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Summary

CD1d-restricted invariant natural killer T (iNKT) cells bear characteristics

of innate and adaptive lymphocytes, which allow them to bridge the two

halves of the immune response and play roles in many disease settings.

Recent work has characterized precisely how their activation is initiated

and regulated. Novel antigens from important pathogens have been iden-

tified, as has an abundant self-antigen, b-glucopyranosylcaramide, capable

of mediating an iNKT-cell response. Studies of the iNKT T-cell receptor

(TCR)–antigen–CD1d complex show how docking between CD1d–antigen
and iNKT TCR is highly conserved, and how small sequence differences

in the TCR establish intrinsic variation in iNKT TCR affinity. The

sequence of the TCR CDR3b loop determines iNKT TCR affinity for

ligand–CD1d, independent of ligand identity. CD1d ligands can promote

T helper type 1 (Th1) or Th2 biased cytokine responses, depending on

the composition of their lipid tails. Ligands loaded into CD1d on the cell

surface promote Th2 responses, whereas ligands with long hydrophobic

tails are loaded endosomally and promote Th1 responses. This informa-

tion is informing the design of synthetic iNKT-cell antigens. The iNKT

cells may be activated by exogenous antigen, or by a combination of den-

dritic cell-derived interleukin-12 and iNKT TCR–self-antigen–CD1d
engagement. The iNKT-cell activation is further modulated by recent for-

eign or self-antigen encounter. Activation of dendritic cells through pat-

tern recognition receptors alters their antigen presentation and cytokine

production, strongly influencing iNKT-cell activation. In a range of bacte-

rial infections, dendritic cell-dependent innate activation of iNKT cells

through interleukin-12 is the dominant influence on their activity.

Keywords: immunity; innate; natural killer T cells; non-classical MHC;

T-cell receptor; T cells.

Introduction

Invariant natural killer T (iNKT) cells recognize antigen

(foreign or endogenous glycolipid) presented by the non-

classical MHC class I-like molecule CD1d. In common

with conventional T cells, they are selected in the thymus

on the basis of their T-cell receptor (TCR) affinity for

ligand. The term ‘invariant’ derives from the very

restricted TCR used by these cells; the iNKT TCR com-

prises Va24Ja18 in humans and Va14Ja18 in mice, paired

with Vb11 in humans and Vb2, Vb7 or Vb8.2 in mice.

Phenotypically, iNKT cells are characterized by expression

of NK markers and memory effector T-cell markers.1

Other NKT-cell types exist (collectively termed ‘type 2’

NKT cells) but will not be considered in this review.

The CD1d structure, containing two deep hydrophobic

pockets,2 suggested that it could present lipid antigen,

and in 1997 the prototype iNKT-cell ligand a-galactosyl-
ceramide (aGalCer) was identified in marine sponge

extract.3 Fluorescently labelled tetramers of CD1d loaded

with aGalCer have enabled the development and activa-

tion of iNKT cells to be characterized in great detail.4

In response to antigen, iNKT cells mount a rapid

response, releasing substantial amounts of cytokine within

hours of activation. They are among the first lymphocytes

to produce interferon-c (IFN-c) in response to bacterial
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infection,5 and contain pre-formed cytokine mRNA to

enable their reaction speed.6 Fast release of cytokines by

activated iNKT cells is sufficient to transactivate other

lymphocytes and shape the course of a subsequent adap-

tive response. The iNKT-cell response to aGalCer includes
secretion of the T helper type 1 (Th1) cytokine IFN-c and

Th2 cytokine interleukin-4 (IL-4).7 However, other iNKT-

cell antigens may elicit a response polarized towards Th2

or Th1 cytokine release. Synthetic Th1-biasing or Th2-

biasing iNKT-cell ligands have been developed to exploit

this for therapeutic effect.8,9 A range of pathogen-derived

iNKT-cell antigens have been characterized,10 and accu-

mulation of self-antigen can also activate iNKT cells.11

Their power to modulate adaptive immunity implicates

iNKT cells in the control of a range of disease states and

makes them an attractive target for intervention.12 In

patients with autoimmune conditions, iNKT-cell numbers

are lowered, and increasing their numbers can ameliorate

disease.13 However, iNKT-cell frequencies vary even in

healthy individuals, and there are questions over the rele-

vance of iNKT-cell frequency in circulation compared

with at sites of inflammation, over the mechanism of

protection conferred by iNKT cells, and over whether

they are protective in all cases.14 Similarly, iNKT cells can

participate in anti-tumour responses,15 and iNKT-cell fre-

quency is decreased in tumours.16 Their anti-tumour

effects may be via direct cytotoxicity, an ability to activate

NK cells, or through suppressing angiogenic activity of

tumour-associated macrophages.17 Invariant NKT cells

are not always protective against disease. They promote

the development of allergic asthma through their ability

to secrete Th2-type cytokines,18 colonizing mucosa in

the absence of adequate early childhood exposure to

microbes.19

Are all iNKT cells identical? On two counts, no; first,

there are multiple iNKT-cell populations, differing in

their function, location and phenotype.20 Second, the

‘invariant’ iNKT TCR does vary, influencing its affinity

for ligand-CD1d.

Antigens for iNKT cells

In addition to recognizing aGalCer,3 iNKT cells are acti-

vated by myriad microbial antigens.21 The first to be

identified were a-hexose-containing glycolipids derived

from Borrelia burgdorferi and Sphingomonas spp.22–24

Structurally diverse foreign antigens have since been char-

acterized, including phosphatidylinositol mannoside from

Mycobacterium bovis BCG,25 and cholesteryl a-glucoside
from Helicobacter pylori.26 Although each of these anti-

gens is important in context, none of the agents from

which they are derived is a sufficiently large threat to

exert pressure to maintain a specialized lineage of T cells.

More recently, iNKT antigens have been isolated from

Streptococcus pneumoniae and group B streptococcus, both

clinically important bacteria.27 As yet uncharacterized

iNKT antigens are present in house dust extract, suggest-

ing that iNKT antigens are more ubiquitous than previ-

ously thought.28

Invariant NKT cells also become activated in the

absence of foreign antigen,29,30 and must be selected in

the thymus by self-antigen.31 The identity of these

self-antigens has been contentious. Isoglobotrihexosyl-

ceramide (iGB3) was proposed to mediate selection and

activation of iNKT cells,32 but iGB3-synthase-deficient

mice have a normal iNKT compartment33 and iGB3 is

present in trace amounts in mice34 and absent in

humans.35 b-Glucopyranosylceramide (b-GlcCer) was ini-
tially excluded as an iNKT self-antigen,36 but new work

has shown how it activates iNKT cells in a CD1d-depen-

dent manner.11 b-GlcCer is abundant in the thymus and

peripheral lymphoid tissues, accumulates in response to

danger signals, and its absence impairs an iNKT-cell

response. This evidence places it as a major self-antigen

for iNKT cells. Many other endogenous glycosphingoli-

pids (GSL) have been extracted from CD1d, with fluo-

rescent labelling of glycan headgroups and HPLC used to

profile the eluted GSL.37 Although GSL are important

for iNKT-cell activation, as shown by work with a GSL

synthesis inhibitor,30 iNKT-cell antigens are not exclu-

sively GSL.

CD1d has been found associated with glycosylphos-

phatidylinositol,38 and engineered forms of CD1d

(protease-cleavable or tail-less, secreted CD1d) have been

used to extract endogenous CD1d-associated non-GSL

species.39,40 Secreted CD1d presents over 150 species,

though only lysophosphatidylcholine was subsequently

shown to be stimulatory.41 It remains possible that these

molecules activate type 2 NKT cells.

By transfecting GSL-deficient cell lines with CD1d and

characterizing the iNKT stimulatory properties of cell

extracts, and confirming their results with sphingolipid-

specific hydrolases, which left the antigenic activity of

their extracts unaffected, Pei et al.42 confirmed that

endogenous iNKT-cell antigens need not be GSL. Lipids

isolated from thymocytes include ether-bonded mono-

alkyl glycerophosphates, which are able to activate iNKT

thymocytes in a CD1d-dependent manner. Mice deficient

in ether-bonded lipids are partially deficient in their

ability to select iNKT cells, so these molecules form an

essential part of the endogenous iNKT-cell antigen

repertoire.43 CD1d is also capable of binding long

hydrophobic peptides.44,45

Despite its potency as an iNKT antigen, aGalCer-
based therapy has not become established in any

disease indication. There is now strong interest in

developing agonist ligands to bias iNKT-cell responses

towards a Th1 or Th2 cytokine profile,9 or to create a

reduced response,46,47 allowing fine control of immune

activation.
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Structural basis of CD1d–ligand recognition

The iNKT-cell TCR functions as a pattern-recognition

receptor for both pathogens and altered levels of self-anti-

gen. Structures of the iNKT TCR in complex with ligand-

CD1d illuminate how it recognizes diverse antigens.

The footprint of the iNKT TCR on CD1d runs parallel

to its binding cleft, unlike the diagonal footprint on MHC

characterized for many peptide–MHC-specific TCR, and

covers a small surface area.48 Just as conventional TCRs

have a germline-encoded predisposition to recognize

peptide–MHC,49 so the iNKT TCR uses conserved

sequence to recognize antigen–CD1d.50 CD1d–ligand
recognition is largely mediated by complementarity-

determining regions (CDR) 3a, 1a and 2b, and structures

of various human and mouse iNKT TCR alone51,52 and in

TCR–antigen–CD1d ternary complexes53–56 show how

CD1d–ligand recognition by the iNKT TCR is highly

conserved. CDR2b forms polar interactions with CD1d,

CDR1a interacts exclusively with ligand, and CDR3a
contacts both.48,53 Mouse Vb8.2-containing TCR–aGalCer
–CD1d complexes closely resemble those resolved for the

human iNKT TCR; if the Vb7 chain is substituted,

additional contacts are made between CDR3b and

CD1d.57 A Vb2-containing ternary complex includes even

more CDR3b–CD1d contacts.56

How can an invariant receptor such as the iNKT TCR

show promiscuity in antigen recognition? There is limited

polymorphism at position 93 of the Va24-Ja18 chain,58

but the major variable region of the iNKT TCR is the

CDR3b loop. Evidence suggests that contact between

CDR3b and CD1d mitigates the energetic penalty of

binding a lower affinity CD1d–ligand complex. Structures

of an iNKT TCR with varied ligands clearly show that

weaker ligands require more contribution from CDR3b at

the TCR–CD1d interface.54 Mutagenesis studies also sup-

port this conclusion.50,59

Naturally occurring CDR3b sequence variants confer a

range of CD1d–ligand affinities on the iNKT TCR. All

iNKT TCRs recognize high-affinity ligands such as

aGalCer, yet reduced numbers interact with weaker

agonists.60,61 Invariant NKT-cell clones show bright,

homogeneous staining with aGalCer–CD1d tetramers but

when tetramers loaded with the weaker agonist OCH are

used, stain as OCH–CD1d tetramer bright, intermediate

or dim.60 The staining pattern observed for OCH–CD1d
tetramers matches that for b-glycosylceramide–CD1d tet-

ramers, and the hierarchy was confirmed by surface plas-

mon resonance analysis of the interaction between cloned

TCRs and ligand–CD1d. The CDR3b affinity hierarchy,

applicable to diverse GSL antigens, is therefore not indic-

ative of antigen preference by different iNKT TCRs, but

is a function of CDR3b sequence. Interestingly, the

iNKT-cell repertoire may be selected to exclude cells with

high autoreactivity.62 Mallevaey et al.62 modified the

CDR3b of a naturally occurring iNKT TCR to create an

extra-sticky variant that made additional hydrophobic

contacts with aGalCer–CD1d from the CDR3b loop. Only

appropriate iNKT cells engage in an NKT response:

exposure of mouse iNKT cells to weak antigen leads to

enrichment for Vb7-expressing clones (which use more

CDR3b–CD1d contacts) with each cell division cycle,

whereas aGalCer, able to engage all iNKT cells, induces

no bias.63 Together, these studies suggest that the iNKT

repertoire is selected to fall within a delimited window of

affinity for ligand–CD1d, yielding a gamut of iNKT cells

of fixed reactivity. Hence, like T cells, not all iNKT cells

respond to all antigens; clonal expansion of a specific

population ensures an appropriate response.

Unlike TCR–pMHC complexes,64 iNKT TCR–antigen–
CD1d ternary complex formation depends upon induced

fit of CD1d and antigen to a rigid TCR.52,65 Consistently,

the antigen–CD1d surface is moulded to resemble the

topology of aGalCer–CD1d in the iNKT TCR–aGalCer–
CD1d complex. Analysis of aGalCer variants demon-

strates the importance of conserved contacts between the

galactosyl headgroup and the iNKT TCR.63,66 Borrelia

burgdorferi aGalDAG has its headgroup repositioned

upon binding iNKT TCR,67 as does S. pneumoniae-

derived Glc-DAG-s2.27,68

b-linked self-GSL follow the same binding stereotype as

foreign a-linked antigens. The structures of CD1d-b-
linked self-antigen–iNKT TCR complexes show how the

headgroup is flattened so that the complex resembles that

formed with aGalCer.55 The energetic penalty incurred in

this squashing explains the lower affinity of the iNKT

TCR for endogenous ligands. The bulky headgroup of

iGb3, rather than hindering binding, contributes TCR

contacts from its flattened position to compensate.69

Antigen-specific responses

The iNKT TCR affinity for an antigen in complex with

CD1d is not always sufficient to predict the nature of the

cytokine response (Th1 or Th2 biased) it elicits. Evidence

now suggests that the strength of interaction between

antigen and CD1d, the longevity of this complex on the

cell surface, and antigen-presenting cell (APC) type deter-

mines the cytokine polarization seen in an iNKT-cell

response (Fig. 1).

Invariant NKT antigens with Th2 cytokine-biasing

effects are characterized by shortened unsaturated tails,

increased overall polarity and reduced hydrophobicity.

Shortening of either acyl or sphingosine chains can polar-

ize responses towards Th2.70 For example, OCH, an aGal-
Cer analogue with a shortened sphingosine chain, elicits

a Th2 response,8,71,72 as does an acyl truncated and

di-unsaturated aGalCer (C20 : 2).73

Intracellular staining for cytokines produced by

iNKT cells after a short (2 hr) exposure to agonists
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reported as Th1 or Th2 polarizing fails to reveal a Th1 or

Th2 bias.73 Cytokine measurements from culture superna-

tants include IFN-c from trans-activated NK cells as well

as from iNKT cells. For a Th1 bias to be measured, the

activation of iNKT cells must be sustained enough to

activate NK cells, requiring a strong interaction between

CD1d and antigen. CD1d ligands characterized as Th1-

biasing include Plakoside A analogues (structurally similar

to aGalCer, and also derived from sea sponge) and

analogues of aGalCer with a carbon-based glycosidic link-

age (a-C-GalCer and other C-glycosides). Plakoside A

analogues bind deeply inside the groove of CD1d. Simi-

larly, C-glycoside binds CD1d very tightly, facilitating a

sustained (though weak) interaction with the iNKT TCR

and a Th1-biased response.74 a-C-GalCer also elicits

sustained iNKT TCR interaction and a Th1 response.66

Inclusion of aromatic rings on the acyl chain of aGalCer
creates a Th1 bias by enhancing the stability of a TCR–
antigen–CD1d complex.75,76

Sub-cellular location of antigen loading into CD1d

controls persistence of antigen–CD1d complexes, influ-

encing the Th1 versus Th2 bias of a response. Presenta-

tion of iNKT antigens was tracked using antibody specific

for the complex formed between aGalCer and CD1d.77

The Th2-biasing ligands show an ability to directly load

on to CD1d at the cell surface. When CD1d trafficking

through the endosome was ablated by removal of its cyto-

plasmic tail, Th1-biasing aGalCer analogues lost much of

their activity. Further evidence that lysosomal recycling

influences the cytokine secretion profile comes from work

OH

HO HO HOHO

O O O

O

O
OH OH OH

OH

OH

OH

HN HN

α-C-GalCer

N-acyl C26 : 0

Sphingosine C18

IL-12

Sphingosine C9

(a) (b)

(d)

(f)

(c)

(e)

N-acyl C24 : 0

OCH
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Figure 1. Distinctions between T helper type 1 (Th1) -biasing and Th2-biasing invariable natural killer T (iNKT) -cell antigens. (a) Th1-biasing

CD1d ligands, such as a-C-GalCer (shown) have long hydrophobic tails. (b) Th2-biasing CD1d ligands have unsaturated and/or shortened tails,

such as OCH (shown). (c) Th1-biasing antigens are loaded in the endosome, whereas Th2-biasing antigens (d) are loaded at the cell surface. A

Th1-biased iNKT response requires antigen presentation by dendritic cells, which also secrete interleukin-12 to sustain iNKT-cell activation (e),

while Th2 responses are generated by antigen presentation by more diverse antigen-presenting cells including macrophages and B cells (f).
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with fluorescently tagged lipids;78 Th2-biasing antigens

are actively displaced at acidic (lysosomal) pH. Hence, as

CD1d traffics steadily through the cell, an immune syn-

apse containing saturated-tail, hydrophobic antigen is

more likely to endure, and sustain the signalling required

for a Th1 response.

Using inducible knockout CD1d mice, Bai et al.79 dem-

onstrated that Th1-type antigen presentation requires

dendritic cell (DC) -expressed CD1d, whereas Th2-type

antigen, loaded into CD1d at the cell surface, is presented

by a range of non-IL-12-producing APC. This distinction

is important as DC-derived IL-12 induces production of

IFN-c by NK cells, explaining further how a Th1 cytokine

bias is achieved.

Several studies report the influence of cell-surface

receptors on iNKT cells on their cytokine response.

CD40, CD4, programmed death receptor PD-1 and the

A2aR adenosine receptor can all influence cytokine

polarization.80–83

Danger signals

The iNKT response to danger is shaped by many factors in

addition to antigen. Responses are programmed by the

starting activation state of iNKT cells, and by the activity

of APC. Activation of APC leads to alterations in antigen

presentation, including changes in CD1d expression and

changes to the repertoire of self-antigens associated with

CD1d. The APC-derived cytokines also mediate activation

of iNKT cells, sometimes independently of the CD1d–
ligand–TCR interaction. In many infectious contexts, it is

APC-derived cytokine in concert with self-antigen–CD1d
signalling that activates iNKT cells (summarized in Fig. 2).

The recent history of an iNKT cell dictates its respon-

siveness. aGalCer stimulation leads to temporary anergy,84

which has impaired the development of aGalCer-based
therapeutic protocols. Similarly, encounter with a range

of bacteria, or the bacterial products lipopolysaccharide

(LPS) and flagellin, anergizes iNKT cells.85 Neutrophils,

themselves activated by iNKT cells, can also suppress

iNKT-cell activity, limiting an iNKT-cell response.86

The iNKT cells that have recently encountered self-anti-

gen have limited cytokine-secreting activity, and low-

ered responsiveness to foreign antigen (aGalCer).87 Such

mechanisms may well restrain potentially harmful iNKT-

cell activity, though recognition of CD1d-presented self-

antigen also primes iNKT cells for subsequent activation

by IL-12 and IL-18.87

The APC expression of CD1d is responsive to bacterial

infection, which in turn affects iNKT activation. Infection

of APC with Listeria monocytogenes leads to IFN-b-medi-

ated up-regulation of CD1d (not just its redistribution to

the cell surface),88 and in an M. tuberculosis infection

model, IFN-c in combination with bacterial products

Pam3Cys [a Toll-like receptor 2 (TLR2) agonist] or LPS

(a TLR4 agonist) was sufficient to up-regulate CD1d on

macrophages.89 In vitro exposure of DC to Salmonella

typhimurium or Escherichia coli-derived LPS has also been

found to increase CD1d levels.90 CD1d expression is up-

regulated in viral infection,91 and down-regulation of

CD1d as a viral immune escape mechanism has been

reported in mouse92,93 and human.94–96

The repertoire of CD1d-presented self-antigen is

responsive to an APC activation state. Staining with

Foreign antigen(a)

(b)

(c)

(d)

(e)

IL-12

IL-12

Self-antigen

Self-antigen

Self-antigen

IL-12

MCMV

Fungi

Helminths

Bacteria

Figure 2. Antigen determines antigen-presenting cell (APC) signal-

ling to invariant natural killer T (iNKT) cells. Various stimuli are

detected by APC (dark grey) and cause them to activate iNKT cells

(light grey) through either the iNKT cell T-cell receptor (TCR), or

through cytokine release, or using a combination of both. (a) Anti-

gens such as aGalCer activate iNKT cells through TCR recognition

of antigen-CD1d. (b) In mouse cytomegalovirus infection, interleu-

kin-12 (IL-12) from activated APC is sufficient to activate iNKT

cells. (c) Fungal cell-wall glycans stimulate APC to release IL-12: rec-

ognition of self-antigen-CD1d is also required for iNKT cell activa-

tion. (d) a component of parasite eggs activates APC, which are

thought to present self-antigen to activate iNKT cells. (e) Several

bacterial species activate APC. This activation usually requires self-

antigen–CD1d recognition by APC, but the dominant contribution

to iNKT cell activation comes from APC-derived IL-12.
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tetramerized iNKT TCR, and comparison of the repertoire

of CD1d-associated self-GSL in resting and LPS (TLR4)-

stimulated myeloid DC, shows that TLR stimulation of

DC causes an increase in presentation of iNKT-activating

CD1d ligands.30,37 Triggering of TLR4 and TLR7 or TLR9

on DC activates iNKT cells, and this activation requires

APC synthesis of charged b-linked GSL.29 In inflamma-

tion, APC levels of lysophosphatidylcholine increase,

though lysophosphatidylcholine is only a weak activator of

iNKT cells.41 A more important role is indicated for

b-GlcCer. It is synthesized in response to TLR agonists,

and inhibition of this synthesis impairs iNKT responses to

DC cultured with bacteria. Further, bacterial infection of

mice leads to accumulation of b-GlcCer at sites of E. coli
or Streptococcus pneumoniae infection.11 In mice, TLR

stimulation of DC inhibits a-galactosidase A, which

normally degrades lysosomal self-antigens to prevent full

iNKT activation, though this mechanism is unlikely to be

important in humans.97,98

CD1d and DC-dependent but TLR-independent activa-

tion of iNKT cells has been reported in responses to fungi

including Aspergillus and Candida.99 Fungal cell wall

b-1,3-glucans bind pattern recognition receptors on APC

to stimulate IL-12 release, which activates autoreactive

iNKT cells. Invariant NKT cells also form part of the

response to helminths, though the mechanism remains

partly delineated. There is a requirement for CD1d, and

for schistosome egg recognition by DC, though neither

IL-12 nor TLR signalling is necessary.100

Activation of iNKT cells in mouse cytomegalovirus

infection is antigen-independent, relying on APC-derived

IL-12.101–103 In this context, iNKT cells behave as innate

lymphocytes, amplifying the immune response, a capacity

that widens the range of pathogen defences in which they

could be involved. The APC-derived cytokines have also

been demonstrated to drive antigen-independent iNKT

activation in a model of E. coli infection.104

Priming of iNKT cells to be more responsive to IL-12

in the absence of foreign antigen 85 suggests that there is

a hierarchy of activation stimuli for iNKT cells. For

example, in response to Salmonella typhimurium, IL-12

amplifies a weak response to self-antigen,5,24 and DC

from patients with advanced cancer are better able to

activate iNKT cells if supplemented with IL-12.105

If exogenous antigen, self-antigen and IL-12 are all

present, which is the most important in activating iNKT

cells? Many studies exploring iNKT-cell activation use

hybridoma cell lines, which may lack the ability to

respond to both antigen and cytokine signals. To address

this, Brigl et al.5 used primary mouse iNKT-cell lines and

bone marrow-derived DC to compare the relative influ-

ences of ligand recognition versus cytokine stimulation on

iNKT cell activation by a panel of bacteria. In response to

whole bacteria, IFN-c secretion by iNKT cells is mostly

dependent on IL-12 released by DC in response to TLR

stimulation, albeit with an essential role for CD1d. Inter-

leukin-12 dependence was observed even with bacteria

expressing characterized CD1d ligands such as Streptococ-

cus pneumoniae and Sphingomonas yanoikuyae, suggesting

a minimal role for CD1d presentation of foreign antigen.

This relative independence of foreign antigen may be use-

ful when the ubiquity of potential iNKT antigens is con-

sidered,28 whereas the possibility remains that iNKT-cell

activation by foreign antigen is required for the establish-

ment of pathogen-specific memory responses.

Outlook

With interest growing in designing iNKT antigens to

modulate an immune response, it is important that they

achieve the desired activation of iNKT cells. This in turn

depends on the history of each iNKT cell and its current

environment: we have seen that iNKT-cell antigens such

as those in house dust are ubiquitous, that iNKT cells can

exist in a primed state, and that the activation state of

APC strongly influences iNKT-cell activation. Hence,

responses from cultured iNKT-cell lines may not recapit-

ulate responses achieved with the same antigen in vivo. In

some contexts, antigen is dispensable for iNKT-cell acti-

vation, which also merits consideration. Exactly when

does an iNKT cell act solely to amplify an innate

response? Fuller understanding of the mechanisms con-

trolling the down-regulation of an iNKT-cell response

may also be relevant to understanding the activity of

‘designer’ antigens. It is also interesting to note how

many inert CD1d ligands can be isolated. Are these acting

as place-holders, sustaining CD1d trafficking through the

cell in case more antigenic ligands are produced, or do

they perform a necessary role, perhaps as ligands for type

2 NKT cells?

Regarding b-GlcCer and its role as a key self-antigen

for iNKT cells, we need to understand how alterations in

b-GlcCer processing and presentation (induced by disease

or by the arrival of a new iNKT-cell antigen) impact on

the shape of an adaptive immune response.
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