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SUMMARY

Members of the CD1 family of antigen-presenting molecules bind and present a variety of

mammalian and microbial glycolipids for speci®c recognition by T cells. CD1 proteins accomplish

their antigen-presenting function by binding the alkyl chains of the antigens within a deep, hydro-

phobic groove on the membrane distal surface of CD1, making the hydrophilic elements of the

antigen available for contact with the variable regions of antigen-speci®c T-cell receptors. Most

models of CD1-restricted T cells function in infectious, neoplastic, or autoimmune diseases and are

based on the premise that CD1-restricted T-cell responses are initiated by alterations in cellular

glycolipid content. Although a growing number of self, altered self and foreign glycolipid antigens

have been identi®ed, the cellular mechanisms that could lead to the generation of antigenic

glycolipids within cells, or control the presentation of particular classes of altered self or microbial

glycolipids in disease states have only recently come under investigation. Here we review the

structures of known glycolipid antigens for T cells and discuss how the chemical nature of these

antigens, which is quite different from that of peptides, in¯uences their recognition by T cells.

INTRODUCTION

Research over the past two decades has ®rmly established the

mechanisms of peptide antigen presentation by the major

histocompatibility complex (MHC) class I and class II pro-

teins.1±3 The information gained from these studies has

provided important insights into the pathogenesis of human

diseases involving tissue transplantation, infectious diseases

and autoimmunity, and now forms the basis for most tar-

geted approaches to the development of vaccines and speci®c

immunotherapies. However, it is now clear that MHC/peptide

complexes are not the only targets of T-cell recognition. The

CD1 family of antigen-presenting molecules mediates pre-

sentation of a variety of cellular and microbial glycolipids to

antigen-speci®c T cells.

Glycolipids are not gene products, but their biosynthesis is

rigorously controlled by enzymatic pathways, resulting in a

myriad of structures that contain information about their

origin that may be useful to the immune system in the detection

of infected, stressed, or transformed cells. Yet, fundamental

differences between peptides and glycolipids in their mode of

synthesis, cellular traf®cking and biophysical properties require

the application of certain basic principles of lipid chemistry to

classical immunological paradigms of antigen recognition. This

review will summarize the structures of the known glycolipid

antigens for CD1-restricted T cells, and discuss how the

chemical nature of glycolipids impacts on the cellular mecha-

nisms by which they are loaded onto CD1 proteins and activate

T cells.

CD1±GLYCOLIPID ANTIGEN COMPLEXES

CD1 antigen-presenting molecules are transmembrane glyco-

proteins that are related in structure to MHC class I and

class II proteins, both in their primary amino acid sequences,

and in their overall domain organization (Fig. 1).4,5 The human

CD1 complex is encoded outside the MHC and consists of ®ve

genes, CD1A, CD1B, CD1C, CD1D and CD1E.6 Four of the

proteins encoded in this locus, CD1a, CD1b, CD1c, CD1d are

known to mediate T-cell activation by glycolipid antigens.4

CD1E is translated, but little is known concerning the function

of CD1e proteins.7,8 Shortly after the discovery of the CD1

locus by Calabi and Milstein, they classi®ed members of the

human CD1 gene family as belonging to either group 1 (CD1A,

CD1B, CD1C) or group 2 (CD1D) based on their predicted

primary amino acid sequences.9 Homologues of human group 2

proteins are conserved in all mammals studied to date, but

group 1 proteins are not found in rats or mice.

The structure of murine CD1, a homologue of human

CD1d, is known from crystallographic studies completed by
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Wilson and colleagues.5 The membrane distal a1 and a2

domains are organized into a b-sheet ¯oor that supports

a-helical domains, forming a groove structure that is at least

super®cially similar to the grooves found in MHC-encoded

antigen-presenting proteins (Fig. 1). However, the CD1 groove

is comprised of two large and deep pockets, Ak and Fk, rather

than a shallow one, so that the CD1 groove is much larger in its

overall volume, having a surface area of 1390 AÊ 2 compared to

approximately 850 AÊ 2 for a typical MHC class I groove. In

addition, the mCD1d groove is partially closed at the top and

at both ends, so that solvent molecules are thought to access

the interior of the groove only over a relatively narrow portal

above the Fk pocket. Importantly, the inner surface of the CD1

groove is lined almost exclusively by non-polar amino acids,

providing a hydrophobic surface for interaction with the

aliphatic hydrocarbon chains of the small amphipathic glyco-

lipids that it presents. Although human CD1 isoforms have not

yet been crystallized, they also contain a high percentage of

non-polar amino acids in the a1 and a2 domains, particularly

at locations that are predicted to line the interior of the groove

based on homology to murine CD1.4,5

The depth, enclosed nature and hydrophobicity of the

interior of the CD1 groove make it well adapted to carry out its

proposed function in antigen presentation by sequestering the

hydrocarbon chains of amphipathic glycolipids within the

globular head of the CD1 protein. Therefore, the free energy of

desolvation derived from the insertion of lipid tails into the

hydrophobic groove contributes to CD1 binding to glycolipids.

This contrast with peptides, which rely mainly on electrostatic

and hydrogen bonds for interactions with the shallow pockets

on the surface of MHC-encoded antigen-presenting molecules.

The ability of CD1 proteins to bind directly the glycolipids that

activate T cells has been demonstrated by eluting glycolipids

from cellular CD1 proteins and by in vitro assays of lipid

binding to recombinant CD1b and CD1d proteins.10±12 In

addition, CD1d-multimers loaded with glycolipid antigens

can directly bind to the surface of CD1d-restricted T cells,

providing strong evidence that CD1±glycolipid complexes are

the molecular targets of the T-cell response.13,14

Insertion of the aliphatic hydrocarbon chains of the antigen

into the hydrophobic CD1 groove is likely to position the rigid

and hydrophilic elements of the antigen on the a-helical surface

of the groove, so that they are available to interact with T-cell

antigen receptors.15,16 This mode of binding suggests that the

hydrophilic cap of the antigen, including the carbohydrate,

phosphate, or polar substitution of the lipid, are likely to

determine the speci®city of interactions of the antigen with

T-cell receptors (TCR). Consistent with this model, studies of

the ®ne speci®city of CD1b-, CD1d- and CD1c-presented

glycolipids con®rm that T cells can discriminate among glyco-

lipids that vary only in the orientation of a single hydroxyl on

the carbohydrate portion of the antigen.17±19

PRESENTATION OF SYNTHETIC

a-GALACTOSYLCERAMIDES BY CD1d

Perhaps the most extensively studied CD1-presented antigens

are a-galactosyl ceramide, a glycolipid that is naturally pro-

duced by marine sponges.19 This antigen was discovered by

Taniguchi and colleagues using a screen for compounds with

anti-tumour effects, and it was subsequently demonstrated that

it potently activated CD1d-restricted natural killer (NK)

T cells.19,20 The a-galactosyl-ceramide-reactive NK T-cell

population is of great interest because these T cells secrete

large amounts of interleukin-4 (IL-4) and interferon-c (IFN-c)

in the absence of prior priming, and are thought to regulate

early events in the generation of peptide antigen-speci®c

immune responses.21,22 Indeed, administration of a-galactosyl

ceramide as a pharmacological agent has potent effects in

models of tumour immunity, autoimmunity and infectious

diseases.20,23±28

Mammalian cells produce glycosyl ceramides (cerebrosides

and related compounds) that are related in structure to

synthetic a-galactosyl ceramide antigens (Fig. 2). However,

these natural mammalian glycolipids are not known to activate

NK T cells, a ®nding that contributes to the central biological

mystery of this system: what, if any, relationship does this

marine-sponge-derived glycolipid have with natural glycolipids

that may control NK T-cell responses in vivo?19 One hypo-

thesis is that a-galactosyl ceramide is structurally homologous

to an as yet undiscovered mammalian glycolipid that serves as

an intercellular signalling molecule for CD1d-expressing

antigen-presenting cells (APCs), allowing them to commu-

nicate with immunoregulatory NK T cells. Therefore, it is

useful to consider the precise molecular features of synthetic

a-galactosyl ceramides that distinguish them from non-

antigenic monoglycosyl ceramides naturally produced by

mammalian cells.

Natural mammalian monoglycosyl ceramides differ from

synthetic NK T-cell antigens in that the former are typically

composed of a sphingosine base, whereas the latter are

produced from phytosphingosines. That is, non-antigen

mammalian glycolipids have a double bond between C4 and

C5 rather than a hydroxyl group at C4 (Fig. 2). NK T cells

show little or no activation by synthetic analogues that lack the

hydroxyl groups at C3 and C4, demonstrating the functional

importance of this subtle chemical alteration on controlling

Figure 1. CD1±glycolipid complexes. The murine CD1d protein

crystal structure demonstrates that the a1 and a2 domains of the

CD1 heavy chain form a groove structure. The groove is lined by non-

polar amino acids, which render it able to bind the aliphatic

hydrocarbon chains of antigens, positioning the hydrophilic elements

of the antigen for direct contact with antigen-speci®c TCRs. Figures

are reprinted with permission from Blackwell Science Ltd and the

American Advancement of Science.5,15
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the T-cell response.19,29 A second chemical feature that

distinguishes non-antigenic mammalian ceramides from NK

T-cell antigens is the stereochemistry of the anomeric linkage of

the carbohydrate to the lipid (Fig. 2). Most mammalian glyco-

syl ceramides have carbohydrates that are b-anomerically

linked to the sphingosine base, whereas only a-linked synthetic

compounds have been shown to be stimulatory for T cells.19

Therefore, although the chemical structures of endogenous

ceramides for NK T cells are not known, these observations

suggest the possibility that cellular events which alter the

enzymatic pathways which control the oxidation and glycosyl-

ation state of glycosyl ceramides could serve as the initial

stimulus for NK T-cell activation in vivo.

TCR AND ANTIGEN VARIABILITY

Early studies of T-cell speci®city for glycolipid antigen demon-

strated that various CD1-restricted T-cell populations

recognized individual glycolipid antigens without cross-

reactivity.17,30,31 This implied that a clonally distributed

receptor on T cells mediates antigen recognition. More recent

studies have shown that T-cell recognition of glycolipid anti-

gens can be conferred by insertion of certain TCR chains

into the germ-line of mice or by transfecting CD3low T

lymphoblastoma cells with TCRa and b chains.16,19,32 These

studies prove that clonally variable regions of the TCR function

in antigen recognition. However, the extent to which the

TCR repertoire of CD1-restricted T cells varies has not been

established and is a current topic of interest because it has

implications for the role of CD1-restricted T cells as effectors

of innate required immunity.

Many studies have shown that human and murine NK

T cells circulate in relatively large numbers and populate

certain somatic tissues, particularly the liver and other

gastrointestinal organs.33±37 Many of these T cells express

what have been called canonical, invariant, or semi-invariant

TCRs, which in mice are Va14Ja281 typically paired with Vb2,

Bb7, or Vb8, and humans use Va24JaQ genes.37,38 The widely

used but oxymoronic term `semi-invariant' is meant to convey

that the TCRs of NK T cells are not identical and are therefore

not derived from a single parental clone, but they do show

marked skewing of TCR gene usage, which has now been

shown to result from the positive selection of these cells on the

non-polymorphic CD1d protein.39±41 NK T cells expressing

the semi-invariant TCRs can be activated in bulk by synthetic

a-galactosyl ceramides and structurally related synthetic

glycolipids. Semi-invariant NK T cells are normally present

in fairly large numbers and have a markedly limited receptor

and antigen repertoire, semi-invariant TCRs have been com-

pared to receptors that mediate innate immune responses.42

This T-cell population is thought to perform a stereotyped or

immunoregulatory function early in immune responses, though

the precise function of these T cells in innate immunity remains

to be de®ned.

In addition to a-galactosyl ceramide reactive NK T-cell

populations, there is now clear evidence for the existence of

many T-cell populations that are restricted by CD1a, CD1b,

CD1c and CD1d that express varied TCRs and recognize

many glycolipid antigens that are not structurally related

to a-glycosyl ceramides (Fig. 3). Several laboratories have

described CD1d-restricted T cells with diverse TCR gene usage,

including rearranged TCRa chains with apparently random

incorporation variable region gene segments.43,44 Whether

these varied TCRs mediate recognition of a wide array of

glycolipids remains to be determined.45 However, murine T-cell

hybridomas can be activated by phosphatidylinositol and

phosphatidylethanolamine in vitro.46 Furthermore, there is

no evidence for conserved TCR gene usage in T cells that

recognize group 1 CD1 proteins. CD1a-, CD1b- and CD1c-

restricted T-cell clones express receptors composed of varied

Va and Vb gene segments and N-region additions.16 These

TCR genes differed from the semi-invariant TCRs of human

NK T cells (Va24) and also differ from one another.

In addition, the list of known glycolipid targets of CD1-

mediated immune responses continues to grow (Fig. 3).15 Four

of the human CD1 isoforms have now been shown to present

glycolipid antigens to T cells, and some CD1 isoforms have

been shown to present more than one class of glycolipids. For

example, CD1b proteins can bind and present glycolipids

containing mycolate, diacylglycerol or sphingolipid moieties,

demonstrating that despite the lack of polymorphism in the

structure of antigen-binding regions of CD1, a single isoform

can present at least three major classes of cellular glycolipids

(Fig. 3).17,30,31,47 Moreover, given the large variety of known

glycosylation patterns of glycolipids within each of these

classes, it is possible that the number of glycolipid antigens

recognized by CD1-restricted T cells is much greater than is

currently known. Therefore, considered as a whole, the

CD1-restricted T-cell repertoire represents multiple popula-

tions of cells that respond without cross-reactivity to a variety

of glycolipid ligands. These glycolipid antigens differ in their

expression among different organisms, vary in their pathways

of biosynthesis and accumulate in different cell types and

disease states.48±51 Thus, it is unlikely that CD1-restricted

Source
Antigenic

Anomeric linkage
Base structure

Figure 2. Natural and synthetic glycosyl sphingolipids (GSL).

Synthetic antigens for NK T cells have an a-anomeric linkage and

are comprised of phytosphingosines, whereas natural GSLs found in

mammalian cells typically have a b-anomeric linkage and are usually

made from sphingosines.
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T cells have a single housekeeping function, but instead they

probably have diverse functions in immune response that have

only recently come to be appreciated.15,52

FOREIGN MICROBIAL GLYCOLIPID ANTIGENS

All three of the group 1 CD1 proteins are now known to

mediate T-cell recognition of glycolipid components from the

mycobacterial cell wall. Porcelli, Brenner and colleagues

discovered the ®rst-known CD1-presented antigen by study

of CD1b-restricted T cells that were activated by Mycobacte-

rium tuberculosis-derived antigens.53 The stimulatory cell wall

component was found to be an a-branched, b-hydroxy fatty

acid with very long alkyl chains (C70±90) known as mycolic

acid, so named because it is produced only by myco-

bacteria and closely related actinomyces species.31,49 This

CD1b-presented antigen, and two others discovered shortly

thereafter, lipoarabinomannan (LAM) and glucose mono-

mycolate (GMM), do not have readily identi®able structural

homologues in mammalian cells (Fig. 3).17,30 Thus, they may

be considered intrinsically foreign to the mammalian immune

system. Likewise the recently identi®ed CD1c-presented anti-

gens are mycobacterial mannosyl-b-1-phosphoisoprenoids

(MPI), which possess an unusual polymethylated alkyl chain

that is only known to occur in mycobacteria (Fig. 3).18 These

mycobacterial polyisoprenoid antigens are homologous to

mammalian mannosyl phosphodolichols. However, the anti-

genic mycobacterial lipids have a shorter prenyl moiety that is

C30, rather than C95 dolichol which is found in mammalian

cells. In fact, many microbes, including pathogenic protozoa

and fungi, produce acyclic polyisoprenols, which are shorter

than those found in mammalian cells, suggesting that naturally

occurring differences in prenyl length that distinguish self

from foreign polyprenols could control CD1c-mediated T-cell

responses (Fig. 3).51 In addition to these antigens of well-

de®ned structure, functional evidence suggests that CD1a-

restricted T cells can also respond to lipid components of the

mycobacterial cell wall.54

R. equi

M. tuberculosis

Glucose
monomycolates

Free
mycolate

Phosphatidylinositol
mannoside

Glycosyl
phosphatidylinositols

a glycosyl
ceramides

Glycosyl
phosphatidylinositols

Phosphatidyl
inositol

Phosphatidyl
ethanolamine

Ganglioside
GM1

Mannosy-b1-
phosphodolichol

Mannosy-b1-
phosphoisoprenoid
(M. tuberculosis)

Mannosy-b1-
phosphoisoprenoid

(M. avium)

CD1c AntigensCD1d AntigensCD1b Antigens

Foreign

Self

Figure 3. CD1-presented glycolipid antigens. The CD1-presented glycolipid antigens of known structure are listed according to

whether they were derived from microbial or mammalian sources.10,17±19,30,31,46,55 PIM containing two mannosyl residues is depicted,

but antigenic PIMs typically have additional mannosyl residues.
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The role of group 2 CD1 proteins in the presentation of

microbial glycolipids during infection is less clear. Natural

and synthetic glycosyl phosphatidylinositols (GPI), including

those from pathogenic protozoa, can activate CD1d-restricted

T cells.55 Although the immunizing effect of GPIs on murine

antibody production in vivo has been challenged, synthetic

GPIs do appear to activate CD1d-restricted T cells in vitro, and

natural phospholipids containing phosphatidylinositol units

have been eluted directly from cellular CD1d proteins.10,56,57 In

addition, puri®ed phosphatidylinositol (PI), which is the core

structure of GPI, can bind to recombinant CD1d proteins and

activate CD1d-restricted T-cell hybridomas.46 Taken together,

these studies indicate that GPI and other glycolipids, which

contain a PI core structure, can bind to CD1d proteins and

activate T cells in vitro. However, both GPI and PI are abund-

antly present in mammalian cells, and the structural basis by

which T cells could discriminate these ubiquitous self lipids

from altered self or microbial glycolipids has not been

established.

In addition to these studies, many studies have shown that

in vivo activation of NK T cells in bulk by the systemic

administration of large amounts a-galactosyl ceramides alters

the outcome of bacterial, protozoal and viral infections. These

strong effects are probably due to the massive release of IFN-c
and other cytokines by NK T cells.27,28,58 These studies provide

useful information about the potential therapeutic applications

of a-galactosyl ceramides. However, since the natural homo-

logue of a-galactosyl ceramide is unlikely to be released in such

a rapid and systemic manner, these studies do not constitute

evidence for a natural function of CD1d in microbial infec-

tions, a question that can be investigated by experimental

infections of animals lacking CD1d proteins.59

MAMMALIAN GLYCOLIPIDS AS SELF-ANTIGENS

FOR T CELLS

Recently, several studies have indicated that CD1-restricted

T cells can be activated by treating APCs with large doses of

mammalian glycolipids of normal structure. For example,

DeLibero and colleagues have identi®ed human T-cell clones

that recognize CD1b-expressing APCs only when they have

been previously treated with high concentrations of mamma-

lian gangliosides, including GM1 ganglioside.47 In addition,

CD1d-restricted murine T-cell hybridomas can be activated

by APCs treated with phosphatidylinositol or by recombinant

CD1d proteins complexed to PI or phosphatidylethanola-

mine.46 Furthermore, CD1c-restricted T cells that are activated

by mycobacterial MPI also cross-react with certain di-trans

poly-cis mannosyl phosphodolichols that are typical of

eukaryotic cells.18 Thus, at least under certain experimental

circumstances, T-cell activation may occur in response to APCs

whose lipid content has been altered by adding exogenous

mammalian glycolipids of normal structure.

In addition, several groups have described `CD1-

autoreactive' T cells that recognize murine CD1d and human

CD1a, CD1b, CD1c and CD1d.60±63 Activation of such auto-

reactive T cells requires that APCs express CD1 proteins, but

does not require that an exogenous antigen be added to APC

cultures. These CD1 autoreactive cell populations do not

generally cross-react with more than one CD1 isoform,

demonstrating the speci®city of the response for the structure

of the CD1 protein or possibly the structure of an endogenous

glycolipid bound to CD1. It remains formally possible that the

molecular targets of some autoreactive T cells are unliganded

CD1 proteins or CD1±glycolipid complexes in which the

glycolipid does not contribute to the speci®city of the response.

However, evidence suggests that autoreactive T cells recognize

CD1 proteins that are complexed to endogenous self antigens

and that the structure of the antigen determines the T-cell

response. This has been most clearly demonstrated for

invariant NK T cells, which were originally described as

being autoreactive to CD1d proteins, but are now known to

be strongly activated by CD1d-a-galactosyl ceramide com-

plexes and are indeed quite speci®c for the structure of the

a-galactosyl ceramide unit.12,19,21,29

GLYCOLIPID PROCESSING BY CLEAVAGE OF

COVALENT BONDS

The role of alterations in glycolipid structure that occur during

antigen-processing reactions is not yet well understood. How-

ever, two recent reports have clearly demonstrated that APCs

can alter the structure of glycolipids by glycosylation or glycan

trimming in ways that affect their recognition by T cells.32,64

GMM is a CD1b-presented antigen that is composed of long-

chain mycobacterial mycolates esteri®ed via the sixth carbon to

glucose (Fig. 3 and Fig. 4).17 Mycobacteria cannot produce

this glycolipid antigen when growing in the absence of an

exogenous source of glucose, but they can acquire glucose from

host tissues and couple it to their own mycolates to produce

antigenic GMM during infection of glucose-rich mammalian

tissues.32,65 This glycosylation reaction is presumably com-

pleted by a mycobacterial enzyme, since human dendritic cells

cannot glucosylate free mycolic acid to generate GMM.17 In

addition, dendritic cells cannot ef®ciently cleave larger mycolyl

glycolipids, such as cord factor and trehalose monomycolate

to generate antigenic GMM within activated human dendritic

cells, even though these larger glycolipids contain antigenic

GMM as a substructure (Fig. 4).17,66 Taken together, these

studies support the hypothesis that GMM is a hybrid antigen

produced from glycosylation of mycobacterial mycolates with

host-derived glucose using a mycobacterial mycolyltransferase,

which remains to be identi®ed. Since this reaction requires

precursors of both host and pathogen origin, GMM may be

thought of as an antigen that is selectively expressed during

mycobacterial infection and not in saprophytic mycobacteria

growing in the environment (Fig. 4).

In contrast to GMM antigens, that could not be generated

from larger natural precursors, a recent study by Prigozy and

colleagues has demonstrated that covalent cleavage of terminal

glycosyl residues of a-glycosyl ceramides within APCs can

reveal antigenic T-cell epitopes.64 The non-antigenic, synthetic

disaccharide Gal(a1±2)GalCer required the removal of the

terminal, two-linked galactosyl residue to generate antigenic

a-galactosyl ceramides. This process was mediated by a lyso-

somal enzyme, a-galactosidase A, allowing the generation of

the antigenic monosaccharide epitope within late endosomal or

lysosomal compartments of APCs (Fig. 4). In addition,

lysosomes are rich in acid-hydrolases that could carry out

analogous processing reactions on neutral glycolipids in this

compartment, which is thought to be the sight of loading of

antigens onto CD1b and CD1d proteins.45,63 These studies
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suggest that APCs may in¯uence T-cell responses through

enzymatically controlled glycosylation and de-glycosylation

reactions.

For protein antigens, a key part of cellular processing

reactions involves the cleavage of very large proteins with

hundreds of amino acids into small peptides of 8±20 amino

acids, so that they can ®t within the groove of MHC class I or

class II proteins.67 Glycolipid processing reactions may also

lead to the creation of smaller antigens from larger ones, as is

the case for peptides, retaining a lipid moiety that corresponds

to the size of the CD1 groove.5 For example, mammalian,

microbial diacylglycerols and ceramides have two hydrocarbon

chains with an overall length of C30 to C42, a size that cor-

responds to the combined length of the two alkyl chains in

glycosylphosphatidylinositols eluted from CD1d proteins and

the predicted volume of the CD1 groove based on computer-

ized analysis of the murine CD1 crystal structure.5,10 However,

two classes of antigens, CD1b-presented mycolyl glycolipids

and CD1c-presented dolichyl glycolipids, have alkyl chain

lengths in the range of C70±80 and C90±100, respectively, which

greatly exceed the predicted size of the CD1 groove.17,18,31 If

these antigens are presented by insertion of the lipid into the

groove, then this apparent problem could be solved either by

trimming the length of the lipid chains via possibly a free-

radical process or by allowing the lipid to protrude from the

groove.

IMMUNE DISCRIMINATION OF SELF FROM

FOREIGN GLYCOLIPIDS

Activation of CD1-restricted T cells by microbial glycolipids of

intrinsically foreign structure suggests that CD1-restricted

T cells, particularly those that recognize antigens presented by

group 1 CD1 proteins, function in host defence. Consistent

with this hypothesis, it has been demonstrated that human

CD1-restricted T cells possess effector mechanisms, such as

IFN-c secretion, cytolysis and granulysin production, which
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are known to have antimicrobial effects in vivo.54,68,69

Furthermore, we have recently reported that CD1c-restricted

lipid-speci®c T-cell responses have been detected at higher

levels in the peripheral blood of M. tuberculosis patients

compared to control subjects, indicating that CD1c-restricted

T cells are activated during the natural course of M. tuber-

culosis infections in humans.18 However, CD1b, and to some

extent CD1c, can only present microbial glycolipids after they

have been taken up into mammalian APCs and loaded

onto CD1c in endosomal compartments.31,61 Therefore, these

foreign lipids are probably intermixed with the much larger

pool of self glycolipids prior to loading onto CD1 proteins.

Since T-cell activation by abundant self glycolipids of

normal structure would lead to autoimmunity, it is widely

assumed that immune mechanisms exist which promote the

selective presentation and recognition of foreign or altered

self glycolipids in preference to the larger pool of self glyco-

lipids. This premise underlies most models of CD1 function

in infection, autoimmunity, tumour immunity and immuno-

surviellance. Although a strong theoretical rationale underlies

this speculation, there is remarkably little direct information

regarding the particular chemical features of altered self or

foreign glycolipids that allow them to be distinguished from self

glycolipids. The regulation of T-cell activation by particular

classes of glycolipids may occur by controlling the production

of glycolipids, antigen-processing reactions, glycolipid loading

onto CD1 proteins, co-stimulatory pathways or shaping of the

T-cell repertoire by selection events.

Since peptide antigen presentation pathways by MHC-

encoded proteins are understood in such remarkable detail,

they provide a framework for studies of glycolipid antigen

presentation pathways. However, certain basic principles of

peptide antigen presentation are unlikely to be applicable to

glycolipids due to the important differences in the biophysical

properties of these molecules. Peptide presentation pathways

concern antigens that move within aqueous compartments

separated by membranes, and lipid antigen presentation is

about understanding how antigens move within membranes

that are separated by aqueous compartments. Since the con-

centrations of glycolipid antigens required for T-cell activation

generally exceed their critical micellar concentrations, glyco-

lipid antigens aggregate into lipid±protein complexes and

membranes within cells. CD1 antigen presentation is not con-

trolled by TAP transporters, but instead is likely to be

regulated by lipid-transport proteins, ¯ippases and the like.59

Peptide antigens are soluble as monomers at high

concentrations in aqueous solutions, so their binding to

MHC-encoded antigen-presenting molecules can be accurately

measured and interpreted, both in vivo and in vitro, with

relatively simple kinetic models.70 Although in vitro binding

studies of glycolipid antigens with CD1 proteins conducted in

aqueous buffers have been extremely useful for demonstrating

the existence of CD1±glycolipid complexes, these methods

are unlikely to recapitulate the substantially more complex

phase behaviour of glycolipid interactions in membranes

within cells.11,12 Therefore, the chemical features that control

the hierarchy of presentation of particular classes of glycolipid

antigens and other more subtle questions related to anti-

gen loading are likely to come from cell-based studies in

which potentially relevant protein cofactors and membranes

are present.

The discovery of lipid antigens for T cells prompted one

prominent editorialist to lament, `Now, just when¼ [immuno-

logists] are becoming comfortable with high-performance

liquid chromatography, mass spectrometry and protein crystal-

lography¼to ensure a place on the fast track, the modern

immunologist needs to fret about fat.'.71 Coming to grips with

the complex, multiphase behaviour of lipids in cells represents a

technical challenge, but also a remarkable opportunity to

understand the immune recognition of a whole new class of

antigens that are tucked into the membranes of mammalian

cells.
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