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Abstract

Invariant NKT (iNKT) cells, which express the invariant Va14Ja18 TCR that recognizes lipid
antigens, have the ability to rapidly respond to agonist stimulation, producing a variety of
cytokines that can shape both innate and adaptive immunity. iNKT cells have been implicated in
host defense against microbial infection, in anti-tumor immunity, and a multitude of diseases such
as allergies, asthma, graft versus host disease, and obesity. Emerging evidence has demonstrated
crucial role for mammalian target of rapamycin (mTOR) in immune cells, including iNKT. In this
review we will discuss current understanding of how mTOR and its tight regulation control iNKT
cell development, effector lineage differentiation, and function.
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Introduction

Invariant natural killer T (iNKT) cells harbor the invariant Va14-Ja18 (iVal4) TCRa chain
in mice and the invariant Va24-Ja18 TCR in humans paired with restricted V chains [1-3].
Unlike conventional TCRaf T (cap T) cells that recognize the major histocompatibility
complex (MHC)-peptide complex, iNKT cells selectively recognize lipid-antigens such as
endogenous, microbial derived, and synthetic ligands presented by MHC class I-like CD1d
molecules via the iVal4 TCR [4-6]. Engagement of iVal4TCR with endogenous ligand-
CD1d complexes presented by CD4*CD8* double positive (DP) thymocytes in the thymic
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cortex leads to positive selection and generation of iNKT cells. Following TCR stimulation
with a synthetic ligand a-galactosylceramide (a-GalCer), mature iNKT cells rapidly release
various cytokines such as I1L-4, 1L-17, IL-10, IL-13, interferon (IFN)-y, and tumor necrosis
factor (TNF)-a [7-9], which enable them to play important roles in both innate and adaptive
immune responses. Although iNKT cells only comprise a small portion of T cells, their roles
have been described in various immune responses and diseases, including tumor
surveillance, defense against microbial infection, as well as pathogenesis of autoimmune
diseases, graft-versus-host disease, and obesity [10-13].

Traditionally, thymic development of iNKT cells from CD4*CD8* DP precursor has been
defined into four stages based on surface levels of CD24, CD44, and NK1.1 (Figure 1):
stage 0 (CD24*CD44™NK1.17), stage 1 (CD24"CD44"NK1.17), stage 2
(CD24~CD44*NK1.17), and terminally matured stage 3 (CD24"CD44"NK1.1*) [1, 2].
More recently, iINKT cells have been classified into multiple terminally differentiated
effector lineages that include IFN-y-producing iNKT1, IL-4-producing iNKT2, and IL-17-
producing iINKT17 lineage [14-16]. In addition, IL-10-producing iNKT10, T follicular
helper (Tfh)- and regulatory T cell (Treg)-like INKT cells (iNKTgy) have also been recently
reported [17-21]. Similar to Th lineages, iINKT effector lineages are governed by critical
transcription factors including RORyt, T-bet, Gata3, and PLZF [2, 14, 22, 23]. iNKT1 cells
express low levels of promyelocytic leukemia zinc-finger (PLZF) but high levels of T-bet
(PLZF'oWT-pet*): iINKT2 cells are PLZFN9": while INKT17 are PLZFMRORyt*. iNKT1
cells mostly reside in the CD44*NK1.1* stage 3 population, iNKT2 cells reside in both stage
1 and stage 2 populations, and iNKT17 cells are restricted to the CD44*NK1.1"1COS*
population [22-25].

Roles of intracellular signaling pathways in iNKT development and function

Multiple receptors, including the iVal4TCR, co-stimulatory molecules, IL-15R, IL-7R, and
intracellularly located Vitamin D receptor (VDR) transduce signals that are important for
iNKT cell development and/or function. Engagement of the iVal4TCR triggers the
activation of proximal tyrosine kinases Lck and Zap70 and subsequently activates
phospholipase Cy1 (PLCy1), which hydrolyzes phosphatidylinositol-4,5-bisphosphate (PIP,)
to diacylglycerol (DAG) and inositol-1,4,5-triphosphate (I1P3) as second messengers [26—28]
(Figure 2). Diacylglycerol (DAG) is an essential second messenger downstream of the TCR
that activates several signaling pathways. The membrane-bound DAG induces activation of
the Ras guanyl nucleotide-releasing protein 1 (RasGRP1)-Ras-extracellular signal regulated
kinase 1/2 (Erk1/2) pathways, which is critical for proper iNKT cell development [29, 30].
IP3 induces calcium release from the endoplasmic reticulum and subsequent extracellular
calcium influx into the cytosol, leading to calcineurin-mediated dephosphorylation and
nuclear translocation of nuclear factor of activated T cells (NFAT). NFAT induces maximal
gene expression of both early growth response 1 and 2 (Egrl and 2). This pathway is critical
for early iINKT cell development [31, 32]. Additionally, Egr2 directly binds to the Zbtb16
promoter and activates PLZF expression [31, 33]. PLZF-deficient iNKT cells in mice show
developmental blockage at stage 1 and fail to differentiate to cytokine-producing cells,
highlighting the importance of this molecule for iINKT cells to acquire effector function [34,
35].
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Signaling through the signaling lymphocytic-activation molecule (SLAM) family is also
required for early iNKT cell maturation. Homotypic interactions of SLAM molecules such
as SLAMSF1 and SLAMSF6 on iNKT cells and thymocytes activate the downstream
SLAM adaptor protein (SAP)-FynT pathway, which is critical for INKT cell development
and function in both human and mice [36—-39]. The SLAM-SAP-FynT pathway, together
with DAG, activates NF-xB signaling cascade via protein kinase 6 (PKC6) and the Bcl10
adaptor protein. The PKCO-Bcl10-1IKK-NFxB pathway plays essential roles in the ontogeny
of functional INKT cells at least in part by increasing expression of anti-apoptotic proteins
such as Bcl-xL [40-43]. Interestingly, although CARMAL and Malt1 (Mucosa-associated
lymphoid tissue lymphoma translocation protein 1) are crucial for TCR induced NFxB
activation, they are dispensable for iINKT cell development or survival [44], suggesting that
SLAM-SAP-FynT axis activates NF«xB via PKC6-Bcl10 but bypassing CARMAL and
Maltl to promote iNKT cell development.

Homeostasis and terminal differentiation of iINKT cells are highly dependent on IL-15R
signal, which induces the expression of pro-survival molecules Bcl-xlI and Bcl-2 and T-bet.
Mice deficient of either IL-15 or IL15R display iNKT cell terminal maturation defect and
have severely decreased stage 3 iNKT cells [45-48]. T-bet directly induces CD122
(IL-15Rp) transcription and subsequently promotes iNKT cell survival [49]. T-bet
deficiency also results in defective terminal maturation of iINKT cells [47].

Vitamin D binds to the intracellular VDR, a member of the steroid thyroid super family of
nuclear receptors [50]. VDR signals to regulate T cell responses, but not T cell development.
TCR induced PLCy1 expression is dependent on Vitamin D and VDR, which is critical for T
cell activation [51]. VDR deficient mice display normal T cell development but have
diminished iINKT numbers in thymus and periphery. VDR deficient iNKT cells display
defective terminal maturation as observed in T-bet deficient mice. Intriguingly, VDR
deficient INKT cells express normal levels of CD122 even though lack of T-bet expression
[52]. The exact mechanisms by which VDR control iNKT development and function remain
unclear.

Finally, IL-7 regulates T cell homeostasis by enhancing survival and proliferation of naive
and memory T cells. Similarly, it has been documented that I1L-7 also play roles in the
expansion and/or survival of iINKT cells [53]. A recent report demonstrated that the survival
requirements are distinct among effector NKT subsets. Tissue derived iNKT-17 cells are
maintained in the absence of IL-15. However, in the absence of IL-7, their survival has been
dramatically impaired compared to conventional iNKT cells. This strict dependence on IL-7
does not affect intracellular STAT or TCR signaling pathways, but significantly modulates
the PI3K/Akt/mTOR pathway, suggesting that IL-7 controls tissue homeostasis and survival
of INKT17 cells by TCR-independent but mTOR-dependent mechanisms [54].

MTOR signaling complexes

The serine/threonine kinase mTOR responds to diverse environmental cues such as
nutrients, growth factor, cytokines and other stress signals to regulate metabolism, cell
growth, survival, differentiation, autophagy and activation [55-62]. It forms two
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functionally distinct complexes: mTOR complex 1 (mMTORC1) and mTORC?2 (Figure 3). In
mTORC1, mTOR associated with Raptor, GBL, and DEPTOR, whereas mTORC?2 is
composed of mTOR, Rictor, GBL, Sinl, PRR5/Protor-1, and DEPTOR [63]. While
mTORCL1 is sensitive to rapamycin, mTORC?2 is insensitive to acute rapamycin treatment
[64].

The small GTPase Ras homologue enriched in the brain (RheB), is critical for growth factor-
induced mTORCY1 activation [65] and is inactivated by TSC2 through its GAP activity.
TSC1 associates with and stabilizes TSC2 [56]. The PI3K-Akt pathway phosphorylates
TSC2, leading to its degradation and subsequent mMTORC1 activation [66-68]. mTORC1
promotes cell growth and proliferation through phosphorylation of many substrates:
phosphorylation of the 70 kDa ribosomal S6 kinase (S6K1) and the translational repressor
4E-BP1 to increase protein synthesis [65, 69, 70]; phosphorylation and activation of CAD
(GIn-dependent carbamoyl-phosphate synthase, Asp carbamoyltransferase, dihydroorotase),
a key rate limiting enzyme of the de novo pyrimidine pathway [71]; activation of the pentose
phosphate pathway aiding in nucleotide synthesis; phosphorylation and inactivation of
LIPIN1, a phosphatidic acid phosphatase and an inhibitor of sterol regulatory element-
binding proteins (SREBPS), to activate SREBPs for lipid/sterol biosynthesis[72]. Moreover,
S6K1 can directly regulate lipid synthesis and pyrimidine synthesis through direct
phosphorylation of SREBPs and CAD, respectively [73, 74]. Amino acids activate
mMTORC1 in a TSC1/2 independent manner through direct triggering the activation of RAG
GTPases via a sensing cascade that include Ragulator and v-ATPase at lysosome [75].

mTORC2 phosphorylates Akt at S473 located in the hydrophobic motif which is required
for maximal Akt activation and for Akt mediated phosphorylation on its downstream targets
such as of FoxO1/3 proteins. Increased Akt activity promotes nutrient uptake and cell
survival [70]. Besides mMTORC?2, the PI3K-PDKZ1 pathway phosphorylates Akt at
threonine308 residue within its catalytic domain [76]. PKCa regulates cytoskeleton
arrangement and cell polarity through direct phosphorylation of paxilin and Rho GTPase.
mTORC2 controls this event by phosphorylating PKCa at S657 [64, 77]. In T cells,
MTORC?2 also phosphorylates PKCO at S660/676 to promote Th2 differentiation, while Akt
phosphorylation at S473 promotes Th1 differentiation [78]. In addition, MTORC2
phosphorylates the serum- and glucocorticoid-induced protein kinase 1 (SGK1) at S422
shown to be implicated in cell survival and lipid metabolism; however underlying
mechanisms are not known [79]. Additionally, SGK1 serves as a salt-sensor to promote
Th17 differentiation [80, 81].

T cell receptor induced mTOR activation

TCR proximal signaling events drive PI3K-PDK1-Akt signaling to induce TSC2
degradation, RheB activation, and subsequent mTORC1 activation [82]. Beside the PI13K-
PDK1-Akt axis, the DAG-RasGRP1-Ras-Erk1/2 pathway also stimulates TCR-induced
activation of mMTORC1 and mTORC?2 (Figure 2) [83]. In thymocytes, both TCR engagement
and low concentrations of PMA, a functional analogue of DAG, can trigger mTORC1,
mTORC?2, and PI3K/Akt activation. Additionally, expression of constitutively active KRas
(CAKRas) in thymocytes enhances mTORC1, mTORC2, and PI3K-PDK1-Akt activation.
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In contrast, TCR stimulation of RasGRP1 deficient thymocytes fails to activate not only the
Ras-Erk1/2 axis but also PI3K-Akt, MTORC1 and mTORC2 [83]. Furthermore, treatment of
primary T cells with a Mek1/2 inhibitor or expression of dominant negative Mekl ina T cell
line decreased PI3K-Akt, mMTORC1 and mTORC?2, suggesting that Mek1/2-Erk1/2 function
as upstream activators for TCR-induced PI3K and mTOR activation. The ability of the
RasGRP1-Ras-Mek1/2-Erk1/2 cascade to activate mTORC1 is consistent with the finding
that Erk1/2 and Erk1/2-activated kinase RSK can phosphorylate and inhibit TSC2 in cell
line models [68, 84]. However, whether Erk1/2 indeed directly or indirectly via Rsk1l
phosphorylate TSC2 to promote mTORC1 activation and how Erk1/2 lead to mTORC?2
activation in T cells remains to be demonstrated.

In addition to the RasGRP1-Ras-Erk1/2 pathway, a recent report has revealed that the
PKCO-CARMAL pathway is also required for mTORC1 activation following TCR
engagement [85]. Although IKKp associates with TSC1 to promote TNFa-induced
mTORC1 activation and CAIKK} contributes to elevated mTOR signaling in several tumor
types [86], expression of a constitutively active form of IKKp does not elevate mTOR
signaling in thymocytes or primary T cells (our unpublished observations). Thus, CARMA1
may promote mTOR signaling bypassing the IKK complex in T cells.

TCR engagement and PMA treatment increase mTORC?2 activation in both thymocytes and
primary T cells as well as in T cell lines using Akt phosphorylation at S473 as readout [27,
87]. Deficiency of RasGRP1 or expression of CAKRas in thymocytes dampened or
enhanced Akt phosphorylation at S473, respectively, in response to TCR stimulation. While
these studies revealed that both PI3K-PDK-Akt and RasGPR1-Ras-Erk1/2 pathways play
critical roles in mTORC2 activation [83], the precise mechanisms that lead to mTORC?2
activation remain elusive.

MTOR signaling for iNKT cell development

Very recently, several studies have provided genetic evidence demonstrating the importance
of MTOR in iNKT cells. T cell specific mTOR deficient (mTOR""-CD4Cre) mice exhibited
minimal changes in caf T cell populations in the thymus [88, 89], but virtual absence of
iNKT cells in the thymus, spleen, and liver [89]. The decrease of iINKT cells can be detected
at stages 0 and 1 and dramatically exacerbates in stages 2 and 3 in mTOR deficient thymus,
indicating that mTOR not only plays a critical role for early iNKT cell development but may
also contribute to late stage iINKT cell development [89].

Selective ablation of mTOR in late stages of INKT cell development will be needed to
clearly understand the role of mTOR in late stage iINKT cell development. Several studies
have further delineated the roles of MTORC1 and mTORC2 in iNKT cells. Studies using T
cell specific Raptor deficient mice have shown that the number of iINKT cells is comparable
at stages 0 and 1, and decreased at stage 2 and 3 [89, 90], suggesting that mMTORCL1 is
required for the entry into stage 2. Chimeric mice reconstituted with mixed wild type (WT)
and Raptor-deficient bone-marrow cells at 1:8 ratio showed that the ratio was maintained at
about 1:8 in stage 0 and 1 iNKT cells, but increased to about 1:1 and 98:1 in stages 2 and 3,
respectively [89], suggesting that mTORC1 intrinsically controls the transition of iINKT cell
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development not only from stage 1 to 2, but also from stage 2 to 3. Interestingly, PLZF is
also crucial for iNKT cell maturation beyond stage 1 [35]. Raptor deficient iINKT cells
display reduced nuclear localization of PLZF, thereby sequestering it from accessing target
gene promoters [89]. These observations suggest that mMTORC1 may promote PLZF nuclear
localization for efficient INKT cell maturation from stage 1 to stage 2. It will be interesting
to determine the way in which mTORC1 modulates PLZF localization and function.

In addition to being regulated by mTORC1, PLZF can also control mTORC1 signaling.
PLZF has been reported to activate expression of regulated in development and DNA
damage responses 1 (REDD1) in human cell lines [91]. REDD1 suppresses mTORC1
activity by releasing TSC2 from its growth factor-induced association with inhibitory 14-3—
3 proteins [92]. Additionally, PLZF and mTORC1 signaling are both regulated by
microRNA let-7. miR-let-7 directly targets the 3’UTR of Zbth16 mRNA, which encodes
PLZF, resulting in decreased PLZF protein expression [93]. PLZF and miR-let-7 expression
are inversely correlated during the iNKT cell developmental stages. Intriguingly, miR-let-7
also represses mTOR signaling through downregulation of the amino acid sensing and
glucose metabolism pathways [94, 95]. These findings are suggestive there is crosstalk
between mTOR signaling pathways and PLZF during iNKT cell development.

Two groups have reported that mTORC2 also promotes iNKT cell development [96, 97].
Both studies found modest decreases of total iNKT cells in the thymus. However, there are
noted differences between these two reports with respect to the developmental stages
affected by Rictor deficiency. While Prevot et al reported decreases of stage 0, 2, and 3
iNKT cells in Rictor deficient thymus, Wei et al found only stage 2 and 3 iNKT cells were
decreased in these mice. There were also discrepancies in the contribution of mMTORC2 to
survival and proliferation of INKT cells between these studies. In contrast to Raptor
deficient INKT cells, nuclear localization of PLZF was not altered by Rictor deficient iNKT
cells, suggesting mTORC2 controls iNKT cell development through PLZF-independent
mechanism [97].

Pathways leading to mTOR activation for iNKT cell development

Several reports have shed light on the mechanism by which mTOR is activated for directing
iNKT cell development. Treatment of iNKT cells with a-Galcer induces mTOR activation
in iINKT cells, indicating that iVal4TCR, similar to TCR in caf T cells, is able to trigger
mTOR activation [98]. Both growth factor and TCR induced mTORC1 activation requires
RheB [99, 100]. Interestingly, RheB deficiency only caused 50% reduction of stage 2 and 3
thymic iNKT cells [96]. Thus developmental defects in RheB deficient mice are less severe
than in Raptor deficient mice, suggesting that both RheB-dependent and -independent
mTORC1 activation must occur in iNKT cells to facilitate their development. mTORCL1 can
sense the nutrient availability, such as amino acids through Rag A/C or Rag B/D GTPases,
which serve as an alternative means to induce mTORC1 activation. It remains to determine
if this alternative pathway plays an important role in iNKT cells.

As mentioned earlier, both RasGRP1 and PI3K-PDK?1 are important for mTORC1 and
mTORC?2 activation in developing thymocytes following TCR engagement [83, 101].
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Similar to the effects of mTOR deficiency, RasGRP1 deficiency also caused severe iINKT
cell intrinsic developmental defects starting at stage 0 [29]. Thus mMTOR may function as a
downstream effector molecule of the RasGRP-Ras-Erk1/2 pathway to ensure early iNKT
cell development. Mutant mice carrying inactivated PDK1 displayed severe decreases of
iNKT cells and impaired maturation [101]. However, in contrast to RasGRP1 deficiency,
PDK1 deficiency appears to cause defective transition of stage 0 iNKT cells to stage 1, one
stage after mTOR or RasGRP1 deficiency. Expression of crucial nutrient transporters CD71
and CD98 is decreased in PDK1 deficient iNKT cells, suggesting that PDK1-Akt signaling
is critical for metabolic requirement required for iINKT cell development. Although
CARMAL is important for mTORCL1 activation in T cells, CARMAL is dispensable for
iNKT cell development and survival despite their critical role in TCR induced NF-xB
signaling pathway [44]. Thus, CARMA1 may play a minimal role for mTORC1 activation
during iNKT cell development.

Negative control of mTOR signaling for iNKT cell development: TSC1, LKB1
and and AMPK1

Due to its convergent role in metabolic pathways, mTOR signaling requires tight control
during iNKT cell development. As mentioned earlier, TSC1 inhibits mTORC1 by stabilizing
TSC1/2 complex [56]. In T cells as well as in many other immune cell lineages, deletion of
TSC1 causes virtually absence of TSC2 [102-107]. Multiple studies have demonstrated that
TSC1 is critical for T cell quiescence, survival, and anergy, proper effector lineage
differentiation, CD8 T cell-mediated primary and memory responses, and Treg suppressive
function [105, 107-109]. In addition, TSC1 plays critical roles in B cell maturation [110,
111], in the development and/or function of macrophages [103, 112, 113] and dendritic
cells, and toll-like receptor (TLR)-medicated responses [104, 113-115] as well as survival
and activation of mast cells [102].

TSC1 deficiency causes a 2 to 3 fold decrease in iINKT cells in the thymus and peripheral
lymphoid organs and severe blockade of iNKT cell terminal maturation, leading to
accumulation of stage 2 but drastic decreases of stage 3 iNKT cells [23, 116]. Such
developmental blockade is at least in part due to increased mTORC1 signaling, decreased T-
bet expression, and increased death of stage 3 iNKT cells [23].

The tumor suppressor LKBL1 directly phosphorylates AMP-activated protein kinase
(AMPK), a central metabolic sensor. Activated AMPK suppresses mTORC1 by
phosphorylation and enhances TSC2 activity in response to low intracellular energy status
[62]. LKB1 deficient mice have normal number of DP thymocytes, but decreased TCRB 9
mature thymocytes and iNKT cells. However, detailed analysis of iNKT cell developmental
stages was not reported [117]. Intriguingly, AMPK deficient mice appear to have normal
numbers of cap T and iNKT cells, suggesting that LKB1 may bypass AMPK to promote
iNKT development [117]. Mice lacking AMPK-interacting Fnipl manifest severe decreases
of INKT cells starting at stage 2, correlated with increased mTORC1 signaling and increased
apoptosis [118]. However, long-term rapamycin administration in Fnipl deficient mice did
not rescue impaired iINKT cell development. Although it was concluded that Fnipl
deficiency inhibited iNKT cell development independent on mTORC1 [118], caution must
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be taken due to severe iNKT cell developmental defect at the same developmental stage in
the absence of MTORC1 [89]; restoration of mMTORC1 signaling to normal levels and severe
inhibition of MTORCL in Fnipl deficient mice by different regimes of rapamycin treatment
could lead to distinct outcomes. Thus it is still unclear if Fnipl regulates iINKT cell
development through modulating mTOR signaling.

Negative control of mTOR signaling for iNKT cell development:

diacylglycerol kinases and PTEN

Several studies have also identified multiple upstream negative regulators that control
mTOR signaling in T cells. As mentioned earlier, TCR stimulation induces transient
accumulation of DAG in thymocytes to activate several pathways important for mTOR
activation. DAG kinases (DGKs) are a family of ten enzymes that phosphorylate DAG to
produce phosphatidic acid. DGKa and £, the predominant isoforms expressed in T cells, are
important regulators in preventing TCR induced DAG signaling [119-122]. Although
genetic deletion of either DGKa or £ does not obviously affect iNKT cell numbers and
deletion of DGKC only impairs iINKT17 differentiation via cell extrinsic mechanisms [123],
simultaneous ablation of both enzymes resulted in drastic decreases of INKT cells in the
thymus and in peripheral lymphoid organs [124], correlated with prolonged DAG
accumulation, elevated Ras-Erk1/2 and PKCO-IKK signaling, and enhanced activation of
both mTORC1 and mTORC2 activities in DP thymocytes [83, 125]. In DGKa and ¢ double
knockout mice, stage 1 to stage 3 iNKT cells are decreased but stage 0 iNKT cells were not
examined. The remaining iINKT cells in these mice are mostly stage 2 cells, suggesting that
DGKa and ¢ promote both early and terminal iNKT cell maturation [124]. Interestingly, in
mice expressing CAKRas in thymocytes, iNKT cell development is selectively blocked
during the transition from stage 2 to 3 and was associated with elevated mTOR signaling
and decreased T-bet expression [124], which coincided with terminal maturation defect
observed in TSC1 deficient mice. Together, data from TSC1, DGKa and  double knockout
mice, and CAKRas mice suggest that DGKa and { inhibit the Ras-Erk-mTORC1 cascade in
order to ensure iNKT cell terminal maturation.

PTEN counteracts PI3K by hydrolyzing PI3K product, phosphatidyl-inositol-3,4,5-
triphosphate (PIP3), and inhibits both mTORC1 and mTORC2 activation. In PTEN deficient
mice, thymic iINKT cells accumulate but are developmentally blocked during terminal
maturation from stage 2 to 3 [96, 126]. Such developmental blockade mimics TSC1
deficiency, suggesting the possibility of elevated mTORC1 signaling as a causal factor for
the developmental blockade in PTEN deficient mice. However, different from TSC1
deficiency, total iINKT cell numbers are increased in PTEN deficient mice, which is likely
due to increased mTORC?2 and subsequent Akt activities. Tight control of PTEN activity
also appears critical for INKT cell development. Two recent reports have demonstrated that
miR-181 is essential for early INKT cell development and homeostasis by targeting PTEN
[127, 128]. Deficiency of miR-181s leads to increased PTEN, decreased PI3K signaling and
altered metabolism. Similar to RasGRP1 and mTOR deficiency, miR-181s deficiency also
causes severe decreases of INKT cells starting at stage 0 [127, 128]. Together, these studies
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suggested that PI3BK-PTEN axis is central for iNKT cell development possibly by
controlling mTOR signaling.

MTOR and its tight regulation for iNKT cell activation and effector lineage

differentiation

Following agonist stimulation, iNKT cells rapidly produce various cytokines and expand
drastically in vitro and in vivo. Deletion of Raptor in mature iNKT cells in Raptor”’-CreER
mice following tamoxifen treatment results in decreased production of IL-4, IFN-y and
TNF-a in vitro and in vivo following a-GalCer treatment [89]. Additionally, a-GalCer-
induced in vivo iINKT cell expansion is abolished in the absence of Raptor [89]. An
important consequences following a-GalCer injection is the activation of hepatic INKT
cells, which results in acute hepatitis in part due to TNFa-induced liver injury [129, 130].
Raptor deficient mice are resistant to a-GalCer-induced autoimmune hepatitis, further
supporting that mTORCL1 is important for iINKT cell activation [89].

As mentioned above, iINKT cells are programmed to different effector lineages during their
maturation in the thymus. Raptor deficient mice were reported to have reduced iNKT1,
increased iNKT2, and normal iNKT17 cell ratios, based on expression of their
corresponding signature transcription factors [96]. Due to severe decreases of iINKT cells in
these mice [89, 90, 96], total INKT2 and iNKT17 numbers would be expected to be
drastically decreased. Thus, the importance of Raptor/mTORCL1 in the iINKT2/iNKT17
differentiation remains to be clearly defined. Two studies have also implicated mTORC2 in
iNKT effector lineage differentiation [96, 97]. Both studies revealed decreased frequencies
of INKT2 but normal frequencies of iNKT1 cells in Rictor deficient mice, suggesting that
mTORC?2 is required for iNKT2 differentiation but dispensable for iNKT1 differentiation.
However, the effect of mMTORC2 deficiency on iINKT17 effector lineage differentiation
appeared different between these studies [96, 97]. While one study demonstrated decreased
iNKT17 ratios in Rictor deficient mice [96], the other study did not reveal significant
differences in INKT17 ratios [97]. The reason for such discrepancy remains unclear.

The ratio between iNKT1 and iNKT17 cells is influenced by genetic background [22]. In
C57BL/6J mice, most iNKT cells are iNKTL1 cells and iNKT17 cells are extremely rare,
leading to iNKT1 predominance over iNKT17 [22, 23]. Multiple transcription factors
including PLZF, RORvt, and T-bet participate in iINKT1/17 lineage differentiation and
contribute to the INKT1/17 balance [2, 14, 22, 23]. Interestingly, TSC1 deficient iNKT cells
express elevated RORyt and ICOS but decreased T-bet and PLZF. In contrast to normal
iNKT cells, TSC1 deficient iNKT cells are predominantly iNKT17 cells and iNKT1 cells
become a minor population. Such reversal of INKT1/iNKT17 predominance of TSC1
deficient iINKT cells is at least partially resulted from elevated mTORC1 signaling,
decreased T-bet expression, and increased ICOS expression [23]. How TSCL1 controls the
expression of these molecules remains to be investigated.
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MTOR in INKT-mediated antitumor immunity

Numerous studies have implicated iNKT cells in tumor surveillance. iNKT cells are required
for IL-12-induced tumor rejection and for protection from chemical-induced spontaneous
tumors [131, 132]. Upon antigenic stimulation, iNKT cells not only directly attacks tumors
through direct cytotoxicity, but also indirect activation of other immune cells such as DCs,
NK cells, and cytotoxic T cells to mount effective anti-tumor immune responses.
Considerable effort has been spent to exploit the immunoregulatory functions of iNKT cells
for cancer immunotherapy via iINKT cell transfer and/or repetitive stimulation of iINKT cells
using iVal4TCR ligands. iNKT cell immunotherapies have shown promising outcomes in
several tumor settings [133-136]. However, iNKT cell anergy is a significant challenge to
the success of iNKT cell immunotherapy. Following in vivo activation by a-GalCer, iNKT
cells undergo dynamic changes, which are characterized by robust cytokine secretion, clonal
expansion, homeostatic contraction, and then acquisition of an anergic phenotype [137,
138]. Similar to cap T cells, iINKT cell anergy is a long-lasting unresponsive or
hyporesponsive state to secondary antigen stimulation following initial TCR stimulation.
iNKT cell anergy thwarts the efficacy of repeated administration of a-GalCer for cancer
immunotherapy [139] and is at least in part caused by up regulation of the inhibitor receptor
PD-1 on anergic iNKT cells [139, 140].

A recent study has revealed that mTORC1 activity is decreased while both protein and
MRNA levels of TSC1 and TSC2 are elevated in anergic iNKT cells [98]. In contrast,
Erk1/2 phosphorylation is not obviously different between anergic versus antigen-naive
iNKT cells [98, 141]. Furthermore, deletion of TSC1 in mature iNKT cells results in
resistance to anergy induction from prolonged exposure to a-GalCer, manifested by
increased cytokine production and enhanced expansion of TSC1 deficient iNKT cells in
response to secondary a-GalCer stimulation [98], which is in reminiscent of the response by
TSC1 deficient caf T cells [108]. In a melanoma lung metastasis model, adoptively
transferred TSC1 deficient iNKT cells into iNKT null Ja18~/~ mice followed by repeated
injections of a-GalCer elicited more efficient antitumor immunity than wild-type
counterparts. The ability of TSC1 deficient iINKT cells to resist anergy induction is
correlated with decreased upregulation of anergy-promoting molecules such as PD-1 and the
E3 ubiquitin ligase Grail [98]. Interestingly, the E3 ubiquitin ligase Cbl-b also contributes to
iNKT cell anergy by monoubiquitination of CARMAL and subsequent disruption of
CARMAL1/Bcl10 complex formation [141]. Since CARMAL positively contributes to
mTOR activation in T cells [85], it remains to be determined if Cbl-b may also negatively
control mTOR activation in anergic iNKT cells via inhibiting CARMAL function.

Multiple strategies have been developed to overcome iNKT cell anergy, such as changing
the route of a-GalCer administration or using a-GalCer-loaded dendritic cells [142]. Several
iNKT agonists, including phenyl-derivatives of a-GalCer, have been found to induce iNKT
cell activation without induction of anergy [143]. Since it has been proposed that TCR
signaling strength is involved in the regulation of iINKT cell anergy [142, 144], it would be
interesting to investigate ways in which phenyl-glycolipids trigger signals in iNKT cells
differently from a-GalCer and their effects on TSC1/2-mTOR signaling in iNKT cells
following repetitive injection.
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Future perspective

Recent studies have established the importance of mMTOR, mTORC1, and mTORC2 for
iNKT cell development, effector lineage differentiation, and function. Multiple signaling
pathways that lead to mTOR activation and negative regulators that control mTOR signaling
in T cells have been found to play differential roles in INKT cells. While the importance of
mTOR and its tight regulation in iINKT cells has become clear, mechanisms by which
MTOR, mTORC1 and mTORC2 as well as their regulators exert their functions on iINKT
cells remain to be elucidated. Because mTOR is a crucial sensor of signals from the
environment and intracellular stress to control metabolism, how INKT cell metabolism is
shaped by mTOR signaling and how dysregulated mTOR signaling may influence iNKT
cells via metabolic reprogramming should be addressed in the future. Of note, current
understanding of mTOR signaling in iINKT cells is mostly limited to animal models; how
mTOR signaling and its regulators impact on human iNKT cells is an important question to
be addressed. The broad usage of rapamycin and other mTOR inhibitors in different clinical
setting such as treatment of cancer and transplantation patients is likely impact on iNKT
cells, which may itself influence disease progression. Given the ability of mTOR and its
regulators to shape iNKT cell effector lineage differentiation, anergy, and function, it is
foreseeable that modulation of mTOR signaling is a viable strategy to improve iNKT cell-
mediated immunotherapy for various diseases including cancers.
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Highlights
mTOR is crucial for early iNKT cell development and function.

The RasGRP1-Ras-Erk1/2 pathway activates mTOR signaling and diacylglycerol kinases
negatively control mTOR signaling.

Tight control of mTOR signaling ensures proper iNKT cell development and effector
lineage differentiation.
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Figure 1. iINKT cell development and effector lineages
iNKT cells are originated from CD4*CD8* DP thymocyte precursors that express the

iVal4TCR. Engagement of the iVal4TCR with CD1d bearing self-lipid ligand expressed
by DP thymocytes ensures the generation of INKT cell lineages. Immature iNKT cells from
DP thymocytes undergo four maturation stages. Each stage is characterized by different
expression of CD24, CD44, and NK1.1 on their surface. Based on their distinctive
expression of transcription factors and cytokines, iNKT cell effector subsets can be defined
into INKTL, iINKT2, and iNKT17 cells. These two categories are closely correlated as
marked with dotted lines. VVarious receptors, signaling molecules, miRNAs, and
transcription factors dictating iINKT maturation are depicted.
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Figure 2. TCR signaling and mTOR activation in T cells
Engagement of the TCR as well as the iVal4TCR leads to activation of PLCy1, which

hydrolyzes membrane bound PIP, into membrane bound DAG and soluble IP3. IP3 binds to
its receptor on ER, leading to subsequent influx of calcium and activation of calcinuerin.
Activated calcinuerin dephosphorylates NFAT to induce its nuclear localization and
activation of transcription of target genes. DAG associates with and activates RasGRP1,
leading to the activation of the Ras-Mek1/2-Erk1/2 pathway. In thymocytes, this pathway
acts upstream of TSC1/2-mTOR as well as PI3K/AKkt to induce both mTORCL1 and
mTORC2 activation. Together with the SLAM/SAP/Fyn pathway, DAG also associates with
and activates the PKCO-Carmal/Bcl10-IKK-NF-kB pathway. Carmal also promotes
mTORC1 activation following TCR engagement. In thymocytes, DGKs terminate DAG by
converting it to phosphatidic acid (PA) and negatively control the activation of both
mMTORC1 and mTORC2.
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Figure 3. TSC1/2-mTOR signaling

mTOR signals through two functionally distinct complexes: mMTORC1 and mTORC2. In
addition to mTOR and several other components, MTORC1 and mTORC2 contain distinct
adaptor molecules raptor and rictor, respectively. mTOR senses and integrates various
extracellular signals such as growth factor, cytokines, immune receptor, amino acids and
intracellular signals including stress and energy levels. The Small GTPase Rheb in its GTP
bound active state directly activates mMTORC1. TSC1/2 complex acts as a negative regulator
of mMTORC1 via the GAP activity of TSC2 to RheB. Growth factors and antigen receptors
signal through the PI3K-PDK-Akt pathway to activate mTORC1 and mTORC2. In contrast,
nutrients activate mTORC1 through Rag GTPases. Cellular energy deficits can take a direct
route to suppress mTORC1 activation through LKB1 and AMPK, which promote TSC2
activity. mTORC1 phosphorylate multiple targeting proteins such as S6K1, 4E-BP’s,
Lipinl, CAD (carbamoylphosphate synthetase, aspartate transcarbamoylase, and
dihydroorotase), and 5’-hosphoribosyl-1’-pyrophosphate (PRPP) that promote anabolic
processes such as protein synthesis, lipid/sterol synthesis and de novo pyrimidine synthesis.
mTORC1 also prevents autophagy indirectly by inhibiting AMPK through direct
phosphorylation of ULK1. Although PI3K is important for mTORC2 activation, the exact
mechanisms that activate mTORC2 remain elusive. mTORC?2 also phosphorylates multiple
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intracellular signaling molecules such as Akt at the serine 473 residue, PKCa at S657, PKCH
at S660/676, and SGK at S422 to regulate cell survival, nutrient uptake, cytoskeletal
organization, and Th differentiation.
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