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ABSTRACT

Natural killer T (NKT) cells are innate-like lymphocytes that bridge the gap between the innate and adaptive
immune responses. Like innate immune cells, they have a mature, effector phenotype that allows them to rapidly
respond to threats, compared to adaptive cells. NKT cells express T cell receptors (TCRs) like conventional T
cells, but instead of responding to peptide antigen presented by MHC class I or II, NKT cell TCRs recognize
glycolipid antigen in the context of CD1d. NKT cells are subdivided into classes based on their TCR and antigen
reactivity. This review will focus on type I iNKT cells that express a semi invariant Va14Jal8 TCR and respond
to the canonical glycolipid antigen, a-galactosylceramide. The innate-like effector functions of these cells
combined with their T cell identity make their developmental path quite unique. In addition to the extrinsic
factors that affect iNKT cell development such as lipid:CD1d complexes, co-stimulation, and cytokines, this
review will provide a comprehensive delineation of the cell intrinsic factors that impact iNKT cell development,
differentiation, and effector functions — including TCR rearrangement, survival and metabolism signaling,

transcription factor expression, and gene regulation.

1. Introduction
1.1. Discovery

NKT cells were originally identified in mice as a mature (CD44+)
population of double negative (DN: CD4-CD8-) or CD4 + thymocytes
that expressed aff T cell receptors (TCRs), and predominantly utilized
the VB8 B chain (Fowlkes et al., 1987; Hayakawa et al., 1992). Si-
multaneously, a population of T cells with higher than normal fre-
quency of Val4 were discovered (Koseki et al., 1991, 1990). Even-
tually, these two high frequency TCR chains were linked together to
define semi-invariant NKT (iNKT) cell TCRs. In mice, Val4Jal8 pairs
with three different  chains (V(8, 7, and 2), whereas in humans,
Va24Jal8 pairs with VB11 (Dellabona et al., 1994; Lantz and Bendelac,
1994). In conventional T cells, CD4 + TCRs interact with MHC class II
while CD8 + TCRs interact with MHC class I. Prior to the discovery of
the precise antigen presentation molecule, NKT cells were immediately
singled out as unique because DN and CD4 + cells were restricted by an
MHC class I family molecule (Bendelac et al., 1994; Bix et al., 1993;
Cardell et al., 1995). It was quickly discovered that mouse and human
NKT cells are selected on CD1d, an MHC class Ib antigen presentation
molecule that presents glycolipid antigen, expressed on double positive
(DP: CD4 +CD8 +) thymocytes (Bendelac, 1995; Bendelac et al., 1995;
Coles and Raulet, 1994; Exley et al., 1997; Kawano et al., 1997). CD1-

restriction unites a diverse population of T cells. NKT cells express y§ or
af TCRs (Spada et al., 2000). Currently, aff NKT cells are subdivided
into two distinct subsets: type I and type II. Type I NKT cells are acti-
vated by the quintessential agonist, a-galactosylceramide (a-GalCer),
and are therefore detectable by a-GalCer-loaded CD1d tetramers. Type I
NKT cells include iNKT cells (detectable by their specific TCR a chain)
as well as NKT cells with diverse TCRs that recognize a-GalCer:CD1d
complexes. Type II NKT cells have diverse TCRs and do not respond to
a-GalCer (Behar et al., 1999). This review will focus on murine type I
iNKT cells unless otherwise specified.

1.2. Development

Like conventional T cells, iNKT cells develop in the thymus. They
pass through the four DN stages with (3 chain rearrangement occurring
at DN3 and a chain rearrangement occurring at the DP stage. However,
at the DP stage of development, they are selected on CD1d-expressing
DP cortical thymocytes, not thymic epithelial cells (Coles and Raulet,
2000). As shown in Fig. 1, iNKT cell development is divided into four
stages (0 through 3, in numerical order) (Gapin, 2016). The initial
description of stage 3 NKT cells characterized them as mature
CD44 + NK1.1+ cells (Fowlkes et al., 1987). Positive selection occurs
at stage 0 (CD4 + CD8 +HSA +) (Benlagha et al., 2005). This causes the
upregulation of the transcription factor Egr2 and subsequently the NKT
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Fig. 1. NKT cell development and differentiation. NKT cells develop in the thymus and can be characterized by flow cytometry using cell surface and intracellular
markers. In the most prominent developmental model, NKT cells branch off from conventional T cell development at the double positive stage where they are selected
by strong SLAM:SLAM and CD1d:TCR signals that result in Egr2 upregulation and subsequently PLZF upregulation. They progress through 4 stages of development
(0-3) and differentiate into NKT1, 2, and 17 cells. Both stage 2 and 3 are exported from the thymus. Another developmental pathway starts in the DN4 stage of T cell
development and bypasses the double positive stage to produce mature, DN NKT1-like cells.
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Fig. 2. Extrinsic factors that affect NKT cell development. NKT cell development requires input from other cell types. CD1d expression, recycling, and antigen
exchange alters NKT cell positive and negative selection. Additionally, specific cell-cell interactions, such as CD1d:TCR, SLAM:SLAM, CD80/86:CD28, and ICOS-
L:ICOS, greatly influence NKT cell population development. Moreover, factors such as lymphotoxin a, vitamin D, CCL19/21, and IL-15 have a significant impact on
NKT cell development. IL-15, in particular, must be presented in trans to NKT cells by medullary thymic epithelial cells (mTECs).

cell master transcription factor, PLZF (Kovalovsky et al., 2008; Savage
et al., 2008). Stage 1 (HSA-CD44-NK1.1-) and stage 2 (CD44 + NK1.1-)
iNKT cells were later described (Arase et al., 1992; Benlagha et al.,
2002; Pellicci et al., 2002). iNKT cell development is characterized by
extensive rounds of expansion — accounting for their high frequency
and mature, effector phenotype (Fohse et al., 2013). Additionally, iNKT
cells migrate from the thymus at either stage 2 or stage 3 of develop-
ment (Berzins et al., 2005) and become tissue resident cells (Mackay
et al., 2016). An alternative pathway of iNKT cell development that
does not pass through the DP stage has been demonstrated. DN4 thy-
mocytes contain a population that expresses Val4Jal8 mRNA and can
produce mature DN iNKT cells (Dashtsoodol et al., 2008). RAG ablation
under specific Cre promoters in double positive cells demonstrates that
these DN4 iNKT precursors produce mature DN iNKT cells without
passing through the DP stage. The DN iNKT cells produced are strongly
Th1 skewed and have enhanced cytotoxicity (Dashtsoodol et al., 2017).

1.3. Differentiation

In the periphery, CD1d-mediated antigen presentation by antigen
presenting cells (APCs) such as dendritic cells (DCs) results in iNKT cell
activation. Upon activation, iNKT cells are known to rapidly produce a
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wide variety of cytokines, including IFN-y and IL-4, and directly med-
iate cell lysis via perforin/granzyme and FasL. Originally, DN iNKT cells
were associated with a more Thl/cytotoxic phenotype while CD4+
iNKT cells were thought to produce both Thl and Th2-type cytokines
(Bendelac et al., 1996; Gumperz et al., 2002; Lee et al., 2002). Even-
tually, iNKT cells were shown to differentiate into groups mirroring the
T helper subsets (NKT1, NKT2 and NKT17) with each subset expressing
unique genes and transcription factors (Lin et al., 2006; Niemeyer et al.,
2008). Notably, there is significant plasticity amongst the subtypes
(Cameron and Godfrey, 2018). Upon exiting the thymus, iNKT cells are
mature, effector cells, indicating that their terminal differentiation oc-
curs during development (Gapin, 2016). Although stage 3 was origin-
ally thought to represent mature iNKT cells, stage 2 includes mature
NKT2 and NKT17 cells (Coquet et al., 2008; McNab et al., 2007; Michel
et al., 2008). In fact, IL-4 secretion by stage 2 NKT2 cells promotes
innate-like CD8 + T cell development and IgE production (Dickgreber
et al., 2012; Lee et al., 2013).
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2. Cell extrinsic effects
2.1. CD1d and lipid antigens

CD1d presents lipid antigens to NKT cells and is expressed by he-
matopoietic cells such as B cells, T cells, macrophages and DCs in ad-
dition to endothelial and epithelial cells (Brossay et al., 1997; Canchis
et al., 1993). Interactions between CD1d and the NKT TCR are im-
perative for NKT cell development, and these interactions are regulated
by CD1d expression, intracellular trafficking, and lipid acquisition. In-
creased expression of CD1d or the addition of strongly activating li-
gands, such as a-GalCer, resulted in alterations to V[3 usage, demon-
strating changes to positive and negative selection. Importantly, this
negative selection was mediated by thymic DCs rather than the DP
thymocytes that mediate iNKT cell positive selection (Chun et al.,
2003). To determine the APCs responsible for iNKT cell positive and
negative selection, human CD1d was transgenically expressed of in ei-
ther T cells (Lck promoter) or DCs and macrophages (CD11c promoter).
Although CD1d on T cells only was sufficient for positive selection, the
absolute number of iNKT cells was reduced and V[ usage was altered —
potentially due to slight avidity differences of mouse TCR for human
CD1d. Alternatively, limiting CD1d expression to DCs and macrophages
resulted in no detectable iNKT cells because these cell types cannot
mediate positive selection (Schiimann et al., 2005). CD1d expression is
controlled by members of the Ets transcriptional regulator family. EIf-1
binds to this site as a positive regulator while Pu.1 binds to this site as a
negative regulator of CD1d transcription (Fig. 2) (Choi et al., 2011). In
mice, there are two CD1d genes: CD1d1 and CD1d2. When originally
characterized, CD1d2 was found to be a pseudogene that does not
produce protein and this was assumed to be the case for all mouse
strains. Recently, it was shown that some mouse strains, namely Balb/c,
express properly folded CD1d2 in the thymus and that it will select
functional NKT cells. CD1d2 is slightly different structurally, resulting
in different antigenic selection, and therefore a different repertoire of
NKT cells (Sundararaj et al., 2018).

CD1d has a unique intracellular trafficking pattern (Fig. 2). It is
synthesized in the endoplasmic reticulum, associates with the invariant
chain (Ii), and traffics to the cell surface. Subsequently, CD1d is en-
docytosed to lysosomal compartments, exchanges lipids, and recycled
to the cell surface. Mutations in the CD1d cytoplasmic tyrosine-based
sorting motif decreased the ability of CD1d to recycle/internalize, ex-
change antigen, and positively select iNKT cells in vivo (Chiu et al.,
2002). AP-3 is important for endosomal and lysosomal trafficking. AP-3
mutation or deletion resulted in increased surface expression of CD1d,
altered trafficking, and decreased selection of iNKT cells in vivo
(Cernadas et al., 2003; Elewaut et al., 2003a). Adenosine triphosphate
binding cassette transporter 7 (ABCA7) controls lipid transport. ABCA7
deficient animals have reduced iNKT cell populations characterized by
decreased Egr2, decreased proliferation, and altered maturation with
fewer in stage 3 and more in stages 1 and 2. This defect is iNKT cell
extrinsic and is due to decreased CD1d expression and lipid raft for-
mation — resulting is suboptimal iNKT cell stimulation (Nowyhed et al.,
2017).

Lipid availability and loading can affect NKT cell selection as de-
monstrated by decreased NKT cell development in Cathepsin L, NPC1
and 2, or MTP deficient mice. (Dougan et al., 2007; Honey et al., 2002;
Sagiv et al., 2006; Schrantz et al., 2007). Although mice lacking Ii had
normal iNKT population sizes, there was a decrease in stage 3 and an
increase in stage 1 and 2 iNKT cells, altered V(3 usage, and decreased
ability to suppress infection, suggesting alterations in positive selection,
potentially due to differential antigen selection (Sillé et al., 2011).
Mouse models of some lysosomal storage diseases — namely, mutations
in B-hexosaminidase A or B, a-galactosidase A, f3-galactosidase, and
NPCI1 - have decreased iNKT cells and altered development, specifically
decreased stage 3 and increased stage 1 and 2 iNKT cells (Gadola et al.,
2006; Plati et al., 2009).
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The identity of the iNKT cell selecting antigen is a contested mystery
with microbial antigens, a-GalCer, and isoglobotrihexosylceramide
(iGb3) having been considered. (Christiansen et al., 2008; Park et al.,
2000; Pellicci et al., 2003; Porubsky et al., 2007). The most recent
candidates are mammalian a-linked glycosylceramides, including glu-
cosyl (GlcCers) and galactosyl (GalCers) species, as determined using
surface plasmon resonance, an antibody that recognizes a moieties
bound to CD1d, and purification from mammalian cells. Although
mammalian cells were originally not thought to produce these lipid
species, cells deficient in the enzymes that degrade a-linked sugars
were better stimulators of iNKT, suggesting that these glycolipids were
synthesized and their levels were tightly controlled by degradation
(Kain et al., 2014). A recent study in which GlcCer synthase was con-
ditionally deleted in T cells, showed decreased iNKT cell populations
despite normal CD1d and SLAM receptor expression. iNKT cell devel-
opment proceeded normally, but the iNKT cell population had higher
levels of apoptosis and lower proliferation (Popovic et al., 2017). In
summary, NKT cell development can be altered by changes in CD1d
expression, trafficking, antigen loading, and antigen availability
(Fig. 2).

2.2. Co-Stimulation

Like conventional T cells, NKT cells require co-stimulation during
development and activation. This section will cover CD3, CD28:B7,
ICOS:ICOS-L, and TIM-4. CD3 is the most basic TCR associated co-sti-
mulatory molecule and truly exerts an intrinsic effect since it does not
have an extrinsic ligand. Unlike conventional T cells, iNKT cells abso-
lutely require CD3 signaling during development. Deletion of CD3( or
its signaling component, Lck, resulted in reduced iNKT cell populations
and immature iNKT cells that failed to express a fully rearranged TCR
(Baur et al., 2001). The CD3(¢ chain has 10 immunoreceptor tyrosine-
based activation motifs (ITAMs). While conventional T cells only re-
quire four ITAMs for development, iNKT cells require all ten. Mutation
of as few as two ITAMs resulted in a dramatic population reduction,
skewed development with most iNKT cells in stage O, increased cell
death, and decreased expression of Egr2 and PLZF (Becker et al., 2010).
CD28 (T cell expressed) and its ligands CD80/86 (APC expressed) are
the canonical costimulatory molecules. Deletion of CD28 or both CD80
and 86 resulted in decreased iNKT cell populations. Maturation was
skewed with fewer iNKT cells progressing to stage 2 and 3 of devel-
opment (Williams et al., 2008; Zheng et al., 2008). ICOS (expressed on
T cells) and ICOS-L (expressed on APCs) are in the same co-receptor
family as CD28 and CD80/86. Similarly, mice lacking ICOS or ICOS-L
had decreased iNKT cell populations. Removal of ICOS was not quite as
detrimental as the deletion of CD80/86, but stage 3 was slightly lower
with stages 1 and 2 slightly higher. Despite being expressed on iNKT
cells in the thymus and periphery, TIM-4 was not necessary for iNKT
cell development and TIM4 deficient mice had normal iNKT cell po-
pulations with normal maturation (Zhang et al., 2016).

2.3. Cytokines, chemokines, and hormones

Cytokine, chemokine, and hormone receptor signaling impacts the
immune system and iNKT cell development. This section will cover IL-
15, IL-7, lymphotoxin, CCR7, and vitamin D. CD122 (IL-15Rp) is a re-
ceptor for IL-2 and IL-15 expressed by NKT cells. CD122 deficiency
resulted in decreased iNKT cell populations that cannot be rescued by
Bcl-2 overexpression, demonstrating that IL-2/15 provide more than
survival signals (Minagawa et al., 2002). A series of bone marrow
chimera experiments demonstrated that iNKT cell development re-
quires IL-15 trans-presentation by non-hematopoietic cells. iNKT cells
failed to develop in IL-15Ra deficient hosts, but IL-15Ra deficient iNKT
cells develop in WT hosts (Castillo et al., 2010; Chang et al., 2011).
iNKT cells in IL-15 or IL-15Ra knockout mice failed to progress to stage
3 and exhibited increased cell death. iNKT development in IL-15 and IL-
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15Ra deficient mice was partially rescued by Bim, Bcl-2 or Bcl-xL
overexpression. Indeed, when IL-15 was added to the media of thymic
iNKT cells, Bcl-2 and Bcl-xL. were upregulated (Chang et al., 2011;
Gordy et al., 2011). Trans-presentation of IL-15 is performed by mTECs
in the thymus and DCs in the periphery (Castillo et al., 2010; White
et al., 2014). IL-7 is a similarly important cytokine for T cells. Mice
lacking IL-7Ra had reduced iNKT cell population sizes, normal ma-
turation, decreased proliferation, and could be rescued by Bcl-2 over-
expression (Gordy et al., 2011; Tani-ichi et al., 2013). In iNKT cells, the
deubiquitinase CYLD controls IL-7Ra expression. In CYLD knockout
mice, iNKT cell populations were reduced, but maturation was normal.
The population reduction was due to increased apoptosis because of
failure to express IL-7Ra and ICOS (Lee et al., 2010). Thus, IL-15 and IL-
7 provide critical pro-survival signals to developing iNKT cells.

The lymphotoxin family has two members, LTa and LT[, and signals
through homo or hetero-trimers. Deletion of LTa, LTf, or their receptor
LTPR reduced the iNKT cell population in the periphery but only LTa
deletion reduced thymic iNKT cells (Elewaut et al., 2000; Franki et al.,
2006). CCRY7 is the receptor for CCL19 and CCL21 and is important for
the migration of developing T cells from the cortex to the medulla
(Fig. 2). In mice lacking CCR7, iNKT cell populations were reduced and
fewer cells progressed to stage 3 of development because the cells failed
to migrate to the medulla and therefore did not receive IL-15 trans-
presentation from mTECs (Cowan et al., 2014). Vitamin D receptor
deficient mice had decreased iNKT cell populations characterized by
decreased progression to stage 3. Interestingly, mice lacking vitamin D
receptor had reduced CD1d expression in the thymus and the effect
seems to be dependent on expression in the hematopoietic compart-
ment, although it is unclear if it needs to be expressed by the developing
iNKT or the selecting DP thymocyte (Yu and Cantorna, 2008). Vitamin
D receptor interacts with Med1. Med1 deficiency intrinsically decreased
iNKT cell development with fewer cells progressing to stage 3 of de-
velopment, but these defects could be rectified by transgenic expression
of Val4Jal8. In contrast to vitamin D receptor deletion, Med1 defi-
cient cells failed to upregulate CD122 (Yue et al., 2011).

3. Cell intrinsic effects
3.1. iNKT TCR

Due to the enhanced frequency of iNKT cell TCRs in naive mice, it
was originally thought that this particular TCR must be specifically
selected by a dedicated precursor or directed rearrangement. Analysis
of cloned hybrids by PCR and southern blot suggested that the iNKT
TCR was not the product of directed rearrangement and was usually
accompanied by an additional a chain rearrangement (Shimamura
et al., 1997). iNKT cells possess a stronger requirement for pre-Ta
signaling than conventional T cells — potentially because successful
rearrangement occurred later during the DP stage (G. Eberl et al., 1999a
and b). Analyzing gene rearrangement at different stages of develop-
ment in wildtype and CD1 deficient mice confirmed that iNKT cell TCR
rearrangement is similar to the rearrangement of other a chains and it
conformed to the instructive model of T cell development (Gapin et al.,
2001; Hager et al., 2007). Interestingly, the specific sequence of the
iNKT TCR could be created through convergent recombination in which
an overlap in the Va and Ja sequences results in the same rearrange-
ment by multiple recombination events (Greenaway et al., 2013). The
enhanced frequency of these cells is now attributed to their intense
expansion post-selection.

The particular pairing of a and 3 chains confers unique interactions
to iNKT cells. In humans and mice, iNKT TCR:CD1d docking occurs in a
parallel orientation with the TCR a chain primarily interacting with
CD1d and the TCR B chain recognizing the glycolipid antigen head
group (Borg et al., 2007; Kjer-Nielsen et al., 2006). Although all NKT
cells are reactive to self-ligands, VB7 has higher avidity for self-ligands,
such as iGb3, while VP8 has higher avidity of exogenous ligands, such
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as a-GalCer (Schiimann et al., 2006; Wei et al., 2006). iNKT cell posi-
tive selection is characterized as agonistic because the TCR signaling is
much stronger than that of conventional T cell selection (Kisielow et al.,
2011; Moran et al., 2011). However, TCR signals that are too strong are
subject to negative selection — as discovered in a mouse model with a
transgenic TCRP that conferred higher CD1d avidity (Bedel et al.,
2014). The few iNKT cells that developed had decreased Egr2 and PLZF
expression, in addition to reduced proliferation and effector functions,
indicating the importance of TCR signal strength in iNKT cell devel-
opment. Indeed in retrogenic chimera models, avidity correlated with
iNKT cell selection (Cruz Tleugabulova et al., 2016). These studies in-
dicate that iNKT cell selection occurs within a tightly controlled
window.

3.2. Gene regulation

Gene regulation consists of multiple levels of control. This section
will discuss the effects of NKT cell specific transcription factors (PLZF,
Egr2), T helper cell transcription factors (RORyt, GATA3, T-bet), T cell
development transcription factors (Notch, Wnt/-catenin, TCF-1/LEF-
1), immune cell transcription factors (Ets, AP-1, E protein), global gene
regulators (HDAC3, UTX/JMJD3), and microRNAs on iNKT cell de-
velopment (summarized in Table 1).

PLZF was identified during a screening for the expression of mul-
tiple BTB-ZF proteins in the immune system. PLZF was not expressed in
conventional T cells, but showed temporal regulation in iNKT cells
(higher in stage 1 and 2, lower in stage 3). iNKT cell populations were
severely reduced in PLZF knockout mice and those that were produced
failed to progress to stage 2 of development and express classic re-
ceptors such as CD122 (Kovalovsky et al., 2008; Savage et al., 2008). To
investigate the effects of PLZF on NKT/T cell development, mice that
express PLZF under the Lck or CD4 promoter were generated. While T
cells and iNKT cells developed normally, conventional T cells displayed
an effector, rather than naive phenotype — including increased CD44
and IL-7R and decreased CD62L expression (Kovalovsky et al., 2010;
Savage et al., 2011). These effects were found to be independent of SAP
and Fyn expression (Kovalovsky et al., 2010). In humans, it was found
that PLZF is expressed by NKT, yd T, NK and innate-like CD8 T cells and
PLZF + cells were increased in individuals with autoimmunity or
cancer (Eidson et al., 2011). Additionally, human iNKT cells require
PLZF for development as evidenced by a patient with biallelic muta-
tions in PLZF (Eidson et al., 2011). Using ChIP-Seq, the gene targets of
PLZF were found to overlap with targets of Ets, Runx, and E protein
transcription factor families. PLZF activates genes for immune effectors
(Fig. 3), homing and adhesion, cytokine and chemokine receptors, and
T-helper specific transcription factors and suppresses Bach2, an im-
mune effector gene suppressor (Mao et al., 2016).

Egr2 was discovered by investigating how TCR signaling-induced
calcineurin, and its downstream transcription factor NFAT, influence
iNKT cell development. In a model of Lck-Cre mediated deletion of
calcineurin, iNKT cells were reduced in the thymus and spleen and
Egrl, 2, and 3 were not upregulated following stimulation. Egr2, but
not Egrl or 3, ablated fetal liver chimeras demonstrated reduced iNKT
cell populations, characterized by decreased progression to stage 3 of
development. Decreased cellularity, in spite of increased proliferation,
was in part due to increased cell death of stage 0 iNKT cells (Lazarevic
et al., 2009). Transgenic Egr2 expression led increased iNKT cell po-
pulations (S. Li et al., 2011a and b). In fact, strong TCR signaling, such
as transgenic expression of Val4Jal8, resulted in enhanced Egr2 ex-
pression. Using ChIP-seq and luciferase assays, Egr2 was shown to bind
the promoters of PLZF as well as other iNKT cell associated genes
(CD122, FasL, and Cyclin D2). Egr2 deletion resulted in decreased ex-
pression of CD122 and Id2 and increased expression of Egrl. In mice
lacking both Egrl and 2, iNKT cells were drastically reduced. These
cells were almost entirely restrained to stage 1 of development and
failed to express PLZF, indicating the ability of Egrl to compensate for
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Table 1
Transcription factors in NKT cell development.
Change Population Effect Maturation Cause Differentiation
NKAP KO | Intrinsic Stage O Arrest or Decreased stage | Proliferation Decreased NKT17
3
HDAC3 KO | Intrinsic Decreased Stage 3 1 Apoptosis Decreased NKT1
UTX KO | Intrinsic Stage 1 Arrest
JMJD3
Ets TFs KO | Intrinsic Decreased Stage 3 1 Apoptosis
AP-1 Tg Inhibitor | Intrinsic Stage 2 Arrest
Fra-2 KO 1 Intrinsic Increased V(8.2 Usage
1d2/3 KO or Inhibition 1 Intrinsic Immature 1 Proliferation Altered VP Usage, Decreased NKT1, Increased NKT2 &
NKT 17
E protein KO | Intrinsic Stage 1 Arrest | Proliferation
Notch1/2 KO 1 Intrinsic Mostly Normal Increased NKT17
Wnt/B-Catenin  Tg Active Normal Decreased Stage 3 Decreased NKT1 & NKT17
TCF-1 KO | Intrinsic Rescued by Tg Bcl-xL/TCR
RORyt KO | Intrinsic Rescued by Tg Bcl-xL/TCR
Runx1 KO | Intrinsic
Gata3 KO Normal Increased Stage 3 1 Apoptosis CD4 + NKT cell decreased
ThPOK KO Normal Decreased Stage 3 CD4 + NKT cell decreased, Decreased NKT1, Increased
NKT17
Tbet KO | Intrinsic Stage 2 Arrest
Egr2 KO | Intrinsic Stage 2 Arrest 1 Apoptosis
Pak2 KO | Intrinsic Stage 2 Arrest 1 Apoptosis Decreased NKT1 & NKT2, Increased NKT17
PLZF KO | Intrinsic Stage 1 Arrest
YY1 KO | Intrinsic Stage 2 Arrest 1 Apoptosis

Dicer Ras-GRP1 PKC6

|

-

miRs Ras/Erk NF-kB

Autophagy

Proliferation

Fig. 3. NKT cells must balance many signals for development and expansion. NKT cell development involves extremely strong TCR and SLAM signals that reprogram
the cell. This requires activation of survival (NF-kB) and proliferation (c-Myc) pathways as well as metabolic balancing (PI3K, mTOR, AMPK) and transcriptional
activation. During this time, NKT cells also upregulate multiple lineage specific transcription factors to control differentiation and effector functions.
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loss of Egr2 (Seiler et al., 2012). Genetic deletion of p21-activated ki-
nase 2 (Pak2), a cytoskeletal remodeling gene associated with high
affinity TCR signaling, resulted in decreased iNKT cells and skewed
development with a higher percentage in Stage 0, 1, and 2 and a lower
percentage in stage 3 in a cell intrinsic manner. Pak2 deficient iNKT
cells had increased apoptosis and the defect could not be rescued by
Bcl-2 expression. Pak2 deficient iNKT cells expressed less Slamf6 and
had skewed differentiation with fewer NKT1 and NKT2 cells and more
NKT17. These alterations were due to impaired expression of Egr2 and
PLZF during iNKT development — indicating that TCR signaling pro-
ceeds through Pak2 for Egr2 upregulation (O’Hagan et al., 2015). Ying-
Yang 1(YY1) is a newly discovered transcription factor that demon-
strates similar temporal regulation to Egr2. Ablation of YY1 resulted in
decreased iNKT cell populations and decreased progression to stage 3 of
development by a cell intrinsic mechanism. Although this defect par-
tially resulted from increased cell death, Bim expression did not rescue
the phenotype. Luciferase assays combined with ChIP-seq revealed that
YY1 bound and activated the PLZF promoter (Ou et al., 2018). Acti-
vation of PLZF transcription by Egr2 and YY1 is necessary early in iNKT
cell development for PLZF upregulation and survival (Fig. 3).

RORyt, GATA3, and T-bet are traditionally thought of as T helper
specific transcription factors. In mice lacking RORyt, iNKT cell popu-
lations were severely reduced in a cell intrinsic manner that could be
rescued by Bcl-xL and Val4Jal8 transgenic expression — demonstrating
the importance of RORyt expression in the double positive stage during
a chain rearrangement (Bezbradica et al., 2005; Egawa et al., 2005).
Likewise, Runx1 ablation also resulted in a cell intrinsic, severe de-
pletion of iNKT cells (Egawa et al., 2005). In mice with CD4-Cre
mediated removal of GATA3, the iNKT cell population was normal in
the thymus, but decreased in the periphery, potentially due to increased
cell death. Despite normal cellularity, CD4+ iNKT cells were specifi-
cally depleted in the thymus and periphery and development was al-
tered with more iNKT cells progressing to stage 3 of development. Both
of these alterations were cell intrinsic (Kim et al., 2006). Conditional
ablation of ThPOK phenocopied GATA3 deficiency, with a selective loss
of CD4+ iNKT cells, and dual modification studies indicated that
GATA3 promotes ThPOK expression (Wang et al., 2010). ThPOK reg-
ulates co-receptor expression during iNKT cell development. Thus when
ThPOK was removed, CD4+ iNKT cells failed to develop and CD8+
iNKT cells developed (Engel et al., 2010). An iNKT cell developmental
study with mutant ThPOK indicated that in addition to the phenotypic
differences indicated above, mutant iNKT cells had a cell intrinsic se-
lective developmental advantage in mixed bone marrow chimeras, but
fewer iNKT cells progressed to stage 3 of development with decreased
development of NKT1 cells and increased development of NKT17
(Enders et al., 2012). Interestingly, the additional deletion of Runx3, a
controller of CD8 expression, partially rescued the expression of CD8
and moderately decreased the NKT17 skewing (Liu et al., 2014). Loss of
T-bet decreased iNKT cell populations in a cell intrinsic manner as
identified by both TCRB + NK1.1+ and TCRB+ a-GalCer-loaded tet-
ramer staining. There was a blockade at stage 2 of development with
very few iNKT cells progressing to stage 3 (Matsuda et al., 2006;
Townsend et al., 2004). T-bet ablation resulted in decreased expression
of IFN-y, Granzyme B, FasL, and CD122 while forced expression of T-bet
did the opposite (Matsuda et al., 2006). RORyt provides survival signals
during a chain rearrangement in the DP stage. GATA3 and ThPOK in-
duce CD4 and suppress CD8 expression (Fig. 3).

Notch, Wnt/B-catenin, and TCF-1/LEF-1 are known to be involved
in early T cell development. Notch is vital for early T cell lineage
commitment and development. The loss of both Notchl and 2 resulted
in increased total thymic iNKT cells, particularly in stages 2 and 3 of
development, although the percentage in stage 3 was actually de-
creased. This defect was found to be cell intrinsic and the decreased
percentage of stage 3 iNKT cells was corrected in the periphery.
Additionally, mice lacking Notch 1 and 2 had increased NKT17 cells
(Oh et al., 2015). Wnt/B-catenin signaling is known to be important in
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T lineage commitment, with activated (-catenin associating with TCF-1
for gene transcription. In mice expressing constitutively active p-ca-
tenin, iNKT cells were increased in the thymus. Similarly, CD4-Cre
mediated B-catenin deletion resulted in a reduction in the percentage of
iNKT cells, but not in absolute number. Activated B-catenin resulted in
altered development, namely increased stage 1 and 2, but decreased
stage 3 iNKT cells due to changes from the normal temporal regulation
of B-catenin signaling. PLZF was upregulated while CD122 and T-bet
were downregulated resulting in decreased NKT1 and NKT17 cells
(Pyaram et al., 2017). Corresponding to B-catenin, TCF-1 is temporally
regulated during iNKT cell development and deficiency resulted in
decreased iNKT cells, but could be rescued by transgenic expression of
Val4Jal8 or Bel-xL (Berga-Bolanos et al., 2015; Sharma et al., 2014).
This defect was compounded by the additional removal of LEF-1 and
both deletions resulted in cell intrinsic defects (Berga-Bolanos et al.,
2015). Therefore, Notch1/2 and Wnt/fB-catenin promote stage 3 iNKT
cell maturation while TCF-1 provides necessary survival signals (Fig. 3).

MEF, Ets-1, and Elf-1 are Ets family members that are expressed in
hematopoietic lineages. In MEF deficient mice, NKT cells, identified by
NK1.1 and TCRf} expression, were reduced in the thymus and periphery
and their cytolytic abilities were diminished because MEF activates the
perforin promoter (Lacorazza et al., 2002). Mice lacking Ets-1 also had
decreased CD4 + NK1.1+ NKT cells in the thymus and periphery
(Walunas et al., 2000). Tetramer staining confirmed decreases in iNKT
cell populations in Ets-1 knockout mice and showed a similar decrease
in Elf-1 knockout mice that is cell intrinsic. Maturation was altered to
have higher percentages in stage 0, 1, and 2 although all stages had
decreased absolute cell numbers. This defect was in part due to in-
creased cell death during stage 1 (Choi et al., 2011). BATF is a negative
regulator of AP-1 and is highly expressed in lymphoid organs. In a
mouse model that overexpresses BATF under the control of Lck,
NK1.1+TCRB+ NKT cells were reduced in the thymus and periphery
and their effector functions (IL-4/IFN-y production and cytolysis) were
impaired (Williams et al., 2003). A follow up study confirmed these
data using a-GalCer:CD1d dimers and tetramers and showed that iNKT
cells were constrained in stage 2 of development (Zullo et al., 2007).
CD4-Cre mediated deletion of the AP-1 family member, Fra-2, resulted
in a cell intrinsic increase in iNKT cell populations in the thymus and
periphery. Additionally, the use of VB8.2 became slightly more pro-
minent - indicating potential changes in selection. A number of iNKT
cell specific genes were dysregulated including CD122, IL-4, PLZF, TCF-
1, Slamf1, and HSA (Lawson et al., 2009). The E protein transcription
factors E2A and HEB and their negative regulators Id2 and Id3 are
expressed in the thymus. Although Id2 removal had no effect, single
germline ablation of Id3 (D’Cruz et al., 2014; Verykokakis et al., 2013)
and removal of both Id2 and 3 by Lck-Cre (Li et al., 2013) or CD4-Cre
(Verykokakis et al., 2013) resulted in a significant increase in thymic
iNKT cells, in a cell intrinsic manner, but the majority were in stage 1 or
2 of development. Loss of Id3 resulted in increased proliferation at early
stages of iNKT cell development — accounting for the increased cell
number (D’Cruz et al., 2014). The percentage of cells rearranging the
Val4 TCR was increased and V[3 chain usage was skewed — indicating
altered selection and potentially altered rearrangement (Li et al., 2013;
Verykokakis et al., 2013). When Li et al. developed mice lacking Id2,
Id3 and an E protein, iNKT cell populations were reduced to nearly
normal (Li et al., 2013). Transgenic expression of an E protein fusion
protein that blocks Id and sustains E protein activity altered iNKT cell
development. iNKT cell populations were normal in the thymus and
lymph nodes but decreased in the spleen. Additionally, thymic iNKT
cells were primarily in stage 1 and 2 of development and displayed
altered expression of CD122, T-bet, Runx3, GATA3 and RORyt resulting
in increased differentiation of NKT17 and NKT2, but decreased NKT1
(Hu et al., 2013). The Id3 knockout model also provided evidence for
decreased T-bet and therefore NKT1 cells and increased NKT2 cells
(D’Cruz et al., 2014; Verykokakis et al., 2013). Id2 deficiency did not
result in increased or diminished iNKT cell populations or changes in
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proliferation, but NKT1 cells were decreased and PLZF expression was
increased (D’Cruz et al., 2014). In a model of HEB and E2A double
knock out by CD4-Cre with transgenic overexpression of Val4Jal8
TCR, iNKT cell populations were decreased in E protein deficient mice
with the iNKT cells arrested in stage 0 and 1 of development. The re-
duction was due in part to decreased proliferation. This model also
demonstrated decreased PLZF expression — because E proteins bind the
PLZF promoter (D’Cruz et al., 2014). While Ets family members are
important for survival, E protein members affect proliferation (Fig. 3).

Global gene changes are carried out by enzymes that add or remove
post-translational modifications, such as methyl and acetyl groups, to
histones. Histone deacetylase (HDAC) proteins remove acetyl groups,
resulting in chromatin changes that effectively turn off transcription.
NKAP is an HDAC3 associated protein that represses transcription.
Conditional deletion of NKAP by CD4-Cre resulted in a severe, cell in-
trinsic reduction in iNKT cell populations with thymic iNKT cells pri-
marily restrained in stage 0 of development. This defect was found to be
independent of Notch signaling, but dependent upon HDAC3, as re-
moval of HDAC3 under CD4-Cre recapitulated NKAP deficiency (Thapa
et al., 2013). Gene ablation by PLZF-Cre occurs slightly later than CD4-
Cre. PLZF-Cre mediated NKAP deficiency also resulted in reduced iNKT
cells, with decreased progression to maturity due to decreased pro-
liferation and skewed subset differentiation with decreased NKT17
cells. Only subset defects were rescued by transgenic expression of PLZF
(Thapa et al., 2016). Mice lacking HDAC3 due to PLZF-Cre had de-
creased iNKT cell populations with decreased progression to maturity
due to increased cell death, and reduced autophagy and nutrient re-
ceptor expression. This model also demonstrated skewed subset dif-
ferentiation, but resulted in decreased NKT1 cells - likely a results of
decreased stage 3 iNKT cells (Thapa et al., 2017). Conversely, HDAC4
was not required for iNKT cell development or function (Liu et al.,
2017). UTX and JMJD3 are histone demethylases that remove methyl
groups to turn genes on. Mice lacking JMJD3, UTX and JMJD3/UTX
had decreased liver iNKT cells, but only UTX and JMJD3/UTX deficient
animals had decreased thymic populations. Mice lacking both JMJD3
and UTX had the most severe development defects with a cell intrinsic
block from stage 1 to stage 2 of development (Northrup et al., 2017).
Collectively these studies reveal the importance of global gene regula-
tion during stages 0 and 1 of iNKT cell development (Fig. 3).

Genes are regulated post-transcriptionally by microRNAs (miRNAs)
and mRNA-binding proteins (Roquin). miRNAs bind mRNAs to block
their translation and induce degradation, but to become functional,
miRNAs must be processed by the enzyme Dicer. The importance of
miRNA regulation was discovered in iNKT cells when Dicer was con-
ditionally removed using Tie2-Cre by Qing-Sheng Mi’s group. In this
model, iNKT cells were significantly reduced in the thymus and per-
ipheral organs. Thymic iNKT cells were primarily stage 0 with few
progressing to stage 1, 2, and 3 (Zhou et al., 2009). Fedeli et al. si-
multaneously confirmed these results using a CD4-Cre system and
mixed bone marrow chimeras to demonstrate the cell intrinsic nature of
this developmental defect. iNKT cells from Dicer deficient mice were
more frequently in the G2/M phase of the cell cycle and experienced
much higher levels of apoptosis detected by caspase activation (Fedeli
et al., 2009). Mi’s group also used the CD4-Cre system in their Dicer
model and confirmed an increased proportion of iNKT cells in stage 0
and increased apoptosis, as determined by Annexin V/7-AAD staining.
In contrast, they found proliferation, measured by BrdU incorporation,
to be normal (Seo et al., 2010). These studies show that microRNA
expression is imperative for survival and population formation (Fig. 3).

Now that the effects of global repression of miRNAs were confirmed,
the hunt for the precise miRNAs (miRs) that impact iNKT cell devel-
opment could begin. The first miR, miR-223, to be published had no
effect on iNKT cell population size or development when deleted de-
spite being stage specifically regulated (K. Li et al., 2011a and b).
miR150 also demonstrated stage specific regulation and mice lacking
miR150 had a reduction in the thymic iNKT cell population, but not in
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the periphery. The thymic iNKT cell population was restrained in stage
2 of development with few cells progressing to stage 3 and displayed
increased cell death (Zheng et al., 2012). The miR181 family includes 6
miRs. miR181al and miR181b1l are highly expressed in the thymus.
They negatively regulate PTEN, a negative regulator of PI3K, and when
removed, PI3K signaling is downregulated and metabolism is altered.
Considering the sensitivity of developing iNKT cells to survival and
metabolism cues, it is not surprising that iNKT cells were significantly
reduced in a cell intrinsic manner due to decreased proliferation
(Fig. 3). iNKT cell development was altered with few cells progressing
to stage 3. Significantly, when miR181albl and PTEN were simulta-
neously deleted, the thymic iNKT cell population was rescued (Henao-
Mejia et al., 2013). Lethal 7 (Let-7) miRs are strongly expressed in
thymocytes and cannot be processed by Dicer if they are bound by
LIN28 proteins. Therefore, when LIN28 was expressed under the control
of CD2, Let-7 miRs were not active. In this model, iNKT cells had in-
creased Eomes, CD122, CD44, IL-4, and PLZF staining. Significantly,
when PLZF was additionally deleted, IL-4 staining was reduced to
wildtype control levels. iNKT cell intrinsic Let-7 transcription is induced
by factors produced by the thymic stroma, including vitamin D, IL-15
and retinoic acid (Pobezinsky et al., 2015). Let-7 negatively regulates
PLZF mRNA translation (Fig. 3), but does not alter the size of the iNKT
cell population. For this reason, development was slightly altered in the
absence of Let-7 activity with decreased progression to stage 3, re-
sulting in increased NKT2 and NKT17 cells and decreased NKT1 cells
(Pobezinsky et al., 2015). Three highly redundant miR families, miR-
17 ~92, miR106a~ 363, and miR106b ~ 25, were implicated in iNKT
development. Germline ablation of miR106a~ 363 and miR106b ~25
combined with CD4-Cre removal of miR-17~92 resulted in a triple
knock out model that exhibited reduced iNKT cell populations with
iNKT cells arrested in stage 2 of development. Additionally, NKT17 and
NKT1 cells were reduced, and NKT2 cells increased when all three miR
families were deleted (Fedeli et al., 2016). Thus, miRs contribute to
iNKT cell survival signaling and subset differentiation. It will be in-
teresting to see if long non-coding RNAs have a similar impact on iNKT
cell survival and subset differentiation.

Roquin-1 and 2 are mRNA-binding proteins that have been shown to
regulate gene expression post-transcriptionally in mature immune cells.
Using CD4-Cre to selectively delete Roquin-1 and both Roquin-1 and 2
resulted in decreased iNKT cell populations with thymic iNKT cells
restrained in stage 2 of development. Remarkably, this phenotype was
not observed in mixed bone marrow chimeras indicating a cell extrinsic
effect. Additionally, NKT17 cells were dramatically increased, while
NKT1 subsets decreased in a cell intrinsic manner. Interestingly, all of
these defects were ameliorated by forced Val4 recombination at an
early DP thymocyte stage (Drees et al., 2017).

3.3. SLAM/SAP/Fyn signaling

The surface protein signaling lymphocytic activation molecule
(SLAM) signals through its adaptor protein, SLAM-associated protein
(SAP), and a Src family kinase, Fyn. T cell function and development is
strongly controlled by the Src family kinase, Lck. In mice lacking Lck,
both T cell and iNKT cell populations were severely stunted. However,
in the absence of Fyn, the T cell population appeared normal, while the
iNKT cell population was significantly reduced (Gerard Eberl et al.,
1999a and b). Bone marrow chimera experiments demonstrated that
the reduction of iNKT cells in Fyn deficient mice was cell autonomous
(Gadue et al., 1999). Transgenic Val4Jal8 TCR expression completely
restored iNKT cell populations in mice lacking Fyn, but only partial
restoration was observed in Lck deficient animals, indicating that Fyn
signaling provides an important additional positive signal, but can be
replaced by enhanced TCR signaling (Gadue et al., 2004). Mice with a
mutant SAP that cannot bind Fyn had a significant, cell intrinsic, re-
duction in iNKT cell numbers (Nunez-Cruz et al., 2008). Although iNKT
cells were present in the absence of Fyn signaling, the population was
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significantly reduced, demonstrating the importance of this signaling
component in iNKT cell development.

The initial characterizations of the role of SLAM and SAP in NK and
T cell development were due to defects observed in individuals with X-
linked lymphoproliferative disease (XLP), caused by a mutation in SAP.
SAP deficient mice had a significant decrease in iNKT cells, but the
population was reconstituted after bone marrow transfer from wildtype
mice, indicating hematopoietic expression of SAP is crucial (Nichols
et al., 2005; Pasquier et al., 2005). These results were confirmed in
humans as well. SAP transduces signals for the surface receptor SLAM.
The SLAM family encompasses 9 genes (Slamfl-9) and the resulting
proteins typically form homotypic interactions with themselves or other
SLAM molecules in some cases. An extensive series of simple, compe-
titive, and mixed bone marrow chimera experiments showed that ge-
netic ablation of Slamfl or Slamf6 moderately impaired iNKT cell de-
velopment in a redundant manner during the transition from stage 0 to
stage 1, but deletion of Slamf2 and Slamf4 did not (Griewank et al.,
2007). Interestingly, removal of SAP and Slamf6 partially rescued the
iNKT cell population compared to animals lacking only SAP, except in
the spleen, highlighting the potential negative signaling effects of SLAM
family members (Kageyama et al., 2012). Other SLAM family members,
Slamf3, Slamf7, and Slamf8 — with both Slamf7 and Slamf8 functioning
independent of SAP - have inhibitory signaling effects as demonstrated
by increased iNKT cell numbers in mice deficient in a single SLAM
member (De Calisto et al., 2014; Sintes et al., 2013). Mice deficient in
two (Slamf1,6) and three (Slamf1,5,6) SLAM family members had se-
verely impaired iNKT cell development, although the loss of Slamf5 did
not significantly reduce the population, compared to the loss of Slamfl
and 6 (De Calisto et al., 2014; Huang et al., 2016). Similarly, in Slamf5
deficient mice, there was not a statistically significant reduction in
iNKT cells in the thymus or spleen (De Calisto et al., 2014). Genetic
deletion of Slamfl-7 revealed greatly reduced iNKT cell populations,
characterized by decreased PLZF, and alterations in the ratio of iNKT
cells in stages 1, 2 and 3 of development (Chen et al., 2017). In sum-
mary, positive SAP signaling is crucial for iNKT cell development and
various SLAM family members (summarized in Table 2) exert positive
and negative signaling during iNKT cell development.

Although most studies focus on iNKT cell development in the pre-
sence or absence of SLAM/SAP signaling, few examine the function of
the residual iNKT cell populations. In mice with mutant SAP that cannot
bind Fyn, iNKT cell cytokine production appeared normal — suggesting
that SAP signaling for iNKT differentiation is not through Fyn (Nunez-
Cruz et al.,, 2008). In SAP deficient mice expressing an iNKT TCR
transgene, the iNKT cell population had lower PLZF expression and was
skewed with increased NKT17 and fewer NKT2 cells, and concomitant
changes in RORyt and Gata3 (Michel et al., 2016). In Slamf1-7 deficient
animals, the NKT1 cell population was greatly reduced while the
NKT17 population was increased. These mice also had an increased
percentage of NKT2 cells but a lower absolute number (Chen et al.,
2017). These studies agree that in the absence of SLAM signaling
through SAP, there is an overall increased in the proportion of NKT17
cells.

Table 2
SLAM family members in NKT cell development.

SLAM Family Member Knockout NKT population effects Natural Signaling is

Slamf1 | Stimulatory
Slamf2 - No effect
Slamf3 1 Inhibitory
Slamf4 - No effect
Slamf5 - No effect
Slamf6 1) Stimulatory
Slamf7 1 Inhibitory
Slamf8 1 Inhibitory
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3.4. Proliferation, survival, and metabolism

Two pathways implicated in survival signaling are c-myc and NF-«B.
C-myc is a tumor suppressor protein known to be involved in the bal-
ance between survival, proliferation, and apoptosis. Genetic deletion of
c-myc is embryonically lethal, but its effects on iNKT cell development
can be studied using conditional deletion models. Studies utilizing the
CD4-Cre system to delete c-myc observed a significant reduction in
iNKT cells, with the remaining iNKT cells arrested in stage 1 of devel-
opment. Notably, this population was also significantly reduced (Dose
et al., 2009; Mycko et al., 2009). This defect was not rescued with either
Bcl-2 overexpression or inactivation of p21, which eliminates the
apoptotic and survival signaling implicated by c-myc loss (Dose et al.,
2009; Mycko et al., 2009). Instead, c-myc ablation prevented the pro-
liferative burst that usually occurs immediately following positive se-
lection (Dose et al., 2009). The effects of c-myc on differentiation are
controversial as one study shows that the residual iNKT cell population
expressed increased PLZF and IL-4 (Mycko et al., 2009), while another
group did not detect increased PLZF or IL-4 (Dose et al., 2009). Col-
lectively, these studies demonstrate that c-Myc is an essential driver of
iNKT cell expansion, which is necessary for development (Table 3,
Fig. 3).

NF-xB signaling is known to be particularly important in immune
cell survival and response. Deletion or mutations in nfkb1l and IkBa
demonstrated cell intrinsic blocks in iNKT cell development, as shown
by IkBa-mutant iNKT cells arrested in stage 2 (Sivakumar et al., 2003;
A. K. Stanic et al., 2004a, Stanic et al., 2004b). Mutations in IxkBa re-
sulted in increased programmed cell death and iNKT cell populations
were rescued by Bcl-xL overexpression, indicating NF-kB provides
crucial survival signals (A K Stanic et al., 2004a Stanic et al., 2004b). In
the absence of NF-kB signaling, death signals through tumor necrosis
factor receptor 1 (TNFR1) contributed to iNKT cell death as evidenced
by restoration of iNKT cell populations in mice with mutant IxkBa and
genetic ablation of TNFR1 (Kumar et al., 2017). Another NF-xB family
member, RelA, affected iNKT cell development when it was con-
ditionally deleted in CD4 + cells. RelA loss caused significant popula-
tion reduction, arrest in stage 2, and decreased proliferation in the
presence of IL-15 and IL-7, due to decreased expression of their re-
ceptors (Vallabhapurapu et al., 2008). Conversely, RelB expression was
required in thymic stromal cells for iNKT cell development because it
induced IL-15 production (Elewaut et al., 2003b; Sivakumar et al.,
2003). NF-kB is negatively regulated by the deubiquitinating enzyme,
A20. Upon CD4-Cre mediated A20 deletion, iNKT cell populations were
reduced in a cell intrinsic manner. Although the percentage of iNKT
cells in each stage were similar, the absolute number of iNKT cells in
stage 3 were significantly reduced. In addition, NKT1 cells were re-
duced in A20 knock out mice (Drennan et al., 2016). Taken together
these studies indicate NF-kB provides essential survival signals during
iNKT cell development (Table 3, Fig. 3).

In mature conventional T cells, TCR activation of Lck/Fyn/Zap70
result in activation of several pathways, including PI3K and Tec family
kinases. PI3K induces phospholipase C (PLC) production of diacylgly-
cerol (DAG), which then activates PKCO and the Ras/Erk pathway.
PKC6 induces the activity of NF-kB. PKCO deficient mice also had re-
duced iNKT cell populations with increased cells in stage 1 and 2 of
development but fewer in stage 3 (A. K. Stanic et al., 2004a, Stanic
et al., 2004b). Transgenic overexpression of Bcl-xL did not rescue the
iNKT cell population in mice lacking PKCO (Kumar et al., 2017). DAG
kinase a and ¢ are negative feedback loops to control TCR signaling.
While ablation of one DAG kinase did not have a phenotype, the loss of
both DAG kinases resulted in a cell intrinsic, significant decrease in
iNKT cells with arrest in stage 2. This defect was in part due to in-
creased NF-kB and Ras/Erk pathway signaling, because moderate
changes in iNKT cell development were present when Ras or IKK were
permanently activated (Shen et al., 2011b). Activation of the Ras/Erk
pathway is initiated by DAG activation of Ras-GRP1, which activates
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Table 3
Cell survival and metabolism in NKT cell development.
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Change Population Effect Maturation Cause Differentiation
c-Myc KO | Intrinsic Stage 1 Arrest | Proliferation Potential NKT2 changes
RelA/NF-kB1/mIkBa KO or mutation | Intrinsic Stage 2 Arrest 1 Apoptosis, | Proliferation
RelB KO | Extrinsic | IL-15 production
A20 KO | Intrinsic Decreased Stage 3 Decreased NKT1
PKCO KO | Intrinsic Stage 2 Arrest
DAG Kinase a/¢ KO | Intrinsic Stage 2 Arrest Increased NF-kB and Ras/Erk
Ras-GRP1 KO | Intrinsic Decreased Stage 3 1 Apoptosis Decreased CD4 + NKT cells
Itk /Rlk KO | Intrinsic Decreased Stage 3
DOCK2/8 KO | Intrinsic Decreased Stage 3
Fnipl KO | Intrinsic Stage 2 Arrest 1 Apoptosis, Metabolism changes
Atg5/7 KO | Intrinsic Stage 1 or 2 Arrest 1 Apoptosis
SHIP-1 KO | Extrinsic | Proliferation
mTORC1 KO | Intrinsic Stage 1 Arrest Decreased NKT1
mTORC2 KO | Intrinsic Mostly Normal 1 Apoptosis, | Proliferation Decreased NKT17
PDK1 KO or mutation | Intrinsic Stage 1 Arrest

Ras. Loss of Ras-GRP1 significantly reduced iNKT cell populations,
specifically there was an increase in stage 1 and 2 proportions and a
decrease in stage 3. This defect was cell intrinsic and resulted from
increased cell death. Interestingly, CD4 + iNKT cells were affected more
prominently than DN iNKT cells (Shen et al., 2011a). In absence of
RASAL3, a negative regulator of Ras, iNKT cell numbers were moder-
ately reduced only in the liver, and development appeared normal
(Saito et al., 2015).

There are three Tec family kinases: Itk, Rlk and Tec. The loss of Rlk
did not significantly impact iNKT cell populations, but Itk deficiency
and loss of both Rlk and Itk resulted in decreased iNKT cell populations
with decreased progression to stage 3 of development (Felices and Berg,
2008). While overexpression of Rlk in Itk deficient mice restored the
percentage and maturation of iNKT cells in the thymus, the absolute
number of iNKT cells was not restored to wildtype control levels (Qi
et al., 2012). Deletion of DOCKS, a guanine nucleotide exchange factor,
resulted in decreased thymic iNKT cell populations and mature iNKT
cells in a cell intrinsic manner (Crawford et al., 2013). Similarly,
DOCK2 deletion resulted in a cell intrinsic decrease in iNKT cell po-
pulations with fewer progressing to stage 3 of development (Kunisaki
et al., 2006). These studies reinforce the notion that the balance of
survival signals plays an important role in iNKT cell development
(Table 3, Fig. 3).

Proliferation requires energy and consumes many cellular resources.
Cellular metabolism is controlled by two opposing pathways: mTOR
and AMPK. TCR stimulation induces PI3K to activate mTOR via Akt
signaling. Conversely, AMPK inhibits mTOR and activates autophagy to
make energy and compile resources. Fnipl is an adaptor molecule for
AMPK. In the absence of Fnip1l, iNKT cell populations were reduced in a
cell autonomous manner and development was arrested at stage 2. This
defect was characterized by increased sensitivity to apoptosis, altered
mitochondrial homeostasis, increased mTOR activity, and decreased
ATP levels (Park et al., 2014). Investigation into the role of autophagy
by ablation of Atg7 via CD4-Cre, resulted in a cell intrinsic decrease of
iNKT cell populations with the majority restrained in stage 2 of de-
velopment. The residual iNKT cell population expressed lower levels of
Bcl2, Egr2, and PLZF and were more susceptible to apoptosis (Salio
et al., 2014). Another study, comparing Atg5 and Atg7 ablation uti-
lizing Lck-Cre and CD4-Cre, observed reduced iNKT cell populations
under all conditions. iNKT cell numbers were normal in stage 0 and 1 in
mice lacking both, but Atg5 ablation resulted in decreased stage 2 and
3, while loss of Atg7 resulted in decreased stage 3 iNKT cells. Atg5
ablation was shown to be cell intrinsic with iNKT cells arrested in S
phase and increased mitochondrial superoxide, resulting in increased
susceptibility to apoptosis (Pei et al., 2015). The reallocation of re-
sources by AMPK and autophagy are necessary for iNKT cell develop-
ment (Table 3, Fig. 3).

mTOR signaling has also been shown to have an impact on iNKT cell
development through both of its complexes, mTORC1 and mTORC2. To
probe mTORC1 signaling, another key component of the complex,
Raptor, was selectively ablated using a CD4-Cre system. The iNKT cell
population was significantly reduced in a cell autonomous manner
while conventional T cell development appeared normal. iNKT cells
were primarily blocked in stage 1 of development with few cells pro-
gressing to stage 2 or 3 (Zhang et al., 2014). These results were con-
firmed by showing decreased NKT1 cell differentiation in mice lacking
Raptor (Wei et al., 2014). Three studies have assessed the effects of
mTORC2 signaling by removal of Rictor, an mTORC2 component, using
CD4-Cre. Rictor deficient mice had moderately decreased iNKT cell
populations. Although iNKT cell development was nearly normal, with
a slight increase in the percentage of stage 1 cells and decrease in the
percentage of stage 2 cells (Prevot et al., 2015; Sklarz et al., 2017; Wei
et al., 2014). Prevot et al. demonstrated that this defect was cell in-
trinsic. While Wei et al. contributed the reduced cell number to in-
creased susceptibility to cell death as evidenced by increased caspase
activity and normal proliferation demonstrated by Ki67 and BrdU
staining, Prevot et al. demonstrated decreased proliferation of stage 1
using Ki67 staining and normal apoptosis demonstrated by annexin V/
7-AAD staining. Sklarz et al., 2018 showed decreased proliferation
using Ki67 staining and BrdU incorporation and increased cell death
demonstrated by increased caspase staining of stage 1 iNKT cells. Both
groups observed a decrease in NKT17 cells, as demonstrated by de-
creased IL-17 A and RORyt in the absence of Rictor. Wei et al. rescued
NKT17 cell production by breeding Rictor deficient animals with mice
lacking PTEN, a negative regulator of Rictor. Additionally, Sklarz et al.
showed decreased proliferation and cytotoxicity after stimulation.
Conversely, Prevot et al. found a decrease in NKT2 cells, as demon-
strated by decreased IL-4 production and Gata3 staining in the thymus.
Sklarz et al., 2018 partially recapitulated this data by showing de-
creased IL-4 expression in the thymus, although IL-4 expression was
increased in the lung and Gata3 staining was normal. As previously
mentioned, mTOR activation can occur via PI3K induction of PDK-
mediated activation of Akt. Conditional deletion of PDK1 using CD4-Cre
resulted in a reduction in the iNKT cell population with the majority of
cells restrained in stage 1 of development due to a failure to upregulate
nutrient receptors needed to maintain growth (Finlay et al., 2010). This
data was confirmed in a model that deleted only the catalytic domain of
PDK1. SHIP-1 is a negative regulator of PI3K signaling. In SHIP-1 de-
ficient mice, iNKT cell populations were decreased due to an extrinsic
effect that resulted in decreased iNKT cell proliferation (Anderson et al.,
2015). In summary, metabolism is finely tuned in iNKT cell develop-
ment and skewing either direction can perturb both development and
differentiation (Table 3, Fig. 3).
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4. Discussion

The minutia of iNKT cell development weave a tangled web. Each
discovery and new piece of information links formerly disparate ideas
together until a picture forms. Similar to the fine line they walk be-
tween being adaptive and innate immune cells, iNKT cell development
requires an exquisitely balanced sequence of events. They are essen-
tially activated, effector cells at the end of development. Therefore they
require the basic T cell development cues as well as T cell activation
and effector activation components during development. Removal of
any single component tips the scale and disrupts iNKT cell develop-
ment, resulting in cell death, cell cycle arrest, decreased proliferation,
or decreased maturation.

Within the past five years, techniques for iNKT cell characterization
have improved by leaps and bounds. The use of increasing numbers of
fluorophores in flow cytometry, single cell RNA-seq, and CHiP-seq have
impacted the characterization of iNKT cell subset. Not only does their
gene expression profile more closely mirror innate lymphocytes than
conventional T helper cells, new subsets have been recognized in the
thymus with identification of NKTO or NKTp cells and further division
of NKT2 cells (Engel et al., 2016; Lee et al., 2016). Applying these state
of the art techniques to pathways and genes that have already been
shown to influence iNKT cell development will help us determine how
all of the components fit together to form a complete picture of iNKT
cell development.
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