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Abstract

The glycosphingolipid sulfatide (SO3-3Galp1Cer) is a demonstrated ligand for a subset of CD1d-
restricted NKT cells, which could regulate experimental autoimmune encephalomyelitis, a murine
model for multiple sclerosis, as well as tumor immunity and experimental hepatitis. Native
sulfatide is a mixture of sulfatide isoforms, i.e. sulfatide molecules with different long-chain bases
and fatty acid chain lengths and saturation. Here, we demonstrate that sulfatide-specific CD1d-
restricted murine NKT hybridomas recognized several different sulfatide isoforms. These included
the physiologically relevant isoforms C24:1 and C24:0, major constituents of the myelin sheet of
the nervous system, and C16:0, prominent in the pancreatic islet B-cells. The most potent sulfatide
isoform was lysosulfatide (lacking a fatty acid). Shortened fatty acid chain length (C24:1 versus
C18:1), or saturation of the long fatty acid (C24:0), resulted in reduced stimulatory capacity, and
fatty acid hydroxylation abolished the response. Moreover, sulfatide was not responsible for the
natural autoreactivity toward splenocytes by XV19 T hybridoma cells. Our results reveal a
promiscuity in the recognition of sulfatide isoforms by a CD1d-restricted NKT-cell clone, and
suggest that sulfatide, a major component of the myelin sheet and pancreatic $-cells, is one of
several natural ligands for type 11 CD1d-restricted NKT cells.
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Introduction

NKT lymphocytes, a population with potent immunoregulatory properties, are activated by
glycolipid antigens presented by the MHC class | like CD1d-molecule [1]. CD1d is a non-
classical and non-polymorphic antigen-presenting molecule present in most species [2]. A
diversity of glycolipids comprise a new previously unacknowledged category of molecular
structures from both pathogens and self-tissues that can be recognized by CD1-restricted T
lymphocytes [3].

Recently, the glycosphingolipid (GSL) sulfatide (SO3-3Galp1Cer) was identified as a ligand
for type Il NKT cells [4-11]. This subset of NKT cells (type 1) has characteristic features of
NKT cells, but uses a diverse TCR repertoire [12-17] (reviewed in [18,19]). There is so far
little information on the GSL ligands for type I NKT cells, but they appear to be different
from those identified for type | NKT cells [7, 20-23] that carry a semi-invariant TCR
comprising the canonical Val4-Ja18 rearrangement [24]. Therefore, the two subsets of
NKT cells are likely to be activated by different sets of ligands, and they may also display
distinct functional characteristics [25, 26], supporting the notion that type I and Il NKT cells
have different roles within the immune system [19].

Importantly, sulfatide-specific CD1d-restricted NKT cells were found to make up a
significant population of T cells in the liver and spleen of normal mice [7]. Several reports
have shown that NKT cells can protect against experimentally induced or spontaneous
autoimmune disease in the mouse [27-29]. In EAE, a murine model for multiple sclerosis, it
was furthermore demonstrated that sulfatide-specific CD1d-restricted NKT cells
accumulated in the CNS during EAE, suggesting that these cells play a role in the
inflammatory process [7]. T cells reactive with glycolipids, including sulfatide, were also
found at higher levels in multiple sclerosis patients [4]. Treatment of mice with sulfatide
prevented EAE and led to reduced cytokine production by auto reactive T cells specific for
the triggering autoantigen myelin oligodendrocyte glycoprotein. In other studies, sulfatide
treatment was found to also promote the suppression of tumor immunity and to prevent
experimental inflammatory liver disease, further demonstrating the potent regulatory ability
of sulfatide-specific CD1d-restricted NKT cells [10, 11].

Sulfatide consists of a variety of naturally existing sulfatide isoforms with different
physicochemical properties [30, 31]. The composition of sulfatide isoforms differs between
organs, where sulfatide present in the myelin sheet of the brain is dominated by long (>20
carbon atoms) unsaturated and hydroxylated fatty acids, while sulfatide of the pancreatic p-
cells contain a high proportion of sulfatide isoforms with short fatty acid lacking
hydroxylation [32]. Several studies provide evidence that the fatty acid chain length of a
lipid determines its ability to stimulate CD1d-restricted NKT cells, and potentially also its
biological function [33-38]. Our aim in this study was to determine the ability of different
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sulfatide isoforms to stimulate a single sulfatide reactive TCR, using a CD1d-restricted,
sulfatide-specific NKT-cell hybridoma (XV19) that also displays a natural autoreactivity to
endogenous CD1d [7, 12]. We further tested the hypothesis that sulfatide is the endogenous
ligand underlying the autoreactivity of sulfatide-specific NKT cells. Our results provide the
first detailed description of the requirements for TCR stimulation using CD1d-restricted
ligand variants for type Il NKT cells, and suggest that C24:1 sulfatide, a major component
of the myelin sheet, is one of several possible natural ligands for type Il CD1d-restricted
NKT cells. In contrast, endogenous sulfatide was not required for the autoreactivity of
sulfatide-specific CD41d-restricted NKT cells, suggesting that other GSL may contribute to
the thymic selection and peripheral activation of sulfatide reactive CD1d-restricted NKT
cells.

The GSL sulfatide is a CD1d-restricted ligand for type Il NKT cells

To determine the capacity of different sulfatide isoforms (Fig. 1 and Table 1) to stimulate
CD1d-restricted T lymphocytes, we took advantage of the sulfatide-reactive CD1d-restricted
NKT-cell hybridoma XV19 [7, 12]. This T-cell hybridoma is CD1d-autoreactive but does
not express the canonical Val4-Ja18 TCR, and therefore belongs to what is now termed
type I NKT cells [18]. We first used two different cell lines, which naturally express CD1d,
for presentation of sulfatides to the hybridoma. Both represent cells that naturally interact
with NKT cells /in vivo, thymocytes that interact with developing NKT cells during positive
thymic selection, and DC important for NKT-cell activation in the periphery. The thymoma
line RMA-S does not support CD1d-autoreactivity of XV19 cells ([20] and Fig. 2A). RMA-
S cells pre-loaded with the natural sulfatide isoform mixture isolated from pig brain tissue
(here termed native sulfatide) exhibited a dose-dependent stimulation of the XV19 NKT-cell
hybridoma (Fig. 2A).

The fatty acid chain of sulfatide determines its stimulatory effect on type Il NKT cells

To elucidate the stimulatory capacity of distinct sulfatide isoforms, including the major
isoforms present in mammalian brain, we synthesized a panel of sulfatide isoforms (Fig. 1
and Table 1). These were C24:0, C16:0, C12:0 and C8:0 isoforms with decreasing length of
a saturated fatty acid, mono-unsaturated C24:1 and C18:1, and lysosulfatide (lyso) lacking
the entire fatty acid, all having a sphingosine long-chain base. The different isoforms were
pre-loaded on RMA-S cells, which were then used to stimulate the XVV19 NKT-cell
hybridoma (Fig. 2). Lyso induced the most efficient stimulation of the XVV19 NKT cells in
repeated experiments, followed by C24:1, which was somewhat more stimulatory than
native sulfatide (Figs. 2B — D). In repetitive experiments using RMA-S cells as APC, a
dose-dependent response to the sulfatide isoforms was observed. Also at 3 nmol/mL, lyso
showed strong stimulation of the XVV19 NKT cells. This concentration of native or C24:1
sulfatide was barely stimulatory, while 10 nmol/mL or above induced a reproducible
response (Fig. 2C). CD1d-dependent stimulation by the sulfatide isoforms was
demonstrated by including the anti-CD1d mAb 20H2 antibody [39], which abolished the
reactivity (Fig. 2D).
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Multiple isoforms of sulfatide can be presented to NKT cells by DC

DC appear to be the most efficient APC for activation of the primary NKT cells, prompting
us investigate whether the DC line Jawsll [40] would have superior capacity to present
sulfatides to XV19 cells. JawslI cells expressed high levels of CD1d (see inset, Fig. 3A), and
similar to spleen cells they induced a basal autoreactivity by XV19 cells. Therefore, a low
number of APC was chosen, 5 x 103/well, which alone induced a suboptimal stimulation of
the hybridoma. Jawsll were indeed potent at presenting sulfatide to XV19 cells. A titration
of lyso, C24:1 and native sulfatide demonstrated a low but detectable response to both lyso
and C24:1 at 0.3 nmol/mL (Fig. 3A), while native sulfatide was not stimulatory below 3
nmol/mL (data not shown). Further screening of additional sulfatide isoforms employing
Jawsll as APC revealed recognition of several molecular species that had not been
stimulatory with the RMA-S. C24:0 presented on Jawsl| cells stimulated XV19 cells to a
similar extent as native sulfatide, followed by C12:0>C18:1 >/ = C16:0 (Figs. 3B and C).
Thus, using the DC line Jawsll we demonstrate that many different sulfatide isoforms can be
presented and activate a single CD1d-restricted sulfatide-specific TCR.

Using Jawsl| we also attempted to activate XV19 cells with different purified fractions of
sulfatide isolated from human intestine (Fig. 1 and Table 1). These sulfatides had
hydroxylated fatty acids (h24:0 or h16:0, see 9-11 in Table 1), and two fractions had
phytosphingosine long-chain bases (10 and 11 in Table 1). Neither of these sulfatide
isoforms could stimulate XV/19 cells (data not shown, see the summary in Table 1). Further,
bone marrow-derived DC reproducibly presented lyso and C24:1 sulfatide to XV19 cells,
but were not stimulatory when pulsed with native sulfatide (Fig. 3D).

Using a second CD1d-restricted type Il NKT-cell hybridoma, 14S.15.5D [21],
serendipitously found to recognize sulfatide, we could demonstrate a strong reactivity to
lyso and a lower response to native sulfatide, similar to the sulfatide reactivity shown by
XV19 cells (Fig. 4). Sulfatide was most efficiently presented to 14S.15.5D cells by the
CD1d-transfected macro-phage line RAW264.7 (RAW-mCD1d), while XV19 cells were
highly autoreactive to these cells (data not shown).

Sulfatide stimulates XV19 NKT cells above the level of background autoreactivity to APC

We next investigated whether spleen cells could present sulfatides to XV19 NKT hybridoma
cells. The natural autoreactivity of the NKT-cell hybridoma XV19 toward splenocytes
isolated from C57BL/6 mice is shown in Fig. 5A. Splenocytes from CD1d ™/~ mice failed to
induce a response by XV19 cells, verifying the CD1d dependence of the autoreactivity. To
study the stimulation of X\VV19 NKT cells by the sulfatide isoforms, we used 12 x 103
splenocytes perwell which led to low autoreactivity. Splenocytes from B6 mice were pre-
incubated with the sulfatide isoforms, followed by co-culture with the XVV19 hybridoma. In
general, spleen cells were inferior to Jawsll, but slightly better than RMA-S, as APC for
sulfatide. Again, addition of lyso resulted in the strongest stimulation (Fig. 5B). The C24:1
and C12:0 sulfatide isoforms reproducibly induced a 2-3-fold increase in stimulation of the
XV19 NKT-cell hybridoma above the background autoreactivity to spleen cells, while C8:0
produced a weak stimulation above background in some experiments. In contrast, when
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splenocytes from CD1d/"mice were used as APC, no stimulatory effect was obtained by the
sulfatides (Fig. 5B).

Autoreactivity to spleen cells is not dependent on endogenous sulfatide

As sulfatide is present in certain tissues, including blood, it was possible that endogenous
sulfatide was the CD1d-presented self-antigen underlying the autoreactivity of XV19 cells
toward spleen cell APC. To investigate this, we tested the ability of splenocytes from mice
lacking cerebroside sulfotransferase (CST), and thereby sulfoglycolipids including sulfatide
[41], to stimulate the XV19 hybridoma. Further, to exclude serum as a potential source of
sulfatide or other endogenous ligands, the experiment was performed both in regular serum
supplemented medium, and defined serum-free medium. Figure 6 shows that under both
culture conditions, the auto reactivity of XVV19 NKT cells toward splenocytes from the
CST~/~ and wild-type littermate mice was comparable. Thus, the natural CD1d—presented
ligands of the XVV19 NKT hybridoma TCR are not restricted to sulfatide, but may include
other endogenous GSL. We therefore tested some potential endogenous GSL ligands for
their ability to stimulate XV19 cells, employing RMA-S and Jawsl|I cells as APC. However,
none of these GSL was able to stimulate XV19 cells (Fig. 6C and Table 2).

Discussion

The seminal discovery of a-galactosylceramide (a-GalCer) as a ligand for type | NKT cells
[42] has been followed by many studies addressing the stimulatory potential of this ligand
and its modifications. Subsequently, several endogenous and exogenous GSL ligands for
type | NKT cells have been identified, greatly facilitating a wide spectrum of investigations
of this NKT-cell subset (see [1, 3, 43] for reviews) The demonstration that sulfatide acts as a
ligand for type Il NKT cells represents an important advance in the studies of these cells [7,
10, 11]. In this study we set out to determine the TCR-ligand requirement of sulfatide-
specific type I NKT cells, and show that several different isoforms of sulfatide can activate
the same CD1d-restricted TCR.

Lyso was the most stimulatory sulfatide isoform tested using three different APC.
Importantly, the preferential activation by lyso over native sulfatide was demonstrated for
two independent NKT-cell hybridomas, the XV19 cells and 14S.15.5D cells, suggesting that
this may be a common pattern of reactivity to sulfatide. In concordance with our results, a
recent study also identified lyso to be a ligand for the XV19 hybridoma, while the inability
to detect XV19 reactivity to other isoforms than lyso in these studies could possibly result
from a lower sensitivity in the experimental system used [9]. We find that among the
isoforms which contain a fatty acid chain, sulfatide C24:1 induced the strongest stimulation
of XV19 cells. C24:0 with a long but saturated fatty acid resulted in a markedly reduced
activity, showing that a double bond was required for optimal stimulation. Further, sulfatides
with a shorter fatty acid (C18:1 versus C24:1, and C12:0, C8:0 and C16:0 versus C24:0)
were less stimulatory, demonstrating the importance of the fatty acid chain length.
Hydroxylation of the fatty acid abolished stimulation with the C24:0 isoform (compare
isoforms 7 and 9, Table 1). Neither of the sulfatide isoforms with a phytosphingosine base
were stimulatory (isoforms 10 and 11, Table 1), however, they also carried hydroxylated
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fatty acids that may prevent stimulation. Lack of stimulation of XV19 cells by GalCer, the
core GSL of sulfatide indicated that the sulfate group was necessary. There was also an
inability to respond to Sulf-LacCer, which is sulfated but has a longer core carbohydrate. A
negative charge was not sufficient as GM4 was inactive as a ligand. Thus, the optimal
antigen for the XVV19 NKT-cell hybridoma had a sulfated galactose, a long (24 carbon)
nonhydroxylated fatty acid chain with one unsaturation and a sphingosine long-chain base.

An increased degree of unsaturation and a shorter fatty acid chain of sulfatide will result in
less hydrophobic molecules, which may alter their uptake and/or loading on CD1d, as well
as the stability of the CD1d-sulfatide complex. The isoforms C24:1, C24:0 and C16:0 have
been shown to load onto plate-bound CD1d molecules at neutral pH, while the loading of
lyso required reduced pH and was further improved by the presence of saposin C [9]. In
addition, changes in the hydrophobic chains which anchor sulfatide in the CD1d molecule
may alter the conformation of the GSL-CD1d surface facing the TCR potentially affecting
its binding to the GSL-CD1d complex [43]. Either, or a combination of, these mechanisms
may lie behind the diverse capacities of the sulfatide isoforms to stimulate the NKT-cell
hybridomas. Interestingly, studies using a-GalCer analogues have shown that changes in the
sphingosine long chain or the fatty acid chain could strongly influence the pattern of
cytokines released when stimulating primary type | NKT cells [33, 35, 36]. Such effects
were not possible to determine in our experiments using a T-cell hybridoma, as the cytokine
pattern of T-cell hybridomas does not reflect that of the original primary T-cell it was
derived from. Thus, further studies will be required to reveal whether the different sulfatide
species can modulate the cytokine profile of primary sulfatide-specific NKT cells.

Previous studies by Zajonc et al. demonstrated a significant stimulation of murine spleen
cells by C24:1 but not to C24:0, C16:0 nor lyso in a CD1d-dependent manner [8]. We show
that lyso was a highly efficient sulfatide species in activating both XVV19 and 14S.15.5D
hybridoma cells. This indicates that there exists some diversity in the natural repertoire of
sulfatide-specific CD1d-restricted TCR used by NKT cells, with distinct differences in their
TCR fine specificities. In the myelin of the nervous system, sulfatide C24:1 is a major
component of the native sulfatide mixture which, in this tissue, is dominated by isoforms
with long (more than 20 carbon atoms) unsaturated and hydroxylated fatty acids. The strong
response of XV19 cells to C24:1 sulfatide suggests that this isoform is indeed the major
active component in the native, pig brain derived, sulfatide which stimulated XV19 cells.
Thus, in agreement with Zajonc et al. [8], we suggest that C24:1 sulfatide is a possible
myelin-derived endogenous ligand for a subset of type Il NKT cells, which may be activated
during demyelinating inflammatory diseases of the CNS [7]. Outside the nervous system,
sulfatide with short fatty acids such as C16:0 are dominating. This isoform is found in the
kidney, but also at high levels in B-cells in the pancreatic islets of Langerhans, suggesting
that this sulfatide isoform could contribute to NKT-cell activation during type 1 diabetes
[44]. In contrast, the sulfatide isoforms with short fatty acid chains (C8 and C12) and C18:1,
which showed a moderate and weak stimulatory ability of XV19 cells, respectively, are not
known to exist naturally. Such isoforms might be of relevance as artificial ligands since they
are less hydrophobic and might be developed as sulfatide-ligand analogues for the
development of NKT-cell modulatory therapeutic treatments. Lyso is merely present in low
amounts in mammals, so far only detected in brain and kidney tissues [45]. However, in a
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study by Toda et al. [46] elevated levels of lyso were found in subjects suffering from
metachromatic leukodystrophy, a lysosomal storage disorder in which sulfatide accumulates.
In these subjects, lyso could also be detected in the liver. Furthermore, lysosphingolipids,
including lyso, associated with serum HDL have been suggested to have anti-atherogenic
and anti-inflammatory properties in the development of arteriosclerosis (reviewed in [47]). It
is therefore tempting to speculate that also lyso could play a role in vivo as an endogenous
ligand for type Il NKT cells.

The intact capacity of sulfatide-deficient CST~/~ spleen cells to stimulate an autoreactive
response by the XVV19 T hybridoma cells demonstrates that sulfatide is not the only
endogenous GSL ligand for these cells. Further, it has been shown that another sulfatide-
deficient mouse, ceramide galactosyl transferase knockout mice, has a significant population
of cells reactive with sulfatide loaded CD1d-tetramers [7]. Taken together, this suggests that
other GSL ligands may contribute to the thymic selection and/or peripheral activation of
sulfatide-specific CD1d-restricted NKT cells. In such a scenario sulfatide released from for
example damaged CNS tissue may induce the activation of these type Il NKT cells, which
may contribute to a modulation of an inflammatory disease process in this tissue as
suggested from the mouse model [7]. Additional studies are required to establish whether
sulfatide released from the CNS, or other tissues, can naturally activate sulfatide reactive
NKT cells /n vivo, and to determine if these cells play a natural regulatory role also during
other immune responses. Together with recent publications, describing the regulatory
potential of these cells in other immune responses upon sulfatide administration [10, 11],
this encourages further studies that exploit sulfatide-reactive NKT cells in the development
of novel immunotherapies [19].

Materials and methods

Mice

C57BL/6 mice were purchased from Taconic (Ry, Denmark). The CD1d~'~ mice were
kindly been provided by Chyung-Ru Wang (University of Chicago) [48] and were bred and
maintained in a specific pathogen-free animal facility at the University of Géteborg. CST/~
mice [41] were bred and maintained at Bartholin Instituttet, Rigshospitalet, Copenhagen,
Denmark. Mice were used at the age of 8-18 wk and were matched for sex and age.

Cells and flow cytometry

The CD1d-restricted NKT-cell hybridoma clone XV19 had been generated from CD4* T
cells from MHC class 11° mice, and was originally subcloned twice to ensure clonality [12].
The same T-cell hybridoma has been used by V. Kumar and co-workers and was termed as
Hy19.3 [7, 9]. The CD1d-restricted hybridoma 14S.15.5D was derived from a C57BL/6
mouse [21]. CD1d-expressing RMA-S cells [20, 49] or the macrophage line RAW?264.7
[50] transfected with murine CD1d (RAW-mCD1d, kindly provided by Dr. Manuela
Cernadas, Harvard Medical School, Boston, MA), used as APC, were maintained in RPMI
medium supplemented with 5% FBS, 1 mM sodium pyruvate, 10 mM HEPES, 50 uM 2-ME
and 100U/mL penicillin/streptomycin. The CTLL-2 cells were maintained in ISCOVE’s
medium supplemented with 10% FBS, 10 mM HEPES, penicillin/streptomycin, 50 uM 2-
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ME and IL-2 containing supernatant [51]. Jawsl|I cells [40] were obtained from ATCC and
maintained in ISCOVE’s medium supplemented with 20% FBS, 5 ng/mL murine GM-CSF
(Sigma-Aldrich, Germany), 50 pg/mL gentamycin (Sigma-Aldrich) and 50 uM 2-ME. To
obtain bone marrow-derived DC, bone marrow cells were isolated from C57BL/6 mice and
grown in complete RPMI 1640 medium with 10% FBS in the presence of 20 ng/mL GM-
CSF (Sigma-Aldrich) for 6 days, replacing the medium every second day. On day 6 of
culture, cells were matured with 1 pg/mL LPS (Sigma-Aldrich) for 24 h before they were
pulsed with sulfatide and used for hybridoma stimulation. For flow cytometry analysis, cells
were first incubated with the 2.4G2 anti-FcyR antibody followed by PE-conjugated anti-
mouse CD1d (clone 1B1, BD Pharmingen) or control antibody and analyzed with a
FACSCalibur using CellQuest software.

Native sulfatide at a purity of > 95% (determined by thin layer chromatography and mass
spectometry) had been isolated from pig brain, as described previously [45], and was used
throughout the experiments unless otherwise stated. Native sulfatide from bovine brain
(Matreya) elicited a similar T hybridoma response (see Fig. 4A). Lyso and sulfatide
isoforms containing the fatty acids of caprylic acid (C8:0), lauric acid (C12:0), palmitic acid
(C16:0), oleic acid (C18:1), lignoceric acid (C24:0) and nervonic acid (C24:1) were
produced from pig brain-derived native sulfatide, as described previously [52]. The
synthesized isoforms were free of detectable contaminations in the analysis by thin layer
chromatography and mass spectometry, revealing a purity of >99%. The other reference
GSL (listed in Tables 1 and 2) were isolated by the method described by Karlsson [53], and
characterized by mass spectrometry [54] and proton NMR [55] and had a purity of 90-95%.
The solubility in culture medium at final concentration of the various sulfatide isoforms was
verified by thin layer chromatography in selected experiments, and was found to be > 80%.

T-cell hybridoma assay

For the sulfatide stimulation assays, 12.5 x 103 splenocytes, 5 x 103 Jawsl| cells, or 50 x 103
RMA-S cells perwell, were used as APC, unless stated otherwise. The APC were incubated
in the presence of graded concentrations of sulfatide isoforms for 4-5 h at 37°C, washed
twice in supplemented RPMI medium, where after the T-cell hybridoma cells (40 x 103
cells/well) were added. After 16-18 h of culture, IL-2 secretion was determined in culture
supernatants in a bioassay using CTLL-2 cells as described previously [12], and hybridoma
stimulation is expressed as cpm determined in the CTLL assay. A titration of 1L-2 was
included as reference to ensure that the responses were in the linear response range. In some
figures only results using the highest sulfatide concentration are shown. For serum-free
cultures, UltraCULTURE medium (Lonza Walkersville, USA) was utilized, supplemented
with 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 50 uM 2-ME and
100U/mL penicillin/streptomycin. Using thin layer chromatography-ELISA analysis [56] the
concentration of sulfatide in UltraCULTURE medium was determined to be 30pmol/mL,
which was 100-fold below the lowest stimulatory concentration of C24:1 using spleen cell
APC. XV19 cells were washed twice in serum-free medium, before dilution in the
supplemented serum-free medium. CST™~ and CST*/~ spleen cells were prepared in the
absence of serum and diluted in the supplemented serum-free medium, or regular
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supplemented RPMI medium with 5% FBS. To examine CD1d—-dependent stimulation, the
anti-CD1d mAb 20H2 (kindly provided by Albert Bendelac, Howard Hughes Medical
Institute, University of Chicago) was included at 2 pug/mL [39]. In these experiments, the
antibody was pre-incubated with sulfatide loaded RMA-S cells for 15 min before the XV19
NKT-cell hybridoma cells were added. For the demonstration of autoreactivity, twofold
serial dilutions of spleen cells were used as indicated to stimulate X\V19 T hybridoma cells.
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Sulfatide isoforms. Semi-synthetic sulfatide isoforms with saturated fatty acids of C8-C24
length (A) and lyso (B) were synthesized from native sulfatide. Semi-synthetic C24:1 and
C18:1 with unsaturated fatty acids are shown in (C). (D) Sulfatide isoforms were isolated
from human intestine. The shorthand nomenclature for the sulfatide isoforms is indicated

(see Table 1).
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Figure 2.
Activation of the NKT-cell hybridoma XV19 by distinct sulfatide isoforms using RMA-S

cells as APC. RMA-S cells (50 x 103 cells/well) were pulsed with the indicated sulfatide
isoforms or vehicle (DMSO) before the addition of X\V19 NKT hybridoma cells (40 x 103
cells/well). Activation was measured as IL-2 secretion determined in a CTLL-2 bioassay as
described in Materials and methods. (A) Different concentrations of native sulfatide
(squares) or vehicle (DMSO) were used to stimulate XVV19 NKT-cell hybridoma cells. Inset:
CD1d expression of RMA-S cells was determined by flow cytometry (dotted line; unstained
cells and solid line; CD1d-stained cells). (B) XV19 cells were stimulated with RMA-S cells
pre-pulsed with 30 nmol/mL of the indicated sulfatide isoforms (see Fig. 1 and Table 1 for
structures of sulfatide isoforms) or vehicle control. (C) XV19 cells were stimulated with a
titration of selected sulfatide isoforms presented on RMA-S cells. (D) RMA-S cells were
pre-pulsed with lysoe, C24:1 sulfatide or native sulfatide (30 nmol/mL), incubated with or
without the CD1d mAb 20H2 [39] for 15 min, followed by addition of the XVV19 NKT-cell
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hybridoma cells. Data shown are from one representative experiment of at least three (A-C)
or two (D) (mean of duplicate cultures). Lyso, lysosulfatide.
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Figure 3.
The DC line Jawsl| efficiently presented multiple sulfatide isoforms to XVV19 T hybridoma

cells. Jawsl| cells (5 x 103 cells per well) were incubated with the indicated sulfatides for
4h, followed by addition of XV19 NKT-cell hybridoma cells (40 x 103 cells per well). After
16 h, IL-2 secretion was assayed using CTLL-2 cells. Data shown are representative of three
or more experiments (mean + SD of triplicate cultures). (A) JawslI cells had been pre-pulsed
with lyso or C24:1 at the indicated concentrations, before co-culture with XV19 NKT-cell
hybridoma cells. Inset: CD1d expression of JawslI cells was determined by flow cytometry
(dotted line; cells stained with isotype control antibody, and solid line; CD1d-stained cells).
(B) JawslI cells were incubated together with titrations of indicated sulfatide isoforms,
followed by the addition of X\V19 NKT-cell hybridoma cells. (C) Jawsl| cells (5 x 103) were
cultured together with selected sulfatide isoforms or native sulfatide (30 nmol/mL) before
stimulation of the XV19 NKT-cell hybridoma. (D) Bone marrow-derived DC (10 x 103
cells/well) were incubated with the indicated sulfatide preparations (30 nmol/mL) before
stimulation of XV19 cells. Lyso, lysosulfatide.
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Figure 4.
Lyso strongly stimulated two different sulfatide reactive hybridomas. XV19 cells (A) or

14S.15.5D cells (B, C) were stimulated with APC pre-incubated with native sulfatide
isolated from pig brain (Native (1), see Materials and methoads) or commercially available
native sulfatide from bovine brain (Native (2), Matreya), lyso, all at 30 nmol/ mL, or vehicle
control (DMSO (A), or medium, —, (B)). XV19 cells were stimulated using Jawsl| (5 x 103
cells/well), and 14S.15.5D with RAW-mCD1d cells (10 x 103 cells/well) as APC.
Activation was measured in a CTLL-2 bioassay. Data are representative of at least three
experiments performed (mean = SD of triplicate cultures).
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Eur J Immunol. Author manuscript; available in PMC 2014 October 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Blomaqyvist et al.

Page 19

(CD1d KO, white bars) mice were cultured together with sulfatide isoforms (30 nmol/mL)
for 4 h before co-culture with the XVV19 NKT-cell hybridoma (40 x 103 cells perwell). Data
shown are one representative experiment of three (mean of duplicate cultures). Lyso,
lysosulfatide.
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The NKT-cell hybridoma XV19 was autoreactive toward splenocytes lacking sulfatide.
Indicated numbers of splenocytes from CST~/~ (black squares) and CST*/~ littermate
control mice (white triangles) were cultured together with the XV19 NKT-cell hybridoma
for 16 h, after which IL-2 secretion was assayed using CTLL-2 cells. The cultures were
performed in the absence of serum (A) or in regular supplemented RPMI with 5% FBS (B).
Data shown are one representative experiment of three (B) or one (A) performed (mean *
SD of triplicate cultures). (C) XV19 cells were tested for their reactivity to a number of
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different GSL (see Table 2) by pulsing Jawsl| cells (5 x 103 cells/well) with the indicated
GSL concentrations, before the addition of hybridoma cells. IL-2 secretion was assayed
using CTLL-2 cells. Data are representative of two experiments using Jawsll and two using
RMA-S as APC.
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Table 1

Sulfatide isoforms tested for stimulation of XV19 hybridoma cells.

No. Trivial name Structure Ceramided® Effectt) Source
1. Native sulfatide =~ SO3-3GalplCer d18:1-mixture ++ Porcine brain
2. Lysosulfatide SO3-3Galf1Sph  d18:1 ++++  Semi-synthetic
3. Sulfatide C8:0 SO;-3GalplCer  d18:1-8:0 + Semi-synthetic
4. Sulfatide C12:0  SO3-3GalplCer  dI8:1-12:0 ++ Semi-synthetic
5. Sulfatide C16:0  SO3-3GalplCer d18:1-16:0 + Semi-synthetic
6. Sulfatide C18:1  SO3-3GalplCer d18:1-18:1 + Semi-synthetic
7. Sulfatide C24:0  SO3-3GalflCer  d18:1-24:0 ++ Semi-synthetic
8. Sulfatide C24:1  SO3-3GalplCer  d18:1-24:1 +++ Semi-synthetic
9. Sulfatide SO3z-3GalplCer  d18:1-h24:0 - Human intestine
10. Sulfatide SO3z-3GalplCer  t18:0-h16:0 - Human intestine
11. Sulfatide SO3-3GalplCer  t18:0-h24:0 - Human intestine
a)

In the shorthand nomenclature for fatty acids and bases, the number before the colon refers to the carbon chain length and the number after the

colon gives the total number of double bonds in the molecule. For long chain bases, d denotes dihydroxy and t denotes trihydroxy. Thus, d18:1
designates sphingosine (1,3-dihydroxy-2-aminooctadecene) and t18:0 phytosphingosine (1,3,4-trihydroxy-2-aminooctadecane). Fatty acids with a
2-hydroxy group are denoted by the prefix h before the abbreviation e.g. h16:0.

b)S

ummary of the relative stimulatory effect in the assays with different APC and XV19 hybridoma responder cells.
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