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Abstract

Glycosphingolipids and glycerophospholipids bind CD1d. Glycosphingolipid-reactive invariant 

NKT-cells (iNKT) exhibit myriad immune effects, however, little is known about the functions of 

phospholipid-reactive T-cells (PLT). We report that the normal mouse immune repertoire contains 

αβ T-cells, which recognize self-glycerophospholipids such as phosphatidic acid (PA) in a CD1d-

restricted manner and don’t cross-react with iNKT-cell ligands. PA bound to CD1d in the absence 

of lipid transfer proteins. Upon in vivo priming, PA induced an expansion and activation of T-cells 

in Ag-specific manner. Crystal structure of the CD1d:PA complex revealed that the ligand is 

centrally located in the CD1d-binding groove opening for TCR recognition. Moreover, the 

increased flexibility of the two acyl chains in diacylglycerol ligands and a less stringent binding 

orientation for glycerophospholipids as compared with the bindings of glycosphingolipids may 

allow glycerophospholipids to readily occupy CD1d. Indeed, PA competed with α-

galactosylceramide to load onto CD1d, leading to reduced expression of CD1d:α-

galactosylceramide complexes on the surface of dendritic cells. Consistently, glycerophospholipids 

reduced iNKT-cell proliferation, expansion, and cytokine production in vitro and in vivo. Such 
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superior ability of self-glycerophospholipids to compete with iNKT-cell ligands to occupy CD1d 

may help maintain homeostasis between the diverse subsets of lipid-reactive T-cells, with 

important pathogenetic and therapeutic implications.

Introduction

Lipids are essential components of biological membranes [1]. Glycerol-based phospholipids 

(PL), called glycerophospholipid (GPL), are the most abundant membrane lipids. They are 

composed of a glycerol backbone, two fatty acid chains, and a polar headgroup. The 

glycerol backbone is esterified to phosphoric acid, resulting in the formation of phosphatidic 

acid (PA), from which all other GPLs are formed by the addition of a polar headgroup like 

choline, ethanolamine, glycerol, inositol, and serine, producing the main PLs in the cell, 

namely phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol 

(PG), phosphatidylinositol (PI) and phosphatidylserine (PS), respectively. 

Glycosphingolipids are another group of membrane lipids that are composed of a ceramide 

backbone and a sugar moiety. In addition to their many roles in cellular processes such as 

cell signaling and energy storage [1], these membrane lipids bind Ag presenting molecules 

CD1d in mice and CD1a-d in humans which present them to T cells that exert profound 

influence on immunity [2, 3].

Mass spectroscopy studies have identified glycosphingolipids and GPLs as the major groups 

of self-lipid ligands for CD1d in humans [4]. PC and PE have also been eluted from murine 

CD1d (mCD1d) [5], and PI has been identified as a cellular ligand of mCD1d [6]. 

Functional studies have revealed diverse populations of T cells that recognize self-lipids [7–

12], including invariant NKT cells (iNKT) reactive to endogenous α-glucosylceramide and 

to GPLs such as PI, γδ T cells reactive to PE and PC in humans and di-PG (DPG) in mice, 

and diverse NKT (dNKT) cells reactive to sulfatide. During bacterial infection, modulation 

of self-lipid metabolism and presentation is sufficient to induce immune response 

independent of the type of bacteria used [13]. Interestingly, a dNKT cell hybridoma reactive 

to bacterial GPLs, namely PG and DPG, exhibited cross-reactivity with the homologous 

mammalian GPLs [14], suggesting a role of self-GPLs in shaping the repertoire of T cells 

that respond to foreign lipids. Thus, characterization of T cells specific for self-lipids will 

help elucidate their roles in immunity.

GPLs, including PA, PC, PE, PG, DPG, PI, and PS, have been eluted and identified by mass 

spectrometry as natural human CD1d ligands [4]. PC and PE have also been eluted from 

mCD1d [5], and glycosylated PI and unmodified PI have been identified as cellular ligands 

of mCD1d [6, 15]. Crystallographic studies have shown that complexes of CD1d bound to 

GPL Ag PC [5], PI dimannoside [16] and DPG [8] can exist, and functional studies have 

shown that both αβ and γδ T cells can recognize natural and synthetic PLs in a CD1d-

restricted manner [8, 14, 17–19]. PL Ag PE and PC from pollens can activate human γδ T 

cells in a CD1-restricted manner [18–20]; and lyso-PC stimulates cytokine responses by 

human NKT cell clones and peripheral blood lymphocytes [21]. In mice, PE and PI have 

been shown to stimulate mCD1d-restricted NKT cell hybridomas [9, 22], and DPG has been 

shown to stimulate murine γδ T cell and dNKT cell hybridomas [8, 14, 23]. Taken together, 
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these findings suggest that PLs can serve as natural ligands for CD1d and induce CD1d-

restricted T cell responses. However, T cells that recognize abundant self-GPLs appear to be 

rare in normal immune repertoire, and their biology, distribution, phenotype, and in vivo 
responsiveness are not well understood.

Extensive work using glycosphingolipid α-galactosylceramide (αGalCer)-reactive iNKT 

cells has demonstrated their roles, both protective and pathogenic, in a wide range of 

diseases including asthma, atherosclerosis, autoimmune diseases, infection, cancer, and 

metabolic syndrome [24–27]. The iNKT cell functions have been attributed to their effects in 

modulating immune response [3, 25]. Upon activation, iNKT cells secrete many cytokines, 

kill target cells, and modulate B cell functions [3, 28, 29]. However, little is known about the 

in vivo functional roles of T cells reactive to self-GPL Ag.

Here, we identified and characterized self PL-reactive T cells (PLT) using mCD1d tetramers 

loaded with major self-GPL Ag, and performed cellular analyses, chemical binding, crystal 

structure, competitive inhibition, and in vivo functional studies. We demonstrate that T cells 

reactive to GPL Ag are a subset of CD1d-restricted T cells that are phenotypically and 

functionally distinct from iNKT cells, and can exert important immune functions.

Results

T cells that recognize self-GPL Ag exist in the normal immune repertoire

To identify T cells reactive to self-GPLs, we stained spleen and liver mononuclear cells 

(MNCs) from naïve animals with CD1d tetramers loaded with PBS (control), control 

glycosphingolipid Ag including αGalCer analog PBS57 and sulfatide, and GPL Ag, namely 

PA, PC, PE, PI, and PS (Fig. 1A, B, Supplemental Fig. 1). Stained cells were analyzed for 

tetramer+ cells on gated live non-B lymphocytes. In the liver, 0.3% to 1.8% of live 

lymphocytes stained for GPL/CD1d tetramers and TCRβ, which was comparable to the 

frequency of sulfatide-reactive dNKT cells, but much less frequent than αGalCer-reactive 

iNKT cells. In spleen, the frequencies of PLTs, iNKTs and dNKTs were all comparable. 35–

70% of PA/CD1d tetramer positive T cells expressed CD4 and NK1.1 (Fig. 1C, D, 

Supplemental Fig. 1). Thus, PLT cells exist in the normal mouse lymphoid organs.

Binding and presentation of GPL Ag PA to mCD1d

We assessed the binding of PA to mCD1d by native IEF gel electrophoresis (Fig. 2A). Upon 

incubation of mCD1d with PA, two major bands were apparent. The lower band corresponds 

to mCD1d containing an uncharged endogenous spacer lipid derived from its expression in 

insect cells (net charge 0), whereas the upper band corresponds to mCD1d:PA complexes 

(net charge −1). In addition, purified mCD1d also contains a faint band above the major 

species of mCD1d. This band is either the result of endogenous ligands with different charge 

values bound to mCD1d (Fig. 2A, mCD1d), or the result of heterogeneity of the mCD1d 

protein itself, as the band appears to be shifted above the −1 band, when either sulfatide or 

PA is bound. The binding of PA to mCD1d occurred in the absence of lipid transfer proteins 

(none were present in the system), although binding was less efficient than that of the 

positive control (sulfatide). Binding of PA to mCD1d can be enhanced by loading PA in the 
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absence of detergent (Fig. 2A [+PA]), while the addition of 0.05% Tween-20 during 

incubation showed reduced PA loading (Fig. 2A [+PA Tween]), likely a result of PA being 

sequestered in detergent micelles. Chemical structures of the lipids are shown in Fig. 2B.

To reveal the molecular basis of how PA is bound and presented by mCD1d, we crystallized 

the mCD1d:PA complex and determined the crystal structure to 2.24 Å resolution (Fig. 2C, 

D, and Supplemental Table 1). CD1d is formed as a non-covalent heterodimer composed of 

the CD1d heavy chain and β2-microglobulin. The CD1d heavy chain forms a hydrophobic 

Ag-binding groove between the α1 and α2-helix that sits above a central β-sheet platform. 

Ligands are typically bound with their lipid moiety inserted into the binding groove that can 

further be divided into two binding pockets A´ and F´, each containing a single alkyl chain 

of a dual-alkyl chain lipid. PA is modeled with the sn-1 oleic acid in the A´ pocket and the 

sn-2 oleic acid in the F´ pocket (Fig. 2D). However, as both fatty acids chains are identical 

and considering the slight ambiguity of the electron density, the reverse binding orientation 

cannot be excluded. Both binding orientations have been observed for other GPLs, such as 

PI dimannoside and PC (Fig 2E, F). This suggests a less stringent binding orientation for PA 

to mCD1d, as compared with the binding of ceramide-based ligands, such as αGalCer and 

sulfatide. The central phosphate group of PA is oriented through H-bond interactions with 

CD1d residues R79, D153 and T156 but not with D80. Thus, the ligand is centrally located 

at the CD1d binding groove opening for TCR recognition, similar to the ligands PIM-2 and 

PC (Fig 2E, F), while the phosphate moiety will serve as the major antigenic moiety for T 

cell recognition.

PLT cells are distinct from iNKT cells

Next, we asked if PLT cells are distinct from iNKT cells. Consistent with data shown in Fig. 

1 and 2, PA/CD1d tetramer+ T cells were absent in CD1d–/– mice (Fig. 3A). However, these 

T cells were present in normal numbers in Jα18–/– mice that lack iNKT cells (Fig. 3B). 

Furthermore, T cells that recognize CD1d-tetramers loaded with PA did not co-stain with 

CD1d-tetramers loaded with αGalCer analog PBS57 (Fig. 3C). While αGalCer 

administration led to reduced iNKT cells at 24h post-injection [30] (Fig. 3D), there was no 

effect on the frequency of PA-reactive T cells (Fig. 3E). Finally, GPL Ag did not stimulate 

an iNKT cell hybridoma (Fig. 3F). Thus, PLT cells in the normal mouse lymphoid organs 

are a distinct subset of CD1d-restricted T cells, which do not cross-react with iNKT cell 

ligands.

PLT cells respond to in vivo priming with a GPL

To determine if T cells reactive to self-GPLs can be primed in vivo, we injected mice with 

PA. The proportions and numbers of PA/CD1d-tetramer+ T cells significantly increased in 

the liver 24h after an immunization with PA as compared to animals injected with vehicle 

(Fig. 4A), whereas the frequencies of PBS57/CD1d-tetramer+ T cells or of T cells that 

recognize CD1d tetramers loaded with another GPL antigen, PI, were unaffected by 

immunization with PA (Fig. 4B). As a corollary to this, immunization with α GalCer did not 

change the frequency of T cells that recognize PA/CD1d tetramers (Fig. 3E). Incubation of 

enriched T cells in plates coated with recombinant CD1d followed by PA or PBS also led to 

significantly higher proportions and total numbers of PA/CD1d-tetramer+ T cells in the 
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presence of PA than of PBS (Supplemental Fig. 2). PA immunization increased the 

expression of activation marker CD69 on PA-reactive T cells (Fig. 4C) and increased the 

production of IFNγ by PA-reactive T cells (Fig. 4D, E, Supplemental Fig. 3). However, 

IFNγ production by iNKT cells was unaffected by PA immunization (Fig. 4F). PA 

immunization also increased serum levels of IL-4 and IFNγ (Fig. 4G). Thus, PLT cells 

expand and produce cytokines upon in vivo priming with a GPL in an Ag-specific manner.

GPL Ag competes with αGalCer for loading onto mCD1d

A less stringent binding orientation for GPLs, as compared to ceramides, to mCD1d (Fig. 2) 

suggested that GPLs might efficiently compete with other lipid ligands to load onto mCD1d. 

To test this, we detected the expression of CD1d:αGalCer complexes on the surface of DCs 

after incubation of spleen cells with PA, αGalCer, or both. Co-incubation with PA and 

αGalCer reduced the expression of CD1d:αGalCer complexes, but not of CD1d, compared 

to when cells were incubated with αGalCer alone (Fig. 5A). A similar reduction in 

CD1d:αGalCer complex expression was seen ex vivo when animals were injected 24h ago 

with αGalCer+PA compared to mice injected with αGalCer alone (Fig. 5B). These data 

suggest that PA competes with αGalCer for loading onto CD1d.

To further test if GPL Ag compete with αGalCer for presentation by CD1d, we performed a 

competitive inhibition assay where we coated plates with soluble mCD1d prior to incubation 

with αGalCer and/or PA and culture with iNKT hybridoma cells. As shown in Fig. 5C, co-

incubation with PA markedly reduced the activation of iNKT cells in a dose-dependent 

manner.

GPLs reduce iNKT cell proliferation

Since PA efficiently competes with αGalCer to load onto mCD1d (Fig. 5), it may reduce 

αGalCer-induced iNKT cell responses. To test this, we labeled spleen cells from naïve 

animals with CFSE, and cultured them with αGalCer in the presence or absence of PA. The 

proliferation of iNKT cells was dramatically reduced in the presence of PA in vitro (Fig. 

6A). Spleen cells from PA-injected mice also had a markedly reduced proliferation when 

cultured with αGalCer ex vivo (Fig. 6B). Furthermore, αGalCer-induced iNKT cell 

expansion was curtailed in animals co-injected with PA + αGalCer (Fig. 6C). αGalCer-

induced in vitro proliferation of iNKT cells was also inhibited by the addition of other GPL 

Ag, including PC, PE, PI, and PS, to the splenocytes (Supplemental Fig. 4A). Finally, the 

reduced iNKT cell responses induced by in vivo exposure to GPL Ag could be reversed by 

IL-2 (Fig. 6D). Thus, GPL-induced reduced iNKT cell proliferation is not due to GPL’s non-

specific toxicity on iNKT cells.

GPLs reduce cytokine production by iNKT cells

Next, we determined if GPL Ag would reduce cytokine production by iNKT cells. Indeed, 

IFNγ and IL-4 producing iNKT cells were reduced in mice co-injected with αGalCer+PA 

compared to mice injected with αGalCer alone (Fig. 7A-C). Other GPL Ag tested, including 

PC, PE, PI, and PS, also reduced αGalCer-induced IFNγ and IL-4 release by spleen cells in 

vitro (Supplemental Fig. 4B). However, addition of PA alone or PA+αGalCer to spleen cell 

cultures did not affect cell viability (Supplemental Fig. 4C). The inhibitory capacity of GPLs 
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must be robust in vivo, as serum levels of IFNγ and IL-4 were also lower in mice injected 

with αGalCer+PA than with αGalCer alone (Fig. 7D). Thus, GPL Ag significantly reduce 

cytokine responses by iNKT cells.

Discussion

We report that CD1d-restricted T cells reactive to self-GPLs exist in the normal immune 

repertoire and are phenotypically and functionally distinct from iNKT cells. In vivo priming 

with a GPL Ag led to expansion of GPL Ag-reactive T cells that produced IFN-γ. Chemical 

binding, structural, and loading studies showed that a GPL binds to mCD1d in the absence 

of lipid transfer proteins, occupies mCD1d-binding groove opening in the central location, 

and competes with an iNKT cell ligand to load onto mCD1d. Consequently, treatment with 

GPLs resulted in reduced iNKT cell proliferation and cytokine production. Such ability of 

self-GPLs to compete with iNKT cell ligands to occupy CD1d may help maintain 

homeostasis between the diverse subsets of CD1d-restricted T cells.

Many self-lipids that bind CD1d have been reported to stimulate iNKT cells [22, 31, 32]. 

For example, ether-bonded lyso-PA and plasmalogen lyso-PE isolated from thymus 

stimulated iNKT cells [32]. Lyso-PC also stimulated human iNKT cell clones and lines [21], 

but did not activate mouse iNKT cell hybridomas [33]. However, accumulating evidence 

suggests that although murine iNKT cells can sometimes recognize self-lipids such as PI, 

PE, and PG [9, 22, 32], the reactivity to the GPL Ag is generally weak and limited to a few 

iNKT cell clones. While differences in the requirements for loading self-Ag onto human vs. 

murine CD1d [34] may explain some differences between mouse and human iNKT cell 

activation by self-ligands, self-GPLs may serve as ligands for other subsets of CD1d-

restricted T cells. For example, lyso-PC can activate dNKT cells that express diverse TCR 

αβ repertoire in humans [17], and γδ T cells can recognize DPG in mice [8]. Thus, self-

lipids including GPLs can act as endogenous ligands for different subsets of CD1d-restricted 

T cells, including iNKT, dNKT, and γδ-T cells. We demonstrate that mouse lymphoid 

organs contain a population of T cells that recognize CD1d tetramers loaded with self-GPLs 

including PA, PC, PE, PI, and PS. Such PLT cells neither overlap with iNKT cells in 

tetramer binding nor recognize iNKT cell ligand αGalCer. Thus, T cells that recognize self-

GPL Ag bound to CD1d molecules form part of self T cell repertoire in normal mice.

We demonstrate that the in vivo priming with PA enhanced the frequency of PA/CD1d 

tetramer+ T cells, activated them, and increased cytokine production, but did not activate 

iNKT and conventional T cells or T cells reactive to other GPLs. γδ T cells that respond to 

bacterial or mammalian DPG also secrete IFN-γ [8]. Thus, the normal immune repertoire 

contains T cells that respond to self-GPLs in an Ag-specific manner.

Chemical and structural analyses revealed that the binding of a GPL, PA, to mCD1d 

occurred in the absence of lipid transfer proteins, and GPL Ag have been shown to readily 

occupy the CD1d binding groove presumably to stabilize the CD1d during protein folding in 

the endoplasmic reticulum [34]. As such, GPLs are continuously found associated with 

CD1d, which may keep PLT cells tolerized, thus explaining a modest T cell activation 

response to self-GPLs. A comparison of mCD1d binding of PA to that of other mCD1d 
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ligands reveals that the lipid backbone of the various lipids binds slightly differently inside 

mCD1d and therefore leads to a slightly different presentation of the polar moieties for 

recognition by specific T cells. The binding of the diacylglycerolipid backbones appears less 

conserved than the binding of the glycosphingolipid backbones [35]. Although, the mCD1d 

binding of PA and other GPLs, namely PC, PI, a mannosylated PI, and DPG, appears quite 

similar [5, 8, 35, 36], the position of the proximal phosphate is slightly different in different 

mCD1d-GPL crystal structures, which affects the presentation of the headgroup. Different 

from most of previously described self-lipids, PA is a unique lipid in that it has a small 

highly-charged headgroup that forms fewer hydrogen bonds with CD1d.

Since both fatty acids chains of PA are identical and considering the slight ambiguity of the 

electron density, PA and other diacylglycerol ligands can adopt different binding orientations 

in the groove, with the sn-1or sn-2 linked acyl chains being bound in either pocket. The 

binding mode is likely dictated by the preference of each pocket for a particular combination 

of chain length and/or unsaturation degree [37]. The increased flexibility of the two acyl 

chains in diacylglycerol ligands and generally a less stringent binding orientation for 

glycerolipids as compared with the bindings of glycosphingolipids may allow GPL ligands 

to readily occupy CD1d. Indeed, PA competed efficiently with αGalCer for loading onto 

mCD1d, leading to reduced expression of CD1d:αGalCer complexes on the surface of DCs 

and reduced iNKT cell activation in a dose-dependent manner. PA may also form more 

stable complexes with CD1d, which may have a higher half-life in vivo than CD1d:αGalCer 

complexes. However, at this time, we are not able to confidently measure CD1d-PA affinity 

and binding kinetics, as it also depends on solubility of lipids. Another possibility is that 

GPLs may replace other lipids bound to CD1d, similar to a detergent molecule. Short-chain 

PLs are in fact endowed with detergent-like properties [38], although it is not known 

whether PA or other GPL Ag can act as detergents. Nevertheless, a superior ability of self-

GPLs to compete with glycosphingolipid ligands may help maintain homeostasis between 

the diverse subsets of lipid-reactive T cells.

Although PLT cells exhibited a modest cytokine response, in vitro or in vivo exposure to 

GPLs reduced iNKT cell proliferation and cytokine production. Such iNKT cell 

hyporesponsiveness was reversed in the presence of IL-2, thus GPLs didn’t cause a 

complete, non-specific inhibition of iNKT cells. Hyporesponsiveness of iNKT cells also 

occurs in humans and animals with dyslipidemia [39], cancers [27], and autoimmune 

diseases [26], which is purported to occur due to chronic iNKT cell activation by self-lipids. 

The latter is extrapolated from the finding that the repeated stimulation by αGalCer induces 

iNKT cell unresponsiveness [40]. However, in vivo or in vitro exposure to GPLs did not 

activate iNKT cells, and a single exposure to GPLs was sufficient to elicit iNKT cell 

unresponsiveness. Thus, GPL-induced iNKT cell unresponsiveness is not owing to repeated 

iNKT cell stimulation.

iNKT cell insufficiency develops spontaneously in cancers [27, 41], dyslipidemia [39], lupus 

[26], and multiple sclerosis [42]. Elucidating mechanisms of reduced iNKT cell responses 

using the GPL model may have implications for understanding iNKT cell defects and their 

role in these diseases. It is also possible to speculate that iNKT cell insufficiency in these 

disorders might occur due to alterations in self-GPLs. The GPL-mediated inhibition of 
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iNKTs can also have therapeutic implications in diseases where iNKT cells can promote 

diseases such as atherosclerosis and alcoholic hepatitis [24, 25] or conditions where iNKTs 

can be protective such as cancers, obesity, and autoimmune diseases [24, 26, 27, 39]. Similar 

mechanisms might operate in other conditions with altered lipid metabolism [43]. For 

example, a nonantigenic glycosphingolipid globotriaosylceramide (Gb3), which accumulates 

in patients with Fabry disease, inhibits iNKT cell activation by competing with exogenous 

and endogenous Ag for CD1d binding [44]. Furthermore, treatment that reduces Gb3 storage 

prevents iNKT cell decrease in Fabry disease mice [45]. Variations in plasma GPLs have 

been found in conditions such as liver cirrhosis [46] and Alzheimer’s disease [47, 48], and 

synovial fluid GPL levels are increased in patients with osteoarthritis [49]. Although the 

mechanisms by which altered lipid metabolism might affect the development of these 

diseases remain unclear, this and other studies on GPL-reactive T cells lay the foundation for 

assessing a role of T cells reactive to self and altered GPLs in the pathogenesis of these 

diseases.

GPLs, such as PA, are membrane lipids produced by activated macrophages [50], immature 

DCs [51] and other cell types, and regulate many cellular processes. We identify a new role 

for self-GPLs and elucidate a mechanism whereby they may regulate immunity. Specifically, 

GPLs activate a subset of CD1d-restricted PLT cells, but interfere with iNKT cell activation 

via the ability to compete with iNKT cell ligand to occupy CD1d. Thus, normal lipid 

metabolism may help maintain the balance between different subsets of lipid-reactive T 

cells. Such homeostatic balance may be lost in conditions with altered lipid metabolism. 

Understanding these mechanisms will have therapeutic implications for a wide range of 

diseases.

Materials and Methods

Animals

Breeding pairs of C57BL/6 (B6), B6 CD1d–/– mice [52], and BALB/c Jα18−/− mice that are 

deficient for iNKT cells [53] were obtained from the Jackson Laboratory or kindly provided 

by other investigators, and bred locally. Results from 8–18-week-old locally bred female 

mice are shown. All mice were maintained in specific pathogen-free conditions. All 

experiments were approved by the Institutional Animal Care and Use Committee.

Preparation of lipids

Lipid Ag were purchased from Avanti Polar Lipids Inc. (Alabama, USA). αGalCer was 

dissolved in vehicle (5.6% sucrose, 0.75% L-histidine and 0.5% Tween-20) and incubated at 

60°C for 10 min. GPLs in chloroform or vehicle in equivalent volume of chloroform were 

dried down in a round-bottom glass tube under nitrogen gas and the resultant lipid film 

dissolved in vehicle and incubated at 60°C for 10 min, which rendered a clear lipid solution. 

The lipids were further resuspended in complete RPMI 1640 medium (10% FBS, 2 mM L-

glutamine, 100 U/ml penicillin streptomycin, 10 mM HEPES, and 5×10−5–5×10−6 M 2-ME) 

for in vitro studies or in PBS for animal injections, and vortexed vigorously.
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mCD1d tetramers

PE-conjugated unloaded and PBS57-loaded mCD1d tetramers were obtained from the NIH 

Tetramer Core Facility (Emory, GA). To prepare GPL and sulfatide loaded tetramers, 

unloaded mCD1d tetramer was mixed with lipid Ag at a molar ratio of 1:3 (protein:lipid) 

and incubated overnight at room temperature. GPL and sulfatide loaded CD1d tetramers 

were freshly prepared each time before the experiment.

In vitro loading of lipid Ag

Aliquots of 10 μl purified mCD1d at a concentration of 20 μM were loaded overnight at 

room temperature in the presence of 6-times molar excess of each lipid. Sulfatide was 

dissolved in DMSO (5 mg/ml), and PA was dissolved in CHCL3 (10 mg/ml). Loading was 

performed in the presence of 100 mM Tris-HCl (pH 7). After lipid loading, samples were 

centrifuged (14,000×g, 10 min), and 4 μl supernatant was used for isoelectric focusing (IEF) 

analysis. CD1d–lipid complexes were separated using precast gels (PhastGel 5–8 IEF) and 

the PhastSystem (GE Healthcare Biosciences, Piscataway, NJ). Staining of mCD1d was 

performed with Coomassie blue, and successful lipid loading was identified by a gel shift of 

the mCD1d band in relation to the control lanes.

Protein expression, purification, and crystallization

Recombinant mCD1d was produced in SF9 insect cells and purified as reported [37]. For 

structural studies, 2 mg of mCD1d were incubated overnight at room temperature with 0.175 

mg of PA (5 mg/ml in CHCL3) in 2 ml of 50 mM Hepes pH 7.5, 150 mM NaCl, resulting in 

a final CHCL3 concentration of 1.75%, which was tolerated by the protein. After lipid 

loading, the protein/lipid solution was clarified by centrifugation (17,000xg for 10 min) and 

the mCD1d:PA complex was purified by size exclusion chromatography using Superdex 

S200 HR 16/60 in 50mM Hepes, pH 7.5, 150 mM NaCl. Fractions containing mCD1d-PA 

were pooled and concentrated to 8 mg/ml in 10 mM Hepes pH 7.5, 30 mM NaCl and 

subjected to crystallization by conventional sitting drop vapor diffusion using commercial 

crystallization screens (Wizard 1 and 3 from Emerald Biosciences and PEG/Ion 1 and 2) at 

both 22.3°C and 4°C. Best crystals were manually grown over several days at 4°C by mixing 

0.5 μl protein with 0.5μl precipitant (20% polyethylene glycol 4000, 200 mM ammonium 

acetate).

Structure determination and presentation

Crystals were flash-cooled at 100K in mother liquor containing 20% glycerol. Diffraction 

data were collected at the Stanford Synchrotron Radiation Lightsource (SSRL) beamline 11–

1. Data processing and structure determination by molecular replacement using the mCD1d 

coordinates from PDB ID 2Q7Y were carried out as reported for other CD1d-

glycosphingolipid complexes [54]. Model building and refinement was performed analogous 

to other CD1d-glycosphingolipid structures [54]. Data collection and refinement statistics 

are presented in Supplemental Table 1. Structural illustrations were generated using the 

software PyMol (Schroedinger). Structure factors and coordinates are available from the 

PDB (http://www.rcsb.org) under accession code 4MX7.
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Cell isolation

Hepatic leukocytes were isolated using the Percoll gradient, as previously described [10]. 

Briefly, following anesthesia with isofluorane (Baxter, Deerfield, IL), mice were perfused 

with chilled PBS. Liver was removed, cut into small pieces which were passed through a 70 

μm nylon cell strainer (BD, Falcon™, Bedford, MA), and suspended in DMEM with 2% 

heat-inactivated FBS. Cells were washed with medium (850xg for 10 min). Liver MNCs 

were isolated on a percoll (35% percoll containing 100 U/ml heparin) gradient (850xg for 15 

min) and washed twice followed by removal of erythrocytes using RBC lysing buffer 

(Sigma-Aldrich, St. Louis, MO) and resuspension of cell pellets in medium. BM cells from 

femur and tibia were obtained by cutting the ends of the bones and forcing medium through 

the bone shaft, followed by erythrocyte lysis. Spleen cells were obtained by passing through 

a 70 μm cell strainer, followed by RBC lysis (spleen cells), washing twice and resuspending 

cells in medium.

Flow cytometry

Cells were suspended in FACS buffer (1–2 × 106/ml) containing PBS in 0.02% NaN3 (wt/

vol) and 2% FBS (vol/vol). Cells were first incubated with anti-Fcγ receptor Ab (2.4G2) 

(BD Biosciences, San Diego, CA) and then labeled with the indicated Ab (Supplemental 

Information, List of antibodies used). For intracellular cytokine staining, cells were cultured 

for 5–6h with 500 ng/ml ionomycin and 10 ng/ml PMA in presence of Golgi-plug (1 μl/ml). 

Cells were harvested, washed and intracellular staining was performed according to the 

manufacturer’s protocol (BD Biosciences). Data were analyzed using FlowJo software 

(Ashland, OR) with lymphocyte gate, based on forward and side scatter.

Activation of iNKT cell hybridoma

Soluble mCD1d (1 μg/well) was coated onto flat-bottom 96-well plates for 18h at 4°C in 

PBS (pH 7.4). Plates were washed thrice with PBS, and incubated at 37°C with PBS alone, 

αGalCer or GPL Ag. For competition assays, PA was added at the indicated concentrations 

(5–40 μg/ml) to some wells immediately before adding αGalCer. After 4h of incubation 

with lipids, plates were washed thrice with PBS, followed by addition of 1.5 × 105 Hy-1.2 

(iNKT cell hybridoma) cells per well in triplicates. Supernatants were collected after 17h 

and assayed for IL-2 by ELISA.

In vivo lipid treatment

B6 mice were injected i.p. with αGalCer (2–4 μg) or PA (20 μg), and bled and/or euthanized 

for serum collection and organ harvesting at the indicated timepoints.

CFSE dilution assay to assess proliferation

Splenocytes were labeled with 5 μM CFSE (Molecular Probes, Eugene Oregon) for 10 min 

at 370C in PBS containing 0.1% BSA, and washed twice with complete RPMI medium. 

Labeled splenocytes (3 × 105 cells/well) were then cultured without or with αGalCer (0.1–

100 ng/ml) and/or varying concentrations of GPL Ag for 96h in complete RPMI. At the end 

of the culture, cells were harvested, stained with anti-TCRβ-Cychrome and PBS57/CD1d-
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PE and analyzed by flow cytometry. After excluding dead cells using forward and side 

scatter, CFSE dilution was analyzed on PBS57/CD1d tetramer+ T cells.

Measurement of proliferation response by Ki-67

4–5×105 splenocytes were cultured for 96h in the presence of graded concentration of 

αGalCer (0.1–100 ng/ml) without or with 20 μg of PA. In some experiments, splenocytes 

were cultured in the presence of graded concentration of different GPLs (2.5–40 μg), with or 

without 20 ng αGalCer. Cells were harvested, washed and intracellular staining for Ki-67 

was performed according to the manufacturer’s protocol (BD Biosciences). Ki-67 is 

expressed by proliferating cells in late G1, S, G2 and M phases, but not in resting cells in G0. 

After excluding dead cells using forward and side scatter, Ki-67 expression was analyzed on 

gated PBS57/CD1d tetramer+ cells.

ELISA

Serum was collected and stored at –20°C until use. IFN-γ, IL-4, and IL-17 levels were 

measured at different time points using sandwich ELISA.

Statistics

Data were analyzed using two-tailed Student’s t test using Prism software (version 5; 

GraphPad Software). A P value less than 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DPG di-phosphatidylglycerol

GPL glycerophospholipid

iNKT invariant NKT

MNC mononuclear cell

PA phosphatidic acid

PC phosphatidylcholine

PE phosphatidylethanolamine

PG phosphatidylglycerol

PI phosphatidylinositol

PL phospholipid

PLT phospholipid-reactive T cells

PS phosphatidylserine
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Figure 1. Detection of phospholipid-reactive T cells.
(A) Freshly isolated spleen and liver mononuclear cells from naïve B6 mice were stained 

with CD1d tetramers loaded with PBS (PBS/CD1d), a GPL Ag (phosphatidic acid [PA]), 

and glycosphingolipid Ag sulfatide (Sulf) and αGalCer (αGC)-analog PBS57. Stained cells 

were analyzed for iNKT cells (αGalCer-reactive T cells), dNKT (sulfatide-reactive T cells), 

and PLT (PA-reactive T cells) on gated live non-B lymphocytes. Numbers on plots indicate 

TCRβ+tetramer+ cells as % of live lymphocytes. Dotplots shown are representative of more 

than five independent experiments, each using 2 to 4 mice. (B) Results are summarized as 

the mean ± SE % and absolute numbers of tetramer+ cells (n = 5–8 mice, pooled from two 

separate experiments). (C) Liver MNCs from naïve B6 mice were stained with PA-loaded 

CD1d tetramer (PA/CD1d-tet) and Ab for the indicated markers, and analyzed for PLT cells. 

Numbers on plots indicate % positive of PA/CD1d-tet+ T cells. Results shown are 

representative of three independent experiments, each using 2 to 4 mice. (D) Percentages of 

PLT cells expressing various markers are expressed as the mean ± SE (n = 5 mice pooled 

from two experiments).
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Figure 2. Binding and presentation of PA to mCD1d.
(A) Binding of synthetic dioleoyl-PA (PA) to mCD1d, as detected by native IEF gel 

electrophoresis. mCD1d (negative control) was incubated with sulfatide (positive control) or 

PA overnight at RT and successful lipid loading was visualized as a gel shift by native IEF. 

Notably, 0.05% Tween-20 in loading buffer reduces loading efficiency (+PA Tween). (B) 

Chemical structures of PA and the NKT cell ligands sulfatide and αGalCer (αGC). (C) 

Schematic representation of the mCD1d:PA complex showing PA bound between the α1 and 

α2 helix of CD1d, which non-covalently associates with β2-microglobulin. (D) Details of 

PA presentation by mCD1d. PA is oriented by H-bonds (blue dotted lines with distance of 

3.5Å or less) by CD1d residues D153 (through water-mediated H bond), T156 and R79. 

Electron density for the ligand is depicted as blue mesh (2FoFc map contoured at 1 sigma). 

PA binds with sn-2 linked fatty acid in F’ pocket, similar to the ligands phosphatidyl inositol 

dimannoside (PIM2) (E) and PC (F). The data are representative of two independent 

experiments.
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Figure 3. Characterization of phospholipid-reactive T cells.
(A, B) Spleen cells from B6 CD1d–/– and BALB/c Jα18–/– mice and their respective wild-

type (WT) controls were analyzed for PLT cells. Numbers on plots indicate % TCRβ
+tetramer+ cells of live non-B lymphocytes. The data shown are representative of two 

(CD1d–/–) and three (Jα18–/–) independent experiments, each using 3 mice per group. (C) 

B6 spleen cells were stained with PE-labeled PA/CD1d and APC-labeled PBS57/CD1d 

tetramers, and analyzed for PLT and iNKT cells, respectively. Numbers on plots indicate % 

TCRβ+tetramer+ cells of live TCRβ+ lymphocytes. Data shown are representative of four 

independent experiments, each using 2 to 3 mice per group. (D, E) B6 mice were injected 

with vehicle (Veh) or αGalCer (2 μg i.p.). Their liver, spleen and bone marrow (BM) were 

harvested 24 h later, and analyzed for iNKT (D) or PLT cells (E). Numbers on plots indicate 

% TCRβ+tetramer+ cells of live non-B lymphocytes. The data shown are representative of 

three independent experiments, each using 2 to 3 mice per group. (F) PBS (–), αGalCer (10 

ng/ml) or GPLs (20 μg/ml), including PA, PC, PE, PI, PS, and PG isomer BMP 

[bis(monoacylglycero)phosphate], were added to wells pre-coated with mCD1d, washed, 

and iNKT hybridoma cells added for 17 h. Supernatants were assayed for IL-2. The data 

shown are representative of three independent experiments.
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Figure 4. Effect of immunization with PA on PA-reactive T cells in vivo.
(A) B6 mice were injected with vehicle (Veh) or PA (20 μg i.p.), and liver was harvested 24 

h later. Isolated liver MNCs were stained with CD1d tetramers loaded with PBS or PA. 

Numbers on plots indicate % TCRβ+tetramer+ cells of live non-B lymphocytes. Dotplots 

shown are representative of four independent experiments, each using 2 to 3 mice per group. 

Percent positive and absolute numbers of PA/CD1d-tet+ cells from these animals are 

expressed as the mean ± SE in a bar diagram (*p <0.003; n = 9 mice/group, pooled from 

three experiments). (B) Liver MNCs from these animals were stained with CD1d tetramers 
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loaded with PBS57 and PI, and analyzed on live non-B lymphocyte gate. Numbers on plots 

indicate % TCRβ+tetramer+ cells of live non-B lymphocytes. Data shown are representative 

of three experiments. (C) PA/CD1d-tet+ T cells from these animals were analyzed for CD69 

expression (*p <0.0001; n = 9 mice/group; mean ± SE). (D-F) Liver MNCs isolated 24 h 

after a PA or vehicle injection were cultured for 5–6 h with 500 ng/ml ionomycin and 10 

ng/ml PMA in presence of Golgi-plug (1 μl/ml), and cells analyzed for intracellular 

cytokines. Results of IFNγ production on gated TCRβ+ PA/CD1d-tet+ cells (D, E) or gated 

iNKT cells (F) are shown. Numbers on histograms represent % positive cells or MFI, as 

indicated. Data in (E) are presented as the mean ± SE % positive and MFI of IFNγ on gated 

PA/CD1d-tet+ cells (*p <0.002; n = 6 mice/group, pooled from three experiments). Data 

shown are representative of three independent experiments. (G) B6 mice were injected with 

vehicle (Veh) or PA (20 μg i.p.), and bled at the indicated timepoints. Their serum samples 

assayed by ELISA for cytokines (*p <0.001; n = 6–8 mice/timepoint, pooled from three 

separate experiments; mean ± SE).
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Figure 5. PA competes with αGalCer for loading onto CD1d and presentation.
(A) Spleen cells were incubated with PBS (filled histogram), PA (20 μg/ml, gray line), 

αGalCer (αGC) (100 ng/ml, thick line) or PA + αGalCer (dashed line) for 20h. Cells were 

then stained with anti-CD1d or anti-CD1d:αGalCer complex (clone 363) and anti-CD11c 

Ab. Surface expression of CD1d and CD1d:αGalCer complexes on DCs (CD11c+) is shown 

in left and right panels, respectively. The data shown are representative of three independent 

experiments, each using cells from one animal. Combined data with statistics are shown in 

the bar diagrams (*p <0.001; n = 3). (B) B6 mice were injected with PBS (filled histogram), 

PA alone (gray line), αGalCer alone (thick line), or PA + αGalCer (dashed line). Animals 

were euthanized at 24h, and isolated liver leukocytes stained with Ab against CD1d or 

CD1d:αGalCer complex and CD11c. Stained cells were analyzed for surface expression of 

CD1d (left panels) or CD1d:αGalCer complexes (right panels) on DCs. Note the reduced 

expression of CD1d:αGalCer complexes on DCs in animals injected with PA + αGalCer as 

compared to animals injected with αGalCer alone. The data are representative of two 

independent experiments, each using three mice per group. Combined data with statistics are 

shown in the bar diagrams (**p<0.01; n = 3). (C) Plates were coated with soluble mCD1d 

and washed after 18 h. αGalCer at different concentrations was then added to these plates, 

followed immediately by addition of vehicle (Veh) or PA at concentrations indicated on 

figure panels. Plates were washed after 4 h, and iNKT hybridoma cells added. Supernatants 

collected after 17 h were tested for IL-2. Results are expressed as the mean ± SD of the 

mean triplicate values of IL-2. Similar results were obtained in another set of experiments 

using PA and αGalCer concentrations used in both panels.
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Figure 6. Effect of PA on iNKT cell proliferation.
(A) Spleen cells from B6 mice were labeled with CFSE, and cultured with medium alone, 

αGalCer (αGC), or PA+αGalCer for 4 d at 37°C. iNKT cell proliferation was assessed by 

CSFE dilution in PBS57/CD1d-tet+ TCRβ+ live B220– lymphocytes. Numbers on plots 

indicate % positive cells. The data are representative of five independent experiments, each 

using spleen cells from one animal. (B) B6 mice were injected with PA or vehicle (Veh), and 

spleen harvested after 24 h. Spleen cells were labeled with CFSE, cultured with αGalCer for 

4 d, and CFSE dilution analyzed on iNKT cells. The data are representative of five 

independent experiments, each using 3 mice per group. (C) B6 mice were injected with 

vehicle, αGalCer, or PA+αGalCer. Spleen cells isolated from these animals were analyzed 

for PBS57/CD1d-tet+ TCRβ+ cells on gated live B220– lymphocytes. The data shown are 

representative of three independent experiments, each using 3 to 4 mice per group. (D) B6 

mice were injected with PA or vehicle, and spleen harvested 12h later. Spleen cells were 

cultured with medium alone, αGalCer or αGalCer+IL-2 for 4 d, and Ki-67 analyzed on 

iNKT cells. The data are representative of three independent experiments, each using 3 mice 
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per group. Combined data with statistics are shown in the bar diagrams (*p <0.001, 

**p<0.01; n = 3–5).
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Figure 7. Effect of PA on cytokine production by iNKT cells.
B6 mice were injected with PA (20 μg i.p.) + αGalCer (2–4 μg i.p.) or αGalCer (αGC) 

alone, and animals were euthanized 3 h later. Liver MNCs were isolated and analyzed for 

intracellular cytokines. Representative histograms show IFNγ+ (A) and IL-4+ (B) cells on 

gated iNKT cells (PBS57/CD1d tetramer+ TCRβ+; upper panels) or conventional T cells 

(tetramer–TCRβ+; lower panels) from one of three independent experiments, each using 2 

mice per group. Results are summarized in panel (C) (*p <0.004; n = 6 mice/group, pooled 

from three experiments; mean ± SE). (D) B6 mice were injected with αGalCer or αGalCer

+PA, and animals bled at the indicated time points. Serum samples were assayed for 

cytokines by ELISA (*p =0.003; n = 6 mice/group, pooled from two separate experiments; 

mean ± SE).
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