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Abstract

Invariant NKT cells are a hybrid cell type of Natural Killer cells and T cells, whose development is
dependent on thymic positive selection mediated by double positive thymocytes through their
recognition of natural ligands presented by CD1d, a non-polymorphic, non-MHC, MHC-like antigen
presenting molecule. Genetic evidence suggested that B-glucosylceramide derived
glycosphingolipids (GSLs) are natural ligands for NKT cells. N-butyldeoxygalactonojirimycin (NB-
DGJ), adrug that specifically inhibits the glucosylceramide synthase, inhibits the endogenous ligands
for NKT cells. Furthermore, we and others have found a B-linked glycosphingolipid,
isoglobotriaosylceramide (iGb3), is a stimulatory NKT ligand. The iGb3 synthase knockout mice
have a normal NKT development and function, indicating that other ligands exist and remain to be
identified. In this study, we have performed a glycosphingolipidomics study of mouse thymus, and
studied mice mutants which are deficient in -hexosaminidase b or a-galactosidase A, two
glycosidases that are up- and down-stream agents of iGb3 turnover, respectively. Our mass
spectrometry methods generated a first database for glycosphingolipids expressed by mouse thymus,
which are specifically regulated by rate-limiting glycosidases. Among the identified thymic
glycosphingolipids, only iGb3 is a stimulatory ligand for NKT cells, suggesting that large scale
fractionation, enrichment and characterization of minor species of glycosphingolipids, be necessary
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for identifying additional ligands for NKT cells. Our results also provide early insights into cellular
lipidomics studies, with a specific focus on the important immunological functions of
glycosphingolipids.
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Introduction

Glycosphingolipids (GSLs) are a class of biomacromolecules assembled through step wise
action of glycosyltransferases. Composed of a hydrophobic ceramide part and a hydrophilic
complex carbohydrate part, GSLs are synthesized in the endoplasmic reticulum and Golgi
complex, where they traffic to the outside layer of plasma membrane. The cell surface GSLs
are constantly recycled to the lysosome where they are degraded by glycosidases with the
assistance of sphingolipid activator proteins (saposins, 1-5). In mouse and human tissues,
GSLs of the globo-, isoglobo, lacto/neolacto-, ganglio-, gala-series have been identified (1-
5). The globo, isoglobo, lacto/neolacto-, and ganglio-series of GSLs are assembled from
glucosylceramide, while gala-series of GSLs and sulfatides are assembled from
galactosylceramide (6, Figure 1).

The recognition of self GLSs by T lymphocytes was first reported by De Libero’s group (7—
9), who found a series of T cell clones from multiple sclerosis patients recognize sulfatides and
gangliosides. These glycosphingolpid antigens are presented by CD1 molecules, a family of
non-MHC, non-polymorphic, MHC-like antigen presenting molecules. GSLs also serve as
candidate antigens which mediate the development of a subset of innate T lymphocytes which
express Natural Killer cell markers, named as NKT cells. In contrast to conventional T cells,
NKT cells are self reactive to mouse thymocytes (10-13), through recognition of endogenous
ligands present in mouse thymus. Invariant NKT cells (Type I) are the major NKT cells, which
express invariant, evolutionally conserved T cell receptor (Val14 inmouse and Va24 in human),
and are defined by their recognition of a-galactosylceramide, a marine sponge derived GSL
(14). However, all mammalian glycolipids stem from B-linked monohexosylceramides, -
glucosylceramide or B-galactosylceramide (1-6, Figure 1). a-linked monohexosylceramide
structures have not been found in mammals, although they have been found in pathogenic
bacteria which are related to human autoimmune disease primary biliary cirrhosis
(Novosphingobium aromaticivorans, 15-17). a-linked monohexosyldiacylglycerol has been
found in Borrelia burgdorferi, which causes Lyme disease (18), while presence of such
structure in mammals has not been reported.

The GSLs derived from B-linked monohexosylceramides were first proposed as candidates for
NKT ligands by Stanic et al (19). A mutant cell line which had suppressed expression of -
glucosylceramide synthase, showed a significant defect in stimulating NKT cells. In addition,
the groups of Platt and Cerundolo have reported that N-butyldeoxygalactonojirimycin (NB-
DGJ), a pharmaceutical which specifically inhibits the B-glucosylceramide synthase (20),
inhibits the human dendritic cells’ ability to stimulate NKT cells (21). Zhou, Teyton and
Bendelac first reported (22) that in vivo development of invariant NKT cells is related to GSL
metabolism; they showed that saposins, a family of lipid transfer proteins which “grab” GSLs
and present them for glycosidase digestion (1), are required for NKT cell development. In
vitro lipid transfer assays indicated that saposins are specific for loading of GSLs to CD1d,
while the loading of the other species of membrane lipids, phospholipids, does not require the
assistance of saposins (22). The results of the lipid transfer assays are consistent with the fact
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that the development of type Il NKT cells, which are also CD1d dependent but recognize
different lipids, is not impaired in saposin knockout mice. We and others also reported that the
in vivo development of NKT cells may be impaired by defects in GSL trafficking to the
lysosome, and general lysosomal storage of GSLs may compete with the loading of NKT
ligands (23-26). NPC1 mice, with a defect in glycolipid trafficking to late endosome, showed
severe defect in NKT cell development (23-25). GM1 gangliosidosis $-galactosidase KO mice
showed a defect in NKT cell development with a mechanism hypothesized to be competition
of NKT ligand loading by accumulated lysosomal gangliosides (24-25). Finally, we and others
found that a GSL, isoglobotrihexosylceramide (Gala3GalB4Glcp1Cer, iGb3), is recognized
both by mouse Val4 and human Va24 natural killer T (NKT) cells (27-32).

The effects of iGb3 have been found by several groups to be substantially different from those
of a-galactosylceramide. These stimulatory properties of iGb3 are unique for the extensively
studied TCR repertoire (Vp8, VB7, and VB2) of endogenous ligands (29,31,33), leading to the
suggestion that iGb3 might account for the well known autoreactivity of NKT cells, and might
also carry out important roles in NKT cell development and/or function, particularly in the
numerous non-infectious disease conditions in which they have been implicated. However, by
studying iGb3 synthase knockout mice, Porubsky et al (34) have challenged the physiological
relevance of iGb3, since no defect in NKT development was found in these mice.

The identities of natural ligands for invariant NKT cells remain the most critical unanswered
questions in the NKT field. A clear and comprehensive understanding of GSL and non-GSL
metabolism and distribution patterns in mouse thymus is critical for studies on NKT biology.
Since we and others have already found that a GSL, iGb3, is a natural ligand for the majority
of invariant NKT cell population, we have chosen first to study the problem using sensitive
and specific mass spectrometry (MS) based glycosphingolipidomics.

It is generally accepted that MS is an indispensable method for structural glycomics studies,
especially for identifying and characterizing low abundance ligands (35-38). We recently
combined all of the potential advantages of electrospray ionization linear ion trap mass
spectrometry (ESI-LIT-MS) methodology, including the detection of isomeric structures using
signature diagnostic ions, observable only in MS* and MS® spectra, for the highly sensitive
identification and quantitation of GSLs present in the form of multiple isobaric mixtures (39—
40). Here we have applied MALDI-TOF-MS and ESI-LIT-MS" techniques to analyze neutral
and acidic GSLs purified from mouse thymus. In addition, we have studied the B-hexosamidase
b KO and Fabry mice, the two mouse models of glycolipid storage diseases that were used in
our previous studies on NKT biology (22,28). We expect that glycosphingolipidomic analysis
of these 2 strains of mutant mice will provide a basis for clarifying the discrepancies in results
reported by three different laboratories (22,25,28,41).

Experimental

Mice

Hexb KO mouse strain was from Dr. Richard L Proia at NIDDK, NIH (42). Fabry mice was
from Dr. Ashok B. Kulkarni, NIDCR, NIH (43). Gb3 synthase KO mice was generated and
maintained as described (44). All mice were backcrossed to C57B6 background for more than
10 generations. Mice aged between 6 to 8 weeks were used for experiments. Thymuses were
collected and pooled for biochemical analysis.

Fetal thymus organ culture

Fetal thymuses from day 14 embryo of C57B6 mice were cultured as described (22). For drug
treatment, NB-DGJ (Toronto Research Chemicals, Canada) was added since beginning of the
14 day culture period, at the concentration of 10 pg/ml and 100 pg/ml.
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Bone marrow derived dendritic cells

Mouse bone marrow derived dendritic cells were generated by culturing bone marrow
progenitor cells in presence of GM-CSF and IL4. The total culturing period was 14 days. Both
immature and mature dendritic cells were studied. To mature the dendritic cells, CpG ODN
(ODN 1826) was added to culture medium in the last day of culture at the concentration of 2
ug/ml.

Extraction of glycosphingolipids

GSLs were extracted as described (39-40). Mouse thymus or mouse bone marrow derived
dendritic cells were stored in 16x100 mm glass tubes under —80°C. Lipids were extracted by
extensive sonication for four times with mixed polarity solvents. The first and last solvent used
was chloroform-methanol 1:1 (v/v). The second and third solvent used was isopropanol-
hexane-water 55:25:20 (v/v/v, upper phase removed by aspiration before use). Sonication was
followed by centrifugation to pellet the insoluble material. The supernatants were pooled and
dried under nitrogen stream at 40°C, and subjected to preliminary analysis by high performance
thin layer chromatography (HPTLC).

Separation of neutral and acidic lipids

Neutral and acidic lipids were fractionated by anion exchange chromatography on a small
column of DEAE Sephadex A-25. The acidic lipid fraction was eluted with 0.8M sodium
acetate in methanol. Both neutral and acidic fractions were dried, desalted by dialysis, dried,
and analyzed by HPTLC.

Florisil fractionation of neutral GSLs

The DEAE Sephadex A-25 pass-through fraction was dried under vacuum in the presence of
P205 for 3 hours and peracetylated with 1 ml pyridine and 0.5 ml acetic anhydride in the dark
at room temperature overnight. The peracetylated material was dried, with the addition of 2
ml toluene 3x to ensure complete evaporation. A Florisil (Sigma-Aldrich, St. Louis, MO)
column (30-60 mesh, 10x80 mm) was equilibrated in 1,2-dichloroethane-hexane 4:1 (v/v).
The peracetylated sample was applied in this solvent, and the column was then washed with
20 ml of the same solvent, followed by 20 ml 1,2-dichloroethane. Neutral peracetylated GSLs
were eluted with 40 ml 1,2-dichloroethane-acetone 1:1 (v/v). The fractions were dried and
deacetylated with 1 ml 0.5 M sodium methoxide in 2 ml methanol for 3 hours at room
temperature. The mixture was neutralized with methanolic acetic acid, dried, and then desalted
by dialysis. The GSL contents of all three fractions were compared by HPTLC.

Per-N,O-methylation of GSLs

GSLs (1-20 ug) were introduced into a conical-glass vial, and dimethyl sulfoxide (150 ul) was
added without using special drying conditions or inert gas atmosphere. Powdered sodium
hydroxide (40-60 mg) was then added to the sample solution, and was stirred at room
temperature until completely dissolved. lodomethane (80 pL) was added with a syringe, and
the mixture was shaked at room temperature for 1 hour. The methylation reaction was quenched
with water (2 ml). The permethylated products were extracted 3 times by addition of
dichloromethane (2 ml). The combined dichloromethane extracts were then washed 3 times
with water (2 mL each). Following the final wash, the samples were transferred to a new tube,
and dried under nitrogen stream at 35-40°C.

MALDI-TOF mass spectrometry analysis

MALDI-TOF-MS and MALDI-TOF/TOF-MS/MS experiments were performed on a MALDI
TOF-TOF Mass Spectrometer (Applied Biosystems 4700, Foster City, CA). The matrix was
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prepared by mixing 50% volume of 10 mg/ml dihydroxybenzoic acid (DHB) in acetonitrile
and 50% volume of 0.1% trifluoroacetic acid (TFA) in water. The DHB matrix was spotted on
the MALDI target (1 pL), followed by a 1 pL (containing 100 ng GSLs) spot of sample
dissolved in methanol, and allowed to dry before analysis. MS experiments were acquired using
the reflectron settings in the positive mode. MS/MS data were obtained using the 1 kV mode
with argon or air as collision gas (CID cell gas pressure 3.5 x 10-6 to 9 x 10-7 torr). MS spectra
were summed from 1000 to 10000 laser shots, for MS/MS 5000 to 50000 shots were summed.

Electrospray-lonization lon-Trap mass spectrometry (ES-LIT-MS") of permethylated neutral

GSLs

Mass spectrometry (MS and MS") was carried out in positive ion mode on a linear ion trap
mass spectrometer (LTQ, ThermoFinnigan, San Jose, CA), using a nanoelectrospray source
for direct infusion of samples (dissolved in methanol) by static nanospray, at capillary
temperature 230°C, with injection time as 100.00 ms, activation time as 30 ms, activation Q-
value as 0.250, isolation width as m/z 1.5, and acquisition time as 3 min to 10 min. Electrospray
voltage was 1 kV. Static nanoelectrospray needles were from Proxeon Biosciences (Denmark).
Normalized collision energies were set to leave a minimal residual abundance of precursor ion;
in this case 30% was used for all product ion scans. All ions were detected as sodium adducts.
To obtain MS5 spectra specifically from the characteristic internal HO-3Gal3/4Gal-1-ene
disaccharides, each iGb4/Gb4 molecular species (or lipoform, observed at, e.g., m/z X), was
subjected to multistep fragmentation via the MS5 pathway as described (39). To obtain MS4
spectra specifically from the characteristic nonreducing Gal3/4Gal-1-ene disaccharides, each
iGb3/Gb3 molecular species (or lipoform, observed at, e.g., m/z X), was subjected to multistep
fragmentation via the MS4 pathway as described (40).

Artificial iGb3 and asiao-GM1 as quantitation standard

A chemically synthesized, “short-tail” iGb3 (C8), was added as internal standard before
permethylation experiments, as published previously (40). Asialo-GM1 (Matreya Cat. No.
1064) was used as internal standard for analyzing charged GSLs.

Other GSL standards for lon-Trap MS fragmentation assays

Lactosylceramide (Matreya Cat. No. 1500), Gb3 (Matreya Cat. No. 1067), Gb4 (Matreya Cat.
No. 1068), asialo-GM1 (Matreya Cat. No. 1064), GM1 (Matreya Cat. No. 1061), asialo-GM2
(Matreya Cat. No. 1512), GM2 (Matreya Cat. No. 1502), GM3 (Matreya Cat. No. 1503), GM4
(Matreya Cat. No. 1535), GD1a (Matreya Cat. No. 1062), GD1b (Matreya Cat. No. 1501),
GD3 (Matreya Cat. No. 1504), GT1b (Matreya Cat. No. 1063), GQ1b (Matreya Cat. No. 1516),
and sulfatide (Matreya Cat. No. 1049) were from Matreya, Pleasant Gap, PA. Synthetic sugar
part of Gb4, GM1, asialo-GM1, iGb3, and Gb3 were provided by Drs. Ola Blixt and James
Paulson, Consortium of Functional Glycomics. iGb4 and digalactosylceramide (Galal,4Gal
Cer), purified from cat intestine, were from Dr. Sussan Tenenberg, Gorteberg University.

Stimulation toward NKT cell hybridomas

GSLs were stored in DMSO at 2 mg/ml. GSLs were pulsed to 50,000 mouse BMDCs at 100
ng/ml for overnight, and mixed with 50,000 NKT cell hybridomas for overnight. IL2 released
by NKT hybridomas were measured by CTLL assays. NKT hybridomas were DN32.D3 (22)
and 23.8A (provided by Dr. Laurent Gapin, 29).

Flow cytometry analysis of NKT cells

NKT cells were stained by PBS57 (aGalCer analog) loaded mouse CD1d tetramer (APC color,
provided by NIAID tetramer facility at Emory University, GA), in combination with anti-CD3
and anti-CD44 monoclonal antibodies (eBiosciences, CA).
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Results

NB-DGJ treatment abolishes the development of invariant NKT cells

NB-DGJ treatment of cultured fetal thymuses completely blocked the development of NKT
cells (Figure 2). In contrast, the development of conventional CD4 and CD8 T cells remained
unchanged. This was observed at both 100 ug/ml and 10 pg/ml concentration of drug treatment.

Mass spectrometry assays generate first profiles of neutral and acidic glycosphingolipids
in mouse thymus

Togainaclear and precise view of the GSL structures in mouse thymus, we used both MALDI-
TOF-MS and ESI-LIT-MS" techniques. Table 1 lists the GSLs that were identified from 6-8
week mouse thymi. Representative MALDI-TOF-MS profiles for neutral and acidic GSLs are
presented in Supplementary Figure 1. The identities of GSLs were verified by MALDI-TOF/
TOF-MS/MS and ESI-LIT-MS" analysis, with the fragmentation patterns compared to those
of authentic GSL standards (Supplementary Figure 2).

Glycosidases specifically regulate glycosphingolipid profiles in glycosidase mutant mice

a-galactosidase and B-hexosaminidase are two enzymes involved in GSL degradation. NKT
cell development has been studied in mutant mice, and contradictory findings have been
reported by different groups. To understand the effects of disruption of the enzyme activities
on the relevant components at the biochemical level, we have performed
glycosphingolipidomic analysis of these mutant mice strains. To compare the relative
abundance of GSLs detected in Hexb KO mice, Fabry mice, and wild type mice, we have added
an internal standard (artificial iGb3 for neutral GSLs, and asialo-GM1 (Gg4) for acidic GSLs,
respectively). Figure 3 shows the ratio of each GSL in Hexb KO mice and Fabry mice, with
respect to the same component in wild type mice, based on comparison of relative ion
abundances of each detected GSL to the artificial internal standards (Supplementary Table 1).
We found total Gb3+iGb3 triglycosylceramide (6.5 fold ratio to wild type), and total Gb4+iGb4
tetraglycosylceramide (8 fold ratio to wild type) were accumulated in Fabry mice, along with
a diglycosylceramide fraction and an additional triglycosylceramide fraction containing a
terminal HexNAc residue, whose exact structure remains to be studied. In Hexb mice, we found
an accumulation of Gb4/iGb4 (2.4 fold), Lc3+ asialo-GM2 (15.5 fold), GM2 (4.2 fold), GD3
(4.5 fold), and GD1 (2.2 fold). On the other hand, a severe reduction (>95%) was found for
iGb3+Gb3 GSLs.

Low abundance of thymic iGb3 is only detectable by ESI-LIT-MS" technology

To address the controversy that iGb3 is not expressed by mouse thymus (34,45), we analyzed
its expression by a more sensitive mass spectrometry method using a linear ion-trap (ESI-LIT-
MS"). Trihexosylceramide molecular species observed in MS? represent both regioisomers
(iGb3+Gh3), but we have found that the expression of iGb3 can be detected and measured
from characteristic ions produced in MS# analysis of selected molecular ions (40, Figure 4).
We observed multiple molecular ion species of iGb3+Gb3 regioisomers in MS?, due to the
variation in their fatty acyl chain lengths; each was subjected to MS* analysis as described.
The expression of iGb3 was detected as higher than 1% in molecular ions of m/z 1277 (1.5%)
and m/z 1325 (3.5%) observed in MSY(Supplementary Table 2). In most other
trihexosylceramide ions observed in MS?, iGb3 was found to be less than 1%, or undetectable
compared to its regioisomer Gb3. The total iGb3 to Gb3 ratio was estimated as 0.4%.

The expression of iGb3 is undetectable in Hexb KO mice, due to more than 95% overall
reduction of trihexosylceramide levels (iGb3+Gb3). The expression of iGb3 was increased in
a-galactosidase A KO mice, easily detected due to the 6.5 fold overall increase of
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trihexosylceramides (iGb3+Gb3). Noteworthy, the iGb3/Gb3 ratio was only slightly increased
in Fabry mice, suggesting that the iGb3 and Gb3 are digested by a-galactosidase with similar
efficiency.

We further measured relative levels of iGb4, the lysosomal precursor of iGb3, by MS® analysis
of molecular ions representing regioisomers Gb4 and iGb4 (39). We found a similarly low
expression of iGb4 in thymus of the wild type mice (Figure 4). iGb4+Gb4 was increased 2.4
fold in Hexb KO mice, and 7 fold in Fabry KO mice (Figure 4).

Mass spectrometry assays reveal identities of neutral and acidic glycosphingolipids in
mouse bone marrow derived dendritic cells

Bone marrow derived dendritic cells (BMDCs) have been widely used to study the biology of
NKT cells. Itis generally accepted that BMDCs express natural ligands for NKT cells. To have
a clear and precise view of the GSL structures expressed by BMDCs, we used both MALDI-
TOF/TOF-MS/MS and ESI-LIT-MS" techniques. The GSLs identified are listed in Table 2.
Representative MALDI-TOF-MS profiles for neutral GSLs and acidic GSLs are presented in
Supplementary Figure 3.

CpG specifically regulate GSL profiles in dendritic cells

To study whether the maturation process of dendritic cells correlates with alteration of GSL
expression, we compared the ratio of GSLs detected in mature DCs to those in immature DCs.
Figure 5 shows increased levels of Gb3+iGb3 (2.4 fold) and Gb4+iGb4 (2.3 fold) expression,
based on comparison of relative ion abundances of each detected GSL to artificial internal
standards (Supplementary Table 3). The other significant increase was in the level of Forssman
antigen (4.3 fold). No significant changes were found for any acidic GSLs in CpG matured
DCs.

The expression of iGb3 in mouse bone marrow derived dendritic cells was also investigated.
The results show that iGb3 is detectable in certain trihexosylceramide molecular ions at levels
of 1 to 2.5% (Supplementary Figure 4), while in many other trihexosylceramide molecular
ions, iGb3 is below 1% or undetectable (Supplementary Table 4). The total iGb3 to Gb3 ratio
was estimated as 0.8% in both immature and mature DCs.

iGb3 versus Gb3 ratio increases more than 10 fold in Gb3 synthase KO mice

Since the detection of iGb3 is hampered by the overwhelming abundance of its regioisomer
Gb3, we hypothesized that we should be able to measure higher ratios of iGb3 in
trihexosylceramide molecular species if we examine Gb3 synthase knockout mice. This will
also address the possibility that Gb3 could give rise to artifactual signals resembling those from
iGb3 in ESI-LIT-MS* spectra, i.e., through rearrangement or some other process,
fragmentation of the terminal disaccharide MS3 product of Gb3 (Gala1-4Gal-1-ene) in MS*
could give rise to background levels of product ion signals putatively specific for iGb3
(Galal-3Gal-1-ene). These background signals were observed to be below 0.2% for the m/z
211 product, and below 0.4% for the m/z 371 product, in multiple experiments performed in
three different mass spectrometry core facilities (40). If we have measured artifactual iGb3 ion
signals in MS# which are solely background Gb3 fragmentation products, we should not detect
an increase of the iGb3/Gba3 ratio in Gb3 synthase KO mice.

In Figure 6, we compare the iGb3/Gb3 ratio in Gb3 synthase~, Gb3 synthase*/~, and wild
type mice. A more than 10 fold increase of the iGb3/Gb3 ratio, from 1.7 % to 26.5%, was found
in Gb3 synthase KO mice (Supplementary Table 5), when selecting the molecular ion m/z 1325.
The total iGb3 to Gh3 ratio in Gh3 synthase KO mice was estimated as 7.5%. Noteworthy, we
still found a presence of Gb3 (5% versus wild type control mice) in Gb3 synthase KO mice.
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A slight increase of iGb3/Gb3 ratio was found in Gb3 synthase*/~ mice as well (2-3 fold),
which is consistent with our previous finding that Gb3 synthase activity was decreased 50%
in heterozygous mutant mice (44).

We further studied the NKT cells in the thymus of Gb3 synthase KO mice, and found normal
NKT cell numbers in thymus, spleen, and bone marrow (Supplementary Figure 5). This finding
is consistent with our previous report that Gb3 is not a stimulatory ligand for NKT cells (28),
since Gh3 synthase KO mice have much reduced Gb3 expression not measurable by anti-Gb3
antibody staining (44).

Major species of glycosphingolipids do not stimulate NKT cells

To identify new candidate GSL antigens for NKT cells, we examined the stimulatory activities
of all of them toward the DN32.D3 and 24.8A hybridomas. We found no detectable stimulation
by any of these GSLs except iGb3 (Supplementary Figure 6).

Discussion

Profiles of neutral and acidic glycosphingolipids in mouse thymus

In this study, we report a mass spectrometry-based glycosphingolipidomic analysis, utilizing
state-of-the-art MALDI-TOF/TOF-MS/MS and ESI-LIT-MS" instrumental techniques, of the
major GSL species in mouse thymus and bone marrow derived dendritic cells. Compared to
previous studies using HPLC and fast atom bombardment mass spectrometry (FAB-MS), our
results demonstrated a number of significant advantages:

1. we clearly observed presence of GSL structures not previously reported by others
(21,34,45,46), including iGb3 and iGh4;

2. our results were generated with very small amounts of sample (107 mouse bone
marrow derived dendritic cells);

3. tedious HPLC or TLC purification of individual GSLs is avoided;

4. the method is generally applicable, and results have been reproduced in more than
one mass spectrometry core facility.

A significant part of this study required permethylation of the GSL samples, which increases
the sensitivity and specificity of carbohydrate structure detection by mass spectrometry, but
may destroy or leave undetected sulfated GSL structures. Detection of sulfated GSLs was
carried out on native GSLs using ESI-MS" with a precursor ion scanning technique (47), which
enables specific searching for GSLs containing a sulfo group. Using this technique, we
identified sulfatide molecular species in mouse thymus (Supplementory Figure 7).

In comparison to HPLC-based quantitation methods, and to the traditional use of MS for
qualitative glycan profiling and structure analysis, quantitation of glycoconjugates by MS
remains a relatively less traveled field. In this study, we have compared the relative ion
abundance of neutral GSLs to that of an artificial iGb3, and the acidic GSLs to asialo-GML1.
This comparison allowed us to calculate the relative ratios of GSLs in Hexb KO mice and Fabry
mice to wild type mice. However, it is difficult to calculate the absolute quantity of each GSL,
because significantly different GSLs may have different ionization efficiencies. A GSL
standard for each specific GSL, having the same ionization efficiency as the analyte, is required
for absolute quantitation. For example, we have shown that the artificial iGb3 has same
ionization efficiency as natural iGb3 expressed by mammalian cells (40). In the future, we
propose to synthesize additional specific “short-tail” GSL standards for quantitation purpose.
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Specificity of glycosidases in regulating glycosphingolipid expression

a-galactosidase KO and Hexb KO mice display specific accumulation of GSLs terminated by
sugars that are cleavable by specific glycosidases. Our results indicate that normal GSL
degradative processing is only selectively impaired in a-galactosidase KO mice or Hexb KO
mice. The finding that Hexb KO mice lack iGb3 expression is consistent with our previous
hypothesis that the Hexb enzyme is required for generation of iGb3 (28). We found that Hexb
KO cells showed a specific defect in processing and presenting HexNAc terminated glycolipid
antigens (iGb4 and GalNAcp1,3Galal,1Cer), but not a-Gal terminated complex glycolipids
(Galal,2Galal,1Cer) and aGalCer antigen (28). Studies from the Cerundolo lab contradicted
our findings; Gadola et al (25) reported instead that Hexb KO cells could not process and
present Gal a1,2Gal o Cer, nor could they present the surrogate antigen for NKT cells, aGalCer.
These discrepancies could be explained by differences in age and genetic background between
mouse strains. Indeed, we have already found clear biochemical differences between the Hexb
KO mice used by two laboratories. The Hexb KO mice used by the Cerundolo group, as studied
by Speak et al (45), showed a similar amount of Gb3 as compared to wild type mice, while we
observed more than 95% reduction of Gb3 in thymus from our Hexb KO strain.

GSL antigen processing and presentation in Fabry mice were first studied by the Kronenberg
group (41). In their study, a-galactosidase A deficient cells were completely defective in
presentation of Galal,2Galal,1Cer, although no defect was found in presenting aGalCer.
Prigozy et al (41) found a 50% reduction of NKT cells in the periphery (spleen), but NKT cells
were normal in the thymus. When we first discovered that saposins are required for NKT cell
development, we compared the presentation of Galal,2Galal,1Cer and aGalCer by saposin
KO cells to that of a-galactosidase KO cells (22). We found a defect in presenting aGalCer by
saposin KO cells, but not a-galactosidase KO cells, while neither saposin KO and a-
galactosidase KO cells could present Galal,2Galal,1Cer. Similar to Kronenberg’s group, we
could not find a defect of NKT cells in the thymus of a-galactosidase KO mice. We have found
normal numbers of NKT cells in thymus and spleen of 4 to 8 weeks old Fabry mice (22). The
defect (90% reduction in thymus) reported by Gadola et al (25) may be due to a different Fabry
mouse strain used in their study. They could find Gb3, but no other GSLs, in the thymus of
their Fabry mice (45); in contrast, we observed an 8-fold increase of Gh4 expression in our
Fabry mice (supplementary Figure 1). Itis also interesting to note that although iGb3 expression
is increased (5 fold) in our Fabry mice, we did not find significant increase of stimulation
toward NKT cells by thymocytes from Fabry mice (22) compared to wild type mice, and the
underlying mechanisms remain to be studied.

We used Hexb KO mice in our discovery of the first natural ligand for NKT cells, through the
reasoning that iGb3 is cleaved from iGb4 by B-hexosaminidases. However, we agree with most
investigators in the field that iGb3 may not be the only natural ligand. We have pointed this
out since our first report of the antigenic activity of iGb3, and in review articles (27,28). Since
we found iGb3 by an indirect approach, testing GSL candidates that could be generated in the
lysosome by B-hexosaminidases, we can not exclude the possibility that other natural ligands
could also be present. The exact mechanisms responsible for the defect of NKT cell
development in Hexb KO mice remain unclear. It may be due to defect in generating natural
ligands such as iGb3, or a secondary effect of GSL accumulation (Figure 3, especially
gangliosides), or other more severe secondary effects which may even cause defect in loading
of a-galactosylceramide, as reported by Gadola et al (25) in a different Hexb KO mouse strain.
A complete view of all these biochemical and cell biological parameters is still currently
missing.

The current study is the first to describe in detail the GSL profiles of glycosidase mutant
immune cells. GSL profiles in Hexb KO and Fabry mice have been previously characterized
at the organ level, including brain, kidney, and liver. The Sandhoff group reported the
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accumulation of HexNAc terminated GSLs in kidney of Hexb KO mice (48). The Shayman
group reported that Gb3 was increased in liver and kidney of Fabry mice, while the level of
Gb4, present at a similar amount to Gb3, was not significantly changed (49-50). These results
suggest that expression of GSLs in different cell types is regulated by complex processes. The
regulation may operate at the transcriptional level of glycosyltransferases and glycosidases,
through post-translational trafficking of these glyco-enzymes and their activator proteins (such
as saposins), and through lysosomal acidification (51).

Low abundance of iGb3 expression by mouse thymus and mouse dendritic cells

We found that the level of iGb3 in mouse immune cells is overwhelmed by expression of the
Gb3 regioisomer. In most trihexosylceramide molecular species detectable at the MS? level,
the abundance of iGb3 MS? product ions is less than 1% or undetectable. However, levels of
iGb3 higher than 1% were detected upon MS? analysis of particular trinexosylceramide
molecular species corresponding to certain ceramide compositions (lipoforms). Our data are
consistent with findings by the Platt group (45), that overall the level iGb3 is below 1% of total
iGb3 & Gh3 mixture. However, because the ESI-LIT-MS" method can measure the iGb3 levels
in individual lipoforms (differing in this case by m/z increments corresponding to fatty-N-acyl
chain length and unsaturation), the presence of iGb3 can be differentially detected in a few
molecular species, even when it is below the limit of detectability in the majority of them. In
contrast, the HPLC method employed by the Platt group involves cleavage of the glycan from
the ceramides of all iGb3 and Gh3 species prior to analysis. Even if the the resulting mixture
of isomeric glycans were well resolved in the subsequent HPLC separation, the relative
sensitivity of iGb3 detection in a much larger pool of Gb3 is paradoxically reduced, rather than
increased, if its expression was confined to a limited set of lipoforms. The ability to detect iGb3
expression on a single lipoform out of many is a noteworthy advantage of the MS"
methodology.

It remains to be studied whether such a low level of iGb3 expression in thymocytes and
dendritic cells is sufficient for providing stimulatory signals to NKT cells at an in vivo setting,
although it is generally accepted that single peptide-MHC complex expression in an antigen
presenting cell is sufficient to trigger TCR signaling. In addition to direct TCR stimulation by
natural ligands, costimulatory pathways may contribute to the full activation program of NKT
cells. We and others have recently found that B7 family of co-stimulatory molecules are critical
for the second wave of NKT cell expansion during their development (52-54).

The physiological relevance of iGb3 has been further challenged by the groups of Platt and
Sandrin (45,55-56), based on their finding that iGb3 is absent in mouse and human immune
cells (thymus and dendritic cells). The Platt group employed an HPLC method to assay
oligosaccharides cleaved from total thymic GSLs following fluorescence-labeling (45); the
method relies purely on retention behavior for identification. The Sandrin group used a
monoclonal antibody (15.101) to stain human tissue sections (55-56), although the specificity
of their antibody remains questionable (57). Both laboratories have concluded that iGb3 is not
expressed in humans, but in contrast to their findings, we have detected iGb3 and its lysosomal
precursor iGb4 in human thymus and dendritic cells by an ion trap mass spectrometry method
(39-40, and manuscript in preparation), which is considerably more sensitive than HPLC
method (40,45), and more specific than antibody staining (57). Christiansen et al (56) further
concluded that human iGb3 synthase is a pseudogene, based on negative finding by RT-PCR
experiments, and the negative finding that a hybrid rat-human iGb3 synthase enzyme failed to
generate products that react to antibody 15.101. However, the antibody staining method used
to measure glycosyltransferase activities by detection of their products has a far lower
sensitivity compared to mass spectrometry methods (39-40), or conventional methods based
on measuring the transfer of radioisotope labeled sugar donors.
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The enzymatic mechanism of iGb3 synthesis in mouse thymus is not clearly understood yet.
We first cloned the mouse iGb3 synthase from mouse thymus (28). Subsequently, mMRNA
blotting analysis by Milland et al. showed that this enzyme is most abundantly expressed by
mouse thymus, as compared to other organs (36). Thus it is difficult to understand why iGb3
is expressed at such a low abundance in thymus. We have studied whether other a1,3-
glycosyltransferases can synthesize iGb3, and found al,3-galactosyltransferase 1 («3GalT1)
produced iGb3 when transfected to Chinese Hamster Ovary (CHO) cells (Supplementary
Figure 8). Using recombinant bovine a3GalT1 protein, we also synthesized iGb3 in a cell-free
system (data not shown). However, the efficiency of a3GalT1 in synthesizing iGb3 is 10 fold
lower than iGb3 synthase in CHO cell transfection experiments, suggesting the latter is the
major enzyme. The low level of iGb3 in mouse thymus may be due to yet unknown negative
regulators on enzyme activity. Alternatively, there may exist enzyme-cofactors required for
efficient assembly of iGh3.

Stimulatory activity toward NKT cells by major species of glycosphingolipids

In our preliminary screening for stimulatory activities of the GSLs, we have not found any
others that are stimulatory ligands besides iGb3. Further studies are currently under way to
measure the stimulatory activities of these ligands using additional NKT cell clones, as well
as fresh NKT cells. On the other hand, we reason that minor species of GSLs can only be
purified and characterized through large scale fractionation of GSLs from pooled mouse
thymuses.

Currently, there are two series of lipid species to consider as candidates for the major natural
ligands of NKT cells: phospholipids and glycosphingolipids. Supporting the involvement of
phospholipids, Gumperz et al (58) reported that phosphatidylcholine and phosphatidylinosital
stimulate a few NKT cell hybridomas in plate-bound assays. Evidence supporting a role for
GSLs includes genetic data that glucosylceramide synthase is involved in natural ligand
production (19); that NB-DGJ inhibits the antigen presenting cells’ ability to stimulate NKT
cells (21, Figure 2); and that charged GSLs from mature dendritic cells stimulate fresh liver
NKT cells in an IFN-a dependent manner (59). Although our data (Figure 2) and data from the
groups of Joyce (19) and Cerundolo (21) strongly support that GSL metabolism influences the
production of natural ligand, it is still not conclusive that the major natural ligands must be
GSLs. Specifically, glucosylceramide has been reported as critical for intracellular trafficking
of certain membrane proteins. For example, in the melanomatumor cell line B16 mutant GM95,
which does not synthesize glucosylceramide due to inactivation of B-glucosylceramide
synthase, a severe defect was found in the trafficking of melanin from the endoplasmic
reticulum to the melanosome compartment, leading to a “white” phenotype of the cell line
(60), although the trafficking of CD1d was normal in GM95 cells (19). At this time, we can
not exclude non-GSLs as the candidates for natural ligands.

In summary, our study provides the first in depth view of GSL expression in mouse immune
cells, and should provide a basis for future identification of potential thymic GSL ligands for
NKT cells. This study also demonstrated the presence of iGb3, the first natural ligand, in mouse
thymus, and highlighted the importance of biochemical studies by sensitive, specific, and
generally applicable methodologies.

Conclusions

The search for natural ligands for NKT cells has been ongoing for more than a decade without
considerable progress. Our study indicates these ligands contain unknown structures which are
not reported as major GSLs. Similarly, previous studies by others (61) showed that major
membrane phospholipids with known structures are not stimulatory ligands for the majority
population of NKT cells. We propose a “lipidomics” approach, i.e., one that identifies new
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lipid structures and tests their immunological activity, with a priority on those structures similar
to known ligands of NKT cells. The generation of first lipidomics database for antigen
presenting cells in the immune system will be a fundamental step, and open up an a new avenue
to identify lipid and glycolipid targets for the immune-related disorders which have heretofore
been challenging to study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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al
3GT, a-1,3 galactosyltransferase |

ESI-LIT-MS
electrospray ionization linear ion trap mass spectrometry

Forssman antigen
GalNAcol,3 GalNAcB1,3Galal,4Galp1,4Glcp1,1Cer

Glc-Cer
glucosylceramide
Gal-Cer
galactosylceramide
GM3
NeuAca2,3Galp1,4Glcpl,1Cer
GM2
GalNAcB1, 4(NeuAca2,3)Galpl,4Glcpl,1Cer
GSL
glycosphingolipid
iGb3
isoglobotrihexosylceramide (Galal,3Galp1,4GlcB1,1Cer)
Lac-Cer
lactosylceramide
Lc3

GIcNACB1,3Galp1,4GIcp1,1Cer

MALDI-TOF-MS
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry

NB-DGJ
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N-butyldeoxygalactonojirimycin

TLC
thin layer chromatography
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Figure 1. Glycosphingolipid synthesis in mouse

All mouse GSLs stem from B-glucosylceramide or p-galactosylceramide, and are assembled
by key glycosyltransferaes to become lacto-, ganglio-, globo, isoglobo, sulfo- series of complex
glycosphingolpids. N-butyldeoxygalactonojirimycin (NB-DGJ) specifically inhibits the
synthesis of glucosylceramide derived glycosphingolipids, through inhibiting the
glucosylceramide synthase. p4GalT: 1,4 galactosyltransferase 6 (lactosylceramide synthase);
CST: cerebroside sulfotransferase.
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Figure 2. NB-DGJ completely abolishes the NKT cell development

Fetal thymus organ culture was performed as previously described (22). Thymuses from fetal
mice (Day 14 after pregnancy) were cultured in 6 well transwell plates (Corning, NY) in
EHAA/RPMI medium with 10% Fetal Calf Serum. NB-DGJ (10 pg/ml and 100 pg/ml) was
added at the beginning of culture. The thymuses were cultured to allow the development of
NKT cells. After 14 days, the thymocytes were harvested and analyzed by flow cytometry after
staining by aGalCer/CD1d tetramer and anti-mouse CD44 monoclonal antibody (Pharmingen,
CA). To exclude the possibility of toxicity to thymocytes, the development of conventional
CD4 and CD8 T cells were used as controls. No reduction of CD4 or CD8 humbers was found
in either percentage or total cell numbers.
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Figure 3. Specific alterations of glycosphingolipids in Hexb KO mice and Fabry mice

Thymic GSLs from Hexb KO, Fabry, and wild type mice were extracted, permethylated, and
analyzed by MALDI-MS. The relative ion abundance of MS? ions of Hex-Hex-Cer (Gal $1,4
GlcCer and Gal a1,4 GalCer), Hex-Hex-Hex-Cer (Gb3, Gal a1,4 Gal p1,4 GlcCer and iGb3,
Gal 01,3 Gal 1,4 GlcCer), HexNAc-Hex-Hex-Hex-Cer (Gb4, Gal 1,4 Gal 01,4 Gal 1,4
GlcCer, and iGbh4, Gal 1,4 Gal a1,3 Gal 1,4 GlcCer), HexNAc-Hex-Hex-Cer (Lc3, GIcNAc
1,3 Gal B1,4 GlcCer, and asialo-GM2, GaINAc 1,4 Gal 1,4 GlcCer), GM2, GD3, GM1,
GD1, GT1, and GQ1 were compared to internal standards (“short tail” iGb3 for neutral GSLs,
and asialo-GM1 for acidic GSLs). The ratio of above GSLs in Hexb mice and Fabry mice
versus wild type mice were calculated according to Supplementary Table 1. Gal-terminated
GSLs were accumulated in Fabry mice. HexNAc terminated GSLs were accumulated in Hexb
KO mice. Gb3 and iGb3 were absent in Hexb KO mice.
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Figure 4. Expression of iGb3 and iGb4 in mouse thymus

Neutral GSLs from wild type, Hexb KO, and Fabry mice were extracted, permethylated, and
analyzed by ion trap mass spectrometry. MSt ions representing regioisomers of iGb3/Gb3 were
selected for MS* analysis according to published method (40). MS? ions representing
regioisomers of iGh4/Gb4 were selected for MS® analysis (39). Percentage of iGb3 in iGb3/
Gb3 mixtures were calculated according to standard curve as described (40).

J Proteome Res. Author manuscript; available in PMC 2010 June 5.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal. Page 21

Relative Abundance of GSLs (% mature DC versus immature DC)
100 200 300 400 500

o

LacCer/Gala4GalCer
Gb3/iGb3

Gb4/iGb4
Lc3/Asialo-GM2
Forssman antigen
Asialo-GM1

GM1

GD1

GT1

Figure 5. Alteration of GSL pattern in mature dendritic cells

GSLs from immature and CpG-ODN-activated mature bone marrow derived dendritic cells
were extracted, permethylated, and analyzed by MALDI-MS. The relative ion abundance of
MS! ions of Hex-Hex-Cer (Gal f1,4 GlcCer and Gal al,4 GalCer), Hex-Hex-Hex-Cer (Gb3,
Gal 1,4 Gal $1,4 GlcCer and iGb3, Gal 01,3 Gal 1,4 GlcCer), HexNAc-Hex-Hex-Hex-Cer
(Gb4, Gal p1,4 Gal 01,4 Gal 1,4 GlcCer, and iGb4, Gal p1,4 Gal a1,3 Gal 1,4 GlcCer),
HexNAc-Hex-Hex-Cer (Lc3, GIcNAc B1,3 Gal 1,4 GlcCer, and asialo-GM2, GalNAc 1,4
Gal p1,4 GlcCer), Forssman antigen, asialo-GM1, GD1, and GT1 were compared to internal
standards (artificial iGb3 and GM1). The ratio of above GSLs in CpG-ODN matured dendritic
cells versus immature dendritic cells were calculated according to Supplementary Table 3.
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Figure 6. Increased ratio of iGb3 in Gb3 synthase KO mice

Neutral GSLs from wild type, Gb3 synthase™~ and Gb3 synthase™~

Page 22
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iGb3/(Gb3+iGb3)
5.5%

Wild type

iGb3/(Gb3+iGb3)
1.7%

mice were extracted,

permethylated, and analyzed by ion trap mass spectrometry. MS? ions representing
regioisomers of iGh3 & Gb3 were selected for MS* analysis. Percentage of iGb3 in iGb3 &
Gb3 mixtures were calculated according to standard curve as described (40).
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Table 1
Glycosphingolipids identified in mouse thymus.

Neutral GSLs

Monosaccharide-ceramide® (Hex-Cer)

Disaccharide-ceramide® (Hex-Hex-Cer)
Trisaccharide-ceramide (Hex-Hex-Hex-Cer)

Trisaccharide-ceramide® (HexNAc-Hex-Hex-Cer)

Tetrasaccharide-ceramide (HexNAc-Hex-Hex-Hex-Cer)

Glc-Cer (Glc 1 Cer)

Lac-Cer (Gal p4 Glc p1Cer)
Digalactosylceramide (Gal o4 Gal p1Cer)

iGb3 (Gal a3 Gal p4 Glc Cer)
Gb3 (Gal 04 Gal p4 Glc Cer)

Lc3 (GIcNAc B3 Gal p4 Glc Cer)
Asialo-GM2 (GalNAc B4 Gal B4 Glc Cer)

iGb4 (GalNAc B3 Gal a3 Gal p4 Glc Cer)
Gb4 (GalNAc B3 Gal o4 Gal B4 Glc Cer)

Acidic GSLs

Monosialyl-gangliosides

Disialyl-gangliosides

Trisialy-gangliosides

Tetrasialyl-gangliosides

GM3 (NeuAc a3 Gal p4 Glc Cer)

GM2 (GalNAc p4 <NeuAc o3> Gal p4 Glc Cer)

GM1 (Gal B3 GalNAc B4 <NeuAc o3> Gal 4 Glc Cer)
GM1b (NeuAc a3 Gal B3 GalNAc B4 Gal B4 Glc Cer)

GD1a (<NeuAc a3> Gal B3 GalNAc p4 <NeuAc a3> Gal p4 Glc Cer)
GD1b (Gal B3 GalNAc B4 (<NeuAc a8 NeuAc o3> Gal B4 Glc Cer)

GT1la (<NeuAc 8 NeuAc a3> Gal B3 GalNAc B4 <NeuAc o3> Gal 34 Glc Cer)
GT1b (<NeuAc a3> Gal B3 GalNAc B4 < NeuAc 8 NeuAc o3> Gal B4 Glc Cer)

GQ1b (<NeuAc 8 NeuAc a3> Gal B3 GalNAc 4 < NeuAc 8 NeuAc o3> Gal p4 Glc
Cer)

a: The presence of Glc-Cer in the thymus of C57BL6 strain of mice was previous reported (52). We have found Glc 1 Cer is the major structure by NMR

analysis (data not shown).

: The disaccharide-ceramide structure in mouse thymus is a mixture of Lac-Cer and Digalactosylceramide. This was verified by comparing the Ms3 ion
patterns, analyzed by ion trap mass spectrometry to standard Lac-Cer and Digalactosylceramide (Supplementary online Figure 2).

: The trisaccharide-ceramide structures of mouse thymus remain to be studied. Preliminary analysis by ion trap mass spectrometry suggested the structures

of Lc3 and asialo-GM2 (data not shown).
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Table 2

Glycosphingolipids identified in mouse dendritic cells.

Neutral GSLs

Disaccharide-ceramide (Hex-Hex-Cer)

Trisaccharide-ceramide (Hex-Hex-Hex-Cer)

Trisaccharide-ceramide (HexNAc-Hex-Hex-Cer)

Tetrasaccharide-ceramide (HexNAc-Hex-Hex-Hex-Cer)

Tetrasaccharide-ceramide (Hex-HexNAc-Hex-Hex-Cer)

Fossman antigen (HexNACc),-(Hex),-Cer

Lac-Cer (Gal B4 Glc B1Cer)
Digalactosylceramide (Gal o4 Gal p1Cer)

iGb3 (Gal a3 Gal B4 Glc Cer)
Gb3 (Gal a4 Gal B4 Glc Cer)

Lc3 (GIcNAc B3 Gal B4 Glc Cer)
Asialo-GM2 (GalNAc p4 Gal p4 Glc Cer)

iGb4 (GalNAc B3 Gal a3 Gal B4 Glc Cer)
Gb4 (GalNAc B3 Gal a4 Gal 4 Glc Cer)

Asialo-GM1 (Gal B3 GalNAc B4 Gal B4 Glc Cer)

GalNAc o3 GalNAc B3 Gal o4 Gal B4 Glc Cer

Acidic GSLs

Monosialyl-gangliosides

Disialyl-gangliosides

Trisialyl-gangliosides

GM1 (Gal B3 GalNAc B4 <NeuAc o3> Gal B4 Glc Cer)
GM1b (NeuAc a3 Gal B3 GalNAc p4 Gal p4 Glc Cer)

GD1la (<NeuAc o3> Gal B3 GalNAc p4 <NeuAc a3> Gal B4 Glc Cer)
GD1b (Gal B3 GalNAc B4 (<NeuAc a8 NeuAc a3> Gal B4 Glc Cer)
GD3 (NeuAc 08 NeuAc o3 Gal B4 Glc Cer)

GT1la (<NeuAc 8 NeuAc a3> Gal 3 GalNAc B4 <NeuAc a3> Gal 4 Glc Cer)
GT1b (<NeuAc a3> Gal B3 GalNAc B4 < NeuAc 8 NeuAc a3> Gal B4 Glc Cer)
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