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Innate self recognition by an invariant, rearranged T-cell receptor and its
immune consequences

ALEKSANDAR K. STANIC, JANG-JUNE PARK & SEBASTIAN JOYCE Department of Microbiology and Immunology,
Vanderbilt University School of Medical School, Nashville, TN, USA

SUMMARY

This review attempts to illuminate the glycolipid antigen presentation properties of CD1d, how
CD1d controls the function of natural T (iNKT) cells and how CD1d and iNKT cells interact to
jump-start the immune system. It is postulated that the CD1d-iNKT cell system functions as a
sensor, sensing alterations in cellular lipid content by virtue of its affinity for such ligands. The
presentation of a neo-self glycolipid, presumably by infectious assault of antigen-presenting cells,
activates iNKT cells, which promptly release pro-inflammatory and anti-inflammatory cytokines

and jump-start the immune system.

INTRODUCTION

Recognition of foreign antigens by the adaptive immune system
represents the fundamental underpinning of host defence, which
is required for the integrity of a mammalian organism. The
evolutionary roots of the adaptive immune system lie within the
far older components of the innate immune system whose
importance has been appreciated only recently. In fact, the
adaptive immune system cannot function to adequately protect
the organism without the extensive architecture provided by the
innate immune system. Amongst the multiple cellular compo-
nents of the innate immune system such as the natural killer
(NK) cells, dendritic cells (DCs), macrophages and tissues
themselves are the innate lymphocytes. Natural T (NKT) cells
represent a subset of innate lymphocytes.' Functions of NKT
cells have been intensively investigated, and findings point to
their fundamental participation at the earliest stages of the
immune response to many pathogens> and tumours.®> Further-
more, current evidence suggests that NKT cells also function to
suppress autoimmunity,*® maintain immune privilege’® and
support engraftment of transplanted tissues.>'® Thus, it might
be inferred that NKT cell function may have evolved not only to
provide an impetus during challenge to organismal integrity but
also to limit the consequent damage an overly avid immune
reaction might inflict on the surrounding healthy tissue.

The CDI1d antigen presentation system and the NKT cell
antigen recognition system are extraordinarily well conserved
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from mouse to human, and amongst most other mammalian
species. CD1 represents a family of MHC class I-like lipid
antigen-presenting molecules. They are comprised of two
groups of molecules based on sequence similarities; group I
(CDl1a, CD1b and CDlc) and group II (CD1d). Most mamma-
lian species studied express group II CD1 molecules, whereas in
some species, such as the guinea pig'' and miniature swine,'?
only group I CD1 molecules have been discovered so far.
Mice carry only group II CD1, CDIdI and CDI1d2; CDId2
is a pseudogene and, hence, targeted disruption of CDId] is
sufficient to render mice CDI deficient."”*> Group I CDI
molecules present self and foreign (e.g. mycobacterial)
lipid antigens to T cells, while current evidence indicates
that the group II CDI1d molecules present a self lipid
antigen(s) to NKT cells.'"* This review focuses on antigen
presentation by CD1d, the CD1 molecule that controls NKT
cell function.

NKT cells can be broadly divided based on the kind of T-cell
receptors (TCR) they express, namely, of vs. yd. The off NKT
cells predominate in this innate lymphocyte subset. Amongst
these are two kinds: (1) the vast majority which are CD1d-
restricted and (2) the less frequent whose restriction element
remains unknown. Amongst the CD1d-restricted NKT cells are
those that express the invariant Val4Jal8 TCR a-chain (iNKT),
which represent the majority, and those that express diverse
TCR a-chains. The focus here is on iNKT cells because much of
our current understanding comes from studies of this lympho-
cyte subset.

Here, we review recent developments in molecular and
cellular aspects of CD1d structure and function as well as iNKT
cell ontogeny essential for understanding the physiology of
these innate lymphocytes. The literature preceding this review is
excellently summarized elsewhere.!=>6-14-16
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CD1D, A SELF LIPID ANTIGEN-PRESENTING
MOLECULE

Tissue distribution

Expression of CD1 molecules is tissue restricted and closely
resembles the expression of MHC class II molecules. Thus,
CD1d molecules are expressed by specialized antigen-present-
ing cells (APCs) such as splenic DCs and marginal zone B
lymphocytes. Strikingly, marginal zone B cells as well as a
novel subset of follicular B cells express high level of CD1d.
Unlike MHC class II, CD1d is also expressed by CD4 8" (DP)
thymocytes, hepatocytes and, arguably, by intestinal epithelium.
Whereas group I CD1 molecules are up-regulated by cytokine
signals such as granulocyte-monocyte colony-stimulating factor
(CSF-2) and interleukin (IL)-4, CD1d expression is constitutive
and unresponsive to these cytokines. Whether other factors
induce CD1d expression is currently unknown. Strikingly, they
are not expressed by thymic cortical epithelium, a site where
MHC class I and class II expression is essential for positive and
negative selection of conventional T lymphocytes, suggesting
that alternative selection mechanisms are operational during
iNKT cell development (reviewed in 15).

CD1d structure dictates function

Critical to understanding the mechanism(s) by which CD1 binds
and presents lipid antigens to T cells is an appreciation of the
biochemical and structural features of CD1-lipid interaction.
Solution of the crystal structures of both a group I CD1, human
CD1b'® (hCD1b), and a group II CDI1, mouse CD1d1"
(mCD1d1), has provided invaluable clues to CD1 biology.
Topologically, both structures resemble the classical peptide
antigen-presenting MHC molecules. Akin to MHC class I
molecules, CD1 consists of a heavy chain non-covalently
associated with f2-microglobulin (f2m). The heavy chain folds
in such a manner that the two membrane distal a1 and o2
domains form a groove made up of two a-helices supported at
the bottom by two B-sheets. Both solved CD1 structures show
similar features, which include a large, exclusively non-polar
antigen-binding groove.'®!® However, the details of the anti-
gen-binding grooves differ between hCD1b and mCD1d1. The
structure of mCD1d1 was solved with, possibly, a conglomerate
of lipids bound to its antigen-binding groove.'® Therefore, the
details of CD1-lipid interaction could not be gathered from the
solved structure. In contrast, the structures of hCD1b complexed
with phosphatidylinositol (PI) and a sphingolipid GM2 were
determined.'® The two structures point to key details of CD1—
lipid interaction. Human CD1b has four non-polar hydrophobic
channels termed A’, F, C’ and T','® whereas mCD1d1 has only
A’ and F channels.'® Tn the hCD1b structure, the T channel
connects the A’ and F' channels, allowing very long lipid alkyl
chain to occupy its antigen-binding groove.'®?° In comparison
to hCD1b, mCD1d]1 contains critical amino acid substitutions in
the region that makes channels T’ and C’. Hence, these channels
are occluded in mCD1d1.'%"

Interestingly, we discovered that PI associates with mCD1d1
during biosynthetic assembly. Curiously, the eluted PI is phos-
pholipase A2 resistant. This would suggest that the configura-
tion of sn2-acyl group of PI bound to mCD1d1 is distinct from

the PI bound in the crystal structure of hCD1b.'®?' Given that
mCD1d1 may not contain channel C’, we would predict that PI
binds mCD1d1 in a manner distinct from that observed in the
hCD1b-PI structure.

CD1d assembly and intracellular trafficking

Being a type I integral membrane protein, CD1d folds and
assembles within the endoplasmic reticulum (ER) lumen, and
thence negotiates the secretory pathway to the plasma mem-
brane. From the plasma membrane, it cycles numerous times
through the late endosomes. In an effort to understand how
CD1 molecules assemble in vivo, the ER protein chaperones that
associate with hCD1d have been studied. Akin to hCD1b,>***
hCDI1d also binds calnexin.”® This association between CDI
and calnexin occurs in the ER because, in the absence of f2m,
hCD1b was shown to be retained in this compartment by
calnexin.”® Human CDI1d also associates with calreticulin,?®
another ER chaperone that assists protein folding and assembly
in cells. Interestingly, the association of hCD1d with calreticulin
occurs prior to B2m binding to the CDI heavy chain.®® This
finding is in contrast with that for the MHC class I—calreticulin
association, which occurs only after the heavy and light chains
have assembled together.’>?” The hCDI1d heavy chain—cal-
nexin—calreticulin complex facilitates association with a third
ER chaperone, ERp57,25 an oxido-reductase that assists in
disulphide bond formation critical for the integrity of CD1
structure (see Fig. 1).

Mouse CD1d1 biosynthetically associates with MHC class
II-associated invariant chain (Ii; discussed below in detail).22 In
li-negative cells, mouse CD1d1 assembles with PI and PI-
glycans®"*® and possibly other phospholipids indigenous to
the ER. PI and other phospholipids activate a small subset of
iNKT hybridomas.?® Mouse CD1d1 assembled in the presence
of Ti activates mCD1-restricted non-Val4 T cells** which are
also thought to recognize lipid antigens. Therefore, it is possible
that a significant fraction of newly synthesized CD1d molecules
assemble with cellular lipids. It also remains possible that Ii
does not occlude the antigen-binding site of CD1d, thus permit-
ting biosynthetic assembly of CDI1d-Ii complexes with ER
lipids. Therefore, we postulate that cellular lipids indigenous
to the ER may serve as a chaperone to protect the large,
exclusively polar and hydrophobic antigen-binding groove of
CDI1 from collapse in the aqueous ER lumen. Thus, CD1d
utilizes both protein and possibly lipid chaperones for biosyn-
thetic assembly (see Fig. 1).

Following assembly and arrival at the plasma membrane, by
virtue of the Yxx¢ endosomal/lysosomal-targeting motif within
their cytosolic tail, h\CD1d and mCD1d1 cycle through the early
and late endosomes for lipid sampling®®=* (see Fig.1). Cur-
iously, however, despite containing the Yxx¢ motif, the two
CD1 homologues traffic through different endosomal compart-
ments. 313433 Thus, amino acid residues within the Yxx¢ motif
and/or those adjoining it may influence endosomal targeting.
Interestingly, clathrin adaptor complex AP-3-deficient Pearl and
Mocha mice have defects in iNKT cell development and in lipid
antigen presentation to this subset of T lymphocytes (M.
Kronenberg, La Jolla Institute for Allergy and Immunology,
San Diego, CA, personal communication; Fig.1). Defective
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CD1 heavy chain
(cr) binds calnexin
and calreticulin

a-chain-calnexin-
calreticulin complex
binds ERp57

CD1 is largeted to the late
endosomes directly from
the ER or from the plasma
membrane

o-chain-f2m complex
binds li and/or
cellular lipids

Figure 1. The predicted pathway for CD1d assembly and intracellular trafficking. As it is a type I integral membrane glycoprotein, the
folding and assembly of CD1d occur in the rough ER. Here, calnexin, calreticulin and ERp57 assist the folding of the CD1d a-chain.
B2m associates with the folded o-chain, unlike MHC class I molecules, which bind calreticulin only after association with the light
chain. The a-chain™ B2m™ complex forms a structure receptive to Ii and/or resident lipids and glycolipids. Upon stable association, the
CD1d (a-chain and B2m)-glycolipid complexes egress from the ER and negotiate the secretory pathway to the plasma membrane.
Because of the Yxx¢ internalization sequence within the cytosolic tail of CD1d, it is rapidly internalized into the late endosomes in an
AP-3-dependent manner and recycled back to the plasma membrane. In contrast, li-associated CD 1d may be directly targeted to the late
endosomes, and thence egress to the cell surface. During its time in the late endosomes, lipids bound to CD1d in the ER are exchanged
for another, presumably cellular, glycolipid that is presented to iNKT cells.

antigen presentation ensues in AP-3-deficient cells because
mCD1d1 is unable to negotiate the LAMP-1-positive late
endosomes. In contrast, hCD1d, unlike mCD1d1, does not bind
AP-3, but traffics to the appropriate endosomal compartment,
and hence no defects in iNKT cell development were observed
in AP-3-deficient Hermansky—Pudlak syndrome type 2
patients.®" It is noteworthy that the carboxyl terminal residue,
proline, of hCD1b, which immediately follows its Yxxd¢ motif,
is critical for AP-3 binding and trafficking to the LAMP-1-
positive endosomes.®' Perhaps the inability of hCD1d to bind
AP-3 may be attributable to the Y+2 glycine and/or Y+4
leucine within its cytosolic tail.>

In addition to Yxx¢-mediated targeting, CD1 can negotiate
the low-pH compartment in association with the Ii** (Fig. 1) by
virtue of the latter’s di-leucine/isoleucine motif. Ili-mediated
targeting to late endosomes rescues the antigen presentation
deficiency of an mCD1d1 mutant incapable of negotiating the
low-pH compartment as a result of the deletion of the Yxx¢
motif within its cytosolic tail.>> Moreover, li-deficient splenic
DCs are defective in antigen presentation to iNKT cells.?* These
findings underscore the significance of the CD1d-Ii association
in cell lines. That notwithstanding, mice with targeted germ-line
deletion of the cytosolic tail of mCD1d1 had profound defects in
iNKT cell development and in the presentation of endogenous
lipid antigens to an iNKT hybridoma.** The observed defects in
the mutant mice may be a result of the fact that only a relatively
small fraction (up to 25%) of newly synthesized CD1d1 associ-
ates with 1i.?? i also has other effects on endosomal compart-
ments®"*® which might provide an alternative explanation for
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the effect of Ii on intracellular CD1d traffic. Thus, the physio-
logical significance of the CD1-Ii association remains to be
established.

Interestingly, hCD1d interacts with li-associated HLA-DR
in the ER, and this complex negotiates the secretory pathway to
the late endosomes and the plasma membrane.> However,
mCD1d1 traffics and functions normally in MHC class II-
negative cells. Thus, the functional significance of the
hCD1d—class II interaction remains unknown.

In the case of MHC class II-restricted antigen processing, Ii
is removed upon arrival at the late endosomes by cathepsin
(Cat)-S-mediated proteolysis (reviewed in ref. 39). A similar
mechanism may be operable in dissociating Ii from CDI,
because Cat-S-deficient mice poorly develop iNKT cells and
are unable to present lipid antigens to this subset of T lympho-
cytes.*® Another study showed that Cat-L, but not Cat-S, is
required for iNKT cell development.*' Further, Cat-L-deficient
DP thymocytes, but not splenic DCs, have lost their ability to
present iNKT cell antigen.*! Biochemical studies indicate that
the association between CD1 and Ii is weak,”>*° suggesting that
it might easily dissociate in the acidic environment of the late
endosomes/lysosomes, and hence may not require proteolysis.
Further, the cathepsins may play a role in antigen processing,
either directly by trimming lipoproteins or indirectly by activat-
ing processing enzymes. In this regard, it is noteworthy that Cat-
L is critical for the maturation of arylsulphatase A,** an enzyme
important in sulphatide catabolism.

In summary, intracellular CD1d trafficking occurs by Ili-
independent and -dependent mechanisms (Fig. 1). In li-negative
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cells, such as DP thymocytes and hepatocytes, CD1d assembles
in the ER, presumably with endogenous lipids, negotiates the
secretory pathway and arrives at the plasma membrane (Fig. 1),
a path also taken by newly synthesized MHC class I molecules.
In contrast, in li-positive antigen-presenting cells, li-associated
CDI1d is directly transported to the LAMP-1-positive late
endosomes (Fig. 1), akin to MHC class II-Ii complexes. Ii
dissociates from CDI1d, which then traffics to the plasma
membrane. Independent of the mechanism by which CDI1d
traffics to the plasma membrane, it cycles numerous times
through late endosomes (Fig. 1) because of the Yxx¢ motif
within its cytosolic tail, facilitating antigen presentation to
INKT cells.

Clues to the natural iNKT cell antigen

The diversity and the chemical nature of the natural antigen(s)
presented by CD1d and recognized by iNKT cells have not been
elucidated. Current evidence suggests that iNKT cells recognize
a CDl1d-restricted self glycolipid antigen(s). Thus, freshly iso-
lated thymic NKT cells are activated by a variety of CD1d+
cells including thymocytes and tumour lines without the addi-
tion of exogenous antigen of any sort. Similarly, iNKT cell-
derived hybridomas recognize CD1d+- cells and cell lines.>**3~
4 This presentation of self-antigens requires that CD1d traffics
through late endosomal vesicles®*>*** and hence the antigen
resides within the late endosomes.

Several approaches have been utilized to determine the
nature of the iNKT cell antigen(s). In one approach, the
synthetic anti-tumour agent o-D-galactosylceramide (aGalCer),
originally extracted from a marine sponge, was identified as a
selective and potent activator of all iNKT cells in a CD1d-
restricted manner.**>' The unusual -anomeric configuration
of galactosylceramide has not been described in mammals.
Additionally, synthetic o-D-glucosylceramide (aGlcCer), but
not o-D-mannosylceramide, confers antigenic activity similar
to aGalCer.*** Two complementary approaches have been
utilized to identity naturally processed iNKT cell antigen(s).
In the first approach, as with peptide antigens presented by
MHC class I and class II molecules, it was reasoned that iNKT
cell antigen(s) would be found in total cellular lipid extracts.
Indeed, using an in vitro reconstitution assay cellular phospho-
lipds were identified as antigens of a few iNKT hybridomas.?’

We reasoned that, if aGalCer and aGlcCer are synthetic
iNKT cell antigens, then cellular fGalCer and/or BGlcCer may
be a precursor to the natural antigen. The rationale behind this
reasoning is that the biosynthesis of fGalCer and BGlcCer uses
UDP-a-galactose or UDP-a-glucose as the sugar donor.
Because cells are not known to contain UDP-3-galactose and
UDP-B-glucose, fGalCer and BGlcCer may serve as substrates
for aGalCer and aGlcCer synthesis, respectively. Therefore, we
utilized a genetic approach in which cells deficient in endo-
genous PGalCer and PGlcCer served as antigen-presenting
cells. The data revealed that cellular synthesis of PBGlcCer,
but not BGalCer, is essential for the presentation of a natural
self-antigen to iNKT hybridomas.>> pGlcCer deficiency altered
neither the kinetics of intracellular CD1dl1 traffic and distribu-
tion, nor aGalCer presentation by CD1d1. These data indicate
that B-D-GlcCer may be a precursor of a natural iNKT cell

antigen or may be involved in an accessory function necessary
to generate or load the antigen.’” Taken together, the evidence
gathered so far indicates that CD1d molecules have evolved to
sample endogenous lipid antigens for presentation to iNKT
lymphocytes.

Lipid antigen processing

The original experiments, which demonstrated mycobacterial
PI-mannoside (PIM6) specificity of an hCDIlb-restricted T
lymphocyte clone, suggested that the presentation of some lipid
antigens involved processing.>® The lysosomal a-galactosidase
has been implicated in generating an active iNKT cell ligand.>*
Plate-bound mCD1d1 presents aGalCer, but not the analogue
Gal(al—2)GalCer, to iNKT cells. However, cells from wild-
type but not from o-galactosidase-deficient mice efficiently
present Gal(a.1—2)GalCer to iNKT cells. Further, this presen-
tation is sensitive to an inhibitor of lysosomal o-galactosidase.
Moreover, in vitro processing of other aGalCer analogues,
GalNAc(a1—3)Glc(a1—2)GalCer with lysosomal o-N-acetyl-
galactosaminidase or o-glucosidase and Gal(fl1—2)GalCer
with [B-galactosidase, also generates iNKT cell antigens.54
Although the above studies utilized synthetic ligands, which
might be related to the natural antigen, the results suggest a role
for glycolipid processing in vivo and imply a range of potential
precursors for iNKT cell antigen(s).

iNKT cell antigen recognition

The hCD1b-PI and hCD1b-GM2 crystal structures also revealed
the TCR interface area on antigen.'® Previous studies suggested
that the hydrophobic alkyl/acyl chains bind CD1 exposing the
hydrophilic aspect of the lipid to form part of the TCR interface
area on the antigen.”®> Mutagenesis studies revealed that the
TCR interface approximates a diagonal, which includes both o-
helices and the glucose residue of the antigen.”® Consistent with
the proposed model, both the phosphoinositol of PI and the first
glucose residue of GM2 are oriented in a manner that approx-
imates the side chain of the amino acid residue at position 4 of
peptides presented by MHC class T molecules.'® However, the
glucose residue of GM2 is raised far above the plane of the
helices.'® This raised disposition of glucose may be attributable
to the B-O-1,1 linkage of this residue to the ceramide backbone.
The o-O-1,1’ linkage of aGalCer and aGlcCer should orient the
sugar ring differently so that it may be more closely juxtaposed
to the plane of the a-helices of CD1d. Although the molecular
definition of the CD1-lipid/TCR interface awaits the solution of
the structure of the co-complex, it is clear that more than the
hydroxyl groups of the monosaccharide can come in contact
with the receptor. Thus, the TCR-lipid antigen interface, in
addition to the hydroxyl groups from the sugar residue, includes
the phosphate of phospholipids or the amide of sphingolipids.'®

Gene transfer and mutagenesis studies have demonstrated
that the o and B chains of the TCR are sufficient for CD1-lipid
antigen recognition.’”*® Further data suggested that the CDR3
loops of the specific TCR interface the combinatorial epitope
formed by the CD1-lipid complex.’” Hence, antigen recogni-
tion follows the same structural principles observed in TCR-
peptide antigen recognition.”® Interestingly, however, CD1d1-
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restricted self-antigen recognition did not segregate with the
transfer of Val4Jal8/Vb8-2 TCR o and P chains. This result
suggests the involvement of an additional molecule(s) along
with the Val4Jal8 TCR in the recognition of CD1d-restricted
self—antigen(s).57

The binding parameters of CDl-antigen/TCR interaction
remain ill-defined. Recent surface plasmon resonance and
tetramer-binding studies revealed high-affinity interaction
between CD1d1-aGalCer and Val4Jal8 TCR; the relative
avidity of this interaction is similar to that of high-affinity
MHC class I-peptide/TCR interactions.®® Interestingly, the
half-life of the CD1dl-aGalCer/Val4Jal8 TCR interaction
was unusually long.®® How these kinetic parameters of lipid
antigen—TCR interactions relate to the rapid and robust iNKT
cell response remains to be elucidated. In this regard, it is
interesting to note that an analogue of aGalCer, OCH, which has
a shortened long-chain sphingosine base (Cs vs. Cy4) and acyl
chain (Cy4 vs. Cyg), specifically elicits sustained IL-4 with very
little interferon (IFN)-y from iNKT cells.®' The binding para-
meters of the interactions between the Val4Jal8 TCR and
mCDI1dl bound with OCH vs. aGalCer might reveal the
mechanism underlying the differential in vivo cytokine response
to the two ligands.

iNKT CELL FUNCTION

NKT cells are innate lymphocytes that express cell-surface
markers characteristic of T cells as well as NK cells (reviewed
in 1). Their identification has relied primarily upon co-expres-
sion of TCR aff and NK1-1 (CD161). About 80% of mouse
NK1-1"TCR™ cells have the invariant Val4-Jal8 rearrange-
ment. Recent development of CD1d tetramer loaded with the
synthetic antigen oGalCer allows antigen receptor-specific
identification of iNKT cells independent of other cell-surface
markers, and hence permits more detailed study of their devel-
opment and distribution.’>*"%> These studies, in addition to
those previously reported based on NKI1-1"TCR™ cells,
revealed that iNKT cells are CD478~ or CD4 8~ (DN). Their
phenotype also reflected characteristics of effector/memory T
lymphocytes (CD44, CD122, Ly6C and CD62L'°%).%36 I
mice, iNKT cells constitute 10-20% of mature thymic, 20—
30% of hepatic and bone-marrow and 2—3% of splenic T cells as
well as 0-1-0-5% of lymph node and peripheral blood mono-
nuclear cells (PBMCs).**3%7 While expression of the Ly49
receptor family members can be used to distinguish thymic
and hepatic iNKT cells, the difference in function of these
subsets, if any, is currently unknown.®>%%7% Thus, iNKT cells
maintain a distinct tissue distribution that may be critical to their
function.

iNKT subsets

Recent studies with mouse CD1d tetramer-based identification
of human Va24Vb11 iNKT cells isolated from PBMCs revealed
the existence of two functionally distinct subsets. The func-
tional distinctions have been found to correlate with CD4 co-
receptor expression.”""’? In humans, as in mice, iNKT cells are
CD4"8™ or DN. Activated DN iNKT cells preferentially secrete
Th1 cytokines such as IFN-y and tumour necrosis factor (TNF)-
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o, whereas the CD478™ cells secrete both Thl-type and a
plethora of Th2-type cytokines (IL-4, IL-5, IL-10 and IL-
13).”"72 Furthermore, DN but not CD4 8™ iNKT cells produce
intracellular perforin following IL-2, phorbolmyristylacetate
and ionomycin, or aGalCer stimulation.”” Interestingly, expo-
sure to IL-2 or IL-12 alone is sufficient to induce production of
intracellular perforin, but not IFN-vy, indicating that complete
activation of iNKT cells requires stimulation through their
TCR.”* Maturation of mouse NK1-1-negative iNKT cells has
been correlated with reduced expression of the CD4 co-recep-
tor.”*~"> Th1 bias of human DN iNKT cells is in complete
agreement with a similar bias observed with mature NK1-17
mouse iNKT cells.”*””> These observations suggest that human
iNKT cells may also undergo a similar developmental regula-
tion of CD4 expression. That notwithstanding, whether CD4 is a
more reliable indicator of iNKT cell maturity in humans than in
mice remains to be determined.

CD47"8™ and DN subsets of human iNKT cells have distinct
distributions of chemokine receptor expression, suggesting
subset-specific trafficking. Human iNKT cells express high
levels of CCR5.7"7® Such iNKT cells are highly susceptible
to HIV-1 infection.”®”” In fact, TCR-stimulated iNKT cells are
several-fold more susceptible to HIV infection than either
memory or naive TCR-stimulated CD4 T cells.”® In support
of these findings, HIV-infected individuals have diminished
numbers of CD4" iNKT cells.”*’®" Thus, CD4 plays a role
in iNKT cell pathology in HIV and is correlated with distinct
functional subsets of human iNKT cells.

Rapid and robust iNKT cell cytokine response

Historically, NKT cells were discovered as the source of early
IL-4 secretion following in vivo stimulation with antibodies to
CD3e."*%983 T this day, the early (i.e. 60-90 min following
aGalCer or anti-CD3e injection) and robust secretion of cyto-
kines remains the most notable functional feature of iNKT cells.
Following stimulation through their TCRs, iNKT cells have
been reported to secrete IL-2, IL-4, IL-5, IL-10, IL-13, IFN-y,
TNF-o, CSF-2, lymphotactin, macrophage inflammatory pro-
tein (MIP)-1o, MIP-1f3 and RANTES (reviewed in 17). The
diversity of cytokines and other soluble messengers synthesized
suggests that iNKT cells have a T-helper (Th) phenotype
(Fig. 2). It is noteworthy that iNKT cells express cytokines in
a developmental and age-dependent manner.”>">%*%5 Imma-
ture mouse NK1-1-negative iNKT cells’>> and neonatal
human cord blood iNKT cells preferentially secrete IL-4.%
However, mature iNKT cells’>7># and those from older
mice® preferentially secrete IFN-y. The precise molecular
mechanisms and physiologic consequences of the developmen-
tal regulation of iNKT cell cytokine secretion remain unknown.
However, dysregulation of iNKT cell cytokine secretion and
iNKT cell overactivation in SOCS-1-deficient mice result in
severe hepatic injury.®® Furthermore, administration of aGalCer
to mice results in significant liver injury and death in old mice,
an aGalCer effect that could be inhibited by antibodies to IFN-
v, but not IL-4.3 Also, aGalCer activated iNKT cells from
older, but not younger, mice exhibit Fas ligand (FasL) up-
regulation.®® Antibody blockade of FasL partially ameliorates
the in vitro cytotoxicity of activated INKT cells.®* Thus,
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Figure 2. The immunological functions of iNKT cells. iNKT cells participate in cross talk between members of the innate and the
adaptive immune system by deploying cytokine/chemokine messengers. Upon activation in vivo, iNKT cells rapidly secrete several
cytokines/chemokines. Of these cytokines/chemokines, IL-4, CSF-2, MIPla and MIP1f facilitate the recruitment, activation and
differentiation of macrophages and dendritic cells resulting in the production of IL-12 and possibly other factors. IL-12, in turn,
stimulates NK cells to secrete IFN-y. Along with IL-12, IFN-y can polarise the differentiation of antigen-activated CD4" T cells
towards a Th1 phenotype. IL-4 can skew the differentiation of CD4" T cells towards a Th2 phenotype. IL-4 can also activate B cells
in vivo resulting in their differentiation to antibody secreting-plasma cells. Thus iNKT cells have the potential for jump-starting an

immune response.

inappropriate iNKT cell activation can result in serious hepa-
totoxicity and perhaps death.

Activation of iNKT cells requires signalling through their
TCR and through costimulatory receptors. Thus, a blockade of
CD28, CTLA-4, CD80, CD86, CD40 and CDA40 ligand
(CDA40L) prevents iNKT cell activation.**5° The physiological
role of killer inhibitory receptors (KIR) in iNKT cell activation
is not fully understood. However, antibody-mediated cross-
linking of NK1:1 has been demonstrated to activate NKT
cells.'>¥7#8 Contrarily, activation of iINKT cells by aGalCer
is inversely correlated with Ly49 expression.®® Because H2D®, a
KIR ligand, interacts with Ly49, a KIR, its expression by
immature DCs inhibits the activation of sorted NK1-1"TCR*
cells.”® Thus, iNKT cell activation is tightly regulated, as would
be expected for a lymphocyte population exhibiting self-antigen
recognition that might ordinarily damage tissues wherein they
reside.

The activation of iNKT cells in vivo results in the prompt
secretion of both IL-4 and IFN-y.”"%? A recent study demon-
strated that aGalCer-pulsed DC activates iNKT cells in vivo and
stimulates IFN-y secretion.” However, a careful examination of

the cell type that secretes IFN-y in response to aGalCer in vivo
revealed NK cells as the major source of this cytokine.”>**
aGalCer-activated iNKT cells stimulate IL-12 production by
DCs in a CD40L-dependent manner. Further, antibody inhibi-
tion of IL-12 suppressed the IFN-y levels following aGalCer
administration.>>™’ Thus, iNKT cell activation mediated by
aGalCer presented by DCs in turn elicits IL-12 from DCs and
consequent activation and IFN-y secretion by NK cells (Fig. 2).

Immune consequences of iNKT cell cytokines

The prompt IL-4 secretion upon stimulation of iNKT cells by
aGalCer in vivo also has functional consequences. IL-4 acti-
vates B cells, as inferred from the expression of the early
activation marker CD69.”>°% Expression of CD69 is induced
within 6 hr of aGalCer treatment.”? Activated B cells are also
induced to express CD86, the ligand for the T-cell co-stimula-
tory molecule CD28.°" Within 5 to 6 days, aGalCer adminis-
tration also induces IgE secretion,**"*° a hallmark of the Th2
immune response. Additionally, the stimulation of iNKT cells
by aGalCer at the time of immunization with nominal antigen
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results in antigen-specific IgE response.*°! Thus, IL-4 secreted
by activated iNKT cells has a Th2 polarizing effect in response
to antigen in vivo (Fig.2).

aGalCer-activated iNKT cells cross-talk with CD8™ T lym-
phocytes.'®!°! Such communication between NKT cells and
CD8" T lymphocytes is absent in CD1d1- and Jal8-deficient
mice. Activation of CD8" cells requires CD1d1 for the pre-
sentation of aGalCer as well as CD40-CD40L interactions
between iNKT cells and DCs.'°*'°! CD8" lymphocytes thus
activated possess the ability to secrete IFN-y as well as mediate
cytotoxicity. In the presence of a tumour, specific CD8' T
lymphocytes were elicited rapidly.'® Thus, iNKT cells acti-
vated by aGalCer in vivo can communicate with CD8* T
lymphocytes as well. Recent evidence suggests that DC matura-
tion induced by activated iNKT cells facilitates communica-
tions with CD8™ T lymphocytes.'*"

iNKT cells function to enhance immunity in vivo through the
adjuvent-like activity of aGalCer.>'°"1%% In contrast, they are
also known to suppress immunity, as seen in the maintenance of
immune privilege”® and the down-modulation of autoimmune
diseases.*>19-197 Mechanistically, how do iNKT cells mediate
such opposing effects on the adaptive immune response? iNKT
cell activation by DCs to produce IFN-y may have important
functional consequences.”® It is possible that activation of iNKT
cells by DCs at the site of injury causes sustained IFN-y
secretion. Alternatively, iNKT cells in the area immediately
surrounding the site of injury may preferentially secrete 1L-4
and/or promote anergy.m8 Also, iNKT cells lose NK1-1 expres-
sion upon activation,'® which has been correlated with pre-
ferential IL-4 secretion.””” IL-4 and CSF-2 secreted by iNKT
cells could influence DC maturation which then promotes Th2
responses.'® Thus, iNKT cells during the first few days of an
infection may promote the elimination of the invading patho-
gen, while suppressing the damage of healthy tissues surround-
ing the site of the infection. This mechanism may explain the
duality of iNKT function.

Activation of iNKT cells in vivo results in their cell death, as
evidenced by significant binding of annexin-V by 12-24 hr post-
activation.''® However, DCs presenting aGalCer stimulate
sustained production of IFN-y from activated iNKT cells over
several days.”®> Activated iINKT cells also down-regulate the
expression of NK1-1,'% precluding their detection. Thus, in
contrast to previous assumptions, it is possible that a subset of
originally activated iNKT cells survive aGalCer treatment and
mediate sustained effector function(s).

iNKT CELL ONTOGENY
Central aspects of iNKT cell development

The developmental origin of iNKT cells has been an issue of
much debate, with both thymic'''~'"® and extrathymic''*-'16
sites suggested. More recent studies employing CD1d-oGalCer
tetramer and real-time RT-PCR for the Val4-Jal8 a-chain gene
rearrangement in athymic nu/nu mice failed to provide evidence
for the development of iNKT cells in the absence of a functional
thymus.”*"'7 Although previous studies described the devel-
opment of NK1-1"TCR™ lymphocytes in the fetal liver as early
as embryonic day 9,"'*''® more recent studies failed to demon-
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strate. CD1d1-aGalCer tetramer positive cells within this
site.”*”> iNKT cells develop in fetal thymic organ cultures
(FTOCs), and, consistent with their postnatal ontogeny in mice,
they appear after conventional CD478~ and CD4~ 8™ single-
positive cells.®*’*!"® Additionally, DP thymocytes of CD1d-
deficient mice contain precursors of iNKT cells, which develop
in CD1d-competent but Jal8-deficient mice following intrathy-
mic, but not intravenous, injection.1 '7 Further elucidation of the
developmental pathway revealed that early, immature iNKT
cells express their TCR prior to the acquisition of NK1-17277
and DX5 markers.” Immature, NK1-1-negative iNKT cells
proliferate strongly.”>”>"'7 Intrathymic injections of fluores-
cin, and tracking of recent thymic emigrants (RTE) revealed that
an unusually large proportion of total thymic efflux consists of
iNKT cells in young mice.”>"*"''° These studies, taken together,
provide strong evidence for late fate specification of iNKT cells
and the thymus as the predominant if not the only site of early
iNKT cell development.

iNKT cell development critically depends on the interaction
of the putative NKT cell precursors with CD1d-positive thymic
haematopoietic cells.5¢!!!=113-120-121 Thjq interaction is unu-
sual, in that positive selection of conventional T lymphocytes
depends on interactions with MHC molecules of the thymic
cortical epithelium (Fig.3). What part this unconventional
interaction plays in iNKT cell fate specification remains
unclear.

iNKT cells, akin to conventional T lymphocytes, undergo
negative selection by a mechanism which appears to depend on
affinity and avidity.''® Thus, overexpression of CD1d1 under
the control of the H2K® promoter caused significant deletion of
CD1d1-aGalCer tetramer-reactive iNKT cells.''® Furthermore,
addition of aGalCer, a high-avidity ligand, to FTOC also
resulted in the deletion of developing iNKT cells.''® However,
in agreement with previous observations, once iNKT cells
develop, they are insensitive to deletion by oGalCer.'>!''®
Interestingly, addition of aGalCer-loaded DCs, but not thymic
epithelial cells, to FTOC mediates negative selection.''® Thus,
iNKT cells undergo both positive and negative selection under
the control of CD1d-presenting endogenous lycolipid antigens
(Fig. 3).

The molecular and developmental bases for the acquisition
of an unconventional phenotype by iNKT cells are poorly
understood. However, current evidence suggests a developmen-
tal relatedness of iNKT cells to NK cells. iNKT cell develop-
ment is impaired in mice deficient in Ets1,'** myeloid elf-I-like
factor (Mef),'* interferon-regulatory factor (Irf)-1 124 and lym-
photoxin (Lt)aB'? at distinct stages (see Fig. 4). Ets1- and Fyn-
deficient mice are severely impaired in iNKT cell development
and function.'®*'?*127 Interestingly, Etsl is expressed in both
conventional T lymphocytes and NK cells.'?®'?° Ets1- and Fyn-
deficient T cells display defects in TCR signal transduc-
tion.'?®13% Conventional T cells develop in Etsl- and Fyn-
deficient mice.'?®'*° These results taken together suggest that
the quality of TCR signalling during iNKT cell commitment is
critical for their development.

Another interesting similarity between iNKT cells and NK
cells is the ontogenetic expression of KIR such as Ly49 family
members. NK cells during development interact with stromal
MHC class I molecules. Through the mediation of Src homol-
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Expansion of pre-T cells and
differentiation to DP T cells

Expansion of pre-T cells and
differentiation to DP T cells

Positive selection on
haematopoietic cells

Positive selection on thymic
epithelial cells

Negative selection on
thymic dendritic cells

Negative selection on
thymic dendritic cells

Efflux to the periphery via
blood and lymphatics

Efflux to the periphery and
thymic residency

Figure 3. A schematic of cell-to-cell interactions during positive and
negative selection in the thymus. Conventional T and iNKT cells
develop in the thymus, and share DN T-cell precursors. However,
positive selection of iNKT cells proceeds via interactions with haema-
topietic cells, while conventional T cells require thymic epithelium for
the positive developmental signal. Negative selection of both conven-
tional T and iNKT cells is mediated by thymic dendritic cells. Both
conventional T and iNKT cells are exported to the periphery following
successful thymic education; however, a subset of iNKT cells remain
thymic residents. Thus, conventional T and iNKT cells have distinct
cellular requirements during positive and negative selection.

ogy region 2 domain-containing phosphatese (Shp)-1 phospha-
tase, the interaction of KIR with self MHC inhibits NK cell
activation and hence the killing of self.'*""'*> Expression of KIR
by iNKT cells correlates with prolifation arrest and concurrent
maturation.”~” Thus, subsequent interactions with self through
the TCR may be regulated by Shp-1.7

Phenotype

IL-7/IL-7 Rat

CD1d
Jol18

CD4Migh Cp-FG loop
CD44owimed st
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S
CD4 or
CD48' IL-2RB
CDa4isn IL-15/IL15R
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4 L
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Figure 4. Molecular control of iNKT cell development. The develop-
ment of a functional repertoire of iNKT cells requires progression
through several developmental intermediates in the thymus, export to
the periphery and homeostatic proliferation in resident organs. In the
column on the right are molecular factors required for iNKT cell
progression past the stage shown in the middle column. The phenotype
of the developmental intermediate is shown in the left column.

In adult mice, iNKT cells express CD4 or neither CD4 nor
CDS8 co-receptors. Further, transgenic overexpression of CD8
inhibits the development of iINKT cells.%® An interpretation of
this finding is that CD8 enhances the already putatively strong
interaction of the Val4Jal8 TCR and the selecting self-antigen
and causes negative selection of developing iNKT cells. If true,
this would preclude a DP precursor iNKT cell. An alternative
possibility is that forced overexpression of CD8 might alter the
delicate balance of Src kinases associated with co-receptor
chains on developing iNKT cells. This is especially pertinent
considering the following points. (1) iNKT cell development is
very sensitive to alterations in the levels of cellular Src kinase.
Both Lck® and Fyn®® animals completely lack iNKT
cells.'*®'?” In contrast, a significant degree of Lck-Fyn
cross-compensation is observed in conventional T-cell devel-
opment.'** (2) The cytoplasmic chain of CD$ interacts with
Lck, albeit less avidly than with CD4'**. Endogenous CDS is
often alternatively spliced in thymocytes to remove the Lck-
interacting site.'* Thus, one would hypothesize that transge-
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nically overexpressed CD8'*® might bind and remove a sig-

nificant amount of limiting Lck from the iNKT cell synapse
during ontogeny. This quenching of Lck activity might impact
iNKT cell development far more severely than it does conven-
tional T-cell ontogeny. This alternative explanation fully sup-
ports a model for iNKT cell development via a DP precursor.

Cytokine control of iNKT cell development

Akin to conventional T-cell development, cytokines provide
important signals for iNKT cell ontogeny. For example, mice
deficient in IL-7Ra or IL-7 develop very few iNKT cells and
conventional T cells.®®'37 In the thymus, both populations are
equivalently affected by deficient IL-7 signalling.®® In contrast,
peripheral iNKT cells are significantly impacted by IL-7Ra
deficiency compared with conventional T cells.®® Thus, signal-
ling via receptors utilizing IL-7Ra not only impairs the early
DN stage of lymphopoiesis'>® but also plays a preferential role
in providing survival signal to exported iNKT cells.8%137

Explanted thymocytes incubated with IL-7 for 5 days con-
tain an enriched population of iNKT cells, which have under-
gone several cell divisions as demonstrated by [5—(6-)
carboxyfluoresceindiacetate succinimidyl ester (CFSE) dye
dilution experiments.” IL-7Ra. levels on immature (NK1-17)
and mature (NK1-17) iNKT cells are roughly equal.75‘88 Mature
iNKT cells preferentially express IL-2/15R[3, whereas neither
mature nor immature iNKT cells express IL-2Ra.%> Preferential
expression of IL-2/15Rf but not IL-2Ra on mature iNKT cells
suggests that IL-15 may play a significant role in their home-
ostasis. Indeed, mice deficient in IL-15%1% or its recep-
tor'“®!*! have diminished numbers of thymic iNKT cells
(Fig.4). There is a specific reduction in the proportion of mature
but not immature thymic iNKT cells; about a two-fold reduction
in the splenic and a much greater reduction in the hepatic iNKT
cells.®®13° The importance of IL-15 to liver iNKT cells will be
discussed below.

Deficiency of both IL-7 and IL-15 results in a complete
absence of iNKT cells.®® Both IL-7 and IL-15 have the common
v chain (yc) as a component of their cognate receptor com-
plexes. It is therefore surprising that mice deficient in yc have
been reported to have a significant population of iNKT cells.'*>
These cells are NK1-1-negative, Ly49C-negative, and IL-2/
15RB™Y; they express a biased VP repertoire, produce IL-4
upon in vitro stimulation, and have mRNA encoding rearranged
Val4-Jal8 gene segments.'** This finding was interpreted to
mean that these cells are immature iNKT cell precursors,'*?
consistent with more recent work.”>™”° Interestingly, poor sur-
vival of these iNKT cells in vitro was significantly reconstituted
by the addition of thymic stromal lymphopoietin (TSLP), a
cytokine which shares the IL-7Ra subunit with the IL-7 recep-
tor,'*® suggesting that TSLP may function as a survival factor
for iNKT cells.'** However, the physiological role of TSLP in
vivo has not yet been investigated. While the recent study of the
function of IL-7 and IL-15, cytokines utilizing yc as a part
of their cognate receptor complex, was carried out with older
(615 weeks old) mice,® the earlier study used younger
(4-10weeks old) yc-deficient animals.'** As iNKT cells
develop postnatally,*''"” the role of cytokines utilizing yc
may be more important in older mice.
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The importance of IL-15 in the maturation and/or survival of
iNKT cells is underscored in mice deficient in Irf-1.'** They
show a similar iNKT cell phenotype to IL-15-deficient mice. Irf-
1-deficient mice have diminished /L-15 mRNA expression
following stimulation of bone marrow-derived cells. In vitro
supplementation with IL-15 results in increased numbers of NK
and NK1-1"TCR™ cells."** Thus, dependence on signalling
through the IL-15 receptor complex is a common feature of
iNKT and NK cells.

Molecular and cellular features of peripheral iNKT cells

Molecular and cellular features of peripheral iNKT cells are
exported from the thymus as both NKI1-1~ immature and
NK1-17 mature lymphocytes. Interestingly, iNKT cells form
a large proportion (about 4%) of RTE.”>’* The majority of RTE
iNKT cells are NK1-1-negative and incorporate bromodeox-
yuridine (BrdU).”*7* Other experiments have demonstrated that
splenic iNKT cells show significant labelling with annexin-V at
steady state, which is highly up-regulated following stimulation
with aGalCer, anti-CD3e or IL-12.50"10144145 Thece results
strongly suggest that iNKT cells are in a dynamic flux between
cell proliferation and cell death. Somewhat surprisingly, splenic
iNKT cells express high levels of Bcl-2, and are highly radio-
resistant compared with conventional T cells.'*®147 Thys, the
dynamics of Bcl-2 family member expression and the mechan-
isms of cell survival and cell death of iNKT cells at steady state
and following various types of stimulation warrant further study.

The size of the iNKT cell pool in the periphery is dependent
on thymic eflux as well as the balance of proliferation, survival
and death. Surprisingly, and in contrast to the requirement for
trafficking-competent CD1d during iNKT cell development,
CD1d expression appears not to be important for iNKT cell
survival and proliferation in the peripheral organs.®® However,
cytokines such as IL-15, and to a lesser extent IL-7, provide a
critical impetus for their proliferation and survival in the
periphery.3® Interestingly, iNKT cells do not seem to have a
separate niche, as the extent of proliferation upon cell transfer
into wild-type and iNKT cell-deficient Ja18%° mice is roughly
equal.® However, NK and CD8 memory T cells strongly
compete with iNKT cells for IL-15.%® Furthermore, depletion
of NK cells found in RAG1%° by anti-asialo-GM1 or irradiation
strongly enhanced the homeostatic proliferation of iNKT cells
in vivo.®® Transgenic overexpression of IL-7 in IL-15-deficient
animals did not increase the thymic complement of iNKT cells,
and only partially rescued the liver complement.®® In addition,
the absence of IL-7 in recipient animals did not impact homeo-
static proliferation of iNKT cells, arguing against a preferential
role of this cytokine in peripheral NKT cell survival.®® As noted
earlier, IL-7 deficient mice develop few iNKT cells; in the
thymus their deficit is proportional to conventional T lympho-
cytes but in the periphery iNKT cells are impacted more than
conventional T cells.®® It is likely that this disparity may have
to do with iNKT cell efflux to the periphery under conditions of
IL-7 deficiency. Thus, iNKT cells share ‘space’ with NK cells
and to a lesser extent with memory CD8 lymphocytes.®®

The development of a full complement of hepatic iNKT cells
has additional requirements compared with the splenic popula-
tion. In addition to IL-15 and Irf-1 deficiencies, which mostly
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affect hepatic iNKT cells, leukocyte function-associated anti-
gen (LFA)-1 deficiency also diminishes their number in the
liver.%®'*® iNKT cells express LFA-1, as well as its ligands
intercellular adhesion molecule (ICAM)-1 and ICAM-2.'%°
Interestingly, while the expression of LFA-1 on iNKT cells
was not essential for their migration to the liver, bone-marrow
reconstitution experiments demonstrated that LFA-1 on hema-
topoietic cells was essential for the development of liver iNKT
cells.®® A resolution of this conundrum was offered by the
finding that a full NK cell complement in the liver was essential
for the homing of iNKT cells to that organ.'*® These results also
help explain the preferential requirement for IL-15 in the
development of a full liver iNKT cell compartment. As IL-
15-deficient animals have an almost complete loss of NK
cells,'* iNKT cells may be unable to home to the liver as a
consequence of the NK cell deficit. Thus, the evidence suggests
that LFA-1 on NK cells interacts with its ligands on iNKT cells
during the latter’s circulation and causes their accumulation in
the liver.'*

As alluded to earlier, iNKT cells respond to a CDI1d-
restricted self-antigen(s). This property of iNKT cells prompts
an important question: How does an innate self-recognizing
lymphocyte develop and maintain tolerance, but acquire the
capability to respond to self-antigen upon breach of tissue
integrity? Although this question remains unanswered, the
solution of the puzzle might lie within ontogenetic program-
ming of iNKT cells. Thus, further studies of factors that
influence iNKT cell ontogeny are warranted.

EPILOGUE: A HYPOTHETICAL MODEL FOR HOW
CD1D CONTROLS INKT CELL FUNCTION

The control of iNKT cell response by CD1d depends on its
function as a lipid antigen-presenting molecule. The recognition
of CD1d-bound lipid by iNKT cells depends on the nature of its
antigen-specific receptor. The identity of the naturally pro-
cessed antigen(s) recognized by iNKT cells remains elusive.
On the basis of our current knowledge of CD1d-iNKT cell
biology, we can surmise the following regarding the features of
the naturally processed iNKT cell antigen(s). (1) Despite the
fact that PI and Pl-glycans are natural CD1d ligands,>"*® they
are rare iNKT cell antigens.>** (2) An a-anomeric glycolipid
may be an elusive natural iNKT cell antigen.>? (3) a-anomeric
glycolipids are rare in the animal kingdom, and have not been
detected in mammals.'>® We predict that the recognition of
infectious agents by antigen-presenting cells induces the synth-
esis of an a-anomeric glycolipid transiently, which when pre-
sented by CD1d stimulates iNKT cells.

The activation of iNKT cells in the absence of microbe-
derived antigen presentation by CD1d is noteworthy.'>" iNKT
cells function in immune surveillance against spontaneously
arising tumours, which do not express CD1d.*® Additionally,
iNKT cells are quiescent in the absence of infectious stimuli.'>>
For these reasons, we hypothesize that the iNKT cell antigen is
inducible. Recently, a role for CD1 in monitoring membrane
integrity has been evoked because CD1 molecules bind and
present lipids and glycolipids to specific T cells."”® As an
extension of this hypothesis, we speculate that infectious assault
or glucose starvation induces an unfolded protein response.'>*

The unfolded protein response increases cytosolic inositol
levels, a key step in the induction of membrane biogenesis,'>*
through its role in regulating phospholipid biosynthesis.'>>'>
Phospholipids and glycolipids play an important structural role
in maintaining membrane integrity. Thus the induction of the
unfolded protein response may include the biosynthesis of neo-
self lipids that are normally not encountered by iNKT cells.
Encounters with the neo-self glycolipid, probably the elusive o-
anomeric glycosylceramide, would stimulate iNKT cells.
Because the products of the unfolded protein response are
similar, irrespective of the cause,'>* the induction and presenta-
tion of a common antigen are postulated to occur during
microbial infections. A virtue of involving the unfolded protein
response in the CD1d-iNKT cell antigen presentation-recogni-
tion system is the rapidity and short half-life (about 2 min) of the
induced products.'>* These features may explain the ephemeral
nature of the iNKT cell antigen.

Thus, in our model, CD1d functions as a sensor, to detect
alterations in cellular lipid content by virtue of its inherent
affinity for such ligands. The presentation of a neo-self lipid
upon infectious assault of antigen-presenting cells activates
iNKT cells, which promptly release pro- and anti-inflammatory
cytokines and chemokines to jump-start the immune system
(Fig. 2). In this regard, iNKT cells may be akin to an enzyme in
that they might function by lowering the ‘energy of activation’
required for the initiation of an immune response. In doing so,
the immune system is alerted by the entry of only a few
intruders, as occurs in natural infections. Identification of the
elusive natural antigen of iNKT cells will shed more light on
how the CD1d-iNKT cell system functions in vivo, especially
with regard to how the antigen is expressed and presented to this
unique subset of T lymphocytes.
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