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Abstract

The central paradigm of conventional MHC-restricted T cells is that they respond specifically 

to foreign peptides, while displaying tolerance to self-antigens. In contrast, it is now becoming 

clear that a number of innate-like T cell subsets—CD1-restricted T cells, Vγ9Vδ2 T cells, and 

MAIT cells—may operate by different rules: rather than focusing on the recognition of specific 

foreign antigens, these T cells all appear to respond to alterations to lipid-related pathways. By 

monitoring perturbations to the “lipidome,” these T cells may be able to spring into action to 

deal with physiological situations that are of self as well as microbial origin. iNKT cells are 

a prime example of this type of lipidome-reactive T cell. As a result of their activation by 

self lyso-phospholipid species that are generated downstream of blood lipid oxidation, human 

iNKT cells in the vasculature may respond sensitively to a variety of oxidative stresses. Some 

of the cytokines produced by activated iNKT cells have angiogenic effects (e.g., GM-CSF, IL-8), 

whereas others (e.g., IFN-γ) are pro-inflammatory factors that can propagate vascular pathology 

by influencing the functions of macrophages and dendritic cells. Consistent with this, evidence 

is accumulating that iNKT cells contribute to atherosclerosis, which is one of the most common 

inflammatory pathologies, and one that is integrally related to characteristics of the lipidome.
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The paradigm of lipidome-reactive T cells

CD1-restricted T cells

It has been just over two decades since the first demonstration that T lymphocytes can 

specifically recognize lipids as antigens: In the mid-1990s, Michael Brenner’s group 

demonstrated that a human αβ T cell line that was restricted by the non-classical antigen-

presenting molecule CD1b specifically recognized a type of lipid (mycolic acid) produced 

by Mycobacterium tuberculosis (Beckman et al. 1994; Porcelli et al. 1992). In the years 

since, it has become clear that four of the five members of the CD1 family—CD1a, 
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CD1b, CD1c, and CD1d—bind lipidic molecules and present them at the cell surface 

for recognition by human T cells (Brigl and Brenner 2004; Cohen et al. 2009; Porcelli 

and Modlin 1999). The remaining CD1 family member, CD1e, remains in intracellular 

compartments where it contributes to glycolipid processing and loading into other CD1 

molecules (Angenieux et al. 2000; de la Salle et al. 2005). Crystallographic and mutational 

analyses have revealed that T cell recognition of lipid antigens is molecularly precise, with 

residues of the TCR complementarity determining loops making contacts with exposed 

components of the lipid or glycolipid (Luoma et al. 2014; Van Rhijn et al. 2015; Young and 

Moody 2006; Zajonc and Kronenberg 2009). However, while some human CD1-restricted T 

cells appear completely specific for microbial lipids, most are either cross-reactive with, or 

entirely specific for, lipid species that are of “self” origin (Van Rhijn and Moody 2015; Van 

Rhijn et al. 2016; Vincent et al. 2005). Thus, compared to classical MHC-restricted T cells, 

the CD1-restricted T cell population appears less oriented towards selective responses to 

foreign antigens and instead includes a large fraction that can respond to specific self-lipids.

Vγ9Vδ2 T cells

A parallel story has emerged over the last two-plus decades for a subset of human γδ 
T lymphocytes that bear TCRs utilizing Vγ9 and Vδ2 (Vγ9Vδ2 T cells). The TCRs 

of Vγ9Vδ2 T cells recognize a plasma membrane glycoprotein called butyrophilin 3A1 

(BTN3A1) (Vavassori et al. 2013; Wang et al. 2013). However, Vγ9Vδ2 TCRs bind to 

BTN3A1 only after it has undergone structural changes wrought by its physical association 

with particular lipidic species (e.g., isoprenoids) (Rhodes et al. 2015; Riano et al. 2014; 

Sandstrom et al. 2014; Tanaka et al. 1995; Wang and Morita 2015). Isoprenoids are typically 

synthesized via the mevalonate pathway, which is a biosynthetic pathway present in most 

cell types that is responsible for producing key metabolic components such as cholesterol 

and other steroid lipids. Additionally, Vγ9Vδ2 T cells are activated by the presence of 

other lipidic compounds that are synthesized only by bacteria and protozoa that posses a 

non-mevalonate (alternative) biosynthesis pathway (Belmant et al. 1999; Puan et al. 2007). 

The compounds produced by microbes via the non-mevalonate pathway are highly potent 

activators of Vγ9Vδ2 T cells, whereas the isoprenoid species produced by mammalian 

cells is less potent at inducing Vγ9Vδ2 T cell activation (Morita et al. 2007; Wang et al. 

2011). Vγ9Vδ2 T cells thus are extremely sensitive to the presence of microbial infections 

that result in the accumulation of potently activating “non-self” isoprenoids, but they can 

also be activated by cellular events (e.g., rapid proliferation, neoplastic transformation) that 

are associated with the upregulation of mammalian isoprenoid biosynthesis. Notably, since 

statins interrupt the mevalonate biosynthesis pathway upstream of the step leading to the 

production of the key isoprenoid compound, these drugs likely inhibit the activation of 

Vγ9Vδ2 T cells in response to endogenous cellular processes, while not affecting their 

responses to microbial infections.

MAIT cells

Very recently, a T cell population called mucosal-associated-invariant T (MAIT) cells 

has also been shown to respond to lipid-related cues. MAIT cells are restricted by the 

non-classical antigen-presenting molecule MR1 (Treiner et al. 2003). MR1 molecules bind 

flavonoids (e.g., B-group vitamins) and present these at the cell surface (Kjer-Nielsen et al. 
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2012; Reantragoon et al. 2012). The TCRs of MAIT cells bind with high affinity to MR1 

presenting certain B-vitamin derivatives (e.g., riboflavin metabolites) leading to activation of 

the MAIT cell, whereas related MR1-binding compounds (e.g., folate metabolites) provide 

sub-optimal TCR stimulation that inhibits the MAIT cells (Patel et al. 2013). Thus, MAIT 

cells may mediate early responses to bacterial pathogens (e.g., Salmonella and E. coli 
species) that specifically synthesize the activating riboflavin pathway compounds, while 

becoming tolerized by bacteria that produce only folate pathway compounds (Birkinshaw 

et al. 2014). However, since non-pathogenic bacteria (e.g., Bacillus subtilis which is often 

present in our gut microbiota) can also synthesize riboflavin, and flavonoids produced by 

plants can be obtained through diet and are then disseminated throughout the body, MAIT 

cells may also become activated in non-infection related contexts. Notably, the two types of 

B-group vitamins distinguished by MAIT cells are also critical for distinct aspects of lipid 

metabolism in host cells: riboflavin plays a role in β-oxidation of fatty acids (i.e., breakdown 

of fats to generate energy), whereas folate plays a unique role as a catalytic substrate in 

the chemical transfer of one-carbon units needed for certain nucleotide and amino acid 

biosynthetic pathways (da Silva et al. 2014). Hence, the presence of riboflavin vs. folate 

pathway metabolites may be linked to distinct metabolic activities of host cells as well as 

signaling the presence of specific bacterial species.

Responding to perturbations to the lipidome

The emerging picture from these three types of T cells—CD1-restricted T cells, Vγ9Vδ2 T 

cells, and MAIT cells—thus suggests that they comprise a novel T lymphocyte compartment 

that can be activated by a variety of molecular alterations to the lipidome, rather than being 

highly specific for foreign compounds that are unique to microbial pathogens. According 

to this perspective, the T cell populations belonging to this compartment each become 

activated by characteristic metabolic changes, whether these changes result from microbial 

infection, changes to the composition of non-pathogenic microbial colonists (microbiota), or 

host-intrinsic processes such as neoplastic transformation or normal developmental events. 

By responding to lipidome-alteration cues, members of this T cell compartment may thus 

be able to contribute not only to host defense against infection but also to inflammatory 

processes affecting tolerance and autoimmunity, as well as to the regulation of host 

developmental processes and the control of neoplastic transformation.

The unifying principle of this lipidome-monitoring T cell compartment might therefore 

be that it serves as an immune branch that is oriented towards controlling metabolic 

imbalances, regardless of whether these result from “exogenou” or “endogenou” processes. 

As a logical extension of this, T cells from this compartment might be expected to 

play particularly important roles in metabolic diseases. While there is as yet little 

information on the roles of MAIT cells, Vγ9Vδ2 T cells, and most CD1-restricted T 

cells in metabolic diseases, one subset, CD1d-restricted invariant Natural Killer T (iNKT) 

cells, has been comparatively well studied. In the following sections, we will focus on 

endogenous pathways that drive human iNKT cell activation in the blood, and which may 

ultimately determine their contribution to atherogenesis, which is one of the most common 

metabolism-associated pathologies.
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iNKT cells: a flagship lipidome-reactive T cell subset

NKT cells were originally identified as a murine lymphocyte population that expressed CD3, 

a clear indicator of their status as T cells, but that differed from conventional T cells in 

that they co-expressed CD161 (also known as NK1.1), a marker that is characteristic of 

NK cells (Bix and Locksley 1995). The molecular definition of NKT cells was refined by 

the finding that most utilize a canonical TCRα chain rearrangement (Vα14-Jα18 in mice, 

Vα24-Jα18 in humans) that is paired with a limited set of TCRβ chains (Koseki et al. 1990; 

1991; Porcelli et al. 1996). Further analysis revealed that T cells using this canonical TCRα 
chain are restricted by CD1d antigen-presenting molecules (Bendelac et al. 1995; Exley et 

al. 1997; Lantz and Bendelac 1994). Since other CD1d-restricted T cells were identified that 

possessed diversely recombined TCRα and β chains (Behar et al. 1999; Cardell et al. 1995; 

Exley et al. 2001), the canonical TCRα subset was given the moniker of “invariant” NKT 

(iNKT) cells.

iNKT cells can mediate either tolerogenic or pro-inflammatory effects

Functionally, iNKT cells might best be characterized as a “jack-of-all-trade” lymphocyte 

subpopulation. They initially attracted attention because they were responsible for the early 

burst of IL-4 cytokine secretion observed in mice after injection of anti-CD3 antibodies 

(Bendelac et al. 1994; Yoshimoto et al. 1995), but it was soon appreciated that they 

can rapidly produce large amounts of both TH1 and TH2 cytokines (Behar et al. 1999; 

Brown et al. 1996; Chen and Paul 1997; Smiley et al. 1997), and more recently, it has 

been demonstrated that some iNKT cells can produce TH17-pathway cytokines including 

IL-17 and IL-22 (Coquet et al. 2008; Goto et al. 2009). From analyses of their gene 

expression and thymic development, it has become clear that murine iNKT cells are divided 

into sub-lineages showing TH1-, TH2-, or TH17-biased cytokine profiles and expressing 

the transcription factors T-bet, GATA-3, and RORγT, correspondingly (Lee et al. 2013). 

Moreover, in mice, these distinct iNKT sub-lineages segregate to different peripheral tissue 

locations (Lee et al. 2015). Whether human iNKT cells are similarly comprised of distinctly 

polarized sub-lineages remains unclear. However, it is clear that human peripheral blood 

iNKT cells can produce both TH1 and TH2 cytokines directly ex vivo (Gumperz et al. 2002). 

Exposure to IL-12p70 drives human iNKT cells towards a highly TH1-restricted phenotype 

(Brigl et al. 2003), whereas exposure to TGF-β, IL-1β, and IL-23 induces TH17 cytokine 

production (Moreira-Teixeira et al. 2011). Thus, both human and murine iNKT cells are 

multifaceted cytokine producers, with the specific cytokine pathway that predominates in a 

given context likely depending on the local environment. Consistent with this potential for 

pleiomorphic functionality, iNKT cells act to inhibit excessive inflammation in autoimmune 

disease contexts (Ronchi and Falcone 2008; Wu and Van Kaer 2009), whereas in many 

microbial infections, they enhance inflammatory responses and thus contribute to improved 

host defense (Brigl and Brenner 2010; Tupin et al. 2007).

Antigenic specificity of iNKT cells

A key breakthrough in our molecular understanding of iNKT cells came with the 

demonstration that they recognize CD1d-mediated presentation of specific lipids as antigens. 
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The first indication of the specificity of iNKT cells for lipidic antigens came from the 

identification of an unusual class of glycolipids called α-glycosylsphingolipids (α-GSLs) as 

potent antigens for both murine and human iNKT cells (Kawano et al. 1997; Spada et al. 

1998). The prototypical antigen of this type, called α-galactosylceramide (α-GalCer), was 

originally isolated from tissue samples of the marine sponge Agelas mauritianus (Kawano et 

al. 1997). Subsequently, bacterial glycolipids were identified that contained similar α-linked 

sugar moieties, and were shown to specifically activate iNKT cells, although less potently 

than α-GalCer (Kinjo et al. 2005; 2006; Mattner et al. 2005).

However, starting with the first experiments showing iNKT cell restriction by CD1d 

(Bendelac et al. 1995), it was apparent that iNKT cells also display functional responses 

(e.g., cytokine secretion) to CD1d+ APCs in the absence of exogenously added antigens. 

Based on experiments demonstrating a key role of the CD1d cytoplasmic tail (which 

determines intracellular trafficking of CD1d molecules and thus access to cellular 

compartments containing distinct types of endogenous lipid antigens), the observed iNKT 

cell autoreactivity was postulated to be due to CD1d-mediated presentation of specific 

self-lipids (Brossay et al. 1998; Chiu et al. 1999). Directly supporting this hypothesis was 

the demonstration that a murine iNKT cell hybridoma was unable to recognize recombinant 

CD1d molecules unless a cellular lipid extract was added (Gumperz et al. 2000). From these 

experiments and many others, it has now become firmly established that iNKT recognition 

of specific self-lipids is sufficient to cause their functional activation and is likely a key 

aspect of their distinctive immunological properties (Bendelac et al. 2001; Kronenberg and 

Rudensky 2005).

The search for self-antigens that activate iNKT cells

A central question in the field has been to identify the self-lipids recognized by iNKT 

cells. The potent ability of α-GSLs to activate all iNKT cells raised the possibility that 

lipids of this type might not simply represent a foreign molecular pattern but might also be 

responsible for iNKT cell self-antigenic activation (Gumperz and Brenner 2001). However, 

since mammalian glycosylceramide synthases are invertases and thus are not capable of 

producing α-anomeric linkages, and it was found that β-glucosylceramide synthase deficient 

cells were unable to stimulate iNKT cells (Stanic et al. 2003), attention focused on the 

role of β-linked glycolipids. Mice that lack a lysosomal glycosidase (hexosaminidase b, or 

Hex b) were shown to be deficient in iNKT cells (Zhou et al. 2004), and this was related 

to iNKT cell recognition of a β-linked glycolipid lipid called isoglobotrihexosylceramide 

(iGb3) (Zhou et al. 2004). However, despite the ability of iGb3 to activate iNKT cells and 

to be specifically recognized as a CD1d-presented ligand by murine iNKT TCRs (Zajonc 

et al. 2008), deletion of the α-galactosyl transferase enzyme (iGb3S) that is specifically 

responsible for the synthesis of the iGb3 glycolipid did not appear to affect murine iNKT 

cell numbers or peripheral function (Porubsky et al. 2007). Moreover, humans appear to lack 

the ability to generate the iGb3 glycolipid due to the absence of a functional iGb3 synthase 

gene (Christiansen et al. 2008), and iNKT cells are not able to recognize iGb3 when it is 

presented by human CD1d molecules (Sanderson et al. 2013). As a result of contraindicative 

findings of this type, the search for endogenous glycolipids that activate human and murine 

iNKT cells has continued and has recently led to the identification of trace amounts of 
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α-GSLs in thymocytes and dendritic cells that potently activate iNKT cells (Kain et al. 

2014; 2015).

Self antigen strength vs. abundance

The highly potent self α-GSLs recognized by iNKT cells are thought to be constitutively 

produced, but tightly regulated by catabolic processes, such that they are generally only 

present at very low levels (Kain et al. 2014; 2015). In addition to this type of antigen, 

a fraction of human iNKT cells are able to recognize certain self-lipids that are highly 

abundant, but that provide a comparatively weak antigenic stimulus (Chamoto et al. 2016; 

Fox et al. 2009). Self-lipids that are weak agonists may play important roles in the responses 

of iNKT cells by contributing to the maintenance of their poised-effector status, which is 

characterized by the ability to become activated in a TCR-independent manner through 

exposure to cytokines such as IL-12 and IL-18 (Wang et al. 2012). Moreover, recognition of 

self-antigens that are upregulated as a result of cellular metabolic changes may also allow 

iNKT cells to participate in “sterile” inflammatory responses (i.e., inflammatory responses 

that are not dependent on the presence of microbial compounds) (Zeng et al. 2013).

iNKT self-antigens as indicators of metabolic processes

While the range of self-lipids recognized by iNKT cells is not yet fully characterized, they 

have been found to respond specifically to two structurally related types of self-lipid that 

are integrally linked to metabolic processes. The first of these, lyso-phosphatidylcholine 

(LPC), is produced during normal lipid metabolism-related cellular activities and is also 

markedly upregulated during inflammatory responses, since it is generated as a byproduct 

from cellular biosynthesis of eicosanoid lipid mediators (Funk 2001). LPC species were 

identified within the pool of lipids eluted from human CD1d molecules (Cox et al. 2009; 

Yuan et al. 2009), indicating that these single acyl chain species can bind to human CD1d 

molecules despite the presence of di-acylated species, which made up much of the ligand 

pool. LPC species found in the CD1d-ligand pool elicited clear CD1d-dependent responses 

from human peripheral blood iNKT cells, whereas there was little or no response to other 

lipids from the CD1d-ligand pool (Fox et al. 2009). The iNKT cell response to LPC 

appeared specific to the chemical head group of this lipid (choline), since lyso-phospholipids 

containing different head groups (e.g., lyso-phosphatidylethanolamine and lyso-phosphatidic 

acid) were not recognized, whereas another lyso-lipid with a choline head group (lyso-

sphingomyelin) did stimulate CD1d-dependent iNKT cell responses (Fox et al. 2009). 

Furthermore, a crystal structure was solved of an iNKT TCR in complex with CD1d-bound 

LPC that showed residues of the TCR making specific contacts with the LPC head group 

(Lopez-Sagaseta et al. 2012). Thus, a fraction of the human peripheral blood iNKT cell 

population appears to specifically recognize LPC as a CD1d-presented antigen.

In contrast, murine iNKT cells have not been found to specifically recognize LPC, although 

certain murine CD1d-restricted T cells with non-canonical TCR rearrangements (“type 

II NKT cell”) are able to recognize this compound (Maricic et al. 2014). Additionally, 

iNKT cell frequency was significantly reduced in mice lacking lysosomal phospholipase A2 

(enzymes that cleave di-acylated lipid species to produce lyso-phospholipids), and APCs 

deficient in lysosomal phospholipase A2 showed reduced ability to activate some murine 
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iNKT cells via CD1d presenting endogenous antigens (Paduraru et al. 2013). Thus, while 

LPC may not serve as a specific antigen for murine iNKT cells, a key enzyme involved in 

the generation of lyso-phospholipids does appear to play a role in their development and 

functional responses to self-antigens, and there are also non-invariant CD1d-restricted T 

cells in mice that recognize this antigen.

Further supporting an important role for lyso-phospholipids in iNKT cell responses is 

the finding that murine iNKT cells can recognize lyso-plasmalogens. Plasmalogens are 

glycero-phospholipids that are synthesized within peroxisomes (cellular organelles involved 

in catabolism of very long-chain fatty acids) and that have an unusual structure in which 

one or two alkyl chains are attached to the glycerol molecule via ether-containing linkages. 

Experiments using plasmalogen-deficient cells have indicated they play important roles in 

intracellular cholesterol transport following exposure to LDL or HDL particles (Mandel 

et al. 1998; Munn et al. 2003). Analysis of lipids extracted from murine thymocytes 

revealed CD1d-dependent recognition of two lyso-plasmalogen species, plasmalogen lyso-

phosphatidylethanolamine (pLPE) and ether lyso-phosphatidic acid (eLPA) by murine iNKT 

cells (Facciotti et al. 2012). These lipids share structural similarity with LPC in that they 

are also glycero-phospholipids that only contain a single hydrocarbon chain, but they differ 

from LPC in the chemical nature of the head group (ethanolamine or phosphatidic acid vs. 

choline) and in having an ether bond between the acyl chain and the glycerol. Pointing 

to the importance of these compounds in vivo, mice lacking an enzyme required for the 

biosynthesis of plasmalogens showed altered iNKT cell maturation and diminished iNKT 

cell frequency in both the periphery and thymus (Facciotti et al. 2012).

Plasmalogen species were also identified in the human CD1d ligand pool (Cox et al. 2009), 

consistent with a potential role as human iNKT antigens. A recent analysis of a diverse 

repertoire of human iNKT cell TCRs revealed that a fraction bound to CD1d molecules 

presenting either LPC or pLPE, although none bound to CD1d presenting eLPA (Chamoto 

et al. 2016). Thus, in addition to recognition of lyso-phospholipids with a choline head 

group (e.g., LPC), human iNKT cells may recognize lyso-plasmalogens that contain an 

ethanolamine head group (i.e., pLPE). It is not yet clear whether lyso-plasmalogens that 

have a choline head group, such as platelet-activating factor (discussed below), are antigenic 

for human iNKT cells. However, given their ability to recognize choline-containing lyso-

phospholipids and at least one type of lyso-plasmalogen, it seems likely that human iNKT 

cells may also recognize plasmalogen forms of LPC.

Generation of iNKT cell self-antigens in the blood

LPC production as a reflection of oxidative stress levels

LPC is typically present at high concentrations (>100 μM) in the blood and is mainly found 

in high density lipoprotein (HDL) particles or bound to serum albumin molecules (Croset et 

al. 2000; Serna et al. 2015). LPCs are produced by cleavage of the sn-1 or sn-2 acyl chain 

bonds of phosphatidylcholine (PC), which can occur either through chemical oxidation 

or through the hydrolytic activity of phospholipase A1 or A2 enzymes (PLA1 or PLA2), 

respectively. It is perhaps not surprising that LPC is a major component of HDL, since these 

particles also contain most of the PC in the plasma (Serna et al. 2015), and thus they provide 
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an abundance of substrate for the generation of LPC by PLA enzymes. One of the major 

PLA enzymes that acts on HDL particles is called endothelial lipase (EL) and is expressed 

by activated vascular endothelial cells (Fig. 1). This enzyme has been found to function as a 

phospholipase A1 (PLA1) that cleaves PC embedded in HDL particles, releasing LPC (Choi 

et al. 2002; Riederer et al. 2012). Since activation of vascular endothelial cells results mainly 

from exposure to oxidized lipids or inflammatory cytokines, this pathway of LPC production 

may directly reflect the occurrence of oxidative stress in the blood.

LPC is also generated in the blood by a specific PLA2 enzyme (lipoprotein-associated 

PLA2 or Lp-PLA2) that associates with LDL and HDL via physical interactions with 

apolipoproteins embedded in the surface of these lipoprotein particles (Cao et al. 2013; 

Stafforini et al. 1999; Steinbrecher and Pritchard 1989). The Lp-PLA2 enzyme preferentially 

hydrolyzes oxidized PC molecules (oxPC) and PC species that contain short acyl chains 

and acts on oxidized LDL to release LPC (Silva et al. 2011). Hence, this pathway produces 

LPC as a byproduct of processes that clear oxidized PC molecules from the plasma. While a 

certain amount of oxPC clearance probably occurs continuously giving rise to a steady state 

supply of LPC, the levels of LPC produced through this pathway may also directly reflect 

the amount of oxidative stress, as more LPC will likely be generated under conditions where 

more oxPC is produced and then cleared by Lp-PLA2.

Elevated plasma LPC in chronic inflammation

Consistent with the potential for LPC to be released via multiple inflammation-associated 

pathways, LPC levels in the blood and other bodily fluids are often greatly elevated under 

conditions of chronic inflammation, including certain cancers (Sevastou et al. 2013). A 

biochemical analysis of ligands bound by recombinant CD1d molecules that were incubated 

in blood plasma obtained from human multiple myeloma patients revealed several species 

of LPC as major components of the CD1d ligand pool (Chang et al. 2008). These results 

suggest that under conditions where blood LPC levels are elevated, this antigen is able to 

load directly into CD1d molecules without requiring the aid of intracellular lipid loading 

machinery. Thus, although the binding of LPC to CD1d glycoproteins is predicted not to be 

highly stable (since it only has a single acyl chain to anchor it within the CD1d hydrophobic 

binding pocket) and it may therefore have a comparatively high off rate, LPC may also 

load rapidly into cell surface CD1d molecules of antigen-presenting cells. As a result of this 

instability, LPC presentation by CD1d+ APCs in the blood may sensitively reflect its current 

plasma concentration.

Platelet-activating factor

As noted above, in addition to LPC, lyso-plasmalogens with a choline head group may also 

be antigenic for human iNKT cells. The major plasmalogen species found in the blood is 

platelet-activating factor (PAF, also known as acetyl-glyceryl-ether-phosphorylcholine). PAF 

is a highly biologically active inflammatory lipid mediator that is produced by vascular 

endothelial cells and by many immune cells, including monocytes (Fig. 1). Two distinct 

pathways give rise to PAF: de novo biosynthesis and remodeling of existing di-acylated 

phospholipids (usually PC) by PLA2 and acetyl transferase enzymes (Snyder 1988). While 

PAF is continuously produced at low levels (mainly through the biosynthesis pathway), the 
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remodeling pathway becomes rapidly activated in response to a variety of inflammatory 

agents, leading to increased PAF generation (Snyder et al. 1996). Blood levels of PAF are 

typically limited by the action of acetylhydrolase enzymes, including Lp-PLA2 (the enzyme 

noted above that associates with circulating LDL particles). Removal of the acetyl group 

at the sn-2 position of PAF by Lp-PLA2 yields a plasmalogen form of LPC that lacks 

many of the pro-inflammatory signaling effects associated with the starting PAF molecule 

(Marathe et al. 2014), and thus under normal circumstances, Lp-PLA2 activity may keep the 

inflammatory effects of PAF from spiraling out of control. While not yet clear, it is possible 

that the product resulting from the hydrolysis of PAF by Lp-PLA2 (plasmalogen-LPC) 

remains antigenic for iNKT cells.

Delivery of lipid antigens by blood transport systems

The vascular system is responsible for the transport of lipids (e.g., cholesterol, triglycerides, 

and fatty acids) throughout the body, and thus the blood contains multiple types of lipid-

binding proteins and lipoprotein particles. A synthetic glycolipid (α-GalCer) that is a potent 

antigen for iNKT cells was found to be incorporated into very low density lipoprotein 

(VLDL) particles from human serum as a result of binding specifically to apolipoprotein E 

(ApoE) (van den Elzen et al. 2005). The ApoE-bound lipid antigen was taken up by human 

monocyte-derived DCs via an ApoE receptor-dependent process that led to highly efficient 

antigen presentation by CD1d molecules (van den Elzen et al. 2005). In contrast, an analysis 

of α-GalCer uptake by APCs in a murine model found that a lipid-binding protein in the 

serum called fatty acid amide hydrolase (FAAH) was responsible for enhancing presentation 

by CD1d molecules (Freigang et al. 2010). In the case of FAAH, it appeared that soluble 

FAAH may transfer bound α-GalCer directly to cell surface CD1d molecules, rather than 

utilizing receptor-mediated endocytosis (Freigang et al. 2010). These studies have clearly 

delineated the ability of lipid transport factors in the blood to enhance the uptake and 

CD1d-mediated presentation of a synthetic glycolipid to iNKT cells (Fig. 2). While not yet 

experimentally determined, it seems highly likely that CD1d-mediated presentation of other 

types of lipids (e.g., LPC) may also be enhanced by blood-intrinsic lipid transporters.

Inflammatory activation of vascular iNKT cells

Intravital microscopy analyses of murine tissues have revealed that iNKT cells randomly 

crawl along vascular endothelial surfaces in the steady state (Geissmann et al. 2005; 

Lee et al. 2010; Wong and Kubes 2013). In the event that iNKT cells detach from 

the vascular endothelium, they are seen to rapidly reattach a short way downstream, 

suggesting that they are essentially resident on the vascular endothelial surfaces and not 

simply occasionally attaching while being transported through the blood stream (Paul Kubes 

personal communication). From parabiosis experiments, in which the vascular systems of 

two different mice are surgically connected, it became clear that the iNKT cells in the 

vascular beds of the liver are indeed stably resident at this site (and not simply preferentially 

lingering there while circulating through the blood), since liver iNKT cells from one joined 

mouse do not show up in the liver tissue of the other mouse (Thomas et al. 2011). The 

residency of iNKT cells within the vascular sinusoids of the liver appeared to be due to their 
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unusually high levels of the adhesion molecule LFA-1, a feature that is conferred by iNKT 

expression of the PLZF transcription factor (Thomas et al. 2011).

Based on their elevated LFA-1 expression, it seems likely that iNKT cells may be selectively 

retained at any vascular sites where endothelial cell expression level of the LFA-1 ligand 

ICAM-1 is elevated. Vascular endothelial cells rapidly upregulate ICAM-1 in response to a 

variety of stimuli, includeing inflammatory cytokines (e.g., IL-1, TNF) and oxidized lipids 

(Fig. 3). The presence of elevated levels of adhesion molecules on vascular endothelial 

cells is a key signal that causes monocytes to stop rolling along the endothelial surface 

and to attach more securely (Gerhardt and Ley 2015). Given that monocytes are the most 

abundant CD1d+ cell type within the blood, it thus seems reasonable to suppose that 

activated vascular endothelial cells that have upregulated ICAM-1 might provide a focal 

point at which iNKT cells might meet and interact with monocytic antigen-presenting cells 

(Fig. 3). Our studies of the interactions of human iNKT cells with freshly isolated blood 

monocytes have demonstrated that in the absence of added stimulation (e.g., from microbial 

compounds or pro-inflammatory cytokines), the main cytokines secreted by iNKT cells 

are GM-CSF and IL-13, and there is very little production of IFN-γ (Hegde et al. 2007; 

Wang et al. 2008). Since GM-CSF has been previously shown to promote endothelial cell 

proliferation and migration and to enhance the repair of wounding to endothelial cell layers 

(Bussolino et al. 1991), the cytokine output from vascular interactions between iNKT cells 

and monocytes in the absence of an inflammatory cytokine milieu might help to maintain 

endothelial regeneration and repair. In contrast, in the presence of strong antigenic signals or 

of pro-inflammatory cytokines such as IL-12p70, human iNKT cells dramatically upregulate 

their secretion of IFN-γ (Brigl et al. 2003; Wang et al. 2008). Thus, in the context of 

“danger” signals such as increased antigenic stimulation or inflammatory cytokines, iNKT 

cells assume a highly pro-inflammatory cytokine secretion pattern.

This change in iNKT cell function towards a pro-inflammatory phenotype may have 

particularly critical effects when it occurs on vascular endothelial surfaces. A telling 

example is the role of iNKT cells in ischemia reperfusion pathologies. In particular, iNKT 

cells have been found to play a key part in vascular injury in models of sickle cell disease 

(SCD), where endothelial damage occurs as a result of the occlusion of small vessels 

by rigid and misshapen red blood cells that form following hypoxic stress. In murine 

SCD models, iNKT cells have been found to amplify vascular pathology by production 

of pro-inflammatory mediators such as IFN-γ and the chemokine CXCR3 (Wallace et al. 

2009). Moreover, human SCD patients have been found to possess elevated frequencies of 

activated iNKT cells in the circulation (Field et al. 2011), and a subset of human iNKT cells 

(CD4+ iNKTs) undergo rapid activation of NFkB during vaso-occlusive crises (Lin et al. 

2013). These findings highlight the ability of iNKT cells to contribute to acute inflammation 

within the vasculature. However, they may also contribute to chronic forms of vascular 

inflammation, including the processes leading to atherosclerosis.

iNKT cells and atherosclerosis

Atherosclerosis is a condition involving the generation of fatty plaques in arterial cell walls 

(intima) that are infiltrated by a variety of immune cells, including myelomonocytic cell 
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types (e.g., monocytes, macrophages, DCs) and lymphocytes. While the precise factors and 

sequence of events leading to the establishment of arterial plaques remains a subject of 

active investigation, it is known that endothelial cell contact with oxidized lipids leads to 

their increased cell surface expression of adhesion molecules (Weber et al. 1999), which 

in turn leads to the capture of leukocytes. Adhered monocytes migrate from the luminal 

endothelial surface into the arterial wall, differentiating into tissue macrophages that engulf 

lipidic particles deposited at the site. Invasion of the arterial wall by immune cells produces 

a local inflammatory environment and results in the formation of a plaque that is typically 

characterized by the presence of a necrotic core with evidence of calcification (Otsuka et al. 

2014).

T lymphocytes are thought to play an important role in the development of atherosclerosis, 

as the T cell cytokine IFN-γ is known to be a critical signal promoting the atherogenic 

activeities of macrophages and DCs (Voloshyna et al. 2014). In recent years, it has become 

clear that iNKT cells may make particularly important contributions to atherogenesis. 

Findings from murine model systems pointing to a key role for iNKT cells in the etiology 

of atherosclerotic plaques include the following: (i) iNKT cells are found infiltrating the 

atherosclerotic lesions in ApoE−/− or LDLr−/− mice (Aslanian et al. 2005; Nakai et al. 

2004), and laser capture microdissection of atherosclerotic lesions followed by RT-PCR 

showed that expression of IFN-γ was significantly reduced in lesions from mice lacking 

iNKT cells (Rogers et al. 2008). (ii) ApoE−/− or LDLr−/− mice that are deficient in iNKT 

cells show reduced atherosclerotic lesion size compared to those that possess normal iNKT 

cell frequencies (Aslanian et al. 2005; Major et al. 2004; Nakai et al. 2004; Rogers et al. 

2008; Tupin et al. 2004). (iii) Increasing the iNKT cell frequency by adoptive transfer or 

the use of transgenic mice results in increased atherosclerotic lesion size (Li et al. 2015b; 

Subramanian et al. 2013; To et al. 2009; VanderLaan et al. 2007). (iv) Specific activation of 

iNKT cells in vivo by administration of α-GalCer also results in increased atherosclerotic 

lesion size (Major et al. 2004; Nakai et al. 2004; Tupin et al. 2004). (iv) Specifically, 

inhibiting iNKT cell activation by administering a synthetic compound that blocks their 

recognition of CD1d results in ameliorated atherosclerosis and reduced plaque pathology 

(Li et al. 2015a). Consistent with these findings from murine models, analyses of human 

atherosclerotic plaques have also revealed a substantial frequency of iNKT cells (comprising 

up to 3 % of the infiltrating T cells), as well as of CD1d+ APCs (Bobryshev and Lord 2005; 

Chan et al. 2005; Kyriakakis et al. 2010; Melian et al. 1999). The results from experimental 

models and analyses of primary human tissues thus provide strong evidence that iNKT cells 

can play an important role in the pathogenesis of arteriosclerotic vascular disease.

Concluding thoughts

The emerging concept of a T cell compartment comprised of subsets that are activated by 

alterations in lipid metabolism, whether these originate from host or microbe, may provide 

a particularly valuable lens for our understanding of human metabolic disease. As a case 

in point, it is becoming increaseingly clear that iNKT cells contribute to cardiovascular 

pathology, yet fundamental questions remain about the physiological events involved in their 

vascular activation. These include whether they are mainly activated by rare self-lipids that 

are strong agonists (e.g., endogenous α-GSLs) or by compounds that are comparatively 
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weak agonists but that may be particularly abundant in vascular settings (e.g., LPC), the 

role of oxidative stress in generating lipid antigens recognized by iNKT cells, and whether 

iNKTs have beneficial homeostatic effects in the vasculature, such as promoting endothelial 

regeneration or repair. Understanding these issues will be critical in moving forward with 

therapeutic approaches targeting iNKT cells.
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Fig. 1. 
Generation in the blood of lyso-phosphatidylcholine (LPC) and platelet-activating factor 

(PAF), which are potential self-antigens for human iNKT cells. Exposure to inflammatory 

cytokines or oxidized lipids causes endothelial cell surface expression of endothelial lipase 

(EL), which is a phospholipase A1 (PLA1) enzyme that cleaves phosphatidylcholine (PC) 

molecules embedded in HDL or LDL lipoprotein particles. Also, typically associated with 

HDL and LDL particles is lipoprotein-associated phospholipase A2 (Lp-PLA2), which 

cleaves oxidized PC molecules to yield LPC. Additionally, monocytes and endothelial cells 

release platelet-activating factor (PAF), a lyso-phospholipid with structural similarities to 

LPC
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Fig. 2. 
The blood contains multiple lipid transporters that can enhance the uptake and presentation 

of lipid antigens by CD1d on antigen-presenting cells. α-GalCer, an antigen recognized by 

iNKT cells that contains two lipid tails, can be taken up by very low density lipoprotein 

(VLDL) particles and internalized by antigen-presenting cells via the apolipoprotein E 

(ApoE) receptor, where it is efficiently loaded into CD1d molecules for presentation at the 

cell surface. Alternatively, α-GalCer can bind to lipid-binding proteins such as fatty acid 

amide hydrolase that transfer the lipid directly to cell surface CD1d molecules
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Fig. 3. 
Recruitment of iNKT cells and blood monocytes to endothelial surfaces that have 

upregulated intercellular adhesion molecules 1 (ICAM-1). iNKT cells express high levels 

of lymphocyte function associated antigen 1 (LFA-1), which is the ICAM-1 adhesion ligand, 

and therefore are likely to be efficiently recruited to endothelial sites where ICAM-1 is 

upregulated. Monocytes are the most abundant CD1d + antigen-presenting cells in human 

blood and are also efficiently recruited to activated endothelial surfaces. In the absence 

of pro-inflammatory cytokines, iNKT cell activation by self-antigens leads them to mainly 

secrete GM-CSF. However, in the presence of inflammatory cytokines such as IL-12 and 

IL-18, iNKT cells efficiently produce IFN-γ
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