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Abstract. It is now well demonstrated that the
repertoire of T cells includes not only cells that
recognize specific MHC-presented peptide antigens,
but also cells that recognize specific self and foreign
lipid antigens. This T cell recognition of lipid antigens
is mediated by a family of conserved MHC class I-like
cell surface glycoproteins known as CD1 molecules.
These are specialized antigen-presenting molecules
that directly bind a wide variety of lipids and present
them for T cell recognition at the surface of antigen-
presenting cells. Distinct populations of T cells exist

that recognize CD1-presented lipids of microbial,
environmental or self origin, and these T cells
participate in immune responses associated with
infectious, neoplastic, autoimmune and allergic dis-
eases. Here we review the current knowledge of the
biology of the CD1 system, including the structure,
biosynthesis and trafficking of CD1 molecules, the
structures of defined lipid antigens and the types of
functional responses mediated by T cells specific for
CD1-presented lipids.
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Introduction

The immune system generates a large and diverse
population of T cells bearing variable T cell antigen
receptors (TCRs), through somatic rearrangement
and thymic selection. This provides a huge T cell
repertoire which allows recognition of many distinct
antigens and enables specific adaptive immune re-
sponses to be mounted against a wide variety of
pathogens. It is well known that most T cells recognize
antigenic peptides presented by the highly polymor-
phic class I and class II MHC (major histocompati-

bility complex) molecules. More recently, it has also
become well established that a significant subset of T
cells is reactive not to peptides presented by MHC
molecules, but rather to lipids and glycolipids pre-
sented by a related family of antigen-presenting
molecules called CD1. The CD1 molecules are
MHC class I -like glycoproteins with a limited poly-
morphism that are specialized for the binding and
presentation of lipids and glycolipids to T cells.
Several distinct but closely related forms of these
molecules exist in most mammals, and despite their
minimal allelic polymorphism, they have the capacity
to bind and present a wide range of different lipid
structures derived from a variety of pathogens and
even from host tissues. As for MHC presentation* Corresponding author.
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pathways which use a variety of cellular components
for protein degradation and peptide generation, the
CD1 molecules are also dependent on specialized
cellular pathways that use accessory proteins involved
in lipid and glycolipid metabolism such as lipid
transfer proteins and lysosomal glycosidases.
This well-conserved CD1 system allows potential
surveillance of both self and non-self lipid of either
intra- or extracellular origin. Rapid progress in this
area has been achieved recently through a wide
variety of studies in both humans and experimental
animal models. These include highly detailed crystal-
lographic studies of the structures of CD1/lipid com-
plexes, and detailed analyses of the enlarging reper-
toire of microbial, self and environmental lipid and
glycolipid antigens found to be presented by CD1
molecules to T cells. Here we review the current
understanding of how CD1 molecules function in the
presentation of lipid and glycolipid antigens, and the
functional significance of this novel system for antigen
recognition in host immunity.

Genetics and evolutionary conservation of CD1
molecules

Five CD1 genes have been identified in humans, which
map to a single locus on chromosome 1 that is
unlinked to the MHC locus on chromosome 6
(Table 1) [1]. These genes encode a family of distinct
CD1 proteins that are referred to as CD1 isoforms.
According to sequence homology, patterns of expres-
sion and functional attributes, CD1 isoforms are
classified into at least two groups. These are referred
to as group 1 CD1 molecules (CD1a, CD1b and CD1c
in humans) and group 2 CD1 molecules (comprising
only CD1d in humans) [2]. A fifth human CD1
molecule known as CD1e is not clearly classified yet as
a member of one of these two groups, and it has some

unique features which suggest that it may actually be
more appropriately classified as a separate third
group. For example, unlike other CD1 molecules,
human CD1e was found to be expressed only intra-
cellularly in human dendritic cells (DCs) [3], and does
not appear to perform antigen presentation per se,
although it is involved in antigen processing (discussed
below).
Human CD1 genes do not show the extensive allelic
variation that is characteristic of MHC genes and are
often referred to as nonpolymorphic. However, some
minor allelic variants of group 1 and group 2 CD1
genes have been found in population studies [4], and
six CD1E alleles have also been identified [5,6].
Multiple CD1 isoforms are generally found in other
mammalian species (Table 1) [7 –18]. Muroid rodents
(mouse and rat) do not have group 1 and group 3 CD1
genes, and genomic analysis suggests that these genes
were lost during an ancient chromosomal transloca-
tion event in an immediate ancestor of these species
[19]. In contrast, the bovine genome contains multiple
genes encoding group 1 CD1 molecules and CD1e, but
lacks any functional group 2 CD1 genes [17].
Two CD1 genes were very recently reported in
chicken, and were mapped to a chromosomal location
that is closely linked with the avian MHC locus. This
suggests that CD1 genes are evolutionarily ancient
and likely arose following the duplication of genes in
the ancestral MHC locus [20 –22]. It is not yet clear
whether CD1 genes exist in more primitive species
than birds, and further studies will be needed to
determine whether lower vertebrates such as fish,
amphibians and reptiles also possess a CD1 antigen-
presenting system. Nevertheless, the finding that the
CD1 system predates the evolution of mammals, and
has been conserved through a very long evolutionary
distance, indicates that they perform an important
function in the immune systems of present-day
mammals and possibly other vertebrates.

Table 1. Number and diversity of CD1 genes in various species.

Species Group 1 Group 2 Group 3 Other References
CD1A CD1B CD1C CD1D CD1E

Human 1 1 1 1 1 0 [1, 4–6, 13]

Mouse 0 0 0 2 0 0 [13,19]

Rat 0 0 0 1 0 0 [14,15,19]

Guinea pig ND �4 �3 ND 1 ND [8,11]

Rabbit 2 1 ND 1 1 ND [7,10,13]

Sheep ND �3 ND 1 1 ND [9, 12, 16]

Cattle 1 �4 ND 2Y 1 ND [17]

Pig 1 + 1Y 1 1Y 1 1 ND [ 18 ]

Chicken 0 0 0 0 0 2 [20–22]

ND, not detected in studies reported to date (possibly absent).Y, pseudogene.
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CD1 molecule biogenesis and trafficking

Biogenesis of CD1 molecules
CD1 molecules have a structure very comparable to
MHC class I molecules, as they are formed by the
noncovalent association of a CD1 transmembrane a

chain with b2-microglobulin (b2-m) [23]. Following
their synthesis in the rough endoplasmic reticulum
(ER), CD1 proteins undergo a maturation process
similar to that of MHC class I molecules. Newly
translocated CD1 a chains are glycosylated by ER-
resident glycosidases, and their correct folding is
assisted by interaction with chaperone proteins such
as calnexin, calcireticulin and ERp57 (Fig. 1) [24 – 26].
This is followed by association of b2-m with the CD1 a

chain, which contributes to stabilization of the com-
plex. The association of human CD1b a chain with b2-
m appears to be absolutely required for subsequent
maturation and trafficking to the cell surface [24]. In
the case of human CD1d, b2-m association also occurs
in the ER and is dependent on or stabilized by the
glycosylation of a particular asparagine (N)-linked
glycosylation site on CD1d [27]. However, it has also
been found that a b2-m free form of CD1d, with
immature N-linked glycans, can leave the ER and
traffic to the cell surface [28]. Similarly, a b2-m free
form of mouse CD1d has been also reported and was
able to activate CD1d-restricted T cells [29].
All CD1 molecules have a relatively large and
complex hydrophobic ligand binding site (often re-
ferred to as an antigen-binding groove, by analogy
with the peptide-binding grooves of MHC class I and
II molecules). These hydrophobic sites eventually
become occupied by the specific self or foreign lipids
that are presented by CD1 molecules on the cell
surface, although these are often acquired only after
the molecules have trafficked to the cell surface or
endocytic compartments. In the ER, newly synthe-
sized CD1 molecules have been found to be loaded
with endogenous cellular lipids that might act as
chaperons to stabilize their antigen-binding grooves
and prevent them from collapsing. Some of the
potential endogenous lipid ligands that associate
with newly synthesized CD1 molecules in the ER
have been identified in biochemical studies (Fig. 2).
These include glycosylphosphatidylinositol (GPI)
[30,31] or phosphatidylinositol (PI) [30 – 32], which
associate with human CD1b, and with human or
mouse CD1d. Other studies of CD1 molecules se-
creted from cells revealed that mouse CD1d and
human CD1b were loaded with phosphatidylcholine
(PC) together with a hydrophobic spacer [33,34]. The
spacer was identified as a palmitic acid for mouse
CD1d [34], and an incompletely identified aliphatic
lipid of 41 – 44 carbons length for human CD1b [33].

The loading of lipids in the ER has been proposed to
require activity of lipid transfer proteins that can
interact with ER resident lipids such as PI, GPI and
PC [35]. The microsomal triglyceride transfer protein
(MTP) localizes in the ER, associates with mouse
CD1d and can transfer phosphatidylethanolamine
(PE, Fig. 2) into mouse CD1d in vitro [36]. In addition,
abrogation of MTP expression in mouse and human
antigen-presenting cells renders them less efficient for
CD1d-mediated presentation to CD1d-restricted T
cells [36,37].

Trafficking of CD1 molecules
After their initial synthesis and assembly in the ER,
the CD1 molecules migrate through the Golgi net-
work and, with the exception of CD1e, reach the cell
surface. They can be re-internalized by entering the
endocytic pathway, but here the trafficking of the
various CD1 isoforms diverges, depending chiefly on
the particular amino acid sequences of their cytoplas-
mic tails (Fig. 1) [38]. For example, human CD1a has a
short cytoplasmic tail and can be internalized in
sorting endosomes, then transit to recycling endo-
somes where it is transiently retained, at least in
Langerhans cells [39]. This molecule appears to
recycle between these endosomal compartments and
the cell surface, where it is stabilized upon binding to
exogenous glycolipids [40]. In contrast, the cytoplas-
mic tails of human CD1b, CD1c and human or mouse
CD1d contain tyrosine-based motifs of the general
sequence YXXZ (Y is tyrosine, X any amino acid and
Z a bulky hydrophobic amino acid), which associate
with AP-2 adaptor protein complexes and direct
internalization to a variety of endosomal compart-
ments via clathrin-coated pits [41 – 43]. The YXXZ
motifs of mouse CD1d and human CD1b tails also
interact strongly with AP-3 adaptor protein com-
plexes, which further directs these molecules deeper
into the endocytic network to lysosomes and multi-
vesicular or multi-laminar bodies known as MHC
class II compartments (MIIC) [42 – 46]. An alternative
route allows mouse and human CD1d to reach the
MIIC compartment by association with the invariant
chain (Ii) or with Ii/MHC class II complexes
[36,47,48]. Human CD1e appears to have a unique
trafficking pattern, which leads to its accumulation in
the Golgi network of immature DCs [3,49]. Upon DC
maturation, CD1e migrates via sorting endosomes to
late endosomes and lysosomes, where it is cleaved into
a stable soluble form (Fig. 1) [3].
The distinct trafficking patterns of the various CD1
isoforms results in different subcellular localization
patterns. Thus, at steady state CD1a is found mainly at
the cell surface and in sorting endosomes, whereas
CD1c and human CD1d molecules accumulate
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strongly in early/late endosomes, and CD1b and
mouse CD1d are particularly prominent in lysosomes
and MIIC compartments. This variation in trafficking
patterns and subcellular localization of different CD1
isoforms suggests a significant degree of functional
specialization. In humans and other species that
possess multiple different CD1 isoforms, this may be
an important adaptation that allows the CD1 system
to efficiently carry out surveillance of exogenous and

endogenous lipids that accumulate or originate in
different intracellular compartments.

Antigen acquisition and processing for CD1
presentation

Given that CD1 molecules are prominently localized
to endocytic compartments through their specialized

Figure 1. Intracellular acquisition of lipids and trafficking of CD1 molecules for cell surface presentation. The trafficking of the various
human and mouse CD1 isoforms is depicted with colored symbols and lines, with CD1a in red, CD1b in yellow, CD1c in orange, CD1d in
blue and CD1e in dark gray. The CD1 molecules are indicated in the ER or at the cell surface by colored squares containing the letter of the
relevant CD1 isoform, or by similarly colored circles at sites of transient localization. Black arrows indicate the predominant direction of
CD1 molecule movement along each pathway. Factors involved in CD1 assembly and in intracellular antigen processing or loading of
antigens onto CD1 molecules are depicted in white boxes (right box: ER-associated factors, left box: endo-/lysosomal-associated factors).
Factors involved in antigen capture and uptake are shown in the gray box. CD1 molecules are folded and assembled in the ER with the
assistance of chaperone proteins and MTP, before they traffic to the cell surface through the Golgi network. CD1e is an exception as it
accumulates in the Golgi and is routed to lysosomes via sorting and late endosomes, upon dendritic cell maturation. Other CD1 isoforms
are re-internalized in endosomal pathways, depending on their cytoplasmic tail motifs, and are re-expressed at cell surface for presentation.
CD1a has a short tail and is directly routed back to cell surface via recycling endosomes. CD1b, CD1c and mouse/human CD1d recirculate
to endosomes in a process involving AP-2 binding. CD1b and mouse CD1d can traffic deeper as a result of stronger associations of their
cytoplasmic tails with AP-3, which results in accumulation in lysosomal/MHC class II (MIIC) compartments. An alternative route has also
been described for CD1d, which involves trafficking directly from the Golgi to lysosomes as a result of physical interaction with the
invariant Ii or with Ii/MHC class II complexes. Extracellular antigens are acquired by endocytosis and phagocytosis, which may involve
specific uptake receptors such as the macrophage mannose receptor, langerin and the Apo-E receptor. CD1a and human CD1d are
suggested to mediate cell surface binding of pollen grains, facilitating their capture and internalization. Antigens directed to the endosomal
route can then be processed by glycosidases resident in endosomes and lysosomes, with the possible assistance of CD1e. At the same
locations, loading and exchange of lipids onto CD1 proteins are assisted by resident lipid transfer proteins GM2-A and saposins.
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trafficking properties, it is apparent that they have the
potential to capture and present exogenous lipid
antigens that are taken up by antigen-presenting
cells (APCs) (Fig. 1). This property of CD1 molecules
is strongly analogous to MHC class II molecules, and
involves a variety of antigen uptake and processing
steps that also is reminiscent of previous studies on the
MHC class II pathway for presentation of exogenous
peptide antigens.

Antigen uptake or capture
Endocytosis is the most obvious way of capturing
exogenous lipid antigens for presentation by CD1
molecules. The phagocytosis of apoptotic bodies was
found to facilitate the cross-presentation of Mycobac-
terium tuberculosis (Mtb)-infected cells by non-in-
fected bystander DC, and this included the presenta-
tion of specific lipid antigens by CD1 molecules [50].
Apolipoprotein E (Apo-E), which is secreted by
APCs, was found to mediate uptake and facilitate
CD1-dependent presentation of Mtb-derived lipids or
glycolipids dissolved in serum [51]. Lipids associated

Figure 2. Structure of representative lipid ligands of CD1 molecules. The structure of some CD1 ligands is presented, including examples
of glycerolipids (top panel), sphingolipids (bottom panel) and mycolic acid (left). PI, PE, PC, iGb3 and sulfatide are self-derived lipids,
whereas aGalCer compounds are synthetic. Mycolic acid and PIM2 are derived from mycobacteria. Note that PIM4, PIM6 or
lipoarabinomannan (LAM) (not illustrated) are structurally related to PIM2, but have larger and more complex carbohydrate moieties.
Glucose monomycolate (GMM) corresponds to mycolic acid esterified to the 6-position of a single glucosyl residue. The a-
glucuronylceramide and a-galactosyldiacylglycerol (BbGL-IIc) are derived from specific bacterial pathogens (Sphingomonas or related
species, and Borrelia burgdorferi, respectively).
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with Apo-E were actively engulfed by APC as a result
of interactions with lipoprotein receptors, and this led
to their efficient delivery to endosomal compartments.
Receptor-mediated capture of exogenous glycolipid
antigen for presentation by CD1 is also achieved by
the macrophage mannose receptor [52]. It can deliver
lipoarabinomannan (LAM), a large and complex
glycolipid produced by mycobacterial pathogens, to
endocytic compartments and facilitate its subsequent
presentation by CD1 to specific T cells. It was also
suggested that langerin (CD207), expressed by Lan-
gerhans cells, is involved in capturing antigens derived
from Mycobacterium leprae and facilitating their
presentation by CD1a [53]. Surface CD1 molecules
themselves might also be involved in antigen capture,
as the specific blockade of CD1a and CD1d inhibits
pollen grain adhesion to DC [54].

Processing of glycolipid antigens and loading onto
CD1 molecules
Endosomal/lysosomal glycosidases have been found
to be involved in the trimming of glycans to modify
glycolipid antigens (Fig. 1). For example, treatment of
the mycobacterial glycolipid lipomannan with puri-
fied a-D-mannosidase was shown to decrease the
ability of this antigen to be subsequently recognized
by CD1b-restricted T cells [55]. This suggests that
mannosylated glycolipids might undergo intracellular
enzymatic processing prior to presentation by CD1
molecules, although such a processing step has not yet
been demonstrated to occur within APCs. Such
processing was actually also shown in experiments
using model synthetic glycolipid antigens, in which a-
digalactosylceramide [Gal(a1!2)aGalCer] was
shown to be degraded by lysosomal a-galactosidase
A activity into a monogalactosylated form (aGalCer,
Fig. 2) that is effectively presented to a major subset of
CD1d-restricted T cells [56].
Similarly, the lysosomal hexosaminidase complex has
been reported to be required for the degradation of
isoglobotetrahexosylceramide (iGb4) into isoglobo-
trihexosylceramide (iGb3, Fig. 2), which can then be
recognized as a natural self glycolipid ligand by mouse
CD1d-restricted T cells [57]. This processing step may
be critically involved in the thymic selection of a major
subset of CD1d-restricted T cells, as mice deficient for
the b-subunit of hexosaminidase B do not develop
these T cells [57]. However, a recent study has shown
that multiple other enzymatic deficiencies that lead to
accumulation of lysosomal glycosphingolipids are also
associated with severe impairment of CD1d-restricted
T cell development and function, thus casting doubt
on whether the effect of hexosaminidase deficiency is
directly due to its impact on iGb3 synthesis [58].
Human CD1d-restricted T cells have been found to be

reactive in vitro to exogenously added iGb3 [57], but it
is not determined yet whether iGb3 can be syntheszied
by human APCs or whether it is involved in thymic
selection in humans. There is also some experimental
evidence that lipophosphoglycan (LPG), a large
glycolipid antigen produced by the protozoal parasite
Leishmania donovani, requires an intracellular proc-
essing step to be recognized by a subset of CD1d-
restricted T cells in mice [59].
CD1e was found to be required for trimming the
mycobacterial glycolipid phosphatidylinositol hexam-
annoside (PIM6) into phosphatidylinositol dimanno-
side (PIM2, see Fig. 2) in order for this glycolipid to be
successfully recognized by a human CD1b-restricted
T cell line [60]. This raises the possibility that CD1e
functions primarily by presenting lipids to lysosomal
glycosidases, rather than by presenting lipid antigens
directly to T cells, which would be consistent with the
finding that CD1e is not expressed at the cell surface.
Subsequently, lysosomal lipid transfer proteins such as
saposins (discussed below) might favor the transfer of
processed antigens from CD1e to other CD1 proteins
that are ultimately destined for transport to the cell
surface for T cell recognition.

Influence of pH
CD1a, CD1c and CD1d can load short lipids at neutral
pH, but their loading can be enhanced at acidic pH
[61]. In contrast, CD1b absolutely requires endosomal
acidification to bind lipids with very long aliphatic
chains such as the mycolic acids and mycolate-
containing glycolipids of mycobacteria [39]. Low pH
seems to influence the conformation of CD1b, and
converts it into a state that is more permissive for the
loading of lipids [61]. However, it has been observed
that CD1b can still bind somewhat less large and
hydrophobic glycolipids, such as gangliosides at neu-
tral pH [62].

Lipid transfer proteins
Several different intracellular lipid transfer proteins
assist the loading of CD1 proteins with their lipid
ligands. As mentioned above, MTP is involved in lipid
loading of nascent CD1 proteins in the ER [36,37].
The GM2 activator protein (GM2A) and saposins
A–D are present in late endosomes and lysosomes,
where they can load endogenous and exogenous lipids
onto CD1d or CD1b proteins (Fig. 1) [63 – 65].
Recombinant GM2A and saposins are able to ex-
change lipids bound to mouse CD1d [65], and saposins
are necessary for efficient intracellular generation of
aGalCer/CD1d complexes by human APCs [63],
although in some experimental systems it appears
that aGalCer can also be directly loaded onto CD1d at
the cell surface. Only saposin C was found to physi-
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cally interact with CD1b and mediate the loading of
the mycobacterial lipid antigens LAM, mycolic acid
and glucose monomycolate (GMM) [64].

CD1 protein structure and the molecular basis for
lipid binding

Three-dimensional structures of CD1 molecules show
a striking overall similarity in shape and domain
organization to classical MHC class I proteins, includ-
ing a similar noncovalent association of the b2-m
subunit with the membrane proximal a3 domain of the
larger transmembrane a chain (Fig. 3) [66]. As in
MHC class I proteins, this association supports the a1
and a2 domains, which are folded in two a-helices
positioned over a b-sheet floor, which together form
the ligand binding and TCR contact area of the
structure. However, the structure and chemical prop-
erties of the ligand binding sites of CD1 molecules is
radically different from the peptide binding sites
found in MHC-encoded antigen-presenting mole-
cules. In all CD1 molecules, the membrane distal a1
and a2 domains contain a large and complex hydro-
phobic ligand binding site with a narrow portal entry.
The structural basis for the binding of lipid antigens in
the hydrophobic ligand binding site has been inves-
tigated in great detail through a series of elegant

crystallographic studies of various CD1 proteins in
complex with specific bound ligands. To date, human
CD1a has been crystallized with its ligand binding site
occupied by sulfatide [67] or with the synthetic
lipopeptide didehydroxymycobactin [68]. The
human CD1b structure has been investigated with
bound PI or ganglioside GM2 [69], PC [33] and GMM
[70]. The mouse CD1d structure has been reported in
a form loaded with detergent [71] or loaded with
sulfatide (Fig. 3 and [72]), PC [34], a variant of
aGalCer with a short acyl chain [73], a-galacturono-
sylceramide [74] or PIM2 [75]. The human CD1d
structure has been also solved empty or loaded with
aGalCer [76].
The ligand binding sites of CD1a, as well as human and
mouse CD1d, contain two pockets designated A� and
F� that can accommodate aliphatic lipid tails. CD1b
contains an additional pocket (C�) and an inner tunnel
(T�) which connects the distal ends of the A� and F�
pockets together. This connection makes a long
A�T�F� �super-channel� that can bind impressively
long alkyl chains, such as those present in mycobacte-
rial mycolic acids (Fig. 2) [66]. CD1c and CD1e have
not been crystallized yet, but the presence of con-
served amino acid residues predicts that they have an
overall structure comparable to CD1a or CD1d, with
two lipid binding pockets in their hydrophobic ligand
binding sites [66].

Figure 3. Structure of mouse CD1d with bound sulfatide. Schematic representation of the mouse CD1d/b2-microglobulin complex, shown
in ribbon representation, with a bound sulfatide glycolipid as a stick representation. Atoms are depicted as follow: carbon, grey/yellow;
oxygen, red; nitrogen, blue; sulfur, orange. (a) Side view of the complex showing the solvent-exposed sulfated galactose moiety protruding
out of the mCD1d surface and b2-microglobulin noncovalently associated with the CD1d a3 domain. (b) Top view showing the a1 and a2
domains organized in two a-helices overlying the b-sheet floor to form the A� and F� lipid binding pockets. The sulfatide fatty acid is bound
in the A� pocket, and the sphingosine backbone is bound in the F� pocket. N-linked glycosylations located on N20, N42 and N165 are
included based on modeling. This figure is reproduced with permission from Zajonc et al. , Journal of Experimental Medicine 2005, 202:
1517–1526 Copyright 2005 The Rockefeller University Press [72].
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Another common feature between CD1 molecules is
their ability to bind the aliphatic tails of lipids and
glycolipids in an orientation that allows the polar head
groups of these ligands to remain solvent exposed at
the a-helical surface of the CD1 proteins, where they
are accessible for direct contact with residues of
cognate TCRs. Important amino acid residues of CD1
a-helices, localized at the portal leading into the
hydrophobic ligand binding site, can interact with the
polar head groups of glycolipids. Interactions occur
especially through hydrogen bonding to stabilize the
binding and conformation of the glycolipid when
bound to CD1 into a complex that is recognized by
specific T cells [33,34,66,73– 76].
Interestingly, recent reports revealed that CD1 mol-
ecules can be physiologically loaded with a glycolipid
together with spacer lipids, in a manner that fully
occupies the antigen binding pockets [33,34,74]. This
was previously observed in CD1b structures, which
were solved using recombinant CD1b folded with PI
or GM2, and contained a detergent molecule that
filled the portions of the hydrophobic ligand binding
site that was not occupied by the lipid or glycolipid
antigen [69]. The spacer lipids correspond to aliphatic
chains and have been identified as a C14 or C16 fatty
acid [73,74], and an unknown lipid of 41 – 44 carbons in
length [33].

CD1-expressing cells and regulation of CD1
expression

Human group 1 and group 2 CD1 proteins are
prominently expressed by cortical thymocytes and
by cells of the myeloid lineage, especially DC [77]. A
subset of B cells was also found to express CD1c
[78,79]. Human and mouse CD1d have a broader
distribution and are expressed at detectable levels on
most cells of hematopoietic origin, with the highest
levels usually observed on leukocytes such as dendritic
cells, B cells or monocytes [80,81]. Human CD1d
expression can also be identified in non-professional
APC such as intestinal and bile duct epithelial cells
[82,83], keratinocytes [84], hair follicles [85] and
peripheral nerve Schwann cells [86]. In mouse,
CD1d expression has been documented on hepato-
cytes [87]. Expression in additional cell types has been
suggested by an immunohistochemical survey of
multiple tissues using anti-mouse CD1d antibodies
that are cross-reactive to human CD1d [88], but the
validity of these other potential sites of CD1d
expression has not yet been confirmed.
The level of CD1 protein expression can be modulated
in certain circumstances. For example, group 1 CD1
proteins are upregulated by Gramulocyte-macro-

phage colony-stimulating factor (GM-CSF) and dur-
ing differentiation of monocytes to DC [77], and
CD1d expression on DCs is increased by inflamma-
tory cytokines such as interferon (IFN)b [89] and
IFNg [90], or by Toll-like receptor ligands [91,92].
Activation of peroxisome proliferator activator re-
ceptor g (PPARg) was found to be involved in
upregulation of CD1d during DC maturation
[93,94]. CD1d expression can be also downmodulated
by immunoregulatory cytokines such as interleukin
(IL)-10 [95] and transforming growth factor (TGFb)
[96]. In addition, infectious agents, including human
immunodeficiency virus (HIV) [97,98], herpes sim-
plex virus [99] and Leishmania donovani [100], can
downregulate CD1d expression of infected cells.

CD1-restricted T cell subsets and their cognate lipid
antigens

Lipid reactive CD1-restricted T cells have been found
to be heterogenous in terms of phenotype, and include
T cell subsets expressing an ab or gd TCR, and they
can have either a CD4+, CD8+ or CD4�CD8� [i.e.,
“double negative” (DN)] phenotype. The TCRs of
group 1 CD1-restricted T cells are highly diverse,
whereas many mouse and human group 2 CD1-
restricted T cells are found to have TCRs with an
invariant TCR a-chain and much less diversity than
the TCRs of MHC-restricted T cells (see below).
Many CD1-restricted T cells have been shown to
possess weak or moderate reactivity against normal
cells, even from a syngeneic source, suggesting that
these T cells have a relatively high level of inherent
autoreactivity. The self and foreign lipid ligands
recognized by various CD1-restricted T cell subsets
have been partially defined in many cases, and are
summarized in the sections that follow.

Type I CD1d-restricted NKT cells
Type I NKT cells (also referred to as Va14 invariant
NKT cells in mice, and Va24 invariant NKT cells in
humans) are unusual ab T cells that express a semi-
invariant TCR and potently recognize a-galactosyl-
ceramide (aGalCer, Fig. 2) presented by CD1d
[101,102]. These cells express an invariant TCRa

chain, which is formed by precise rearrangement of
the germline sequences of Va24 with Ja18 in humans,
or Va14 with Ja18 in mice. These invariant TCRa

chains pair with TCRb chains that also have somewhat
restricted diversity, generally encoded by rearrange-
ment of the Vb11 gene segment in humans, or Vb8,
Vb7 or Vb2 in mice, with a variety of Jb segments and
substantial diversity in the joining region. Some
human aGalCer/CD1d specific T cells, lacking the
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Va24 TCR segment, have been also described [103].
Type I NKT cells uniformly show an effector/memory
phenotype and have innate-like proinflammatory and
immunoregulatory properties [104]. Upon antigen
recognition they can rapidly produce Th1 [IFNg,
tumor necrosis factor a (TNFa)] and Th2 (IL-4, IL-10,
IL-13 and IL-5) cytokines, transactivate other effector
lymphocytes (T, B and NK cells) and trigger DC
maturation. Anti-tumor activities of type I NKT cells
have been described in mice in vivo, especially after
specific activation with aGalCer [105]. The identity of
natural lipids presented to and recognized by type I
NKT cells is not completely known, but an unexpected
variety of synthetic and natural lipids that can
potentially activate this subset of CD1d-restricted T
cells has been identified recently.

Synthetic type I NKT cell antigens
a-Galactosylceramide (aGalCer, Fig. 2) remained for
long time the model antigen to study the reactivity of
type I NKT cells. It is a synthetic glycolipid, and is
fundamentally different in structure from the glyco-
sphingolipids of mammals that generally contain only
b-anomeric linkages of the proximal sugar to the
ceramide. While not a physiologically relevant anti-
gen, synthetic aGalCer is a strong agonist of type I
NKT cells and has been proposed as a possible
therapeutic immunomodulator for treatment of auto-
immune diseases or cancer [106]. In addition, re-
combinant CD1d tetramers complexes loaded with
aGalCer bind with high sensitivity and specificity to
virtually all type I NKT cells, which has enabled the
production of extremely useful reagents for the
identification and isolation of these cells [102].
New aGalCer analogs are the subject of intensive
research that seeks to identify compounds that can
specifically induce either anti-inflammatory or pro-
inflammatory responses from type I NKT cells. For
example, tail-truncated analogs of aGalCer, such as
the compound designated OCH which has a shortened
sphingosine chain or the C20:2 analog with a short-
ened fatty acyl moiety (Fig. 2), induce a striking
polarization of the cytokine secretion by type I NKT
cells [107,108]. These aGalCer analogs induce the
preferential secretion of Th2 cytokines by type I NKT
cells, resulting in mainly IL-4 release with little and
short-lived IFNg secretion, due to a lack of NK cell
transactivation [108]. Another compound known as a-
C-galactosylceramide, which is a C-glycoside analog
of aGalCer, has the opposite effect and induces a
predominantly Th1-type response from type I NKT
cells in vivo, and provides superior anti-metastatic or
anti-malarial compared protection to aGalCer
[109,110].

Natural mammalian lipid antigens recognized by type
I NKT cells
Type I NKT cells have frequently been observed to
have significant levels of reactivity to CD1d molecules
on the surfaces of normal host cells and tumor cells.
This appears to be a type of regulated self-reactivity
that can be augmented by exposure to microbial
products such as lipopolysaccharide through effects
mediated by IL-12 [111]. This reactivity is presumed
to involve recognition of self lipid ligands bound to
CD1d, and the precise identity of the lipid antigens
involved in such reactivity has been an area of great
interest. There is some data suggesting that common
cellular phospholipids may be relevant ligands that
trigger self-reactivity of type I NKT cells. As discussed
earlier, several phospholipids have been shown to
associate with CD1 molecules after their synthesis in
mammalian cells, and it has been found that PE and PI
(Fig. 2) can be stimulatory to some but not all murine
type I NKT cell hybridomas [112,113]. The degree of
activation by PE was dependent upon the presence of
unsaturations and the length of acyl chains [113].
Little is known about the effector functions induced
by recognition of these self phospholipids, since only
responses of type I NKT hybridomas which are limited
to IL-2 production have been studied [112,113].
Several self glycosphingolipids have been identified as
potential type I NKT cell antigens. One study found
that the ganglioside GD3 can activate a subset of
murine type I NKT cells in vivo in a CD1d-dependent
manner [114]. Interestingly, GD3 induced IL-4 secre-
tion from NKT cells, but not IFNg secretion [114]. The
reactivity of human type I NKT cells to GD3 remains
to be determined. b-Galactosylceramides, which are
produced by normal mammalian cells, were previous-
ly thought not to be recognized by type I NKT cells.
However, recent studies show that mouse type I NKT
cells can respond to high doses of bGalCer with a
particular acyl chain length [115,116]. This antigen
induced proliferation and TCR downregulation of
type I NKT cells, but no cytokine secretion or
activation of bystander NK cells [115,116]. Isoglobo-
trihexosylceramide (iGb3, Fig. 2) has been identified
as an endogenous antigen that is recognized by most
or all aGalCer-reactive murine and human type I
NKT cells [57]. This mammalian glycolipid induced
proliferation of human type I NKT cells in vitro that
was similar to that resulting from aGalCer stimula-
tion, and induced comparable secretion of IFNg and
IL-4. However, iGb3-loaded CD1d tetramers do not
bind detectably to type I NKT cells. This antigen has
been proposed as the conserved and endogenous
glycolipid involved in thymic selection and in the
activation of type I NKT cells in the periphery during
bacterial infection [117].
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Natural microbial antigens recognized by type I NKT
cells
Phosphatidylinositol tetramannoside (PIM4), a gly-
colipid produced by mycobacteria, was the first
bacterial type I NKT cell antigen identified [118].
Only a fraction of the type I NKT cells, in both human
and mouse, have been found to recognize PIM4
purified from BCG. The PIM4-specific subset of NKT
cells was shown to produce IFNg but little or no IL-4,
and displayed cytolytic activity [118]. However, these
results could not be reproduced in another study using
synthetic PIM4, raising questions about the true
identity of the natural BCG-derived NKT cell ligand
[119].
Lipophosphoglycan derived from Leishmania dono-
vani (LPG, also known as LD1S) has been recently
reported as a pathogen-derived antigen for murine
type I NKT cells [59]. Like PIM4, only a fraction of the
murine type I NKT cells recognized LD1S. The LD1S
specific subset of NKT cells produces IFNg but no
detectable IL-4 [59].
a-Glucuronosylceramides have a structure very close
to aGalCer, as they correspond to 6�-carboxylated a-
glycosylceramides (Fig. 2) expressed by particular
bacteria of the Sphingomonas [120] or Ehrlichia
genuses. It was found that a fraction of type I NKT
cells react to a-glucuronosylceramides in mice
[117,121], but all human NKT cell lines tested
recognize such antigens [117,121,122]. These antigens
induce strong IFNg and IL-4 release in both human
and murine NKT cells [117,121,122]. Similarly, a-
galactosyldiacylglycerol (BbGL-IIc, Fig. 2), derived
from Borrelia burgdorferi, which is the causative agent
of Lyme disease, was found to be recognized in a
fraction of mouse type I NKT cells, and also by a
human type I NKT cell line. This antigen preferen-
tially stimulated IFNg rather than IL-4 [119].

Type II or non-invariant NKT cells
Type II NKT cells are also specific for antigens
presented by CD1d, but they express TCRs with
highly diverse structures similar to those of conven-
tional T cells, and are generally not reactive with
aGalCer [101]. They are poorly characterized because
the antigens that they recognize remain nearly un-
known, and there currently exist no specific reagents
that allow them to be precisely identified and isolated.
However, type II NKT cells specific for sulfatides
(sulfated and self-derived b-galactosylceramides, Fig.
2), have been described in mice [72,123], These have
the ability to secrete IFNg and IL-4, and their specific
activation in vivo by sulfatide injection prevented the
onset of experimental autoimmune encephalomyelitis
[123] or type 1 diabetes in susceptible mice [124]. The
existence of corresponding sulfatide-specific CD1d-

restricted T cells in human has not yet been reported.
Mouse type II NKT cells with unknown specificity and
a CD4+ phenotype can exert a suppressive role on
anti-tumor responses [125]. This occurs via their
production of IL-13, which in turn induces TGFb

release from myeloid suppressor cells and subsequent
inhibition of tumor-reactive CD8+ T cells [126,127].
The first human type II NKT cells identified were
reactive to phenylpentamethylbenzofuran sulfonate
(PPBF), a synthetic hydrophobic but nonlipidic mol-
ecule that is presented by CD1d [128]. Little is known
about the functional response induced by PPBF, as
only proliferation and IL-2 release by PPBF-respon-
sive T cells has been demonstrated so far. A few
human clones reactive to pollen-derived PE or PC
presented by CD1d have been recently reported [54].
Most of these produced IL-4 when stimulated in vitro,
although some of them also secreted IFNg, IL-10 or
TGFb [54]. Other human type II NKT cells with
unknown antigen specificity have been isolated and
shown to have a Th1 polarization with IFNg produc-
tion in subjects with chronic viral hepatitis [129,130],
whereas type II NKT cells with a Th2 polarization (IL-
4 or IL-13 production) appear to be frequent in
normal bone marrow [131], or in patients with ulcer-
ative colitis [132]. Like type I NKT cells, subsets of
type II NKT cells thus have the ability to produce Th1
or Th2 cytokines or both.

Group 1 CD1-reactive ab T cells
The reactivity of MHC-unrestricted human T cells to
mycobacterial cell-wall extract was primarily found to
be dependent on antigen presentation by group 1 CD1
molecules, in particular CD1b in the first examples
described [133]. The molecular identity of mycobac-
terial lipids presented by CD1b and recognized by T
cells was then investigated, which led to identification
of mycolic acid (Fig. 2) [134] and its monoglucosylated
derivative GMM [135] as relevant CD1b-presented
antigens. Interestingly, the synthesis of GMM by
mycobacteria requires glucose uptake from the host,
indicating that GMM synthesis is a marker for
infectious mycobacteria that have the capacity to
grow within a mammalian host [136]. Mycobacterial
phosphatidylinositols (PIs) linked to carbohydrate
structures of varying complexity can also be presented
by CD1b, including lipoarabinomannan (LAM) [55],
and mannosylated PI such as PIM2 (Fig. 2) [60] or
PIM6 [55]. Another class of glycolipid presented by
CD1b is diacylated sulfoglycolipids [137]. CD1c
molecules also present glycolipids derived from the
cell wall of mycobacteria, including a family of b1-
mannosyl isoprenoid lipids that are now referred to as
mycoketides (MPD) [138,139]. Human T cells have
also been identified that specifically recognize dide-
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hydroxymycobactin, a mycobacterial lipopeptide pre-
sented by CD1a [140].
In general, group 1 CD1-restricted T cells reactive to
mycobacterial lipids have been found in vitro to
display functionalities consistent with a role in anti-
bacterial immunity. These include IFNg secretion
[55,137,141– 143], cytolytic activity [133 – 135,137 –
139,144] and in some cases the ability to mediate
bactericidal activity through the secretion of the
antimicrobial peptide granulysin [145]. Most of
these cells show a CD8+ or DN (CD4/CD8 double
negative) phenotype, but some Th1-polarized CD1-
restricted CD4+ cells have been found in leprosy
lesions [142]. Mycobacteria-reactive T cells were
found to cross-react to multiple mycobacterial species,
and are believed to recognize conserved lipid struc-
tures shared by these organisms [143]. Specific group 1
CD1-restricted T cell responses against mycobacterial
lipids are more easily detectable in human subjects
who have a clinical history of mycobacterial infection,
or in BCG-immunized and PPD+ healthy donors
[137,138,141,143]. This suggests that these T cells are
expanded by previous antigen exposure, and most
likely represent a type of long-lived memory T cell.
Studies using guinea pigs as an animal model for group
1 CD1-restricted T cell responses support this notion,
as immunization of na�ve guinea pigs with purified
mycobacterial lipids induces specific and long-lived
CD1-dependent T cell responses [144]. Guinea pigs
immunized in this manner and challenged with
virulent Mycobacterium tuberculosis show improved
control of infection and a milder lung pathology when
compared to na�ve animals [146], which is similar to
the level of protective immunity induced by BCG
immunization. Although it remains to be definitively
proven that the protection elicited in this model is
directly linked to CD1-restricted vaccine-elicited T
cell responses, this is a plausible hypothesis that
deserves further detailed study.
The group 1 CD1 system thus seems to be particularly
efficient for presentation of mycobacterial derived
antigens to ab T cells, leading to potentially protective
memory responses against pathogens such as M.
tuberculosis and M. leprae, but their direct role in
infection remains to be fully demonstrated. Currently,
there are very few data available concerning the
involvement of group 1 CD1-restricted T cells in
protective immune responses against other types of
bacterial pathogens. However, there have been iso-
lated reports of group 1 CD1-restricted T cells reactive
to Haemophilus influenza, Escherichia coli or Yersinia
enterocolitica lipid extracts [147,148]. Thus, genera-
tion of host immunity by T cells responding to
bacterial lipids presented by this pathway may not
be limited only to mycobacterial infections.

In addition to presentation of bacterial lipids, there is
evidence that group 1 CD1 molecules play a signifi-
cant role in presentation of environmental and self
lipid antigens. For example, human clones reactive to
pollen-derived PC presented mainly by CD1a have
recently been reported [54], and have been postulated
to be involved in seasonal allergic symptoms as a result
of their production of IL-4 or other cytokines [54].
Intriguingly, some group 1 CD1-restricted T cell
clones selected for reactivity to microbial lipids were
found to be weakly reactive to unidentified self-
derived lipids, and these secreted a combination of
Th1- and Th2-associated cytokines [148,149]. Reac-
tivity to various well-characterized self glycosphingo-
lipids presented by group 1 CD1 molecules has also
been well documented. For example, the glycolipid
sulfatide can be recognized by T cells restricted by
either CD1a, -b or -c, and these cells can produce
either Th1 or Th2 cytokines [150]. T cells reactive to
the ganglioside GM1 presented by CD1b have been
identified with a Th1 cytokine profile, and their
frequency appears elevated in the blood of patients
with multiple sclerosis [151]. Because GM1 is a
component of the myelin, it was suggested that these
cells might contribute to pathogenesis of this demye-
linating disease [151]. CD1a- or CD1c- reactive T cells
have also been suggested to be involved in the
pathogenesis of autoimmune thyroid diseases [79].

Lipid reactive gd T cells
Human gd T cells expressing Vd2 TCR segments can
show reactivity to microbial derived isopentenyl
pyrophosphate [152], and such cells also display
reactivity to tumor cells [153,154]. However, the
reactivity of these cells with such small and negatively
charged alkyl phosphates has been found not to be
dependent on presentation by CD1 molecules. In
contrast, CD1c-reactive gd T cells expressing Vd1
TCR segments have been identified. These cells are
activated by CD1c-expressing APCs without requir-
ing the deliberate addition of any exogenous antigen,
and the putative self lipid ligands recognized by these
T cells remain to be established. The few examples of
these T cells so far studied produce mainly Th1
cytokines, possess cytolytic activity [155,156] and also
trigger dendritic cell maturation [157]. In addition,
human gd T cells expressing TCRs using either the
Vd1 or Vd2 were recently found to be reactive to
pollen-derived PE presented by CD1d [158]. These
cells could be identified in patients allergic to cypress
pollen, but not in non-allergic individuals. Their ability
to secrete IL-4 and provide helper activity for
immunoglobulin E production suggest that they
might be involved in generating or sustaining allergic
disease [158].
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Conclusion

The CD1 system appears to play an important role in
various immune responses by mobilizing specific ab

and gd T cell subsets that respond to lipid antigens.
This function is analogous and complementary to that
of the MHC class I and II antigen-presenting mole-
cules, which present only antigenic peptides to T cells.
A significant role for group 2 CD1 (CD1d) in
immunoregulation is strongly implied by multiple
animal models, and observations made recently with
human T cell lines suggest that this function might also
extend to group 1 CD1 molecules. Another new
notion is the fact that lipid-reactive CD1-restricted T
cells can cross-react with multiple distinct antigens, a
phenomenon particularly evident for CD1d-restricted
type I NKT cells and which has been suggested for
group 1 CD1-restricted T cells.
It is also interesting to note that when CD1-presented
lipid antigens are considered according to the quality
of functional responses that they induce, self-derived
mammalian lipids tend to induce more of a Th2
polarization of specific T cells, whereas pathogen-
derived antigens preferentially induce Th1 polariza-
tion and cytolytic activity. In this manner, lipid-
reactive T cells could exert a variety of diverse
functions, behaving like pro-inflammatory cells in
response to pathogen-derived glycolipids or as anti-
inflammatory cells in response to self-derived glyco-
lipids. In the case of type I NKT cells, this may provide
an explanation for the widely divergent functions that
have been associated with these T cells depending on
the model or the disease studied [104,106].
Finally, the presentation of lipids to T cells might not
be limited solely to CD1-dependent pathways, as
other potential nonclassical antigen-presenting mole-
cules like MR-1 or F1-ATPase/Apo A-I might also be
involved in this process. Preliminary suggestive evi-
dence for this has recently emerged, as one study
reported that MR-1 can mediate presentation of a
synthetic a-mannosylceramide to a subset of uncon-
ventional T cells with semi-invariant TCRs containing
Va19 [159]. Similarly, F1-ATPase/Apo A-I was found
to promote tumor cell recognition by Vd2 T cells
[160], but it remains unknown whether it is involved in
the presentation of lipids such as the prenyl pyro-
phosphates that are recognized by this T cell subset
and produced by the active mevalonate pathway in
some tumor cells. Further work to gain a more
complete understanding of CD1 and other potential
mechanisms involved in the T cell recognition of lipid
antigens might ultimately lead to important new
approaches to prevention and therapy of many
infectious, neoplastic, inflammatory and autoimmune
disorders.
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