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Summary

Invariant natural Killer T (iNKT) cells comprise a rare lymphocyte sublineage with phenotypic and
functional properties similar to T and NK cells. Akin to conventional afp T cells, their
development occurs primarily in the thymus, where they originate from CD4*CD8* double
positive (DP) progenitors. However, the selection of iNKT cells is unique in that it is mediated by
homotypic interactions of DP cells and recognition of glycolipid antigen-CD1d complexes.
Additionally, iNKT cells acquire an activated innate-like phenotype during development that
allows them to release cytokines rapidly following antigen exposure. Given their hybrid features,
it is not surprising that the developmental program of iINKT cells partially overlaps with that of T
and NK cells. Several recent reports have provided new and exciting insights into the
developmental mechanisms that direct NKT cell lineage commitment and maturation. In this
review, we provide a discussion of the NKT cell developmental program with an emphasis on the
signaling mechanisms and transcription factors that influence the ontogeny of this lineage.
Continued investigations of the complex interplay of these transcription factors and their
relationship with other extracellular and intracellular signaling molecules will undoubtedly
provide important clues into the biology of this unusual T-cell lineage.
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Introduction

Natural Killer T (NKT) cells are a heterogeneous subset of T lymphocytes that are
developmentally and functionally distinct from conventional CD4* and CD8* T cells. While
T and NKT cells both originate in the thymus, the requirements for their selection are
divergent. Specifically, conventional T cells are selected by peptide antigens in complex
with major histocompatibility complex (MHC) class I or Il molecules present on the surface
of thymic epithelial cells, whereas NKT cells develop following selection by self glycolipid
antigens in complex with the MHC class I-like molecule CD1d, when presented by
CD4*CD8* double positive (DP) thymocytes. Additionally, NKT cells are characterized by
several distinguishing traits, including the expression of NK cell-specific surface markers, a
restricted T-cell receptor (TCR) repertoire, and an innate memory-like phenotype. As a
consequence of their activated phenotype, NKT cells rapidly secrete copious quantities of
Th1 and Th2 cytokines after activation through the TCR and are now recognized to play an
important role at the interface between the innate and adaptive immune systems. To acquire
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their functional properties, NKT cell progenitors must respond to cues provided to them in
the thymus by regulating the expression of transcription factors that further promote their
development. We review the steps involved in NKT cell ontogeny and discuss recent
advances made in the field that identify transcription factors critical to the development of
this unique cell lineage.

Phenotypic and functional properties of NKT cells

Several NKT cell subsets exist in humans and mice that differ in their pattern of expression
of surface markers as well as their functional properties. Some of these subsets are discussed
below and their salient features summarized in Tables 1 and 2.

Type | NKT cells

In the mouse, type | NKT cells, also known as “classical’ or ‘invariant’ NKT cells (hereafter
referred to as iINKT cells), express an invariant TCR that is composed of a common a-chain
(Val4-Jal8) in combination with a limited number of B-chains (VB8.2, VB7 or VB2) (1,2).
This invariant TCR confers reactivity to glycolipid antigens, as exemplified by the model
iNKT cell agonist a-galactosylceramide (a-GalCer), which was originally isolated from the
sea sponge Agelas mauritianus (3). The development and use of a-GalCer-loaded CD1d
tetramers has greatly facilitated the study of iNKT cells and it is now clear that murine a-
GalCer-CD1d tetramer reactive cells are made up of at least two populations based on their
expression of CD4, including CD4* and CD4~CD8™ double negative (DN) subsets, as well
as NK1.1 (NK1.1" and NK1.17) (1,2,4). An NK1.1™ population exists in the thymus, which
likely represents a pool of immature cells (5,6), as well as in the periphery. Extra-thymic
NK1.1™ cells are comprised in part of immature cells that have emigrated from the thymus
(5-7), as well as mature iNKT cells that have down-regulated the NK1.1 receptor following
antigenic encounter. Indeed, in vitro stimulation NK1.1* iNKT cells leads to the down
regulation of NK1.1 expression (8).

Human type | NKT cells express a TCR that is made up of the Vo24-Jal18 and V11 a- and
B-TCR chains, which like its murine counterpart, reacts with lipid antigens such as a-GalCer
(3,4,9-11). Mature human NKT cells from the blood express CD161 (a marker equivalent to
murine NK1.1), and are CD4*, DN or CD8%(12,13). It is not known why human NKT cells
express the CD8 marker, as there is no evidence that this molecule is required to bind to
CD1d during development in mice (14). The functions of different subsets of human
peripheral blood iNKT cells are not yet well understood; however, the CD4*, DN or CD8*
subsets appear to differ in their profiles of gene expression, cytokine production, and ability
to activate bystander cells (15-18).

In the mouse, iINKT cells are found primarily in the liver, thymus, and spleen, where they
constitute up to 30-40%, 1%, and 0.5% of the lymphocytes within these organs, respectively
(19-21). They are less abundant in peripheral lymph nodes. The distribution of NKT cells is
less well studied in humans; however, iINKT cells comprise 0.008-1.176% of peripheral
blood T cells (22), 0.001-0.01% of total human thymocytes (12,13), and 1% of liver
lymphocytes (19-21).

Type Il NKT cells

Type I NKT cells are a CD1d-restricted population of cells that in the mouse exhibit
heterogeneous TCR of3 chain usage with some cells expressing a recurrent Va3.2-Ja9/V[38
or Va8/V[38 chain combination (1,4). Although type Il NKT cells were first described over a
decade ago, less progress has been made in their characterization compared to type | NKT
cells. This lack of progress has been largely due to the absence of specific surface markers
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and agonistic antigens for this population. Recently, it was reported that sulfatide, a self-
glycolipid derived from myelin, specifically stimulates a fraction of type 11 NKT cells and
that these cells can be detected with tetramers composed of sulfatide-CD1d complexes (23).
Using these tetramers, it has been determined that type Il NKT cells are significantly fewer
in number than their type | counterparts in the mouse spleen (23). However, it is important
to note that the sulfatide-CD1d tetramers do not recognize the Va3.2-Jo9 and Va8 subsets
(23), implying that the sulfatide-CD1d reactive cells do not include the entire population of
type Il cells. Type Il NKT cells have been detected in the livers of human hepatitis patients
(24). Other antigens, such as lyso-sulfatide, (an analog of sulfatide) and phenyl 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonate have been reported to recognize certain type Il
NKT cells in mice (25) and humans (26), respectively. In the mouse, type 11 NKT cells
appear to be comprised of CD4*, CD4~CD8~, NK1.1*, and NK1.1~ subpopulations (27,28).

of Type I and Type Il NKT cells

Stimulation of murine type | NKT cells with a-GalCer or other bacterial or mammalian
glycolipids results in the rapid production of cytokines and upregulation of co-stimulatory
receptors, which activates numerous other immune cell types including dendritic cells, and
macrophages, as well as NK, B and T cells (29,30). As a result, activation of iNKT cells is
known to modulate an array of normal and pathogenic immune responses (29,30). Type |
NKT cells mediate protection against certain infections and cancers by virtue of their
production of Th1 cytokines (IFN-y and IL-12) (29) and can also promote specific diseases
through secretion of Th2 cytokines (IL-4 and IL-13), as in the case of asthmatic allergen-
induced airway hypersensitivity (31). However, they also down regulate inflammatory
responses in murine graft versus host disease (GVHD) (32) and human multiple sclerosis
(33). Type Il NKT cells also mediate both inflammatory and suppressive roles in different
disease models (29). While they promote inflammatory responses in hepatitis (24,34) and
ulcerative colitis (35), they act as regulatory cells in experimental autoimmune encephalitis
(EAE) (23), type | diabetes (36), and GVHD (37). Furthermore, in a recent study,
Ambrosino et al. (38) demonstrated that not only do type | and type Il NKT cells have
opposite roles in tumor immunity but that they can also counter-regulate one another’s
activity.

Other NKT-like cell populations

Additional ‘NKT-like” T-cell populations have been described in humans and mice,
including MHC molecule related-1 (MR-1)-restricted mucosal associated invariant T
(MAIT) cells (39), thymocyte-selected CD4* T cells (T-CD4*) (40), unique populations of
innate-like CD8" T cells that emerge in mice with impairments in TCR signaling such as
animals lacking expression of the Tec kinase ITK (41) the Inhibitor of DNA binding factor
1d3 (42) or the transcription factor KLF2 (43), or expressing the SLP-76 Y 145F mutation
(44), and finally the y1.1*56.3* subset of v T cells (45). Interestingly, many of these
lineages share properties with iINKT cells, such as co-production of IL-4 and IFNy upon
activation, expression of the promyelocytic zinc finger (PLZF) transcription factor and
reliance upon the signaling lymphocytic activation molecule (SLAM)-associated protein
(SAP) for their development (see below). Some of the characteristics of these other NKT-
like lineages are summarized in Table 2.

Models for iNKT cell development

Similar to conventional T cells, development of iNKT cells occurs in the thymus. These
cells are absent in nude mice (5,46), fail to develop in thymectomized mice (47,48) and are
first detected in the thymus in the perinatal period (6,7,49,50). Historically, there have been
two schools of thought regarding the intrathymic development of iNKT cells. While some
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investigators believe that iINKT cells develop from a distinct precursor, others support the
idea of a common T cell precursor pool. Accordingly, two models have been proposed to
explain the lineage choice of iINKT cell ontogeny (51). The ‘committed precursor’ model
suggests that iINKT cells develop very early during embryogenesis, even prior to the
development of the thymus or appearance of the conventional T cells. In contrast, the ‘“TCR
instructive’ model proposes that it is only after the Val14 to Ja18 rearrangement that iNKT
cell lineage commitment and further differentiation occurs (52). The application of CD1d
tetramers has made it possible to clarify some of these original controversies. Consistent
with the instructional model, it is now clear that both conventional aff T cells and iINKT cells
proceed through the same early triple negative (CD3™ CD4~CD8") stage and have almost
identical signaling requirements for the development of their respective precursors (53) (Fig.
1). Rather, it is during the double positive (CD4+*CD8™) stage that V14 to Jul8
rearrangement and invariant TCR expression occurs, which dictates NKT lineage
commitment (54-57). Analysis of individual T-cell hybridomas with Va14-Ja18
rearrangements on one chromosome revealed the presence of other Va to Jo rearrangements
on the homologous chromosome, implying that selection of the invariant a-chain rather than
a directed rearrangement may be responsible for the restricted TCR repertoire (52).

Positive and negative selection of iNKT cells

Conventional T cells undergo positive or negative selection, which is primarily determined
by the avidity of TCR-ligand interactions. When T cells have low-to-intermediate reactivity
to self-peptide/MHC class | or class 11, they are positively selected and differentiate into
mature CD8" or CD4" single positive (SP) T cells. On the other hand, T cells with high
reactivity for self-peptide-MHC complexes are eliminated via negative selection. The net
result of these interactions allows for the generation of T cells with low recognition for self
and elimination of potentially auto-reactive cells. Although less well understood than inaf§ T
cells, it is currently believed that NKT cells also undergo positive and negative selection
events, which allow for the elimination of highly autoreactive cells while preserving a
functional pool of cells.

Positive selection

NKT cells are absent in CD1d ™/~ mice and in bone marrow chimeric mice that lack CD1d
expression on DP thymocytes (47,58,59). Conversely, they develop normally in pLck-
hCD1d transgenic mice (on a CD1d ™/~ background) that express CD1d under the control of
the proximal Lck promoter, where CD1d is exclusively expressed on cortical thymocytes
(60). These experiments demonstrate the critical requirement for CD1d expression,
particularly on DP cortical thymocytes, for the positive selection of NKT cells. Additionally,
for efficient NKT cell selection, CD1d must recycle through specific intracellular pathways,
where it can be loaded with endosome- or lysosome- derived antigens (30). The adapter
protein AP-3 and prosaposin play important roles in the loading of glycolipids into the
CD1d groove. AP-3 binds to the cytoplasmic tail of CD1d and directs the trafficking of
CD1d to lysosomes, where endogenous glycolipids are processed and loaded onto CD1d
(61). Prosaposin is a protein precursor to four saposins (A, B, C and D), small lysosomal
glycoproteins that are required for the processing and hydrolysis of sphingolipids (62).
Indeed, antigen-presenting cells lacking AP-3 or prosaposin fail to properly activate iNKT
cells (63)s and AP-3- and prosaposin-deficient mice exhibit marked impairments in iINKT
cell development (63).

There is growing consensus in the field that the ligand for positive selection of iINKT cells is
most likely a self-antigen. Although a-GalCer is a strong NKT cell agonist, it is not
expressed in mammalian cells and thus is not considered to be a potential selecting ligand.
Other glycosphingolipids share structural similarities to a-GalCer, such as the endogenous
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lipid antigen isoglobotrihexosylceramide (iGb3). iGb3 is a relatively weak agonist compared
to a-GalCer and was initially favored as a candidate selecting antigen (64-67). However,
evidence regarding the role of iGb3 in NKT cell development has been conflicting. Data
supporting its role in NKT cell selection comes from the study of p-hexosaminidase-B-
deficient mice, which exhibit a dramatic reduction in thymic NKT cell numbers (62). -
hexosaminidase-B-deficient bone marrow—derived DCs can normally present several
complex derivatives of a-GalCer that require lysosomal processing prior to NKT cell
recognition, but they are not able to process and present iGb4 (the precursor to iGb3), which
requires removal of the outer B-branched hexosamine, for NKT cell recognition (68). On the
contrary, another study argued that it was not the lack of lysosomal iGb3 but rather a more
general defect in glycosphingolipid processing that disrupted NKT cell development these
animals (69). Furthermore, mice deficient in iGb3 synthase, an enzyme essential for iGb3
biosynthesis, exhibit normal NKT cell development (70). Thus is seems unlikely that iGb3 is
responsible for NKT cell selection. Several other classes of molecules such as
phospholipids, glycosphingolipids, gangliosides and galactosylceramides and their
derivatives have been proposed as possible candidates for positive selection (30); however,
due to lack of compelling evidence, their role in selection has remained questionable.

The TCR B chains of iINKT cells belong to a restricted set of VB families including V8,
V7 and VB2 in mice and VB11 in humans (1). This biased VB usage could reflect the
inability of the invariant TCR a chain to pair with other /s or instead it could be the
consequence of INKT selection (65). Expression of a rearranged Val14-Jal8 transgene in
CD1d-deficient mice leads to the emergence of T cells with a diverse VB repertoire (65). In
these T cells, the invariant TCR o chain pairs indiscriminately with a broad Vp repertoire,
ruling out the possibility of pairing biases. Furthermore, only the cells expressing the V7,
VB8 and VB2 could be stimulated by a putative endogenous ligand (CD1d expressed on
DCs) and iGb3, with similar VB7>VB8>Vp2 responses as is seen in primary iNKT cells
(65). As this affinity hierarchy of V3 chains directly correlates with their respective degree
of enrichment during thymic selection, it was proposed that primarily the process of positive
selection tailors the restricted VB repertoire of iINKT cells. Interestingly, two recent studies
provide evidence further corroborating the notion that the restricted TCR f repertoire is
shaped by positive selection (71,72).

Negative selection

For conventional T cells, most of the developing thymocytes expressing TCRs with high
avidity for self-peptides undergo negative selection. This step, however, is not as clearly
defined for INKT cells. Addition of a-GalCer to fetal thymic organ cultures (FTOC) results
in a dose-dependent reduction in NKT cell numbers (73,74). Treatment of mice with a-
GalCer via intraperitoneal injection from days 3 to 14 post-birth results in depletion of a-
GalCer loaded CD1d tetramer * cells, with no significant effect on any other T lymphocyte
populations (74). However, addition of this antigen to FTOC or in vivo administration at a
later stage after the development of iNKT cells does not impact the absolute numbers of
cells (74). Overexpression of CD1d on thymic stromal, dendritic cells or DP thymocytes in
transgenic mice causes a variable decrease in the number of iINKT cells (60,73). In these
mice, there are fewer iINKT cells expressing the higher affinity V8.2 TCR and more
expressing VB2, which is known to have a lower affinity for a-GalCer in the context of
CD1d (73). Collectively, these studies suggest that NKT cells are susceptible to negative
selection during their development. However, it must be recognized that the above-
mentioned studies each showed a failure of iINKT cell development, as opposed to the
deletion of formed iNKT cells. Thus, further studies are required to better understand
whether iINKT cells actually undergo negative selection, and if so, at what stage of
development and via which molecular mechanisms (2).
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Signals regulating the positive selection of INKT cells

Consistent with the importance of proper expression, processing and antigen loading of
CD1d for iNKT cell selection, the generation of the appropriate invariant CD1d-restricted
TCR is critical for the development of INKT cells at this stage. NKT cells are absent from
mice that are deficient in the Rag-1 or Rag-2 genes and in mice that lack the Jul8 TCRa
segment (75), and are profoundly diminished or absent in mice with deletion of molecules
that function to transmit TCR-generated signals, such as the CD3( chain, Lck, ZAP-70,
SLP-76, ITK, LAT and Vav, (44,76-81). Formation of the invariant TCR requires the proper
rearrangement of the a-chain gene segments to generate the characteristic Val14-Jal8
combination. Although the process of V(D)J recombination is stochastic, the probability of
selection of individual V and J segments is not equal and for more distal segments, such as
Ju18, requires more time to allow for the generation of multiple DNA excision circles (82).
Therefore, deletion of the genes that shorten the lifespan of DP thymocytes, such as BcL-xL,
RORyt, HEB, and cMyb (55,56,83,84) (see below), reduce the likelihood that progenitors
will survive long enough to rearrange the invariant TCR o chain with the end result being a
reduction in iINKT cell number.

iNKT cell development at the DP stage is highly dependent on signals generated by
engagement of the SLAM family (SLAMCS) of surface receptors, which are expressed on
developing NKT cell precursors as well as cortical DP thymocytes (Fig. 2). The SLAM
receptors include SLAM (CD150) itself, 2B4 (CD244), CD84, Ly9 (CD229), NK- T- and B-
cell antigen (Ly108 in the mouse), and CD2-like receptor activating cytotoxic cells
(CRACC, CD319). With the exception of 2B4, which interacts with CD48 as its ligand,
these receptors all function in a homotypic manner and bind to like receptors with high
affinity (85). SLAM receptor signaling is mediated SAP, which binds via its
phosphotyrosine-binding pocket to one or more conserved tyrosine-based motifs present
within the SLAM receptor cytoplasmic tails (86). Using a distinct region of its SH2 domain
centered at arginine 78, SAP also binds to the Src family tyrosine kinase Fyn, leading to an
increase in kinase activity and generation of a SLAM receptor-SAP-Fyn-mediated tyrosine
phosphorylation signal (87,88).

Evidence for the crucial role of SLAM-SAP signaling in iNKT cell development came when
we and other groups showed that patients with the immunodeficiency X-linked
lymphoproliferative disease (XLP), who harbor inactivating mutations in the gene encoding
SAP, and Sap~/~ mice, lack iNKT cells (89-91). Interestingly, similar results are seen in
mice lacking Fyn or expressing a mutant version of SAP that cannot bind to Fyn (SapR78A)
(77,92). Recently, the block in iNKT cell development in Sap~/~ mice was identified as
occurring early in ontogeny, just at or after positive selection (93). Based on these findings,
it was hypothesized that SAP might interact with one or more of the SLAM receptors in
immature progenitors to promote NKT cell ontogeny at this stage. In support of this notion,
combined interference with Ly108 and SLAM signaling profoundly limits NKT cell
development (93). Together, these data suggest that SLAM and Ly108 function via SAP and
Fyn to promote signals critical for commitment to the iNKT cell lineage. In line with this
notion, the Slamf1 (encoding SLAM) and Slamf6 (encoding Ly108) genes were recently
identified as candidate loci controlling iINKT cell numbers in NOD mice, which are known
to exhibit quantitative and qualitative defects in this lineage (94). In this study, it was
demonstrated that there is reduced expression of SLAM at the DP stage, which might
interfere with iINKT cell production.

It is currently unclear as to how SLAMT receptor-SAP signals coordinate with those
emanating from the TCR to foster proper iNKT cell development. In T cells, activation of
the SLAMT receptor-SAP-Fyn pathway results in recruitment of the SH2 domain—containing
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inositol phosphatase (SHIP), the Dok1/2 adaptor proteins, and the Ras GTPase-activating
protein (RasGAP) (95,96). As Dok1/2 inhibits Ras-MAPK activation by binding to RasGAP
(95,96), it is possible that in the absence of SAP, there is a failure to negatively regulate Ras
signaling, which might lead to impairment in iNKT cell development. Although it has been
put forth that iINKT cell development is normal in transgenic mice expressing inhibitors of
Ras signaling during thymocyte development (97), these studies were completed prior to the
availability of a-GalCer-CD1d tetramers and it would be of great interest to re-examine
these animals using this reagent. The SLAM-SAP-Fyn complex also links to NF«kB via
protein kinase 6 (PKCO) and the Bcl10 adaptor protein (98). SAP- or Fyn-deficient T cells
fail to recruit PKC6 and Bcl10 to the immunological synapse, have impaired 1kBa
degradation and reduced NF«kBp50 nuclear translocation in response to TCR stimulation,
suggesting that this pathway may interact directly with TCR signaling cascades (98). Mice
deficient in PKCO or Bcl10 have severely reduced iNKT cell numbers in the thymus and
spleen, respectively (99,100). Additionally, mice expressing a dominant negative IxBa
transgene and those lacking NFxBp50 contain severely diminished iNKT cell populations.
Taken together, PKC6, Bcl-10, and NF«xBp50 appear to critically regulate the iNKT cell
ontogeny, although the precise stage(s) at which these molecules affect iNKT cell
development and/or homeostasis remains unclear (100,101) (see below).

NKT cell maturation

Following positive selection, NKT cells progress down a pathway of maturation that is
marked by the sequential acquisition of specific patterns of surface marker expression.
Currently, it is believed that maturation is comprised of four stages based on expression of
CD24 (the heat stable antigen), CD44 and NK1.1 (Fig. 3). The most immature NKT cells are
defined as CD24NCD44!°NK 1.1~ (Stage 0), followed by CD24/°CD44/°NK 1.1~ (Stage 1),
CD241°CD44NNK 1.1~ (Stage 2), and finally CD24!°CD44NNK1.1 * (Stage 3) (30). Stage 0
NKT cells are small in size and present in very low numbers (approximately 1 in every
million thymocytes) (2), consistent with the observation that they do not undergo
proliferation. On the contrary, cells in Stage 1 proliferate briskly, suggesting that the post-
selection expansion of lineage committed iNKT cells occurs at this stage. Transition from
Stage 0 to Stage 1 marks another unique phase of NKT cell maturation, where a proportion
of cells down regulate CD4, giving rise to a subset of NKT cells that are DN. As cells
progress to Stage 2, they upregulate CD44 and thus acquire a memory or activated
phenotype. A majority of the CD24°CD44MNK1.1™ cells emigrate to peripheral tissues,
where they stop proliferating and rapidly express NK1.1 and other NK lineage markers such
as NKG2D, Ly49A, C/1, and G2 as well as markers of T cell activation such as CD69 and
CD122 (102). Interestingly, a fraction of CD44N and NK 1.1~ cells remain in the thymus as
terminally mature long-lived resident cells (103,104). Early after positive selection and
during their maturation in the thymus, iNKT cells become functionally competent and can
respond to TCR engagement, although the pattern of cytokines they produce varies
depending upon the developmental stage. For example, Stagel NKT cells typically produce
IL-4 following TCR stimulation in vitro, where as Stage 2 NKT cells produce IL-4 and IFN-
v and mature NKT cells (Stage 3) produce more IFN-y than I1L-4 (7). Other molecules, such
as cytolytic effectors (perforin, granzyme B and FAS ligand) and specific chemokines and
their receptors are more prominent in the Stage 3 cells (102).

Transcriptional regulation of lineage choice

In order for INKT cells to develop and function properly, signals emanating from TCR-
CD1d and SLAM receptor interactions must culminate in the coordinated regulation of
genes that allow for the specification and maturation of this lineage. Several studies,
including some quite recent, have provided valuable insights into the transcriptional
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mechanisms regulating iNKT cell ontogeny. Some of these studies are discussed here with a
focus on how specific transcription factors regulate aspects of iINKT cell development, such
as selection, expansion, maturation and acquisition of effector function (Fig. 4).

PLZF, a regulator of iNKT development and function

Studies from our laboratory and others have identified that the broad complex tramtrack
bric-a-brac-zinc finger (BTB-ZF) transcription factor PLZF is a key regulator of iNKT cell
development and function (105,106). This protein is member of a family of transcription
factors that regulate a variety of immunological processes, such as the germinal center
reaction (Bcl6), CD4 versus CD8 lineage commitment and T versus B-cell fate decisions
(107-110). In the thymus, PLZF expression is largely restricted to iNKT cells, where it is
highest in the immature stage 0/1 population (105,106). Plzf /= mice or animals harboring a
natural mutation in Zbtb16, the gene encoding PLZF, exhibit a ~90% reduction in iINKT cell
number in the thymus (105,106), but show no defects in the development of conventional af8
T cells. In the thymus, PLZF-deficient cells do not acquire the characteristic INKT cell
phenotype. In the periphery, PLZF-deficient iNKT cells fail to acquire the ability to co-
secrete Th-1 and Th-2 cytokines upon primary activation. However, upon secondary
activation PLZF-deficient iNKT cells can produce IL-4 and IFN-y (105,106).

It is currently not understood how the loss of PLZF impairs iNKT cell development or
effector functions. PLZF-deficient iNKT progenitors express the invariant TCR and do not
appear to exhibit an increase in apoptosis or a proliferative defect, at least as demonstrated
by incorporation of BRDU by specific precursor populations (105). Nonetheless, PLZF is
expressed in the most immature CD24MCD44~ iNKT cells, indicating that it might function
in ontogeny early after lineage commitment (105). Given the unique requirement for PLZF
during iNKT cell development, we considered that it might play a role downstream of the
SLAMT receptor-SAP-Fyn signaling axis to direct the development of iNKT cells. However,
the remaining rare a-GalCer-CD1d tetramer positive cells in the thymus of SAP- or Fyn-
deficient mice express normal levels of PLZF (105,106). Transgenic expression of PLZF in
T cells results in the acquisition of memory like qualities in peripheral CD4* and CD8* T
cells, such as increased CD44 and diminished CD62L expression, but no acquisition of NK
or NKT cell — associated markers [NKG2D, NK1.1, DX5, 2B4 (106,111,112)]. Transgenic
T cells exhibit altered patterns of cytokine production and enhanced proliferation compared
to non-transgenic cells (111) that are independent of SAP- and Fyn-mediated signals (111).
Taken together, these studies demonstrate that PLZF is selectively required for the
development of iINKT but not conventional aff T cells, where it also promotes the
acquisition of an effector/memory phenotype and functions.

We and others (45,113) also recently demonstrated that PLZF is required for the functional
maturation of an iNKT-like population of yd T cells. y5 T cells comprise a heterogeneous
lineage of T cells that emerge in the thymus directly from DN precursors. These cells
develop in waves during fetal and neonatal life, and upon exiting from the thymus, migrate
to specific tissues, such as the skin, musocal surfaces and secondary lymphoid organs.
Following activation, yd T cells primarily produce IFNy; however, they also serve as a
source of IL-4 and I1L-17 (114-119). Like iNKT cells, a unique subset of y5 T cells
expressing the Vy1.1*V$6.3* TCR can produce both IL-4 and IFNy following antigenic
stimulation (119,120). Based on their iNKT-like properties, we investigated whether PLZF
might be expressed in and/or required for the development or function of these
Vy1.1*V36.3* T cells. We observed that some Vy1.1*V36.3* T cells expressed high levels
of PLZF (45), particularly those cells capable of producing IL-4 or both IL-4 and IFNy (45).
Loss of PLZF expression did not significantly reduce the percentage of Vy1.1*Vv36.3* T
cells (45,113); however, it impaired the ability of these cells to produce multiple cytokines
and chemokines, including IL-4 and IFNy (45,113). Curiously, SAP- but not Fyn-deficient
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mice, exhibit a reduction in Vy1.1*V86.3* T cells, and in those cells that are present, there is
reduced PLZF expression (45). Thus, while initially thought to be a unique regulator of
iNKT cell function, PLZF is now believed to be pivotal for the acquisition of the effector/
memory phenotype characteristic of both iINKT and iNKT-like Vy1.1*V36.3* T cells
(45,105,106,113,121). Furthermore, the selective requirement for SAP, but not Fyn, for the
development of this PLZF-expressing y6 T cell population suggests that SAP uses distinct
signaling mechanisms to promote development of Vy1.1*V36.3* T cells versus iNKT cells.

Transcription factors that exclusively regulate iINKT cell lineage
development

While mutations in many of the transcription factors that regulate conventional T cell
development also affect the iINKT cell lineage; there are some transcription factors that
appear to exclusively regulate iNKT cell ontogeny. Thus, alterations that interfere with the
expression of these genes, such as naturally occurring mutations, targeted germline gene
mutations or mutations that allow for temporal or conditional deletion within the T cell
lineage selectively impair iNKT cell ontogeny with little or no effect on the intrathymic
development of af T cells.

The NFkB family of transcription factors

The NF«B family of transcription factors consists of NFkB1 (p50), NFkB2 (p52), RelA
(p65), RelB, and c-Rel (122). In quiescent cells, NFxB proteins are sequestered in the
cytoplasm by inhibitory 1kB{ molecules. In response to numerous extracellular stimuli,
activation of the IxB kinase (IKK) results in phosphorylation and ubiquitin-dependent
degradation of 1«B( and release of NFkB proteins. NFkB homo- and heterodimeric
complexes subsequently translocate into the nucleus, where they regulate expression of
specific target genes that are important for cellular development and function (122-124). An
alternative pathway involves NF«B inducing kinase (NIK)-mediated phosphorylation of the
inhibitory p100 precursor, its processing to p52 and the nuclear translocation of p52-RelB
heterodimers (125). Manipulations such as targeted deletion of individual NFkB members or
interference with classical NFkB pathway activity only modestly impair conventional T cell
development (126-129). On the contrary, distinct members of the NF«kB family are required
in both hematopoietic and non-hematopoietic cells to promote the ontogeny of iINKT cells at
multiple stages (101,130-132) (Fig. 4). Mice expressing a T-cell-specific dominant-negative
IxBa transgene (101,131) or lacking expression of p50/ NF«xB1 or p52/ NF«kB2 (101) exhibit
a dramatic reduction in iNKT cells. Furthermore, activation of NFkB via the classical
pathway is required in a cell-intrinsic manner to allow transition of NK1.1™ precursors to
mature NK1.1* NKT cells (101,132) and to promote the production of cytokines in response
to a-GalCer (100). Although expression of the pro-survival molecule Bcl-X| rescues NKT
cell number in animals expressing the dominant-negative IxB transgene, it fails to restore
the defect in activation-induced cytokine production (131). Therefore, NFxB signaling to
downstream targets other than Bcl-X|_is important for NKT cell function (131). Defects in
the alternative NFxB pathway also inhibit NKT cell development, as mice with a deficiency
in RelB expression in thymic stroma have severely reduced NK1.1~ and NK1.1* NKT cell
numbers (130). Additionally, RelA but not c-Rel, regulates lineage expansion of immature
NKT cells and their terminal maturation by inducing expression of IL-15 and IL-7 (132).
Finally, NF«B regulates homeostasis of mature NKT cells by regulating TCR-induced
lymphotoxin a and B expression in a cell-intrinsic manner (132).

In a recent study, it was demonstrated that mice lacking expression of CYLD, a
deubiquitinating enzyme that acts as a negative regulator of NFkB, exhibit massive
apoptosis of INKT cells, which leads to a severe reduction in the total number of NKT cells
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in the thymus and periphery (133). iNKT cells lacking CYLD exhibit reduced IL-7Ra
expression. As the result, cells do not properly phosphorylate STAT5 or upregulate ICOS in
response to IL-7 treatment. The diminished IL-7 signaling and ICOS expression likely
contribute to the reduced iNKT cell numbers in these mice by impairing survival and/or
other homeostatic mechanisms (134). Remarkably, inhibition of NF«B signaling via
expression of a dominant-negative I«B( restores expression of IL-7Ra and 1COS (133).
Collectively, these studies suggest that derangements that reduce or enhance NF«kB activity
impair the development of iNKT cells. Thus, the function of this transcription factor family
must be tightly regulated to allow for proper iNKT cell ontogeny.

Early growth response 2 (Egr2)

Engagement of the TCR induces numerous signaling events, including release of calcium
from intracellular stores and activation of the phosphatase calcineurin, which results in the
dephosphorylation and subsequent nuclear translocation of NFAT family member and the
subsequent regulation of NFAT target genes (135). Although many studies have
documented the importance of the calcineurin-NFAT pathway in conventional T cell
development, the first evidence for the role of this pathway in iINKT cell development comes
from a recent study in which targeted deletion of Cnb1, the gene encoding the regulatory
component of calcineurin, resulted in a dramatic reduction in thymic and peripheral iINKT
cell numbers (136). To understand the mechanisms by which calcineurin-NFAT signaling
might influence iINKT cell development, the authors examined the involvement of the Egr
family of transcription factors (specifically Egrl, Egr2 and Egr3), known targets of NFAT,
using mice deficient for the expression of these proteins in all tissues (Egr1~~, Egr3~") or
selectively within hematopoietic cells (Egr2~/~ fetal liver chimeras). Surprisingly, absence
of Egr2, but not Egrl or Egr3, leads to significant reductions in iNKT cells, but does not
affect development of CD4* or CD8* T cells. Egr2 does not appear to play a role in lineage
commitment or positive selection of INKT cells, as normal percentages and numbers of
CD24" cells (Stage 0) were present in Egr2-deficient fetal liver chimeras. However, fewer
cells downregulated CD24 and more retained a CD44™NK1.1™ phenotype, implicating a
partial block at the transition from Stage O to Stage 1 of ontogeny (Fig. 4). A higher
proportion of Egr2-deficient iNKT cell progenitors appear to be proliferating, yet at the
same time, they also exhibit an in increase in apoptosis. As Egr2-deficient thymocytes
express normal levels of pro-survival cytokines, including IL-2, IL-15 and IL-7, and anti-
apoptotic proteins, such as Bcl-2 and Bcl-X|_ (136), it is unclear why the loss of Egr2 leads
to the increased death of immature iINKT cells just after positive selection.

Transcription factors that regulate iNKT cell ontogeny at the DP stage

Since conventional af T cells and iNKT cells originate from a pool of common precursors,
it is not unexpected that transition through the DN to DP stage of thymocyte development is
controlled by transcription factors that regulate events common to both lineages, including
rearrangement of the TCR a- and B-chains and proliferation. However, targeted deletion of
specific transcription factors at the DP stage also profoundly impairs iNKT cell lineage
commitment. Indeed, seminal studies in this area demonstrated a critical role for the RORyt
transcription factor, which functions to prolong the survival of DP thymocytes by
upregulating expression of Bcl-X| , thereby allowing sufficient time for rearrangement of the
more distal Va-Ja gene segments typical of the invariant TCR (55,56). The Runt related
transcription factor 1 (Runx1) is also a crucial regulator of iNKT cell development at DP
stage and in its absence iINKT cell development is blocked at the earliest detectable iINKT
committed subset (56). In contrast to RORyt, Val14-Jal18 rearrangements can be detected in
DP cells lacking Runx1 (56), indicating that its activity is required for different aspects of
iNKT development, perhaps during positive selection or for expansion of post-selection
precursors. Here, we highlight several recent reports that provide new insights into the roles
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of transcription factors that play critical, yet selective, roles in iNKT development at the DP
stage.

AP-1 transcription factors

The contribution of AP-1 transcriptional complexes to T-cell development and activation
has been an area of intense investigation for many years. AP-1 complexes function as dimers
composed of Jun (c-Jun, JunD, Jun B) and Fos proteins (c-Fos, FosB, Fra-1 and Fra-2) as
well as members of the ATF family of basic leucine zipper proteins. AP-1 activity is integral
to many cellular processes, including proliferation and apoptosis, and within mature T cells,
AP-1 activity lies downstream of the TCR to regulate the expression of many genes,
including those encoding IL-2 and IL-4. In developing thymocytes, AP-1 demonstrates
DNA binding and transcriptional activity within DN and SP T cells (137-139). Interestingly,
AP-1 activity is not detected in DP thymocytes, suggesting that tight regulation of its
function and the subsequent expression of AP-1-specific target genes, is critical at this stage
of thymocyte development (137). In earlier studies, a transgene encompassing the Lck
proximal promoter was used to drive expression of B-cell activating transcription factor
(BATF), a negative regulator of AP-1 activity, early during thymocyte development. BATF-
transgenic mice exhibit normal thymic cellularity and subset distribution; however, they
demonstrate a reduced number of both CD4* and DN iNKT cells within the thymus and
peripheral organs (140,141). Analysis of developmental markers reveal that fewer transgenic
iNKT cells upregulate NK1.1, indicating a delay in entering the latest stage of iINKT cell
maturation (141). The authors also demonstrate that transcripts encoding proteins belonging
to the Fos and Jun families are present in iINKT cells and display a characteristic sequence-
specific DNA binding associated with AP-1 transcriptional activity within hours of
stimulation of the invariant TCR (141).

A recent report examined mice in which the Fos family protein Fra-2 was deleted at the DP
stage. Contrary to forced expression of BATF, loss of Fra-2 leads to a selective expansion of
thymic and splenic iNKT cells (142). Furthermore, each of the developmental subsets (as
defined by CD44 and NK1.1 expression) was over-represented in Fra-2-deficient iINKT
cells. Based on this observation, the authors argue that Fra-2 regulates iNKT cell
development during or immediately after lineage selection. NKT cells that develop in the
absence of Fra-2 have increased use of the lower affinity V/38.2 receptor, suggesting that
Fra-2 deficient NKT cells are more likely to undergo positive selection. In the absence of
Fra-2, iNKT cells produce unusually high amounts of IL-2 and IL-4, and exhibit increased
proliferation. These data indicate that Fra-2 expression, and hence AP-1 directed gene
expression, is also necessary for proper regulation of iNKT cell functions (142). This notion
is consistent with the observation that loss of Fra-2 led to a 10-fold up-regulation of Jun (an
activating member of the AP-1 family), and downregulation of BATF (142). Based on these
studies, one can conclude that the coordinated regulation of AP-1 transcriptional activity is
important for iINKT cell development and function, with inhibition of this pathway
perturbing iINKT cell development, and loss of Fra-2 having the opposite effect. It is
interesting to note that conventional T cells that lack Fra2 expression also produce large
amounts of cytokines immediately following activation (142). This latter observation
suggests that Fra-2 may also be important for the development or function of memory or
other innate-like T cell populations. Indeed, previous studies have shown a role for Jun in
aplyd T-cell development (143).

Thymocyte selection-associated HMG box (TOX) protein

The thymocyte selection-associated HMG box protein (TOX) is induced in DP thymocytes
as the result of TCR-calcineurin-dependent signaling as these cells transition to SP cells
(144,145). Appreciation for the requirement for TOX in iINKT cell development was
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obtained following the examination of Tox ™~ mice, which exhibit a striking reduction in
thymic iNKT cells (146). Although the specific stage of NKT cell development affected by
TOX-deficiency is not described, the near to complete absence of CD1d-tetramer* cells
suggests a developmental arrest at an early stage (Fig. 4). The dependence on TOX is not
unique to the iNKT cell lineage as CD4* T cells and Foxp3* regulatory T cells are also
absent; however, emergence of CD8" T cells is largely unaffected (146). The zinc finger
transcription factor GATA-3 is also required for the development of conventional CD4* T
cells (147); however, TOX deficiency does not impair GATA-3 expression in DP cells
(146). Interestingly, expression of the transcription factor ThPOK (c-krox), which acts
downstream of GATA-3 (148) during commitment to the CD4* lineage (147,149), is
completely absent. Thus, it remains possible that TOX might exert its effects in CD4* T cell
lineage commitment via effects on ThPOK expression. Since absence of ThPOK leads to
less severe defects in INKT cell development than loss of TOX (see below), TOX likely
regulates the expression of other target genes critical for iINKT cell development.

Myelocytomatosis oncogene (c-Myc)

The basic-helix-loop-helix zip (bHLHZip) transcription factor c-Myc plays important roles
in regulating cell proliferation, survival and apoptosis (150). Within the T-cell lineage, c-
Myc is expressed at high levels in immature DN thymocytes and its expression decreases as
cells differentiate into DP cells (151). Conditional deletion of c-Myc early during T-cell
development leads to a severe block in T cell development as the result of profound defects
in pre-TCR-induced proliferation (152). Recently, two groups used the system of CD4-Cre-
mediated gene deletion to investigate the requirement for this transcription factor during
iNKT cell development (153,154). In both of these reports, c-Myc deficiency in DP
thymocytes selectively impairs NKT cell ontogeny without influencing the development of
conventional or natural regulatory T cells. In the absence of c-Myc, iNKT cells appear to be
arrested at the CD241°CD44~ stage and this defect was cell-intrinsic (Figure 4). Although
the requirement for c-Myc in iINKT cell development is consistent in both studies, the
reports differed in some aspects. According to Mycko et al. (154), in the absence of c-Myc,
immature iNKT cells (CD24!°CD44™) fail undergo lineage expansion, where as Dose et al.
(153) demonstrated that c-Myc is critical for a later stage of intrathymic proliferation that
precedes memory acquisition. Nonetheless, both studies show that the iINKT cell
developmental block is not due to impaired survival, as transgenic expression of Bcl-2 does
not rescue the defect. Although the reason for the discrepancy between these reports is not
clear, they both demonstrate that c-Myc is indispensible for acquisition of a mature
CD44*NK1.1* phenotype (154). c-Myc deficient iNKT cells have normal levels of PLZF
(153,154), indicating that the defect in maturation is not due to a failure to properly express
this factor.

The HEB transcription factor

The E protein family of basic helix-loop-helix transcription factors is comprised of the
members HEB, E12, E47 (E2A) and E2-2, which bind as homo- or heterodimers to DNA at
E-box sites and control the expression of genes essential for lineage development. Within
developing T cells, the activity of both E2A and HEB promote TCR gene rearrangement and
control thymocyte survival, proliferation and positive selection (155-158). Until a recent
report by D’Cruz et al. (83), it was not known whether specific E proteins also played a role
in iINKT cell development. In this report, deletion of HEB in DP thymocytes results in a
major block in iNKT cell ontogeny at the CD24" CD44-NK1.1~ stage but has minimal
effects on the development of CD4* or CD8* T cells. In contrast, deletion of E2A has no
discernable effect on iINKT cell development. Interestingly, loss of expression of both HEB
and E2A impairs T cell development, but does not further exacerbate the iNKT cell defect
beyond that occurring in the absence of HEB. Thus, there is a unique requirement for HEB
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in the development of iINKT cells. Loss of HEB results in diminished levels of RORyt and
Bcl-X mRNA, poor survival of DP thymocytes and impairments in generation of distal Ja
gene rearrangements including Val4 Jal18. Directed expression of Bcl-X, or a rearranged
V(14 TCR results in the emergence of phenotypically and functionally mature iNKT cells,
providing further evidence that HEB influences iNKT cell ontogeny by driving the
expression genes regulate thymocyte survival, thereby allowing for distal TCRa
rearrangements (83)(Figs 4, 5).

The proto-oncogene c-Myb

The Myb proto-oncogene encodes a nuclear DNA binding protein that is expressed primarily
in hematopoietic tissues and acts as an activator and repressor of transcription. Although
deletion of the Myb gene in the germline is embryonic lethal, examination of chimeric mice
generated from Rag blastocyts reveals that cells lacking c-Myb have a profound
developmental defect at the DN stage (159). Abrogation of c-Myb expression at distinct
stages of T-cell development reveals additional roles for c-Myb activity in DP survival and
differentiation into CD4* SP cells (160). While the role of c-Myb in conventional T cells has
been well established, it only recently became clear that this molecule is also critical for
iNKT cell ontogeny. Similar to HEB, deletion of c-Myb at the DP stage leads to a marked
cell-intrinsic reduction in the generation of iINKT cells that is associated with impaired
TCRa gene rearrangements (84) (Fig. 4). Although Bcl-X| expression is reduced in c-Myb-
deficient cells and retrovirus-mediated expression of this molecule allows for restoration of
normal secondary TCRa gene rearrangements, iNKT cell development remains impaired.
Consistent with the notion that other factors might be contributing to the iNKT cell
developmental defect, c-Myb-deficient DP cells also exhibit defects in the expression of
SLAM, Ly108 and SAP and fail to ‘provide help’ to CD1d-deficient cells during iNKT cell
development in mixed bone marrow chimeric mice (84). Taken together, the results of this
study suggest that c-Myb functions to regulate a distinct set of downstream targets that
function at in critical and non-overlapping manners to regulate iNKT cell selection at the DP
stage of development.

Transcription factors that regulate development of the CD4* iNKT cell

lineage

GATA-3

Depending upon their surface expression of the CD4 co-receptor, iNKT cells can be sub-
divided into CD4* and DN subsets, which exhibit unique functional characteristics. The
exact mechanisms by which a subset of the CD4* iNKT cells downregulate their CD4
expression is elusive. However, recent studies have indentified at least two transcription
factors important during development of this iNKT cell subset.

GATA-3 is a C2C2 type zinc finger transcription factor whose expression within the
immune system is restricted to NK, T and iNKT cells (161). Within the T-cell lineage,
GATA-3 functions at multiple levels, including differentiation of common lymphoid
progenitors into early DN cells, progression through p-selection and during the development
of CD4™" T cells (162,163). GATA-3 is also essential for the differentiation of CD4* T cells
into Th2 cytokine producing cells (162,163). Loss of GATA-3 at the DP stage leads to a
cell-intrinsic impairment in the generation of CD4* iNKT cells (161). This defect is
apparent in mice as young as 2 weeks of age and involves both NK1.1™ and NK1.1*
precursors. Curiously, in the absence of GATA-3, extra-thymic NKT cells also undergo
increased apoptosis, resulting in reduced numbers of splenic and more notably liver INKT
cells (161). In the periphery, iNKT cells fail to express CD69 and do not produce Th1 or
Th2-type cytokines in response to a-GalCer (161). CD69 upregulation and IFN-y secretion
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are restored when proximal TCR signals are bypassed using PMA and ionomycin; however,
this treatment fails to restore 1L-4 and IL-13 production. The data from this paper highlight
several important properties regarding GATA-3 in iNKT cells. First, GATA-3 is critical for
generation of the CD4* iNKT cell lineage and production of Th2-type cytokines. This latter
observation is consistent with the role of GATA-3 as a direct transactivator of Th2 cytokine
genes. Second, GATA-3 is important for iINKT cell survival, particularly in the liver. It
remains to be determined whether this defect is the result of altered regulation of genes
involved in controlling heptatic iINKT cell apoptosis, such as CXCR®6 (164). Third, given the
observation that PMA and ionomycin restore TCR-induced upregulation of CD69 and IFN-y
secretion, once can also conclude that GATA-3 likely functions downstream of the TCR to
regulate iNKT cell activation.

Recently it was reported that ThPOK, a member of the BTB-POZ family of zinc finger
transcription factors, is important for the generation of CD4* iNKT cells. Specifically,
helper deficient mice homozygous for a spontaneous mutation in Zbtb7b, the gene encoding
ThPOK (108,165) have normal numbers and percentages of thymic and peripheral iINKT
cells, yet mature iNKT cells completely lack CD4 expression (14). Interestingly, a
proportion of ThPOK-mutant iNKT cells express CD8, revealing that loss of this
transcription factor either impairs repression of CD8* after selection or redirects iNKT cells
to re-acquire CD8* expression at a later point in development. ThPOK-deficient iNKT cells
exhibit defects in TCR-induced cytokine mRNA expression and secretion, including
production of IL-4 and to a lesser extent IFNy. It has been suggested that GATA-3 may
function upstream of ThPOK in CD4" T cell lineage commitment (148). Therefore, it is
possible that GATA-3 and ThPOK might function in a similar linear pathway in iNKT cells
to promote development of the CD4™* subset as well as acquisition of specific effector
functions.

RORYyt: a transcription factor associated with IL-17 producing NK1.17 iNKT cells

Although it is well established that RORyt facilitates iNKT cell development at the DP stage
(49,55), recent studies highlight a novel role for this transcription factor in the differentiation
of a unique subpopulation of iNKT cells capable of producing large quantities of the pro-
inflammatory cytokine IL-17 in response to TCR stimulation (166). These cells, known as
iNKT-17 cells, exhibit a NK1.1~ CD4~ phenotype and are present in the thymus as well as
peripheral organs, including the liver, spleen, lymph node and lungs (166-168). Thymic and
peripheral iINKT-17 cells express RORyt, similar to what is observed for conventional CD4*
Th-17 cells (167). However, unlike CD4* Th-17 cells, iNKT cells do not require 1L-6 and
TGF-B or 1L-23 for the induction or maintenance of IL-17 production (168). It is currently
not clear whether I1L-17 producing NK1.1™ iNKT cells represent a terminally differentiated
population or if they retain the capacity to further differentiate. In one report, tracking
studies reveal that iINKT cell emigrants are negligible in the lymph node, a site of robust
iNKT cell-associated I1L-17 production (167). While these data suggest that INKT-17 cells
may not necessarily represent the immediate progeny of cells directly out of the thymus, this
same report demonstrates that CD4~ NK1.1™ cells can give rise to NK1.1*CD4~ cells in
FTOC (167). Based on these findings, the authors suggest that CD4~ NK1.1™ cells branch
off of the INKT cell developmental pathway prior to NK1.1 upregulation, perhaps at a time
when CD44 expression goes from low to high (Figure 4). These results differ from a second
report, where it was observed that neither CD4* nor CD4~ NK1.17 iNKT cells could
generate NK1.1* cells in FTOC (166). In this latter study, cultured cells include specifically
the CD44* NK 1.1 subset (as opposed to total NK1.1™ cells), which might represent a more
terminally differentiated population incapable of NK1.1 upregulation. Nonetheless, both
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groups demonstrate that presence of RORyt is tightly linked to the expression of IL-17 by
the DN iNKT cell population.

Transcription factors that regulate terminal iNKT cell maturation or
homeostasis

The terminal maturation of iINKT cells involves the upregulation of specific markers of the
NK cell lineage, such as NK1.1, NKG2D and members of the Ly-49 family (2,4), as well as
acquisition of innate-like effector functions. iNKT cells must receive and respond to cues
that favor their survival and accumulation at specific sites. The mechanisms regulating
iNKT cell homeostasis remain poorly understood. There is some evidence that homeostasis
is highly dependent on the cytokine IL-15 (169,170), and to a lesser extent on IL-7
(169,171). Other factors that regulate iNKT cell homeostasis include the chemokine receptor
CXCR®6 and the integrin LFA-1; however, these latter factors exclusively regulate
homeostasis of hepatic but not splenic or thymic iNKT cells (164,172-174).

The T-box transcription factor T-bet

T-bet is a transcription factor originally shown to mediate Th1 lineage specification that also
plays an indispensable role in the final maturation stages of iNKT cells (102,175). In the
absence of T-bet, iNKT cell numbers are reduced and development is blocked at CD44Ni
NK1.1~ (Stage 2) (Fig. 4). Thymic T-bet™~ iNKT cells do not express CD122, a component
of the IL-15 receptor. As a consequence, INKT cells lacking T-bet fail to proliferate in
response to 1L-15 (175). In addition, T-bet-deficient cells do not acquire characteristic iINKT
cell effector functions, such as the ability to produce IFN-y in response to TCR stimulation
or to exhibit cytolytic activity (102,175,176). Consistent with these developmental and
functional data, T-bet expression increases from Stage 1 to 3 of iNKT cell maturation and T-
bet directly regulates the activation of genes associated with mature iNKT cell functions,
such a perforin, FasL and IFNy, among others (102). T-bet deficiency results in a similar
developmental block in NK cells (175) indicating that T-bet operates to control the
maturation of both these immune cell lineages.

Inhibitor of DNA-binding proteins (Id)

The inhibitor of DNA binding (ld) factors dimerize with E proteins and interfere with their
DNA binding and transcriptional activity (177). 1d2, a member of the Id protein family, is
crucial for development of the immune system, as is evident by the analysis of 1d2-deficient
mice, which lack peripheral lymph nodes, Peyer’s patches and mature NK cells (178,179).
Examination of these mice has also revealed that 1d2 is important for the development of
CD8a* dendritic cells, intraepithelial T lymphocytes and Langerhans cells and for
promoting optimal effector and memory CD8* T-cell responses (178,180). Recent studies
demonstrate that iINKT cell survival and homeostasis are also under the regulation of 1d2
(178,180-182). Specifically, in the absence of 1d2, INKT cell numbers are drastically and
selectively reduced in the liver, yet normal in the thymus and spleen. While there is a
perturbation in the percentages of Stage 2 and Stage 3 cells in the liver (with increased Stage
2 and decreased Stage 3), the absolute number of both of these INKT cell subsets is
significantly reduced. Examinations into the mechanisms underlying the reduced number of
hepatic cells reveal no defects in homing to the liver; rather, 1d2-deficient cells demonstrate
greater apoptosis. Additionally, 1d2 deficient cells have a lower expression of CXCR6
(164,172), which as noted above, is implicated in the survival of liver INKT cells (181). As
the INKT cell phenotype is more severe in cells lacking 1d2 compared to CXCR®, the
authors sought additional mechanisms to explain the increase in cell death. Indeed, hepatic
Id2-deficient INKT cells also demonstrate reduced expression of Bcl-2 and Bcl-X and
genetic ablation of the pro-apoptotic molecule Bim in Id2-deficient cells rescues iNKT cell
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numbers. As these molecules are known targets of E proteins, it is likely that 1d2 modulates
iNKT cell homeostasis in the liver by regulating E protein activity to maintain a favorable
balance between pro- and anti-apoptotic signals. Furthermore, since the HEB-deficient
phenotype manifests at a much earlier stage of iNKT cell development than loss of 1d2 (Fig.
4), it does not seem probable that these 2 proteins antagonize each other’s activity in iINKT
cells, at least in the earlier stages of development.

Conclusions

Although it has been more than 20 years since the initial descriptions of an unusual
population of T cells that also express the NK1.1 marker, it has not been until recently that
we have come to appreciate the complexity and importance of what are now known as iNKT
cells for the generation of normal as well as pathological immune responses. Indeed, the past
5 years have seen an explosion in our understanding of the molecular mechanisms that
regulate the development of iINKT cells from a pool of precursors common to conventional
af T cells. Thanks to the development and use of a-GalCer-loaded CD1d tetramers, one can
now identify iINKT cells early in ontogeny and track progression through the subsequent
stages of development. As a result, it is possible to examine how manipulations that affect
the expression of genes, such as germline or conditional interruption of specific transcription
factors, influence iINKT cell lineage commitment and differentiation. Collectively, these
studies have identified transcription factors selectively required for the development of
iNKT cells, but not conventional T or NK cells, as well as factors that share developmental
requirements with other lineages. It is also now apparent that the activity of some
transcription factors is critical at a unique stage in the developmental program of iINKT cells,
while others function at multiple points in development. Since iINKT cells acquire a memory
like phenotype early in development, it is well appreciated that transcription factors
associated with the activation of other lineages are essential to the differentiation of INKT
cells.

Despite the progress made, many questions remain regarding the molecular mechanisms
controlling iINKT cell development and maturation. For example, how do signals generated
by the TCR, SLAM family and possibly other surface receptors, cooperate to activate or
repress specific transcription factors that promote commitment to the iNKT cell lineage?
Although the SLAM-SAP signaling axis is linked to the NF«B pathway in conventional T
cells, we find that forced expression of the NF«B target gene, Bcl-X|, or the inhibitory
NF«B kinase (IKKp), a catalytic subunit of the IxB kinase complex essential for NF«xB
activation, fails to restore NKT cell development in Sap ™~ mice (183). Thus, it remains
possible that the SLAM-SAP complex functions via other mechanisms, such as the Ras-
MAPK pathway, to promote the induction of specific transcription factors crucial for INKT
cell development. In DP cells, does SLAM-SAP signaling induce HEB or c-Myb activity, or
do these transcription factors preferentially function upstream of the SLAM-SAP signaling
axis, as is suggested by the reduced expression of Slam, Ly108, SAP and Fyn in cells
lacking c-Myb (84) or possibly HEB (83) (Fig. 5). What is the functional relationship
between these crucial early transcription factors and what dictates the activity of these and
other transcriptional regulators that function later in iINKT cell development or in the
homeostasis of INKT cells? What are the critical target genes regulated by these
transcription factors? Given the pace of the last 5 years, it is likely that future studies will
provide answers to these questions and lead to a greater understanding of the transcriptional
networks regulating iNKT cell development. These studies are also likely to define whether
these networks are distinct from, or overlap with, the networks controlling the ontogeny of
NK, iINKT-like or conventional af T cells.
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An expanding number of iNKT cell subsets are being identified in humans; however, little is
known regarding their precise developmental requirements and mechanisms of regulation.
This information is of significance due to the involvement of, and counter-regulatory roles
for, unique iNKT cell subsets in normal immunity and the etiology of certain diseases. So
far, most of our knowledge about these subsets stems from the study of mice. Will the
results of these studies translate to humans? Are there specific genetic or non-genetic (i.e.
environmental) factors that contribute to the marked variability in iNKT cell numbers
between individuals? Which of these factors also influence iNKT cell tissue distribution or
function? The limited available information regarding these issues presents a serious
challenge in the field of human iNKT cell biology. Ultimately, it is anticipated that
identification of the regulatory mechanisms guiding human iNKT cell development will
provide insights into how iNKT cell numbers and/or functions can be manipulated to
enhance normal immunity and to treat clinical conditions such as immunodeficiency,
allergy, autoimmunity and cancer.
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Fig.1. Schematic view of iNKT cell versus conventional af T-cell development

NKT cell precursors diverge from conventional af T cells at the CD4*CD8* double positive
(DP) stage. The invariant TCR a chain (iTCR) on iNKT cell precursors recognizes
glycolipid antigens presented by the CD1d molecule expressed at the surface of ‘selecting’
DP thymocytes. In contrast, CD4* and CD8* T cells express diverse TCRs that recognize
peptide antigens presented by MHC class Il or class | molecules, respectively, expressed by
thymic cortical epithelial cells (TEC). Mature thymic emigrants of the conventional aff T
cell lineage have a naive phenotype, as opposed to iNKT cells, which acquire a memory/
effector phenotype during thymic development. Immature NKT cells can acquire the NK1.1
marker after emigration to peripheral tissues or within the thymus. While a subset of NK1.1*
iNKT cells remain in the thymus as ‘long term residents’, some also migrate to the
periphery.
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Fig. 2. The SLAM-SAP-Fyn signaling axis during iNKT cell development

‘Selecting’ DP thymocytes and iNKT “precursor’ cells communicate via invariant TCR-
CD1d and SLAM family (SLAM, Ly108) interactions. Engagement of the SLAM family
receptors at the cell surface leads to recruitment of the adaptor molecule SAP and the Src
family tyrosine kinase Fyn. The SLAMT receptor-SAP-Fyn signaling complex triggers
activation of NF«B via protein kinase 6 (PKC6) and Bcl10. Additionally, SLAMT receptor-
SAP-Fyn signaling also phosphorylates and recruits the SH2 domain—containing inositol
phosphatase (SHIP), Dok1/2 adaptor proteins, and the Ras GTPase-activating protein
(RasGAP). By binding to RasGAP, Dok1/2 inhibits Ras-MAPK activation. It is possible that
SLAMCf receptor-induced signals cooperate with those induced by the invariant TCR to
modulate NFkxB-Ras pathway activity in a manner required for iNKT cell development.
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Fig. 3. Stages of NKT cell development

NKT cell development occurs in the thymus from a common precursor pool of CD4*CD8*
DP thymocytes. Thymocytes that express the canonical invariant TCR are selected
following interaction with CD1d* SLAMT receptor-expressing DP thymocytes and commit
to the NKT cell lineage. After positive selection, immature iNKT cells undergo lineage
expansion and acquire a memory phenotype and markers of the NK cell lineage. The
intermediate stages of the differentiation are characterized by differences in expression of
CD24, CD44 and NK1.1. Although most immature NKT cells emigrate from the thymus at
Stage 2 and acquire NK1.1 expression in the periphery, a subset of Stage 2 cells acquire this
marker in the thymus and remains as long-term residents.
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Fig. 4. Transcriptional regulation of different stages of iNKT cell development

The developmental program of iNKT cells is controlled by the activity of several
transcriptional factors, some of which regulate multiple steps of this process. The definitive
stages at which some of these factors are expressed during iNKT cell development remains
unclear. Based on recent data, we have placed specific factors along the iNKT cell
developmental program at the earliest stage where the activity of a given transcription factor
appears critical for iNKT cell development. It is likely that these factors could also be
regulating the later stages of ontogeny or differentiation. As individual members of the
NF«B family of transcription factors impact different stages, they are placed at multiple
points in the developmental pathway.
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Fig. 5. Relationship between the SLAMT receptor-SAP-Fyn signaling axis and the transcriptional
activity of c-Myb and HEB

c-Myb and HEB regulate the earliest steps in NKT cell development, just prior to and
perhaps following the point of positive selection. c-Myb and HEB both facilitate the
prolonged survival of DP thymocytes to allow for distal Val4-Jal8 TCR rearrangements.
RORyt is a direct downstream target of HEB, but not of c-Myb, and CD1d appears to be a
target of c-Myb, but not HEB. c-Myb and HEB function at a similar point in iNKT cell
ontogeny as the SLAMT receptor-SAP-Fyn signaling complex. Remarkably, c-Myb
regulates the expression of SLAM, Ly108 and SAP while HEB might modulate the
expression of Fyn and SLAM. Thus, these transcription factors likely promote iNKT cell
development by inducing the expression of proteins involved in the SLAMT receptor-SAP-
Fyn signaling complex. It is unknown if c-Myb and HEB are expressed simultaneously or if
they regulate one another’s activity at this point in iINKT cell development.
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Table 2

Characteristics of mouse and human invariant NKT cells

Feature Mouse Human
TCR @ chain ValdJol8 Vo24Jol8
TCR B chain VP8.2, VB7, VB2  VB11
CD1d dependent Yes Yes
a-Gal-Cer-reactivity Yes Yes

Selecting Ligand
Phenotype

Frequency in thymus
Frequency in liver

Frequency in spleen

Cytokine production upon

TCR ligation

Controversial

NK1.1*, NK1.17,
CD4* or DN

~0.5%
20-30%
~1%

IL-4, IFN-y

Controversial

CD161%, CD4*,
DN or CD8*

<0.1%
~1%

Unknown

IL-4, IFN-y
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TCR: T cell receptor, a-GalCer: alpha-galactosylceramide, NK: natural killer, DN: double negative, IL-4: interleukin-4, IFN-y: Interferon-y.

From references 1,2,4 and 30.
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