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Abstract

Non-obese diabetic (NOD) mice develop diabetes mediated by pathogenic T-helper type 1 (Thl) cells. Val4 Natural killer (NKT)
cells are a unique lymphocyte subtype implicated in the regulation of autoimmunity and a good source of protective Th2 cytokines.
We recently developed a Th2-skewing NKT cell ligand, OCH. OCH, a sphingosine truncated derivative of a-galactosylceramide (a-
GC), stimulates NK.T cells to selectively produce Th2 cytokines. Here we show that OCH prevented the development of diabetes
and insulitis in NOD mice. The suppression of insulitis by OCH was more profound compared to a~GC. Infiltration of T cells, B
cells and macrophages into islets is inhibited in OCH-treated NOD mice. OCH-medjated suppression of diabetes is associated with
Th?2 bias of anti-islet antigen response and increased IL-10 producing cells among islet-infiltrating leukocytes. Considering the non-
polymorphic and well conserved features of the CD1d molecule in mice and humans, these findings not only support the proposed
role of NKT cells in the regulation of self-tolerance but also highlight the potential use of OCH for therapeutic intervention in type I

diabetes.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Non-obese diabetic (NOD) mice develop spontaneous
autoimmune (type I) diabetes (T1D) very similar to the
human disease. In female mice, insulitis usually begins
at 3 to 5 weeks of age, eventually leading to [B-cell
destruction and overt diabetes by 4 to 6 months of age.
Autoimmune destruction of P-cells is preceded by
infiltration of pancreatic islets by macrophages, B cells:
and T cells. The capacity to transfer disease by islet
specific T cells purified from diabetic NOD mice or T cell

* Corresponding author. Tel.: +81 42 341 2711; fax: +81 42 346
1753.
E-mail address: miyake@ncnp.go.jp (S. Miyake).

0896-8411/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jaut.2004.09.008

clones demonstrates the key role of T cells in the

pathogenesis of diabetes. Thl-type CD4 cells, which

preferentially secrete IFN-y and TNF-e. and CD8 T cells,

have been implicated in the development of diabetes in

NOD mice [1,2]. In parallel with these effector T cells,

regulatory cells including CD4¥CD25% T cells have.
been suggested to inhibit the development. of diabetes. -
Although the mechanisms of suppressive effect of these

regulatory-T cells are not fully understéod, it is believed

that an imbalance between autoreactive effector T cells

and regulatory T cells may trigger the development of
destructive insulitis and T1D [3]. Previous studies

indicate that the B-cell-destructive immune response in

NOD mice is biased toward Th1 and treatment with Th2

cytokines such as IL-4 or IL-10 have been shown to

prevent the onset of spontaneous diabetes [4—8].

— 136 —



294 - . M. Mizuno et al. [ Jowrnal of Autoimmunity 23 (2004} 293300

Natural killer T (NKT) cells are a unique subset of T
cells that coexpress receptors of the NK lineage and «/
B T cell receptor (TCR) [9—11]. NKT cells express an
invariant TCRa chain (encoded by a Val4-Ju281
rearrangement in mice and a homologous Vo24-Jal5
rearrangement in humans). Unlike conventional T cells
that recognize peptides in association with MHC, NKT
cells recognize glycolipid antigens such as a-galactosyl-
ceramide (a~-GC) bound by the non-polymorphic MHC
class I-like protein CD1d [12]. One striking feature of
NKT cells is their capacity to secrete large amounts of
cytokines including IL-4 and IFN-y in response to TCR
ligation. Although the precise function of NKT celis
remains to be elucidated, evidence indicates that NKT
cells play critical roles in the regulation of autoimmune
responses [13—15]. Abnormalities in the number and
function of NKT cells have been observed in patients
with autoimmune diseases as well as in a variety of
mouse strains that are genetically predisposed for
development of autoimmune diseases. The putative
involvement of NKT cells in the control of islet B-cell
reactive T cells in NOD mice was suggested by
prevention of diabetes following infusion of NKT cell-
enriched thymocyte preparations [16] and by over-
expression of NKT cells in Vald4-Ja281 transgenic
NOD mice [17]. Moreover, several recent studies have
investigated the effect of treating NOD mice with a-GC
[18—21]. When started at around 3 or 4 weeks of age,
repeated injections at least once a week delayed the
onset and reduced the incidence of diabetes by inducing
Th2 bias of autoreactive T cells. We have recently
developed a synthetic glycolipid ligand, OCH, which
stimulates NKT cells to selectively produce 1L-4. OCH
is a synthetic glycolipid, sphingosine truncation ana-
logue of a-GC [22]. Administration of OCH inhibited
experimental autoimmune encephalomyelitis (EAE) and
collagen-induced arthritis (CIA) by inducing Th2 bias of
autoreactive T cells [22,23]. These findings led us to
examine the effect of OCH on the development of
diabetes in NOD mice.

In the present study, we show that OCH can inhibit
the development of insulitis and diabetes in NOD' mice
by inducing a Th2 bias-of ‘autoreactive T cells. These
results imply that targeting NKT cells with OCH could
be an attractive means for intervention in T1D.

2. Materials and mgtllods
2.1. Mice

CS7BL/6(B6) mice were purchased from CLEA
Laboratory Animal Corp. (Tokyo, Japan). NOD/Shi
mice were obtained from CLEA Japan (Tokyo, Japan).
The animals were kept under specific pathogen-free
conditions. We followed the guidelines for the use and

care of laboratory animals of National Inst1tute of
Neuroscience, NCNP.

2.2. In vitro responses of NKT cells
to v-GC or OCH

Splenocytes of naive B6 mice were cultured with a-
GC or OCH in RPM 1640 medium supplemented with
5% 107°M 2-ME, 2mM L-glutamine, 100 U/mg/ml
penicillin/streptomycin, and 1% syngenic mouse serum
for 72 h. Incorporation of [H]-thymidine (1 uCijwell)
for the final 16 h of the culture was determined with a -
1205 counter (Pharmacia, Uppsala, Sweden). The levels
of IL-4, IL-10 and IFN-v in culture supernatant were
measured by a standard sandwich ELISA, using purified
and biotinylated antibody pairs and standards from BD
PharMingen (San Jose, CA).

2.3. In vivo responses of NKT cells to a-GC or OCH

NOD mice were injected with 100 pg/kg of OCH or
a-GC intraperitoneally and serum were collected after
2h, 6h and 24 h after injection. Serum levels of IL-4,
IL-10 and IFN-y were measured by ELISA.

2.4. Assessment of diabetes and evaluation
of insulitis

Diabetes was assessed by monitoring glucose levels
every week in the blood using GLU-W (Fujifilm,
Kanagawa, Japan). Mice with two consecutive positive
blood glucose measurements greater than 250 mg/dl
were considered diabetic. For histological evaluation of
insulitis, mice were killed and pancreata were removed
and fixed with 4% paraformaldehyde. Sections were
stained with hematoxylin and eosin (HE). Multiple HE
stained pancreatic sections were scored. Insulitis was
graded as follows: grade 0, no inflammation; grade 1,
peri-insulitis but no intra-insulitis; grade 2, mild intra-
insulitis (cell infiltration in the area less than 25% of an
islet); grade 3, moderate intra-insulitis (cell infiltration in
the area more than 25% but less than 50% of an islet);
and grade 4, severe intra-insulitis (cell infiltration i in the
area more than 50% of an islet).

2.5. Immunohistochemistry

Immunohistochemistry was -performed .on 15-mm-
thick adjacent serial sections according to the avidin—
biotin—peroxidase complex (ABC) method using ABC
Elite (Vector) and 3,3'-diaminobenzidine tetrahydro-
chloride (DAB) as chromogen. Primary antibodies were
used as follows; mouse CD4 (RM4-5, BD PharMingen),
mouse CD8a (53-6.7, BD PharMingen), mouse B220
(RA3-6B2, BD PharMingen), mouse F4/80 antigen
(A3-1, Serotec), mouse CD45 (sc-1121, Santa Cruz
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Biotechnology Inc.), mouse interleukin-4 (11BIl,
ATCC), mouse interleukin-10 (JES-2A5), and mouse
interferon-y (XMG1.2, BD PharMingen). The biotiny-
lated goat anti-mouse antibody or the biotinylated
rabbit anti-goat antibody (Vector, Burlingame, CA,
USA) was used as a secondary antibody. Cell infiltration
was graded as follows: no infiltration, peri-infiltration,
cell infiltration in peri-islet area but no intra-islet; mild
infiltration, cell infiltration in less than 50% of the area
of an islet; severe infiltration, cell infiltration in more
than 50% of the area of an islet. For the quantification
of cytokine staining, more than 100 CD45 positive cells
per mice (five animals in each group) were evaluated for
the IL-4 or IL-10 staining.

2.6. In vivo glycolipids treatment

a-GC and OCH were synthesized as described
previously [24]. Synthetic glycolipids were used to treat
NOD mice. Starting from 5 weeks of age, mice were
injected intraperitoneally twice per week with either

OCH or a-GC at a dose of 100 pg/kg. The control mice

were injected with vehicle alone (10% DMSO in PBS).

2.7. Measurement of autoantigen specific
IgGl and IgG2a

Anti-glutamic acid decarboxylase (GAD) was mea-
sured by ELISA as described previously {19,25]. GAD
(Sigma) (1 mg/ml) was coated onto. ELISA plates
(Sumitomo Bakelite, Co., Ltd, Tokyo, Japan) at 4 °C
overnight. After blocking with 1% bovine serum
albumin in PBS, serially diluted serum samples were
added onto GAD-coated wells. For detection of
anti-GAD antibodies, the plates were incubated with
biotin-labeled anti-IgGl and anti-IgG2a (Southern
Biotechnology Associates, Inc., Brimingham, AL) or
anti-IgG antibody (CN/Cappel, Aurora, OH) for 1h
and then incubated with streptavidin-peroxidase. After
adding a substrate, the reaction was evaluated- and
antibody titers were calculated on the basis of dilution/
absorbance curves. To control the experiments, dilu-
tions of anti-GAD-positive serum from diabetic NOD
mice were used as the control samples. Based on the
standard values of the control samples, the relative value
for each test sample was displayed.

3. Results

3.1. OCH induces selective production of Th2
cytokines in NOD mice

NOD mice have been reported to exhibit the defect in
the number and the function of NKT cells [26]. We first
examined whether OCH stimulates proliferation and

selective IL-4 production in NOD mice. Spleen cells
from NOD mice proliferated in response to in vitro
stimulation with OCH and produced significant |
amounts of IL-4 and IL-10, although OCH was less
active in inducing cell proliferation and the cytokine
production compared with a-GC (Fig. 1A). In contrast,
IFN-y was barely detectable in response to OCH
stimulation, whereas a-GC induces massive IFN-y
production (Fig. 1A). We next examined whether
OCH treatment in vivo also induces the selective Th2
cytokines. We injected OCH or a-GC intraperitoneally
in NOD mice and measured the serum level of IL-4, IL-
10 and IFN-y by ELISA. Consistent with in vitro data,
OCH injection induced a rise in IL-4 and IL-10 (Fig. 1B,
left and right panels) along with much less increase in
the levels of IFN-y (Fig. 1B, middle panel). In contrast,
injection of a-GC induced the production of 114, IL-10
and IFN-y. These results suggest that OCH preferen-
tially induces Th2 cytokines in NOD mice similar to B6
mice.

3.2. OCH treatment prevents diabetes
and insulitis in NOD mice

I1L-4 and IL-10 have been reported as important
protective cytokines for diabetes in NOD mice [4—8,16].
Thus, we tested whether multiple injections of OCH to
NOD mice can modulate the development of diabetes.
As shown in Fig. 2A, treatment of OCH starting at 5
weeks of age significantly delayed the onset and reduced
the incidence of diabetes from 75% to 27% in female
NOD mice at 30 weeks of age. «-GC inhibited the
development of diabetes as well as previously described
[18—21].

Next we examined HE-stained sections from pan-
creata of mice treated with either glycolipid ligands or
vehicle twice per week from the age of 5 weeks. As
shown in Fig. 2B, significantly greater percentages of
islets were free of insulitis from OCH-treated mice than
those from the control mice. Fifty percent of islets were
free of infiltrating cells in OCH-treated mice, at which
time less than 20% of islets were from vehicle-treated
mice. The percentage of islets affected by severe insulitis
(grade 4) was significantly lower (p = 0.023, Dunnett’s *
multiple comparison tests) and the frequency of intact
islet (grade 0) was significantly higher (p = 0.0038,
Dunnett’s multiple comparison tests) in OCH-treated
mice than in o-GC treated mice. The mean score of
insulitis of a-GC- or OCH-treated mice was significantly
lower than vehicle-treated mice. Typical histological
appearance was shown in Fig. 2C. These results indicate
that the inhibitory effect of insulitis by OCH is stronger
than a-GC even though OCH was about less active in
inducing NKT cell proliferation (Fig. 1A). We further
examined whether a particular subset of cells are
preferentially affected by OCH treatment at the age of
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Fig. 1. Effects of OCH on cytokine production in NOD mice in vitro and in vivo. (A) Spleen cells were stimulated with various concentrations of
glycolipid for 72 h. Incorporation of [*H]-thymidine (1 uCi/well) for the final 16 h of the culture was examined (left top) and IFN-y (right top), IL-4
(left bottom) or IL-10 (right bottom) contents in the supernatants were measured by ELISA. (B) Serum levels of IL-4, IFN-y, IL-10 in NOD mice
after intraperitoneal injection of OCH or a-GC were measured by ELISA. Data represent the individual mice and the peak level of each cytokine (2 h
for IL-4, 24 h for IFN-y and 6 h for IL-10) was displayed. Black bar: a-GC treated mice; white bar: OCH-treated mice.

16 weeks (Fig. 3). Massive infiltration of CD4 T cells,
CD8 T cells, B cells into islets was observed in vehicle-
treated NOD mice. Macrophages were also observed in
vehicle-treated NOD mice. In contrast, OCH treatment
inhibited infiltration 6f both T cells and B cells, and
macrophages were barely detectable in- OCH-treated
mice. These results indicated that administration of
OCH inhibited the development of diabetes and insulitis
in NOD mice and the suppressive effect of insulitis is
stronger than a-GC. e

3.3. Administration of OCH promotes a Th2
response against autoantigens -

To- evaluate effects on immune responses against
autoantigen, we measured GAD-specific IgGl and
IgG2a in the serum at the age of 24 weeks (Fig. 4, left
and middle panels). The level of IgG2a was reduced
both in OCH- and «-GC-treated mice compared to
vehicle-treated mice. IgG1/IgG2a ratio significantly
increases in OCH-treated mice. In a-GC-treated mice,

IgG1/IgG2a ratio also tended to increase, even though
the difference did not reach-statistical significance. These
results suggest that anti-GAD response in OCH-treated
NOD mice shifted to Th2 response, and Th2 bias of
autoantigen was more evident in OCH-treated mice
compared to a-GC-treated mice.

3 4OCH treatment increased IL-10 producing cells
among islet-infiltrated leukocytes in NOD mice

Since anti-GAD response shifted to Th2 in QCH-
treated mice, we next examined the numbers of IL-4
or IL-10 producing cells among the infiltrating leuko-
cytes. IL-10 producing cells among CD45 positive
leukocytes were significantly increased in OCH-treated
mice compared to vehicle-treated NOD mice (Fig. 5).
IL-4 producing cells were not significantly increased in
OCH-treated mice. The frequency of either IL-4- or
IL-10-producing cells among leukocytes in a-GC-treated
mice were not significantly different from vehicle-
treated mice. These results suggest that OCH-mediated
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Fig. 2. Prevention of diabetes and insulitis in NOD mice by OCH treatment. (A) The effect of OCH on the incidence of diabetes. Female NOD mice
were injected with OCH, «-GC or vehicle twice per week starting at 5 weeks of age (# = 20 per group). Diabetes was monitored by measurements of
blood glucose levels. (B) Female NOD mice were treated with OCH, o-GC or vehicle twice per week starting at 5 weeks of age. Pancreata were
microscopically evaluated for the degree of insulitis at 16 weeks of age. Data shown represent the mean of six animals in each group and more than 20
islets per mice were scored for grading as described in Section 2. The mean score of insulitis of vehicle-, a-GC-, or OCH-treated mice was 1.56, 1.24,
2.7 (p < 0.001; vehicle vs a-GC, p < 0.001; vehicle vs OCH, p < 0.0081; a-GC vs OCH). (C) Representative histological appearance of hematoxylin
and eosin-stained islets from non-diabetic female NOD mice treated with vehicle, «-GC, or OCH used in the experiments shown in (B).

inhibition of insulitis is associated with increase of IL-10
producing cells.

4. Discussion

In this study, we found that OCH treatment
prevented spontaneous autoimmune diabetes in NOD
mice, a model of human type I diabetes, by inducing
Th2 bias. OCH treatment strongly inhibited insulitis in
NOD mice. The proportion of IL-10 producing cells
among infiltrated leukocytes was increased in OCH-
treated mice. Although the correlation between a defect
in NKT cells and the susceptibility of diabetes in NOD
mice is still debated [13—15)], the putative involvement of
NKT cells in the control of islet B-cell reactive T cells in
NOD mice was suggested by the prevention of diabetes
following an infusion of NKT cell-enriched thymocytes
[16], and by the increase of NKT cells in Val4-Ja281
transgenic NOD mice [17]. In these mice, protection
from diabetes by NKT cells is associated with the

induction of a Th2 response to islet autoantigens.
Furthermore, a-GC treatment has been demonstrated
to delay the onset and reduce the incidence of diabetes in
NOD mice [18—21]. And the mechanism of protection
has been reported to be associated with Th2 shift of
autoantigen response, which is similar to that observed
by increasing the number of NKT cells in NOD mice.
The mechanism of OCH-mediated inhibition of insulitis
was also associated with Th2 polarization of the
autoantigen response and increase of IL-10 producing
cells. The stronger suppression of insulitis by OCH
treatment than «-GC treatment may not be surprising
because a-GC stimulates NKT cells to produce IFN-y
as well as Th2 cytokines. IFN-y enhances the expression
of major histocompatibility complex class I and II
molecules as well as several other proteins involved in
antigen processing and presentation, and supports the
homing of activated T cells into islets in NOD mice
[27-29].

Stimulation of NKT cells by injection of OCH
inhibited EAE and CIA [22,23]. On the other hand,
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Fig. 3. Immunohistochemical analysis of cell composition of infiltrated
cells into islets in NOD mice treated with OCH. Female NOD mice
were treated with OCH, a-GC or vehicle twice per week starting at 5
weeks of age. At 16 weeks of age, pancreata were microscopically
evaluated for the degree of infiltrated cells positive for CD4, CD8,
B220 or F4/80 antigen as described in Section 2. Data shown represent
the mean of six animals in each group and more than 20 islets per
animal.

a-GC ameliorates or exacerbates EAE, depending on
the strain of mouse and stage of disease tested [30—32]
and to have only a marginal effect on CIA [23], probably
because «-GC induces both Thl and Th2 cytokines
whereas OCH predominantly elicits a Th2 response. In
this situation, treatment with OCH might be preferable
to a-GC for Thl-mediated diseases. Although the
insulitis was severe in o-GC-treated mice compared to
OCH-treated mice, we confirmed that multiple injection
of a-GC inhibited diabetes in NOD mice as well as OCH
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infiltrated into islets in NOD mice treated with OCH, Female NOD
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at 5 weeks of age. Immunohistochemical examination was performed
at 16 weeks of age. Data shown represent the mean of six animals in
each group and more than 100 CD45% leukocytes per mice were
evaluated. IL-4 positive or IL-10 positive cells were expressed as
percentage of CD45* total leukocytes. *p = 0.017 vs control, by
Dunnett’s multiple comparison tests,

as previously reported [18—21]. There might be several
reasons to explain that the effect of OCH was not
different in the inhibition of overt diabetes. For
example, it has been documented that no modification
of the diabetes incidence occurs in both IFN-y knockout
and IFN-y receptor knockout mice, as compared with
littermate controls. Therefore a-GC induced IFN-y has
less effect to mask the protective effect of Th2 cytokines
in NOD mice, which is different to other models such as
EAE or CIA. The other possibility to explain that OCH
and o-GC showed similar effect on the development of
overt diabetes is that diabetes in NOD mice develops
spontaneously and multiple injection of a-GC or OCH
were continued for several months, which are different
from other inducible autoimmune models. The adjuvant
used for the induction of other models such as EAE and
CIA might have some effect on the cytokine production
by NKT cells. Considering that the bacterial infection
has been shown to induce predominantly Thl cytokines
from NKT cells [33], injection of a-GC at the same time
the injection of CFA including mycobacterium extract
could enhance Th! cytokine production from NKT eells
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Fig. 4. GAD-specific antibody isotype levels in mice treated with OCH. Individual serum samples obtained from mice shown in Fig. 2 at 24 weeks
were analyzed as in Section 2. IgGl:1gG2a ratios in OCH-, a-GC-, vehicle-treated mice are shown. Values are the mean and SEM (n = 20).
*p = 0.0327, *¥**p = 0.0147, OCH vs control, **p = 0.0002, u-GC vs control by Mann—Whitney U test.
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enough for the mask of the inhibitory effect of Th2
cytokines. In contrast, in NOD mice which spontane-
ously develop diabetes, Thl cytokine production from
NKT cells for the initial treatment might not be so
harmful because NKT cells have been reported to have
the tendency to predominantly produce Th2 cytokines
after repeated injections [34] since the glycolipid
treatment was continued for several months.

It is still controversial whether the defects in NKT
cells are causal for autoimmune disease or occur as
a secondary consequence of the autoimmune process
[13—15]. However, given the efficacy of glycolipid
ligands such as OCH in the prevention of the de-
velopment of diabetes in NOD mice, in addition to the
suppression of EAE and CIA, stimulation of NKT cells
with glycolipid seems to be an attractive strategy for the
treatment of autoimmune diseases such as type I
diabetes. The evolutionary conservation and the homo-
geneous ligand specificity of NKT cells allow us to apply
a glycolipid ligand like OCH for the treatment of human
disease without considering species barrier or genetic
heterogeneity of humans.
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Glycosphingolipid (GSL) antigens have been considered
to be involved in the pathogenesis of autoimmune neu-
rologic disorders including multiple sclerosis. To estab-
lish the GSL pattern specific for endothelial cells forming
blood-brain barrier (8BB), we established a method to
yield sufficient quantities of highly purified human brain
microvascular endothelial cells (HBMECs) and compared
their GSL composition to that of human umbilical cord
vein endothelial celis (HUVECs), as the representative of
endothelial cells not forming BBB. The major ganglio-
sides were GM3 and sialyl paragloboside (LM1), and the
major neutral GSLs were lactosylceramide (LacCer), glo-
_botriaosylceramide (Gb3), and globoside (Gb4). Trace
amounts of GM1, GD1a, GD1b, GTib, and sulfoglucu-
ronosy! paragloboside (SGPG) could be detected by the
high performance thin layer chromatography-overlay
method. SGPG was detected only at a nonconfluent
state in an amount almost 1/30 that of in nonconfluent
HUVECSs. Conversely, GM3 and LM1 increased signifi-
cantly after confluency. The amount of Gb3 in HBMECs
was almost as twice that in HUVECs. The significance of
these differences in GSL content between HBMECs and
HUVECSs and between confluent and nonconfluent states
is obscure, it might be related, however, to the defense
mechanism at the BBB and to the susceptibility of the
central nervous system in some disorders that target cell
surface GSL, such as hemolytic uremic syndrome.

@ 2004 Wiley-Liss, Inc,

Key words: glycosphingolipid; sulfogiucuronosyl para-
globoside; blood-brain barrier; human brain microvas-
cular endothelial cell

Vascular endothelial cells (ECs) are highly versatile
cells and are involved structurally as well as metabolically
in various barrier functions. The characteristic features of
ECs include the presence of nonthrombogenic luminal
surface, expression of von Willebrand factor, prostacy-
cline, and endothelin, and formation of a highly selective

© 2004 Wiley-Liss, Inc.

barrier to the passage of plasma constituents into the tissue
parenchyma. ECs possess many structural and functional
characteristics, exhibiting a wide diversity depending on
the nature of the vascular bed; this property is very im-
portant for their specialized function in individual tissue
and organ function (Jaffe, 1987; Kanda et al., 1994). ECs
of brain microvascular origin (BMEC:s) are highly special-
ized cells believed to make up the structural basis of the
blood~brain barrier (BBB). Because BMEC:s are the only
cell groups in the nervous system that are exposed con-
tinuously to blood constituents, the information via sur-
face receptors on BMECs are considered very important
for regulation of BBB function and subsequently for ho-
meostasis of various cations, nutrients, and growth factors
in the central nervous system (CNS).

Glycosphingolipids (GSLs) are located primarily, if
not exclusively, on the outer leaflet of the plasma mem-
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dothelial cell of endoneurial tissue origin; PNS, peripheral nervous system;
SGPG, sulfoglucuronosyl paragloboside; SIMS, matrix-assisted secondary
ion mass spectrometry.
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brane. GSLs, including gangliosides, have been implicated
in various cellular functions such as cellular recognition
and adhesion, communication, and modulation of im-
mune responses (Kanda et al., 1995; Karlsson, 1995; Ri-
boni et al,, 1997). Knowledge about GSLs as surface
antigens and receptors in BMEGCs is therefore crucial to
understanding the pathogenesis of CNS disorders affecting
the BBB. Because of the difficulty in primary culture and
the maintenance of human BMECs (HBMECs), however,
no data concerning the GSL composition in these cells has
ever been published. Duvar et al. (2000) recently investi-
gated the GSL composition of immortalized human cere~
bromicrovascular endothelial cells; however, because this
endothelial cell line cannot exclude the influence of im-
mortalization with SV40 T-antigen, GSL analysis of gen-
uine primary cultured HBMECs has been awaited eagerly.
We recently developed a method to yield sufficient

. quantities of highly purified HBMEC:s for biochemical
analysis, and we have determined the GSL composition of
cultured HBMECs. The aim of this article is to establish
the GSL pattemn specific for the ECs forming BBB, com-
ared to that of human umbilical cord vein endothelial
cells (HUVEC:) as the representative of ECs without BBB

property.
MATERIALS AND METHODS

Culture Media for HBMECs

Dissecting medium (DM) contained Medium 199
(GIBCO BRL, Grand Island, NY) supplemented with 5% fetal
bovine serum (FBS; BioWhittaker, Walkersville, MD), 20 mM
.sodium bicarbonate, 50 pg/ml heparin (Sigma, St. Louis, MO),
100 U/ml penicillin, 100 pg/ml streptomycin, 25 ng/ml am-
photericin B (GIBCO BRL), and 20mM N-(2-hydroxy-
methyl)-piperazine-N'-(2-ethanesulfonic acid) (HEPES; pH
7.2). HBMEC growth medium contained EBM-2 media (Sanko
* Jun-yaku, Tokyo, Japan) supplemented with 100 U/ml peni-
cillin, 100 pg/mi streptomycin, and 25 ng/ml amphotericin B.

Isolation of HBMECs

HBMEC isolation was achieved using a modified method
of Gordon et al, (1991), which was designed originally for rat
capillary endothelial cells, Brain tissue was removed approxi-
mately 6 hr postmortem from a 65-year-old male who had
suffered from lung cancer, The tissue was rinsed thrice with
DM, and the pia mater and swrface vessels were removed care-
fully using fine foreeps. The cerebral cortex was then minced to
2-3-mm cubes, rinsed several times in DM, and homogenized
wsing a2 Wheaton-Dounce Teflon homogenizer. The homoge-
nate was dissociated further with 0.005% (wt/vol) dispase (grade
1; Roche Diagnostics, Mannheim, Germany) in DM at 37°C for
2 hr in a shaking water bath, After centrifugation (800 X g,
5 min) the pellet was suspended with a dextran solution (mol.
wt. 70,000 Daltons; 15% wt/vol in DM; Sigma), and the whole
suspension was. centrifuged (4°C, 4,500 X g for 10 min, using a
Beckman JS 13.1 swinging bucket rotor). The pellet was resus-
pended with the dextran solution, and centrifuged again. After
two centrifugations, microvessels and some single cells including
red blood cells were obtained in the pellet. Other contaminating

fractions including myelin and brain parenchyma were floated,
The pellet was recovered with DM and filtered through
130-pm nylon mesh (Nitex; Tetko Inc., Elmsford, NY) to
remove large vessels, The filtrate was digested firther using
collagenase/dispase (0.035% wt/vol in 10 ml DM; Roche Di-
agnostics) at 37°C for 12 hr in a shaking water bath, The
collagenase/dispase-treated microvessels were centrifiged
(800 X g, 5 min), rinsed and suspended in 3.0 ml DM, and then
filtered through double layers of 15-um mesh to remove single
cells, which. were the largest sources of non-ECs, including
astrocytes and pericytes. The unfiltered cell clusters were placed
into dishes coated with type I collagen (Collaborative Biomed- -
ical Products, Bedford, MA). Cells were maintained at 37°C in
an atmosphere of 5% CO, in a hunidified incubator, The
medium was changed three times 2 week.

After 24 hr, the first migrated ECs were observed from the
edge of seeded cell clusters. When the EC colonies grew suffi-
ciently large for cloning (usually more than 100 ECs), the
medium was replaced by 0.25% pancreatin solution (GIBCO
BRL). The colonies for cloning (free of contamination of non-
ECs, including pericytes) were marked before pancreatin treat-
ment. The colonies were detached as clumps of ECs, and the
matked colonies were picked up using a Pasteur pipette and
were dissociated briefly in 0.1% trypsin in Ca®*, Mg®*-free
Hanks' solution for 3—4 min, Cells were seeded again on
35-mun Petri dishes coated with type I rat tail collagen. After
10-21 days, confluent HBMECs, almost fiee of contaminating
non-ECs, were subcultured at a split 1atio of 1:3-5.

Identification of HBMECs

HBMECs were identified by the following four criteria:
an elongated cobblestone-like appearance; immunoreactivity to
anti-von Willebrand factor antigen antibody; uptake of 1, 1'-
dioctacecyl-3,3,3',3, tetramethyl indocarbocyanine perchlorate
acetylated low-density lipoprotein (Dil-Ac-LDL; Biomedical
Technologies Inc., Stoughton, MA) (Voyta et al., 1984); and the
expression of the multidrug resistance-1 (mdr7) gene. To label
with Dil-Ac-LDL, cells were incubated with 10 pg/ml of
Dil-Ac-LDL at 37°C in HBMEC growth media for 4 hr, Cells
were then washed once with probe-free media for 10 min, fixed
with 4% paraformaldehyde for 30 min, and viewed under a
fluorescent microscope. HBMECs incorporated the bright Dil-
Ac-LDL particles into their cytoplasm. Only the lots of HB-
MECs with more than 98% of Dil-Ac-LDL-positive cells were
used for flrther analysis. Contaminated cells other than endo-
thelial cells were also evaluated using mouse anti-human anti-
bodies against glial fibrillary acidic protein (GFAP; Sigma),
smooth muscle actin (BioGenex Laboratories, San Ramon,
CA), and galactocerebroside (Sigma). Less than 1% of cells were
immunoreactive with these antibodies, Expression of mdrl
mRNA, one of the most reliable pieces of evidence of their
BBB-forming endothelial cell origin, was confimed using
Takara Human 3K Chip v.3.0 (Takara, Tokyo, Japan). Absence
of mdr mRNA in HUVEC was also confirmed,

Isolation of Glycosphingolipids

Cultired HBMECs and HUVEC: (purchased from Sanko
Jun-Yaku), grown confluently or semiconfluently on 100-mm
Petri dishes, were harvested by scraping from the Petd dishes,
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TABLE I. Glycosphingolipid Composition of Cultured HBMECs and HUVECs!

Glycosphingolipid HBMEC-C HBMEC-NC HUVEC-C HUVEC-NC

Acidic :
GM3 1,226 * 321 254 * 110% 2,321 * 166 1,226 * 194
LM1 583 + 103 178 & 36%* 879 =+ 314 464 * 81
GM1 7.1%+09 6.2*16 85+ 1.7 6.0 =05
GD1a 43 £ 06 37x1.0 3.0x09 2.6 =07
GD1b Trace Trace Trace Trace
GT1b 25*1.0 27 %09 25 05 1.8 £ 09

Neutral
LacCer 295 * 102 182 + 88 368 = 139 339 = 54
Ghb3 548 * 131 612 x 185 259 * 66 269 * 62
Gb4 1,852 = 483 1,359 + 383 1,195 + 530 1,205 = 304

THBMEC-C, human brin microvascular endothelial cell, confluent state; HBMEC-NC, human brain microvas-
cular endothelial cell, nonconfluent state; HUVEC-C, buman umbilical cord vein endothelial cell, confluent state;
HUVEC-NC, human umbilical cord vein endothelial cell, nonconfluent state. Values were expressed as ng = SEM

per mg protein; # = 3.

*P < 0,05 vs. HBMEC-C and P < 0.01 vs. HUVEC-C.
*%P < 0,01 vs, HBMEC-C and P < 0.05 vs. HUVEC-C.

washed two times with PBS, pH 7.3, and homogenized in
0.5 ml of distilled water. Nonconfluent or semiconfluent culture
denotes the condition where endothelial cell-free vacant space,
more than 20% of total culture dish surface, is visible under
inverted microscopy. These cells are expected to be still prolif-
erating. Confluent culture denotes that the endothelial cells are
tightly packed and no cellfree vacant space is recognizable
under inverted microscopy. Cells within the fourth passage were
used for GSL analysis. Protein concentrations were determined
according to the method of Bradford (1976) using a Bio-Rad
‘(Richmond, CA) protein assay kit and bovine serum albumin
(BSA) as standard, Lipids were extracted with 5 ml of
chloroform/methanol (1:1 by volume), and 5 ml of chloroform/
methanol (1:2 by volume), successively. After evaporating the
organic solvents under a nitrogen stream, lipids were dissolved in
" 0.5 ml chloroform/methanol/water (30:60:8 by volumne; solvent
A), and applied to a Sephadex LH-20 column (0.5 X 30 cm,
10-ml bed volume; Pharmacia Fine Chemicals), pre-
equilibrated with solvent A. After the first 3 ml of effluent was
discarded, the next 3 m] was collected as a GSL fraction (Yu et
al., 1994). The GSL fraction was then applied to a DEAE-
Sephadex A-25 column (2.0-ml bed volume; Pharmacia Fine
Chermicals). The neutral GSL fraction was eluted with 20 ml of
solvent A, and the acidic GSL fraction was eluted with 20 ml of
chloroform/methancl/0.8 M sodium acetate (30:60:8 by vol-
ume; solvent B) (Yu et al., 1994). The acidic lipid fraction was
evaporated to dryness and the residue was dissolved in 0.5 ml of
solvent A, and then desalted by Sephadex LH-20 column as
described above. The recovered gangliosides and sulfoglucu-
ronosyl paragloboside (SGPG) were developed on a high-
performance thin-layer chromatographic plate (HPTLGC;
Merck, Darmstadt, Germany) with the solvent system of
chloroform/methanol/water containing 0.22% CaCl, + 2H,0
(55:45:10 by volume; solvent system 1) and the bands were
visualized by spraying the plate with resorcinol-HCl (Ando et
al., 1978; Sekine et al., 1984).
The neutral GSL fraction was evaporated to dryness and
the residue was subjected to mild alkaline treatment (0.5 ml

of 0.4 N NaOH in methanol) at 40°C for 2 hr or room
temperature overnight to remove phospholipids according to
the method of Handa (1963). The reaction mixtures were
applied to a Sephadex LH-20 column to remove salts as
described above, Neutral GSL composition was examined by
HPTLC. Before chromatography, the upper half of the plate
was sprayed with 1% borate and the entire plate was activated
for 30 min at 120°C to detect glucosyl ceramide and galac-
tosyl ceramide. After application of the sample, the plate was
developed with a solvent system of chloroform/methancl/
water (65:35:5 by volume, solvent system II). Neutral GSLs
were visualized by spraying with the orcinol-sulfuric acid
reagent. The nomenclature of gangliosides follows the system
of Svennerholm (1964).

Quantitation of GM3 (NeuAc), Sialyl
Paragloboside (NeuAc-nLcOse,), and Other
Ganglio-N-Tetraosyl Gangliosides

The content of GM3 (NeuAc) and sialyl paragloboside
(LM1) was determined by densitometric scanning of the chromato-
graphic plate with comigration of authentic GM3 (NeuAcq) and
LM1, followed by visualizing with the resorcinol-HCIl reagent
(Ando et al,, 1978). The stucture of LM1 was confirmed immui-
nochemically with the HPTLC-overay method using anti-
paragloboside (1LcOse,) monoclonal antibody (kindly provided by
Dr. Tai) after treatment with Arthrobader tireafaciens neuraminidase
(40 mU/ml) for 2 hr at room temperature, The amounts of
ganglio-N-tetraosy] gangliosides other than GM3 were below the
detection limit of the resorcinol-HCI reagent. The HPTLC plate
was therefore developed with solvent system I and bands were
incubated with A. ureafaciens neuraminidase (40 mU/ml) for 2 hrat
room temperature and then overlaid with anti-rabbit asialo GM1
antibody (diluted 1:25) for 2 hr to detect these minor ganglio-N-
tetraosyl species (Saito et al,, 1985).

Quantitation of Neutral GSLs

The presence of Gb3 and Gb4 was confimed using
anti-Gb3 and anti-Gb4 monoclonal antibodies (kindly provided
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GM3

LMl :
GM1

j LM1

—} NeuAc-nLeOse,

] NeuAc -nkcOsey
] NeuAc -nLeOse,,

a b

Fig. 2, a: Standard LM1 (1 pg). b: HPTLC-overlay method of acidic
GSL fraction in HBMECs with the anti- nLeOse, monoclonal anti-
body after treatient with A. ureqfaciens neuraminidase,

by Dr. Tai). The content of LacCer, Gb3, and Gb4 was deter-
mined by densitometric scanning of the chromatographic plate
‘with comigration of authentic LacCer, Gb3, and Gb4, followed
by visualizing with orcinol-sulfuric acid reagent.

Quantitation of SGPG (HPTLC-Ovetlay Method With
Anti-SGPG Antibody)

Quantitative analysis of SGPG was achieved by the
method described previously (Kanda et al., 1994). After the GSL
fraction (collected from approximately 8-20-mg protein sam-
ple) and authentic SGPG (from 2-120 ng in quantity) were
chromatographed in solvent system I, the plate was dipped in
0.4% polyisobutylmethacrylate solution in hexane for 1 min and
air-dried. The plate was then incubated with LT serwm (anti-
SGPG antibody; immunoglobulin [Ig]M) for 2 hr, the serum
from a patient with demyelinative neuropathy and IgM para-
proteinemia that recognizes HNIK-1 epitope, at a dilution of

Fig. 1, Acidic glycosphingolipid (GSL)
fraction in HUVECs (a) and HBMEC
(b). Lane 1, human brin’ ganglioside
standards (5 pg); lane 2, 1 g of standard -
GM3 (NeuAc); lane 3, 1 g of standard
LM1; lane 4, acidic GSL fraction ob-
tained from HUVEC: (a) and HBMECs
(b). The bands were visualized with the
resorcinol~HCl reagent.

1:1,000 in dilution buffer, followed by peroxidase conjugated
rabbit anti-human IgM (ju-chain specific, 1:1,000; Cappel) for
2 kr. The LT serum (anti-SGPG antibody) was a generous gift
from Dr. R.K. Yu (Department of Biochemistry and Molecular
Biology, Institute of Molecular Medicine and Genetics, Medical
College of Georgia, Augusta, GA). After washing with PBS, the
plate was visualized with a Konica Immunostaining HRP 1000
(Konica, Seikagaku-kogyo, Japan). Although LT serum can
react with SGPG, sulfoglucuronosyl lactosaminyl paraglobeside
(SGLPG) and band X (Ariga et al., 1987), only SGPG could be
detected in HBMECs and HUVECGs. SGPG was quantitated
based on standard curves generated by densitometric scanning of
known amouunts of SGPG developed on the same plate.

Immunostaining of HBMECs and HUVECs With
Anti-SGPG Antibody

Confluently or nonconfluently cultured HBMECs and
HUVEGs on collagen type I-coated glass slides were fixed with
4% paraformaldehyde for 15 min and washed with PBS at Jeast
three times, After incubation in PBS with 3% nonimmunized
rabbit serum, LT serum (anti-SGPG antibody; diluted 1:100 in
PBS) was applied-at 4°C for 72 hr. The slides were washed three
times and flucrescein isothiocyanate (FITC)-conjugated rabbit
anti-human IgM (u~chain specific, 1:1,000; Cappel) was applied
for 1 hr at room temperature,

HPTLC/Matrix-Assisted Secondary Ion
Mass Spectrometry

Negative secondary jon mass spectrometry (SIMS) spectra
of GSLs were recorded on a Finnigan TSQ 70 quadrupole mass
spectrometer in the negative ion mode equipped with a cesium
ion (Cs) gun as follows. After developing GSLs on an HPTLC
plate, a primuline reagent was sprayed over the plate until it is
visibly wet GSLs on the plate were viewed under UV light at
380 nm. Each GSL band was marked with a colored drawing
pencil while still under ilunination. The plate was then im-
mersed for 20 sec in a solvent composed of 2-propanclimetha-
nol:0.2% aqueous CaCl, (40:20:7, vol/vol). It was then placed
on another glass plate, after which a polyvinylidene difluoride
(PVDF) membrane sheet and a glass microfilter sheet were
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Fig. 3. Mass spectrometry of LM1 (a), NeuAc-nLcOse, (b), and NeuAc-nLcOsey (¢) from HBMEC:.

. placed over the plate. The “sandwich” was then pressed with a
household iron (about 180°C) for 30 sec. The PVDF membrane
was separated from the HPTLC plate, washed with water to
remove the primuline reagent, and then dried. The GSL band
on the PVDF membrane was excised (2 mm in diameter) and
placed on a mass spectrometer prove tip, and few microliters of
triethanolamine was added as the matrix. Samples on the mem-
brane were bombarded with 2 Cs* beam at 20 kV. The ion
multiplier was kept at 1.5 kV and the conversion dynode at
20 KV (Ishikawa et al., 1995; Taki et al., 1995).

RESULTS

Glycosphiﬁgolipid composition of cultured HB-
MECs and HUVECs are shown in Table [ .

Gangliosidé Composition in HIBMECs

Figure 1 shows the ganglioside pattem of the HB-
MEGCs. The two major gangliosides were identified as
GM3 (NeuAc) and sialyl paragloboside (LM1; NeuAc-
nLcOse,) using authentic samples of GM3 (NeuAc) and
LM1. LM1 was identified by HPTLC-overlay method
using anti-paragloboside monoclonal antibody after neur-
aminidase treatment (see Fig. 2). Most bands observed in
polysialoganglioside regions (Fig. 1a,b; lane 4)  are

neolacto-N-tetraose series gangliosides; it was impossible
to detect ganglio-N-tetraose series gangliosides using
resorcinol-sulfuric acid reagent (Kanda et al,, 1994). In
addition, this method revealed that acidic GSL fraction
contained several gangliosides containing paragloboside
core structures (lacto-N-tetraose series gangliosides;
Fig. 2), The structures of these gangliosides were con-
fimed by HPTLC/matrix-assisted SIMS (Ishikawa et al.,
1995; Taki et al., 1995) as shown in Figure 3. Negative
SIMS mass spectra of gangliosides can provide information
on their molecular weights and sugar sequences as well as
their fatty acid and long chain base compositions. The
mass spectra revealed prominent deprotonated molecules
[M - H]™, which corresponded to GSL molecular species
containing fatty acids.with chain lengths ranging from
C18:0 to- C24:0 and C18 sphingenine. Tle band comi-
grating to LM1 was ceramide (Cer) pentasaccharide that
was found to be Cer (m/e 536-m/z 648), Cer-Hex (m/z
698-m/z 810), Cer-Hex-Hex (m/z 860-m/z 972}, Cer-
Hex-Hex-HexNAc¢ (m/z 1063-m/z 1175), Cer-Hex-
Hex-HexNAc-Hex (m/z 1225-m/z 1337) and Cer-Hex-
Hex-HexNAc-Hex-NeuAc ([M - H])™; m/z 1517-m/z
1629) (Fig. 3a). The lower band of LM1 that reacted with
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Fig. 4, HPTLC-overlay method of SGPG at a nonconfluent state in HUVECs (a) and HBMEC: (c)
and after confluency in HUVECs (b) and HBMECs (d), Lanes 1~3: 1.6, 0.8, and 0.4 ng of standard
SGPG, respectively, Lane 4: in (a), acidic GSL fraction from 0.05 mg protein of HUVECs at
nonconfluent state; in (b), acidic GSL fraction from 0.5 mg protein of HUVEC: after confluency; in
(c), acidic GSL fraction from 1 mg protein of HBMECs at a nonconfluent state; and in (d), acidic GSL

(2->6)-nLcOse, was reported by several investigators
(Fukuda et al., 1985; Nojiri et al., 1988). The band that
migrated to the middle position was Cer-heptasaccharide,
which was found to be Cer-Hex-Hex-HexNAc-Hex (m/z
1225-mv/z 1337), Cer-Hex-Hex-HexNAc-Hex-HexNAc
(m/z 1428-m/z 1540), Cer-Hex-Hex-HexINAc-Hex-
HexNAc-Hex (m/z 1590-m/z 1702), and Cer-Hex-Hex-
HexNAc-Hex-HexNAc-Hex-NeuAc (M - 17 m/z
1881-m/z 1993) (Fig. 3b). The second band migrated from
the bottorn was supposed to be Cer-nonasaccharide, but was
found to be Cer-Hex-Hex-HexNAc-Hex (m/z 1225-
m/z 1337), Cer-Hex-Hex-HexNAx-Hex-HexNAc (m/z
1428), Cer-Hex-Hex-HexNAc-Hex-HexNAc-Hex (nvz
1702), and Cer-Hex-Hex-HexNAc-Hex-HexNAc-Hex-
HexNAc-Hex-NeuAc ([M - H]™; m/z 2246) containing
C18:0 fatty acid and sphingenine. Unfortunately, the depro-
tonated molecule at m/z 2359 containing C24:0 fatty acid
and sphingenine was not detected because it was out of scales.
The lower band reacted with anti-paragloboside monoclonal
antibody may be ceramide containing 11 saccharides because
several ions containing background ions were detected in
near the deprotonated molecules (m/z 2612 - m/z 2724; data
not shown). In HBMECs, GM3 and LM1 increased signif-
icantly after confluency (P < 0.05 and P < 0.01, respec-
tively). Four ganglio-N-tetraosyl - gangliosides, including
GM1, GD1la, GD1b, and GT1b, were ako detected in
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fraction from 1 mg protein in HBMECs after confluency.
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Fig. 5. SGPG content in HUVECs (a) and HBMEC: (b) at nox)cox‘)—
fluent state and after confluency., n = 3. Bars denote SEM. *P <
0.0001; **P < 0,001 vs, HUVECs at a nonconfluent state (black bat).

anti-paragloboside monoclonal antibody showed the depro-
tonated molecules (m/z 1516~m/z 1628), suggesting the
presence of positional isomer of LM1 containing - NeuAc
(2—06) (data not shown), which the- structure of NeuAc

HUVECs and HBMEC:s as minor species using A. ureafaciens
neuraminidase and anti-asialo GM1 antibody (Saito et al,,
1985). No appreciable- difference was noted, however, in
their compositions before and after confluency.

SGPG in HBMECs and HUVECs

SGPG was found in the GSL fraction of HBMECs
and HUVECs by the HPTLC-immunostaining method
(Fig. 4). Neither SGLPG nor band X, found previously in
human peripheral nerve (Kohriyama et al., 1987), could be
detected by this method. The latter was identified as
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Fig. 6. Immunostaining of HUVECs
before (a) and after (b) confluency using
LT serwn (anti-SGPG antibody). In
HBMECs, no appreciable immunofluo-
rescence was detected (data not shown).
Scale bar = 100 pm.

a b

GlcCer GlcCer

LacCer
LacCer

Gb3

Gb4

il

L2 3 4

Fig. 7. ‘Thin-layer chromatogram of neutral GSLs in HUVEC (a) and
HBMEC (b). Lanes 1 and 3: 1 pg each of authentic GleCer from
human brain, LacCer, Gb3, Gb4 from porcine erythrocyte membranes
(from top to bottom). Lane 2: neutral GSL fraction from HUVEC:.
Lane 4: neutral GSL fraction from HBMEC:s,
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lysophosphatidylinositol (Suzuki et al, 2001). Figure 5
shows the quantitative difference of SGPG in HBMECs
and HUVEGs, at confluent as well as at nonconfluent
culture phases. Under the nonconfluent condition, espe-
cially, when endothelial cells are in the proliferation phase
and cell-to-cell contact is not conspicuous, the SGPG
content in HUVECs was more than forty times as abun-
dant as that in HBMEGs. After confluency, the SGPG
content in HUVECs was decreased (1/30) and no SGPG
was detected in confluent HBMECs (Fig, 6).

Neutral GSL Composition of HBMECs

GSL structures were verified by immunostaining
with specific anti-neutral GSL antibodies on thin-layer
chromatograms. Figure 7 shows the orcinol-stained
HPTLC pattemn of the neutral GSL fraction in HBMECs
and HUVEG:, indicating these endothelial cells comprise
three major neutral GSLs including LacCer, Gb3, and
Gb4. The structures of these neutral GSLs were confirmed
by HPTLC/SIMS (data not shown) and the HPTLC-GSL
overlay method using specific antibodies (Fig. 8). Negative
SIMS mass spectra of neutral GLSs showed prominent
dehydrogenated molecular ions [M - H]™ that corre-
sponded to GSL molecular species containing fatty acids
with chain lengths ranging from C18:0 to C24:0 and C18
sphingenine. The band comigrating to LacCer showed the
fragmented ions corresponding to ceramide (Cer) (m/z
536-m/z 648), Cer-monosaccharide (m/z 698-m/z 810),
and Cer-disaccharide (M - H]; m/z 860-m/z 972),
resulting in Cer-Hex~Hex. The lower two bands showed
the same fragment ions corresponding to Cer, Cer-
monosaccharide, and Cer-disaccharide. In the band comi~
grating to Gb3, the terminal sugar was found to be hexose
(Hex) (m/z 162), resuling in Cer-Hex-Hex-Hex (M -
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H]™; m/z 1134). The band comigrating to Gb4 was
Cer-tetrasaccharide and terminal sugar found to be
N-acetylhexosamine (HexNAc) (m/z 203), resulting in
Cer-Hex-Hex-Hex-HexNAc ([M - H]7; m/z 1225-m/z
1337). Neither HBMECs nor HUVECs contained glu-
cosyl ceramide or galactosyl ceramide, so far as HPTLC
pattermn. The amount of Gb3 in HBMECs was almost as
twice that in HUVECGCs. No appreciable differences in
neutral GSL quantity were observed before and after con-
fluency.

DISCUSSION

It is difficult to guarantee that the cultured brain-
derived ECs are really originated from ECs forming BBB.
Such an assumption is made usually from elongated,
fibroblast-like shape or increased resistance and lirnited
passage of small molecules through monolayer of these
cells, but conventional methods to isolate BMECs cannot
escape contamnination of ECs other than BMECGs, narnely,
ECs from larger vessels lacking BBB properties. To solve
*this problem; we first carried out DNA microarray analysis
to confirm expression of one of the most important
barrier-specific genes, mdrl (Cordon~Cardo et al,, 1989),
in ECs used in the present study. Because we confirmed
mdrl gene expression in HBMECs and its absence in
HUVEGCs, the GSL content differences in HBMECs and
HUVECs may partially reflect possible differences in cel-
lular properties related to BBB function.

The most striking difference between GSL con-
tent of HBMECs and HUVEC: is the amount of SGPG.
This HNK-1 epitope-bearing GSL belongs to a novel
class of acidic lipids present primarily in peripheral
nerve tissues (Chou et al., 1986; Ariga et al., 1987). In
‘mammalian CNS, sulfoglucuronosyl GSLs (SGGLs) in-
cluding SGPG are known to be developmentally regu-
lated, being expressed in embryonic forebrain and dis-
appearing during the postnatal period (Schwarting et al,,
1987), except in murine cerebellum (Chou and Jungal-
wala, 1988) and human optic nerve (Yoshino et al,
1993). Other than CNS parenchyma, we provided ev-
idence that SGPG is an integral component of cultured
bovine BMECs and demonstrated that SGPG is the
only GSL whose concentration shows a wide fluctua-
tion depending upon culture conditions and age (Kanda
et al., 1994). Treatment of these cells with interleukin
1B (JL-1B) induced accumulation of SGPG (Kanda et
al., 1995). In the present study, we found SGPG in
HBMECs was much lower than that in HUVECs, and

Fig. 8. HPTLC-overlay method with
anti-Gb3 antibody {a) and anti-Gb4 an-
tbody (b). Lanes 1-4: 1, .5, 0.1,
0.05 pg of authentic Gb3 (a) and Gb4
(b), respectively. Lane 5: neutral GSL
5 fiacdon  obtained from  confluent
HUVEGs.

(98
AN

the SGPG content in both cells decreased markedly .
after confluency. Such marked fluctuations in SGPG
expression, influenced by culture age, inflammatory
cytokines, and the presence or absence of contact inhi-
bition, may suggest a functional importance of this GSL
as the surface receptor of ECs forming the BBB.

These changes in expression of SGPG may be due
primarily to rapid upregulation and downregulation of
glucuronyltransferase activity, probably triggered by endo-
thelial cell-endothelial cell contact. COS-1 cells trans-
fected with glucuronyltransterase-P ¢cDNA (an enzyme
involved in the biosynthesis of the HNK-1 epitope) (Seiki
et al., 1999) and transformed into HNK-1-positive cells
lost the tendency to aggregate and remained single cells
(Kawasaki and Oka, 2001). The previous data and our
findings indicate that the HNK-1 epitope, also known as
an adhesion molecule, inhibits homophilic contact be-
tween HNK-1 epitope-bearing cells and is expressed
mainly in single, proliferating cells. Because SGPG local-
ized on BMEC:s acts as ligand for L-selectin expressed on
the surface of circulating lymphocytes (Kanda et al., 1995)
and anti-SGPG antibody (LT serum) possibly reacts with
ECs forming the blood-nerve barrier and impairs their
barrier function (Kanda et al., 1994, 1998), SGPG-rich
proliferating ECs that repair injured banier system may
have more chance to be attacked by lymphocytes and
antibodies; thus forming a vicious circle of inflammation.

The amounts of two major acidic GSLs, GM3
{NeuAc) and LM1, was also smaller in HBMECs than in
HUVECs. Different from that of SGPG, the amount of
GM3 (NeuAc) and LM1 was increased significantly after
confluency in HBMECs. Neutral GSLs did not show any
significant changes after confluency. The physiologic
meaning of this difference is unknown; however, these
dynamic changes in amounts of acidic GSLs including
SGPG may be based on signaling systems triggered by
endothelial cell-endothelial cell contact and might influ-
ence BBB integrity. The presence of neolacto-series gan-
gliosides including NeuAc-nLcOse,, NeuAc-nLcOseg,
and NeuAc-nLcOse;, in HBMECs and HUVECs (Muth-
ing et al.,, 1999) was confirmed using the HPTLC-overlay
method and Far-Eastern blot/mass spectrometry. These
minor species, however, did not show any difference
between HUVECs and HBMECs.

Finally, the differences in GSL content observed in
the present study and reported in previous studies are
briefly discussed. HBMECs express a composition of
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acidic GSLs simnilar to that reported previously for primary
ECs from various sources (Kanda et al., 1994, 1997) and
for immortalized human brain ECs (Duvar et al,, 2000).
The amount of acidic GSLs, however, is smaller than that
observed in bovine BMECs (Kanda et al,, 1994) and in
immortalized human brain ECs (Duvar et al., 2000). The
difference is more conspicuous in neutral GSLs: HBMEC
comprise Gb4, Gb3, and LacCer as major constituents of
neutral GSL whereas only GlcCer was detected in bovine
BMECs (Kanda et al., 1994). These variations in expres-
sion might be attributable to species specificity and to
SV40 T-antigen immortalization of ECs. Our data ob-
tained from primary culture of nontransformed HBMECs
thus should reflect more closely the in vivo GSL content
of endothelial cells forming the BBB.

Species differences in neutral GSLs was also demon-
strated in this study. Gb3 is known as the specific receptor
for verotoxin that has been implicated strongly as the
causative agent for most cases of postdiarrheal hemolytic
uremnic syndrome (HUS) (Lingwood, 1996) and the dif-
ference of Gb3 expression level in each organ might lead
to attack of a specific organ. In this regard, preferential
involvement of kidney in HUS can be well explained
because verotoxin is considered to target the Gb3-rich
renal microvasculature (Obrig et al., 1993) resulting in
renal disorder. No reasonable explanation has ever been
provided, however, for the CNS tropism in HUS. We
demonstrated that the amount of Gb3 is- approximately
twice as abundant in HBMECs compared to that in
HUVECs. This endothelial heterogeneity may explain the
frequent involvement of CNS in this disorder.
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Abstract

The altered glycolipid ligand OCH is a selective inducer of Th2 cylokines from NKT cells and a potent
therapeutic reagent for Th1-mediated autoimmune diseases. Although we have previously shown
the intrinsic molecular mechanism of preferential IL-4 production by OCH-stimulated NKT cells, liitle
is known about the extrinsic regulatory network for IFN-y production. Here we demonstrate that
OCH induces lower production of IFN-y, not only by NKT cells but also by NK cells compared with
w-galactosylceramide. OCH induced lower IL-12 production due 1o ineffective ptimary IFN-y and
CD40 ligand expression by NKT cells, and resulted in lower secondary {FN-y induction. Co-injection
of a sub-optimal dose of IFN-y and stimulatory anti-CD40 mAb compensates for the lower induction
of IL-12 by OCH administration. IL-12 converis OCH-induced cytokine expression from IL-4
predominance o IFN-y predominance. Furthermore, CpG oligodeoxynucleotide augmented 1L.-12
production when co-administrated with OCH, resulting in increased IFN-y production. Taken together,
the lower IL-12 production and subsequent lack of secondary IFN-y burst support the effective T2
polarization of T cells by OCH. In addition, highlighted in this study is the characteristic property of
OCH that can induce the differential production of IFN-y or IL.-4 according to the availability of IL-12.

introduction

NKT cells are a unique subset of CD1d-restricted T lympho-
cytes that express TCR and some NKR. NKT cells recognize
glycolipid antigens such as a-galactosylceramide (aGC) by
an invariant TCRa chain composed of Val14-Jut18 segments
in mice and Ve24-Jai8 segments in humans, associated
with TCRB chains using a restricted set of VB genes (1, 2). NKT
cells rapidly secrete large amounts of cytokines including
IL-4 and IFN-y upon antigen stimulation and are effective
regulators of Ty1/Th2 balance in vivo(3-5). We have previously
demonstrated that in vivo administration to mice of altered
glycolipid ligand, OCH, ameliorates experimental autoimmune
encephalomyelitis (EAE), collagen-induced arthritis (C1A) and
type | diabetes by enhancing IL-4-dependent T2 responses
without indueing IFN-y production and pathogenic Th1
responses (6-8).

Recently, we have clarified the intrinsic molecular mech-
anism of preferential IL-4 production by OCH-stimulated NKT
cells (9). IFN-y production by NKT cells was more susceptible

to the sphingosine length of glycolipid ligand than that of IL-4,
and the length of sphingosine chain determined the half-life
of NKT cell stimulation by CD1d-associated glycolipids. IFN-y
production by NKT cells required longer T cell stimulation
than did IL-4 production and the transcription of the IFN-y
gene required de novo protein synthesis by activated NKT
cells. The NF-xB family member transcription factor c-Rel
was preferentially transcribed in aGC-stimulated, but not in
OCH-stimulated, NKT cells and was identified as essential
for IEN-y production by activated NKT cells. Therefore, the
differential duration of NKT cell stimulation, due to the binding
stability of individual glycolipid antigens to CD1d molecules,
determines whether signaling leads to effective c-Rel tran-
scription and IFN-v production by activated NKT cells.

Upon stimulation by «GC in vivo, NKT cells rapidly affect
the functions of neighboring cell populations such as T cells,
NK cells, B cells and dendiritic celis (DCs) in a direct or indirect
manner (10-13). The serial production of IFN-y by NKT cells
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