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fingolimod, as indicated by their reduction in the peripheral
blood following fingolimod treatment. It is demonstrated in
mice that surface expression levels of S1P1 on B cells in
the SLT are controlled by transcription levels and CD69-
mediated internalisation of SIP1. Stimulation of B-cell
receptors induces not only a cessation of S1P1 transcrip-
tion, but also an upregulation of CD69. Both of these
changes reduce the expression levels of surface S1P1 in the
SLT to some extent.?

Although we were not able to directly analyse B cells
in the SLT of the patients, we speculated that surface S1P1
expression on mBs within the SLT in human may also
decrease greatly, following antigen activation and expo-
sure to fingolimod, which would result in these B lympho-
cytes having a reduced responsiveness to S1P. In fact, the
activated mB subpopulations that we isolated from the
patients’ peripheral blood, in particular CD38hgh mB,
were found to contain a substantial proportion of Ki-67*
cells (Figure 3(a) and (b)). We confirmed that the propor-
tions of Ki-67* cells in the activated CD38" and CD38high
mB subpopulations were significantly decreased fol-
lowing fingolimod treatment, suggesting that recently-
activated cells were selectively trapped in the SLT
following fingolimod treatment. Because activation of
autoreactive mBs in the SLT followed by their migration
to the CNS could trigger a relapse of RRMS 35 we assumed
that inhibition of activated mB cell egress from the SLT
was at least partly involved in the reduced relapses of
RRMS after fingolimod treatment.

We also identified a PB subpopulation that is relatively
resistant to fingolimod as being CD138" PBs. The fre-
quency of the CD138* subpopulation in the total PBs, and
that of CXCR3* cells in CD138* PBs, was significantly
increased by fingolimod treatment. Of note, the
CD138*CXCR3" PBs are enriched in the CSF of NMO
during relapse,?” and fingolimod could induce exacerba-
tion of NMO, accompanied by the appearance of large
brain lesions.!!:12 Although knowledge on the biology of
PBs is limited, the percentages of CCR7* cells are much
lower as compared with nBs or mBs, indicating that fin-
golimod may differentially alter the in vivo migration of
PBs and other B cells.

It is of relevance to note that despite reductions of cir-
culating lymphocytes, RRMS patients receiving fingoli-
mod may develop clinical relapses. These relapses are
not always mild, but could be serious and accompany
huge brain lesions.!? Although the trapping of regula-
tory lymphocytes in the SLT®® or the enrichment for
CD45RO-CCR7-CD8&* T cells in the CSF7 is proposed as
a possible mechanism for formation of tumefactive brain
lesions, we were very curious to know if the increased
proportion of CD138* PBs over other lymphocytes in the
peripheral blood might influence the character of the CNS
pathology and induce large demyelinating lesions. In fact,
it was recently reported that CD45+*CD19*CD138* PBs

are relatively enriched in the CSF of fingolimod-treated
MS patients, !¢ raising the possibility that the dominance
of CD138* PBs in the peripheral blood is preserved or
even promoted in the CNS of patients with MS who
develop tumefactive brain lesions’™!° and NMO patients
who deteriorate!!-1? after being treated with fingolimod.
Therefore, resistance of activated PBs in fingolimod-
treated patients with MS or NMO may give us a clue to
understanding the individual patients’ differences regard-
ing the effectiveness of fingolimod therapy.
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How do T cells mediate central nervous system inflammation?

In the history of experimental multiple sclerosis
(MS) research, the real breakthrough came around
1970, when experimental autoimmune encephalo-
myelitis (EAE), a classical animal model of MS, was
successfully reproduced in syngeneic rodents, which
were transferred with sensitized T cells. In contrast,
EAE transfer by immune serum failed without
exception. Along with the development of basic
immunology and of supportive technology, T cell
lines and clones reactive to myelin antigen were
established in vitro, and the works using these cloned
T cells soon gained popularity and flourished in the
research community. Currently, the T cells used for
EAE transfer are not derived from the in vitro-gener-
ated T cell clones, but are from T cell receptor trans-
genic mice lymphocytes. However, characterization
of pathogenic T cells has stayed in the mainstream
of EAE/MS research for almost three decades.

The basic research of CD4+ T cells, recognizing
myelin peptide associated with major histocompati-
bility complex class I molecules, actually brought us
a deeper understanding of central nervous system
inflammation and led us to design a reasonable strat-
egy to combat MS. In fact, most current MS drugs,
including fligolimod and anti-Va4 integrin antibody
natalizumab, were tested in EAE for their efficacy,
and showed efficacy by influencing the functions or
behavior of autoreactive T cells in vivo. Although
potential target molecules in MS are not restricted to
those expressed by T cells, but extend to B cell
markers and others, it is still believed that basic
research of T cell biology will continuously give us
correct answers to key questions and provide us new
ideas on how to discover a cure for MS.

In this special issue of Clinical and Experimental Neu-
roimmunology, five review articles were contributed by
experts, given the theme entitled “New mechanistic
insights into the pathogenesis of multiple sclerosis —
from a T cell point of view”. As known to senior sci-
entists over the age of 40 years, the classical paradigm
of Th1/Th2 balance prevailed for several years, until
Th17 cells were discovered approximately one decade
ago. Reflecting the shorter history of research, there
remain many questions about the biology of Th17
cells regarding their identity and plasticity. Further-
more, the presence of Th17 cells in the lesions of MS
is still a matter of controversy, as reviewed by Thomas
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Korn,' although the clinical relevance of Th17 patho-
genic T cells in neuromyelitis optica (NMO) has sub-
stantial support. However, elevation of interleukin-17
mRNA was shown in lesions of MS,” and Th17 cell-
associated molecule, NR4A2, was also increased in
the peripheral blood of MS patients,” showing the role
of Th17 cells in MS. Therefore, Th17-associated mole-
cules, NR4A2> and Tobl,* are potential targets of
therapy in MS and NMO.

For future perspectives, the authors® and the
Editor recognize that more research is required into
human T cells in conditions of health and disease. It
will be important to re-analyze the human T cell
populations without holding any prevailing dogma.
Supporting this, CCR2*CCR5" Th1 cells, which have
not been given attention, unexpectedly increased in
the cerebrospinal fluid of patients with MS in
relapse, and showed pathogenic potentials.” Readers
of this special issue might share the opinion with us
that application of new technologies will bring the
next breakthrough within years, and immunology
textbooks could require major revision.
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ED OGN SN FEEDD 503, MAICbE% M LD
53, MAIT #ifgid MS ORI TR E 15 13D,
BEOFRMMF TOHERT IR S IURHE L BEELEL
3% EAE G LTI ARRE LD £ 5 MS
FREE IO L IEE O BRE SRR E s, Eo (RAT
Ho PR E S 2 v B2 OREWE TH Y BAMEE
AICBET B I LB E S NP, INKT Mgl
BHEFREE L CHEL, JUEE LTHEEE Nz a-galacto-
ceramide Y 4 P AL VELAREFEET 2, ®E
ETH23 OCHIZIFN-y % ED Thl ¥4 M A4 v OEE
BEL, L4 EDTh2 Yy A bAhL v 2EBMICESEL
EAE 2B ¥ 22058 % 2%, OCH fOH5 o MS
RREOWESIEIF SN, HEEEOMR CEMEED
R ERER D EITH CTH 5.

RIEEEM S KUREFEESF

2001 €8, Steinman & D 7'V — 7T & h BFREMER MS
DIBBICFIRT 2B ETEY O MRNENT O RIS X
N2, b L bEEOE W Z )L — 7 DHIC oB crystallin
& & A5 R v F ~ (osteopontin : OPN) 25& N, FREEN
DEEIBE I N, OPN Bk hoT LA LEER
B rRET I RERLBESTFTH LY, THIELED
adfl £ v F ) IS T 5 L T HREEA LT R
b= AR R RET 2, EREE MS BEER TOBEMS
Ao, BEAOEENFEONS, flad A VT 7Y U
& natalizamab OIEFABERF D—21 OPN 12 & % T MfEE




LGl TH 5 LEZ 5B, —7F oB crystallin IZERERK
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2 & (small heat shock proteins : small HSP) D—2>T% %
B, @& A7 EREB LY 2T EAE 8B L,
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B #ilDES
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F 3 ¥ oligoclonal band : OCB) 23415 41, B fifg B
E0RTRBINTE, FEEMNICD MS ORRZED 4 8
WZHEI N, T, THlE - eJuyr—YBEEED
12 IgG RBER T OB L RD BI/ENRY — iz d—
BTH2 EHEINTHEY, 7, BfilEov—H—
TH 5 CD2 T BE ./ 78— F )VPiE rituximab 23F
% ERBMSICENTH LI EPIREINTVD, rit-
uximab & CD20 &M D E M- EMidic X fEAe
F, R IgGBERT® OCB#HEEFEbR» -2
&5, FRFKERIE BHEOERTESTA bAA v
EEROBENPHEEINT VS, —Ed 2 KETH MS ©
FEICB W CHE Y v oSSR 51 D JEiE
PR IFEEELH 2 Z L0 5, BEMERSAEZM4S B
M v —UBEMEEATE D, ETEoRREICES
LTWATARENTREI NS, IFN-B 3RIERE % EEL
T3 LEBHISNT 55, IFN-F#% 5 MS EZ 0 IiEF
@ BAFF (B cell-activating factor belonging to the TNF
family) iBED LREPIHEI N T 3%, BAFF i3 B fliljg
DEFPobERETIHRTTHY, IFN-8 TELT 3H
BEIC13 BAFF 24 L7 B #if@iE s s L Cw 3 AHE
D 5.

L9 U

BlE, FELTMS OBHFEL ThilaoEE I ER
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BAEKOEEEREEOL DD AT L E LTHVITEREI
BET 2 LRGN TS, FIZIERTaAf FIZA ML
ARNEVTHD, VURNRIIHBEEDEOZEGEH
BLTw3, YAFLALFuY——8E L CEsERE
DHEEINTED, SBROEMEIHFINDS.
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In mice, splenic conventional dendritic cells (cDCs) can be separated, based on their expression of CD8o
into CD8™ and CD8" cDCs. Although previous experiments demonstrated that injection of antigen (Ag)-
pulsed CD8™ ¢DCs into mice induced CD4 T cell differentiation toward Th2 cells, the mechanism involved
is unclear. In the current study, we investigated whether 0X40 ligand (OX40L) on CD8~ ¢DCs contributes
to the induction of Th2 responses by Ag-pulsed CD8~ ¢DCs in vivo, because 0X40-0X40L interactions
may play a preferential role in Th2 cell development. When unseparated Ag-pulsed OX40L-deficient cDCs
were injected into syngeneic BALB/c mice, Th2 cytokine (IL-4, IL-5, and IL-10) production in lymph node
cells was significantly reduced. Splenic cDCs were separated to CD8~ and CD8" ¢DCs. OX40L expression
was not observed on freshly isolated CD8~ cDCs, but was induced by anti-CD40 mAb stimulation for 24 h.
Administration of neutralizing anti-OX40L mAb significantly inhibited IL-4, IL-5, and IL-10 production
induced by Ag-pulsed CD8" ¢DC injection. Moreover, administration of anti-OX40L mAb with Ag-pulsed
CD8~ ¢DCs during a secondary response also significantly inhibited Th2 cytokine production. Thus, OX40L
on CD8™ ¢DCs physiologically contributes to the development of Th2 cells and secondary Th2 responses

Keywords:
0X40 ligand
Costimulation
Th2 response
Dendritic cell

induced by Ag-pulsed CD8~ cDCs in vivo.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Dendritic cells (DCs) are professional antigen-presenting cells
critical for the induction of adaptive immune responses.
Conventional DCs (¢DCs) are specialized for antigen processing
and presentation to T cells and can be subdivided by their surface
expression of CD8o. and CD4 as CD8 CD4*, CD8™CD4~, and
CD8*CD4~ ¢DCs in the spleen [1-4]. Both CD8CD4" and
CD87CD4~ cDCs appear functionally similar and are referred to
as CD8™ ¢DCs {2,3]. In contrast, the physiologic functions of both
CD8~ ¢DCs and CD8" cDCs markedly differ. In vivo experiments
demonstrated that injection of antigen-pulsed CD8~ ¢DCs induced
CD4 T cell differentiation toward Th2 responses (high levels of IL-4,
IL-5, and IL-10) whereas antigen-pulsed CD8" ¢DCs induced Th1
responses (high levels of IFN-y [5]. The ability of CD8* ¢DCs to
induce Th1 differentiation is explained by their ability to produce
[L-12 efficiently [6,7]. However, the mechanisms of Th2 responses
induced by CD8~ ¢DCs are not understood.

* Corresponding author. Fax: +81 3 3813 0421.
E-mail address: hisaya@juntendo.ac.jp (H. Akiba).

0006-291X/$ - see front matter © 2014 Elsevier Inc. All rights reserved.
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CD4 T cell differentiation might be regulated by cytokines and
various costimulatory molecules expressed on CD4 T cells, and their
cognate ligands expressed on DCs such as 0X40 (CD134) costimula-
tory molecule, a member of the TNF receptor superfamily, and its
ligand, OX40L (CD252) [8,9]. 0X40 is preferentially expressed on
activated CD4 T cells and OX40L is mainly expressed on antigen-
presenting cells, including activated DCs, B cells, and macrophages.
Recent studies emphasized the role of 0X40L on DCs for Th2 polar-
ization. In humans, schistosomal egg antigen induced monocyte-
derived DCs to express OX40L, which contributed to the induction
of Th2 responses [10]. IL-3-treated plasmacytoid DCs expressed
0X40L and induced Th2 responses by promoting CD4 T cells to se-
crete IL-4, IL-5, and IL-13. Blockade of OX40L significantly inhibited
this ability of IL-3-treated plasmacytoid DCs [11]. Moreover, OX40L
expressed on thymic stromal lymphopoietin (TSLP)-activated
DCs induced naive CD4 T cells to differentiate into TNF-o*
IL-10~ inflammatory Th2 cells [12]. In mice, OX40L expression on
bone marrow-derived DCs (BMDCs) is upregulated downstream
of CD40 signaling and is critical for optimal Th2 priming in vivo
[13]. In contrast to these studies, the use of agonistic anti-OX40
mAb revealed 0OX40-mediated costimulation enhanced the
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development of Th1 responses induced by splenic CD8~ ¢DCs in vivo
[14]. Thus, the function of OX40L on splenic CD8™ cDCs is still
controversial. In this study, we examined the physiological contri-
bution of 0X40-0X40L interactions on CD8~ cDCs-induced Th2
responses by using blocking anti-OX40L mAbD.

2. Materials and methods
2.1. Animals

Femnale BALB/c mice were purchased from Charles River Labora-
tories (Kanagawa, Japan). OX40L-deficient mice were generated as
previously described [15] and backcrossed for seven generations
with BALB/c mice purchased from Oriental Yeast Co. (Tokyo,
Japan). All mice were 6-8 week old at the start of experiments
and kept under specific pathogen-free conditions during the
experiments. All animal experiments were approved by Juntendo
University Animal Experimental Ethics Committee.

2.2. Antibodies and reagents

An anti-mouse OX40L (RM134L) mAb was previously generated
in our laboratory [16]. Control rat IgG was purchased from
Sigma-Aldrich (St Louis, MO, USA). Purified anti-CD40 (HM40-3),
allophycocyanin (APC)-conjugated anti-CD8o. (53-6.7), and rat
IgG isotype control were purchased from eBioscience (San Diego,
CA, USA). Purified anti-CD16/32 (2.4G2) and FITC-conjugated
anti-CD11c¢ (HL3), recombinant mouse GM-CSF, IL-4, and IFN-y
were purchased from BD Biosciences (San Jose, CA, USA).

2.3. Preparation and stimulation of splenic DCs

To isolate splenic DCs, spleens from BALB/c or OX40L-deficient
mice were digested with 400 U/m] of collagenase (Wako Biochem-
icals, Tokyo, Japan), further dissociated in Ca®*-free medium in the
presence of 5 mM EDTA, and separated into low- and high-density
fractions by Optiprep-gradient (Axis-Shield, Oslo, Norway) as de-
scribed previously [17]. Low-density cells were pulsed overnight
with 50 pg/ml of keyhole limpet hemocyanin (KLH) in culture
medium supplemented with 20 ng/ml of GM-CSF as described pre-
viously [5]. After overnight culture, splenic CD11¢* DCs were iso-
lated by incubation with anti-CD11c-coupled magnetic beads and
positive selection by autoMACS column (Miltenyi Biotec, Bergisch
Gladbach, Germany). CD11¢" DCs were further separated according
to CD8o expression by FACS sorting. CD11c¢* cells were incubated
with FITC-conjugated anti-CD11c and APC-conjugated anti-CD8o
mAbs, and two populations (CD8*CD11¢* DCs and CD8CD11c*
DCs) were sorted by FACSVantage (BD Biosciences). To examine
OX40L expression, separated DC populations were incubated
with anti-CD40 mAb (10 pg/ml) with IL-4 (20 ng/ml) or IFN-y
(20 ng/ml) in the presence or absence of GM-CSF (20 ng/ml) at
37°Cfor 24 h.

2.4. Flow cytometric analysis

Cells were pre-incubated with unlabeled anti-CD16/32 mAb to
avoid non-specific binding of Abs to FcyR, incubated with FITC-
or APC-labeled mAbs, or biotinylated mAb followed by PE-labeled
streptavidin. Stained cells (live cells gated by forward and side
scatter profiles and propidium iodide exclusion) were analyzed
by FACSCalibur (BD Biosciences), and data were processed by Cell-
Quest (BD Biosciences).
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2.5. Immunization protocol

KLH-pulsed splenic cDCs were washed in PBS and immunized
(3 x 10° cells) into the hind footpad of BALB/c mice. Some groups
of mice (n=5-6) were administered 400 pug of anti-OX40L mAb
or rat IgG intraperitoneally (i.p.) at days 0, 1, and 3, or daily from
days 0 to 3 and days 14-17. Popliteal lymph node (LN) cells were
harvested 5 days after primary or secondary immunizations.

2.6. T cell stimulation in vitro

LN cells were isolated and cultured in RPMI1640 medium
(containing 10% FCS, 10 mM HEPES, 2 mM t-glutamine, 0.1 mg/ml
penicillin and streptomycin, and 50 pM 2-mercaptoethanol) at a
density of 6 x 10° cells/well in the presence of indicated doses of
KLH. To assess proliferative responses, cuitures were pulsed with
tritiated thymidine ([*H]TdR; 0.5 puCi/well; PerkinElmer, Winter
Street Waltham, MA, USA) for the last 6 h of a 48 h or 72 h culture
and harvested on a Micro 96 Harvester (Molecular Devices, Sunny-
vale, CA, USA). Incorporated radioactivity was measured using a
microplate beta counter (Micro B Plus; PerkinElmer). To determine
cytokine production, cell-free supernatants were collected at 48 h
or 72 h and assayed for IL-2, IL-4, IL5, IL-10, and IFN-y by ELISA
using Ready-SET-Go! kits (eBioscience) according to the manufac-
turer’s instructions.

2.7. Statistical analysis

Statistical analyses were performed by unpaired Student t-test
or Tukey’s multiple comparison test. Results are expressed as
mean + SEM. Values of P < 0.05 were considered significant.

3. Results

3.1. OX40L is required for optimal Th2 responses induced by splenic
cDCs in vivo

Because a previous report demonstrated KLH-pulsed CD8~ and
CD8* ¢DCs differentially regulated Th cell development, we fol-
lowed the same protocol using KLH as an antigen. To clarify the
contribution of splenic cDC OX40L on CD4 T cell differentiation,
we examined CD4 T cell responses induced by splenic OX40L~/~
cDCs. ¢DCs were purified from spleens of OX40L-deficient or
wild-type BALB/c mice without treatment, pulsed with KLH during
overnight culture with GM-CSF, to isolate CD11cM&" B220~ cells
(cDC population). OX40L~'~ ¢DCs or WT cDCs (3 x 10°) were in-
jected into hind footpads of syngeneic BALB/c mice. LNs were pre-
pared on day 5 and proliferative responses and cytokine
production against various doses of KLH were assessed. KLH-spe-
cific proliferative responses and IL-2 production were reduced in
LN cells from OX40L™'~ cDCs-injected mice compared with WT
cDCs-injected mice (Fig. 1). Th2 cytokine production (IL-4, IL-5,
and IL-10) was also significantly reduced in OX40L~/~ ¢DCs-in-
jected mice compared with WT cDCs-injected mice. In contrast,
Thl type cytokine IFN-y production was non-significantly in-
creased in OX40L~~ cDCs-injected mice compared with WT
cDCs-injected mice.

Similar results were obtained when KLH-pulsed OX40L~/~ bone
marrow-derived DCs (BMDCs) were injected into hind footpads of
BALB/c mice (Supplemental Fig. S1). KLH-specific proliferative
responses and IL-2 production were reduced in LN cells from
OX40L~/~ BMDCs-injected mice compared with WT BMDCs-
injected mice. Th2 cytokine production (IL-4, IL-5, and IL-10) was
significantly reduced in OX40L~/~ BMDCs-injected mice, whereas
IEN-y production was similar between 0X40L~/~ BMDCs-injected
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Fig. 1. OX40L is required for optimal Th2 responses by splenic cDCs in vivo. BALB/c mouse hind footpads were injected with KLH-pulsed cDCs isolated from the spleen of
wild-type BALB/c or OX40L™/~ BALB/c mice. LN cells were harvested at day 5 and cultured with indicated doses of KLH. To estimate proliferation, 0.5 uCi *H-thymidine
([®H]TdR) was added during the last 6 h of a 48 h culture. Production of IFN~y, IL-2, IL-4, IL-5, and IL-10 in culture supernatants at 48 h was determined by ELISA. Results are
presented as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. Similar results were obtained in three independent experiments.
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Fig. 2. Expression of OX40L on activated CD8~ and CD8" cDCs. Spleen cells were isolated from BALB/c mice and stained with FITC-labeled anti-CD11¢, APC-labeled anti-CD8aq,
and biotinylated anti-OX40L or control IgG followed by PE-labeled streptavidin. CD8~CD11c™®" and CD8*CD11c¢"e" cDCs were isolated from spleens by FACS sorting. Isolated
CD8~CD11c"e" and CD8*CD11cME" ¢DCs were stimulated with anti-CD40 mAb in the presence or absence of GM-CSF, IFN-y, and IL-4. Cells were harvested at 24 h and stained
with anti-OX40L mAb or control rat IgG. Thick lines indicate staining with anti-OX40L mAb and thin lines indicate background staining with control IgG. Data are
representative of three experiments.

and WT BMDCs-injected mice. In addition, administration of
neutralizing anti-OX40L mAb to WT BMDCs-injected mice signifi-

cantly reduced Th2 cytokine production similar to OX40L~/~

BMDCs-injected mice. Th2 cytokine reduction was also observed
in KLH-pulsed WT BMDCs injected with anti-OX40L mAb into
IFN-vy-deficient mice (Supplemental Fig. S2). These results indicated
a critical role of OX40L in splenic cDCs- and BMDCs-induced Th2

3.2. Expression of OX40L on splenic ¢cDCs

responses in vivo. The inhibition of Th2 responses by anti-OX40L
treatment was not necessarily a result of a shift to Th1 responses.

The expression of OX40L on two major subsets of splenic cDCs
was assessed by flow cytometry. Splenic cDCs were separated
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based on CD8« and CD11c expression, into CD8~CD11c™Me" ¢DCs
(CD8~ ¢DCs) and CD8*CD11cM&P cDCs (CD8* cDCs), and stimulated
with agonistic anti-CD40 with or without cytokines (GM-CSF, IFN-
7, or IL-4) for 24 h (Fig. 2). While OX40L expression was not ob-
served on freshly isolated CD8~ or CD8" ¢DCs, it was induced by
anti-CD40 mAb stimulation. Addition of IL-4 reduced OX40L
expression on anti-CD40-stimulated CD8~ and CD8" ¢DCs, whereas
OX40L expression was not affected by the addition of GM-CSF or
IFN-y.

3.3. Effect of anti-OX40L mAb on the development of Th2 responses
induced by KLH-pulsed CD8~ ¢DCs in vivo

We next examined whether KLH-pulsed CD8~ ¢DCs could in-
duce Th2 responses compared with KLH-pulsed CD8" ¢DCs, and
whether OX40L contributes to CD8~ cDCs-induced Th2 responses.
BALB/c mice were injected into the hind footpads with.KLH-pulsed
CD8" or CD8" cDCs, and treated with anti-OX40L mAb or control
IgG at days 0, 1, and 3. LN cells were isolated at day 5 and KLH-spe-
cific proliferative responses and cytokine production were as-
sessed. Consistent with previous reports, IL-4 production by LN
cells from CD8~ cDCs-injected mice was significantly higher than
in CD8" cDCs-injected mice (Fig. 3). In contrast, IFN-y production
in CD8* cDCs-injected mice was non-significantly increased com-
pared with the CD8~ cDCs-injected mice. Proliferative responses
and other Th2 cytokine production (IL-5 and IL-10) were similar
between CD8~ cDCs-injected and CD8* cDCs-injected mice. Anti-
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0OX40L mAb administration strongly inhibited IL-4, IL-5, and IL-
10 production induced by CD8~ cDCs injection, while IFN-y was
slightly increased. Thus, OX40L has an important role in the devel-
opment of Th2 responses induced by KLH-pulsed CD8~ c¢DCs
in vivo. Furthermore, administration of anti-OX40L mAb reduced
IL-4 production induced by CD8" cDCs injection. Therefore,
0X40L may also regulate IL-4 production induced by KLH-pulsed
CD8" ¢DCs.

3.4. Effect of anti-OX40L mAb in secondary Th2 responses induced by
KLH-pulsed CD8~ ¢DCs in vivo

The 0X40-0X40L pathway is crucial for recall responses when
memory T cells are reactivated [18]. Therefore, we further exam-
ined the role of OX40L in secondary Th2 responses induced by
KLH-pulsed CD8~ ¢DCs in vivo. BALB/c mice were immunized first
into the hind footpads with KLH-pulsed CD8~ c¢DCs at day 0 and
then under the same conditions with KLH-pulsed CD8~ ¢DCs at
day 14. Some groups of mice were treated with anti-OX40L mAb
or control IgG daily from days O to 3 in the primary phase and days
14-17 in the secondary phase. LN cells were isolated at day 19 and
the KLH-specific Th2 cytokine production was assessed. Anti-
OX40L mAb administration during the primary phase only, re-
duced IL-4 and IL-5 production compared with control IgG
(Fig. 4). In addition, anti-OX40L mAb administration in the second-
ary phase strongly inhibited IL-4, IL-5, and IL-10 production com-
pared with control IgG. The inhibitory effect of anti-OX40 mAb
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Fig. 3. Effect of anti-OX40L mAb on the development of Th2 responses induced by KLH-pulsed CD8~ ¢DCs in vivo. BALB/c mouse hind footpads were injected with KLH-pulsed
CD8™ or CD8* cDCs. Mice were administered 400 pg of anti-OX40L mAb or control rat IgG (ctrl-IgG) i.p. at days 0, 1, and 3. LN cells were harvested at day 5 and cultured with
20 pg/ml of KLH. To estimate proliferation, 0.5 uCi [*H]TdR was added during the last 6 h of a 72 h culture. Production of IFN-y, IL-4, IL-5, and IL-10 in the culture supernatants
at 72 h was determined by ELISA. Results are presented as mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. Similar results were obtained in three independent experiments.
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Fig. 4. Effect of anti-OX40L mAb on the development of memory Th2 responses induced by CD8~ ¢DCs in vivo. BALB/c mice were immunized first with KLH-pulsed CD8~ ¢DCs
at day 0 and boosted with the same KLH-pulsed CD8~ cDCs at day 14. Mice were administered 400 pg of anti-OX40L mAb or ctrl-IgG i.p. daily from days 0 to 3 and days
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Production of IFN-y, IL-4, IL-5, and IL-10 in culture supernatants at 72 h was determined by ELISA. Results are presented as mean  SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
Similar results were obtained in three independent experiments.

— 45



F. Kamachi et al./Biochemical and Biophysical Research Communications 444 {2014) 235-240 239

treatment in the secondary phase was comparable to mice treated
with anti-OX40 mAb in both primary and secondary phases. Thus,
OX40L might have an important role in both primary and second-
ary Th2 responses induced by KLH-pulsed CD8~ cDCs in vivo.

4. Discussion

The current study investigated the physiological role of splenic
CD8~ ¢DC OX40L to regulate CD4 T cell Th2 differentiation in vivo.
When antigen KLH-pulsed OX40L-deficient cDCs were injected
into BALB/c mice, LN Th2 cytokine production (IL-4, IL-5, and IL-
10) was significantly reduced. Splenic ¢cDCs were separated into
CD8~ and CD8"* cDCs. A previous study demonstrated that although
injection of KLH-pulsed CD8~ ¢DCs induced CD4 T cell differentia-
tion toward Th2 responses, KLH-pulsed CD8” ¢DCs promoted Th1
responses [5]. Consistently, our results indicated that CD8~ ¢DCs
markedly induced IL-4 production and CD8" ¢DCs tended to induce
IFN-y production. Administration of neutralizing anti-OX40L mAb
significantly inhibited IL-4, IL-5, and IL-10 production induced by
KLH-pulsed CD8~ cDCs. Moreover, treatment of anti-OX40L mAb
with KLH-pulsed CD8~ ¢DCs during a secondary response also
significantly inhibited Th2 cytokine production. Thus, 0X40L con-
tributes to both the development of Th2 cells and secondary Th2
responses induced by KLH-pulsed CD8~ cDCs in vivo. However,
these findings are inconsistent with a previous report where
administration of anti-OX40 mAb enhanced the development of
Th1 cells secreting high levels of IFN-vy, but no IL-4 and IL-5, in-
duced by KLH-pulsed CD8~ ¢DCs in vivo [14]. The reason for this
discrepancy is not clear, but it may be attributable to differences
in experimental conditions. The previous study isolated splenic
cDCs from mice treated with FMS-like tyrosine kinase 3 ligand
(FIt3L) on 11 days, whereas mice were untreated in our study.
Flt3 is a crucial factor in humans and mice to promote the develop-
ment of ¢DCs in vivo and in vitro. However, a bias toward the gen-
eration of CD8" ¢DCs in the spleen was observed in mice treated
with Flt3L [19,20]. The previous study also examined the effect
of exogenous OX40 costimulation using agonistic anti-OX40
mAb, suggesting such an effect is not mediated by endogenous
0X40-0X40L interactions between CD4 T cells and ¢DCs. Our
results suggest that physiological 0X40-0X40L interactions partic-
ipate in CD4 T cell-CD8™ ¢DCs interactions, and that OX40L on
CD8~ ¢DCs might contribute to the induction of Th2 responses
in vivo.

In humans, TSLP-activated DCs can promote the differentiation
of naive CD4 T cells into a Th2 phenotype and the expansion of CD4
Th2 memory cells in an unique manner dependent on OX40L in the
absence of IL-12 [12]. TSLP, an IL-7-like cytokine, is produced
mainly by damaged epithelial cells and is a key molecule that links
epithelial cells and DCs at the interface of allergic inflammation by
participating in the programming of DC-mediated Th2 polarization
[21-24]. TSLP activates STAT1, STAT3, STAT4, STATS, and STATS6,
whereas the contributions of individual STAT proteins to the
activation of DCs is unclear [25]. Most recently, a mouse study
demonstrated that DC-specific deletion of STAT5 was critical for
TSLP-mediated Th2 differentiation, but not Th1 differentiation
[26]. Loss of STAT5 in DCs affected upregulation of OX40L expres-
sion in response to TSLP. However, DC subsets in Stat5~~ chimeric
mouse spleens had a higher proportion of CD8* ¢DCs and a reduced
frequency of CD4* CD8~ ¢DCs compared with Stat5”* chimeras,
suggesting STAT5 signaling regulates a balanced production of
these splenic DC subsets in vivo [27]. Thus, STAT5 may be required
for OX40L-dependent Th2 cell differentiation induced by KLH-
pulsed CD8~ ¢DCs. To confirm this, further studies are required
using STAT5-specific deleted CD8~ ¢DCs. In this study, we demon-
strated that KLH-pulsed OX40L™/~ BMDCs injected into hind

footpads of BALB/c mice significantly reduced Th2 cytokine pro-
duction (IL-4, IL-5, and IL-10) in LN cells compared with WT
BMDCs-injected mice. Consistent with these observations, it was
reported that OX40L expression by GM-CSF-induced BMDCs is
required for optimal induction of primary and memory Th2
responses in vivo [13]. GM-CSF can activate STATS5, and GM-
CSF-activated STATS5 inhibits the transcription of Irf8 [27], which
encodes interferon regulatory factor 8 (IRF8). IRF8 is required for
IL-12 production [25], an essential cytokine required for the induc-
tion of Th1 responses [28]. Therefore, OX40L-dependent Th2
responses induced by KLH-pulsed CD8™ ¢DCs might depend on
the absence of 1L-12, as IL-12 has a dominant effect over OX40L
in Th cell differentiation [12]. Indeed, we observed that CD8* ¢DCs
produced high amounts of IL-12p40 after stimulation with agonis-
tic anti-CD40 mAD, whereas IL12p40 production on CD8~ cDCs was
markedly lower (unpublished observation). Taken together, these
findings suggest that the development of Th2 responses by
KLH-pulsed CD8~ ¢DCs requires two conditions: the expression
of OX40L and the absence of IL-12.

However, whether 0X40 signaling on CD4 T cells directly in-
duces Th2 differentiation is still unclear. It is well known that
0X40 can bind to TNF receptor-associated factor (TRAF) 2, TRAF3,
and TRAFS5. However, these molecules also can bind to other TNF
receptor family molecules. On a transcriptional basis, it was deter-
mined that OX40L expressed by TSLP-DCs induced the expression
of GATA-3 in CD4 T cells, supporting their critical role in Th2 polar-
ization [12]. Another study indicated that OX40 enhanced TCR-in-
duced calcium influx, leading to the enhanced nuclear
accumulation of NFATc1 and NFATc2, that likely regulates the pro-
duction of cytokines [29]. More studies are required to determine
how 0X40 signaling promotes Th2 differentiation.
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Chondroitin sulfate proteoglycans (CSPGs) are the main
component of the extracellular matrix in the central
nervous system (CNS) and influence neuroplasticity.
Although CSPG is considered an inhibitory factor for nerve
repair in spinal cord injury, it is unclear whether CSPG
influences the pathogenetic mechanisms of neuroimmunolo-
gical diseases. We induced experimental autoimmune en-
cephalomyelitis (EAE) in chondroitin  6-O-sulfate
transferase 1-deficient (C6st1™") mice. C6ST1 is the
enzyme that transfers sulfate residues to position 6 of
N-acetylgalactosamine in the sugar chain of CSPG. The
phenotypes of EAE in C6st1™" mice were more severe than
those in wild-type (WT) mice were. In adoptive-transfer
EAE, in which antigen-reactive T cells from WT mice were
transferred to C6st1™”™ and WT mice, phenotypes were sig-
nificantly more severe in C6st1™" than in WT mice. The
recall response of antigen-reactive T cells was not signifi-
cantly different among the groups. Furthermore, the
number of pathogenic T cells within the CNS was also not
considerably different. When EAE was induced in C6ST1
transgenic mice with C6ST1 overexpression, the mice
showed considerably milder symptoms compared with
those in WT mice. In conclusion, the presence of sulfate at
position 6 of N-acetylgalactosamine of CSPG may influence
the effecter phase of EAE to prevent the progression of
pathogenesis. Thus, modification of the carbohydrate
residue of CSPG may be a novel therapeutic strategy for
neuroimmunological diseases such as multiple sclerosis.
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Introduction

Chondroitin sulfate proteoglycans (CSPGs) are a family of glycosa-
minoglycans consisting of glucuronic acid, N-acetylgalactosamine
and sulfate. CSPG is the main constituent of the extracellular matrix
in the central nervous system (CNS) and influences neuroplasticity
(Rolls et al. 2006). For example, CSPG levels are up-regulated after
CNS injury (McKeon et al. 1999; Asher et al. 2001; Jones et al.
2002) and during the course of chronic neurodegenerative disorders
such as multiple sclerosis (Sobel and Ahmed 2001) and Alzhei-
mer’s disease (Inoue 2001). CSPG attenuates regeneration in the
CNS (Properzi et al. 2003; Silver and Miller 2004) by inhibiting
neuronal growth (Bradbury et al. 2002; Grimpe and Silver 2002)
and regulating the activation of immune components (Fitch and
Silver 1997).

For instance, CSPG inhibits axonal regeneration in spinal
cord injury models and, conversely, CSPG degradation by the
enzyme chondroitinase ABC promotes repair (Bradbury et al.
2002; Chau et al. 2004; Huang et al. 2006). In general, inhib-
ition of non-systemic neuronal projection protects the neuronal
network. These reports suggest that CS moieties of CSPGs are
responsible for PNN formation and control of the critical
period plasticity. However, importance of sulfation pattern of
CS chains in the plasticity has been overlooked in these previ-
ous studies due to the exclusive use of ChABC that degrades all
CS chains, irrespective of their sulfation status. Sulfation pro-
files of CS chains change dramatically during brain develop-
ment (Mikami and Kitagawa 2013). Although the role of
CSPG in autoimmune disease has not been analyzed in detail,
some reports have indicated that CSPG promotes recovery in
CNS immunopathologies such as experimental autoimmune
encephalomyelitis (EAE). For example, administration of
CSPG alleviates the clinical symptoms of EAE and reduces
microglia activation and the number of infiltrating T cells (Zhou
et al. 2010). Furthermore, the deletion of protein tyrosine phos-
phatase receptor type Z as CSPG in the CNS delays recovery
from paralysis associated with EAE. These results indicate that
CSPG has a role in CNS recovery and might therefore be
helpful in overcoming inflammation-induced neurodegenera-
tive conditions (Harroch et al. 2002).

Chondroitin 6-sulfotransferase (C6ST) catalyzes the transfer
of sulfate to position 6 of the N-acetylgalactosamine residue of
chondroitin. Sulfation that occurs mainly at the C-6 position of
the internal GalNAc residue produces chondroitin 6-sulfate
(C68), whereas the C-4 sulfated form is called (C4S).

C6S is the dominant form of chondroitin in the fetal period,
however, the percentage of chondroitin 4-sulfate increases
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during development. Sulfation patterns vary depending on
organ, age, cell progression and other factors. For instance, dis-
tinctive increases in C6S are seen in the spleen, lung, bone
marrow and eye, and C6S plays a role in the maintenance of
naive T lymphocytes in the spleen of young mice (Uchimura
et al. 2002). Molecular cloning of human C6ST has revealed
two orthologous genes, C6ST1 (Fukuta et al. 1998; Uchimura
et al. 1998) and C6S72 (Kitagawa et al. 2000). Expression of
both isoforms in the brain is evident during development but
negligible in adulthood. C6ST1 is one of the sulfotransferases
involved in the biosynthesis of sulfated glycosaminoglycans;
however, in vivo functional analysis of C6STl1-deficient
mice shows no apparent abnormality in brain development
(Uchimura et al. 2002). In the present study, we analyzed the
role of CSPG in EAE using C6ST1-deficient mice.

Materials and methods

Mice

Wild-type (WT) C57BL/6 mice were purchased from Clea
Japan (Tokyo, Japan). C6ST1™" mice were originally obtained
from Dr. Kadomatsu (Nagoya, Japan) and have been described
previously. The mice had been backcrossed to the C57BL/6
background for more than five generations.

Mice were rendered deficient in the C6st/™" gene via em-
bryonic stem cell technology. C6stl™ mice were born at ap-
proximately the expected frequency and were viable through
adulthood. Brain development was normal in Céstl "~ mice.
Further analysis revealed that the number of CD62L*CD44"
T lymphocytes corresponding to naive T lymphocytes in the
spleen of C6st1™" mice was significantly decreased, whereas
that in other secondary lymphoid organs was unchanged
(Uchimura et al. 2002). Genotyping of C6ST1 ™" mice was per-
formed with polymerase chain reaction as described elsewhere.

C6ST1 transgenic mice (C6ST1'®) were obtained from
Dr. Kitagawa (Miyata et al. 2012). Full-length human C6ST1
complementary DNA was amplified with reverse transcription
polymerase chain reaction using a human placenta complemen-
tary DNA library and cloned into the EcoRI site of a pCAG
vector, which drives transgene expression using a chicken
B-actin promoter and cytomegalovirus enhancer (Niwa et al.
1991). Plasmid DNA was injected into C57BL6 embryos,
which were placed into pseudopregnant females to produce
transgenic offspring. Transgenic mice were identified with
Southern blot using tail DNA and were mated with C57BL6
WT mice. Mice were kept under specific pathogen-free condi-
tions in an environmentally controlled, clean room. All experi-
ments were conducted according to institutional ethics guidelines
for animal experiments and safety guidelines for gene manipu-
lation experiments. These mice were maintained under specific
pathogen-free conditions. All mice for experiments were 8—12
weeks old.

Peptides

Myelin oligodendrocyte glycoprotein (MOG3;5_ss) (single-letter
amino acid code, MEVGWYRSPFSRVVHLYRNGK) was
synthesized by Tore Research Institute (Tokyo, Japan). The
peptides were of >90% purity, as determined by high-
performance liquid chromatography (HPLC).
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Induction and assessment of EAE

Mice were injected subcutaneously in both flanks with 200 pL
of inoculum containing 100 pg MOGsss5 and 0.5 mg
Mycobacterium tuberculosis H37Ra (Difco Laboratories,
Detroit, MI) in incomplete Freund’s adjuvant. Pertussis toxin
(200 ng; List Biological Laboratories Inc., Campbell, CA) was
injected intravenously on days 0 and 2 after immunization. For
EAE induction in the adoptive-transfer model, recipient mice
were injected intravenously with encephalitogenic cells (pre-
pared as in Preparation of cells for EAE induction in the
adoptive-transfer model section) and 200 ng of pertussis toxin.
Immunized mice were examined daily and scored as follows:
0, no clinical signs; 1, limp tail; 2, partial hind leg paralysis;
3, total hind leg or partial hind and front leg paralysis; 4, total
hind leg and partial front leg paralysis; 5, moribund or dead.
Mice were examined daily in a blind fashion for signs of EAE.

Preparation of cells for EAE induction in the
adoptive-transfer model

For preparation of MOG-specific cells to induce EAE in the
adoptive-transfer model, mice were immunized with MOG/
complete Freund’s adjuvant following the protocol used to
induce EAE. Draining lymph nodes (LNs) were collected
10 days later, and a single-cell suspension was prepared. The
cells were stimulated with 30 pg/mL MOGss_ss in 24-well
flat-bottomed plates (5 x 10%cells/well) in T-cell medium
(RPMI media enriched with 10% fetal bovine serum, 2 mM
L-glutamine, 5 x 10°M 2-ME, nonessential amino acids,
sodium pyruvate and penicillin/streptomycin). Recombinant
mouse interleukin (IL)-12 was added at 20 ng/mL. Four days
after initiation of the cultures, cells were harvested, and CD4”"
cells were selected using a column (R&D, Minneapolis, MN).
Ten million CD4" cells were injected intravenously into recipi-
ent mice as described above for EAE induction.

Establishment of a MOGss_ss-specific T-cell line

A MOG-specific T-cell line was established using cells for
adoptive-transfer EAE as described above. The cells were cul-
tured in T-cell medium with 10 ng/mL of IL-2. Half of the
medium was replaced every few days. Stimulation with 30 pg/
mL MOGs;s_ss was performed every 10 days with irradiated
(30 Gy) splenocytes as antigen-presenting cells.

MOG;s_ss-specific T-cell proliferation assay

For proliferation assays, mice were immunized with peptide/
CFA as described above, but the mice were not treated with per-
tussis toxin. A single-cell suspension was prepared from the
draining LNs 10 days after immunization. Cells were cultured
in Dulbecco’s modified Eagle medium (Gibco, Grand Islands,
NY) supplemented with 5 x 107> M 2-mercaptoethanol, 2 mM
L-glutamine, 100 U/mL of penicillin and streptomycin and 1%
autologous mouse serum and seeded onto 96-well flat-
bottomed plates (1 x 10° cells/vell). The cells were restimu-
lated with peptide for 72 h at 37°C in humidified air with 5%
CO,. To measure cellular proliferation, [*H]-thymidine was
added (1 mCi/well) and uptake of the radioisotope during the
final 18 h of culture was counted with a beta-1205 counter
(Pharmacia, Uppsala, Sweden). To evaluate the proliferative
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responses of LN cells to the peptide, we determined the delta
(A)e.p.m. value for cells in each well by subtracting the back-
ground c.p.m. and then used the mean of these values to repre-
sent each mouse.

Detection of cytokines

In parallel, LN cells from immunized mice were cultured with
peptide concentrations of 0, 1, 10 and 100 pg/mL. Supernatants
from the cultures were harvested 48 h postactivation and tested
for the presence of various cytokines. The concentrations of
interferon gamma (IFN-g), 1L-2, IL-4 and IL-10 in the superna-
tants were measured with sandwich enzyme-linked immuno-
sorbent assay according to the manufacturer guideline (BD
Biosciences, San Jose, CA). Limits of detection for TFN-g,
IL-2, IL-4 and IL-10 were 195, 25, 12.5, and 50 pg/mL,
respectively.

Analysis of infiltrating cells isolated from the CNS

Wt and C6ST1™" mice were anesthetized with diethyl ether on
day 9 after EAE induction. After perfusion with phosphate-
buffered saline, the brain and spinal cord were removed and
homogenized. After washing with phosphate-buffered saline,
mononuclear cells were isolated using Percoll gradient (Amer-
sham Biosciences, Piscataway, NJ) and counted (Miyamoto
et al. 2006). The cells were stained with phycoerythrin-labeled
anti-CD4 antibody (BD Biosciences) and analyzed with flow
cytometry using a BD FACSCalibur device. As a control, naive
mice were also analyzed for the infiltration of cells into the
CNS using the same method.

Pathological analysis

The brain and spinal cord were removed on day 14 after the in-
duction of EAE. Ten-micrometer-thick frozen sections were
fixed with acetone and stained with hematoxylin and eosin or
Luxol fast blue.

HPLC analysis

Soluble CSPG fractions from brain were prepared as described
previously (Kitagawa et al. 1997). In brief, brains from WT or
C6st1™ mice, at pre- or postimmunization EAE, were homoge-
nized in ice-cold PBS containing EDTA and phenylmethylsul-
fonyl fluoride. After centrifugation, supernatant fluids were
concentrated, and then washed with Tris—=HCI buffer containing
sodium acetate. The protein concentration of the proteoglycan
fractions was determined using the BCA protein assay kit.
These fractions were first digested using chondroitin ABC lyase
and evaporated to dryness.

The digests were derivatized with 2-aminobenzamide
according to the manufacturer’s instructions (SIGNAL™ label-
ing kit, Oxford GlycoSystems). The labeled disaccharides were
analyzed by on an amine-bound silica PAO3 column. The
HPLC was performed in an LC-10AS system (Shimadzu Co.,
Kyoto, Japan).

Statistics

Non-parametric Mann—~Whitney U tests were used to calculate
significant levels for all measurements. Values of P <0.05 were
considered statistically significant.
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Results
Exacerbation of EAE in C6ST1™"" mice

To examine the role of C6ST1 in the development of EAE, we
first performed active immunization to establish EAE. The clin-
ical symptoms of EAE in C6ST1™" mice were more severe
than those in WT mice were. Statistically, a significant differ-
ence in EAE maximum score and cumulative score was found
between C6STI™" and WT mice (Figure 1, Table I).
Histological comparison of the thoracic regions of the spinal
cord demonstrated exacerbated monocyte infiltration and de-
myelination in C6ST1™" mice compared with WT mice (not
shown). We next performed adoptive-transfer EAE. When we
transferred MOG-reactive T cells from WT mice to C6ST17~
or WT mice, the severity of EAE in the C6ST1™" mice was sig-
nificantly higher than that in WT mice (Figure 2; Table I).
These results indicate that a lack of C6S does not affect the in-
duction phase of EAE but exhibits effects during the effector
phase of EAE.

21008 Iy3

7 14 21
days after onset

28 35

Fig. 1. Exacerbation of experimental autoimmune encephalomyelitis (EAE) in
C6ST1™" mice. EAE was induced in C6ST17™ (open squares) or WT (closed
circles) mice via immunization with myelinoligodendrocyte glycoprotein
(MOGss.55) in complete Freund’s adjuvant (CFA) as described in Materials
and methods section. Statistical analysis is shown in Table IA. Two independent
experiments are expressed as the mean EAE score.

Table I. Statistical analysis of clinical EAE scores

Mouse Incidence Max score Cumulative score
A

C6STI™~ 24126 (92.3%) 3.08+£0.25% 30.6+3.4%

WT 20/28 (71.4%)  2.25+0.32 20.2+3.3
Recipient mouse Incidence Max score Cumulative score
B

C6ST17~ 8/10 (80.0%) 2.15+£0.48 13.4+3.4*

WT 6/11 (54.5%) 1.00+0.33 40x1.7

(A) Active-immunization EAE. Each mouse was immunized with MOGss_ss
peptide for the induction of EAE. The data are the same as in Figure 1.

(B) Adoptive-transfer EAE. One million encephalitogenic CD4™ T cells from
WT mice were injected intravenously into WT or C6ST1™" mice (recipient).
The data are the same as in Figure 4.

Mean + SEM of the following parameters is shown: maximum score of EAE
(max score), incidence of paralyzed mice among sensitized rats (Incidence),
summation of the clinical scores from days 0 to 35 (Cumulative score). The
statistical significance of the difference was determined using ANOVA,

*P <0.05 vs. WT mice.
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Fig. 2. Chondroitin 6-sulfotransferase plays a role in the effector phase of EAE.
Encephalitogenic T cells were prepared by immunizing WT mice and culturing
their LN cells in the presence of MOG and interleukin-12 for 4 days. One
million CD4" cells were injected into the tail vein of WT (closed circles) or
C6ST1™" mice (open squares). EAE clinical scores were assessed as described
in Table IB. These data are shown as mean clinical scores + standard error of the
mean (SEM).

Spinal cord from C6ST1™" mice shows severe cell infiltra-
tion in comparison with it from WT (Figure 3). This shows that
the presence of C6ST inhibits the infiltration of pathogenic
lymphocyte in EAE.

C6ST1 has no effect on the recall response of MOG-specific
Tcells

To determine the mechanisms of C6S in T-cell activation, we
examined the proliferative response and cytokine production of
draining LN cells in vitro. C6ST1™”~ or WT mice were immu-
nized with MOGss_ss. Ten days after immunization, draining
LN cells were collected and cultured with MOGss_ss peptide.
As shown in Figure 4, no significant difference was found in
the proliferative responses of MOG-reactive T cells in C6ST1 ™~
and WT mice. We next examined the levels of cytokines in the
culture supernatant using enzyme-linked immunosorbent assay.
Levels of IFN-g, IL-4, IL-10 and IL-17 in the culture supema-
tants of LN cells obtained from C6ST1™" and WT mice were
similar (data not shown).

Lack of C6S has no effect on the infiltration of pathogenic

T cells into the CNS

To analyze the mechanism of C6S on the infiltration of the in-
flammatory cells into the CNS, we isolated mononuclear cells
in CNS samples obtained from each mouse on day 9 of
active-immunization EAE. This period occurs just before the
onset of EAE in WT mice; none of the mice exhibited EAE
symptoms at that time. As shown in Figure S, the CD4" cell
number in the CNS samples from C6ST1™" mice was not sig-
nificantly different from that in the samples from WT mice
(14.3£2.8 vs. 13.3 2.6, as mean = standard error of the mean,
x10°). This result suggests that C6S has no effect on the migra-
tion of pathogenic T cells into the CNS.

Expression level of C6S in CNS during EAE

To confirm whether C6S is up-regulated in CNS, HPLC ana-
lysis was performed. Figure 6 shows that C-unit CS (C6S)
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Fig. 3. Histopathological findings of spinal cord. Spinal cord from C6ST1 " mice
(B) shows severe cell infiltration (arrow) in comparison with it from WT (A).

15000
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MOG,; 5 (ug/mi)
Fig. 4. Comparison of MOGss_ss-specific T-cell response in C6ST1™” and WT
mice. Popliteal and inguinal LN cells from C6ST1™" (open squares) or WT
(closed circles) mice were incubated in the presence of MOGs;s_ss for 48 h.
Proliferative response was determined by the uptake of [°H] thymidine.

Representative data of two independent experiments are shown (n = 12 for each
group). Error bars represent SEM.

did not detected in brains from C6stl™~ mice. In WT mice,
increased expression of C-unit CS did not observed in brains
from EAE immunized mice in comparison with brains from
naive mice.
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Fig. 5. Analysis of infiltrating cells isolated from the CNS. Infiltrating cells in
the CNS from each mouse were collected as described in Materials and
methods section. The infiltrating CD4™ T cells were analyzed with flow
cytometry. The data are presented as mean = SEM (x10%), WT (13.3 £2.6,
n=3), C6ST1™" (14.3%2.8, n=3) and naive mice (1.4 +0.3, n=3). *P < 0.05
by Mann—-Whitney U test.

WT Naive WT EAE KO Naive KO EAE

Fig. 6. C6S is not up-regulated during the development EAE. To confirm
whether C-unit CS (C6S, closed square) is up-regulated in the CNS during the
development EAE, HPLC analysis was performed. The fractionation and
analysis of oligosaccharides were carried out by HPLC as described in
Materials and methods section. This shows that the expression level of C6S is
no change during the development EAE.

Amelioration of EAE in C6ST1'¢ mice

Next, we analyzed whether overexpression of C6ST reduces
the progression of EAE. EAE was induced in C6ST1'® mice
overexpressing C6ST1. The maximum score of C6STI'®
mice was significantly lower than that of WT mice. The cumu-
lative score of C6ST1' mice was also significantly lower than
that of WT mice. In contrast, the score of C6ST1™™ mice was
significantly higher than that of WT mice (Figure 7; Table II).
These results suggested that C6ST1 ameliorates the pathogenesis
of EAE.

Discussion

We have previously shown that the onset of EAE is delayed
in mice lacking complex gangliosides owing to the lack of

— b2
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Fig. 7. Overexpression of chondroitin 6-sulfotransferase ameliorates EAE. EAE
was induced in C6ST1™" (open squares), C6ST1'® (open triangle) or WT
(closed circles) mice via immunization with MOGg;s_ss in CFA as described in
Materials and methods section. Statistical analysis is shown in Table I1. Two
independent experiments are shown as the mean clinical score + SEM.

Table IL Statistical analysis of clinical EAE scores

Mouse Incidence Max score Cumulative score
C6STI™ 15/16 (93.8%) 3.6640.28% 41.0:&4.1"f
C6ST1-Tg 11/14 (78.6%) 1.96+0.36*" 18.0+4.5"

wWT 12/14 (85.7%) 3.00:0.38 28.54+4.6

Active-immunization EAE. Each mouse was immunized with MOGss_ss
peptide for the induction of EAE. The data are the same as in Figure 7.
Mean = SEM of the following parameters is shown: maximum score of EAE
(max score), incidence of paralyzed mice among sensitized rats (incidence),
summation of the clinical scores from days 0 to 35 (cumulative score). The
statistical significance of the difference was determined using ANOVA,
*P<0.05 vs. WT mice, “P<0.001 vs. C6ST1™ mice.

GM2/GD2 synthase. The carbohydrate portion of complex
gangliosides may be involved in the migration of activated T
lymphocytes across the blood-brain barrier (Miyamoto et al.
2008). Thus, modification of the carbohydrate portion of the
glycoconjugates may affect the pathogenetic mechanisms of
EAE. In the current study, we demonstrated that CSPG is
involved in the pathogenesis of EAE. Active-immunization and
adoptive-transfer experiments showed that lack of C6ST1 exa-
cerbated the disease severity of EAE in the effector phase. No
difference was found in the recall response of lymphocytes to
MOGs;s.s5 in C6ST1-deficient mice compared with WT mice.
Furthermore, the lack of C6ST1 did not affect the passage of acti-
vated T lymphocytes across the blood-brain barrier in EAE.
Moreover, overexpression of C6ST reduced the pathogenesis of
EAE. The results suggest that C6S could have a neuroprotective
effect in the effector phase of EAE. Because C-unit CS (C6S)
does not increase during EAE, C6S may be acting protectively
regardless of the immunization.

Recently, CSPG has been implicated in several intriguing
biological phenomena, such as the regulation of growth factor
functions (Deepa et al. 2002), cell division (Sugahara and
Mikami 2007) and neuritogenesis (Li et al. 2007). In addition,
a missense mutation of C6ST1 has been demonstrated to
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abolish C6ST activity almost completely and cause severe
human chondrodysplasia with major involvement of the spine
(Thiele et al. 2004; van Roij et al. 2008).

In a spinal cord injury model, CSPG inhibits re-innervation,
and a CSPG-degrading enzyme promotes axonal regeneration
(Kawano et al. 2005). Chondroitinase ABC treatment up-regulates
regeneration-associated proteins in injured neurons and pro-
motes the regeneration of both ascending sensory projections
and descending corticospinal tract axons (Bradbury et al.
2002). Treatment with transforming growth factor-betal upre-
gulates keratan sulfate and CSPG biosynthesis (Yin et al.
2009), and it promotes the expression of C6ST1 (Properzi et al.
2005) in microglia after brain injury. CSPG3, or neurocan, is
up-regulated in the periventricular white matter and cortex in
the effector phase of EAE. CSPG3 is indicative of cell recruit-
ment for repair processes and is confirmed by the presence of
thin myelin sheaths in the plaques (Sajad et al. 2011). Thus,
CSPG3 may play a crucial role in CNS regeneration in EAE.

Phosphacan is a CSPG that accelerates nerve recovery and
has crucial roles in the maintenance of oligodendrocytes
(Ranjan and Hudson. 1996). Studies have shown that the
administration of CSPG causes severe clinical symptoms in
EAE (Rolls et al. 2006). Zhou et al. demonstrates that a dis-
accharide fraction of 6-sulfated C units reduces EAE, while
4-sulfated CS-A may actually make things worse (Zhou et al.
2010). The variable results of these experiments indicate that a
consensus has not yet been reached on the therapeutic effect
of CSPG. In our study, C6S displayed a neuroprotective effect
in EAE. Modification of sulfation pattern to increase C6S
levels in the CNS is used as a treatment for EAE. C6S may
inhibit the spread of pathogenic T cells in the CNS. Although
CSPG prevents nerve regeneration in the recovery phase of
the nerve injury model, CSPG may prevent disease progression
in the acute phase of EAE. Thus, modification of the carbohy-
drate structure of CSPG could be used as a new therapeutic
method for neuroimmunological diseases such as multiple
sclerosis.
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