
TLR gateways to CD1 function
D Branch Moody

CD1-restricted T cells can be activated by diverse lipids derived from mammals, bacteria and protozoa. Certain lipids function 
as antigens, which bind to CD1 proteins and contact T cell antigen receptors. Other lipids activate CD1-restricted T cells by 
functioning as adjuvants. By stimulating Toll-like receptors on antigen-presenting cells, these adjuvants alter cytokine secretion, 
lipid antigen synthesis and CD1 protein translation. Delineation of the separate mechanisms by which adjuvants and antigens 
activate CD1-restricted T cells is leading to new hypotheses about the functions of individual CD1 proteins during the transition 
from innate to acquired immune responses.

The realization that T cells can be activated by CD1 proteins presenting 
cellular lipids has opened new avenues of investigation into the types of 
molecules recognized by αβ T cell antigen receptors (TCRs). The anti-
gen-presenting function of CD1 proteins was discovered by studies of 
unusual, long-chain fatty acids that are expressed in a few species related 
to mycobacteria1,2. Subsequent studies have shown that CD1-restricted 
T cells influence the outcomes of infection with bacteria, viruses, fungi 
and protozoa through the recognition of diacylglycerols3–6, acylated 
carbohydrates7,8, polyketides9,10, sphingolipids11,12, phospholipids13, 
lipopeptides14 and other molecules. Also, T cells can be activated by 
self lipids such as gangliosides15,16, sulfatides17, phosphatidylinositols18, 
phosphatidylethanolamines19 and phosphatidylcholines20 (Fig. 1). The 
unexpected molecular diversity of these T cell stimulants supports the 
hypothesis that CD1 proteins normally function in ‘reporting’ changes 
in the global lipid content of cells.

Because of increasing evidence that CD1 proteins are involved in the 
outcome of infectious and autoimmune disease, considerable energy is 
now devoted to understanding the precise functions of CD1-restricted 
T cells in immune regulation. Certain CD1 proteins are constitutively 
expressed on many antigen-presenting cells (APCs), and CD1d-restricted 
natural killer T (NKT) cells are ‘famous’ for their ability to circulate in a 
pre primed state that allows them to rapidly secrete cytokines. Therefore, 
most models propose that CD1-restricted T cells, especially CD1d-
restricted NKT cells, act as ‘gatekeepers’ during the earliest stages of the 
innate immune response, controlling subsequent dendritic cell (DC) 
maturation, NK cell activation and major histocompatibility complex 
(MHC)–restricted T cell polarization.

That view remains valid, but new discoveries indicate that it is 
incomplete. Toll-like receptors (TLRs) have been found to modulate 
the functions of CD1-restricted T cells through at least three distinct 
mechanisms (Fig. 2). CD1-restricted T cell activation can be influenced 
by TLR stimulation that occurs simultaneously with CD1-restricted 
T cell activation (Fig. 2b,c), as well as by TLR activation that occurs days 

before CD1 expression (Fig. 2d). Thus, certain aspects of CD1 function 
seem to be delayed and regulated by the innate immune system.

Also, the dynamic patterns of CD1 expression over time in infected 
cells or inflamed tissues are more complex than previously appreciated. 
Human APCs express five CD1 proteins which have been classified as 
belonging either to group 1 (CD1a, CD1b, CD1c and CD1e) or group 2 
(CD1d)21. CD1d is constitutively expressed and therefore better fits the 
function of an innate receptor. In contrast, myeloid precursors of human 
DCs lack group 1 CD1 expression and express group 1 CD1 molecules 
only after activation by TLR ligands, cytokines or other stimuli. More 
generally, a picture is emerging in which APCs actively modulate tran-
scription of genes encoding individual CD1 isoforms based on the local 
inflammatory milieu (Fig. 3). This review outlines new insights into 
the regulation of the formation of complexes between CD1 and lipid 
antigens in cells and emphasizes studies investigating the influence of 
TLRs on the antigen-presenting functions of CD1 proteins.

TCR recognition of lipid antigens
Before the discovery of the CD1 system, there was little precedent for the 
finding that either B cell antigen receptors or TCRs recognize molecules 
composed mainly of alkyl chains. Crystal structures of CD1a, CD1b and 
CD1d proteins in complex with lipid ligands have clarified the molecu-
lar basis by which hydrophobic and flexible molecules are presented to 
T cells22–29. CD1 proteins have an MHC-like fold that produces unusu-
ally deep antigen-binding grooves with up to four pockets, called A′, 
C′, T′ and F′ (refs. 22,23). Alkyl chains of lipid antigens are sequestered 
from aqueous solvent in the α1-α2 ‘superdomain’ of CD1 proteins. The 
‘seating’ of the most hydrophobic elements in the groove allows the inor-
ganic, carbohydrate or peptidic components of antigens to protrude to 
the outer face of CD1 proteins for contact with TCRs (Fig. 2a).

Ternary CD1-lipid-TCR structures have not yet been captured by 
X-ray crystallography. However, the function of the TCR in mediat-
ing lipid antigen recognition has been demonstrated in experiments 
in which the transfer of TCRα and TCRβ chains into cells expressing 
other components of the CD3 signaling complex conferred lipid antigen 
reactivity on the recipient cells30,31. Furthermore, the direct interaction 
of TCRs with CD1-lipid complexes has been seen in binding studies32,33 
and by the ability of lipid-loaded, fluorescent CD1 tetramers to stain 
T cells34–36. Through modeling studies27 and by the generation of point 
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mutations in the gene sequence encoding in complementarity-deter-
mining region 3 of TCRs37 and in the α-helical regions of CD1 (ref. 38), 
detailed hypotheses about the potential ‘footprint’ of the TCR on the 
surface of CD1 have emerged. Crystal structures show that the overall 
conformations of TCRα and TCRβ chains of α-galactosyl ceramide–
specific TCRs are similar to those of peptide-specific TCRs33,39. Docking 
models predict that complementarity-determining region 3 areas of 
TCRα and TCRβ chains are likely to contact CD1 at the point from 
which the glycolipid protrudes from the groove27,33,37,39. Thus, the cen-
tral molecular paradigm of lipid-mediated T cell activation involves a 
trimolecular CD1-lipid-TCR interaction, which is comparable to TCR 
recognition of cognate peptide-MHC complexes (Fig. 2a).

Formation of CD1-lipid complexes in cells
That model raises issues about how APCs select among the various types 
of lipid available for binding to CD1 and regulate the insertion of lipid 

antigens into the hydrophobic groove. Self 
lipid ligands can come from within the CD1-
expressing APC, possibly during the cotransla-
tional folding of CD1 proteins around lipids or 
by exchange reactions catalyzed by microsomal 
triglyceride transfer proteins during CD1 tran-
sit through the secretory pathway40–41. Once 
present at the cell surface, CD1 proteins have 
an ability to capture and present some types 
of exogenous lipid without the need for cel-
lular cofactors15,18,42. Other lipids have more 
stringent loading requirements, such that they 
do not efficiently load onto cell surface CD1 
proteins but instead selectively associate with 
CD1 proteins in endosomes1,43–46.

The dynamic processes by which antigens are 
inserted into the grooves of CD1 proteins are 
not yet understood, but studies have indicated 
certain molecular variables that influence load-
ing at the cell surface or in acidic endosomes. In 
particular, lipids with short alkyl chains47 and 
several ligands for human CD1a42, which has a 
particularly shallow antigen-binding groove24, 
can be loaded at neutral pH on the cell surface. 
In contrast, lipids with longer alkyl chains tend 
to require endosomal loading1,8,48, and one 
study has indicated that long alkyl chain length 
may be the key variable necessitating transport 
of CD1 proteins and lipids to endosomes for 
loading reactions47.

The entrances to CD1 grooves are relatively 
narrow (9–17 Å) compared with those in 
MHC proteins (over 22 Å)22,24,33. Thus, anti-
gens with the longest alkyl chains might expe-
rience more steric hindrance as they traverse 
the entrance to the groove. Likewise, lipids 
with long alkyl chains might encounter more 
loss of free energy of desolvation during tran-
sient exposure to aqueous solution, while they 
are transferred from membranes, lipid-protein 
complexes or other donor substrates into the 
groove. Therefore, the correlation of long 
chain length and large groove volume with the 
necessity for transport to endosomes might be 
explained if endosomes provide loading cofac-

tors that overcome those steric and solvent hindrances.
Consistent with that hypothesis, endosomes serve as the site of accu-

mulation of saposins and apolipoprotein E, which are lipid-transfer 
proteins that promote the delivery and insertion of lipids into the CD1 
groove49–52. In addition, CD1e proteins function as lipid-binding pro-
teins that assist in exposing glycolipids such as phosphatidylinositol 
mannoside (Fig. 1) to allow glycan trimming in endosomes before 
T cell activation6,53. Finally, the low pH of late endosomes and lyso-
somes (pH 4.5–5.5) partially and reversibly denatures the CD1 α-
helices that protect the entrance to the groove54. Thus, CD1 proteins 
may function as pH-regulated lipid clamps, whose grooves transiently 
become more accessible as the proteins travel through late endosomes 
and lysosomes55.

By regulating which lipids enter late endosomes, APCs can control 
the types of lipid that are ultimately displayed on CD1 to T cells. The 
lumen of endosomal compartments is enriched in exogenously derived 
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Figure 1  Lipid stimulants of CD1-restricted T cells can be derived from mammalian cells or foreign 
sources, and they show considerable structural diversity. Certain lipids (such as α-galactosyl ceramide) 
act as antigens by binding to CD1 and TCRs, whereas others (such as LPS) act as adjuvants by 
activating APCs.

REV IEW
©

20
06

 N
at

u
re

 P
u

b
lis

h
in

g
 G

ro
u

p
  

h
tt

p
:/

/w
w

w
.n

at
u

re
.c

o
m

/n
at

u
re

im
m

u
n

o
lo

g
y



lipids, including those that are delivered by the action of regulated mac-
ropinocytosis56, mannose receptors57, langerin58 and the low-density 
lipoprotein receptor52. Galactosidase A (ref. 59) and other lysosomal 
glycosidases60  trim some glycans from these glycolipids, ultimately 
revealing carbohydrate epitopes, but there is no evidence so far that 
the alkyl chains of lipid antigens are trimmed to fit the grooves of CD1 
proteins55.

After CD1-lipid complexes form in endosomes, they are exported 
to the surface for recognition by TCRs. The idea that lipids can act as 
cognate antigens by directly contacting the TCR no longer attracts 
controversy because it is simple and explains much experimental data 
(Fig. 2a). However, a decade ago, it was proposed on a theoretical basis 
that lipids might also activate CD1-restricted T cells by parallel path-
ways that do not solely involve lipid insertion into CD1 and contact 
with TCRs61. Now, data have shown that lipids do indeed activate CD1-
restricted T cells through three distinct noncognate pathways and each 
of those pathways involves TLRs (Fig. 2b–d).

Pathway 1: lipid-induced cytokine synthesis
Infection by Gram-negative bacteria, including Salmonella typhimurium 
and Pseudomonas aeruginosa, activates CD1d-restricted NKT cells12,62, 
and in some cases, NKT cells contribute to the resolution of infection63. 
To identify factors mediating this response, Gram-negative bacterial cell 
walls were extracted with aqueous and organic solvents. Stimulatory 
factors were found to be protease resistant and were then identified 
as lipopolysaccharide (LPS) molecules64 (Fig. 1). Activation of NKT 
cells by LPS in vitro required that APCs express CD1d, but mechanistic 
experiments indicated that LPS might work by mechanisms other than 
direct interaction with the TCR.

LPS, a well known agonist of TLR4, stimulates secretion of inter-
leukin 12 p70 (IL-12p70) from DCs, and interleukin 12 is sufficient to 
promote NKT cell activation in vitro in the absence of LPS, as long as 
APCs also express CD1d. In vivo, blockade of IL-12 reduces the number 
of interferon-γ-secreting NKT cells64. Those studies indicate that CD1d 
and foreign glycolipids may be able to activate T cells by sending two 

separate and synergistic signals transmitted through TCRs and TLRs, 
respectively (Fig. 2b).

Pathway 2: lipid-induced lipid synthesis
Building on evidence that CD1d proteins bind endogenous lipids as 
they recycle from the cell surface to late endosomes and lysosomes 
and back to the cell surface43,44,65–67, deletion of a lysosomal enzyme, 
β-hexosaminidase, was found to block positive selection of CD1d-
restricted NKT cells60. Although deletion of glycosidases might non-
specifically inhibit lipid antigen presentation by globally altering the 
glycolipid content and the physical structure of lysosomes, β-hexosa-
minidase-deficient cells were found to be deficient in mediating T cell 
recognition of only certain glycolipids. In particular, β-hexosaminidase 
is known to convert isogloboside4 (iGb4) to isogloboside3 (iGb3). Both 
iGb3 and iGb4 stimulated NKT cells, but whereas iGb4-mediated T cell 
stimulation required β-hexosaminidase expression by APCs, iGb3 could 
be presented to T cells by recombinant CD1d proteins coated on plastic 
plates. Thus, it seems that iGb4 is a precursor and that iGb3, when bound 
to CD1d, can directly stimulate TCRs.

Whereas most previous studies have emphasized T cell stimulation 
by exogenous lipid antigens that are taken up into the endosomal 
network for loading into the grooves of CD1 proteins (Fig. 2a), these 
studies indicate that activated DCs can be triggered to produce an 
endogenous glycolipid antigen de novo (Fig. 2c). Separate studies 
searching for stimuli that might regulate this process showed that the 
β-hexosaminidase-dependent activation of NKT cells could be triggered by 
S. typhimurium in a way that depends on adaptor molecule MyD88 
(ref. 12). Those results were interpreted to indicate that Gram-nega-
tive LPS may act through TLR4 to facilitate NKT cell activation and 
that this process may also requires β-hexosaminidase-mediated pro-
duction of endogenous isoglobosides.

Certain interconnections among these key elements of the isoglobo-
side pathway remain to be investigated, including the presumed function 
of an LPS-TLR4 interaction in this process and direct measurements 
of altered endogenous iGb3 production and the association of iGb3 
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with CD1d in intact cells. However, these studies have identified an 
unexpected mechanism for CD1-mediated T cell activation whereby 
an exogenous foreign glycolipid controls production of a structurally 
unrelated endogenous mammalian glycolipid, which in turn is likely 
to function as a cognate TCR antigen. This new idea is also likely to be 
relevant to the functions of group 1 CD1 isoforms. For example, stud-
ies have found that treating APCs with bacteria, mycobacteria or TLR 
agonists can promote the activation of CD1a- or CD1b-restricted T cell 
lines, even though these T cell lines express TCRs that are not specific 
for bacterial products but instead recognize self glycosphingolipids68. 
That finding was interpreted to indicate that microbial stimuli may alter 
endogenous mammalian lipid antigens that bind to CD1a and CD1b. In 
addition, TLR agonists might directly influence the functions of T cells, 
as NKT cells express TLR4 (ref. 69).

Pathway 3: regulation of CD1 protein synthesis
As with MHC class II, regulation of CD1 cell surface expression might be 
one mechanism by which APCs control responses to different classes of 
self and foreign lipids. Until recently, that possibility had not been widely 
investigated because CD1d, the most extensively studied of the mammalian 
CD1 isoforms, is constitutively expressed on marginal zone B cells, mouse 
bone marrow DCs and monocytic precursors of human DCs61 (Fig. 3). 
However, group 1 CD1 isoforms more clearly show inducible patterns of 
expression. Blood monocytes do not detectably express CD1a, CD1b or 
CD1c, but these proteins can be upregulated to high density on the cell 
surface by granulocyte-macrophage colony-stimulating factor, IL-4 and 
other cytokine ‘cocktails’ designed to drive DC differentiation in vitro1,70. 
The use of recombinant cytokines to engineer CD1-expressing cells gave 
rise to the idea that a similar process might occur in vivo and led to efforts 
to identify natural stimuli that regulate group 1 CD1 protein expression.

One possibility is that myeloid cells might come to express group 1 
CD1 proteins as the result of contact with infecting pathogens or other 
localized inflammatory stimuli in tissues. Mycobacterium tuberculosis 
and Mycobacterium leprae, which produce cognate antigens that bind to 
CD1, also trigger the appearance of group 1 CD1 proteins on the surface 
of infected cells56,71. The factors inducing group 1 CD1 protein expres-
sion are shed from the surface of live mycobacteria and are enriched in 
the lipid-containing cell wall fractions. Several mycobacterial lipids are 
sufficient to upregulate group 1 CD1 expression in DCs, including two 
glycolipid agonists of TLR2: lipoarabinomannan and phosphatidylino-
sitol mannoside56 (Fig. 1). Studies of DCs in human skin infected have 
shown that infection with M. leprae or treatment of cells with purified 
agonists of TLR5 and TLR2, including a 19-kDa lipoprotein, is sufficient 
to induce expression of group 1 CD1 proteins71.

Although the precise signaling mechanisms by which TLR activa-
tion leads to expression of group 1 CD1 proteins are not yet known, 
the cellular program involves cytokine secretion and new CD1 protein 
synthesis, a process that requires 2–3 days (refs. 1,55). CD1-restricted 
T cells are often considered innate lymphocytes that function during 
the first hours of an immune response. However, those studies have 
indicated that group 1 CD1 proteins on activated myeloid cells may be 
regulated by innate pattern-recognition receptors and may function at 
a later stage of immune response. The apparent conflict between these 
two points of view can be resolved by appreciating that CD1d and group 
1 CD1 proteins differ in the stimuli, timing and cellular mechanisms of 
their expression on DCs (Fig. 3).

Regulated expression of CD1 on DCs
Although many types of APC express CD1 proteins, the function of 
CD1 on myeloid DCs has emerged as a central area of study. MHC 
class II, CD1d and group 1 CD1 proteins are expressed together at 

intermediate stages of DC differentiation, but it has been possible to 
delineate distinct differences in the kinetics and cellular mechanisms 
that control their cell surface expression (Fig. 3a). The efficiency of 
peptide antigen processing and presentation by MHC class II is mod-
ulated based on the types of activating stimulus encountered in the 
periphery. DCs gradually progress through a program of maturation 
to become competent APCs as they accrue antigen-processing and 
costimulatory functions in a stepwise way. As part of that process, 
the surface density of MHC class II proteins increases from moderate 
to high during relatively late stages of DC maturation as a result of 
redirected trafficking of peptide-MHC complexes from endosomes 
to the cell surface72.

In contrast to that intracellular redistributive phenomenon, the initial 
appearance of group 1 CD1 proteins on immature DCs results mainly 
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immature DC involves a ‘nothing-to-all’ change in the expression of group 
1 CD1 on the surface. Whereas MHC class II (MHC II) surface expression 
is substantially regulated by redirected trafficking of preformed proteins to 
the cell surface, increased group 1 protein expression occurs through new 
protein translation. This idealized model and most studies of the kinetics 
of CD1 expression are based on activation with high doses of granulocyte-
macrophage colony-stimulating factor and recombinant IL-4 (GM-CSF + 
IL-4), but other studies have investigated the weaker but natural stimuli 
that may regulate CD1 expression in vivo. PPAR-γ, peroxisome proliferator 
activator receptor- γ; HIV, human immunodeficiency virus; KSHV, Kaposi 
sarcoma–associated herpesvirus. (b) T cell activation. The capacity of DCs to 
activate MHC class II–restricted T cells is regulated by functional transitions 
involving acquisition of antigen uptake as well as expression of costimulatory 
molecules72,80,81. Therefore, cell surface density of MHC class II does not 
always correlate with the ability to prime T cells. The acquisition of CD1-
mediated T cell–activating properties occurs early in DC differentiation, 
and for group 1 CD1 expression, it may correlate in time with the first 
appearance of these proteins on the cell surface.
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or solely from new protein translation56. Monocytic precursors of DCs 
seem to lack group 1 CD1 transcripts and intracellular and surface pro-
teins. After exposure to mycobacteria, cytokines, TLR agonists or related 
stimuli, kinetic analyses have shown parallel upregulation of mRNA 
encoding group 1 CD1 proteins and of its corresponding cell surface 
proteins over a period of about 72 h (Fig. 3a).

In contrast, CD1d is constitutively expressed on monocytes, macro-
phages and myeloid DCs at many stages of maturation. The absolute 
CD1d surface expression can be modulated from intermediate to high 
or low density by viruses73–75, bacteria56,76 and agonists of peroxisome 
proliferator activator receptor-γ77. For example, interferon-γ combined 
with M. tuberculosis infection or purified TLR2 agonists results in upreg-
ulation of CD1d expression on macrophages, such that the activation 
of NKT cells is augmented76. Conversely, Kaposi sarcoma–associated 
herpes virus downregulates surface expression of human CD1d through 
the action of MIR (modulator of immune recognition) proteins through 
a mechanism that involves ubiquitination of the CD1d cytoplasmic tail 
and redirected trafficking of CD1d to lysosomes73.

Not only do groups 1 and 2 CD1 proteins differ in their timing of 
expression on DCs, but also the transcription of genes encoding groups 
1 and 2 CD1 proteins can be oppositely regulated by a single stimulus. 
For example, agonists of peroxisome proliferator activator receptor-γ 
induce expression of the CD1d gene and protein while simultaneously 
suppressing expression of the gene encoding CD1a77. Similarly, myco-
bacterial lipids upregulate transcripts encoding group 1 CD1 molecules 
and downregulate those encoding CD1d in infected or activated cells55. 
Thus, whereas CD1 proteins were originally classified into two separate 
groups based solely on sequence homology21, those studies of early and 
late gene expression in DCs are emerging as a second general criterion 
that distinguishes group 1 versus group 2 CD1 proteins. Given the poten-
tial importance of this phenomenon, it is surprising that 20 years after 
the discovery of the CD1 locus, little detailed mechanistic information 
exists about potential CD1 isoform-specific promoters and transcription 
factors78. E26 transformation–specific transcription factors have been 
shown to regulate the expression of CD1d (ref. 79).

Functional transitions in DC differentiation
Studies now seek to move beyond quantitative measurement of CD1 
protein density on the cell surface to focus on the stimuli that actually 
control the ability of APCs to activate or prime CD1-restricted T cells 
(Fig. 3b). For MHC class II–mediated peptide antigen presentation, the 
functionally important transitions in DC differentiation are well studied. 
Quiescent myeloid cells first acquire the ability to rapidly internalize 
exogenous antigens and cleave them into peptides as they develop into 
immature DCs. Subsequently, the transition from immature to mature 
DCs involves release of peptide-MHC complexes from endosomes to the 
surface, expression of costimulatory molecules and other changes, all of 
which are critical for controlling whether the TCR stimulation results 
in T cell priming or anergy72,80,81. Thus, two functionally important 
transitions in DC maturation regulate the stimulation of MHC class 
II–restricted CD4+ T cells, and the amount of MHC class II surface 
expression (Fig. 3a) does not fully correlate with T cell stimulatory 
capacity (Fig. 3b).

Diagrams of changes in the T cell–activating capacity of CD1-expressing 
myeloid cells are incomplete (Fig. 3b), but hypotheses about the physi-
ological factors that regulate the CD1-mediated T cell–activating capacity 
are emerging. Cell surface expression of CD1 is necessary for antigen dis-
play, but other cellular factors influence the efficiency of T cell activa-
tion. For example, NKT cell activation by vesicular stomatitis virus and 
vaccinia virus can be substantially inhibited without changing CD1d 
surface expression82. Conversely, when expressed in an otherwise com-

petent APC, a low surface density of CD1d proteins is sufficient to 
efficiently activate NKT cells83. The discordance between cell surface 
density of CD1 and the efficiency of T cell activation probably relates 
to factors such as rates of antigen uptake, availability of endosomal lipid 
transfer proteins and rates of recycling of CD1 proteins to endosomes. 
Therefore, it will be useful to further investigate whether these factors 
are concurrently modulated with CD1 protein expression during DC 
maturation.

Of the three antigen-presenting systems discussed here, group 1 CD1 
proteins are the only ones absent within and on the surface of myeloid 
precursors of DCs. Given the ‘all-or-nothing’ nature of the changes in 
group 1 CD1 expression that occur during the transition of monocytes 
to immature DCs, it is plausible that regulated CD1 transcription and 
translation is a central means for regulating the functions of group 1 
CD1–restricted T cells. In vitro, the cellular machinery necessary for 
antigen processing and display, even for certain antigens that undergo 
stringent loading reactions in endosomes, is acquired during the early 
phases of DC differentiation1,8,47,56. In addition, one study has suggested 
that later DC maturation events do not further enhance the ability of 
DCs to stimulate CD1-restricted T cell lines84. Although the factors that 
govern priming of group 1 CD1–restricted T cells in vivo are not known, 
immature DCs are able to support the proliferation of polyclonal human 
T cells ex vivo8,9,85. These studies support the hypothesis that group 1 
CD1 antigen presentation systems undergo a functional transition during 
an early stage of DC differentiation and that this transition may be more 
tightly correlated with CD1 protein synthesis than transitions regulating 
the function of MHC class II antigen presentation systems (Fig. 3b).

Because CD1d is constitutively expressed on myeloid precursors of 
DCs and CD1d-restricted NKT cells are ‘preprimed’86, it is less clear 
that CD1d antigen presentation systems necessarily undergo any similar 
functional transitions during DC differentiation. Instead, TLRs and 
CD1d probably function simultaneously at the earliest stages of the 
immune response. One model emphasizes the intertwined nature of 
CD1d and TLR signals by showing how TLR stimulation provides IL-
12- or isogloboside–mediated signals that also require CD1d-TCR 
interactions59,64 (Fig. 2b,c). A different model proposes an ‘either/or’ 
scheme in which certain pathogens supply ligands for TLRs and other 
pathogens supply ligands for CD1. The last model derives from the 
observation that CD1d-presented α-glucuronyl ceramides (Fig. 1) are 
found in certain types of Gram-negative bacteria that naturally lack 
LPS agonists for TLR4 (refs. 11,12). In this model, CD1d and TLR4 are 
not viewed as synergistic, but instead are considered as acting sepa-
rately to accomplish similar functions in response to a broader range 
of pathogens.

Immunogenic lipid packets
Whereas these models of CD1d function emphasize rapid T cell activa-
tion, the initial lack of group 1 CD1 molecules on peripheral monocytes 
supports a two-step model whereby TLR activation precedes and controls 
group 1 CD1 expression, thereby acting as a ‘gateway’ to CD1 function. 
Such a system might localize group 1 CD1 lipid antigen presentation in 
time and space to sites of infection. That hypothesis is supported by the 
observation that cognate lipid antigens are more efficiently presented 
when administered with TLR2 ligands or in the form of intact bacte-
rial cell walls14,56. Although it is not possible at present to directly track 
the upregulation of group1 CD1 proteins in human tissues over time, 
myeloid cells expressing group 1 CD1 proteins are present in the skin 
of patients with tuberculoid leprosy71,87 and broncheoalveolar lavage 
samples from patients with tuberculosis88. The CD1+ cells appear at sites 
of infection in vivo, either through upregulation of CD1 in situ or migra-
tion of CD1-expressing cells.
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Lipids normally self assemble in aqueous biological solutions to 
form mixed aggregates described as micelles, membranes and lipid-
protein complexes. Thus, bilayers containing lipid antigens may nor-
mally coat or otherwise be physically associated with lipid, protein 
or nucleic acid agonists of TLRs. For example, mycobacterial cell 
walls contain lipid TLR agonists (phosphatidylinositol mannoside, 
lipoarabinomannan and 19-kDa lipoprotein) intercalated with lipid 
antigens (mycolic acid, glucose monomycolate and others). More 
generally, antigens presented by CD1 molecules are efficiently pro-
vided to APCs as membrane fragments, apoptotic bodies89 or highly 
ordered lipoprotein complexes52. Thus, microbes may provide both 
the ‘on switch’ (TLR agonists) to stimulate exogenous lipid process-
ing and the raw material (lipid antigens) that is ultimately loaded 
into CD1 proteins.

Distinguishing antigens from adjuvants
Not all lipids that stimulate CD1-restricted T cells are antigens (Fig. 1). 
If the term ‘antigen’ is restricted to only those molecules that directly 
bind to TCRs (Fig. 2a), then lipids that stimulate APCs to produce 
cytokines, endogenous lipids and CD1 proteins represent adju-
vants90 (Fig. 2b–d). LPS is an adjuvant12,59,64, whereas α-galactosyl 
ceramide is an antigen32,33. Other lipids such as phosphatidylinositol 
mannoside and lipoarabinomannan have been proposed to have 
both adjuvant and antigenic properties, so that both functions may 
be present in a single molecule3,6,56. The dominant mechanism of 
action for these and other lipids remains unknown, so it is possible 
that lipids previously described as ‘antigens’ may actually function 
as adjuvants.

Experimentally distinguishing between antigen and adjuvant func-
tions is conceptually important and may offer practical advantages for 
therapy. Based on new insights into the function of CD1-restricted 
T cells in asthma91 and other diseases, lipid-mediated activation, deac-
tivation or polarization of T cells might be used to treat diseases that 
involve T cells. Approaches now in use administer lipid antigens directly, 
preload antigens on DCs92,93 or provide chemically altered antigens that 
skew the T helper type 1 versus T helper type 2 cytokine balance94,95. 
Understanding whether any given lipid works directly as a cognate 
antigen or indirectly through the APC is fundamental to the design of 
such therapies. For example, it might be possible to administer lipid 
antigens together with CD1 adjuvants to produce optimal therapeutic 
effects. Studies showing the differing effects of TLR ligands, peroxi-
some proliferator activator receptor-γ agonists and other adjuvants on 
MHC class II, CD1d and group 1 CD1 pathways indicate that antigens 
may need to be paired carefully with the proper type of adjuvant56,77, 
depending on whether the goal is to activate NKT cells, the diverse 
T cells restricted by group 1 CD1 isoforms or CD1-restricted T cells that 
influence MHC-restricted T cells93,96 (Fig. 3). Thus, a more detailed 
understanding of the molecular pathways by which TLR gateways natu-
rally control CD1 function could pave the way for lipid antigen–specific 
T cell immunomodulation.
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