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SUMMARY: Sphingolipids are ubiquitous constituents of membrane lipids in eukaryotes. Sphingolipid me-
tabolites modulate various cellular events including proliferation, differentiation, and apoptosis. In addition,
sphingolipids, along with cholesterol, form detergent-resistant membrane microdomains, so called ‘lipid-rafts’,
which are implicated in signal transduction and membrane trafficking. Sphingolipids are also relevant to infec-
tious diseases. Various types of pathogens exploit the sphingolipids of host cells as membrane receptors. Sphin-
golipid metabolites regulate pathogen infection and host defense: for instance, a specific glycosphingolipid acts
as an endogenous ligand for activation of natural killer T cells. Lipid-rafts of host cells serve as platforms also
for infection signaling and entry of intracellular parasites. Moreover, some post-infectious autoimmune diseases
result from production of antibodies cross-reacting with mammalian sphingolipids. Differences in the pathways
of sphingolipid metabolism between mammals and non-mammals are good clues for rational development of
new anti-infectious disease drugs. This review summarizes recent advances in sphingolipid biology related to

infectious diseases.
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1. Introduction

Sphingolipids are ubiquitous constituents of membrane
lipids in eukaryotes (1,2). Sphingolipids are essential for
the growth of not only mammalian cells but also invertebrate
and fungal cells (3-8), and modulate various cellular events
including proliferation, differentiation, and apoptosis (9-
12). In addition, sphingolipids, along with cholesterol, form
detergent-resistant membrane microdomains, so called ‘lipid-
rafts’, which are implicated in signal transduction and mem-
brane trafficking (13-17). Besides the physiological roles, the
pathological aspects of sphingolipids have also been receiving



attention. Inborn dysfunctions of enzymes or accessory factors
involved in the degradation of sphingolipids often cause
infant lethality, suggesting that the abnormal accumulation
of sphingolipids is toxic to cells or tissues (18,19). Another
important pathological aspect of sphingolipids is relevant to
infectious diseases. For example, various types of pathogens
exploit sphingolipids of host cells as membrane receptors.
In addition, lipid-rafts of host cells can be platforms also
for infection signaling and entry of intracellular parasites.
Differences in the pathways of sphingolipid metabolism
between mammals and non-mammals are good clues for the
rational development of new anti-infectious disease drugs.
This review summarizes recent advances in sphingolipid
biology related to infectious diseases.

2. Structure and biosynthesis of sphingolipids

Sphingolipids are defined as lipids containing sphingoid
bases (1,3-dihydroxy-2-amino-alkane and its derivatives) as
a structural backbone. There are three major types of natural
sphingoid bases (Fig. 1) (1). D-Erythro-sphingosine is the
principal sphingoid base of sphingolipids in mammalian cells,
and D-erythro-dihydrosphingosine is the second most abun-
dant type. D-Ribo-phytosphingosine is the principal sphingoid
base in plants and fungi, although some tissues including
the kidney and stomach in mammals also have considerable
amounts of phytosphingosine-containing sphingolipids. The
alkyl chain length for natural sphingoid bases is predomi-
nantly 18, though it varies from 14 to 22 (1). N-Acylated
forms of sphingoid bases are ceramides (more specifi-
cally, N-acylated forms of sphingosine, dihydrosphingosine,
and phytosphingosine are ceramide, dihydroceramide, and
phytoceramide, respectively). The fatty acids of ceramides
vary in chain lengths (from 14 to 30), degree of unsaturation
(but are mostly saturated), and presence or absence of a
hydroxyl group at the @- or w-carbon atom (2).

Polar head groups of sphingolipids show marked struc-
tural diversity among phylogenetically separate organisms. In
mammalian cells, choline phosphoceramide (sphingomyelin;
SM) accounts for 5-10% of membrane phospholipids,
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Fig. 1. Structures of sphingoid bases.

while various lower animal cells have ethanolamine
phosphoceramide and its N-mono or dimethyl derivatives in
place of SM, and fungal and plant cells produce phosphoinositol-
containing sphingolipids (4). For glycosphingolipids (GSLs),
great variety in the glycosyl head structure exists even in the
same organism (Tables 1 and 2; see also below).

De novo biosynthesis of sphingolipids in mammalian
cells proceeds as shown in Figure 2 (20). The first step
is the condensation of L-serine and palmitoyl CoA to
generate 3-ketodihydrosphingosine, which is reduced to
dihydrosphingosine. Dihydrosphingosine undergoes N-
acylation followed by desaturation to generate ceramide.
These reactions to produce ceramide occur at the cytosolic
surface of the endoplasmic reticulum (ER). Then, ceramide
is delivered to the lumenal side of the Golgi apparatus, and
converted to SM by SM synthase catalyzing the transfer of
phosphocholine from phosphatidylcholine to ceramide.
Ceramide is also converted to glucosylceramide (GlcCer) by
GlcCer synthase catalyzing the transfer of glucose from UDP-
glucose to ceramide at the cytosolic surface of the ER or cis
Golgi region. After being transported to the lumen of the Golgi
apparatus, GlcCer is converted to lactosylceramide (LacCer),
which is converted to varieties of more complex GSLs (Fig.

Table 1. Abbreviations, structures, and semi-systematic names of neutral glycosphingolipids

Abbreviation" Structure? Semi-systematic name
GleCer GleS1°Cer Glucosylceramide
GalCer Galf1°Cer Galactosylceramide
LacCer GalB4GIcB1°Cer Lactosylceramide
Gb3Cer Gala4GalB4GlcB1°Cer Globotriaosylceramide
Gb4Cer GalNAcB3Gala4Gal B4GlcB1°Cer Globotetraosylceramide
iGb3Cer Gala@3Gal34Glc81°Cer Isoglobotriaosylceramide
iGb4Cer GalNAcB3Gala3Gal B4Glc1°Cer Isoglobotetraosylceramide
Mc3Cer Gal34GalB4GlcB1°Cer Mucotriaosylceramide
Mc4Cer Gal33Gal34Gal B4GlcB1°Cer Mucotetraosylceramide
Lc3Cer GIcNAcB3GalB4GlcB1°Cer Lactotriaosylceramide
Lc4Cer Gal33GIcNAcB3Gal B4GlcB1°Cer Lactotetraosylceramide
nLc4Cer Gal 34GIcNAcB3Gal B4GlcB1°Cer Neolactotetraosylceramide
Gg3Cer? GalNAcB4Gal34GlcS1°Cer Gangliotriaosylceramide
Gg4Cer? Gal33GalNAcB4Gal B4GlcB1°Cer Gangliotetraosylceramide
Ga2Cer Gala4GalB1°Cer Galabiaosylceramide

clature (205,206).

2).

: abbreviations recommended by IUPAC-IUB Joint Commission on Biochemical Nomen-

: Cer, ceramide; Glc, glucose; Gal, galactose; NeuAc, N-acetylneuraminic acid; GalNAc,

N-acetylgalactosamine; GIcNAc, N-acetylglucosamine.
3: Gg3Cer and Gg4Cer are alternatively named asialoGM2 and asialoGM1, respectively.
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Table 2. Abbreviation and structures of gangliosides

Abbreviation" Structure?

GM4» NeuAca3GalB1°Cer

GM3 NeuAca3GalB4GleS1°Cer

GM2 GalNAcB4(NeuAca3)Gal B4GlcB1°Cer

GMla Gal33GalNAcB4(NeuAca3)Gal B4Glc31°Cer

GM1b NeuAc@3Gal33GalNAcB4Gal B4GlcS1°Cer

GD3 NeuAca8NeuAca3Gal B4Glc1°Cer

GD2 GalNAcB4(NeuAca8NeuAca3)Gal 34GlcB1°Cer

GDla NeuAca3Gal 33GalNAcB4(NeuAca3)Gal B4GlcB1°Cer
GalNAc-GDla GalNAcB4NeuAca3Gal 33GalNAcB4(NeuAca3)Gal 34GlcS1°Cer
GDIb Gal33GalNAcB4(NeuAca8NeuAca3)Gal34Glc31°Cer

GTla NeuAca8NeuAca3Gal 33GalNAcB4(NeuAca3)Gal B4Glc31°Cer
GTl1b NeuAca3Gal 33GalNAcB4(NeuAca8NeuAca3)Gal B4Glc31°Cer
GQIlb NeuAca8NeuAca3Gal B3GalNAcB4(NeuAca8NeuAca3)-Gal B4GleB1°Cer

: nomenclature recommended by Svennerholm (207).
2: NeuAc, N-acetylneuraminic acid. For symbols for other monosaccharides, see the footnote of Table 1.
9. Although Neu5Ac@3Gal B4Cer does not belong to the ganglio-series of glycosphingolipids, it is

often referred to as GM4 ganglioside.
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Fig. 2. Biosynthetic pathway of sphingolipids in mammalian cells.

3). Ceramide is also converted to galactosylceramide (GalCer)
at the lumen of the ER, and GalCer is sulfated (to form the
sulfatide I*-sulfo-GalCer) or further glycosylated (Fig. 3).
Note that the acyl chain of ceramide used for GalCer synthe-
sis is predominantly «-hydroxylated. After the synthesis,
these complex sphingolipids are ultimately delivered to the
plasma membrane. SM and GlcCer are ubiquitously produced
in mammalian tissues, while substantial production of GalCer
occurs in limited types of tissues such as the brain and kidney.
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3. Sphingolipids act as membrane receptors of
various pathogens

3-1. Receptors for protein toxins

3-1-1. AB toxins

The AB toxins are protein toxins consisting of two different
types of subunits: enzymatically active A-subunits and
receptor-binding B-subunits. Some members (e.g., cholera
toxin and Shiga toxin) of this group have A- and B-subunits at
a molecular ratio of 1 to 5, and, therefore, are sub-classified
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Fig. 3. Biosynthetic pathway of glycosphingolipids in mammalian cells. GIcT, glucosyltransferase; GalT, galactosyltransferase;
SAT, sialyltransferase; GaINAcT, N-acetylgalactosamine transferase.

as AB; toxins. After the binding of the B-subunits to their
specific receptors, AB; toxins are internalized into host cells,
and transported through the Golgi apparatus to the ER (21,22).
Then, the A-subunits of the toxins are released from the ER
into the cytoplasm, and exert their cytotoxic biochemical
reactions. For example, the A-subunits of cholera-like toxins
(CLTs) catalyze NAD-dependent ADP-ribosylation of various
target proteins. ADP-ribosylation of the @-subunit of the
trimeric GTP-binding protein G, activates adenyl cylase,
leading to an increase in cAMP levels that triggers events
responsible for enterotoxicity like severe diarrhea. The A-
subunits of Shiga-like toxins (SLTs) catalyze de-glycosylation
of 288 ribosomal RNA, thereby inhibiting protein synthesis
and ultimately killing host cells.

3-1-1-1. CLTs

Cholera toxin and Escherichia coli heat-labile enterotoxin
are over 80% identical at the amino acid sequence level, and
closely resemble each other in overall three-dimensional struc-
ture (23-26). The ganglioside GM1 serves as the primary
receptor for CLTs (27,28). An artificial high-affinity ligand
that antagonizes the recognition of GM1 by CLTs was designed
(20).

3-1-1-2. SLTs

Shiga toxin and its close relative Verotoxins cause not only
hemorrhagic colitis but also hemolytic uremic syndrome
(HUS) (29,30). A high-affinity receptor for these SLTs is the
globotriaoside Gb3Cer (31-33). Gb3Cer is the primary
receptor for SLTs, because Gb3Cer-less and SLT-insensitive
lymphoid cells become SLT-sensitive once exogenous Gb3Cer
is incorporated into their membrane (34). Moreover, it has
recently been demonstrated that Gb3Cer-less mutant mice
because of the disruption of the @ 1,4-galactosyltransferase gene
for the synthesis of globo-series GSLs, exhibit a complete
SLT-resistance (35).
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The incidence of HUS after infection with SLT-producing
E. coli is age-dependent: high in young children, but low in
adults (30). It has been suggested that the age-related inci-
dence of HUS is due to the higher level of expression of
renal Gb3Cer in the child than adult (30). On the other hand,
a recent study showed no significant age-related difference
in the Gb3Cer level in the human kidney, suggesting that
factors other than basal renal Gb3Cer expression account for
age-related HUS (36).

SLT-binding specificity is attributable to the terminal
carbohydrate moiety of Gb3Cer (30,31). Nevertheless, the
hydrophobic ceramide portion is also important for binding
toxin, because replacing the ceramide moiety of Gb3Cer with
diacylglycerol results in loss of SLT binding (33), and differ-
ent molecular species of Gb3Cer with different acyl chains
show a different affinity and capacity for binding SLT (37).

Various Gb3Cer-mimicking compounds can bind SLTs. For
the ultimate purpose of preventing HUS, artificial Gb3Cer-
like compounds (38,39) and recombinant bacteria express-
ing Gb3Cer-like glycolipids (40) have been developed as
absorbers of SLTs released in the gut.

3-1-1-3. Tetanus and botulinum neurotoxins

Clostridium tetani neurotoxin and C. botulinum neurotoxin
type A and B are generally classified as AB toxins, although
these neurotoxins contain an additional domain for trans-
locating them across the membrane, different from CLTs
and SLTs. After translocation into the cytosol, the catalytic
domain with the activity of Zn*-dependent protease cleaves
specific proteins involved in the exocytosis of neurotrans-
mitters. Several gangliosides act as receptors for the tetanus
and botulinum neurotoxins (41-43). Gangliosides are likely
the primary receptors, even if they are not essential receptors,
for the neurotoxins in vivo, because mice lacking complex
gangliosides due to a disrupted GM2/GD2 synthase gene



(GaINACcT gene in Fig. 3) exhibit less sensitivity to tetanus
and botulinum toxins, compared with wild-type control mice
(44). In contrast, a glycolipid-null mutant cell line is still
sensitive to ricin, a plant AB toxin that binds both GSLs and
glycoproteins with terminal galactose (45).

3-1-2. Non-AB toxin

Delta-toxin is a hemolytic toxin secreted by Clostridium
perfringens. The mechanism of delta-toxin-induced hemolysis
remains unknown. GM2 or a GM2-like structure acts as a
receptor for delta-toxin (46,47).

3-2. Receptors for viruses

3-2-1. Human immunodeficiency virus type 1 (HIV-1)

Although the CD4 molecule is the principal cellular re-
ceptor for HIV-1, several CD4-negative cell lines including
intestinal and neuronal cell lines can be infected by some
HIV-1 strains. Thus, a CD4-independent route(s) of cell
infection for HIV-1 must exist. GalCer and/or its sulfated
form (sulfatide) act as an alternate receptor for HIV-1 in CD4-
negative cells including human U373-MG glioma and SK-
N-MC neuroblastoma cells (48), and human colon epithelial
HT29 cells (49). The HIV envelope glycoprotein gp120
efficiently binds GalCer/sulfatide, but not other GSL types
(48,50).

The GalCer-binding site of gp120 was previously suggested
to be located at amino acid 206-275 of the C2 region (50).
However, recent studies showed that the GalCer-binding site
in HIV-1 is located in the V3 loop of gp120. First, antibodies
against the V3 loop inhibit interaction between GalCer and
gp120 and block HIV-1 infection of CD4~ and GalCer" intes-
tinal HT-29 cells (51). Second, synthetic multimeric peptides
derived from the V3 loop domain can bind GalCer and block
the HIV-1 infection of HT-29 cells (52). Third, synthetic
soluble analogs of GalCer bind the V3 loop domain and
inhibit the HIV-1 infection of HT-29 cells (53). Notably, one
of the soluble GalCer analogs inhibits the HIV-1 infection of
CD4" T-lymphoblastoid C8166 cells, probably by binding
to the V3 loop domain, which is also an essential domain
for CD4-dependent infectivity of HIV-1 (53). Polysulfated
galactose-derivatized dendrimers also inhibit infection by
various HIV-1 isolates in vitro (54).

The expression of GalCer is not enough to render CD4~
cell types HIV-1-infectable. HIV-1 infection of HT-29 cells
is blocked by both anti-GalCer antibody and anti-CXCR4
antibody (55), suggesting that the CXCR4 co-receptor is also
required for the GalCer-dependent pathway of HIV-1 infec-
tion in HT-29 cells.

When HIV-1 particles are internalized from the apical
surface of epithelial cells via a GalCer-dependent pathway,
the particles are often exocytosed from the basolateral side
without viral fusion with membranes of host cells (56). To
enter the pathway for nondegradative translocation across a
cell, so called ‘transcytosis’, virus particles bound to GalCer
use CCRS, not CXCRA4, as a co-receptor (57). Primary intes-
tinal jejunal epithelial cells express GalCer and CCRS, but
not CXCR4 (57). Thus, in HIV-1 infection across a mucosal
surface, GalCer™ and CCRS5™ epithelial cells of the mucosa
may selectively transmit CCRS5-tropic virus. This would
explain why HIV-1 isolated from acutely infected people
via a gastrointestinal route is predominantly CCRS5-tropic,
even when both CCRS5- and CXCR4-tropic viruses are
inoculated onto the mucosa (57). The GalCer-dependent HIV-
1 transcytosis is inhibited by depleting cholesterol from host
cells, suggesting that it is mediated by lipid-rafts (58) (as for
lipid-rafts, see below, Section 5).
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3-2-2. Influenza virus and others

Influenza virus enters cells by clathrin-dependent and
receptor-mediated endocytosis followed by low pH-triggered
fusion between viral and endosomal membranes (59).
Influenza virus specifically binds sialoglycoproteins and
sialoglycosphingolipids, both of which contain neuraminic
acid (its alternative name is sialic acid) as the terminal sugar
residue of oligosaccharide chains, on the host cell surface
(60,61). Enzymatic removal of cell-surface sialic acids of
target cells blocks influenza viral infection, indicating
that sialooligosaccharides are required for the infection (62).
However, influenza virus was shown to infect a GSL-less
mutant cell line as well as its parental cell line, suggesting
that the virus uses sialoglycoproteins for infection (63).

Specific gangliosides serve as membrane receptors for
murine polyoma virus and simian virus 40 (64,65), both
of which are not clinical pathogens of humans. Although
many types of viruses infectious to humans exploit host cell
glycoconjugates as membrane receptors, the issue of whether
GSLs are indeed crucial for infection has been addressed in
only a few types of viruses. For more details about carbohy-
drates as virus receptors, please see other reviews (66,67)
and references therein.

3-3. Receptors for bacteria and fungi

3-3-1. Fimbriated E. coli

E. coli expresses many types of fimbrial adhesins, which
can be divided into different groups by their affinity for
specific receptor structures. For example, P fimbrial adhesins
bind Gala 4GalB, type I adhesins bind mannosides, S
fimbrial adhesins bind NeuAca3GalB, and M fimbrial
adhesins bind glycophorin A.

3-3-1-1. P-fimbriated E. coli

In uncomplicated cystitis and pyelonephritis, the most
common pathogen is E. coli (~80% of cases) (68,69). The
most prevalent and pathogenically important £. coli in un-
complicated pyelonephritis is P-fimbriated E. coli (68). The
P fimbriae bind the globo-series of GSLs such as Gb3Cer
and Gb4Cer (70,71). The crystal structure of a binary com-
plex of the PapG subunit (which is the GSL-binding subunit
of the P fimbriae [72,73]) and a globoside analog has been
reported (74). When mice were fed with the GSL biosynthe-
sis inhibitor N-butyldeoxynorijimycin, they showed decreases
not only in levels of GSLs but also in the susceptibility to
experimental urinary tract infection with P-fimbriated E. coli
(75), showing that GSLs are indeed functional receptors for
P-fimbriated E. coli in vivo.

3-3-1-2. F1C-fimbriated E. coli

About 10% or more of all uropathogenic E. coli strains
express F1C-fimbriae (76). The F1C fimbriae, which are
members of the S fimbria super family at the amino acid
sequence level, also bind various GSLs. A previous study
reported that the F1C fimbriae bound various GSLs such as
GlcCer, GalCer, LacCer, Gb3Cer, and Gg4Cer (77). But, a
more recent study reported that the F1C fimbriae specifically
bound GalCer and Gb3Cer with the ceramide portion
consisting of phytosphingosine and hydroxy fatty acids (78).
The reason for the discrepancy in selectivity between the
different studies is unclear.

3-3-1-3. S-fimbriated E. coli

S-fimbriated E. coli is a major cause of acute bacterial
meningitis in neonatal infants (79). The S-fimbrial adhesins
consist of four subunits, SfaS, SfaA, SfaG, and SfaH. SfaS
has a lectin-like activity to bind NeuAca 3Gal 3 -containing
glycoproteins (80), and this activity is important for specific



binding of the S fimbriae to lumenal surfaces of the vascular
endothelium in the neonatal rat brain (81). Curiously, S-
fimbriated E. coli can also bind GalCer, LacCer and sulfatide,
and the binding activity toward these GSLs is attributed to
SfaA, not to SfaS (82).

3-3-2. Various pulmonary pathogenic bacteria

Pseudomonas aeruginosa infection in the lung is a leading
cause of death of patients with cystic fibrosis (83). Krivan et
al. reported that P. aeruginosa and P. cepacia isolated from
cystic fibrosis patients bind specifically Gg3Cer and Gg4Cer
(both of which contain the GalNAc4Gal sequence) among
various GSLs (84). They also found that more bacteria
(Haemophilus influenzae, Staphylococcus aureus, Strepto-
coccus pneumoniae, and Klebsiella pneumoniae) found in
cystic fibrosis can bind GaINAc4Gal-containing GSLs (85).
However, Feldman et al. have suggested that the flagellin-
mediated binding of P. aeruginosa to epithelial GSLs plays
only a minor role in pulmonary infection (86).

Bordetella pertussis is a human respiratory pathogen.
Whereas both virulent and non-virulent B. pertussis strains
bind Gg3Cer, only the virulent strains bind the sulfatide
I*-sulfo-GalCer in bacteria-lipid overlay assays (87). The
attachment of virulent B. pertussis cells to cultured human
colon adenocarcinoma WiDr cells and hamster trachea cells
is partially inhibited by some sulfated compounds, suggest-
ing that sulfatide on the host cell surface acts as a virulence-
relevant receptor for B. pertussis (87).

Mycoplasma pneumoniae is a small prokaryotic parasite
of the human respiratory tract and the etiologic agent of primary
atypical pneumonia. M. pneumoniae appears to exploit at least
two distinct molecules of the host cell surface as receptors:
glycoproteins containing terminal NeuAc @ 3Gal B4GIcNAc-
sequences (88), and GSLs containing terminal Gal(3SO,) 8 1-
residues (89).

3-3-3. Helicobacter pylori

The Gram-negative bacterium H. pylori is an etiologic agent
of chronic active gastritis, peptic ulcer disease, and gastric
adenocarcinima. H. pylori has a stringent host range and
tissue tropism, and requires human gastric epithelium for colo-
nization. Although H. pylori was shown to bind to diverse
membrane components including various GSLs in vitro (see
[30,90-92] and references therein), it remains controversial
whether these interactions are really relevant to the coloniza-
tion of H. pylori in the human stomach. A few specific
adhesins of H. pylori have been identified to date: BabA
protein acts as an adhesin for the Lewis b blood group
determinant (expressed on both GSLs and glycoproteins)
(93), and SabA protein as an adhesin for sialyl-dimeric
Lewis x NeuAca3Gal34(Fuca3)GleNAcB3Gal B4(Fuca3)
GlcNAcB3Gal B4Gle B 1Cer (94).

3-3-4. Candida albicans

C. albicans is an opportunistic fungal pathogen. It is likely
that C. albicans expresses multiple adhesins with different
receptor specificity in adhering to the host cell. Brennan et al.
showed, for the first time, evidence that LacCer is a possible
receptor for various fungi including C. albicans (87). Two
other research groups, however, reported that they failed to
detect any affinity of C. albicans fimbriae for LacCer (95,96).
Moreover, one of the latter two research groups reported that
the C. albicans fimbriae interacted with the asialogangliosides
Gg3Cer and Gg4Cer (95), while the other reported that
fucose-containing GSLs, rather than asialogangliosides, acted
as receptors for C. albicans (96). The fimbriae from different
C. albicans strains may have different glycolipid specificity.
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4. Sphingolipids involved in pathogen-induced
signaling

4-1. Signaling induced by pathogen-mediated cluster-

ing of sphingolipids

Clustering of cell surface sphingolipids often induces
intracellular signaling events. Hence, when a pathogen-derived
ligand has multivalent binding sites for its sphingolipid
receptor, it may trigger signaling responses in host cells. Such
responses would play important roles in pathogen-infection
and/or host cell-defense.

The receptor binding B subunit of SLTs forms a pentamer.
Although the B subunit of SLTs has no direct cytotoxic
biochemical activity (see Section 3-1-1), the B subunit alone
can induce apoptosis in Burkitt’s lymphoma cells, as Gb3Cer
ligation with an anti-Gb3Cer antibody can do (97,98). Both
anti-Gb3Cer antibody and Shiga toxin can also activate yes,
a src-family kinase in the human renal tubular ACHN cell
line (99), although the apoptotic signaling pathway triggered
by SLT-binding to Gb3Cer is likely distinct from the pathway
triggered by anti-Gb3Cer antibodies (100).

Besides causing watery diarrhea, cholera toxin has the
ability to enhance mucosal immunity and acts as a potent
adjuvant (101,102). The activation of antigen-presenting cells
by cholera toxin requires host cell GM1 ganglioside and also
both the B-subunit and the ADP-ribosyltransferase-active A-
subunit of the toxin (103), indicating the requirement of
internalization of the holo toxin in antigen-presenting cells
for exerting its adjuvant activity. Nevertheless, when antigen
peptides are covalently linked with the cholera toxin B
subunit, the conjugated antigens (even without the A subunit)
can effectively promote antigen presentation and increase
CD40 and CD86 expression on antigen-presenting cells (104).
Molecular mechanisms underlying the modulation of immuno
responses by cholera toxin have not been well elucidated.

The Gram-negative bacterium P. aeruginosa binds to the
host cell receptor Gg4Cer (asialoGM1) through flagellin, a
major structural component of the bacterial flagella (86) (see
also Section 3-3-2). Ligation of Gg4Cer by the P. aeruginosa
flagellin triggers the release of ATP from the host cell,
followed by autocrine activation of a nucleotide receptor,
which is linked to transcriptional stimulation for mucin pro-
duction (105).

4-2. Ceramide production in response to infection

When infected by several specific pathogens, host cells
produce more ceramide. Neisseria gonorrhoeae invades non-
phagocytic epithelial cells after binding to heparansulfate
proteoglycan receptors. At an early stage in the invasion, the
acid sphingomyelinase (SM-phospholipase C with its optimal
pH in an acidic range; ASMase) of host cells is activated,
and ceramide is produced (106). ASMase-deficient mutant
fibroblasts are impaired in N. gonorrhoeae-induced ceramide
production and entry processes (106). The activation of
ASMase is also involved in CEACAM-receptor-mediated
infection by N. gonorrhoeae of human phagocytes (107).
These studies indicated that the activation of ASMase in host
cells plays a crucial role in N. gonorrhoeae infection.

The production of ceramide along with the activation of
ASMase also occurs at an early stage after infection by P.
aeruginosa (which exploits GSLs as membrane receptors as
described in 3-3-2). The production of ceramide is important
not only for the internalization of P. aeruginosa into host cells,
but also for host defense, because, when infected with P.
aeruginosa, ASMase-deficient mutant mice undergo more



severe inflammatory responses (e.g., interleukin [IL]-1/3
secretion and septic death) than do control mice (108).

Uropathogenic P-fimbriated E. coli cells, which employ the
globo-series of GSLs as membrane receptors (see also 3-3-1-
1), elicit an IL-6 secretion response in mucosal cells. During
this response, production of ceramide and ceramide-1-
phosphate is induced in the host cells (109). The production
of ceramide occurs upstream of the activation of serine/
threonine kinase(s) in an IL-6 response cascade (109). The
production of ceramide in response to P-fimbriated E. coli
infection results from enhanced breakdown of the receptor
GSLs, not SM (110), different from N. gonorrhoeae and P.
aeruginosa infections, which are accompanied by SM break-
down.

The obligatory intracellular parasite Leishmania donovani
is the causative agent of visceral leishmaniasis. L. donovani
down-regulates immune responses of host animals, and this
immune down-regulation is likely required for intracellular
survival of the parasite. L. donovani infection induces the
accumulation of de novo synthesized ceramide in invaded
macrophages (111). Intracellular survival of L. donovani is
repressed by treatment of host macrophages with fumonisin
B1, an inhibitor of de novo ceramide synthesis, and this
survival repression is partly rescued by co-treatment with the
ERK inhibitor PD98059 (112). Because ERK activation is
important for immune responses such as the activation of AP-
1 and NF-kB and the generation of NO, the ceramide-
mediated inhibition of the ERK cascade would be the mecha-
nism of down-regulating immune responses in L. donovani-
infected macrophages (112).

4-3. GSL-mediated signaling with transmembrane co-

receptors

Although GSLs are embedded only in the half leaflet of
lipid bilayers of membranes, ligand-binding to GSL receptors
often triggers intracellular signaling events. To transduce the
ligand/GSL association signal occurring at the cell surface
into the cytosol, transmembrane co-receptors are postulated
to be involved.

In the signaling pathway in response to the endotoxin
lipopolysaccharide (LPS), the glycosyl phosphatidylinositol
(GPI)-anchored protein CD14 serves as the primary LPS-
binding membrane receptor, and toll-like receptor 4 (TLR4)
is a transmembrane co-receptor responsible for transducing
the LPS stimulus into the cytosol (113-115). P-fimbriated E.
coli, but not papG-deleted E. coli, can trigger strong inflam-
matory responses in CD14-negative epithelial cells in a TLR4-
dependent manner (116-118). Therefore, P-fimbriae E. coli
cells bound to the GSL receptor are likely able to present
their own LPS to the TLR4 co-receptor without CD14.

5. Sphingolipids for the formation of detergent-
resistant membrane domains, lipid-rafts

In biological membranes, different lipid species are asym-
metrically distributed over the exoplasmic and cytoplasmic
leaflets of the membrane. For example, complex sphingolipids
are preferentially distributed to the exoplasmic leaflet, while
acidic glycerophospholipids such as phosphatidylserine and
phosphatidylinositol are mainly distributed to the cytoplas-
mic leaflet. Although lipid bilayers of biological membranes
are principally fluid at physiological temperatures, the lipids
can also be organized in the lateral dimension. The best-
investigated of the lateral lipid organizations are the choles-
terol/sphingolipid-enriched membrane domains (13-15,17).
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Fig. 4. Structures of sphingolipid, cholesterol, and glycerophospholipid.
Cholesterol can be packed more intimately and therefore makes a
stronger van der Waals interaction with sphingolipids than with
glycerophospholipids. Acyl chains of mammalian glycerophospholipids
at the sn-2 position are principally unsaturated fatty acids with one
or more double bonds of the cis configuration. Fatty acids in the
phosphatidylinositol moiety of some, if not all, GPI-anchored proteins
are remodeled to saturated types during maturation (204), thereby
making GPI-anchored proteins interact with cholesterol/sphingolipid-
enriched membrane domains.

For reasons of molecular packing, cholesterol interacts more
strongly with saturated fatty acids than with unsaturated
fatty acids (Fig. 4). Fatty acids of sphingolipids are mainly
saturated fatty acids, while most glycerolipids in eukaryotes
have unsaturated fatty acids (Fig. 4). Hence, cholesterol,
sphingolipids, and proteins linked with saturated fatty acids
(e.g., GPI-anchored proteins and palmitoylated proteins) tend
to be clustered in membranes. This cluster is assumed to, at
least partially, reflect the biochemical observation that, when
cells are treated with non-ionic detergents like Triton X-100
at 4°C, these membrane components are selectively recovered
as insoluble complexes (15,16). Cholesterol/sphingolipid-
enriched membrane domains are thus referred to as detergent-
resistant membrane domains (15), and also as lipid-rafts (13).
Caveolae (caveolin-coated pits of the plasma membrane)
are probably a subset of cholesterol/sphingolipid-enriched
detergent-resistant membrane domains (14). These terms have
not actually been settled, because of spatio-temporal varia-
tions of the lipid membrane domains. Nevertheless, for sim-
plicity, I here use the term lipid-rafts to represent cholesterol/
sphingolipid-enriched detergent-resistant membrane domains.

Lipid-rafts are very small (<10 nm in diameter) and
transient in resting-state cells (119,120). In response to
specific stimuli, each raft gathers to form large and stable
lateral domains, which serve as platforms for transmembrane
signaling and membrane trafficking (119-122). Lipid-rafts
can also be platforms for signaling during infection at the
surface of the host cell, and may guide pathogens to their
niches in host cells (67,123-125), because many receptors
for pathogens are raft components (e.g., GSLs, and GPI-
anchored proteins) as described above, and because a raft-
dependent and clathrin-independent route of endocytosis does
not lead to lysosomal compartments. For more details on lipid
rafts in infectious diseases, please see previous reviews
(67,123-126) and references therein. In this section, I will



briefly introduce studies showing the functional importance
of sphingolipids in raft-mediated infection.

5-1. Conversion of prions to their pathogenic conformers

Transmittable spongiform encephalopathies such as scrapie
in sheep, bovine spongiform encephalopathy and Creutzfelt-
Jacob disease in humans are caused by prions, protenaceous
infectious pathogens (127). Prions have two distinct con-
formational isoforms: the normal prion protein PrP¢, and
its pathogenic isoform PrP% with a [3-sheet-rich abnormal
conformation (127). Both forms have a GPI-anchor moiety
and are preferentially distributed to lipid-rafts (128). Interest-
ingly, depletion of cellular sphingolipids by using metabolic
inhibitors enhances the conversion of PrP° to PrP%¢ in
cultured neuroblastoma cells (129), while depletion of cellular
cholesterol inhibits the conversion (130). We previously showed
that sphingolipid deficiency renders GPI-anchored proteins
hypersensitive to exogenous phosphatidylinositol-specific
phospholipase C, suggesting that sphingolipid deficiency
increases the mobility of GPI-anchored proteins at the plasma
membrane (131). This would be relevant to the enhance-
ment of PrP¢ -to-PrPS¢ conversion on sphingolipid depletion.
Purified infectious prion rods contain host-derived SM and
GalCer (132), supporting the possible interaction of prions
with sphingolipids.

As described in section 3-2-1, the V3 loop of the HIV-1
gp120 has a GalCer-binding domain. Structural similarity
searches suggested the presence of a V3-like sphingolipid-
binding domain also in prions and Alzheimer -amyloid
peptide (133). Several studies have shown that sphingolipids
affect the biogenesis and accumulation of Alzheimer -
amyloid peptide (134-137).

5-2. Induction of efficient entry of anthrax toxin

Anthrax toxin is one of the two dominant virulence factors
produced by Bacillus anthracis. After binding to a plasma
membrane receptor (a widely expressed type | transmembrane
protein termed anthrax toxin receptor), anthrax toxin is inter-
nalized and exerts its deadly effects on the host cell. The
toxin’s oligomerization at the plasma membrane triggers clus-
tering of the membrane receptors within lipid-rafts (138). On
clustering, the toxin/receptor complex is efficiently endocytosed
via a lipid-raft-mediated clathrin-dependent pathway (138).
The clustering of the toxin receptor is inhibited by depleting
cholesterol or sphingolipids from host cells (138).

5-3. Invasion and intracellular growth of Chlamydia

Chlamydia spp. are obligate intracellular bacterial parasites.
C. trachomatis is the major cause of infectious blindness
worldwide and is the leading cause of sexually transmitted
diseases in the western hemisphere (139). C. trachomatis can
be subdivided into serological variants (serovars). Whereas
the entry of some C. trachomatis serovars into host cells is
independent of lipid-rafts, other C. trachomatis serovars, C.
pneumoniae and C. psittaci enter host cells via lipid-rafts
(140,141). In the parasitophorus vacuole of infected cells,
chlamydiae obtain cholesterol and sphingolipids from host
cells (142). Host cell-derived sphingolipids are required for
the intracellular growth of the C. trachomatis 1.2 serovar (143)
(which enters host cells in a lipid-raft-independent manner
[141]).

5-4. Contact and entry of Shigella

The enteroinvasive bacterium Shigella causes an acute in-
flammatory bowel disease. One mode of contact of Shigella
flexneri with the host cell involves interaction between the
bacterial invasin protein IpaB and the host transmembrane
protein CD44. Not only CD44 but also raft markers (choles-
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terol and GPI-anchored proteins) of host cells are accumulated
at Shigella entry loci, and the bacterial entry is inhibited by
depleting cholesterol or sphingolipids from the host cells
(144). These results indicated that lipid-rafts are involved in
Shigella binding and entry (140).

To induce invasive engulfment of bacteria in host cells,
Shigella has to secrete bacterial effectors into the host cell
plasma membrane and cytosol though a functional type III
secretion system (TTSS). TTSS is activated by contact of
Shigella with lipid-rafts, and the TTSS activation is depend-
ent on both cholesterol and sphingolipids, but not CD44, of
host cells (145).

5-5. Entry of type 1-fimbriated E. coli into bladder

epithelium

Type 1-fimbriated E. coli is the most common human
uropathogen, owing much of its virulence to invasion of the
uroepithelium. Uroplakin, a membrane receptor for type
1 fimbriae, is located in lipid-rafts (146). Invasion of this
bacterium into bladder epithelium likely occurs via caveolin-
enriched lipid-rafts, because the bacterial entry is inhibited
by reduction of caveolin-1, depletion of cholesterol, and mask-
ing of the raft component GM1 ganglioside with the cholera
toxin B subunit (146).

5-6. Modulation of translocation of diphtheria toxin

across membranes

Diphtheria toxin (DT), which is produced by Coryne-
bacterium diphtheriae, belongs to the AB-type toxin (147).
The membrane receptor of DT is a heparin-binding EGF-
like growth factor precursor. After endocytosed into acidic
endosomes, DT exposes a hydrophobic loop of its B-subunit.
This loop inserts into the endosome membrane, forms an
ion channel, and facilitate translocation of the cytotoxic A-
subunit (which catalyzes ADP-ribosylation of elongation
factor 2) to the cytosol (147). A recent study showed that
depletion of sphingolipids in host cells augments the sensi-
tivity to DT intoxication, and that sphingolipids of host
membranes may modulate translocation of DT across the
membranes (148). Cholesterol increases the apparent pore
size formed by DT in artificial membranes (149). Thus,
sphingolipids, in concert with cholesterol, might affect DT
translocation across cellular membranes.

6. Sphingolipid/cholesterol-dependent but raft-
independent fusion of Semliki Forest virus (SFV)
and Sindbis virus (SIN)

The lipid-raft model is a prevailing concept in membrane
biology. However, lipid-rafts do not mediate all processes
that depend on both cholesterol and sphingolipids. For several
types of enveloped viruses such as alphaviruses, membrane
fusion occurs when the virions are exposed to mildly acidic
pH, which is physiologically attained in endosomes (150).
The acidic pH induces conformational changes in the viral
envelope protein, and triggers the fusion of the viral and
host endosomal membranes (150). Membrane fusion of the
alphavirus SFV and SIN requires both cholesterol and
sphingolipids in target membranes (151,152). Both the enve-
lope protein E1 and E1* peptide (a soluble ectodomain of
E1) of SFV interact with target membranes, dependent on a
low pH, cholesterol and sphingolipids, and form highly stable
homotrimers for fusion (153,154). Although E1* is selectively
associated with detergent-resistant membranes, depending
on the proposed fusion peptide region in E1 and cholesterol
of target membranes (155), several lines of evidence have



indicated that cholesterol and sphingolipids act as distinct
co-factors, rather than as structural constituents of lipid-rafts,
to modulate E1 conformational changes. First, the level of
sphingolipid required is very low (1-2 mol% of target mem-
brane lipids) (153). Second, the fusion of SFV and SIN with
target membranes can occur even when the target membranes
do not form detergent-resistant domains (156). Third, a spe-
cific E1 mutation enables SFV to fuse with target membranes
in a cholesterol-independent manner, although this mutation
does not confer a sphingolipid-independence to the virus,
suggesting different roles for cholesterol and sphingolipids
in viral fusion (157). In addition, whereas the natural C,4-D-
erythro ceramide and its short chain analogs can support the
fusion in model membranes, unnatural stereoisomers of C,4-
ceramide can not (158,159). The sterol androstanol that does
not produce detergent-resistant membranes can replace
cholesterol for E1*-membrane interaction (155). Collectively,
these studies strongly suggest that SFV and SIN do not
require lipid-rafts for fusion with target membranes, and that
the cholesterol- and sphingolipid-dependence is through direct
modulation of E1.

7. Sphingolipids in postinfectious auto-immune
diseases

7-1. Guillain-Barré syndrome (GBS)

Since poliomyelitis has been almost completely eliminated,
GBS is the most frequent cause of acute neuromuscular
paralysis throughout the world. GBS is often (more than 60%
of cases) preceded by various infections. The most frequent
infectious pathogen associated with GBS is Campylobacter
Jjejuni, a major cause of bacterial enteritis (160-162). C. jejuni
has cell envelope LPSs with glycoconjugate structures iden-
tical or similar to those of nerve cell gangliosides (163). Due
to this antigenic identity or mimicry, immunization by C.
Jjejuni LPSs may produce antibodies capable of attacking
host tissues expressing the cross-reacting gangliosides. Ac-
tually, antibodies that react with GM1 and closely related
gangliosides (such as GM1b and GD1a) are detected in more
than the half of patients with C. jejuni-associated GBS (160-
162). Yuki et al. recently demonstrated that, on sensitization
with isolated C. jejuni LPS, rabbits developed not only anti-
GM1 IgG but also pathological changes virtually identical to
GBS (164).

The second most frequent infectious pathogen associated
with GBS is cytomegalovirus (CMV) (160-162). Although
antibodies reacting with the ganglioside GM2 have been
observed in CM V-associated GBS (165,166), their pathogenic
relevance remains controversial (167). Because CMV unlikely
has any GM2-like epitopes, up-regulation of GM2 expres-
sion in host cells after CMV infection might result in the anti-
GM2 antibody production (168).

7-2. Miller-Fisher syndrome (MFS)

MEFS, a variant of GBS, is characterized by the acute onset
of ophthalmoplegia, ataxia, and areflexia (160-162). Various
infections also precede MFS. Nearly all MFS patients have
antibodies reacting to the ganglioside GQ1b or GT1a in the
acute phase (162,169). GQ1b-like epitopes seems to exist in
LPSs of C. jejuni strains isolated from MFS patients with
anti-GQ1b antibody (170). In human tissues, GQ1b is densely
localized in the paranodal regions of cranial nerves that
innervate the ocular muscles (169,171). This might explain
the close association between anti-GQ1b antibodies and
ophthalmoplegia in MFS.
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8. Self-ligands for CD1d-restricted natural killer
T (NKT) cells

NKT cells, a sub-population of T cells that express a
rearranged antigen-specific T cell receptor (TCR) and natu-
ral killer cell markers such as CD161 simultaneously, are
involved in the regulation of various immune responses
including autoimmunity, cancer, and infectious diseases (172,
173). A major subset of NKT cells expresses an invariant TCR
@ -chain rearrangement with a very limited range of TCR
B-chains (Va 14-Ja 18 with V38.2 in mouse, and V@24-
Ja 18 with V11 in human) (172,173). The major NKT
cells with the invariant TCR arrangement (iNKT cells)
recognize glycolipid antigens presented by CD1d, a major
histocompatibility complex (MHC) I-like molecule, unlike
conventional CD4"/CD8" T cells activated by specific peptide
antigens bound to MHC class I or HMC class II molecules.

It has been thought that efficient iNKT cell development
requires appropriate self-lipid antigens presented on CD1d
though lysosomal compartments (172,173). @ -Galactosylcera-
mide (more correctly, @-galactosyl phytoceramide), which
was originally derived from a marine sponge, was found to
strongly activate CD1d-restricted iNKT cells (174). However,
no mammalian-derived @-galactosylceramide has been found
to date (mammalian GalCer is S-galctosylceramide, not
a-galactosylceramide). Zhou et al. recently revealed that
isoglobotriaosylceramide (iGb3Cer) is likely an endogenous
primary ligand for maturation of iNKT cells (175). They
demonstrated that mutant mice lacking B-hexosamidase, a
lysosomal enzyme responsible for degradation of iGb4Cer
to iGb3Cer, exhibit severe iNKT cell deficiency (176). In
addition, synthetic iGb3Cer, but not other related natural
GSLs, can serve as a ligand to potently activate mature CD1d-
restricted iNKT cells from both mouse and human (175).

The notion that iGb3Cer is a self-antigen to CD1d-restricted
INKT is also consistent with other recent studies. First, GlcCer
synthase deficiency, but not GalCer synthase deficiency,
in mouse cells impairs the ability for a CD1d-dependent
reaction to iNKT cells, whereas GlcCer itself can not be an
activator for CD1d-restricted iNTK cells, indicating that 3-
GlcCer derivatives, but not 3-GalCer derivatives, are likely
endogenous ligands for CD1d-restricted iNKT cells (177).
Second, disruption of the prosaposin gene (which encodes four
saposins, lipid-transfer proteins, crucial for de-glycosylation
of various GSLs in the acidic compartments) causes iNKT
deficiency in mice, indicating that saposins are involved in
the generation and/or loading of a natural thymic antigen(s)
for maturation of CD1d-restricted iNKT cells (176).

It should also be noted that CD1d-restricted NKT cells
might respond to more self-ligands, because a subset of NKT
cells proliferated when stimulated with the ganglioside GD3
(178). CD1d can bind a variety of mammalian lipids includ-
ing GSLs (179), phospholipids (179,180), and GPI (181,
182), although most of these endogenous lipids are unable to
activate CD1d-restricted NKT cells. See also ‘Additions in
proofs’ for microbial ligands that can activate CD1d-restricted
iINKT cells.

9. Sphingolipids in microbes as anti-infectious
disease targets

The enzymes involved in the early steps of sphingolipid
biosynthesis are well conserved. Such conserved enzymes
may not be good candidates for anti-microbial targets, because



of poor selectivity between pathogens and humans. However,
evolutionarily separated organisms produce different types
of complex sphingolipids, and thus, express different types
of enzymes, which can be rational anti-microbial targets.

9-1. Anti-fungal targets

Polar head groups of complex sphingolipids differ quite
extensively between mammals and fungi. In fungi, the pre-
dominant complex sphingolipids are inositol phosphoceramide
(IPC) and its mannosylated derivatives (4), which are absent
in mammalian cells. A key enzyme for the synthesis of fungal
sphingolipids is IPC synthase (IPCS), which catalyzes the
transfer of a phosphoinositol group from phosphatidylinositol
to ceramide or phytoceramide (4). No homologs of IPCS are
encoded by the human genome. The indispensability of the
IPCS gene for fungal growth was initially demonstrated in
the budding yeast Saccharomyces cerevisiae (183). The fun-
gal toxicity that results from the blocking of IPCS is largely
attributed to accumulation of the precursor ceramide, because
conversion of IPC to more complex glycolipids is not essen-
tial for the growth of S. cerevisiae (184,185), and partial
inhibition of the de novo synthesis of ceramide can reduce
the cytotoxic effects on fungi of inhibiting IPCS (183,186).

Three types of natural inhibitors of [PCS with quite different
structures have been discovered to date: they are aureobasidin
A (183), khafrefungin (187) and rustmicin (188), all of which
show anti-fungal activity toward not only S. cerevisiae but
also various pathogenic fungi including C. albicans and
Cryptococcus neoformans in vitro (183,187-191). Of note,
whereas the IPCS activity in lysate of Aspergillus fumigatus
cells is sensitive to these IPCS inhibitors, the growth of
A. fumigatus in culture is resistant to them (183,187,188,
192). This is likely due to efficient efflux of the drugs from
A. fumigatus, because inhibitors of a multidrug efflux pump
rendered A. fumigatus sensitive to aureobasidin A (192).

Compulsory down-regulation of IPCS in C. neoformans
markedly impaired the pathogenecity of C. neoformans in a
rabbit model, and also decreased the intracellular growth of
C. neoformans in J774.1 murine macrophage-like cells (193).
In spite of these results, no IPCS inhibitors have been devel-
oped into actual clinical drugs to date, implying that they
have crucial drawbacks. New types of IPCS inhibitors are
desired.

9-2. Anti-protozoan targets

Plasmodium falciparum is responsible for the most viru-
lent form of malaria, which remains a major cause of human
deaths in tropical and subtropical areas. Lipid metabolism
has gathered attention as an anti-malarial target (194,
195). Pharmacological analysis of plasmodial SM synthase
(SMS) suggested that P. falciparum has two types of the
enzyme: one is similar to mammalian SMS, the other is not
(196). The latter type of SMS seems to be essential for the
intraerythrocytic growth of the parasite in culture (196),
suggesting that its specific inhibitors may be potential anti-
malarial drugs. A plasmodial phospholipase C that hydrolyzes
SM and choline-containing lyso-phospholipids (including
sphingosylphosphocholine, lyso-phosphatidylcholine, and
lyso-platelet activating factor) may also be a target for
anti-malarial chemotherapy (197), although the structural
similarity between the plasmodial phospholipase C and its
mammalian counterparts is a drawback.

The kinetoplastid parasitic protozoa are the etiologic
agents of the leishmaniases (Leishmania spp.), Chaga’s
dieases (Trypanosoma cruzi), and African sleeping sickness
(Trypanosoma brucei). Various members of the kinetoplastid
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spp. synthesize IPC as a membrane-bound linker to some
cell-surface proteins, although it remains unknown if the
kinetoplastid spp. have homologs of fungal IPCS. Kinetoplastid
gene homologs of LCB1 and LCB2 subunits of serine
palmitoyltransfease (which is the enzyme responsible for the
initial step of de novo sphingolipid synthesis [3]) have been
identified (198,199). Interestingly, the L. major LCB2 sub-
unit is highly expressed at the non-infective and prolifera-
tive procyclic stage of the extracellular promastigotes,
but is strongly down-regulated at the infective and non-
proliferative metacyclic stage of the promastigotes and in
the intramacrophage amastigotes (198,199). LCB2 gene-
disrupted L. major cells remain viable even without discern-
ible sphingolipid metabolites at the procyclic stage (198,199).
However, the LCB2 gene-disrupted Leishmania can not
differentiate into the infective metacyclic form: the mutant
metacyclic form retains the ability to enter macrophages, but
does not survive in macrophages (198,199). In the mutant
Leishmania cells, glycoconjugates and membrane vesicles
are abnormally accumulated, suggesting that membrane traf-
ficking in Leishmania is affected by depletion of sphingolipids
(198-200). The predominant sphingolipid metabolite in
Leishmania is IPC, unlike in vertebrates (198,199). It has been
reported that aureobasidin A, a natural inhibitor for fungal
IPCS (see above), inhibited the synthesis of IPC in 7. cruzi
and impaired the in vitro differentiation of trypomastigotes
(corresponding to the bloodstream form) to amastigotes
(corresponding to the intracellular parasitic form) induced
by acidic pH (201). The metabolism of IPC may be a novel
target for anti-kinetoplastid protozoa treatment.

10. Conclusions and perspectives

Both sphingolipids and glycerolipids are ubiquitous con-
stituents of membranes in eukaryotes. Nevertheless, besides
their hydrophobic backbones, by which these two lipid groups
are defined, there are various differences between them.
Sphingolipids have a high level of diversity in their polar
head groups and have more saturated fatty acyl chains,
compared with glycerolipids. The subcellular localization
of complex sphingolipids (preferentially distributed to the
exoplasmic leaflet of the plasma membrane and the lysosomes)
differs from that of glycerophospholipids, which are the
predominant lipids in all organelles. In addition, expression
patterns of GSLs are highly dependent on types and develop-
mental stages of tissues in mammals. These distinct features
of sphingolipids appear to make this lipid group relevant to
various infectious diseases, as described in this review.

Various anti-bacterial drugs have been developed to date,
based on the different mechanisms of DNA replication, RNA
transcription, protein translation, and cell surface construc-
tion between prokaryotes and eukaryotes. By contrast, the
repertoire of clinical drugs against eukaryotic pathogens
remains poor, and more targets for anti-eukaryotic pathogens
have been sought. The metabolism of lipids is attractive in
this regard. Various lower eukaryotes produce various lipid
types that are essential for their own survival but absent in
mammals. Even if humans produce the same essential lipid,
the metabolic pathways for this lipid sometimes differ from
those in microbes.

Because various pathogens require sphingolipids of host
cells for infection, modulating sphingolipids in host cells
affects infection by the pathogens as summarized above. Thus,
the modulation of sphingolipids of host cells would be an anti-



infectious disease treatment, if it does not have significant
toxicity to humans. In this regard, it should also be noted that
treatment of various human CD4" cell lines with exogenous
long-chain ceramide or some pharmacological drugs, which
up-regulate the level of endogenous ceramide, inhibits infec-
tion by various HIV-1 strains without severe cytotoxity in
vitro (202). In addition, a previous study showed that treat-
ment of mouse macrophage-like J774A.1 cells with various
sphingolipids including ceramide, sphingosine, and SM
resulted in a significant decrease in intracellular growth of
infected Mycobacterium tuberculosis (203).

Finally, I would like to state that the importance of
metabolite-oriented research should be re-evaluated especially
in the field of infectious diseases. In the last decade, gene-
oriented research has prevailed among various fields of
biology, while the importance of the basic biochemistry of
metabolism has tended to be underestimated. Although there
is no doubt that genetics and genomics are powerful and
productive tools, they will not provide us with any conclusive
answers to questions about yet-uncharacterized metabolic
reactions and metabolites. The sound development of
molecular biology therefore will continue to require both
genetic and biochemical tools, and probably other novel tools.

Additions in proofs

During preparing proofs of this review article, two papers
that identified microbial ligands for CD1d-restricted iNKT
cells appeared (208, 209). The Gram-negative bacteria
Sphingomonas spp. have GSLs as cell envelope components
in place of LPS (210,211). @-Linked glucuronosyl and
galacturonosyl ceramides from Sphingomonas spp. were
found to activate CD1d-restricted iNKT cells (208,209).
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