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Summary:

Over two decades ago, it was discovered that the human T-cell repertoire contains T cells that do 

not recognize peptide antigens in the context of MHC molecules but instead respond to lipid 

antigens presented by CD1 antigen-presenting molecules. The ability of T cells to ‘see’ lipid 

antigens bound to CD1 enables these lymphocytes to sense changes in the lipid composition of 

cells and tissues as a result of infections, inflammation, or malignancies. Although foreign lipid 

antigens have been shown to function as antigens for CD1-restricted T cells, many CD1-restricted 

T cells do not require foreign antigens for activation but instead can be activated by self-lipids 

presented by CD1. This review highlights recent developments in the field, including the 

identification of common mammalian lipids that function as autoantigens for αβ and γδ T cells, a 

novel mode of T-cell activation whereby CD1a itself rather than lipids serves as the autoantigen, 

and various mechanisms by which the activation of CD1-autoreactive T cells is regulated. As CD1 

can induce T-cell effector functions in the absence of foreign antigens, multiple mechanisms are in 

place to regulate this self-reactivity, and stimulatory CD1-lipid complexes appear to be tightly 

controlled in space and time.
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CD1 as a lipid antigen-presenting molecule

Since the discovery of the interactions between peptide-loaded major histocompatibility 

complex (MHC) complexes and αβ T-cell receptors (TCRs) (1–4), additional MHC class I 

homologs have been added to the list of TCR targets, including CD1, MR1, EPCR, and HFE 

in humans (reviewed in 5). These MHC class I like molecules all possess an antigen-binding 

groove, formed by α1 and α2 helices, but their grooves differ significantly in size and 

physicochemical properties, which in turn affect the nature of the ligands that they bind. To 

date, besides MHC, only CD1 and MR1 have been shown to present antigens to T cells. 

These antigens include lipid-based antigens presented by CD1 molecules (6) and recently 

described intermediates of the riboflavin pathway presented by MR1 (7, 8).
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The finding that lipids could function as antigens for T cells (6) established a new paradigm 

for antigen recognition by T cells, which was no longer limited to protein-derived antigens. 

Thus, T cells can sense and respond to changes in lipid repertoire that result from infection, 

inflammation, and even malignancies. Since the identification of the first lipid antigen, C80 

mycolic acid (6), a component of the mycobacterial cell wall, additional classes of lipid 

antigens have been identified, including glycolipids (9–13), phospholipids (14, 15), 

lysophospholipids (16, 17), gangliosides (18, 19), lipopeptides (20), amphipathic small 

molecules (21), and even oils (22). The first crystal structure of murine CD1 (23) revealed 

deep antigen-binding pockets or tunnels, lined with hydrophobic aminoacids, and the first 

crystal structure of CD1 bound to lipid showed how these hydrophobic tunnels interacted 

with the alkyl chains of lipid antigens, anchoring them inside the protein. The hydrophilic 

head-group of the antigen protruded from a portal on the surface of CD1b protein, where it 

was exposed to the aqueous environment (24). Subsequently, trimolecular structures of CD1-

antigen and TCR showed that the TCR interacts with the surface of the CD1 molecule and 

the exposed hydrophilic part of the antigen (25).

Humans express five CD1 proteins, four of which are surface expressed antigen-presenting 

molecules (CD1a, CD1b, CD1c, and CD1d) (26, 27). Each of the four CD1 isoforms differ 

in size of the antigen-binding grooves (24, 28–30), intracellular trafficking patterns (31), 

lipid ligand repertoire (32), and tissue distribution of expression (33). Together with the 

observation that multiple CD1 isoforms have been maintained throughout mammalian 

evolution (34), this argues that each CD1 isoform plays a non-redundant role in the immune 

system.

CD1-restricted T cells in the human T-cell repertoire

αβ T cells

Genomes of muroid rodents, including common laboratory strains of mice, harbor only two 

CD1 genes, both encoding CD1d (35), and lack genes encoding other CD1 isoforms, 

presumably through a break in chromosome 1 that occurred during mammalian evolution 

(34). Therefore, studies of CD1 and CD1-restricted T-cell function in mice are likely to 

provide an incomplete view of the functions of lipid-specific T cells in humans. The most 

extensively studied subset of CD1-restricted T cells is a subset of CD1d-restricted T cells, 

present in both mice and humans, referred to as invariant natural killer T cells (iNKT cells) 

based on their expression of an invariant TCRα chain paired with a TCRβ chain with limited 

Vβ usage (TRAV11 TRAJ18 paired with TRBV13–2, TRBV29, TRBV1 in mice, and 

TRAV10 TRAJ18 paired with TRBV25 in humans) (36, 37). The development and in vivo 
functions of iNKT cells have been addressed in numerous reviews (38–48) and are therefore 

not be extensively discussed in this review.

Although in mice iNKT cells comprise a significant fraction of T cells [approximately 1% 

spleen T cells, and up to 30% of all lymphocytes in liver (49)], in humans their 

representation in the T-cell repertoire is significantly smaller [median 0.03% of the 

peripheral blood T cells, range <0.010–2.3% (50), 0.5% of liver T cells (51)], and it is 

unclear whether the role of iNKT cells in the human immune system is of equal importance 

as it is in that of mice. Studies of the polyclonal CD1-restricted T-cell repertoire and ex vivo 
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frequency analysis of CD1-reactive T-cell clones in humans showed that CD1a- and CD1c-

autoreactive T cells were most frequently detected, with frequencies that were estimated to 

be up to 10% of peripheral blood T cells (52–54). This autoreactivity, which is defined as 

reactivity to CD1-expressing antigen-presenting cells in the absence of exogenously added 

antigen, likely represents the recognition of endogenous lipids, and is a common feature of 

CD1-restricted T cells (55). Overall, the presence of CD1a- and CD1c-autoreactive T cells at 

significant frequencies in non-diseased individuals (52), supports the notion that these 

autoreactive T cells fulfill a physiological role in the immune system, yet this role remains 

incompletely understood. Recently, certain CD1c-restricted T cells were shown to respond 

to a class of lipids identified as methyl-lysophosphatidic acids (mPLA), which accumulated 

in leukemia cells (56). These mPLA-specifc T cells efficiently killed acute leukemia cells, 

but not non-transformed CD1c-expressing cells, and a potential role for these T cells in 

immune surveillance against hematological malignancies was proposed.

CD1a-autoreactive T cells have been suggested to play a role in skin immunity and 

homeostasis (53). CD1a has a restricted expression pattern in humans, where it is expressed 

on thymocytes (57), and on certain tissue resident dendritic cells subsets at variable levels 

(33, 58). However, the only cells that constitutively express very high levels of CD1a are 

Langerhans cells. These resident antigen-presenting cells of the epidermis express CD1a on 

their cell surface at higher levels even than MHC class II (59), and they form a contiguous 

network lipid antigen-presenting cells in the skin, and are also found in squamous epithelia 

of the mouth, esophagus, and genital tract (60–62). In line with the abundance of CD1a in 

the skin, the majority of CD1a-autoreactive T cells in the peripheral blood of healthy 

individuals was detected in a CD4+ T-cell subset that expressed cutaneous lymphocyte 

antigen (CLA), and other skin homing chemokine receptors, such as CCR4 and CCR10, 

suggesting that these T cells home to the skin (63, 64). Indeed, CD1a-autoreactive T cells 

were detected in normal dermis ex vivo and were activated by CD1a expressing epidermal 

Langerhans cells in vitro (53). Cytokine profiles of CD1a-autoreactive T cells showed a 

predominant upregulation of Interleukin-22 (IL-22), a cytokine that acts directly on 

keratinocytes resulting in production of anti-microbial peptides (e.g. β-defensin-2), 

increased proliferation and decreased differentiation (65–67). IL-22 plays a role in epithelial 

anti-microbial immunity, tissue remodeling and wound healing, and the expression of IL-22 

by CD1a-autoreactive T cells suggests that lipid-specific T cells may contribute to these 

functions in the skin. In addition, IL-22 producing T cells have been implicated in T cell-

mediated skin diseases such as psoriasis and atopic dermatitis (68–73), pointing to a 

potential role for lipid-specific T cells in these skin pathologies.

CD1a, CD1b, and CD1c tetramers

The development of tetramers, fluorescently labeled tetrameric complexes of MHC 

molecules bound to peptides (74), revolutionized the analysis of antigen-specific T cells and 

made it possible to quantify and phenotypically characterize specific T cells without the 

need for in vitro activation. Similarly, CD1d tetramers loaded with the iNKT cell agonist α-

galactosylceramide have been used for many years to quantify and isolate both human and 

murine iNKT cells (75–77). Recently, newly developed CD1a, CD1b, CD1c tetramers, and 

dextramers loaded with known mycobacterial lipid antigens have proven ternary interactions 
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between CD1, mycobacterial lipid and TCR, and identified populations of specific T cells 

against the mycobacterial antigens dideoxymycobactin (DDM), glucose monomycolate 

(GMM), and phosphomycoketide (PM) in M.tb-exposed individuals (78–80). Interestingly, 

these studies also revealed that in humans, iNKT cells and mucosa-associated invariant T 

(MAIT) cells (TRAV1–2 TRAJ33) (81) are not the only two T-cell subsets expressing a 

semi-invariant TCR. A subset of CD1b-restricted T cells also harbors a nearly invariant α-

chain and β-chains with restricted variable gene usage (TRAV1–2 TRAJ9 with no N-region 

additions, paired with TRBV6–2). This T-cell subset has a high affinity for GMM bound to 

CD1b and is called germline-encoded mycolyl-reactive T cells (GEM T cells) (82). 

Although detected at very low levels in some healthy individuals, the frequency of these 

mycobacterial lipid-specific T cells is increased upon exposure to M.tb. In addition to GEM 

T cells, the repertoire contains another subset with restricted variable region usage, namely 

LDN5-like T cells, which have intermediate affinity for GMM bound to CD1b (TRAV17 

paired with TRBV4) (83). The existence of T-cell populations with (semi) invariant TCRs 

among lipid-specific CD1b-restricted T cells likely derives from the non-polymorphic nature 

of CD1b molecules. As these T cells expand in response to M.tb exposure, the detection and 

quantification of GEM and LDN5-like T cells has the potential to be a diagnostic marker of 

M.tb. exposure, measured either through tetramer staining or high throughput TCR 

sequencing (84).

γδ and δ/αβ hybrid TCRs

The initial report of CD1 as an antigen-presenting molecule for T cells described two T cells 

clones, one with an αβ TCR restricted by CD1a, and one with a γδ TCR restricted by CD1c 

(85). In the years since this initial finding, sporadic reports have shown links between CD1 

and γδ TCRs (14, 15, 86–88); however, the vast majority of reported CD1-restricted T-cell 

clones and semi-invariant polyclonal T-cell populations (e.g. iNKT cells, GEM T cells, 

LDN5-like T cells) express αβ TCRs. Renewed interest in the CD1 and γδ TCR connection 

came from studies using CD1d tetramers loaded with sulfatide, which demonstrated that in 

humans the majority of T cells binding to sulfatide tetramers were Vδ1 γδ T cells (89). In 

normal human gut, Vδ1 cells are abundant, and recently it was shown that an estimated 5% 

of the Vδ1 cells among intraepithelial lymphocytes (IELs) of the ileum responded to CD1d 

and sulfatide, and an even larger fraction (15%) was estimated to be reactive to CD1d with 

other endogenous lipid ligands (90). This is consistent with earlier reports of γδ CD1d-

autoreactive T-cell clones among gut IELs (15, 91) and clearly puts lipid-reactive γδ T cells 

on the map as an important intestinal T-cell population. Another study showed CD1d-

autoreactive Vδ1 T cells among in vitro expanded and CD1d-α-GalCer enriched PBMCs, 

some of which also recognized sulfatide (92). Both studies described ternary complexes of 

γδ TCRs with lipid-loaded CD1d, one with sulfatide and one with α-GalCer, and were the 

first to describe a γδ TCR bound to an antigen-presenting molecule plus ligand. 

Surprisingly, the γδ TCR bound to CD1d-sulfatide showed that interaction occurred solely 

between the δ chain and the CD1d-lipid complex, with the germline encoding regions 

interacting with CD1d, and the CDR3δ interacting with both sulfatide headgroup and CD1d 

α1-helix (90). A γδ TCR complexed with CD1d α-GalCer showed an orthogonal docking 

over the A′ pocket, and the interaction with CD1d was also dominated by the germline-
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encoded Vδ1 chain, whereas in this structure the CDR3γ was responsible for the main 

interactions with α-GalCer (92).

Not only Vδ1 T cells but also Vδ3 cells have been shown to be CD1d-restricted, and these T 

cells displayed Th1, Th2, and Th17 cytokine profiles (93). Given the fact that γδ T cells 

make up a large fraction of the human T-cell population, especially in the intestine, it is 

conceivable that among lipid-reactive T cells in humans, γδ T cells outnumber αβ T cells 

(90). A surprising finding following the identification of Vδ1 T cells that responded to 

CD1d loaded with α-GalCer, was that approximately 50% of all Vδ1 cells in humans 

expresses a TCR α chain comprised of δ1 variable region rearranged with an α chain 

joining (J) and constant (C) region, paired with a diverse array of β chains (94). Although 

sporadic reports of unusual recombination events in TCRs have appeared over the years (95–

98), this study showed that among Vδ1 cells, these δ/αβ hybrid TCRs are as common as γδ 
TCRs. The δ/αβ TCR adopted a very similar mode of CD1d α-GalCer recognition to the γδ 
TCR, with an orthogonal docking over the A′ pocket and the germline-encoded Vδ1 chain 

dominating the interaction with CD1d (94). The γδ and the δ/αβ TCR binding to CD1d 

αGalCer differs substantially from the parallel docking mode over the F′ pocket that is 

characteristic for all αβ iNKT cell TCRs (99). Overall, the new findings show a clear 

contribution of Vδ1 cells to the population of CD1-restricted T cells in humans. Expansions 

of Vδ1 T cells have been reported in several pathological situations, including in celiac 

disease (100–102), and certain viral infections (e.g. CMV) (103, 104), yet the involvement 

of CD1d and/or lipid presentation in these particular conditions remains unclear.

Novel mammalian lipids identified as antigens for CD1-restricted T cells

Analogous to the MHC–peptide antigen-presenting system, it was initially thought that 

CD1-restricted T cells would primarily be activated by lipid antigens of foreign origin. 

However, it has since become clear that many CD1-restricted T cells display overt in vitro 

reactivity to CD1-presenting endogenous lipids and perform in vivo functions independent 

of foreign lipids.

Endogenous lipids involved in NKT cell selection and activation

In recent years, several classes of self-lipids have been identified as antigens for CD1d-

restricted invariant (iNKT cells) and diverse NKT cells (dNKT cells). These include 

phospholipids (105), lysophospholipids (16), plasmalogen lysophospholipids (106), and 

isoglobotriosylceramide (lc I) (iGb3, mouse) (13). Peroxisome-derived ether lipids (e.g. 

plasmalogen lysophospholipids) were recently suggested to be important in the selection and 

activation of iNKT cells in vivo, since mice lacking the enzyme glyceronephosphate O-

transferase (GNPAT, a peroxisomal enzyme essential for the synthesis of ether lipids), had a 

reduction in the number of iNKT cells both in thymus and peripheral organs (106). Synthetic 

lysoplasmalogens (mono alkyl glycero phospholipids that contain an ether bond at the sn-1 

position, instead of an ester bond) were shown to be strong antigens for murine iNKT cells, 

however, only weak antigens for human iNKT cells (106). A different study provided insight 

in another class of endogenous iNKT cell antigens, namely α-glycosylceramides. As 

glycosylceramide synthases in mammals are β-transferases, it was long thought that 
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mammalian glycosylceramides are exclusively present in the form of β-anomers. This led to 

the assumption that endogenous monoglycosylceramide ligands similar in structure to the 

prototypical NKT cell antigen, α-galactosylceramide (derived from a marine sponge), would 

not exist in mammals. However, recently it was shown that murine immune cells 

constitutively produce small quantities of α-glycosylceramides and that the amounts of their 

glycolipids are regulated by catabolic enzymes of the ceramide and glycolipid pathway 

(107). It remains unknown, however, what mechanisms lead to the production of α-anomers 

of glycolipids. It is possible that minute amounts of α-anomers arise during 

glycosphingolipid synthesis, or they are potentially generated from β-glycosphingolipids by 

anomerase activity of specific isomerases (108). In line with this was another study, in which 

a minor constituent of the glucosylceramide fraction of various mammalian sources was 

shown to be a strong activator of iNKT cells (109). Although the exact identity of the 

activating ligand could not be determined, it retained activity after the treatment with β 
glucosidase, and it was speculated that trace amounts of naturally occurring α-linked 

glycolipids (α-GalCer or α-GlcCer) potentially accounted for the strong reactivity. Both of 

these studies support the notion that anomeric a-linked glycolipids, which can function as 

strong antigens for iNKT cells, are not limited to marine sponges and certain microbes (9, 

110) but are also broadly detected in mammalian sources.

Skin oils as antigens for CD1a-restricted T cells

The general model of lipid antigen recognition by CD1-restricted T cells involves the 

essential role of the hydrophilic head group in mediating contacts with the TCR. However, 

this notion was recently challenged by the identification of several highly hydrophobic oils 

extracted from human epidermis as antigens for CD1a-autoreactive T cells (22, 53). Using 

plate-bound recombinant CD1a protein and tissues extracted with chloroform and methanol, 

the highest responses from CD1a-autoreactive T-cell lines (BC2 and Bgp) were seen with 

lipids from human epidermis. The response was stronger when pure chloroform extracts 

were used, which contained only the most hydrophobic lipids, suggesting that the 

stimulating lipids were very hydrophobic compounds. Indeed, fractionation of epidermal 

lipids identified several components of human skin, specifically sebaceous oils and waxes, 

as CD1a antigens, including waxesters, triacylglycerides, free fatty acids, and squalene. A 

common feature of these antigens is the absence of a hydrophilic headgroup and specifically 

in the case of squalene, a C30 terpenoid, the complete absence of any polar functional group 

(Fig. 1). As it was unclear how a molecule lacking chemical basis for hydrogen bonding or 

charge–charge interactions could interact with a TCR, it raised the question of how these 

newly identified skin oils functioned as antigens. In addition, previously identified CD1 

antigens have been shown to be recognized based on their protrusion from the groove, yet 

almost all of the identified CD1a antigens were significantly smaller (C16–C30) than those 

(approximately C42) matching the CD1a groove volume (1350 A3) and are therefore not 

expected to protrude to the outer surface of CD1a. Based on this, it was hypothesized that 

these ‘headless’ hydrophobic lipids fully nest in the CD1a molecule, thereby allowing direct 

interaction between CD1a and TCR (Fig. 1). In support of this model was the observation 

that analogs of the lipid antigens showed an inverse correlation between headgroup size and 

polarity and T-cell activation (22). Analysis by mass spectrometry of lipids eluted from 

CD1a molecules, showed that most cellular lipids are headgroup-containing lipids, whereas 
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antigenic hydrophobic oils are less common. This suggests that under normal circumstances 

the CD1a bound ligand repertoire on antigen-presenting cells consist of ubiquitous 

headgroup-containing and therefore non-activating lipids (e.g. phospholipids, 

sphingomyelin), which need to be replaced by hydrophobic headless lipids for T-cell 

activation to occur.

Overall, the identification of components of human sebum as T-cell antigens shows that skin 

lipids do not solely act as a protective barrier but also function as T-cell antigens. This leads 

to the novel idea that human skin lipids may act as an antigen reservoir that can actively 

influence T-cell activation. It further implies that shifts in lipid composition, as is observed 

in certain autoimmune skin diseases (e.g. atopic dermatitis, psoriasis) (111–116) and skin 

conditions (e.g. acne, rosacea) (117, 118) may affect the activation of skin resident CD1a-

restricted T cells. In addition, the identification of hydrophobic oils and in particular 

squalene as antigens for CD1a-restricted T cells may also provide further insight in the 

immunological mechanisms that underlie the adjuvanticity of squalene- and mineral oil-

based adjuvants. MF59 and A S03 are widely used squalene-based adjuvants used in 

influenza vaccines in Europe (119), and it is conceivable that CD1a-restricted T cells 

contribute to their adjuvant properties. Furthermore, many small hydrophobic molecules 

function as skin allergens. These include certain fragrances (e.g. geraniol and fatty 

aldehydes) (120), which are not known to act through haptenation of MHC or peptides, but 

are potential candidates for functioning as headless antigens for CD1a-autoreactive T cells.

CD1a-lipid-TCR ternary structure

Consistent with certain aspects of the proposed non-interference model of CD1a-

autoreactive T-cell activation (Fig. 1), the crystal structure of CD1a protein bound to an 

autoreactive TCR was solved (121). The CD1a-autoreactive T-cell clone used in this study, 

BK6, was the first described CD1a-reactive T-cell clone (85). BK6 was shown to bind 

unloaded CD1a tetramers, suggesting that an endogenous lipid from the cell line in which 

CD1a protein was expressed, could function as an antigen for the T-cell line. However, mass 

spectrometry analysis of the lipids eluting from recombinant CD1a proteins, showed a 

diverse array of hundreds of lipids ranging from highly hydrophobic to polar 

phosphoglycolipids. As it would be highly unlikely that a single antigen would be present in 

multiple CD1a molecules in the tetramer, it was thought that polymeric binding of CD1a to 

the TCR was the result of multiple antigenic lipids bound to CD1a. Indeed, using size-

exclusion chromatography to purify the ternary complexes of lipid-loaded CD1a bound to 

BK6 TCR and compare the eluted lipids to those eluted from unbound CD1a, multiple lipid 

ligands that were permissive for CD1a-TCR binding were identified by mass spectrometry. 

Among permissive ligands were phospholipids, lysophosphatidylcholine, and fatty acids, 

whereas sphingomyelin and sulfatide were identified as non-permissive ligands. The ternary 

structure revealed that the BK6 TCR docked orthogonally across the CD1a antigen-binding 

cleft (Fig. 2A) with the non-germline encoded CDR3α and CDR3β dominating the 

interactions with CD1a (Fig. 2B). The CDR3α was positioned at the edge of the A′ roof, 

which is a structure found on all CD1 molecules and forms platform that shields the 

hydrophobic lipid. The CDR3β was located centrally above the A′ roof. Both CDR3 regions 

formed contacts with both the a1 and a2 helix of CD1a, but did not contact the lipid antigen 
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in the groove. The ability of certain lipids, such as sulfatide, to prevent TCR binding, was 

explained by the fact that the galactosyl sulfate head group disrupted interactions between 

residues from α1 and α2 helices (Arg76 and Glu154) and thereby disrupting the docking 

site of the TCR on the A′ roof of CD1a (121).

This study provided structural evidence for a novel mode of T-cell activation by antigen-

presenting molecules. Although most CD1-restricted TCRs studied to date have shown a 

strong specificity for structural features of the polar headgroup of the antigen with which 

they interact, this TCR shows no interaction with lipid that is bound in the antigen-binding 

groove. As an antigen is considered to be the defining structure on the composite surface of 

the antigen-presenting molecule-antigen complex with which the TCR interacts, it could be 

argued that the CD1a self-ligands that allowed binding of the BK6 TCR to CD1a are not 

antigens. Rather, they are a group of permissive ligands that allow TCR interaction with 

CD1a without disrupting the contact surface. Although the prevalence of this type of TCR-

CD1a interaction among all CD1a-restricted T cells remains to be determined, it is likely not 

a rare phenomenon, since other CD1a-autoreactive TCRs were determined to have sequence 

similarities in the TCR α and β chains (121). The lipid reactivity pattern of the T-cell clones 

that were activated by skin lipids (BC2 and Bgp) differed slightly from that of BK6, but 

overall the ternary structure is consistent with the non-interference model (Fig. 1), in that 

small ‘headless’ hydrophobic lipids allow interaction between the TCR and CD1a, whereas 

headgroup-containing lipids (including sphingomyelin) inhibit the interaction (22). It 

remains to be determined through structural and mutational studies if the TCRs of BC2 and 

Bgp also only interact with CD1a protein or that the TCR also forms hydrophobic 

interactions with the non-polar lipids in the groove.

Modes of CD1-lipid recognition by TCRs

The interaction between the BK6 autoreactive TCR and CD1a without contacting the lipid 

(Fig. 2) can be considered one end of the antigen recognition spectrum. As mentioned, it is 

technically speaking not antigen recognition but rather permissive ligand-dependent CD1a 

binding. As this mode of recognition does not require specific TCR–lipid interactions, there 

is likely a wide array of lipids that allows for T-cell activation, as long as they do not disrupt 

the contact surface on CD1a. Furthermore, it suggests that T-cell activation is determined by 

the relative amounts of permissive ligands and non-permissive ligands, rather than the 

presence of a specific antigenic lipid. This allows T cells to broadly respond to shifts in the 

lipid environment without the need for precise antigen recognition. At the other end of the 

spectrum are CD1-restricted TCRs that show exclusive specificity for the polar headgroup of 

the lipid antigen, and minor structural changes in the antigen will result in loss of 

recognition. This has mainly been shown for T cells specific for foreign lipid antigens. For 

instance, the activation of CD1b-restricted GMM-specific T-cell line was completely 

abrogated when the glucose was replaced by galactose or mannose (122), and CD1c-

restricted mannosyl-β PM specific T cells were highly specific for the β-linked anomer of 

the mycobacterial antigen (123). In these cases, it is the absence or presence of the antigens, 

and not relative amounts of activating and non-activating lipids that dictates T-cell activation. 

Beside these two extreme modes of CD1-lipid recognition, there are many CD1-restricted 

TCRs that reside somewhere in the middle, showing a lower degree of specificity, as their 
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TCR can recognize multiple lipid antigens. This is the case for iNKT cells, which all 

recognize α-GalCer, and subsets also recognize structurally distinct antigens, such as 

isoglobotrihexosylceramide (iGb3, mouse), β-GalCer, phospholipids, and 

lysophosphatidylcholine. Structural evidence provided explanation for the recognition of 

these distinct antigens, showing for iGb3 and β-GalCer, that the iNKT TCR molds these 

antigens to resemble the conformation of foreign a-linked ligands (induced fit molecular 

mimicry) (124, 125), and showing an alternative docking for the recognition of 

lysophosphatidylcholine by iNKT cell TCRs (126). In another study, the ability of 

structurally distinct self-lipids to be recognized by iNKT cell TCRs was systematically 

addressed and, it was proposed that activation is dictated by relative amounts of lipids that 

are either permissive or non-permissive to CD1d–TCR interactions (127).

Regulation of autoreactive CD1-restricted T-cell activation

The fact that CD1-restricted T cells, unlike MHC-restricted T cells, show overt reactivity to 

endogenous lipids implies that there must be mechanisms in place that prevent unwanted 

activation of lipid-specific T cells. Several distinct mechanisms have been described that can 

regulate CD1-restricted T-cell activation, and act to ensure that activation only occurs when 

needed, such as in response to pathogens, inflammation, or tissue damage. These 

mechanisms are depicted in Fig. 3 and described in the following paragraphs.

Regulation of CD1 surface expression levels (Fig. 3A)

Cell surface levels of MHC molecules are one of the factors determining the magnitude of T-

cell activation. Both MHC class I and class II are constitutively expressed on the surface of 

antigen-presenting cells, but their levels increase significantly upon antigen-presenting cell 

(APC) activation (128). MHC class II, though generally not expressed on non-hematopoietic 

cells, is often expressed on certain epithelial cells in response to infection or inflammation 

(down-stream of IFN-γ) (129). Of CD1 molecules, CD1d is the only isoform that is 

constitutively expressed on all antigen-presenting cells, including monocytes, macrophages, 

B cells, and dendritic cells (33), and is expressed on non-hematopoietic cells, such as 

intestinal epithelial cells, hepatocytes, and keratinocytes, in response to IFN-c (17, 130–

132). By contrast, the expression of CD1a, CD1b, and CD1c is highly variable and is likely 

one of the mechanisms by which activation of CD1-restricted T cells is controlled (Fig. 3A). 

CD1a, CD1b, and CD1c are upregulated on monocytes during differentiation into dendritic 

cells in vitro in response to GM-CSF/IL-4 (133, 134). In addition, mycobacterial and 

borrelial lipids induce the upregulation the transcription and surface expression levels of 

CD1a, CD1b, and CD1c on monocytes, in a Toll-like receptor 2 (TLR2) and IL-1β-

dependent mechanism (135, 136). The abundant expression of CD1a, CD1b, and CD1c on 

dendritic cells at the site of tuberculoid leprosy lesions suggest that similarly in vivo, 

mycobacterial lipids induce CD1 upregulation (137). Conversely, human serum contains 

factors that prevent the upregulation of CD1a, CD1b, and CD1c on monocytes 

differentiating into dendritic cells. Lysophosphatidic acid and cardiolipin were shown to 

inhibit CD1 expression at the level of gene transcription in a peroxisome proliferator 

activated receptor (PPAR)-dependent mechanism (138). In addition, binding of IgG to 

FcγRIIa on dendritic cells inhibited the expression of CD1a, CD1b, and CD1c (139). These 
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data suggest that group 1 CD1 expression levels on monocytes/dendritic cells is tightly 

controlled in the peripheral blood, and that upregulation only occurs when the APCs enter 

the tissues where inhibitory serum components are absent. Downregulation of surface CD1d 

(and CD1a) through several distinct mechanisms in HIV and Herpes simplex infection of 

antigen-presenting cells has been proposed as an immune evasion mechanism (140–145), 

further emphasizing the role of surface CD1 expression levels on T-cell activation.

Although CD1a, CD1b, and CD1c levels on monocyte-derived and tissue resident dendritic 

cells appear to be tightly controlled, some other antigen-presenting cells are not dependent 

on inflammation and/or infection-derived signals for CD1 upregulation but instead 

constitutively express high CD1 levels. For instance, the constitutive high expression of 

CD1a on epidermal Langerhans cells is not significantly affected by TLR signaling or other 

stimuli. This suggests that for local immune response in the skin mechanisms other than 

CD1 upregulation are in place to regulate the activation of CD1a-autoreactive T cells.

Enhancement of T-cell activation through cytokines (Fig. 3B)

It was long thought that recognition of foreign lipids antigens was the main driver for CD1d-

restricted iNKT cell activation in infection, and many studies have identified microbial 

glycolipids that can function as antigens for iNKT cells (10, 12, 146–148). However, both in 

vitro and in vivo, the release of IFN-γ by iNKT cells in response to diverse bacteria 

(including Sphingomonas yanoikuyae and Streptococcus pneumoniae, which both harbor 

iNKT cell antigens) was shown to strongly depend on TLR-driven IL-12 production by the 

APC rather than on the cognate recognition of foreign lipid antigens (149) (Fig. 3B). This 

cytokine-driven activation was explained by the constitutive expression of high levels of 

IL-12 receptor by iNKT cells, enabling instant IL-12-induced STAT4 activation (149, 150). 

Importantly, the presence of CD1d with endogenous lipid was still required for activation, 

yet without the IL-12 production, the self-reactivity did not elicit IFN-γ release by iNKT 

cells in vivo. The foreign lipid independent mechanism is not limited to bacterial infections, 

as also in fungal infections caused by Aspergillus,Candida, Histoplasma, and Alternaria, 

fungal lipids were not required for activation. Rather, the binding of β−1,3 glucans (fungal 

cell wall polysaccharides) to Dectin-1 triggered IL-12 production, which in combination 

with CD1d plus endogenous lipids, resulted in iNKT cell activation (151). Overall, the 

dependence of IFN-γ production by iNKT cells on the combination of endogenous lipid 

presented by CD1d and IL-12, can be considered a mode of regulation that limits pro-

inflammatory cytokine release by these T cells to situations where IL-12 is induced, which 

include bacterial, fungal infections, and inflammatory conditions.

Enzymatic regulation of antigens levels (Fig. 3C)

Enzymes involved in the synthesis and degradation of glycolipids have been implicated in 

the activation of iNKT and other CD1-restricted T cells, and act through regulating the levels 

of endogenous lipid antigens (Fig. 3C). The treatment of human antigen-presenting cells 

with Toll-like receptor ligands (LPS, R848) resulted in the upregulation of several enzymes 

in biosynthesis of lipids of the globo, isoglobo, and ganglioside series, and increased iNKT 

cell activation. Effects from soluble factors like IL-12 were separated from effects on 

endogenous antigen levels by fixing the APC after TLR activation (152). Fluorescently 
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labelled tetrameric complexes of iNKT TCRs showed increased binding to APC upon TLR 

activation, despite similar levels of CD1d, suggesting that innate stimuli modulate the 

endogenous lipid repertoire, resulting in increased stimulatory CD1d-lipid complexes. 

Dendritic cells deficient in the lysosomal enzyme α-galactosidase A showed increased 

activation of iNKT cells, presumably resulting from an accumulation of endogenous lipid 

antigen. Lysosomal α-galactosidase A is the enzyme that is deficient in Fabry’s disease, 

resulting in the accumulation of iGb3, Gb3, and possibly other glycolipids (153). MyD88-

dependent TLR stimulation was shown to result in the temporary inhibition of α-

galactosidase A, again supporting a mechanistic link between pathogen recognition and self-

lipid antigen accumulation for NKT cells (153). For CD1a- and CD1b-restricted T-cell 

clones specific for sulfatide and monosialotetrahexosylganglioside (GM1), respectively, a 

similar mechanism of TLR-dependent changes in endogenous antigen levels was described. 

Lipopolysaccharide (LPS) induced upregulation of glycosphingolipid synthesis in APCs and 

subsequently increased T-cell activation (154). Overall, several studies support the notion 

that activation of antigenpresenting cells, specifically through TLR engagement, can result 

in increased levels of endogenous lipid antigens through increased biosynthesis or decreased 

degradation (Fig. 3C).

Fatty acids and lysophosphatidyl choline have been identified as antigens/permissive ligands 

for CD1a-autoreactive T cells (22, 121), and these two compounds can be generated by the 

degradation of the ubiquitous membrane phospholipid, phosphatidylcholine, upon the 

catalytic hydrolyzation of the sn-2 acyl bond by phospholipase A2 (PLA2) (Fig. 3C). A 

recent study showed that bee and wasp venom were able to activate human T-cell lines, 

polyclonal T-cell cultures, and ex vivo T cells in a PLA2 dependent and CD1a-dependent 

manner (155). PLA2, which is a component of bee and wasp venom, indeed activated the 

CD1a-restricted T cells through generation of the degradation products (neoantigens) of 

phosphodiacylglycerols, namely fatty acids and lysophospholipids. The analysis of fluid of 

suction blisters, harvested after intradermal injection of bee venom into healthy skin, showed 

a decrease in phosphatidylcholines and an increase in lysophospholipids as a result of 

phospholipid activity in the dermis in vivo. This showed that injection of bee venom altered 

the local lipid environment to generate more of the CD1a antigens fatty acids and 

lysophospholipids, as would be predicted from PLA2 activity. Therefore, exogenous sources 

of PLA2 can generate CD1a antigens in vivo, and similarly, endogenous-secreted PLA2, 

which is expressed in inflammation and infection, is expected to increase CD1a 

autoreactivity. Previously, several studies have shown that both lysophospholipids and ether 

lysophospholipids can function as antigens for NKT cells (16, 17, 106, 156), and 

endogenous phospholipase A2 activity has been shown to increase CD1d autoreactivity. In a 

mouse model of hepatitis B infection, the virus induced upregulation of endogenous-

secreted phospholipase A2 (Pla2g2c) in hepatocytes, and a subsequent increase in iNKT cell 

activation (17). In a different study, lysosomal phospholipase A2 was shown to be involved 

in the generation of activating CD1d lipid complexes in the thymus, as Lpla2ȡ/− mice 

showed reduced numbers of iNKT cells (157) (Fig. 3C). Overall, these studies show that 

PLA2 does not only generate precursors of inflammatory lipid mediators generated from 

arachidonic acid release but also releases CD1a and CD1d antigens, which links 

phospholipase activity to T-cell activation (158).
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In human skin, these findings can have implications for skin barrier sensing by T cells and 

mechanisms underlying inflammatory skin disease in which phospholipase activity is 

altered. For instance, in psoriasis, the expression of several secreted PLA2 enzymes (sPLA2-

X, -IIA, -IID, and -IB) were upregulated in the dermis (159). This suggests that levels of 

CD1a antigens/permissive ligands increase in the dermis, possibly resulting in increased T-

cell activation. In addition, Filaggrin (FLG) mutations, which are strongly associated with 

atopic dermatitis, are generally thought to increase susceptibility to disease through 

decreased skin barrier function. However, studies using FLG knockdown 3D skin constructs 

showed a significant upregulation of secreted PLA2 (IIA) in the FLG deficient tissue and a 

twofold higher level of free fatty acids, possibly implicating a link between commonly 

mutated protein and skin fatty acid levels (160). Furthermore, human skin is colonized by 

large number of bacteria and fungi, many of which express different phospholipases and 

lipases. For instance, Malassezia species represent fungi that are abundantly found on human 

skin and are dependent on exogenous fatty acids for their growth (161). The genomes of 

Malassezia species contain a number of genes encoding lipases [e.g. Malassezia globosa 

encodes 14 lipases and 9 phospholipases (162)], and Malassezia has been shown to 

contribute to increased fatty acids levels in the skin due to their cleavage from mammalian 

triacylglycerides and phospholipids (163). Other skin resident fungi (e.g. Candida species), 

and bacteria found on human skin (e.g. Staphylococcus) also express secreted 

(phospho)lipases (162, 164). Therefore, in addition to endogenous phospholipase activity, 

our skin microbiome likely contributes to release of free fatty acids and lysophospholipids, 

and potentially influences the activation of CD1a-restricted T cells in the skin. This is a 

largely unexplored area, which could provide novel insights in the regulation of skin 

immunity.

Spatial separation of CD1 and antigens (Fig. 3D)

The repertoire of lipids presented by the different human CD1 isoforms is dictated by 

various characteristics, including the size and properties of the antigen-binding grooves, and 

the intracellular trafficking pathways. After assembly and maturation of CD1 proteins in the 

endoplasmic reticulum (165), CD1 associates with β2-m and traffics through the Golgi 

network to the cell surface (166). Here, the paths of the four surface-expressed human CD1 

isoforms diverge. CD1b, CD1c, and CD1d traffic extensively through the late endosomal and 

lysosomal compartments (reviewed in 167), where the loading and unloading of lipids is 

regulated through pH and saposins (168–171). Therefore, for these CD1 isoforms, the 

endosomal system can be considered a site for regulating the repertoire of bound and 

presented lipid antigens. In contrast, CD1a is predominantly detected at the cell surface and 

in the early endosomal recycling compartments (31, 172), since it lacks an endosomal 

localization motif. Based on its shallow antigen-binding groove (28), limited intracellular 

trafficking (173), relative stability in the absence of lipid ligand (174), and capacity for 

surface lipid exchange (175), it is conceivable that the repertoire of CD1a presented lipids is 

dictated more by the extracellular milieu, than by factors involving intracellular lipid 

exchange, processing and selection. As a consequence, compared with other CD1 isoforms, 

the CD1a bound lipid repertoire is likely to most reflect the external lipid milieu.
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The mechanisms described thus far for the regulation of CD1-autoreactive T-cell activation 

do not explain how the activation of skin resident human CD1a-autoreactive T cells is 

controlled. All the components required to induce a T-cell response are present under normal 

conditions in human skin, namely CD1ahigh Langerhans cells, CD1a antigens (in sebum), 

and CD1a-autoreactive T cells. Yet, in steady state conditions, continuous T-cell activation is 

not predicted to occur; one of the speculations being that the Langerhans cells, T cells, and 

antigens are physically separated in healthy skin. Langerhans cells reside primarily in the 

suprabasal spinous layer of the epidermis, whereas CD1a-autoreactive T cells were detected 

in the dermis (53); therefore, activation may be restricted to situations when the Langerhans 

cells migrate out of the epidermis through the dermis. Furthermore, the ‘headless’ 

hydrophobic skin lipids (including squalene, fatty acids, and waxesters) (22) that allow for 

T-cell activation are the main constituents of human sebum, which is not in direct contact 

with Langerhans cells. Sebum is sequestered in sebaceous glands, and exits the glands via 

the hair follicles to coat the outer layer of the epidermis. However, upon barrier breach due 

to infection or injury, it was postulated that the sebum contents permeate the epidermis and 

become accessible to CD1a expressing Langerhans cells, resulting in T-cell activation (22, 

176) (Fig. 3D). This would further imply that in situations where the barrier is chronically 

disrupted, such as atopic dermatitis, continuous accessibility to stimulatory skin lipids is 

possibly a factor in chronic T-cell activation.

In summary, whereas MHC class I functions as a nearly universally expressed sentinel to 

capture and display any foreign peptide antigen that is generated inside a cell, stimulatory 

CD1-self lipid complexes appear to be more tightly regulated. In response to triggers (e.g. 

viral infection, TLR stimulation, tissue damage, venom), enzymatic or physical release of 

self-lipid antigens and/or upregulated CD1 expression levels result in a temporary increase 

in stimulatory CD1-lipid complexes, enabling T-cell activation. Overall, multiple 

mechanisms are in place to ensure localized and timely activation of CD1-autoreactive T 

cells.

Concluding thoughts

Our knowledge of human CD1-restricted T cells and their lipid specificities has increased 

significantly over the past 5 years. Yet there are still many unknowns about the diversity and 

frequencies of the T cells restricted by the different CD1 isoforms as well as the dynamics of 

these T-cell populations in response to infections and inflammatory conditions. Tools such as 

newly developed lipid-loaded CD1 tetramers and dextramers (78–80), as well as human 

CD1 transgenic mice (177) and humanized mouse models (178) will help further studies 

aimed at identifying the roles of CD1-restricted T cells in the human immune system. The 

structural insights in the novel mode of CD1-lipid complex recognition by CD1a-

autoreactive T cells has paved the way for studies focused on defining permissive and non-

permissive lipid ligands, which could be used to modulate immune responses.

The fact that several CD1-autoreactive T-cell populations, such as CD1d-restricted Vδ1 T 

cells in the gut and CD1a-restricted T cells in the skin, are in close contact with our gut and 

skin microbiome raises questions about the interplay between commensals, self and foreign 

lipids, and the CD1 system at our epithelia. In mice, commensal gut microbiota have been 
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shown to regulate NKT cells and NKT cell-dependent inflammatory conditions at the 

mucosa (179–182). In humans, it is unknown if and how skin and gut microbiome shape and 

regulate CD1-restricted responses, but the ability of bacteria and fungi to alter the CD1 

presented self-lipid repertoire, supports an active role for the microbiome in regulating CD1-

autoreactive T cells at the epithelia, where they may act as general sentinels of tissue 

damage or infection.
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Fig. 1. Proposed model for the activation of CD1a-autoreactive T cells.
Small apolar lipids without headgroups (left panel) nest in the CD1a groove and allow 

interactions between the T-cell receptor (TCR) and CD1a. Lipids with large polar 

headgroups (right panel), which protrude from the CD1a groove, inhibit interactions 

between TCR and CD1a.
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Fig. 2. Crystal structure of CD1a-autoreactive T-cell receptor (TCR) (BK6) bound to CD1a-
lysophosphatidyl choline (LPC) complex.
Overall docking mode (A) and the structural footprint of the TCR on the A′ roof surface of 

CD1a. (B) Modified from Birkinshaw et al. (121).
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Fig. 3. Regulation of autoreactive CD1-restricted T-cell activation.
The activation of CD1-autoreactive T cells has been described to be regulated by distinct 

mechanisms, including the regulation of surface CD1 expression levels (A), the 

enhancement of T cell activation through cytokines (B), the enzymatic regulation of antigen 

levels (C), and the spatial separation of CD1 and antigens (D).
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