found that Val4
invariant NKT (iNKT) cells were necessary for main-
tining the mesenteric Th17 cells, The homologous
effects of KCV treatment and iNKT cell depletion led
us to speculate that KCV treatment may suppress
EAE by altering the function of INKT cells. Consis-
tent with this hypothesis, KCV treatment did not sup-
press EAE that was induced in INKT cell-deficient
mice, although it was efficacions in mice that lacked
Val9 mucosal-associated invariant T cells. Thus, gut
flora may influence the development of EAE in a way
that is dependent on iNKT cells, which has significant
impli for the preve and treatment of au-
toimmune diseases. (Am J Pathol 2008 17317141723
DOI: 10.2353/ajpath. 2008 0S0622)

The immunopathology of autoimmune diseases is still
poorly understood, although comprehensive and multi
disciplinary approaches continue o give us new Insight
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into the mechanisms of disease. Pravious studies have
generally supported a pathogenic role of interferon
(IFN)y-producing Th1 cells in autoimmune diseases such
as multiple sclerosis (MS) thal aftect 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 Th1 and Th2 cells has been
posed as a key issue In understanding the pathogenesis
of MS.? However, the lraditional *“Th1/Th2" paradigm is
now facing a fundamental challenge since a third class of
helper CD4 " T cells, named Th17 cells, have been found
to cause autoimmune inflarmmation. ™= Th17 cells are
|IL-23-dependent cells that are distinct from Th1 and Th2
cells in their ability to produce IL-17%~® and their use of
the AOR transcription factor.® Although the relationship
between Th17 cells and Th1 or Th2 cells remains to be
fully 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.’

Itis widely accepled that development of autoimmune
disease is under control of both genetic and environmen-
tal factors. For example, recent whole genome analysis
has revealed thal several genes including human leuko-
cyte antigen-DR are positively linked with the suscepti-
bility to MS.™" In contrast, most of our knowledge about
environmental factors relies on epidemiclogical data. Re-
sults of migration studies, as well as the reported pres-
ence ol clusters or outbreaks of M3, have illustrated
potential environmental influences on MS, Including in-
fection, stress, sunlight exposure, and sex hormone, '*74
While an altered intestinal microflora has been suggested
to be an environmental risk factor for rheumatold arthri-
tis,® inflammatory bowel disease,’® and human allergy
and asthma,’” the status of gut flora has rarely been
evaluated as a potential risk factor for MS.
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Recent studies have shown that animals bred In a
germiree environment are characterized by having low
densities of lymphoid cells in the gut mucosa, a reduced
size of specialized tollicle structures, and low concentra-
tions of immunoglobuiins in the peripheral blood.'®-2" |t
is also of note that the intestinal lamina propria (LP) has
been identified as a site that is constitutively inhabited by
Th17 eells.® 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 if oral
administration of the mixture of non-absorbing antibiotics
kanamycin, colistin, and vancomycin (KCV) could modify
the development of experimental autoimmune encepha-
lomyelitis (EAE) induced in C57BL/6 (B6) mice sensilized
against a myelin oligodendrocyte glycoprotein (MOG)
peptide of amino acids 35 1o 55 [MOG (35-55)]. Here we
report that continuous oral KCV treatment, starting one
week before immunization, signilicantly suppressed the
development of EAE along with altering gut flora. Sup-
pression of EAE was accompanied by a reduced produc-
tion of pro-inflammatory cytokines from the draining
lymph nodes (dLNs) in response to MOG (35-55), While
the antibiotic reatrment 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 nalve mice. Furthermore, unexpectedly we
found that the Th17 cells in the MLNs are greally reduced
in Cd1™~ mice or Ja287~/~ mice, which lack invariant
Va4 patural 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
freatment 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 iINKT
cells. Consistently, oral KCV treatment did not alter the
development of EAE in INKT cell-deficient mice, These
results indicate that INKT cells play a critical role in the
dialogue between host and commensal flora.

Materials and Methods
Mice and Induction of EAE

Six-week-old fermale B6 mice were purchased from CLEA
Laboratory Animal Corporation (Tokyo, Japan), Mr1 "
mice were provided by Dr. Susan Gilfillan, (Washington
University School of Medicine, St. Louisj*® and were
backcrossed to BE mice for ten generations. p2-micro-
globulin™~ mice were purchased from Jackson Labora-
tories, Cd1 ~~2* and Ja281 ™~ 2* 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 B6 mice for ten generations.
Anirmals were maintained in specific pathogen-free con-
ditions in accordance with the institutional guidelines. For
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induction of EAE, BE mice were injected subcutaneously
with 100 g MOG (35-55) (MEVGWYRSPFSRVWHLYRNGIK)
(TORAY Labaratory, Tokyo, Japan) and 1 mg heat-killed
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-
torns 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 protocol after adding
minor modifications.® Briefly, 1o examine the effects of
altering gut flora, a group of mice were given ad fibitum
access to drinking water supplemented with kanamycin
(1 mgfmi), colistin (2000 U/mi), and vancomycin (0.1
mg/mil). Normal drinking water was given to another
group of mice serving as control. For immunological stud-
ies of MLNs, LPLs, and splenocytes, the antibiotic-con-
taining water was continuously given for 1 week untll
individual experiments were conducted. To avaluate the
effect of antibiotics on EAE and recall responses, the
treatment was slaned 1 week belore immunization, and
continued during the entire observation period.

Call Proliferation and Cytokine Analysis

To measure cell proliferation and cytokine production, we
stimulated lymph node cells (1 x 10°well) with anti-CD3
antibody (2C11) at 5 pg/mi for 72 hours in 96-well round-
bottomed plates, For evaluating MOG (35-55)-specific
recall responses, we stimulated lymph node cells (1 x
10%/well) with MOG (35-55) peptide at 1 to 100 wmol/L for
72 hours. The cells were suspended in RPMI 1640 me-
dium (GIBCO) supplemented with 10% fetal calf serum, 2
mmol/L L-glutamine, 100 U/mi of penicillin-streptomycin,
2 mmol/L sodium pyruvate and 50 mmol/L g-mercapto-
athanol, T call proliferation to MOG (35-55) was determined
by measuring the incorporation of [*H] thymidine (1 wCi/
wedll) during the last 24 hours of culture in a B-1205 counter
(Pharmacia, Uppsala, Sweden). Assays were conducted in
rriplicale wells and data were expressed as counts per
minute (c.p.m.). Culture supernatant was collected 72
hours after stimulation, and cytokines In the supematant
were measured by using cytometric bead array kits for
mouse inflammatory cylokines (BD Biosciences) 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 specific an-

libodies after incubation with anti-CD18/32 1o avoid non-
specific staining and were analyzed with a FACSCalibur
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(BD). Except for Foxp3-APC lrom eBioscience, all of the
other antibodies were oblained from BD Pharmingen. For
flow cytometric analysis of CNS-infiltrated cells, spinal cords
were homogenized, passed through 70-pm 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.

Intracellular Staining

Cells collected from MLN were stimulated with phorbol
12-myristate 13-acetate (50 ng/mi) and lonomycin (750
ng/mi) for 5 hours in the presence of GolgiPlug (BD
Biosciences), Cells were first stained extracellularly with
PerCP-conjugated anti-CD4, APC-conjugated anti-T cell
receptor-B and a-GalCer-loaded Dimer X recombinant
soluble dimeric mouse CD1 days (BD Pharmingen), and
then stained with fluorescein isothiocyanate-conjugated
mAb A85-1 specific for mouse 19G1 (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-
sciences), Samples were acquired on a FACSCalibur (BD
Biosciences), and data were analyzed with CELLQuest soft-
ware (BD Biosciences).

Isolation of Larnina Propria Lymphocytes

Inestines were removed from euthanized mice and
placed in ice-cold PBS cortaining 25 mmol/L HEPES.
After removal ol residual mesenteric fat tissue, Peyer's
palches were carelully excised, and the Intestine was
opened longitudinally. The Intestine was then thoroughly
washed in ice-cold PBS and cut into 1.5-cm pieces, The
pieces were incubated four times in 5 ml of 5 mmol/L
EDTA, in 10% fetal calf serumy25 mimol/L HEPES/PBS for
15 minutes at 37°C with fast rotation (200 rpm). After each
round of incubation, the epithelial cell layer, containing
the intraepithelial lymphocytes, was removed. Alter the
fourth EDTA Incubation, the pieces were washed in PBS,
and placed in 25 ml of RPMI containing 20% fetal calf
serum, 25 mmol/L HEPES, and 300 U/ml of Collagenase
H (Roche). Digestion was performed three times by in-
cubating the pieces at 37°C for 40 minutes with slow
rotation (100 rpm). The solution was then vortexed in-
tensely and passed through a 70-mm cell strainer. The
pleces were collected and placed into fresh digestion
solution. The procedure was repeated three times. Su-
pernatants from all three digestions from a single small
intestine were combined, washed once in cold PBS, re-
suspended in 5 ml of the 40% fraction of a 40:80 Percoll
gradient, and overlaid on 2 ml of the 80% fraction ina 15
mi Falcon tube. Percoll gradient separation was per-
formed 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 bufler or T cell medium, The cells were used
immediately lor experiments.

RNA Extraction and Real-Time Reverse
Transcription-PCR

The SV Total RNA isofation kit (Promega) was used for
isolation of total RNA from mesenteric lymphocytes or
splenocytes according to the manufacturer's inslruction.
First-strand cDNA was generated with the Advantage-RT
kit (Clontech). The Light Cycler FastStart DNA Master
SYBR Green | kit (Roche Diagnostics) was used for quan-
titative PCR analysis. Gene expression values were nof-
malized to expression of the hypaxanthine guanine phos-
phoribosyl translerase (Hpr) as ‘housekeeping' gene.
QuantiTect Primer Assay (Qiagen) was used for amplifica-
tion of IL-21 and IL-23. The other primers used were as
tollows: HPRT forward, 5'-GTTGGATACAGGCCAGACTTT-
GITG-3; HPAT reverse, 5 -GAGGGTAGGCTGGCCTATAG-
GCT-3": RORWorward, 5-TGTCCTGGGCTACC CTACTG-3';
RORY  revarse, 5-GTGCAGGAGTAGGCCACATT-3"
TGF-B1  forward, 5-TGCGCTTGCAGAGATTAAAAZ',
TGF-B1 reverse, 5'-GCTGAATCGAAA GCCCTGTA-3"; IL6
forward, S'-TTCCATCCAGTTGCCTICTT-3'; IL6 reverse,
5 -CAGAATTGCOQATTGCCATTGCACAAC-3'.

Statistics

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

Resuilts

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

With an attempt to modulate the composition of intestinal
flora, we treated wild-type BE mice orally with a combi-
nation of antiblotics KCV as described in Materials and
Methods, Because these antibiotics are not absorbed
through gut mucosa,®” any effect caused by this treat-
ment is thought 1o arise from within the gut lumen. To
aexamine whether our treatment protocol would change
the composition of intestinal flora, 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 fiora from the two groups of
mice, MA plots were illustrated from the flucrescent im-
ages. Although each spot on the FloraArmray Is derived
from a number ol different strains in the commensal mi-
croflora, this analysis gives us useful information regard-
ing the composition of gut flora. The MA-plot analysis
revealed that 722 out of 1536 spots showed more than
twofold increase In the fecal DNA sample from KCV-
freated mice as compared with those from control mice.
By contrast, 824 spots showed more than twofold In-
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Figure 1. Altered composition of the intestinal microflom by onl adminis-
tration of antibictics ECV. A custom DNA micmarmy named FlomAmay ™
wus used for evaluating the gut flora of inice. Briafly, genomic DNA was
extmcted from freshly collectad fecal samples and fragmented by physical
force. DNA fagmenss of approximataly 2.0 kb were inserted inlo the plIC
vector 1o construct 3 shotgun libniry, Plasmid DNA was then extraced from
this library. A DNA microarsy was fabricated by spotting the randomly
selected plasmid DNA withoot amplification on o glass slide. For analysis of
sample DNA by the array, génanic DNA was extracted from fecal content of
either control or KSV-traated mice afler 1-week treatment with antibictics
KCV, and punfied DNA was labeled with Cy3 or CyS, respeciively. Then
Fuiorescent images were analyzed by scanning the amay after performing
compelitive ybridizition with miked labeled DNA on the army, To compare
the signal tntensities between the two samples with or without antibictics
reatment, the data spots were displayed as MA plots, Red circles and blue
circles repredent dais of samples from control and KCVotreated mice,
respectively.

crease in fecal DNA from control mice as compared with
the mice rreated with antiblotics (Figure 1). We addition-
ally performed quantitative PCR analysis and revealed
that the antibiotic treatment caused differential and recip-
rocal changes in the quantity of each bacterium species.
For example, a great reduction of Lactobacillus munnus
and Bacteroldes fragilis was seen in the feces from KCV-
treated mice, whereas Bacteroides thefaiolaomicron 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 flora.

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-comtaining 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 dermyelination at the lum-
bar region of the spinal cord of the treated mice (Figure
2B}. Moreover, we observed a lower number of total CNS
infiltrating cells at an active stage of EAE (day 18) in
KCV-treated mice than in control mice when we [solated
monanuclear cells from CNS of those mice (data not
shown), In parallel, we examined the recall responses of
the dLNs to MOG (35-55) on day 11 after immunization.
Although proliferation rates of the dLNs In response to
MOG (35-55) were comparable between KCV-treated
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Figure Z Suppression of EAE by oml KOV treatment. As Clinlcal score of
F.»\E .I\fu:r :mmumnd with MOG (35-55) mice were treated with KCV as

lin A and Methods, Clinical EAE soores of KCV-treated mice
(KCV) and of control mice (control) ane shown, Data represent mean score =
SEM from a representaiive of three experiments (n = 5 for sach group of
mice), The bar Indicates the dumtion during which a significant difference
was obtorved borwveen KCV and control, *F < 0.05 (Mann-Whitney Liest
B Histopathological assessment of the G\‘ﬁ region in BEAE-induced nilce
Shown are cellular infil and demy { wheads) of the lum-
bar spinal cond of control or KCV-treated mice on day 18. Paraffin-embedded
spinal conds were stained with hixol fast blue Qeft paneh) or HAE (right
paneis). Representalive figures from fwo separate expenments are demon-
mruted Scale bar = 100 um

mice and control mice (Figure 3A), the dLN cells lrom the
treated mice produced significantly lower amounts of
pro-inflammatory cytokines IFN-y, TNF-a, IL-6, and IL-17
in response to MOG (35-55) (Figure 3B), consistent with
the suppressed signs of EAE. We also measured the
recall response of the MLNs 1o MOG (35-55). The MLN
cells from control mice immunized with MOG (35-55)
showed significant responses to the MOG peptide in the
prolfiferative 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 dLNs 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. ##*? Next we investigated whether the antibiotic
treatment induced an aiteration of the MLN cell functions
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Figure 3. Reduced MOG-specific nsponses in diN and MLN cells from
KCVetreated mice. A1 Effect of RCV on the lymphocyte proliferative re-
sponses, Draining ymph nodes (dLNs) were removed from control or RCV-
treatsd mice 11 days after immunization with MOG (35-55) and the total
lymphuid cells (1 % 10*) were stmulated with varyving deses of MOG (35-55)
peptide for 72 hours. Prolifertive responses were assessed by ["H] thymidine
incorporation. Data are from one of three independent experiments, show-
ing the mean of wiplicate samples. Br Effea of KCV ireatinent on MOG
(35-55)-reactive T cells in the dLN. Supematants were collected after stimu-
lating the dLN cells of day 11 with 100 umol/L MOG (35-55) peplide in vitro
for 72 houns. Cytokine concentration was measured by cytomeiric bead army
or ELISA as described in Materials and Methods. Data represent the mean =
SEM of duphcated samples from one of three separate experiments (n = 2
mice), *F< 0,05 (twe-talled Student's Fest) G Effect of KCV treatment on
MOG (35-55)-reactive T cells in the MIN. Whaole MLN cells wern isolated
from control or KCV-treated mice (m = 2) 11 days after EAE induction. The
cells were stimulated with MOG (35-55) as conducted for dIN cells and
proliferative responses (upper panel) and IL-17 production (Jower panel)
were measured. [1-17 was measured by using FLISA. Data represent the
mean = SEM of triplicate samples from one of two Independent experiments
L= 2 mice), *F < 0,05 (rovo-tailed Stdent's Fest),

in nalve wild-type mice. First we compared the ability of
the MLN cells to produce pro-inflammatory cytokines on
slimulation with plate-bound anti-CD3 antibody, Prolifer-
ative responses of the MLN cells were not affected or
slightly suppressed al most by KCV treatment. Interest-
ingly, MLN cells from KCV-treated mice secreted signif-
icantly lower amounts of IL-6 and IL-17 compared with
those from control mice, whereas production of TNF-a
and IFN-y was not significantly suppressed (Figure 4, A
and B). In contrasl, splenocyles from both groups of mice
showed assentially similar result following stimulation with
anti-CD3 (Figure 4, A and B). Recently, lvanov et al
showed that an orphan nuclear receptor RORyt s the key
transcription factor that orchestrates the differentiation of
the Th17 cell lineage.® They also showed that Th17 cells
tend 1o accumulate In the mucosa of the small intestine.
Quantitative RT-PCR analysis revealed a lower expres-
sion of ROR4t in the MLN cells from KCV-treated mice as
compared with control mice (Figure 4C), We also found
that the MLN cells from KCV-treated mice secreted sig-
nificantly greater amourits of IL-10 than those from control
mice (Figure 4A), suggesting that the mesenteric T cells
would acquire less inflammatory properties after the an-
tibiotic treatment.

Next we examined whether this reatment may alter the
composition of lymphocytes in the MLN. We found that
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Hgurce 4. Decreased production of inflammaiory cviokines (rom MLN cells
after om] KCV treatment. As Cytokine producion from MILN T cells of natve
mice after KCV Mice were Iy given KCVcontaining o
wontrol water for 7 days. Then MLN cells and splenocvies wers solated and
stimuilated by immobilized anti-CDA. MLMNs (lop panek) of splenocytes (bot-
wm panels) fromm control or KEV-treated miice {unprimed) were stimilated
with inmobilized ant-CD) antbody for 72 hours. Cytokines in the superns-
ants were meisured by using cytometric bead array or ELISA. Data are from
a representative out of three independent experiments (n = 2 mice). *FP<
0.05, TP < 0,001, (Sudent's #test), Ih Prolffertive responses of ML cells
after ani-CDA stimulation. MLN cells and splenocytes were prepared as
described in (A), Proliferative responses were assessed by [PHl thymidine
incorpornation. Data represent the mean = SEM of triplicate samples from one
out of thres independent experiments (n = 2 mice), *F < 0.05 (Student's
#est), G Reduction of RORyt expression after KEV treatment. Total {NA was
isclated from pocled MLN cells prepared from control mice or from mice
given onal KCV weatment for 7 days. RORyt mANA was estinated by quan-
titative RT-PCR and all dats were normalized 1o hpt (n = 2 mice). Dy
Intracelilar expression of Foxp3 for gated CD4* T cells derivad from MLNs
Mice were ghven coatrol or KCV-containing water for | week. Dot plces are
gated on CD4* T cells, Data ase reprosentative of three independent exper-
ttnents showing similar resulis

the total number of MLN cells was almost equal in KCV-
treated and control mice (data not shown). Furthermore,
llow cytometric analysis demonstrated thal the proportion
of dendritic cells, macrophage/monocytes. B cells, con-
vertional CD4™ and CD8™ T cells, NK cells, and NKT
cells in the MLN did not change after treatment with KCV
(data not shown). These data indicate that the antibiotic
treatrment protocol does not exhibil any cylotoxic effect
on the mesenteric lymphocyte populations, although it
remarkably alters the cylokine profile of T cells. We also
examined the frequency of Foxp3™ regulatory CD4™ T
cells in the MLN. Although recent studies have revealed
the presence of reciprocal developmental pathways be-
tween Th17 cells and Fexp3™ regulatory T cells,™ we
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Figure 5. A role of Vald INKT cells in the regulation of mesenteric Th17
cells As [1-17 production by the MIN T cells of mice lacking invarant INKT
or MAIT cells. After 1 week of KCV treatment, MLN cells were solated from
conurel or KCV-treated tice, including wild-type (WT), Mef™"", B2m™"",
CAI™, or Ja281™'" mice The cells were stimuluted with imumobilized
anti-CD3 antibody for 72 hours. [-17 in the supernatant was measured using
ELISA. Dawa are a rep ive of two ind denl experfinents (n = 2
mice). *# < (.05 (Sudent’s &test). Bi Th17 cells in MINs in KCV-treated or
INKT deficient mice. MIN cells were isolated from wild-type mice (WT
control), RCVareated wild-type mice (WT KCV), or INKT cell-deficient
Ja281""" mice and stimulated for 5 hours with phorbol 12-myrisate 13
acetate and wnounycin in the presence of GolgiPlug We conducted sudface
fabeling with the indicated antibody and aGaiCer-loaded CD1 dave dimer as
well as iatracellilar [L-17 staining. Dot plots are gated on €049 T cells
devoid of INKT cells. Data are representalive of two independent experi-
ments (v = 2 mice)

could not detect any increase of CD4" Foxp3™* T cells in
the MLN cells after KCV treatment (Figure 4D).

A Role of Va 14 INKT Cells in the Regulation of
Mesgenteric Th17 Cells that Are Vulnerable to
KCV Treatment

Hecenl sludies have ravealed thal MR1-restricted invari-
ant Va19-Ja33 T cells, also referred to as mucosal asso-
ciated invariant T (MAIT) cells, are preferentially distrib-
uted to gut LP and are strikingly influenced by the
presence of gut flora.***2 We have recently shown that
the MAIT cells could play a regulatory role in EAE
Because of their dependence on commensal flora®*2
we speculated lhat the antibiotic treatment might sup-
press the Th17 cell-mediated EAE disease by using the
regulatory function of MAIT cells triggered by a change of
flora. To verify this idea, we treated MAIT cell-deficient
Mr1~"" mice as well as wild-type B6 mice with oral KCV,
and examined the ability of the MLN cells to produce
IL-17 after ant-CD3 stimulation. Contrary to our specula-
tion, the results showed that the MLN cells from Mr7 ™"~
mice and wild-type mice produced an equivalent amount of
IL-17 either before or after KCV treatment (Figure 5A), indi-
cating that MAIT cells do not play a major role in the sup-
pression of Th17 cells by KCV treatment. However, in ad-
ditional experiments using B2-microglobulin ™ (B2m ")
mice, we found thal the baseline production ol IL-17 by
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the MLN T cells after anti-CD3 stimulation was remark-
ably diminished in the mice, whereas the mesenteric T
cells from B2m ™" mice and wild-type mice produced a
similar amount of IL-17 after KCV treatment. Accordingly,
oral KCV causes only a marginal reduction of IL-17 in
A2m " mice, indicating that class |-restricted T cells
other than MAIT cells play a critical role in the KCV-
Induced suppression of the Th17 cells within MLN.

Then we explored a possible role of Vald iNKT cells
restricted by CD1 days, an MHC class 1b molecule. As is
widely known, INKT cells produce a variety of regulatory
cytokines after recognizing glycolipid antigens such as
a-galactocylceramide (a-GalCer) in association with CD1
days. Numerous reports have supported the role of INKT
cells in the regulation of autoimmunity. >4 We, there-
fore, repealed our above experiments using Cd7
mice,** which do not express either INKT cells or non-
invariant type || NKT cells,®™ as well as with Ja281~"~
mice,*® in which INKT cells alone are specifically deleted.
In these INKT cell-deficient mice, we again found a great
reduction in the baseline production of IL-17 from the
MLNs after anti-CD3 stimulation. Furthermore, etfects ot
oral KCV on the Th17 cells were only marginal, if any, in
the mice (Figure 5A), raising a possibility that the host
immune syslem may sense the change of gut flora by
using INKT cells.

It Is now known that |L-17 secreting CD4™ MLN cells
comprise not only Th17 cells but also CD4* Val4 INKT
cells,* To evaluate the alteration of mesenteric Th17
cells with accuracy, we next evalualed the proportion of
IL-17" CD4™ T cells after excluding INKT cells by gating.
By analyzing the MLN cells from wild-type mice (WT
control), KCV-treated wild-type mice (WT KCV), or INKT
cell-deficient Ja281 '~ mice (Figure 5B), we have con-
firmed that the number of IL-17" CD4* T cells corre-
sponding to Th17 cells is reduced in the KCV-treated
wild-type mice and in the INKT cell-deficient Jo287 ™
mice. We also noticed that IL-17" iNKT cells are 15 times
lower than IL-17* CD4" T cells in wild-type mice (data
not shown)

Oral KCV Treatment Inhibits Production of
Th17-Promoting Cytokines in the Intestinal
Lamina Propria

Next we sought to identify a primary event that would taka
place In the intestinal immune system following oral KCV
treatment. Because the vast majority of Th17 cells in the
MLNs appear to depend on INKT cells (Figure 5A), we
evaluated the number and function of iINKT cells in the
MLNs. However, nefther reduction nor increase of iNKT
cells was found in the MLNs after the antibictic treatrment
(data not shown). In addition, the MLN cells from KCV-
treated mice and from control mice produced similar levels
of cytokines in response to o-GalCer (data not shown).
These results indicate that as seen with CD4"Fox3™ T
cells (Figure 4D), iINKT cells in the MLN are not signifi-
cantly influenced by the status of gut flora. Therefore, we
postulate that local accumulation of regulatory cells is
probably not the mechanism for the reduction of Th17
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Figure & Reduced expression of Thi7-promoting cytokines in the intestinal
lamina proprix lymphocytes from KCV-treated mice as well as iNKT-deficwent
mice. As RORAL expression b the intestinal LP afier rediment with oral RCV
Total RNA was isolated fram pocled LPLs prepared from wild-type coatrol B6
mice (WT controf), KECV.reared wild-type BS muce (WT KCV), and control
Fa2817" mice (fa281™" control) (1 = Z), Wild-type KCV were given onl
ROV for 7 days before the anatysis. RORYt mRNA was esumated by quant-
tative RT-PCR and all data were nomulized to hprt. Data are representative
of two independent experiments. B Expression of Thl7-promoting cvie-
kines in the intesunal LPL Total RNA was isolatad from 1PLs of the three
groups of nuce as described tn (A). Expression of TGFB-1, IL-6, 1L-23, and
M1-21 mRANA was estimated by quantitative RT-PCR and all data were nor-
malized 1o hprt. Data ane a repre ve of rwo independent experiments.

w

cells in the MLN of KCV-treatad mice (Figures 3 and 4)
By using quantitative RT-PCR, we also measured mRNA
expression of TGF-B, IL-6, IL-21, and IL-23 in the MLNs,
which play key roles in the development or maintenance
of Th17 cells in the intestine.”™?"*#-**49 However, expres-
sion of these Th17-promoting cytokines did not change
after KCV treatment (data nol shown). Taking these re-
sults together, we assumed that the reduction of Th17
cells in the MLNs might result from a primary event that
takes place upstream to the MLNs, Therefore, we shifted
our attention from MLNs to intestinal LPLs.

Notably, Th17 cells constitutively inhabit LP® and more
INKT cells are detected in LP than in MLN (our unpub-
lished data), We first confirmed that ROR« expression
was significantly reduced In the LPLs from KCV-treated
wild-type mice as compared with those from control wild-
type mice (Figure 6A), indicating that a reduced number
ol Th17 cells could be traced upstream 1o the LP. More-
over, the LPLs from INKT cell deficient Ja281~'~ mice
showed a reduced expression of ROR, again indicating
the importance of iINKT cells for the maintenance of Th17
cells, We further quantified mRNAs of TGF-g1, IL-6, IL-23,
and IL-21 expressed by LPLs by RT-PCR. Campared with
the LPLs from control wild-type mice, those from KCV-
treated wild-type mice and from Ja281 '~ mice showed
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a reduced expression of IL-21 (Figure 6B). Expression of
|L.-23 was also reduced in KCV-treated wild-type mice as
well as in Ja287 mice. Thase resulls support our
postulation that LPLs are primarily influenced by the an-
tibiotic treatment, resulting in a downslream decrease in
the number of Th17 cells.

Suppressive Effect of KCV Treatment on EAE Is
Abolished in INKT-Cell Deficient Mice

The ex vivo experiments have demonstrated that Th17
cells in the MLN and LP are aflected by KCV treatment in
association with suppressed signs of EAE. Moreover, we
showed that the KCV effects on Th17 cells could not be
seen in the absence of INKT cells. Although the results
indicate an intimate relationship between Th17 cells and
INKT cells in the intestinal immune system, it does not
necessarily imply that altering gut flora would suppress
the development of EAE In a way dependent of INKT
cells. To make this point clear, we examined the effects of
oral KCV treatment on the development of EAE induced
in INKT cell-deficient mice (B2m™", Cd17/", Ju2817'7)
as well as in MAIT cell-deficient mice (Mr1 ") (Figure 7).
First, we noted that clinical EAE induced in Mr1 ™"~ mice
was significantly suppressed by KCV treatment, which
coincides with the fact that the mesenteric Th17 cells are
nol affected by the absence of MAIT cells (Figure 8A). In
contrast, suppressive effects of oral KCV was almost
completely abolished in f2m™ ", Cd1™", and Ja2817"~
mice (Figure 7), allowing us to conclude that iNKT cells
play a key role in the KCV-induced suppression of EAE,

Health Status of KCV-Treated Mice

We have observed that antibiotic treatment tended to
cause |oose stool in the KCV treated mice, However, this
happened in both wild-type mice and INKT cell-deficient
mice, which does not validate speculation on any relation




with the EAE disease suppression by KCV. Furthermore,
KCV-treatment did not cause a significant change in
body weight We also examined the histology of gut
lumen, and found that KCV treatment did not cause any
pathological changes,

Discussion

The present study has experimentally dermonstrated that
altering gut fiora by non-absorbing antibiotics could lead
1o protection against autcimmune disease EAE. Although
the suppressive effect ol antibiotics on EAE has been
previously described,* the prior study did not address
the possible contribution of the altered gut flora and has
correlated the EAE suppression with an altered Th1/Th2
balance. In contrast, the present study has linked the
antiblotic eflects with a reduced number of Th17 cells in
the gut-associated immune system. Most notably, the
immunomodulatory eflects of KCV could not be seen In
INKT cell-deficient mice, as assessed by the number of
mesenteric Th17 cells or by severity of EAE. Comparison
of wild-type and INKT cell-deficient mice revealed that INKT
cells in the wild-type mice are able to promote the mainte-
nance of mesenteric Th17 cells in the steady stale, whereas
the disease promoting ability of INKT cell is impaired by
KCV treatment. Given that oral administration of synthetic
glycolipid ligands stimulatory for INKT cells could alter
the manifestation ol autoimmune diseases,*** one may
speculate that oral KCV treatment leads to the appear-
ance or disappearance of glycolipid ligands in the intes-
tinal content that critically influence the function of INKT
cells.

The mucosal sites continuously sample foreign mate-
rials mainly via M cells in Peyer's patch and dendritic
cells (DCs) in the LP,* The DCs in the LP would present
orally applied antigens, migrate and enter the MLN, %%
Theretore, we wondered if the MLN might serve as the
primary site where a contraction of Th17 cells takes place
via mechanisms involving regulatery cells or changes of
lecal cytokine milieu. However, the antibiotic treatrnent
did not influence iINKT cells or Foxp3™ regulatory T cells
in the MLNs. Cytokines needed for promoting Th17 cell
development and survival were nol altered either, indi-
cating that a critical event causing a reduction of Th17
cells probably takes place upstream. Consistent with this
idea, we showed that expression of IL-21 and IL-23 in the
LPLs was significantly suppressed in KCV-treated mice
and INKT cell-deficlent mice. The role of IL-21 in the
development of Th17 cells®™ has been demonstrated in
mice lacking IL-6, the cytokine originally identified as a
crucial promoter of Th17 cells. Intriguingly, it has recently
been reported thal IL-21 plays a critical role In the regu-
lation of Th17 cells involved in gut inflammation, ™ Taken
together, we suggest that the suppression of IL-21 and
IL-23 may be a primary event after KCV treatment, which
leads to the reduction of mesenteric Th17 cells. It is
known that both INKT cells and Th17 cells are able to
produce IL-21.*%%" Given that INKT cells in the MLNs
were not altered after KCV treatment, we speculated that
INKT cells within LP may numerically or functionally be
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altered, which could account for the reduced IL-21 in the
LPLs. However, because of technical limitations, we have
not definitively demonstrated that this is the case. Al-
though a recent report using IL-21 knockout mice
showed that IL-21 is not essential for the development of
Th17 cells in vitro and in vive,*® it does not exclude the
role of IL-21 in wild-type mice.

It is arguable that the reduced Th17 cells in the MLN
cells from KCV-treated mice may result from a direct or
indirect effect of KCV on DCs. However, flow cylometric
analysis did not reveal any diflerence between KCV-
treated and control mice with regard to the surface levels
of MHC class [I, CD80 or CD86 on the MLN-DCs (data not
shown). In addition, there was no alteration of CD103 on
the MLN-DCs that Is described as an inducer of Foxp3™
regulatory T cells,*®

Although we have so far focused on analysis of Th17
cells and INKT cells in the gutimmune systemn, we cannot
overlook that dLN cells from KCV-treated mice produced
a lower amount of IFN-y in response to MOG (35-55)
Iindicating that Th1 cells in the dLNs could be also af-
fecled by KCV treatmenl Interestingly, a concomitant
reduction of Th1 cells and Th17 cells has recently been
demonstrated in EAE mice treated with anti-IL-6 receplor
antibody, which was used for aiming at specific suppres-
sion of Th17 cells.®® These homologous results suggest
the possible induction of regulatory T cells in the dLN that
may regulate both Th1 and Th17 cells. Although Foxp3™
regulatory T cells are qualified suppressors, total number
of the CD4 " Foxp3™ T cells in dLN was not altered after
KCV treatment. It is possible that MOG (35-55) specific
regulatory T cells might be selectively induced by altering
gut flora, It is cbvious that further studies are needed to
clarify the 1otal picture of NKT cell-dependent suppres-
sion of EAE by altering gut flora.

There is a clear tendency for an increased incidence ot
immune-mediated disorders In developed countries.®'
Although this increase has often been linked with im-
proved hygiene, a number of studles have suggested a
role for commensal flora affected by life style.>* This is an
afttractive idea, in particular for inflammatory bowel dis-
ease, where the larget is the gut and is inhabiled by
pathogenic Th17 cells as well as regulatory cells such as
MAIT cells. In contrast, much less attention has been
paid on the role of commensal fiora in the development of
the CNS autoimmune disease MS. The present study
emphasizes that the repertoire of the immune system is
greatly regulated by gut flora, which has broad implica-
tions for understanding the pathogenesis of autoimmune
disease and allergy, and could be applied for future
studies. However, it is too early to suggest that antiblotic
treatment will be beneficial for MS. Indeed, altering gut
flora could trigger or prevent the development of autoim-
mune conditions, Future studies coping with such vari-
ables as timing, duration, choice of antibiotics used for
treatment will not only give us desper understanding on
the interaction between gut flora and Th17 cells, but also
provide important information related to the human
health.
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