
Autoreactive natural killer T cells: promoting immune protection
and immune tolerance through varied interactions with myeloid

antigen-presenting cells

Introduction

Natural killer T (NKT) cells were first identified as a

small population of T cells in naı̈ve mice that express

CD161 (also called NK1.1 or NKR-P1A), a marker that is

characteristic of natural killer (NK) cells.1 It subsequently

became clear that most of these T cells are restricted by

CD1d, a non-classical type of antigen-presenting molecule

with structural similarity to major histocompatibility

complex (MHC) class I proteins.2,3 Further studies have

revealed that, while NKT cells often express NK receptors,

these are not specific lineage markers for CD1d-restricted

T cells.4,5 Moreover, while NKT cells share some func-

tional and gene expression patterns with NK cells and

cytotoxic T lymphocytes (CTLs), they also have many

prominent features that are more frequently associated

with helper T cells.6–8 Thus, while NKT cells are an innate

T lymphocyte population, the implication from their

name that they function predominantly as cytolytic effec-

tors is not entirely accurate.

Instead, a number of observations suggest that a major

role of NKT cells is to serve as a type of regulatory T cell

that can drive downstream immune responses along

either pro-inflammatory or silencing pathways. Support

for this view comes from findings that NKT cells produce

a wide variety of cytokines, including both T helper type
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Summary

Natural killer T (NKT) cells are innate T lymphocytes that are restricted

by CD1d antigen-presenting molecules and recognize lipids and glycoli-

pids as antigens. NKT cells have attracted attention for their potent

immunoregulatory effects. Like other types of regulatory lymphocytes, a

high proportion of NKT cells appear to be autoreactive to self antigens.

Thus, as myeloid antigen-presenting cells (APCs) such as monocytes, den-

dritic cells (DCs) and myeloid-derived suppressor cells (MDSCs) constitu-

tively express CD1d, NKT cells are able to interact with these APCs not

only during times of immune activation but also in immunologically qui-

escent periods. The interactions of NKT cells with myeloid APCs can have

either pro-inflammatory or tolerizing outcomes, and a central question is

how the ensuing response is determined. Here we bring together pub-

lished results from a variety of model systems to highlight three critical

factors that influence the outcome of the NKT–APC interaction: (i) the

strength of the antigenic signal delivered to the NKT cell, as determined

by antigen abundance and/or T-cell receptor (TCR) affinity; (ii) the pres-

ence or absence of cytokines that costimulate NKT cells [e.g. interleukin

(IL)-12, IL-18 and interferon (IFN)-a]; (iii) APC intrinsic factors such as

differentiation state (e.g. monocyte versus DC) and Toll-like receptor

(TLR) stimulation. Together with recent findings that demonstrate new

links between NKT cell activation and endogenous lipid metabolism, these

results outline a picture in which the functions of NKT cells are closely

attuned to the existing biological context. Thus, NKT cells may actively

promote tolerance until a critical level of danger signals arises, at which

point they switch to activating pro-inflammatory immune responses.

Keywords: autoreactive; CD1; innate T cell; myeloid-derived suppressor

cell; myeloid dendritic cell; natural killer T cell; a-GalCer
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1 (Th1) and Th2 types; that mice genetically deficient in

NKT cells show defects not only in resistance to microbial

infections and in tumour immunosurveillance but also in

establishing peripheral tolerance and preventing autoim-

munity; and that specific activation of NKT cells in vivo

can inhibit the onset of autoimmune diseases as well as

promote microbial clearance or tumour rejection.9–11 This

evidence suggests that, despite their small population size,

NKT cells have potent effects on immune responses, and

they facilitate different outcomes in different contexts.

These properties are probably in large part a result of the

ability of NKT cells to influence the functions of critical

antigen-presenting cell (APC) types. In the following sec-

tions we will briefly review the CD1 antigen-presenting

system and consider the activation mechanisms underly-

ing NKT cell functional responses, and then we will dis-

cuss the pro- and anti-inflammatory interactions of NKT

cells with myeloid APCs and the mechanisms by which

these are mediated.

CD1 molecules and CD1-restricted T cells

CD1 glycoproteins are a family of antigen-presenting

molecules that bind hydrophobic ligands such as lipids,

glycolipids and lipopeptides.12 Five CD1 genes have been

identified, called CD1A–E, with the corresponding protein

products denoted CD1a–e.13 CD1a–d molecules have

been shown to present lipidic antigens at the cell surface

to T cells, while CD1e remains intracellularly localized

and aids in glycolipid processing and loading by other

types of CD1.14–18 Like MHC class I molecules, CD1 mol-

ecules are synthesized in the endoplasmic reticulum (ER)

and then follow the secretory pathway through the Golgi

aparatus to the cell surface.19 However, like MHC class II

molecules, they then become re-internalized from the

plasma membrane and traffic through the endosomal

vesicular system and back out again to the cell surface in

a recycling loop.20 CD1 molecules are thus able to bind

lipid ligands within the secretory system, at the cell sur-

face, or within the endosomal system.

A striking commonality among the CD1-restricted T

cells that have been identified thus far is that, although

some of them show highly specific recognition of partic-

ular microbial antigens,14,21,22 there also seems to be a

high frequency of T cells displaying functional autoreac-

tivity to CD1+ APCs without the need for the addition

of foreign lipids.23–25 Hence, T cells that are restricted by

CD1a, CD1b or CD1c, may resemble CD1d-restricted

NKT cells in having innate-like properties that are

regulated by recognition of self antigens. However, an

important difference between CD1d and the other CD1

antigen-presenting molecules is that CD1d is

constitutively expressed on most types of myeloid APC,

whereas APC expression of CD1a, CD1b or CD1c mole-

cules is markedly up-regulated by exposure to Toll-like

receptor (TLR) agonists or other pro-inflammatory

stimuli. Therefore, while CD1d-restricted T cells may be

active during periods of relative immune quiescence as

well as during immunological challenge, T cells that are

restricted by CD1a, CD1b or CD1c may mainly

function during periods of immune activation by danger

signals.

NKT cell antigen recognition and activation

The CD1d-restricted T-cell compartment includes an evo-

lutionarily conserved population that is characterized by

the usage of a nearly invariant T-cell receptor (TCR)-a
chain rearrangement,26,27 and also includes other T cells

that do not seem to have such highly restricted TCR

structures.28–30 The first population is often referred to as

‘invariant’ (iNKT) or ‘type I’ NKT cells, while the second

type is called ‘non-invariant’, ‘diverse’ or ‘type II’ NKT

cells. There are data suggesting that, like type I NKT cells,

the type II subset may perform beneficial regulatory func-

tions,31–33 although this subset has also been associated

with pathological outcomes in a number of systems.34–36

As the functions of type II NKT cells are not yet well

defined and little is known about their interactions with

APCs, in this review we focus only on the type I subset

(iNKT cells).

One of the foremost mysteries about iNKT cells is how

they are able to mediate such contrasting immunological

effects as promoting tumour rejection or clearance of

microbial infections, and preventing or ameliorating auto-

immune diseases. Previous studies have established that

the iNKT cell population contains functionally distinct

subsets; for example, CD4) iNKT cells appear to be biased

towards production of Th1 cytokines and expression of

perforin, whereas CD4+ iNKT cells produce both Th1 and

Th2 cytokines and are more notable for up-regulating

FAS-ligand after stimulation.37 Thus, it is possible that dif-

ferent iNKT cell subsets become activated in different situ-

ations, and mediate distinct effects. This could be a result

of differential anatomical localization of iNKT subsets, or

of different costimulation requirements. However, as

described in the next paragraph, it is not clear that differ-

ent iNKT cell subsets recognize distinct antigens.

Because of their canonical TCR rearrangements, all

iNKT cells share the ability to recognize a specific molec-

ular ‘pattern’ in which a galactose or glucose sugar is

attached in an a-anomeric conformation to the polar

head group of a lipid.38,39 The prototypical synthetic lipid

of this type, a-galactosylceramide (a-GalCer), is a highly

potent agonist for iNKT cells.15 Lipids with structural

similarity to a-GalCer have been identified from several

microbial sources, including a pathogenic Borrelia spe-

cies.40–43 However, these microbial analogues of a-GalCer

generally appear to be substantially weaker TCR agonists

than a-GalCer itself. Importantly, mammalian cells do
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not seem to produce glycolipids in which the first sugar

is attached to the lipid via an a-linkage, and thus the self

antigens recognized by iNKT cells apparently do not con-

tain this molecular pattern. The nature of the self antigens

recognized by iNKT cells will be discussed at the end of

the review; suffice it to note here that there is also as yet

no clear evidence that iNKT self-antigen specificities differ

according to subset.

Another possibility (not mutually exclusive with the

subset model) is that the same iNKT cell can mediate dis-

tinct functional effects as a result of variations in the acti-

vation stimuli in different contexts. We have recently

shown that iNKT cells produce cytokines hierarchically in

response to increasing TCR signal strength: granulocyte–

macrophage colony-stimulating factor (GM-CSF) and IL-

13 are activated by exposure to low doses of a-GalCer,

higher levels of a-GalCer increase secretion of these cyto-

kines and also induce IFN-c and IL-4, and production of

IL-2 requires the highest amounts of antigen.44 This hier-

archical response pattern is a consequence of differences

in the dependence of each cytokine on calcium signalling,

with GM-CSF less dependent than either IFN-c or IL-4,

and IL-2 the most dependent of all. Thus, exposure of

iNKT cells to an increasing density of CD1d molecules

presenting a strong TCR agonist such as a-GalCer results

in greater and greater intracellular calcium flux, which is

translated into a quantitatively and qualitatively graded

functional output.

Interestingly, self-antigenic stimulation of iNKT cells

appears to provide relatively weak TCR signalling, as it

failed to induce detectable cytoplasmic calcium flux and

led mainly to secretion of GM-CSF and IL-13, with little

IFN-c or IL-4, and generally undetectable IL-2.44 Hence,

under normal circumstances, iNKT cell autoreactive rec-

ognition of self antigens probably elicits only a partial

functional response that is not highly pro-inflammatory.

However, in the presence of cytokines such as IL-12p70

and IL-18, iNKT cells are able to produce IFN-c in

response to self-antigenic stimulation.41,45,46 This is a con-

sequence of complementation of the calcium-deficient

self-antigenic TCR signalling by the janus kinase-signal

transducers and activators of transcription (JAK-STAT)

signalling that results from cytokine receptor engagement

on the iNKT cells.44 Thus, the nature of the functional

response produced by an individual iNKT cell is deter-

mined both by the strength of TCR signalling during acti-

vation and by the presence or absence of costimulating

signalling pathways such as JAK-STAT activation resulting

from cytokine receptor engagement.

Promotion of inflammatory responses by iNKT
cells

The ability of iNKT cells to potently initiate downstream

immune activation was established by two early observa-

tions: (i) that injection of a-GalCer into experimental

mice results in widespread polyclonal up-regulation of

CD69 on other lymphocytes, including B cells, T cells and

NK cells;47 and (ii) that the marked elevation of serum

IFN-c levels that follows a-GalCer injection results mainly

from iNKT cell-mediated activation of NK cells, rather

than coming directly from the iNKT cells themselves.48,49

Subsequently, this pharmacological pathway of iNKT cell

activation has been found to enhance protective immu-

nity in a variety of model systems, including bacterial,

protozoal, fungal and viral infections (reviewed in Ref.
50). Additionally, administration of a-GalCer has powerful

antitumour effects in vivo.51,52 Thus, it is now abundantly

clear that iNKT cell activation by a strong agonist such as

a-GalCer can dramatically enhance pro-inflammatory

protective immune responses in vivo. But what about the

pro-inflammatory effects of iNKT cells in the absence of

such pharmacological activation?

By using fluorescent tetramers of CD1d to specifically

identify iNKT cells, it has been shown that they are among

the first lymphocytes to produce IFN-c during a bacterial

infection.45 To specifically assess their contributions during

the natural course of microbial infections, extensive use has

been made of knockout mice that are deficient in either

CD1d or the Ja281 gene segment that is a central part of

the iNKT canonical TCR-a chain. Studies of this type have

demonstrated that mice deficient in iNKT cells show

increased susceptibility to bacterial,53,54 protozoal,55,56 fun-

gal57 and viral infections,58,59 suggesting a role for iNKT

cells in natural defence against a variety of pathogens. Simi-

larly, studies using knockout mice and adoptive transfer of

iNKT cells have demonstrated that they play a critical role

in protection against the development of spontaneous

tumours, and have further clarified that the effects of iNKT

cells in antitumour responses depend in large part on the

involvement of NK cells and CTLs.60–63 Thus, it seems clear

that there are physiological pathways by which iNKT cells

contribute to protective immune responses. In the next sec-

tions we will compare and contrast the mechanisms

involved in these pathways.

a-GalCer induced dendritic cell (DC) maturation

A series of studies have now established that presentation

of a-GalCer by DCs to iNKT cells initiates a sequential

interaction involving the following steps (see Fig. 1a): (i)

the TCR stimulation from recognition of a-GalCer acti-

vates iNKT cells to produce cytokines such as IFN-c and

IL-4, and also causes them to strongly up-regulate their

cell surface CD40L; (ii) exposure to these factors induces

the DCs to mature into a highly stimulatory phenotype

that produces sustained IL-12p70 and has high levels of

activating ligands such as CD40, CD80, CD86 and CD70;

(iii) MHC-restricted T cells that encounter these DCs are

efficiently stimulated to produce IFN-c and are licensed
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to become effective killers.64–68 While it is not clear

whether physiological iNKT cell antigens exist that reca-

pitulate these a-GalCer-induced DC maturation effects,

this pathway is nevertheless of clear therapeutic interest.

For example, it has been shown that labelling tumour

cells with a-GalCer before feeding them to DCs results in

efficient priming of CD4- and CD8-mediated T-cell

responses and produces tumour regression in vivo.69,70

Similarly, immunizing animals with soluble ovalbumin

along with a-Galcer leads to enhanced ovalbumin-specific

CD4 and CD8 T-cell memory responses, suggesting that

this pathway could provide a valuable vaccine adjuvant

strategy.71

The direct and indirect pathways of iNKT cell
activation

Two models have been proposed for the mechanism of

iNKT cell activation during microbial infection. The first

model, called the ‘direct’ pathway of activation, involves

iNKT cell recognition of specific microbial lipids as for-

eign antigens. In contrast, in the second model, the ‘indi-

rect’ pathway, iNKT cells are activated by recognition of

self antigens in the presence of costimulation by cytokines

such as IL-12 and IL-18 that are produced by DCs upon

TLR stimulation by microbial compounds (Fig. 1b). An

important difference between the two models is that the

direct pathway would be expected to induce iNKT cell

secretion of both IFN-c and IL-4, whereas the indirect

pathway would promote IFN-c production with little or

no IL-4. Support for the direct pathway comes from the

identification of specific microbial lipids that bind to

CD1d and activate iNKT cells.40,41,43 The indirect pathway

is supported by observations that in many cases there is

no evidence of a specific microbial antigen, and the iNKT

cell response involves IFN-c but not IL-4 production and

appears to be completely dependent on costimulation by

cytokines such as IL-12p70.41,45

However, because it is difficult to rule out the possibil-

ity that microbes for which no iNKT cell antigen has been

identified nevertheless do contain cryptic antigens, while

microbes that do contain such antigens will also concur-

rently provide TLR-mediated stimulation that activates

DC cytokine production, it is not clear that these two

pathways are actually separate during most physiological

infections. For example, it has recently been shown that

CD1d-mediated presentation of a lipo-peptido-phosphati-

dylinositol from Entamoeba histolytica is necessary for

secretion of IFN-c by iNKT cells, but that the response

requires simultaneous TLR-induced IL-12 secretion.72

Similarly, in a mouse model of tuberculosis it has recently

been shown that iNKT cells have a protective effect

through recognition of infected macrophages, and that

macrophage production of IL-12 and IL-18 is critical for

this effect.73 It is not clear whether recognition of myco-

bacterial antigens is required for the iNKT cell-mediated

protection; however, a previous study has identified

mycobacterial lipids that may serve as iNKT antigens.74

Thus, it seems likely that the two pathways of iNKT cell

activation are not mutually exclusive, and that they occur

simultaneously in many systems.

Notably, it is not yet clear whether either the direct or

indirect pathways of iNKT cell activation during micro-

bial infection result in the maturation of pro-inflamma-

tory DCs, such as those that are observed after

administration of a-GalCer. Induction of a pro-inflamma-

tory DC phenotype was shown in one system to depend

on the up-regulation of CD40L expression by iNKT cells

as well as their secretion of cytokines such as IFN-c, both

of which are induced by a strong TCR stimulus.65 While

self-antigen recognition in the presence of IL-12 and IL-

18 is sufficient to induce iNKT cell IFN-c secretion, the

extent to which this form of stimulation also induces cell

surface CD40L up-regulation remains unclear. Neverthe-

less, it is possible that, when combined with a TLR stimu-

lus and IFN-c, even weak CD40L stimulation from iNKT

cells is sufficient to induce the maturation of pro-inflam-

matory DCs (Fig. 1b).

Conversion of regulatory APCs

Although mature DCs have the capability to potently

activate naı̈ve T cells, it is well established that imma-

ture DCs have tolerizing effects.75 Thus, by inducing

maturation of immature DCs, iNKT cells may tend to

promote pro-inflammatory responses simply by shifting

the balance away from the more tolerizing stage of DC

differentiation. However, it has recently also been

shown that iNKT cells can reverse the suppressive phe-

notype of a type of regulatory APC known as myeloid-

derived suppressor cells (MDSCs). MDSCs were first

identified as tumour-associated APCs that have highly

suppressive effects on T-cell responses via their produc-

tion of enzymes such as arginase and inducible nitric

oxide synthase (iNOS),76 but this type of regulatory

APC may also play an important role in immune

responses during infection. De Santo et al.59 found that

infection of Ja281 knockout mice with influenza virus

resulted in the appearance of an increased frequency of

MDSCs compared with wild-type mice. The suppressive

effects of MDSCs diminished after adoptive transfer of

iNKT cells, and this conversion was mediated through

the interaction of CD40 and CD40L.59 Similarly, Ko

et al.77 used a tumour model system to demonstrate

that iNKT cells can induce the differentiation of

MDSCs into a mature DC-like cell that can mediate

protective antitumour responses. These studies suggest

that another pro-inflammatory pathway mediated by

iNKT cells is the conversion of tolerogenic APCs into

DCs that stimulate Th1 T-cell responses (Fig. 1c).
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Promotion of immune tolerance by iNKT cells

Evidence for a role of iNKT cells in promoting tolerance

in vivo comes from studies in several different systems,

including models of: (1) autoimmune disorders; (2) trans-

plant tolerance; (3) burn injury-induced immune suppres-

sion; and (4) antigen-specific tolerance. The following is a

brief review of the primary findings in these areas.

Figure 1. Interactions between invariant

natural killer T (iNKT) cells and myeloid anti-

gen-presenting cells (APCs) that produce

pro-inflammatory outcomes. (a) Activation of

iNKT cells by the strong agonist a-galactosyl-

ceramide (a-GalCer). Presentation of a-GalCer

by CD1d molecules on immature dendritic cells

(DCs) induces robust iNKT cell activation that

is associated with both calcium and mitogen-

activated protein (MAP) kinase signalling, and

results in their secretion of interferon (IFN)-c
and in strong up-regulation of cell surface

CD40L. These signals induce maturation of the

DCs into an inflammatory phenotype that

shows sustained production of interleukin (IL)-

12p70 and increased expression of costimulato-

ry molecules such as CD86, as well as the cyto-

toxic T lymphocyte (CTL)-licensing molecule

CD70. Naı̈ve T cells that interact with these

DCs are efficiently stimulated to proliferate,

and CD4+ T cells acquire a T helper type 1

(Th1) phenotype, while CD8+ T cells are

licensed to become efficient killers. References:
44,64–68. (b) The indirect pathway of natural

killer T (NKT) cell activation in microbial

infection. In response to Toll-like receptor

(TLR)-mediated recognition of microbial com-

pounds, immature DCs produce pro-inflamma-

tory cytokines such as IL-12 and IL-18.

Although the NKT cells that interact with these

DCs may receive only relatively weak T-cell

receptor (TCR) stimulation from self antigen

recognition, costimulation by the DC cytokines

activates them to secrete IFN-c. The effect of

this interaction on DC maturation is not

known. However, it is possible that the combi-

nation of a microbial TLR stimulus along with

CD40L and IFN-c from NKT cells might induce

the DCs to mature into a pro-inflammatory

phenotype that could further participate in

downstream immune responses. References:
41,44–46. (c) Conversion of myeloid-derived sup-

pressor cells (MDSCs) into pro-inflammatory

APCs. NKT cells that are activated by recogni-

tion of either a-GalCer or self antigen on

immune-suppressive MDSCs up-regulate their

cell surface CD40L. In conjunction with other

inflammatory signals (e.g. from pathogens or

possibly tumours), the resulting CD40 stimula-

tion of the MDSCs converts them into pro-

inflammatory APCs that no longer produce the

immunosuppressive enzymes arginase 1 and

nitric oxide synthase 2 (NOS2) and have

increased expression of costimulatory molecules

such as CD86. References: 59,77.
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1 Autoimmune disorders. Initial indications of the involve-

ment of iNKT cells in immune tolerance came from

observations that the frequency and functional

responses of iNKT cells are diminished in non-obese

diabetic (NOD) mice, which are highly susceptible to

developing autoimmune diseases,78 and that depletion

of iNKT cells leads to the development of autoimmuni-

ty in MRL/lpr mice, a model with similarity to human

systemic lupus erythematosus.79 There also appear to be

selective reductions in iNKT cell frequency and func-

tion in human patients with a variety of autoimmune

diseases.80–83 Adoptive transfer of iNKT cells, or over-

expression of either iNKT cells or CD1d molecules,

prevents the onset of diabetes in NOD mice.84–86 More-

over, administration of a-GalCer or similar lipids

results in amelioration of autoimmune disease in many

systems, including models of multiple sclerosis,87–89

type I diabetes,90–92 and myasthenia gravis.93

2 Transplant tolerance. Because transplantation is associ-

ated with a certain amount of unavoidable wounding

and also introduces foreign immunogens, survival of

transplanted allogeneic tissue requires the successful

engagement of at least one pathway of immunological

tolerance. Studies in a number of different transplant

models have indicated that iNKT cells can promote

graft acceptance. It has been observed that tissues or

organs are more rapidly rejected when they are trans-

planted into iNKT cell-deficient mice (Ja281 or CD1d

knockouts) than when they are transplanted into wild-

type controls, and adoptive transfer of iNKT cells can

restore graft acceptance.94–98 Furthermore, activation of

iNKT cells by administration of a-GalCer significantly

increased graft survival in wild-type mice.97

3 Burn injury-induced immune suppression. Burn injury is

known to result in marked suppression of immune

function, which leads to susceptibility to life-threaten-

ing systemic infections. Blocking CD1d by administra-

tion of anti-CD1d antibodies immediately prior to a

burn injury has been shown to prevent immunosup-

pressive effects.99 Further analysis revealed that the sup-

pressive effect required both CD1d+ APCs and iNKT

cells.100 Moreover, administration of a-GalCer pre-

vented the burn-induced suppression of antigen-specific

T cells, and restored the expression levels of MHC class

II and CD40 on the APCs of burn-injured mice to the

levels observed in sham-treated mice.101

4 Antigen-specific tolerance. A role for iNKT cells in the

induction of antigen-specific tolerance has been estab-

lished in two different model systems. In the first,

called anterior chamber-associated immune deviation

(ACAID), injection of an antigen into the anterior

chamber of the eye (an immunologically privileged

site) results in the subsequent development of sys-

temic tolerance to the antigen. This effect was found

to be dependent on NKT cells, as it was not observed

in CD1d-deficient mice,102 and involves the interac-

tion of NKT cells with CD1d+ tolerogenic APCs.103

In a second type of tolerance model, oral tolerance,

mice lacking either iNKT cells or CD1d failed to

acquire systemic tolerance after being fed a low dose

of ovalbumin, and adoptive transfer of iNKT cells

restored the ability to induce tolerance by this

method.104 In this system, the presence of iNKT cells

was associated with reduced expression of B7 mole-

cules on Peyer’s patch DCs, suggesting the iNKT cells

may be involved in the induction of the tolerogenic

DC phenotype.104

Immunoregulatory mechanisms

The studies described above clearly establish that iNKT

cells play a role in inducing and/or maintaining periph-

eral tolerance, yet the mechanisms by which they mediate

their tolerogenic effects are not well resolved. As iNKT

cells are known to produce a wide variety of cytokines,

one possibility is that they provide an essential source of

immunoregulatory cytokines such as IL-10, or that they

can shift the balance away from pro-inflammatory pro-

cesses by producing Th2 cytokines such as IL-4. Indeed,

iNKT cell production of IL-10 has been shown to be

required for their tolerance-promoting effects in the AC-

AID model.105 However, studies using IL-4- and IL-10-

deficient mice have demonstrated that the secretion of

these cytokines is dispensable for iNKT cells to mediate

regulatory effects in many systems. For example, activa-

tion of iNKT cells by administration of a-GalCer has been

shown to protect against autoimmune diseases in IL-4- or

IL-10-deficient mice.106,107 It has also been demonstrated

that iNKT cells can prevent type I diabetes without driv-

ing a Th2 shift in autopathogenic T cells.108 Thus, atten-

tion has focused on the role of iNKT cells in the

induction of tolerizing or non-inflammatory DCs. At least

three different pathways have been identified by which

iNKT cells may promote the generation of regulatory

DCs. These are illustrated in Fig. 2, and described in

detail below.

Repeated administration of a-GalCer

Repeated administration of cognate antigens can lead to

an ‘exhaustion’ phenotype in MHC-restricted T cells, and

a similar effect appears to occur for iNKT cells with a-

GalCer (Fig. 2a): after multiple exposures to a-GalCer in

vivo, iNKT cells develop a functionally anergic phenotype

that is associated with expression of the inhibitory recep-

tor programmed death (PD)-1.109 When iNKT cells

become exhausted in this way, their interactions with
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DCs change and instead of promoting the maturation of

pro-inflammatory DCs, they induce a regulatory DC phe-

notype that is characterized by lower expression levels of

CD80, CD86 and CD40, with reduced IL-12 and

increased IL-10 secretion.110,111 In autoimmune disease

models, regulatory DCs that are generated through this

pathway prevent the onset of autoimmunity and silence

autopathogenic T cells.91,111

Conversion of immature DCs into a mature
regulatory phenotype

It is difficult to fully gauge the effects of self antigen-acti-

vated iNKT cells on DC phenotype in vivo; however, in

vitro studies have suggested that this pathway can provide

a maturation stimulus to immature DCs, but that the

resulting DC phenotype is a comparatively non-inflam-

Figure 2. Interactions between iNKT cells and

myeloid ACPs that produce non-inflammatory

or tolerizing outcomes. (a) Instruction by

exhausted NKT cells. Repeated activation of

iNKT cells by a-GalCer results in an anergic or

‘exhausted’ phenotype characterized by the

expression of programmed death (PD)-1.

Although the precise mechanism is not yet

resolved, the exhausted NKT cells may provide

altered signals to the DCs. What is clear is that

NKT cell exhaustion is associated with the

development of a non-inflammatory type of

APC that shows low expression of the costimu-

latory marker CD86, and high production of

the anti-inflammatory cytokine IL-10. These

DCs fail to promote T-cell proliferation or Th1

responses. References: 109–111. (b) DC instruc-

tion by autoantigen-activated NKT cells. In the

absence of pro-inflammatory costimulation,

self antigenic activation of NKT cells results in

little or no production of effector cytokines

such as IFN-c. However, the tumour necrosis

factor (TNF)-a secretion and up-regulation of

cell surface CD40L that are induced by this

pathway are sufficient to stimulate DC matura-

tion. The resulting DCs show elevated levels of

CD86 and stimulate T-cell proliferation, but

produce high levels of IL-10 and do not

efficiently promote T-cell IFN-c secretion. Ref-

erence: 65. (c) Induction of monocyte differen-

tiation into non-inflammatory DCs. NKT cell

recognition of self antigens or a-GalCer pre-

sented by CD1d molecules on monocytes

causes them to secrete GM-CSF and IL-13

along with other factors. These induce the

monocytes to differentiate into immature DCs.

Further maturation of these DCs induced by

exposure to lipopolysaccharide (LPS) results in

a phenotype that is characterized by high cell

surface expression of MHC class II molecules

and costimulatory molecules such as CD86,

and production of IL-10 but little or no IL-12.

Despite expressing high levels of costimulatory

markers, these APCs fail to induce T-cell pro-

liferation or IFN-c secretion. References: 118,119.
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matory one (Fig. 2b). Vincent et al.65 showed that, in

contrast to DCs that matured in response to a-GalCer-

stimulated iNKT cells, those that matured in response to

self antigen-activated iNKT cells showed up-regulation of

costimulatory molecules such as CD86 but produced

more IL-10 than IL-12. These DCs efficiently promoted

T-cell proliferation, but did not stimulate marked T-cell

IFN-c production.65

Recruitment of monocytes into a regulatory DC
lineage

DCs are known to develop from haematopoietic stem

cells via multiple distinct differentiation pathways. Some

develop directly into precursor DCs in the bone mar-

row, which then enter the bloodstream and continu-

ously renew immature DC populations within the

tissues.112 Other myeloid DCs arise from progenitors

that reside in the periphery. Monocytes constitute one

such precursor population. Every day about one-third

of the blood monocytes are estimated to leave the

bloodstream and enter the tissues.113,114 There, they can

remain monocytic, become macrophages, or become

DCs. Thus, understanding the types of signals that

determine their choice of fate is an area of great

interest.

Monocytes constitutively express CD1d and have a

similar chemokine receptor expression pattern as iNKT

cells, suggesting that they may co-localize in vivo.115–117

Recently, we have shown that human iNKT cells direct

peripheral blood monocytes to differentiate into imma-

ture DCs.118 This process is initiated by NKT cell recog-

nition of CD1d expressed by the monocytes, which

activates the NKT cells to secrete GM-CSF and IL-13,

cytokines that stimulate the monocytes to follow a DC

differentiation pathway (Fig. 2c). The resulting DCs

acquired a phenotype resembling immature DCs, and

were capable of differentiating into cells that resembled

mature DCs upon exposure to lipopolysaccharide

(LPS).118 Interestingly, although the mature DCs

expressed high levels of costimulatory molecules and

MHC class II, they failed to stimulate T-cell prolifera-

tion or IFN-c production and had a highly non-inflam-

matory phenotype in vivo.119 In contrast to similar

model systems in which iNKT cells interact with imma-

ture DCs to promote their differentiation to mature

DCs,64–68 the DCs that resulted from iNKT cell interac-

tions with monocytes had a non-inflammatory pheno-

type regardless of whether the iNKT cells were activated

by self antigens or by a-GalCer.119 These results suggest

that, in addition to converting the phenotype of existing

DCs, iNKT cells can also expand the tolerogenic DC

population by recruiting monocytic progenitors into the

DC lineage.

Deciding between pro- and anti-inflammatory
effects

Thus far, we have discussed how the interactions of iNKT

cells with DCs can promote either pro- or anti-inflamma-

tory effects, but the question that remains is how it is

determined when one pathway will predominate over the

other. The short answer to this question is that it is not

yet known how this decision is made. However, recent

results provide some new insights into physiological

mechanisms that control iNKT cell responses.

Antigenic changes during inflammation

Our analysis of the cellular processes involved in iNKT

cell activation demonstrated that the intensity of TCR

stimulation is a major mechanism governing the qualita-

tive and quantitative nature of their cytokine responses.44

Given that a large number of the lipids presented by

CD1d molecules at the cell surface are probably non-anti-

genic, and only a comparatively small proportion are ag-

onists for iNKT cells, the intensity of iNKT cell TCR

stimulation could be modulated either by the relative

affinity or the relative abundance of antigenic lipids.

Recent studies have suggested that both of these types of

changes may occur as a result of myeloid APC activation.

Stimulation of monocytic cells or myeloid DCs by

exposure to TLR ligands has been found to result in

modifications to glycolipid biosynthesis pathways, includ-

ing the induction of de novo synthesis of new types of

glycosphingolipids, and to concomitantly result in

enhanced activation of iNKT cells.120,121 As noted in pre-

vious studies, cytokines produced by DCs in response to

TLR stimulation were important for activation of the

iNKT cells, however, it also appeared that there were anti-

genic changes that resulted in increased TCR binding, as

TLR stimulation of the APCs resulted in stronger staining

by a soluble recombinant iNKT TCR even though CD1d

expression levels were not increased.121 Thus, activation

of myeloid APCs via exposure to certain types of TLR

ligands may result in the biosynthesis of different self lip-

ids that are not yet identified but that may be stronger

agonists for iNKT cells than the lipids presented by non-

activated APCs (Fig. 3a).

Our recent discovery that a substantial fraction of

human iNKT cells recognize lyso-phosphatidylcholine

(LPC) as a self antigen suggests a mechanism by which

antigen abundance may be connected to endogenous sig-

nalling pathways.122 One of the first things to happen

upon stimulation of myeloid cells by growth factors, cyto-

kines, neurotransmitters, hormones, and danger signals

such as TLR ligands is the activation of phospholipase A2

(PLA2) enzymes.123,124 PLA2 cleaves the sn-2 acyl chain

bond of phosphatidylcholine (PC), one of the most abun-
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Figure 3. Antigenic changes during inflammation. (a) Altered lipid biosynthesis in myeloid APCs in response to TLR stimuli. Exposure of mye-

loid APCs to a variety of different TLR ligands appears to cause alterations in endogenous glycolipid biosynthesis. This may result in the de novo

presentation of self antigens that are not normally expressed. Recent results suggest that TCR-mediated activation of NKT cells is enhanced as a

result of the alterations in self lipid biosynthesis. References: 120,121. (b) Recognition of a self lipid that becomes specifically up-regulated during

inflammation. Upon encountering a variety of danger signals, myeloid APCs rapidly activate phospholipase A2 enzymes. This results in increased

cleavage of membrane phosphatidylcholine molecules, releasing free fatty acids that are used for eicosanoid (i.e. leukotriene, prostaglandin and

lipoxin) biosynthesis. The other product from this reaction is lyso-phosphatidylcholine (LPC), which is able to be bound and presented by CD1d

molecules. A fraction of human NKT cells have been found to recognize LPC as an antigen. Thus, the increased levels of LPC produced during

inflammation may promote increased NKT cell activation. References: 128–130.
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dant membrane lipids in eukaryotic cells, releasing LPC

and a free fatty acid (Fig. 3b). The free fatty acids pro-

duced by this process are the biochemical substrates for

the synthesis of lipid mediators such as leukotrienes, pro-

staglandins and lipoxins which are critical elements in the

regulation of inflammation.125,126 LPC can itself serve as

an intercellular lipid messenger or it may be further

chemically modified, for example by an acetylation reac-

tion that produces platelet-activating factor.125,127 Thus,

the finding that many iNKT cells recognize LPC as a

CD1d-presented antigen provides a novel molecular link

between these innate regulatory T cells and the initiation

point of the biosynthesis of lipid mediators that have key

roles in inflammation.

As LPC is generated during the course of normal cellu-

lar growth processes, it is probably constitutively pre-

sented by CD1d molecules on APCs. Indeed, recent

analyses have identified LPC as one of the types of cellu-

lar lipids bound to human CD1d molecules.128,129 How-

ever, it is also known that during acute and chronic

inflammatory states the levels of both LPC and secreted

PLA2 enzymes can rise dramatically in serum and other

extracellular fluids, and therefore it is reasonable to sup-

pose that the amount of LPC presented by CD1d might

increase under inflamed conditions, and that this might

cause enhanced iNKT cell activation (Fig. 3b). A further

possibility suggested by our data, however, is that at

some point the LPC concentrations may become inhibi-

tory and may fail to induce iNKT cell activation, suggest-

ing that this pathway may shut down under conditions

of very strong or prolonged inflammation.122 It is also

interesting to note that another report has described the

expansion of LPC-reactive CD1d-restricted T cells that

are not iNKT cells (i.e. a population of type II NKT cells)

in blood of human multiple myeloma patients.130 How-

ever, it is not yet clear whether these LPC-reactive type II

NKT cells have a protective or pathogenic effect.

Together, these results suggest that there may be a com-

plex relationship between the homeostatic and inflamma-

tion-associated production of LPC by APCs and the

resulting activation of iNKT cells and other CD1d-

restricted subsets.

Up-regulation of CD1d expression levels

Another mechanism by which iNKT cell responses may be

physiologically modulated is via the regulation of CD1d cell

surface expression levels. It has been shown that CD1d is

up-regulated on murine macrophages following exposure

to IFN-c and one other signal, which can come from

inflammation-associated cytokines such as tumour necrosis

factor (TNF)-a, or from microbial infection of the macro-

phage, or simply from exposure to microbial products.131

As the up-regulated CD1d expression was associated with

enhanced iNKT cell activation, this observation suggests

that infected and non-infected bystander macrophages

might similarly stimulate increased iNKT cell responses.

Expression levels of CD1d on human myeloid DCs have

been found to be regulated by a type of nuclear hormone

receptor called peroxisome proliferator-activated receptor

c (PPAR-c). Receptors of this family are known to regu-

late the expression of genes involved in energy manage-

ment (e.g. genes relating to lipid storage, metabolism and

transport), as well as genes involved in inflammatory pro-

cesses and wound healing.132 Like other receptors of this

type, PPAR-c resides in the cytoplasm in an inactivated

state until it binds a specific ligand, generally a hydropho-

bic or lipidic molecule, whereupon it translocates to the

nucleus and acts as a transcription factor for genes that

include the appropriate response element sequences.132

Szatmari et al.133 have shown that exposure of DCs to oxi-

dized low-density lipoprotein (LDL) results in the activa-

tion of PPAR-c and transactivation of genes that turn on

the retinoic acid synthesis pathway. The resulting produc-

tion of all-trans retinoic acid eventually leads to activation

of retinoic acid receptor-a (RAR-a), which in turn trans-

activates CD1d mRNA synthesis.133 Thus, CD1d expres-

sion levels are directly modulated by RAR-a, but this

pathway can be indirectly activated by exposure to PPAR-

c ligands, including lipids associated with oxidized LDL.

As oxidized LDL is an inflammation-associated danger

signal that may be generated even in the absence of a

pathogenic microbial challenge, these results suggest that

CD1d expression by myeloid APCs, and consequently

NKT cell activation, may be linked to broad pathways of

endogenous inflammatory activation.

Conclusions and future directions

Investigations over the last 15 years have revealed a sur-

prising complexity and variety to the range of interactions

between iNKT cells and myeloid APCs. It seems that

iNKT cells can induce DCs to become highly stimulatory,

but they can also cause them to gain a more tolerizing

phenotype. Moreover, they can convert suppressive APCs

such as MDSCs into a pro-inflammatory phenotype, but

can also recruit potentially inflammatory cell types such

as monocytes into a tolerogenic DC lineage.

Although it is not yet well understood how it is ulti-

mately determined which of these processes will assume

the upper hand in any given situation, a few themes have

emerged. Tolerance-promoting effects of iNKT cells

appear to be clearly favoured when there is a lack of

inflammatory stimuli in the local milieu, or when the

level of antigenic stimulation is low. In contrast, exposure

to an initial strong antigenic stimulus or to cytokine-

mediated costimulation can favour the pro-inflammatory

effects of iNKT cells. Questions that remain to be resolved

include why in some cases iNKT cells nevertheless seem

to contravene these ‘rules’, for example, by promoting
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tolerance in situations where there is substantial inflam-

matory immune activation (e.g. organ transplantation).

Based on our current picture, one thing that is a reason-

ably safe bet is that gaining a handle on how iNKT cells

mediate their contrasting effects will not only reveal novel

insights into the workings of these remarkable lympho-

cytes, but will also produce new information on the biol-

ogy of DCs and other myeloid APCs.
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