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Figure 6 V,19i T cell-induced IL-10 production is partially B cell dependent but completely MR1
independent. Cytometric bead assay of IL-10 in the supernatants of liver V,19i T cells from naive
VY 19iTgCd1d ™ mice, cultured for 72 h with MOG(35-55) plus MOG(35-55)-specific splenocytes
from wild-type nontransgenic or B cell-deficient uMT mice (a) or from wild-type nontransgenic or

. MR1-deficient mice (b). Data represent mean = s.e.m. of duplicate samples from three independent

experiments, *, P < 0.05, compared with control (two-tailed Student's ftest).

CD3*NK1.1* or CD14% cells using intracellular cytokine flow cyto-
metry. The addition of V,191 T cells greatly increased IL-10 produc-
tion by CD19"* B cells and CD3* NK1.1¥ NKT cells (Fig. 5a). CD4*
and CD8* T cells also showed slight increases in 1L-10 production in
the presence of V191 T cells. To demonstrate that B cells were the
main 1L-10 producing cells in vivo, we extracted RNA from sorted
splenic CD4* T cells or CDI9* B cells from Vo 19iTgCdldi™
or nontransgenic mice with EAE (Fig. 5b). In agreement with the
esults of the in vitro coculture system, we found that B cells isolated
from V,19iTgCd1dI~ miice had higher expression of mRNA tran-
scripts encoding 11-10 than did T cells (Fig. 5b). In addition, B cells
from V,19iTgCd1d1™~ mice had higher expression of JII0 transcripts
than did B cells from Cd1dI- mice (Fig. 5b). In contrast, CD4"
T cells from V,19iTgCdldI”~ mice had lower expression of Tyl
cytokine~encoding mRNA transcripts than did CD4* T cells from
Cd1d1~- mice (Fig. 5b).

To determine if V4191 T cell-B cell interactions are essential for
1L-10 production in the coculture system, we immunized B cell-
deficient (UMT) mice with MOG(35~55) to obtain a source of MOG-
primed spleen cells lacking B cells. After culture together with V,19i
T cells, B cell-deficient splenocytes produced less IL-10 than did wild-
type nontransgenic splenocytes (Fig. 6a). As ptMT knockout mice may
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 1L-10 than did nondepleted splenocyte
samples whereas the readdition of wild-type B cells to B cell-depleted
splenocyte samples restored 1L-10 production (56.3 + 1.2 pg/ml for

Figure 7 ICOS-B7RP-1 costimulation contributes to V,19i T cell-induced
B cell [L-10 production. (a) Flow cytometry of costimulatory molecule
expression on the surface of liver V,19i T cells (filled histograms) and naive
splenic T cells from C57BL/6 mice (dotted lines). Data are representative
of three separate experiments. (b) Cytometric bead assay of [L-10 in the
supernatants of liver V,19i T cells from naive mice, cultured with
MOG(35-65) and MOG(35-55)-specific splenocytes from wild-type
nontransgenic EAE mice in the presence of isotype-matched control
antibody (Ctrt mAb) or of blocking antibedies specific to various
costimulatory molecules (u-; 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,19iTgCd 1d1™" mice, cultured with MOG(35-55) and
MOG(35-55)-specific splenocytes or sarted B cells from wild-type
nontransgenic EAE mice in the presence of various antibodies (key),
measured after 72 h of incubation. *, P < 0.001, compared with control
groups (analysis of variance). Data represent mean % s.e.m. of triplicate
samples from two separate experiments.
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B cell-depleted splenocyte samples; 126.0 £
44 pg/ml for B cell-depleted splenocyte
samples with B cells ‘added back’; and
1704 + 08 pg/ml for nondepleted
splenocyte samples).

We hypothesized that an interaction
between MR1 on B cells and the V,191 TCR
on T cells could induce IL-10 secretion from
both cell types. To test that, we immunized
MrI™ mice with MOG(35~55), followed by
coculture experiments. In the absence of
MRI, V419 T cell-mediated 1L-10 produc-
tion was not reduced (Fig. 6b). These results
suggest that V,19i T cell-induced 1L-10 pro-
duction can occur at least in part through
MRI1-independent interaction with B cells.
However, non-B cells also seem to contribute to V4191 T cell-induced
1L-10 production.

+ 11+
O

Costimulation in V,19i T cell-induced 1L-10 production
Naive V,19i T cells from V,19iTgCd1d1~~ mice expressed more of the
costimulatory molecules CD278 (1COS), CD86 (B7-2), CDI154
(CD40L) and CD28 than did naive splenic T cells (Fig. 7a). V419
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 V4141 NKT cells! and
‘mucosal-associated invariant T cells’ isolated from gut mucosa®.
Given that MR1 is not required for 11-10 production, we hypothe-
sized that costimulatory interactions may provide the stimulus for
11-10 production. To test that, we repeated the coculture experiments
in the presence of blocking antibodies specific for the costimulatory
molecules B7RP-1, CD80, CD86 and CD40L. We found that blockade
of each costimulatory pathway resulted In significantly lower IL-10
secretion than that of control cocultures treated with control immu-
noglobulin (Fig. 7b). However, blockade of the ICOS-B7RP-1 path-
way inhibited 1L-10 production most substantially. To extend those
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findings further, we cultured V,19i T cells together with purified B
cells. This resulted in B7RP-1-dependent 1L-10 production (Fig. 7c).
B7RP-1 blockade partially inhibited 11-10 production in cocultures of
V419i T cells and splenocytes and fully inhibited 1L-10 production in
cocultures of V,191 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,19i T cell~induced IL-10
production. Furthermore, the ICOS-B7RP-1 pathway is vital for V191
T cell-induced, B cell-mediated 11-10 production, as blockade with a
combination of antibodies to costimulatory molecules (B7RP-1,
CD80, CD86 and CD40L) inhibited 11-10 to the same degree as
anti-B7RP-1 alone (Fig. 7c). However, other costimulatory molecules
are involved in V4151 T cell~induced 11-10 production from whole
splenocytes (Fig, 7b).

DISCUSSION
Although T cells expressing the invariant V,19-J¢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 MR, their TAP (irans-
porter associated with antigen processing)—independent development
in rodents, humans and cattle, and the notable interspecies conserva-
tion of this invariant TCR. Because CD1d-restricted V,14i NKT cells,
which influence autoimmunity, have similar properties, we speculated
that MR1-resricted T cells would also be capable of modifying
autoimmunity. However, V, 191 T cells are distinct from V,14i
CD1d-restricted T cells in their ‘preferential’ distribution in the gut
mucosa and their dependence on the presence of B cells and gut flora.
V721 T cells, the human homolog of V,18i T cells, are present in
lesions of patients with multiple sclerosis®. As multiple sclerosis is 2
demyelinating disease involving autoimmune T cells, B cells, macro-
phages and various inflammatory mediators, it is possible that MR1-
restricted T cells may regulate ongoing disease activity in the CNS.
Using an animal model of multiple sclerosis, we examined the effect of
overexpression or deletion of MR1-restricted T cells on disease course
and severity. Our study suggests that V,191 T cells can suppress

_autoimmune inflammation. In addition, we have shown that V,15i

cells have a memory or activated surface phenotype and are able to
produce large amounts of Tyl and Ty2 cytokines. NK1L.1¥ T cells
from V419iTg mice produced more cytokines than did NK1.1% T cells
from V,19iTgCd1dI~~ mice, indicating a possible interaction between
CD1d- and MRI1-restricted lymphocytes.

We undertook several approaches to determine whether V,19i
T cells regulate EAE pathogenesis. Overexpression of V4191 T cells
protected mice from clinical EAE. Inhibition of EAE was asscciated
with reduced infiltration and demyelination of the spinal cord as well
as a decrease in the production of disease-promoting Tyl cytokines in
the draining lymph nodes and spleen and a reciprocal increase in
11-10, a well established inhibitor of EAEZ-C, 11-17-secreting cells,
which function independently of Ty cells, may promote EAE?L, Here
we determined that the inhibitory effect of V,19 T cells is biased
toward prevention of secretion of Tyl cytokines rather than 11-17.

A potential limitation of TCR-transgenic models is the possible
distuption of conventional TCR diversity, which could skew TCR
recognition of MOG. However, this is unlikely, as anti-MOG T cell
proliferative responses were similar in wild-type nontransgenic and
V,19iTg mice. Furthermore, we adoptively transferred liver V,19i
T cells from naive V,19iTgCdIdI™~ mice into wild-type nontrans-
genic mice with EAE, which express natural TCR diversity. In those
experiments, V4191 T cells effectively inhibited EAE, suggesting that
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V,19i T cells have a regulatory function during EAE. However, a
potential limitation of our model is the difficulty of obtaining pure
Vo191 T cell preparations because of the lack of a V,19 TCR-specific
antibody. Therefore, experiments using sorted CD3% NKL.1% cells
from V,19iTgCdldl™~ mice may also contain small numbers of
non-V,14i TCR NK1.1* T cells of other TCR specificities. To ascertain
whether normal numbers of V4191 T cells in wild-type nontransgenic
mice could be involved during EAF, we induced EAE in Mrl™~ mice
and found that the absence of V191 T cells resulted in a more severe
clinical disease than that of wild-type nontransgenic mice.

V,19i T cells most Bkely exert their main effects in the peripheral
lymphoid tissue, as the reduction in proinflammatory cytokdnes and
increase in 1L-10 was in the draining lymph nodes and spleen. We also
demonstrated that the protective effect of Vo191 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,19iTgCA1417 mice, which correlated with
reduced T cell infilration of the CNS. However, we did note low
numbers of V,191 T cells (CD3¥NKL1Y from V,19iTgCdidrmice)
and B cells in the CNS of mice with EAE, suggesting that V,191 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,19iTgCAIdI7™ mice.
Notably, that finding is consistent with published studies dermonstrat-
ing that 1L-10-producing B cells are involved in spontaneous remis-
sion from EAE and could limit dinical disease when adoptively
transferred into mice with EAF® or 2 model of collagen-induced
arthritis®®. However, those results do not exclude the possibility that in
vivo, other cell types are also involved in V,191 T cell-mediated
immune regulation. B cells express MR1 (ref. 34), and V,19i T cells
are MR1 restricted’, but IL-10 production was unaffected in coculture
experiments with lymphocytes from MR1-deficient mice, suggesting
that MR1, although necessary for V191 T cell selection, is not essential
for V4191 T cell~induced B cell IL-10 production.

T cell activation requires TCR stimulation as well as costimulatory
signals. Many costimulatory molecules that regulate cell activation and
cytokine secretion have been identified: ICOS and its ligand B7RP-1,
CD40-CD40L and CD28-CD80 and CD28-CD86 (refs. 35-38). ICOS
costimulation induces 1L-10 production as well as help for B cell
maturation and CD40L expression®®*?, The expression of costimula-
tory molecules on V4191 T cells was unknown before; we have
demonstrated here that V,19i T cells express ICOS, CD28, CD86
and CD40L. To determine the contribution of each of these costimu-
latory signaling pathways on the production of 11-10 after V,19i
T cell-B cell interactions, we repeated the coculture experiments using
blocking monoclonal antibody to each of the costimulatory pathways.
We found that blockade of the ICOS-B7RP-1 pathway inhibited 1L-10
production. Furthermore, blockade of the CD40-CD40L, CD28-CD80
or CD28-CD86 pathway also blocked 11.-10 production, although not
to the extent seen with 1COS blockade.

Commensal flora in the gut are important for the selection of V,1%i
T cells”. V419 T cells may also control gut preduction of immuno-
globulin A from B cells, suggesting involvement of V19 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 11-10 and transforming growth factor-f are involved
in immunoglobulin A synthesis and secretion®2, In the presence of
1L-10 and CD40-CDA40L signaling, production of immunoglobulin A
is increased®. Thus, our findings presented here are consistent with
the hypothesis that V419i 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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11-10, which in nonpathogenic conditions may inhibit inflammation
against gut flora required for V,19i T cell selection. Therefore, we
propose a model of V,191 T cell-induced protection from EAE
whereby V,19i T cells interact with B cells in lymphoid tissue through
1COS-B7RP-1 and to a lesser degree through other costimulatory
pathways to induce 11-10 production, which in turn can inhibit the
production of disease-promoting Tyl cytokines such as IFN-y and
TNF. In conclusion, here we have identified a protective function for
invariant V,19i 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-J,33 than in mice and therefore these cells
may prove to be useful therapeutic targets for the treatment of
autoimmune disease.

METHODS

Mice and induction of EAE. C57BL/6 mice (CLEA Laboratory Animal), uMT
mice (Jackson Laboratories), V,19iTg mice®, V,19iTgCA1d1~" mice, CAI1d1"
mice and MrI-" mice’ were maintained in specific pathogen~free conditions in
accordance with institutional guidelines (MNational Institute of Neuroscience,
Tokyo, Japan.). MrI™" mice were backcrossed to C57BL/6 mice for ten
generations®?, Mice were injected subcutaneously with 100 pg MOG(35-55)
and 1 mg heat-killed Mycobacterium tuberculosis H37RA (Difco) emulsified in
complete Freond’s adjuvant. Pertussis toxin (200 ng in PBS; List Biological
Laboratories) was injected intraperitoneally on days 0 and 2 after immuniza-
tion. EAE clinical symptoms were assigned scores daily as follows: 0, no clinical
signs: 1, loss of tail tonicity; 2, impaired righting reflex; 3, partial hindlimb
paralysis; 4, total hindlimb paralysis.

Cell sorting and adoptive transfer. For depletion of NK cells, mice were
injected intraperitoneally with 100 pg anti-asialo-GM, (vef. 44) 48 h before
purification of V,19i T cells. Liver or spleen cells were isclated from mice
by Percoll density-gradient centrifugation, and NKT cells, B cells and T cells
were purified with the AutoMACS cell pwification system (Milienyl
Biotech). NKT cells were isolated using phycoerythrin-conjugated anti-NK1.1
(PK136; BD Pharmingen) and anti-phycoerythrin microbeads (Miltenyi
Biotech). The purity of isolated NKI.1* T cells, assessed by flow cytometry,
was more than 90%. In some experiments, single-cell suspensions were
incubated with fluorescein isothiocyanate-anti-CD3 (2C11; BD Pharmingen)
and phycoerythrin-anti-NK1.1 (PK136, BD Pharmingen) for sorting by flow
cytometry. B cells and T cells were isolated from the spleen with anti-CD19
microbeads or the ‘pan T cell’ kit (Miltenyi Biotech). For adoptive transfer
studies, liver CD3*NKI.1* V4191 T cells were sorted fom naive
V,19iTgCd1d17~ mice as desaribed above, and 1 x 10% V,19i T cells were
imjected intraperitoneally into naive C57BL/6 recipient mice on the day of
irnmumization with MOG(35-55). Control groups received identical numbers
of CD3*NK1.1™ hepatic cells.

Cell proliferation and cytokine analysis. For in vitro stimulation of sorted
V191 T cells, CD3*NK1.1* and CD3*NKIL.1" cells were suspended in RPMI
1640 medium (Sigma) supplemented with 10% FCS, 2 mM i-glutamine,
100 Urml of penicillin-streptomycin, 2 mM sodium pyruvate and 50 pM
B-mercaptoethanol and were stimulated with immobilized anti-CD3 (5 pg/ml;
BD Pharmingen). Cytokines were measured with inflammation cytometric
bead assay kits (BD Biosciences) at 24, 48 and 72 h after stimulation with
mouse Ty1-Ty2 cytokines. At 10 d after EAE induction without pertussis toxin,
myelin-specific T cell responses were measured. Lymphocytes (1 % 105) were
cultured with MOG(35-55) (1-100 uM for proliferation studies and 100 pM
for cytokine analysis). Cytokines were measured with a cytometric bead assay
kit (BD -Biosciences) or an IL-17 enzyme-linked immunosorbent assay kit
(BD Pharmingen) at 72 h after stimulation. Identical sets of wells were used for
proliferation studies. After 72 h, cells were incubated with [*H]thymidine
{1 pCi/well) for the final 16 h of culture and incorporation of radioactivity was
analyzed with a B-1205 counter (Pharmacia). Proliferation was determined
from triplicate wells for each peptide concentration and is expressed as counts
per minute.
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Surface marker analysis, quantification of CNS leukocytes and histology.
The surface phenotype of sorted V,19i T cells was analyzed by flow cytometry.
Nonspecific stzining was inhibited by incubation with anti-CD16/32
(BD Pharmingen). Cells were then stained with fluorescence-labeled antibodies
specific for CD4, NK1.1, TCRB, CD3, CD44, CD49d, CD19, CDs3,
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 a FACSCalibur (Becton
Dickinson). Intracellular cytokines were analyzed by flow cytometry with the
BD Cytofix/Cytoperm kit (BD Pharmingen). Staining of paraffin-embedded
spinal cords with luxol fast blue and with haematoxylin and eosin was done by
SRL. For quantification by flow cytometry, spinal cords were homogenized
through 70-um nylon mesh and by Percoll density-gradient centrifugation to
form single-cell suspensions.

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

Mixed-lymphocyte experiments. MOG(35-55)-specific spleen cells (2 x 16%)
isolared from wild-type nontransgenic mice 10 d after EAE induction were
mixed with liver V4191 T cells (5 % 10°) sorted from naive Va19iTng1d1""
mice, in the presence of 100 pg/ml of MOG(35-55) in 24-well plates or
transwell plates (Corning). Where indicated, MOG(35-55)-specific spleen cells
were isolated from MrI™" or pMT imice or were subjected to deple-
tion with anti-CD19 microbeads (Miltenyi Biotech). Costimulatory molecules
were blocked with 10 pg/ml of anti-B7RP-1 (HK5.3) or anti-CD40L (MR1) or
with anti-CD80 and anti-CD86 (16-10A1 and GL1, respectively; all from BD
Pharmingen)™. After 72 h, cytokines in the supernatant were analyzed by
cytometric bead assay, enzyme-linked immunosorbent assay or intracellular
flow cytometry. Proliferation of MOG(35-55)-specific lymph node cells was
assessed 24 b after the addition of [*H]thymidine (1 uCi/well) 1o 96-well plates.

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

Note: Supplementary information is available on the Narure Immunology website.
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Differential Expression of CD11¢ by Peripheral Blood NK
Cells Reflects Temporal Activity of Multiple Sclerosis’

Toshimasa Aranami, Sachiko Miyake, and Takashi Yamamura?®

Multiple sclerosis (MS) is an autoimmune disease, showing a great degree of variance in temporal disease activity. We have
recently demonstrated that peripheral blood NK cells biased for secreting 11.-5 (NK2 bias) are associated with the remission state
of MS. In this study, we report that MS patients in remission differentially express CD11c on NK cell surface (operationally defined
as CD11c"™* or CB11¢™™). When we compared CD11¢"#® or CD11¢™" patients, the expression of 1L-5 and GATA-3 in NK celis
supposed to endow 2 disease-protective NK2 phenotype was observed in CD11¢™™ but not in CD11c™*" patients. In contrast, the
CD11c"™" group showed a higher expression of HLA-DR on NK cells. In vitro studies demonstrated that NK cell stimulatory
cytokines such as I1.-15 would up-regulate CD11c expression on NK cells. Given previous evidence showing an association between
an increased level of proinflammatory cytokines and temporal disease activity in MS, we postulate that inflammatory signals may
play a role in inducing the CD11c™®" NK cell phenotype. Follow-up of a new cohort of patients showed that 6 of 10 CD11¢™#" MS

patients developed a clinical relapse within 120 days after evaluation, whereas only 2 of 13 CD11¢™" developed exacerbated disease
{(p = 0.003). As such, a higher expression of CD11lc on NK cells may reflect the temporal activity of MS as well as a loss of
regulatory NK2 phenotype, which may allow us to use it as a potential biomarker to monitor the immunological status of MS

patients.

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

ultiple sclerosis (MS)3 “is o chronic inflammatory dis-

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

ing CNS Ags ure presumed to play a pathogenic role
(1). A Jarge majority of the patients with MS (~70%), known as
relapsing-remitting MS. would develop acute exucerbutions of dis-
ease between intervuls of remission. It is currently believed that
relapses are cuused by T cell- and Ab-mediated inflummatory re-
actions to the self~CNS components. und could be controlled af
least to some degree by unti-inflummuatory therapeutics, immuno-
suppressants, or plasma exchange.

The clinjcal course of MS varies greatly among individuals.
implicating difficulties to predict the future of each patient. For
example. patients who had been clinically inactive in the early

' stage of illness could abruptly change into active MS accompuny-
ing frequent relupses und progressive worsening of neurological
conditions. There are u number of unpredictable matters in MS,
including an interval between relapses, responsiveness o remedy
and the prognosis in terms of newurological disubility. To provide
betier quality of management of the putients. searches of appro-
priate biomarkers are currently being wurranted (2). '

We have recently shown that surface phenotype und cytokine
secretion pattern of peripheral blood NK cells may reflect the dis-
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ease activity of MS (3. 4). A combination of quantitative PCR and
flow cytometry analysis has revealed that NK cells in clinical re-
mission of MS are churacterized by a higher frequency of CD95™
cells as well as a higher expression level of IL-5 than those of
healthy subjects (HS) (3). As IL-3-producing NK cells. referred 1o
as NK2 cells (5). could prohibit Thl cell activation in vitro (3). we
interpreted that the NK2 bias in MS may contribute to maintaining
the remission state of MS. More recently. we have found that MS
patients in remission can be further divided into CDOS™™ and
CDYS"™, uccording to the frequency of CDY3™ cells wmong NK
cells (4). Notably, memory T cells rexctive to myelin basic protein.
a major target Ag in MS. were increased in CD95"" patients,
compured with CD95"™. Of note, CD95"#" NK cells exhibited an
ability to actively suppress the autoimmune T cells. whereas those
from CDY5"™ patients did not. These results suggest thut NK cells
may accommodate their function and phenotype to properly coun-
terregulate autoimmune T cells in the remission state of MS.

Recently, a distinet population of NK cells that express CD1le.
a prototypical dendritic cell (DC) marker. wus identified in mice
(6. 7). As the CD11¢™ NK cells exhibited both NK and DC func-
tions. they are called as “bitypic NK/DC cells.” CD11c¢ associates
with integrin CDI18 to form CD11c/CDI8 complex and is ex-
pressed on monocytes, grunulocytes. DCs. and u subset of NK
cells. Although precise functions are unclear. it has been reported
that CD1lc is involved in hinding of iC3b (8). adhesion to stim-
ulated endothelium (9) or phugocytosis of apoptotic cells (10). The
initial purpose of this study wus to evaluate CD1le expression and
function of CD1le” NK cells in MS in the line of our research (o
characterize NK cells in MS. On initiating study. we noticed that
there was no significant difference between MS und HS in the
frequency of CD1lc’ NK cells. However, expression levels of
CDI1lce were significantly higher in MS. We further noticed that
up-regulation of CD1lc¢ is seen in some. but not all, patients with
MS. So we have operutionally classified MS into CDI1e™ and
CD1ic™e",

In this study. we demonstrate that 1L-5. characteristic of NK2
cells (5). were significantly down-regulated in CD11¢™™ than

Q022-1767/06/502.00
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CD11c™™ NK cells. In contrast, expression of HLA-DR class 1
molecule was up-regulated in CD11¢"'#" NK cells. Notably. both
CD1lc and HLA-DR on NK cells were reproducibly induced in
vitro in the presence of TL-15 (11) or combination of inflummaltory
cytokines, known to be increased in the blood of MS (12-14).

Jhigh

Furthermore, we found thut the remission state of CDllc is
unstable in comparison 1o CDI 1c%. as judged by un increased
number of the patients who exacerbuted during the 120 duys after
exumining NK cell phenotypes. These results suggest that the
CD11c™™ group of patients muy be in more unstable condition
than CD11c"™™, presenting with reduced regulatory functions of
NK cells.

Materials and Methods
Subjects

Twenty-five patients with relapsing-remitting MS (15) tmale (M)/female
(F) = 8/17: age = 37.7 = 1].1 (yewr old)) and 10 sex- and age-matched HS
(M/F = 3/7; age = 39.9 = 12.2 (year old)) were enrolled for studyving NK
cell phenotypes. All the patients were in the state of remission at exami-
nation as judged by magnetic resonance imaging scanning and clinical
assessment. They had not been given immunosuppressive medications. or
corticosteroid for at least 1 mo before examination. They had relatively
mild newrological disability (expanded disability status scale <4) and
could walk to the hospital without any assistance during remission. The
same neurologist followed up the patients regularly tevery 3-4 wk) and
judged the occurrence of relapse by using magnetic resonance imaging and
clinical examinations. Information on NK cell phenotype or other immu-
nological parameters was never given 1o either the neurologist or the pa-
tients at the time of evaluation. To precisely determine the onset of relapse.
patients were allowed to take examination within a few days after a new
symptom appeared. Written informed consent was obtained from all the
patients and the Ethics Committee of the National Center of Neuroscience
{NCNP) approved the study.

Reagents

Mouse 12G1 isotype control-PE. inti-CD3-energy-coupled dye tECD). anti-
CD4-PE. anti-CDS-PC5. anti-CD56-PCS. ami-CDOY-PE. and anti-HLA-
DR-FITC mAbs were purchased from Immunotech. Anti-CD1lc¢-PE and
anti-CPY5-FITC were purchased from BD Pharmingen. Recombinant hu-
man cytokines were purchased from PeproTech. AIM-V tInvitrogen Life
Technologies) was used for cell culture alter supplementing 2 mM 1-glu-
tamine. 100 U/ml penicillin, and 100 mg/ml streptomycin tUnvitrogen Life
Technologies).

Cell prepuration and NK cell purification

PBMC wore separated by density gradiemt centrifugation with Ficoll-
Hypague PLUS tAmersham Biosciences). To purify NK cells. PBMC were
treated with NK isolation kit 13 (Miltenyi Biotec) twice. according to the
manufacturer’s protocol. Briefly. PBMC were labeled with a misture of
biotin-conjugated mAbs reactive 1o non-NK cells and magnetic microbegad-
conjugated anti-biotin mAbs. The magnetically lubeled non-NK cells were
depleted with auto-MACS (Miltenyi Biotee) and this procedure always
yielded >95% purity of NK cells when assessed by the proportions of
CPA™CD567 cells with flow cytometry.

Flow exromernry

To evaluate the expression of CD1c. CDY3. or other surface molecules un
NK cells. PBMC were stained with anti-CD-ECD. anti-CDS56-PCS. and
FITC- or PE-conjugated mAbs against molecules of our interest and were
analyzed with EPICS flow cytometry (Bechman Coulter). Mean fluores-
cence intensity (MFD) of CD1le was measured on gated CD1e™ fraction
or whole NK cells.

Stimulation of purified NK cells with proinflammatory cyiokines

Purified NK cells (1 X 10%well) were stimulated in the presence or ab-
sence of 1L-4, -8, 1L-12, Ho-15. 1L~ 18, 11-23, TNF-a. and GM-CSF or
combination of IL-12. 1L-15. and 1L.-18 for 3 days. We analyzed CD1lic
expression after staining the cells with anti-CDI1e-PE. anti-CD3-ECD.
and anti-CD36-PCS. The concentration of 11.-12 was a1 10 ng/ml. and those
of the other cytokines were at 100 ng/ml.

UP-REGULATION OF CD!1C ON NK CELLS IN ACTIVE MS

RT-PCR

Total RNA were extracted with a RNeasy Mini kit (Qiagen) from puritied
NK cells. and the cDNA were synthesized with Super Seript 11 first strand
systems (nvitrogen Life Technologies) according to the manufacturer™s
protocol. For quantitative analysix of IL-5. IFN-v. GATA-3. and T-bet. the
LightCycler quantitative PCR system (Roche Diagnostics) was used. Rel-
ative quantities of mRNA were evaluated after normalizing each expres-
sion levels with f3-actin expression. PCR primers used were as follows:
[-actin-sense. AGAGATGGCCACGGCTGCTT. and -amtisense. ATTT
GCGGTGGACGATGGAG: IFN-y-sense. CAGGTCATTCAGATGTA
GCG. and -amisense. GCTTTTCGAAGTCATCTCG; 1L-5-sense. GCA
CACTGGAGAGTCAAACT. and -antisense. CACTCGGTGTTCATTA
CACC: GATA-3-sense. CTACGGAAACTCGGTCAGG. and -antisense.
CTGGTACTTGAGGCACTCTT: T-bet-sense. GGAGGACACCGACTA
ATTTGGGA. and -amtisense. AAGCAAGACGCAGCACCAGGTAA.
Statistical analyvsis of remission rale

We set the first episade of relapse after blood sampling as an end point.
although we followed clinical course of euch patiem for up 10 120 days.
regardless of whether they developed relapses. No patients developed sec-
ond refapse during the 120 days. When the neurologist prescribed corti-
costeroids without knowing any information on the NK cell phenotype. the
patient was considered as the dropout at that time point. Remission rute was
calculuted as Kaplan-Meier survival sate. and statistical diflerence between
CD1Ic™ and CD1 ™™ MS was evaluated with the log-rank test.

Results
CDI1le on NK cells is up-regulated in MS remission

First, we confirmed that PBMC from heulthy individuals and MS
contain CD11¢™ NK cells {Fig. 1. which constitute « major pop-
ulation of whole NK cells. We then noticed that proportion of
CD11e¢” NK cells us well as its Jevels of expression greatly varied
among individuals. particularly in MS. To examine this issue fur-
ther, we systemically examined 25 MS patients in remission and
10 HS for NK cell expression of CD1lc. Whereas 20-80% of NK
cells are CD11¢™ in HS (Fig. Ie). wlmost all NK cells were
CD11c” insome MS patients (Fig. 1. ¢ and ¢). However. reflecting
u great degree of variance. comparison between HS and MS did
not reveal # significant difference (Fig. 1e). In contrast. when we
measured ‘the MFI of CD1lc expression on CD1llc™ NK cells. it
was significantly higher in MS as compared with HS (Fig. 1),
This difference wus also noticed when MF! of CDI1lc wus meu-
sured for all the NK cell populations (Fig. 15). It was interesting to
know whether the levels of CD1 ¢ expression may correlate with
NK cell functions. Therefore, we operationally divided the MS
patients into CD11¢™™ and CD1 1e"™ subgroups (Fig. 1a). by set-
ting the border as (the average + 2 X SD) of the values for HS.

CDI1cMs8 NK cells express HLA-DR more brichily than
CDH™™ NK cells

It was previously reported that infection with certain viruses would
accompany up-regulution of CD11c on NK cells (16). This raises
a possibility that the increused expression of CDIle in CD1 1"
MS may reflect an activation state of NK cells caused by some sort
of stimuli. To verify this hypothesis. we examined surface expres-
sion of cell activation muwkers (CD6Y and HLA-DR). Although
CD069. an ewrly activation marker. was not detectable on NK cells
(Fig. 2a). NK cells from MS. particularly CD11¢™™ MS. signif-
icantly overexpressed HLA-DR on surfuce (Fig. 2). Interestingly.
HLA-DR expression was also up-regulated on CD4™ T cells from
CD11e"™" MS compared with those from HS (data not shown).
These results indicute thut NK cells and T cells wre differentially
activated in CD11e™™ MS. CD11¢"™ MS. and HS.

Absence of NK2 bias in CD11e™" MS

We have previously reported that a higher level of 11.-5 expression
(NK2 hias) is one of the characteristics of NK cells of MS in
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FIGURE 1. CDllc on NK cells is ¥
up-regulated in MS in remission. a. 2
PBMC from HS 2 = 10) and MS pa-
tients in remission (1 = 23} were stained o 10
with anti-CD}e-PE. -CD3-ECD. and g
-CD56-PC5 mAb. and CDllc expres-  © 8
sion was measured on the CD11e™ frac- :—:
tion gated within whole NK cells =6
(CD1Ic*CDA" CD36™ cells) as mean
fluorescence intensity (MF1). Each dot 4
represents the data from individual pa-
tients, CD11c™™ and CD1 1™ groups 2 P
of patients are encircled as described in
the text. b, In parallel. CD} e expression 0 S
(MF1) was measured for the whole NK HS remission
cells  (CD37CDS6™  cells).  which
vielded a similar result. ¢. The propor- d

tions of CD11¢™ cells among whole NK
cells are plotted. No significamt differ-
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ence was noted between HS and MS re-
mission. d and e. Représemalive histo-
sram pattems of CDIle on NK cells
(closed histogram) from a single healthy
subject (HS) (o) and a patient corre-
sponding 10 CDI1c™™ MS te). Open

histograms  represent  isolype  control
staining. Values represent proportions of
CDllc™ fraction (%) and MF] for
CDHic™ cells. Mann-Whitney U test
was used for statistical analysis. Hori-
zontal bars indicate the mean values, #.
p < 005 . p < 0.0L

remission (3). Although the mechanism for NK2 bias in MS re-
mains to be further studied. up-regulation of GATA-3 hus recently
been reported in the induction of NK2 cells in mice (17). To ex-
plore the possible difference in the functions of CD11¢"*" and
CD1ie™ NK cells. we isolated NK cells from CDI1c™" or
CD11c™™ group of patients und measured the mRNA levels of
representative cytokines IFN-y and IL-5 as well us corresponding
transcription factors T-bet und GATA-3. As shown in Fig. 3.
mRNA expression of both IL-5 and GATA-3 was significantly
higher in CD11¢"™ MS compared with HS or CD11c™" MS.,
indicating that NK2 bias thought to be characteristic of MS remis-
sion is restricted to D11 MS. In contrast. there were no dif-
ferences in mRNA expression of IFN-y and T-bet among these
thre¢ groups. Becuuse NK cells from CD11e"™*" patients expressed
HLA-DR most brightly. we speculate that NK2 bias associated
with CD11e™ MS would attenuate when NK cells are further
activated or differentiated.

* NK eell stimulatory proinflammatory cxtokines induce up-
regulation of CD1ic

We next attempted to explore the mechanism(s) for up-regulation
of CD1lc on NK cells in CD11¢™" MS. Because both NK cells
and CD4* T cells overexpressed HLA-DR in CDI11¢™" ix it
probahle that immune signals influencing both innate and acquired
immunity are operative. So we hypothesized that cytokine signals
thut have been implicated in the pathogenesis of MS may play a
role. We cultured NK cells from HS in the presence or absence of

4 HiFl=3,1
: 20 4%

cylokine(s) for 3 days. und evaluated the CD11c expression (MFI).
We focused our attention to 11-12, IL-15, and IL-18, which ure
known 1o stimulute NK cells with or without help of other cyto-
kines. Notably. they are reportedly elevated in the serum or hlood
lymphocytes of MS patients as compared with HS (11-14. 18 191
and prior studies suggest that they may play an important role in
antoimmune diseases (20-24). As shown in Fig. 4. although IL-12
and T1.-18 showed only a marginal effect on purified NK cells.
IL-15 consistently induced 2- to 3-fold up-regulation of CDllc
compared with control culture without addition of cytokines. As
IL-12 and IL-18 were reported to synergisticully work in various
seltings (25. 26), we then examined whether combinations of these
cylokines may induce CDI1le. Combination of IL-15 and 11.-12 or
of IL-15 and 1L-18 did not augment the CD1}c expression 1o the
level higher than that could be induced by I1.-15 alone. However.
the combination of 1L-12 und [L-18 did up-regulate CD1Ic on NK
cells. which was comparable to the effect of IL-13 alone (Table D.
Additionally, we tested the effects of several cytokines involved in
differentiation of DC (TNF-«. GM-CSF. IL-4) (27}, or known 10
up-regulate CD11c in granulocytes (1L-8) as controlx (28} in the
sume assay. These cytokines showed no significant effect (Table ).

CD1Ic"™" MS relupsed earlier
Given the significant difference in activation status and cytokine
phenatype of NK cells as well ax HLA-DR expression by CD4” T

cells. it was particularly interesting lo know whether CD11¢"™ and
CD1E™ MS may follow w different clinical course. A new cohort of
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FIGURE 2. Proportions of HLA-
DR NK cefls increase in CDI1c"® : 40
MS. a. CD6Y and HLA-DR expres-

sion on NK cells (CD3™ CD36™

cells). Data are expressed as propor-
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and 16 MS patients in remission) or 0
HLA-DR™ cells (10 HS and 25 MS
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13 CDI1c™™ and 10 CD11c™#" MS putients listed in Tuble 11 were
followed for up to 120 days. In this preliminary exploration. we set
the first episode of relapse after blood sumpling as an end point.
When the neurologist prescribed corticosteroids without knowing
any information on the NK cell phenotype. the patient wus con-
sidered as the dropout at that time point. Remission rate was cal-
culated us Kaplan-Meier survival rute. and statistical difference
between CD11c™" and CDJ1¢™" MS was evaluated with the Jog-
runk test (Fig. Su). At entry. there was no significant difference in
the age und diseuse duration hetween CD11¢"™ and CD11c¢™#"
MS (Table Ih. On unalyzing the collected duta after completing the
study. we found that 8 patients developed u single relapse during
the observation period and that the proportion of patients who have
had relupse during the follow-up period was greatly higher in
CDI1c™" MS (6 of 10. 60%) than in CD11e™ MS (2 of 13.
15.3% ). Furthermore, the Jog-rank fest reveuled that CD1Jc"e"
MS relupsed significantly earfier than CD11e™ MS (p = 0.003).
suggesling a possible role of CDIllc as a temporal marker for
predicting relapse within months after examination. We also ex-
plored whether the difference between CD1Ic"*" und CD11e™™

conld he influenced by age or sex. When we selected a group of

patients younger than 38.5 yeurs old (the meun age of all the pu-
tients). & significantly earlier relapse in CD11¢"™ than CD11¢™™
MS was confirmed in this group of patients ( p = 0.0067. Fig. 5h).
In the rest of the patients (<38.5 yeurs old), the difference wus less
clear and not significant (p = 0.095) In Jemale patients.
CD11c™™" MS relapsed significantly earlier than CD11¢"™ MS
(p = 0.035, Fig. 5¢), whereas this tendency was not statistically
significant in male putients (p = 0.083). By examining the pu-
tients” medical records. we also found that the duration from the
Jast relapse tended 1o be shorter in CD11c™™ than CD1ic™™ MS

HLA-DR

(14.7 = 120 in CD11c™™ v 26.7 = 24.3 mo in CD11¢™™) und
that the mean number of relapses per yeur was higher in CD11c""
MS (0.9 = 0.6 in CD1Ic"™*" vx 0.5 = 0.5 in CD11¢™™). These arc
consixstent with the postulate that CD11¢"™" MS might be imnw-
nologically more active thun CD11¢"™ MS (Table 11).

Alteration of CD11¢ expression in the course of MS

We previously described that NK cells may lose NK2 phenotype
during relupse (3). It is interesting to know whether the CD1lc
phenotype also changes in the course of MS. During the follow-up
period of 120 duys. 8 patients developed a relupse. We were able
1o take blood samples at relapse before treatment with corticoste-
roid and then compared the relapse samples with the samples ob-
tained during reniission at initiation of the study. As shown in Fig.
6. we suw un obvious tendency that the levels of CD1 ¢ expression
would decline during relupse (p < 0.035). HLA-DR expression on
NK cells was also reduced in some patients during relupse, but the
difference between remission and relupse sumples was not statis-
tically significant.

Expression pattern of CD9S vs CD1lc on NK cells’in MS

In a previous study, we showed thul MS patients could be divided
into CDY3"E" and CDYS™™ uccording to the frequency of CDY5’
cells umong NK cells (4). Additionally. we examined whether ex-
pression of CD11c and CD9S muy independently reflect the staius
of MS. We found no significant correlation between CDYS (%) and
CD1le (MFD on NK cells in MS (7 = 0.29. p = 0.16 with Spear-
man's correlation coeflicient by rank test), indicating that expres-
sion of CDYS and CD1Jc on NK cells may be regulated indepen-
dently. By setting the upper limits of CDYS™ (%) and CD11¢ MFI
as (the average + 2 X SD) of HS (CDYS: 44.6% . CDI1le: 5.04).
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was used for statistical analysis. Horizontal bars in- o 8 °
dicate the mean values. +. p < 0.05: **, p < 0.0L 100 'S 100 N @
E == = &
5 ? ] 2 (3 =1
9
= 10 2 10 : g
1 1
Chite Chite CD1tc CD11c
HS tow high hs tow nigh

we then examined whether there is a correlation between CD1lc
CD95 phenotype and clinicul conditions (Fig. 7). Naturally, ull the
heulthy subjects were plotted in the left lower quadrant
(CDY3™CD11¢"™ ). In contrast, MS patients were plotied in wll
the four quadrunts with differential proportions of patients who
have no relapse during 120 days: CD95“CD11c™™: 3/3 (100%).
CDY5" CD1 1" 172 (50%), CDIS"E"CD11e"™: 8/10 (80%).
CD95""CD1 1¢M#": 2/7 (28.6%). Although the data for CD95™
subjects (Jower lefi und {ower right) need to be omitted due to the
limited sample size. we found that the difference between
CDY5™MCD11c™™ und CDYSMCDI 1™ in remission rute was
significant with log-rank test ( p = 0.028). Provided that CD95"*"

no cytokine

o
sy

patients possessed an increased frequency of memory autoreactive
T cells (4), this resull is consistent with the idea that when com-
parable numbers of autoimmune T cells are present in the periph-
erul circulation, remission of MS is more stable in patients with
CD11c¢"™™ NK cells.

Discussion

Blood examination of systemic autoimniune diseases such as sys-
temic lupus ervthematosus usually exhibits meusurable ubnormul-
ities such as elevation of autountibodies. which is useful for eval-
natling activity of disease. In contrast. patients with MS do not
accompany such systemic abnormulities in laborutory tests except

FIGURE 4. CDllc expression on NK cefls is up-
regulated with addition of IL-15. a. Puritied NK cells
were cultured in the absence or presence of 1L-12.

3.5

e

wh

2.5

fold increase

0.5

1L-18. or 1L-15. Three days later. the cells were
stained  with  amti-CDI1c-PE. -CD3-ECD. and
-CD56-PCS mAh. CDllc eapression on NK cells
ICD37CD36™ cells) is demonstrated as single histo-
aram. Values indicate CD e MFI of CDe™ frac-
tions. A representative of three independemt experi-
ments is shown. 4. Data are expressed as mean {old
increase of CD1 e MFI tthe MF] in the presence of
cytohinefthe MFI in the absence of cytokine) + SD
from three independent experiments. ANOVA was
used for statistical analysis. 4. p << (L0

no cylokine iL-12 iL-18 1L-15
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Table 1. Effect of several cviokines on CD1le expression on NK cells

No Cyiokine -2 L-18 IL-15 T-12 + I8 - TNF GM-CSF IL-23 L-&
Expt. | .00 L9, 1.57 2.90 ND- ND ND ND ND ND
Expt. 2 1.00 104 143 2.96 2.86 ND ND ND ND ND
Expt. 3 1.00 1.59 1.25 253 3.44 ND ND ND ND ND
Expt. 4 1.00 ND ND 2.62 ND .19 1.10 0.95 114 ND
Expt. § 1.06 ND ND 2.81 ND 1.24 ND 1.05 1.05 1.00
Mean 1.00 1.27 1.42 277 318 1.21 110 10D 110 1.00
SD 0.00 0.29 0.16. 0.19 0.41 (.03 0.07 0.07

* Purified NK cells were siimulated with eviokines, Duta are expressed as fold increase of CD11e MFI uhe MF] in the presence of the indicated cytokinesfthe MF1 in the
absence of cytokines) in the presence of indicated cytokines. More than a 2-fold increase is highlighted (bold.

in unusual cases. [t is currently recognized that autoreactive T cells
might be activated and expanded to various degrees in the periph-
eral blood und peripheral lymphoid organs of MS even during
remission (1-4). In fact. our previous work suggests that 4 higher
number of memory autoreactive T cells is linked with unstable
disease course (4). If we are able to accurately evaluate the im-
mune status of each patient with a relatively simple test. it should
be most helpful in treatment and management of MS. In this line.
it is currently of particulur importance to identify measurable in-
dicators which would serve as clinically appropriate biomarkers in
MS 2).

This study has clarified for the first time to our knowledge that
CD11c expression on peripheral NK cells is significantly up-reg-
ulated in u major proportion of patients with MS in remission. To
obtain insights into the mechanism und the biological meaning of
the NK cell expression of CDllc in autoimmune disease MS. we
have altempted to clarify the difference between CDI1c™*" and
CD11c™™ patients reguding phenotypes of NK cells. cytokine
profile. and temporal clinical activity. We also explored which
inflammatory cytokines might induce CD11c on NK cells. Accord-
ing to the NK cell expression of CDllc. we have classified the
patients with MS in remission into CD11c"™" and CD11¢"™. Most

Table 1.

notably. NK2 phenotype charucterized by predominunt IL-5 pro-
duction was seen in CD11¢™™ patients. but not in CD11¢™#". Con-
sistently. the CDI1¢™ patients were found 1o be clinically more
active thun CD11c"™ us judged by the remission rate during the
120 days after examination. These results indicate that up-regula-
tion of CDllc on NK cells would reflect the temporal diseuse
activity and therefore could be used to identify patients who are
likely to exacerbate within months. It has been reported that
CDIle™ NK cells in mice could serve as APCs (6. 7). However,
we could not reveal Ag presenting capacity of humun CDIl¢™ NK
cells (data not shown).

Regarding the mechanism of CD1lc induction on NK cells. we
have found thut in CD1 1" patients. HLA-DR is concomitantly
up-regulated with CD1lc on NK cells (Fig. 2). which suggests that
up-regulation of CDllc may represent an activation-induced
change. After exploring the culture condition that may induce
CDI1lc on NK cells. we have found that the addition of 1L-15 or
combination of IL-12 and 11-18 would increase the expression
levels of CDIllc on NK cells from heulthy individuals. Because
increased levels of these proinflummatory cytokines are detected in
the blood samples of MS (11-13. 18. 19, 23}, it is possible that in

Information on the patienrs whaose clinical courses were followed for up 10 120 days

Age Diseuse Period Total Number of Duration from the Last Mean Numbers of
Tdentification No. Group {yems) Sex (Years) Relapses Relupse (moy Relapse/Y ear
1 Low 17 F 9.6 2 24 ’ 0.2
2 Low 52 M 12.2 9 3 0.7
3 Low 31 F 6.2 13 7 2.1
4 Low 32 F 3.9 1 34 0.3
5 Low 42 F 22 1 8 0.5
G Low 35 M 20 3 88 0.2
7 Low Ky} M 8.5 3 50 0.4
N Low 35 -F 24 i 38 04
9 Low ’ 26 F 4.8 2 10 04
10 Low 26 F 1.5 ] ) 0.7
il Low 4} M 5.5 ] 24 0.2
12 Low 64 F 4.5 2 N 04
13 Low 42 F 6.3 1 5 0.2
Mean + SD 36.9 + 12.0 6.7 ¢ 580 30437 26.7+ 243 0.5 + 05
14 High 39 M 44 2 22 0.5
15 High 31 F 9.2 i 4 12
16 High 46 F 7.4 PR il 2 ND
17 High 53 F 2. 4 5 ]
18 High kY F 49 2 19 0.4
i9 High 27 M 9.3 4 9 04
20 High 36 F 2.7 I 19 0.4
21 High 34 F K 2 43 0.5
22 High 60 F 34 6 i I8
23 High a1 F 1.8 2 4 il
40.6 + 134 49 + 28 AR+ 3 14.7 4 12.0 0.9 + 0.6

“F. Female: M. nule.
“This value is climinated from caleuiation of the mean.
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FIGURE 5. Rate of remission is Jower in CD1ie™™ MS. The first ep-
isode of relapse after blood sampling was set us an end point and clinical
course of each patien was Tollowed for up to 120 days, The remission rate
was calculated in all (o). the younger (h). or female (¢) patients as Kaplan-
Meier survival rate. and statistical difference between CDHE™ and
CD1Ic"™ MS was evaluated with log-rank test at day 120, . p < 0.05:
s p < 001

vitro CD11c induction on NK cells may recapitulate the pheno-
typic alteration of NK cells in CD11c™*" patients. Interestingly.
JL-18 is not only « cytokine able to fucilitate IFN-y production by
NK cells in cooperation with IL-12 (25. 26} but is crucial in in-
ducing pathogenic autoimmune responses (21). Furthermore. av-
toimmune encephalitogenic T cells can induce more serious dis-
cuse upon adoplive transfer when they are preactivaled in the
presence of IL.-12 and 1L-18 (20). Tuken together. these results
allow us to speculute that the proinflammatory cytokines may be
involved in the up-regulation of CD11c¢ on NK cells. Although the

relutionship between serum cytokine concentration and levels of

CD11c¢ expression on NK cells should be estimated in future stud-
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FIGURE 6. . Down-regulation of CDIlc expression during relapse. a.
Representative CD11c histograms from the same patient in remission
telosed) and relapse topen). Values indicate CD1le MFIof CD1 fc” frac-
tions. h. Comparison of NK cells from remission and relapse from the same
patients tn = 6). The data obtained from the same patients are connected
with lines. Wilconon signed-ranks test was used for statistical analysis,
iop < 005

fes. u previous work (11, 29. 30) showing that a probable link
between 1L-15 and temporal disease activity, indicates that NK cell
expression of CD1lc is likely to correlute with the levels of
cytokines.

In the Th cell differentiation. specific transcription factors have
heen identified that play a crucial role in inducing Thl or Th2 cells.
Numely. Thi differentiation characlerized by IFN-vy induction re-
quires a transcription factor T-bet. whereas GATA-3 and c-maqf act
to promote Th2 cytokine production (31-33). Human NK cells
cultured in the presence of TL-12 or IL-4 differentiute into NK1 or
NK2 populations, reminiscent of Thl and Th2 cells (5). Whereus
NK1 cells produce 1L-10 and IFN-y. NK2 cells would serve as
immune regulators by producing IL-5 and IL-13. Notably. up-reg-
ulation of GATA-3 hus-been reported in mouse NK2 cells (17).
raising u possibility thut Th cells and NK cells might share the
sume transcription fuctor for inducing the key cytokine. We have
previously reported that 1L-5 expression is one of the charucteris-
tics of NK cells in the remission state of MS (3). However. it wus
not excluded that overexpression of 11.-5 could be restricted to
proportion of the patients. Here, we have addressed whether NK
cells from CD11¢™™ und CDHE™ may differ with regard 1o ex-
pression levels of IFN-y and 1L-5 and of their transcriplion fuctors
T-bet and GATA-3. By measuring the mRNAs, we found that
expression levels of 1L-5 and GATA-3 are clevated in CD11c"™
MS but not in CD11c™™" (Fig. 3). Furthermore. we showed that
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FIGURE 7. Expression patteny of CDYS vs CDIlc on NK cells from
MS. PBMC from MS or HS were stained with CDY5-FITC. CD11c-PE.
CD3-ECD. and CD36-PC5. After determining the proportion of CD95™
celis among NK cells and CD | lc expression (MF1) of CD1lc. we plotied
each patient according to the obtained values. Dotted lines represent the
upper limits of CDY5™ cell (percent) and CD1Jc MFI for HS as (the av-
erage + two times SD) of HS. ©. HS: <. MS: . MS patients who
relapsed during the 120 days follow-up period.

neither TFN-y nor T-bet was increased in CDI11¢"" MS. This
suggests that NK cells from CD11¢"™ wre NK2-biased but those
from CD11c¢"* are not. withough MS in remission us a whole is
NK2-biased as compared with control subjects. More recently. we
have observed that stimulation with TL-15 or IL-12 phus 11-18
would decrease IL-5 and GATA-3 mRNA in purified NK cells
with reciprocal up-regulation of CDIlc (data not shown). This
further supports a mode] that proinflummatory cytokines may play
a crucial role in the absence of NK2 bias in CD11c"#" MS,

To clarify the clinical differences between CD11e™#" und
CD11c™". we followed up the clinical course of the patients after
blood sumpling. Although there was no significant difference in
clinical purameters al exumination of NK cells. we have found that
CDI1c™" MS showed a significantly earlier relupse than
CD11c"™™ MS. This is consistent with our assumption that the
absence of NK2 bias in CD11¢™5" MS should imply that regula-
tory NK cel} functions ure defective in this group of patients, When
we reanalyzed the data regarding various clinical parameters. we
found that an earlier relapse in CD11¢™#" than CD11c™™ MS is
more remarkable in the younger group (<38.5 years old) or in
female patients. Furthermore. the duration from the lust relapse
tended 10 be shorter and the mean number of relapses per yvear
higher in CD11¢"" MS. supporting that CD11¢"#" MS is more
active than CD11c"™ MS.

When we analyzed expression of CD9S und C D} Ic on NK cells
sinultaneously, we found thut MS patients in remission could be
divided into four subgroups (Fig. 7). When we compured clinicul
course after examination of NK cell phenotypes. we found that

CDYSMCDIIE MS relupsed  significuntly  eardier thun
(,_D«)s‘"f“‘cm 1™ MS (p = 0.028 with log-runk test). This result
indicates that CDYS™UCDI 1™ MS muy be most unstable sub-
group of MS. among the patients whose clivical state could be
judged as being in clinical remission.

In this study. we have demonstrated that MS patients differen-
tially express CD1lc on peripheral blood NK cells and a higher
expression of CD11c on NK cells may reflect the temporal disease
activity as well as functional alteration of regulatory NK cells. Our
results have a clinical implication because of a luck of approprizue
biomarker to monitor the immunological status in MS at present,
To verify the reliability of this mwker, Jongitudina exanination of

UP-REGULATION OF CD11C ON NK CELLS IN ACTIVE MS

CD1lc expression on NK cells in the same patients should be
performed in the future study.
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Abstract

A 2-substituted 2-aminopropane-1,3-diol or 2-aminoethanol is the minimum structure required for the immunosuppressive activity of ISP-1, an
antibiotic isolated from the culture broth of [saria sinclairil. A series of a-mannosyl ceramide (a-ManCer) analogues was derived from 2-sub-
stituted 2-aminopropane-1,3-diols or 2-aminoethanols in place of sphingosine. The newly synthesized glycosides were evaluated for their effects
on immune responses, In contrast to the immunosuppressive activity of the precursors, the a-ManCer analogues induced immunopromotive
responses from invariant Val9-Ja26 transgenic mouse lymphocytes more effectively than the original a-ManCer, Collectively, it is strongly
suggested that the 2-substituted 2-aminopropane-1,3-diols and 2-aminoethanols mimic sphingosine in the a-ManCer analogues so that they po-
tentially acquire specific antigenicity toward Val9 NKT cell, a novel NKT cell subset,
© 2006 Elsevier SAS. All rights reserved,

Keywords: NKT cell; immunomodulation; glycosphingolipid

1. Introduction Val9 NKT cells along with the well characterized invariant
: Vald-Jal8 TCR " NKT (Vald4 NKT) cells [5,6] produce
Natural killer T (NKT) cells are defined as lymphocytes large amounts of both Th,l' and ThZ-prom'otmg' immunoregu-
. o ] latory cytokines, upon stimulation of the invariant TCR, and
bearing both the common NK marker NKR-P1 and T cell re- , L . ) ,
, . . are considered to participate in the regulation of the immune
ceptors (TCRs) {1,2]. They are characterized by the expression . . . . .
. : . system in mammalians [7,8] (M. Shimamura et al, “Invariant
of invariant TCR a chains such as mouse Val4-Jal8 and hu- .
: . TCR-directed development of Va9 NKT cell promptly produ-
man Va24-JaQ a chains, Recently, we demonstrated the pre- L o
) . . cing immunoregulatory cytokines in response to TCR engage-
sence of a novel NKT cell repertoire (designated the Val9 \ . f . .
. . o . - ment with glycolipid antigens”, manuscript to be submitted.)
NKT cell) in mice [3]. This repertoire characteristically ex- Lk . .
. . . Therefore, the identification of specific antigens for Val9
pressed the Val9-Ja26 (AV19-AJ33) invariant TCR o chain . ) , , .
- . . . NKT cells is required to develop new therapies for various dis-
that was previously found in mammalian peripheral blood [4]. \
orders. We have recently found that c-mannosyl ceramide (a-
ManCer) in the context of one of the non-classical MHC class I
Abbreviations: a-ManCer, a-mannosyl ceramide; MNC, mononuclear cell; motecules MRI [9] specifically stimulates Va19 NKT cells [8].
Val9, NKT cell; invariant Val9-Ja26 TCR o, NK1.1% T cell; Vald, NKT Previ . - .
cell; invariant Val4-Ja18 TCR ¢, NK1.1* T cell. : reviously, we found immunosuppressive activity by ISP-I
" Corresponding author. Tel.; +81 42 724 6348; fax: +81 42 724 6342, (10,11, a product of Isaria sincliairii (ATCC 24400) which
E-mail address: michio@libra.ls.m-kagaku.co.jp (M. Shimamura), was later shown to be identical to antifungal and antibiotic

0223-5234/8 - see front matter © 2006 Elsevier SAS. All rights reserved.
doi:10.1016/j.ejmech.2005.11.013
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"Fig. 1. Immunosuppressive ISP-I and its derivatives compared with sphingosine, ISP-] derivatives simplified and optimized in termed of the immunosuppressive

activity were used for the synthesis of a-ManCer analogues.

myriocin [12] or themmzymocidin [13] (Fig. 1). A comprehen-
sive study of the structure-activity relationship of chemically
modified derivatives of ISP-I revealed that the 2-amino-1,3-
propane diol, especially the 2-aminoethanol moiety, is the
structure of ISP-I required for the immunosuppressive activity
[10,11]. Furthermore, modification of the hydrophobic portion
indicated that the 2-substituted 2-aminoethano! with a 4-octyl-
pheny! group (FTY720) optimized the immunosuppressive po-
tentia} [10,11] (Fig. 1). Loss of chirality in these compounds
facilitated the synthesis. In addition, the derivatives were less
cytotoxic than the original ISP-I. As suggested by the structural
homology between FTY720 and sphingosine, recent studies
have demonstratéd that this drug targets sphingosine-1-phos-
phate receptors and acts as an agonist [14,15].

In the current study, we focused on a series of a-ManCer
derivatives in which the sphingosine moiety was replaced with
FTY720 and related aminoalcohols (Fig. 1). We found that the
modified o-ManCer induced promotive rather than suppressive
immune responses from Val9 NKT cells.

2. Results and discussion
2.1. Synthesis of a-glycosyl ceramide derivatives

It has been found that the immunosuppressive activity of
ISP-1 involves the moiety of 2-amino-1,3-propanediol, espe-
cially 2-aminoethanol [10,11]. The 2-substituted derivatives
depicted in Fig. 1 were used as precursors in place of sphin-
gosine, and a series of a-glycosyl ceramide analogues were
synthesized.

2-Substituted 2-aminoalcohols (1) were N-acylated with an
appropriate length of acylchrolide and the resultant amides (2)

were used as glycosylation acceptors (Scheme 1A). Similarly,
glycosylation acceptors were synthesized from 2-substituted 2-
amino-1,3-propanedials (3) (Scheme 2). One of the two hy-
droxymethy! groups of 3 was protected with triethyl orthoace-
tate to afford 4 at first. The remaining hydroxymethyl group of
4 was benzylated (8). Then, the oxazoline ring of § protecting
both hydroxymethy! and amino groups was removed (6). The
amino group was finally N-acylated to give 7a—d. The resul-
tant O-benzylated amides were useful as glycosylation accep-
tors because the benzy! group was stable during the following
glycosylation reaction and was easily separable by hydrogena-
tion afterwards simultaneously with the other benzyl groups
protecting the sugar hydroxy! groups, 7a~d were optically in-
active, thus indicating that they are an equivalent mixture in-
terms of the chirality at the C2 of the sphingosine analogue.
The amides 2 and 7 were next glycosylated with 8 to afford
glycosides (9) (Scheme 3). The ¢-anomers were predomi-
nantly obtained when 1-fluoro 2,3,4,6-benzyl galactose was
used as a glycosilation donor [16]. The a-anomers were simi-
larly the main products when 1-O-acetyl 2,3,4,6-benzyl man-
nose was the glycosylation donor, because the B-glycosylation
was hampered by the steric hindrance with the 2-axial O-ben-
zyl group during the transition state of the glycosylation reac-
tion. The predominantly formed o anomers were successfully
separated from the P anomers by silica gel column chromato-
graphy at this stage. Finally, the benzyl protection groups were

- removed from 9 by reduction and the products (10) were ob-

tained.

2.2. Immunological activity of a-glycosyl ceramide analogues

To examine whether a-glycosyl ceramide analogues de-
rived from the immunosuppressants were immunopromotive .
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Scheme 1. (A). N-Acylation of 2-aminoethanol derivatives used as glycosylation acceptors. (a): Reagents and conditions, Cl C=0-(CH,), CH;, TMSCI, pyridine.
Yield: 2a, 46%; 2b, 25%, 2¢, 50%; 2d, 41%. (B). Preparation of the diastereomers of 2-aminohexadecanol. A synthetic pathway of 25-1b is shown here, 2R-1b was
similarly prepared from the comesponding diastereomer of Gamer's aldehyde. (a): [Ph3P(CH,),,CH;]Br/n-BuLi/THF. (b): TFA. (c): Ac0/pyridine. (d): 2M HCV

THF. (e): Hy. 10% Pd-C/EtOH. (f): Conc.HCIEtQH.

GHj

NH» GHg
a =N b
HO%/\R °>:/b/\ ~
R o
OH OH R
QBn
3a R= 4-octylphenyl (FTY-720) 4 a R= 4-octylphenyi §a R= 4-octylpheny!
3b  R= dodecanyl 4b R =dodecanyl 5b R =dodscanyl
¢ NHg d |-n\|3‘(~’)'§:Ha
— HO R — HO R
OBn - OBn
6a R=4-octylpheny! 7a R=4-octylphenyl n=14
6 b R =dodecanyl 7b R=4-octylphenyl n=6
7¢ R=dodecanyl n=22
7d R=dodecanyl n=14

Scheme 2. Synthesis of N-acyl 2-amino-1,3-propanediol denvatxves used as glycosylation acceptors,

(2): CH;C(OED, iPrN(ER), Yield: 81 ~ 87 %, (b): BaBr, NaH, THF, Yield: 41 ~

(2) CIC=0~(CH,),CH,, Yield: 75 ~ 85%.

or suppressive, a series of a-glycosides (Scheme 3) was tested
for the effects on mouse lymphocytes. Liver mononuclear
cells (MNCs) were prepared from C57BL/6 mice and Val9-
Ja26 invariant TCR a transgenic (Tg) mice [7,8] (with the
TCR o™~ background). The C57BL/6 MNCs included 30%
invariant Val4-Jal8 TCR o NKT (Val4 NKT) cells [17],
whereas the Vol9 Tg* MNCs included 30% Val9 NKT cells
as the sole NKT cell population [7,8]. These cells were cul-
tured as ngsponders in the presence of the glycolipids. Immune

responses were assessed by measurement of cell proliferation

49%. (c): Conc, HC, Yield: 88 ~ 97%. (d): (1) TMS (tnmethylsllyl)Cl pyndme

and IL-2 secretion in the culture supernatants (Fig, 2). o-Man-
Cer derivatives more or less enhanced proliferation of V19
Tg" cells and the production of IL-2 irrespective of the mod-
ification in the sphingosine portion. In addition, the deriva-
tives induced activation of spleen cells of the Val9 Tg+ mice
previously primed with them. The spleen cells transferred to
culture spontaneously secreted IL-2 (Fig. 3) and other cyto-
kines (data not shown). These findings strongly suggest that
the a-ManCer analogues consisting of the immunosuppressive
structural unit as well as intact a-ManCer are immunopromo-

70 —
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Scheme 3. Synthesis of a-glycosyl ceramide derivatives.

(a): 1-O-acetyl-2,3,4,6-tetrabenzyl-p-mannose or 1-fluoro-2,3,4,6-tetrabenzyl-p-galactose, (b): BF3-Et,0, CH,Cl,, for 1-O-acetate, SnCly, AgClO4-H,0, molecular
sieve 4A, Et,0 for |-fluoride. Yield: 9a, $4%; 9b, 14%,; 9¢, 66%; 94, 55%; 9¢, 37%; 91, 74%; 9g, 37%:; 9h, 18%; 91 25%. The yields of the f-anomers were less than
10%. (c): Hy, 20%, PA(OH),-C, EtOH. Yield: 10a, 33%; 10b, 33%,; 10¢, 35%; 10d, 39%; 10e, 16%; 101, 76%; 10g, 53%; 10k, 68%; 10i 81%, (d): Man30OHCI6 was

synthesized as described previously [8).

tive to Val9 NKT cells [8]. Above all, Man4PhC16 (10a) sti-
mulated Val9 Tg" cells rather intensively compared with
ManCl6 (10c¢) or the intact a-ManCer (Man3OHCI6) in the
same concentration (only Man3OHCI6 keeps chirality at the
C2 of the sphingosine). Val9 NKT cells recognize the man-
nosyl residue of a-ManCer when it is presented by the anti-
gen-presenting molecule MRI, one of the non-polymorphic
MHC class I-like molecules {8]. Thus, it is suggested that
the introduction of a phenyl group in the sphingosine portion
in 10a improved the recognition of the o-mannosyl residue by
the invariant Vol9 TCR, presumably arising from the aug-
mented interaction between the modified portion of the sphin-
gosine and the MRI antigen-presenting groove.

As found in a-ManCer [8], a-ManCer analogues had less of
an effect on C57BL/G cells than Val9 Tg” cells. Combined
with the finding that NK1.1¥ Val9 Tg" cells but not NK1.17
Val9 Tg* cells were responsive to the glycolipid antigens
(Shimamura et al,, manuscript to be submitted), it is suggested
that the specific recognition of a-ManCer analogues is carried
out by Val9 NKT cells.

a-ManCer analogues synthesized here are an equivalent
mixture of diastereomers in terms of the chirality at C2 of
modified sphingosine as described above. To determine which
form of the diastereomer is immunopromotive to Val9 NKT
cells, both S and R forms of ManC16 (10¢) were synthesized
by the same method from optically active 1b (Scheme 1B) and
assessed the activity. 2R-I10c induced 1.6 £ 0.3 fold-increase
of cell proliferation of Val9Tg TCRa™" liver lymphocytes,
whereas 25-10c caused 1.1 £ 0.2 fold-increase. Thus, the 2R-

Jorm diastereomer of a-ManCer analogues corresponding to
the configuration of naturally occurring sphingosine are likely
to primarily responsible for the immunopromotive activity,

GalC24 (10b) was immunopromotive toward C57BL/6
cells, However, this glycolipid was less effective than
KRN7000 (a-GalCer consisting of sphingosine-3,4-diol) [18],
data not shown), In addition, Gal2ZHMPhC18 (10f) had no sig-
nificant effect on C57BL/6 cells, These findings indicate a
stringent structural restriction in the sphingosine portion of
o-GalCer. Presumably, KRN7000 is properly presented by
CDld, so that a-GalCer is recognized as an effective dntigen
by invariant Vol4-Jal8 TCR" NKT cells [18). a-GalCer ana-
logues with a short N-acyl chain (GalC2 (10d) and
Gal2ZHM4PhC8 (10g)) suppressed the immune responses of
both CS7BL/6 and Val9 Tg* lymphocytes, suggesting that
two suitably long hydrocarbon chains are necessary for anti-
genic glycosyl ceramides to properly fit to the groove of CDId
{19,20] or MRL

3. Conclusion

Modified a-ManCers consisting of an immunosuppressive
sphingosine analogue were promotive rather than suppressive
of the immune responses by Val9 NKT cell. Some of them
were more immunopromotive than the original a-ManCer.
This suggests that the structural modification in the sphingo-
sine moiety in u-ManCer improves the space location of the o-
mannosyl residue to be recognized by the invariant Val9
TCR. More functional glycolipids should be obtained on the
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Fig. 2. Immune responses of Va9 NKT cells in culture elicited by a-ManCer and a-GalCer derivatives, Liver MNCs from Val9 Tg* TCRa™ and CS7BL/6 mice
were cultured in the presence or absence of glycolipids (2 ug ml™). After 2 days, the immune responses were monitored by measuring cell proliferation (*HJ:
thymidine incorporation for 5 h) (A) and IL-2 secretion in the culture fluid (B). Results are shown as the fold increase relative to the control culture with vehicle (1/
200 v/iv DMSO). (C) Dose-dependent activation of Val9 Tg" cells with a-ManCer derivatives. IL-2 production by Val9 Tg* TCRa™ liver MNCs cells in the
different concentration of a-ManCer derivatives was determined after 2 days of culture.

Abbreviations of glycolipids are listed in Fig, I,

examination of this structural modification. In contrast, a simi-
lar structural modification in the sphingosine moiety of a-Gal-
Cer decreased the antigenic activity toward Val4 NKT cells
presumably due to reduced interaction between a-GalCer and
CDld. ‘

Modified a-ManCers are possibly useful for developing
new therapies for various immunological disorders, since they
have potency to induce immune responses of Val9 NKT cells
not only in culture but also in vivo.

4. Experimental
4.1. General

Silica gel chromatography was performed on Merck Kiese-
gel 60. "H-NMR spectra were recorded on a JEOL 0400 spec-
trometer (400 MHz, JEOL, Tokyo, Japan) using tetramethylsi-
lane (TMS) as an internal standard, Mass spectra were
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Fig. 3. Priming of Val9 NKT cells in vivo with challenge of a-ManCer
derivatives.,

Spleen cells from Val9 Tg" TCRa™" and C57BL/6 mice previously injected
with glycolipids (20 ug per animal) or vehicle (DMSOQ) via the tail vein were
cultured for the period indicated. Culture supemnatants were harvested and
tested for production of cytokines at the indicated time points.

measured on a JMS-DX300 (JEOL). High-resolution mass
spectra were measured on a JMS700 (JEOL). Infrared spectra
were recorded on an FT/IR-5300 spectrometer (JASCO, To-
kyo, Japan). Elemental analyses were performed on a CHN
coder MT-5 (Yanaco, Tokyo, Japan).

4.2, Synthesis of a-glycosyl ceramide analogues

4.2.1. Precursors for glycosyl acceptors
2-Amino-4-(4-octylphenyl)butano1’ (1a), 2-aminohexadeca-
nol (1b) (Scheme 1), 2-amino-2-[2-(4-octylphenyl)ethyl]-1,3-

propanediol (3a, FTY-720) and tetradeanyl-1,3-propanediol -

(3b) (Scheme 2) were obtained as described previously [10].
Optically active 2-aminohexadodecanol (25-1b, 2R-1b) were
synthesized from each diastereomer of Garner’s aldehyde (1,
1-dimethyl (8)- or (R)-5-formyl-2,2-dimethyl-3-oxazolidine-
carboxylate) {21] as shown in Scheme 1B as previously de-
scribed [22].

4.2.2. Glycosylation acceptors

The precursors were N-acylated with acyl chloride of an
appropriate length (Schemes 1 and 2). For example, N-[1-hy-
droxymethyl-3-(4-octylphenyl) propyl] hexadecanamide (2a)
was obtained as follows. 2-Amino-4-(4-octylphenyl) butanol
(1a, 1.1 g, 4.0 mmol) was dissolved in pyridine (40 ml). To
this solution was added -chlorotrimethylsilane (1.1 ml,
8.7 mumol) in drops over 10 min at 5 °C. The solution was
stirred at room temperature for 1 hour. Then palmitoyl chlor-
ide (1.4 ml, 4.6 mmol) was added in drops to the reaction
solution over 10 min and the resulting mixture was stirred at
the same temperature for 3 hours, After evaporation of the
solvent in vacuo, the residue was dissolved in CHCl; and
washed successively with water and brine, then the organic
phase was separated and dried over anhydrous magnesium sul-

(0.94 p, yield, 46%).

fate. After concentration, the residue was purified by recrystal-
lization from AcOEt to give the product (22a) as yellow crystal

To prepare glycosylation acceptors for 2-amino-1,3-propa-
nediol, one of the two hydroxymethyl groups of (3) was selec-
tively O-bebzylated via 4 and 5, Then, the products (6) were
N-acylated to afford 7 as indicated in Scheme 2 by using stan-
dard procedures.

4.2.3. Glycosylation and removal of the protective groups
Glycosylation acceptors (2a~d, 7a—d) were O-glycosylated
with 8 (1-O-acetyl-2,3,4,6-tetrabenzyl-p-mannose [23], or 1-
fluorol-acetyl-2,3,4,6-tetrabenzyl-p-galactose [24]) by a Le-
wis acid promoter (BF; for 1-O-acetate and SnCly, AgClO,4
for 1-flucride), and the adducts were subjected to hydrogena-
lysis to take away benzyl protective groups (Scheme 3). For
instance, N-[1-(a-D-mannopyranosyl oxymethyl)-3-(4-octyl-

" phenyl) propyllhexadecanamide (10a, Man4PhCI6) was

synthesized as follows. 1-Acetyl-2,3,4,6-tetrabenzyl-p-man-
nose (2a, 049 g, 0.84 mmol) was dissolved in dichloro-
methane (20 ml) under a nitrogen atmosphere. BF3;-OEt,
(0.11 ml, 0.89 mmol) was added in drops over 2 min at 5 °C
and the mixture was stirred for 10 min. Then a solution of 2a
(0.46 g, 0.89 mmol) in dichloromethane (7.0 ml) was added in
drops over 4 min and stirred for 1.5 hours. A saturated ammo-
nium chloride solution was added to this reaction mixture. The
organic phase was separated and washed successively with
brine and dried over anhydrous magnesium sulfate. After fil-
tration and concentration, the residue was purified by silica gel
column chromatography using a mixture of hexane: AcOEt
(5:1) as an elution solvent. The yellow oil (0.47 g) of the tet-
rabenzy! derivative (92) was dissolved in ethanol (20 ml) and
stirred for 4 hours in the presence of 20% Pd(OH), on char-
coal under an hydrogen atmosphere. After filtration and con-
centration, the product (10a) was obtained as a colorless amor-
phous solid (0.10 g, yield, 21% from 2a).

4.2.4. Preparation of optically active ManCl6

(28- and 2R-10c) ,
Diastereomers of ManC16 (2S- and 2R-10¢) were synthe-

sized from 2§ and 2R-diastereomers of 1b as described for the

synthesis of the racemic mixture of 10¢. The yield of the inter-

mediate and the final products was comparable to the yield of

the racemic forms (60-70% for 2S-9¢ and 2R-9¢c).

4.2.5. Product data for 10a—i

4.2.5.1. 10a (Man4PhC16). Elemental analysis: calculated for
C4oH71NO; 3/2H,0: C; 68.14, H; 10.58, N; 1.99. |

Found: C; 68.45, H; 10.64, N; 2.01,

'H-NMR (CD;OD): § 0.87-0.90 (6H, m, methyl), 1.26
(36H, br s, methylene), 1.53-1.68 (4H, m, methylene), 2.17-
2.22 (2H, m, methylene), 2.54 (2H, t, /= 7.3 Hz, methylene),
2.55-2.68 (2H, m, methylene), 3.36-3.45 (1H, m), 3.47-3.52
(1H, m), 3.55-3.61 (1H, m), 3.63-3.70 (3H, m), 3.76-3.83
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(2H, m), and 3.95-4.10 (1H, m) for mannose C2, C3, C4, C5,
C6a, C6b, sphingosine Cla, Clb, C2 and C3, 4.70-4.72 (1H,
m, anomeric), 7.04 (2H, d, /= 8.3 Hz, phenyl), 7.07(2H, d,
J= 8.3 Hz, phenyl). MS (EI), m/z: 677(M™).

IR (em™) (KBr): 3388, 2922, 2852, 2360, 1622, 1464,
1384,

Appearance: Colorless amorphous

4.2.5.2. 10b (GalC24). Elemental analysis: calculated for
CagHog1NO43/4H20, C, 70.50; H, 11.90; N,1.79.

Found: C, 70.57; H, 11.91; N, 1.66.

'H-NMR (CD;0D): & 0.80 (6H, t, 6.8 Hz, methyl), 1.19
(66H, brs, methylene), 1.45-1.60 (2H, m, methylene), 2.10
(2H, t, J=7.3 Hz, methylene) 3.36 (1H, dd, J=103,
54 Hz), 3.46-3.71 (6H, m), 3.77 (1H, d, J=2.0H), and
3.90-3.94 (1H, m), for galactose C2, C3, C4, C5, C6a, Cé6b,
sphingosine Cla, Clb, C2 and C3, 4.70 (1H, brs, anomeric).

MS (EI): m/z: 770 (M™).

IR(KBr): 3433,2918,2850,1646,1543,1468,

m.p. 142144 °C,

4.2.5.3. 10c (ManCl6). Elemental analysis:
C33H75NO7’1/2H20Z C,6839, H,l 145, N,2.l4.
Found: C;68.42; H,11.48; N,2.10.
"H-NMR(CD30D): § 0.89 (6H, t, J= 6.8 Hz, methyl), 1.28
(48H, brs, methylene), 1.59~1.67(4H, m, methylene), 2.18 (2H,
t, J=17.3 Hz, methylene), 3.38 (1H, dd, /= 29.8, 5.9 Hz), 3.46—
3.52 (1H, m), 3.58 (1H, d, /= 9.3 Hz), 3.61-3.70 (3H, m), 3.78
(1H, dd, J=3.4, 1.5 Hz), 3.81 (1H, dd, J=11.7, 2.0 Hz), and
3.94-4.03 (1H, m), for mannose C2, C3, C4, CS, Céa, C6b,
sphingosine Cla, Clb, C2 and C3, 4.72 (1H, brs, anomeric)
MS (EI): m/z: 658 (M™).
m.p. 153-155 °C.

Calculated for

4.2.5.4. 25-10c. Elemental analysis: Calculated for
C33H4sNO4 1/2H,0: C, 68.42; H, 11.48; N,2.10.

Found: C; 68.39; H, 11.45; N, 2.14,

"H-NMR(CD;0D): 8 89 (6H, t, J=6.8 Hz, methyl), 1.28
(48H, brs, methylene), 1.51-1.81 (4H, m, methylene), 2.19
(2H, t, J= 7.3 Hz, methylene), 3.41 (1H, dd, J=9.8, 4.4 Hz),
3.46-3.53 (14, m), 3.57 (1H, d, J=9.8 Hz), 3.58-3.71 (3H,
m), 3.78 (1H, brs), 3.82 (1H, d, J=11.7 Hz), and 3.99-4.08
(1H, m), for mannose C2, C3, C4, C5, C6a, C6b, sphingosine
Cla, Clb, C2 and C3, 4.73 (1H, brs, anomeric).

IR (KBr): 3296, 2918, 2851, 1643, 1541 1467, 1130, 1101,
1059,

CD: [a]p: +19.2 (0.25, EtOH).

m.p. 147-148,

4.2.5.5. 2R-10c.  Elemental ‘analysis: Calculated for
C;33H7sNO7 1/2H,0: C, 68.42; H,11.48; N, 2.10.

Found: C; 68.39; H, 11.45; N, 2.14

NMR(CD;0D): & 0.89(6H, t, J=6.8 Hz, methyl), 1.28
(48H, brs, methylene), 1.59-1.67 (4H, m, methylene), 2.18
(2H, t, J= 7.3 Hz, methylene), 3.38 (1H, dd, J=9.8, 5.9 Hz),
3.46-3.52 (1H, m), 3.58 (1H, d, /=9.3 Hz), 3.61-3.70 (3H,
m), 3.78 (1H, dd, /J=3.4, 1.5 Hz), 3.81 (I1H, dd, J=11.7,

2.0 Hz), and 3.94-4.03 (1H, m), for mannose C2, C3, C4,
C5, C6a, C6b, sphingosine Cla, Clb, C2 and C3, 4.72(1H,
brs, anomeric).

IR(KBr): 3306, 2917, 2850, 1644, 1543, 1468, 1139, 1105,
1059.

Mass(EI) 658.

D: [o)p =+48.5 (0.20, EtOH)
mp 157~159.

4.2.5.6. 10d (GalC2). Elemental analysis; Calculated for
C24H47N07'1/4H203 C, 61.84; H, 1027, N, 3.00,

Found: C, 61.77; H, 10.38; N, 3.07.

'H-NMR (400 MHz, CD;OD): § 0.89 (3H, t, J=8 Hz,
methyl), 1.28 (24H, brs, methylene), 1.44-1.52 (1H, m, methy-
lene), 1.53-1.61 (1H, m, methylene), 1.95 (3H, s, methyl),
3.33-3.37 (1H, m), 3.42-3.51 (1H, m), 3.63-3.79 (5H, m),
3.81 (IH, brs), and 3.90-4.03 (1H, m), for galactose C2, C3,
C4, C5, Coba, C6b, sphingosine Cla, Clb, C2 and C3, 4.79-
4.80 (1H, m, anomeric), 7.9-8,1 (1H, m, amide).

-~ IR (em™) (KBr): 3278, 2915, 2851, 1648, 1558, 1472.

EI-MS, miz: 462 (M + H)",

4.2.5.7. 10e (Man2HM4PhCI16), Elemental analysis: Calcu-
lated for C4;H73NOg H,0, C,67.82; H,10.41; N,1.93.

Found: C;67.55; H,10.33; N,1.91. ’

'H-NMR (400 MHz, CD;0D): & 0.89(6H, t, J=6.8 Hz,
methyl), 1.27 (34H, brs, methylene), 1.53-1.65 (4H, m, methy-
lene), 1.93-2.,08 (2H, m, methylene), 2.18-2.22 (2H, m, methy-
lene), 2,.52-2.59 (4H, m, methylene), 3.52-3.57 (2H, m), 3.61-
3.73 (4H, m), and 3.79-3.84 (4H, m), for mannose C2, C3, C4,
CS, C6a, C6b, sphingosine Cla, Clb, C2 and C3, 4.75 (1H, 4,
J=9.8 Hz, anomeric), 7.04 (2H, d, J=7.8 Hz, phenyl), 7.08
(2H, d, J= 7.8 Hz, phenyl), 7.30 (1H, d, J= 112 Hz, amide).

IR (KBr): 3321, 2923, 2853, 1646, 1467.

Amorphas.

4.2.5.8. 10f (Gal2HM4PhC16). "H-NMR (400 MHz, CD;0D):
& 0.83-0.87 (6H, m, methy!), 1.22 (34H, brs, methylene), 1.50-
1.60 (4H, m, methylene), 1.90-2.08 (2H, m, methylene), 2.13~
2.20 (2H, m, methylene), 2.45-2.57 (4H, m, methylene), 3.4~
4.0 (10H, m), for galactose C2, C3, C4, C5, C6a, C6b, sphin-
gosine Cla, Clb, C2 and C3, 4.78-4.85 (1H, m, anomeric),
7.00 (2H, d, J= 8 Hz, phenyl), 7.05 (2H, d, J = 8 Hz, phenyl),
7.38 (IH, d, J= 16 Hz, amide).

ngh resolution FAB-MS, calculated for C41H74 NjOg (M +
H)* 708.5414; found 708.5435.

4.2.5.9. 10g (Gal2HM4PhC8). "H-NMR (400 MHz, CD,0OD):
6 0.84-0.92 (6H, m, methyl), 1.28 (18H, brs, methylene), 1.50-
1,65 (4H, m, methylene), 1.90-2.10 (2H, m, methylene), 2.13—
2.25 (2H, m, methylene), 2.45-2.60 (4H, m, methylene), 3.4-
4.1 (10H, m), for galactose C2, C3, C4, C5, C6a, C6b, sphin-
gosine Cla, Clb, C2 and C3, 4.78-4.85 (1H, m, anomeric),
7.04 (2H, d, J= 8 Hz, phenyl), 7.09 (2H, d, J = 8 Hz, phenyl),
7.42 (1H, d, J= 12 Hz, amide).

High resolution FAB-MS, calculated for C33Hsg N;Og (M +
HY", 596.4162; found 596.4153,





