
UC Davis
UC Davis Previously Published Works

Title
mTORC2 regulates multiple aspects of NKT‐cell development and function

Permalink
https://escholarship.org/uc/item/3s51322p

Journal
European Journal of Immunology, 47(3)

ISSN
0014-2980

Authors
Sklarz, Tammarah
Guan, Peng
Gohil, Mercy
et al.

Publication Date
2017-03-01

DOI
10.1002/eji.201646343
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3s51322p
https://escholarship.org/uc/item/3s51322p#author
https://escholarship.org
http://www.cdlib.org/


mTORC2 regulates multiple aspects of NKT-cell development 
and function

Tammarah Sklarz1, Peng Guan2, Mercy Gohil1, Renee M. Cotton1, Moyar Q. Ge3, Angela 
Haczku3, Rupali Das4, and Martha S. Jordan5

1Abramson Family Cancer Research Center, University of Pennsylvania, Philadelphia, PA 19104

2Division of Oncology, The Children’s Hospital of Philadelphia, Philadelphia, PA 19104

3Department of Medicine, University of California at Davis, Davis CA 95616

4Department of Physiology, Michigan State University, East Lansing, MI 48824

5Department of Pathology and Laboratory Medicine, Perelman School of Medicine, University of 
Pennsylvania, Philadelphia, PA, 19104

Abstract

Invariant NKT (iNKT) cells bridge innate and adaptive immunity by rapidly secreting cytokines 

and lysing targets following TCR recognition of lipid antigens. Based on their ability to secrete 

IFN-γ, IL-4 and IL-17A, iNKT-cells are classified as NKT-1, NKT-2 and NKT-17 subsets, 

respectively. The molecular pathways regulating iNKT-cell fate are not fully defined. Recent 

studies implicate Rictor, a required component of mTORC2, in the development of select iNKT-

cell subsets, however these reports are conflicting. To resolve these questions, we used Rictorfl/fl 

CD4cre+ mice and found that Rictor is required for NKT-17 cell development and normal iNKT-

cell cytolytic function. Conversely, Rictor is not absolutely required for IL-4 and IFN-γ 
production as peripheral iNKT-cells make copious amounts of these cytokines. Overall iNKT-cell 

numbers are dramatically reduced in the absence of Rictor. We provide data indicating Rictor 

regulates cell survival as well as proliferation of developing and mature iNKT-cells. Thus, 

mTORC2 regulates multiple aspects of iNKT-cell development and function.
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Introduction

Natural Killer T (NKT) cells play a central role in innate and adaptive immune responses. 

These cells share characteristics with conventional T cells but are distinguished by their 

restricted TCR usage, unique MHC restriction and expression of cell surface markers 
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typically found on NK cells. The most abundant NKT-cell type is Type I or “invariant” NKT 

(iNKT) cells. In mice, these cells express an invariant Vα14-Jα18 TCRα chain that pairs 

with a limited number of Vβ chains [1]–[4]. Similar to conventional T cells, NKT-cells are 

thought to go through selection during their development [5]–[8]. However, whereas 

conventional T cells are restricted by peptide antigens presented by classical MHC I or 

MHC II molecules, iNKT-cells are selected based on reactivity to glycolipid antigens 

presented by the non-classical MHC I molecule, CD1d [9]–[11]. Indeed, identification of 

iNKT-cells is greatly aided by CD1d tetramers that when loaded with glycolipid antigens, 

such as PBS57, an analogue of the iNKT-cell agonist α-galactosylceramide (α-GalCer), can 

distinguish this rare population [12],[13].

iNKT-cells acquire an innate-like or activated phenotype during development in the thymus. 

This phenotype is associated with expression of receptors typically found on NK cells or 

activated T cells, and the ability to quickly secrete cytokines upon antigen exposure. The 

ability to respond rapidly, allows iNKT-cells to be early participants in immune responses 

and to direct the activation of adaptive immune cells.

Within the iNKT-cell population there is maturational, phenotypic, and functional diversity. 

Immature iNKT-cells are CD24+, which is rapidly lost as iNKT-cells mature [14],[15]. 

Initially, CD24− iNKT-cells were further “staged” based on their expression of CD44 and 

NK1.1 [16]. These stages (stages 1–3) are associated with iNKT-cell maturation and 

differentiation. More recently, transcription factor expression was described as a means to 

functionally delineate mature iNKT-cell subsets [17]. This method results in grouping iNKT-

cells by their cytokine potential and is reminiscent of how CD4+ T helper (TH) cells are 

delineated. In fact, many transcription factors that define CD4+ TH cell subsets also define 

iNKT-cells and the cytokines they produce. For example, T-bet marks IFN-γ producing TH1 

and NKT-1 subsets, GATA3 drives IL-4 production in TH2 and NKT-2 subsets, and retinoic 

acid receptor-related orphan nuclear receptor γt (RORγt) regulates IL-17 production in 

TH17 and NKT-17 cells [18].

Many studies have explored the signaling events that drive CD4+ TH cell fate. In recent 

years, much of this work has focused on the role of mammalian target of rapamycin (mTOR) 

and its two signaling complexes, mTOR complex 1 and 2 (mTORC1 and mTORC2), key 

components of the PI3K/Akt pathway [19],[20]. Activation of PI3K leads to the membrane 

recruitment and activation of Akt. Activated Akt inhibits TSC1/TSC2, negative regulators of 

mTORC1, resulting in mTORC1 activation and increased cell survival, proliferation and 

growth. In contrast to mTORC1, mTORC2 phosphorylates Akt and contributes to actin 

remodeling, survival and proliferation. For CD4+ TH cell differentiation, studies have shown 

that mTORC1 is required for TH1 and TH17 differentiation, whereas mTORC2 is necessary 

for TH2 responses, and in some cases, TH1 differentiation [21],[22].

mTOR complexes are also important for iNKT-cell development [23]–[25], and two reports 

have described different roles for mTORC2 in the development of specific iNKT-cell subsets 

[23],[26]. One report suggested mTORC2 was required for NKT-17 development (and not 

NKT-1 or NKT-2), while the other described a selective defect in NKT-2 development with 

normal NKT-17 development. To resolve these discordant findings, we used Rictorfl/fl 
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CD4cre+ mice (RictorcKO) to show that NKT-17 cell development, defined both 

transcriptionally and functionally, requires mTORC2. We also clarify that although IL-4 

production is diminished among Rictor deficient thymic iNKT-cells, peripheral iNKTs do 

produce this cytokine. These data suggest that NKT-17 cells are highly dependent on Rictor 

and although the NKT-2 axis may be altered, it is not abrogated. We extended our studies to 

another functional readout of iNKT-cells and uncovered a novel role for mTORC2 in iNKT-

cell mediated killing of tumor targets. Lastly, we identify Rictor as a key regulator of TCR/

CD28 induced proliferation in developing and mature iNKT-cells.

Results

Rictor is required for iNKT-cell development

mTORC2 is important for proper differentiation of conventional CD4+ T cells into IL-4 

secreting TH2 cells [21],[22]. To determine whether mTORC2 plays a similar role in iNKT-

cell development, we analyzed thymocytes from WT and Rictorfl/fl CD4cre+ mice 

(RictorcKO), and found a marked decrease in frequency and absolute number of iNKT-cells 

in the absence of Rictor (Figure 1A and Supporting Information Figure 1 gating strategy). 

Further characterization revealed an increased frequency of CD24+ immature iNKT-cells 

(Stage 0). Beyond this stage, RictorcKO mice had a higher frequency of Stage 1 iNKT-cells 

(CD44− NK1.1−) and a diminishment of Stage 2 cells (CD44+ NK1.1−). Stage 3 (CD44+ 

NK1.1+) cell frequencies were similar between genotypes (Figure 1B). Consistent with a 

previous report [26], the failure of RictorcKO mice to generate normal numbers of iNKT-

cells was cell intrinsic. In mixed bone marrow chimeras (equal contribution of WT and 

RictorcKO bone marrow), the iNKT-cell population was derived overwhelmingly from WT 

cells despite similar representation within the TCRβlow CD4−CD8− (DN) precursor 

thymocyte population (Supporting Information Figure 2).

iNKT-cell subsets can also be identified based on their transcription factor expression [17]. 

Staining cells for promyelocytic leukemia zinc finger (PLZF) and RORγt allows for the 

resolution of three subsets: NKT-1 (PLZFlow RORγt−), NKT-2 (PLZFhi RORγt−), and 

NKT-17 (PLZFint RORγt+). These subsets primarily produce IFN-γ, IL-4 and IL-17, 

respectively. Among mature (CD24−) iNKT-cells, the frequencies of NKT-1 and NKT-2 cells 

were similar in WT and RictorcKO mice, but the frequency of NKT-17 cells was dramatically 

decreased in RictorcKO mice (Figure 2A, left). By focusing on Stage 2 iNKT-cells (the stage 

in which NKT-17 cells are most prevalent) [17],[27], the loss of the NKT-17 subset was even 

more apparent (Figure 2A, right). We also interrogated the NKT-2 population by analyzing 

the expression of GATA3, a transcription factor that is co-expressed with PLZF in NKT-2 

cells. In both CD24− iNKT-cells and Stage 2 cells, where the majority of NKT-2 cells reside 

[15]-[17], we found no difference in the frequency of PLZF+ GATA3+ co-expressing cells 

(Figure 2B). Similarly, T-bet expression in mature iNKT-cells and NKT-1 cells was normal 

(Supporting Information Figure 3A).

RORγt− iNKT-cells maintain homeostasis by utilizing IL-15 or IL-7 whereas the RORγt+ 

NKT-17 population is uniquely dependent on IL-7 [28]. Since this population was most 

affected in RictorcKO mice, we tested whether failure to respond to IL-7 might contribute to 

their decreased numbers. iNKT-cells from WT and RictorcKO mice persisted and divided 
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similarly in response to IL-7 (Figure 2C, top row and Supporting Information Figure 3B 

gating stragegy). As expected, RORγt+ NKT-17 cells divided more rapidly than RORγt− 

iNKT-cells in the presence of IL-7. However, despite robust proliferation of RORγt− iNKT-

cells from RictorcKO mice, IL-7 did not lead to an accumulation of RORγt+ NKT-17 cells 

(Figure 2C, bottom row). These data suggest IL-7 signaling is largely intact in RictorcKO 

iNKT-cells, and point to a role for Rictor in directing early signals required for RORγt+ 

iNKT-cell development.

Rictor is required for the development of IL-17A producing iNKT-cells

Given the near absence of RORγt+ iNKT-cells in the thymus of RictorcKO mice, we 

predicted iNKT-cells in these mice would be deficient in IL-17A production. Indeed, we 

detected little IL-17A from RictorcKO thymic iNKT-cells following ex vivo PMA/ionomycin 

stimulation (Figure 3A). We also evaluated iNKT-17 cells in the lung, a tissue enriched for 

NKT-17 cells [27],[29]. Similar to the thymus, RictorcKO mice had a reduced frequency of 

iNKT-cells in the lung and produced significantly less IL-17A compared to WT iNKT-cells 

(Figure 3B). This finding was consistent with a dramatic reduction in the frequency of lung 

iNKT-cells expressing RORγt (Figure 3B). Together, these data clearly demonstrate that 

Rictor is required for the development of RORγt+ IL-17A producing NKT-17 cells.

Rictor regulates the balance of cytokine producing iNKT-cells

To determine whether Rictor also impacts NKT-1 and NKT-2 function, we assessed IFN-γ 
and IL-4 production. Both cytokines were produced by WT and RictorcKO iNKT-cells with a 

similar frequency of IFN-γ+IL-4− single producing cells (Figure 4A). However, despite 

similar GATA3 and PLZF expression (Figure 2), we noted a defect in IL-4+IFN-γ− 

producers as well as IFN-γ+IL-4+ double producing cells (Figure 4A and data not shown). 

These data suggest that Rictor contributes to IL-4 production.

Some iNKT-cells complete their maturation in peripheral tissues [15],[16]. Thus, to better 

understand how mTORC2 shapes iNKT-cell development, we analyzed IFN-γ and IL-4 

secretion from lung iNKT-cells. We found RictorcKO lung iNKT-cells were capable of both 

IFN-γ and IL-4 production. On average there were enhanced frequencies of total IFN-γ+ 

cells, total IL-4+ cells (Figure 4B) and IFN-γ+IL-4+ double producing NKT-cells (data not 

shown) in RictorcKO mice. To evaluate the in vivo responsiveness of RictorcKO iNKT-cells, 

we challenged mice with glycolipid antigens and analyzed their liver iNKT-cells, as this 

organ harbors a high frequency of iNKT-cells that have the potential to produce IFN-γ and 

IL-4. Similar to the thymus and lung, RictorcKO mice have a decreased frequency of iNKT-

cells among liver lymphocytes compared to WT mice (Figure 5A). While the proportion of 

CD44+ iNKT-cells was similar between WT and Rictor deficient mice, the proportion of 

NK1.1− versus NK1.1+ (Stage 2 versus Stage 3, respectively) was skewed (Figure 5B). 

Despite this difference, following injection with the iNKT-cell ligands, α-GalCer or PBS44, 

WT and RictorcKO mice produced similar levels of IFN-γ and IL-4 on a per cell basis 

indicating that Rictor is not absolutely required for production of either of these cytokines 

(Figure 5C).
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Optimal NKT-cell cytotoxicity is dependent on Rictor

In addition to cytokine release, iNKT-cells can lyse cells bearing lipid-antigen loaded CD1d 

molecules [30]–[32]. To test whether Rictor impacts the cytolytic function of NKT-cells, we 

sorted NK1.1+ TCRβ+ NKT-cells from the livers of WT and RictorcKO mice and compared 

their ability to lyse EL4 cells loaded with PBS44. Using a number of effector to target ratios, 

we found that liver NKT-cells lacking Rictor were less cytolytic (Figure 5D and E). This 

defect was not attributable to differences in the proportion of NKT-cells capable of 

recognizing lipid-loaded targets, as approximately 75–80% of NK1.1+ TCRβ+ liver 

lymphocytes from WT and RictorcKO mice are also CD1d-PBS57+ (Supporting Information 

Figure 4). Taken together, these data indicate that Rictor is required for optimal NKT-cell 

killing.

Rictor contributes to iNKT-cell expansion and survival

To address why RictorcKO mice have fewer iNKT-cells than WT mice we evaluated division 

and cell death. Ki67 staining of total iNKT-cells was similar between WT and RictorcKO 

mice, but analyses of individual iNKT-cell stages revealed a significant decrease in the 

frequency of Ki67+ Stage 1 cells in RictorcKO mice (Figure 6A and Supporting Information 

Figure 5A). This finding was supported by in vivo BrdU labeling in which a significant 

decrease in BrdU uptake was seen in RictorcKO Stage 1 iNKT-cells (Figure 6A and 

Supporting Information Figure 5B). To assess cell survival, we measured caspase expression 

using labeled Fitc-VAD-FMK and found increased staining in RictorcKO iNKT-cells 

compare to WT (Figure 6B). Consistent with this finding, we observed that when cultured 

overnight in media alone, the viability of RictorcKO iNKT-cells was decreased compared to 

WT cells (Figure 6C and Supporting Information Figure 5C).

In addition to IL-7, iNKT-cells divide in response to IL-2 and IL-15 and exhibit robust 

proliferation following TCR ligation in combination with cytokine stimulation. To determine 

whether the response to these signals were compromised in the absence of Rictor, we 

cultured thymocytes with IL-2 or IL-15 alone or in combination with α-GalCer + anti-

CD28. iNKT-cells from WT and RictorcKO proliferated similarly in response to cytokines, 

however, proliferation of RictorcKO iNKT-cells was greatly blunted upon addition of α-

GalCer/CD28 in the presence of either cytokine (Figure 6D and data not shown). Taken 

together, these data show that Rictor is important for driving TCR/CD28 induced iNKT-cell 

proliferation.

Myc is required for the proliferative burst following agonist selection of iNKT-cells [33],

[34]. Since mTORC2 can regulate Myc in other cell types, we hypothesized Myc levels may 

be decreased in the absence of Rictor [35],[36]. Although we were able to detect the 

expected changes in Myc expression during thymocyte development (Supporting 

Information Figure 6) [33], we saw no change in Myc expression between WT and 

RictorcKO iNKT-cells (Figure 6E). Thus, we investigated other mTORC2 targets that 

regulate cell division [37],[38]. To that end we found expression of the cyclin-dependent 

kinase, p27kip1, was consistently elevated in RictorcKO iNKT-cells compared to WT. This 

finding warrants further investigation to determine whether this pathway contributes to the 

proliferative defects observed in RictorcKO iNKT-cells (Figure 6E).
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Discussion

Accumulating data support a role for the PI3K/Akt/mTOR pathway in regulating iNKT-cell 

development [39]–[43]. Several reports show mTORC1 is required for iNKT-cell 

proliferation and development of NKT-1 and NKT-2 subsets. However, the role of mTORC2 

in iNKT-cell development is less clear. Although there is agreement that deletion of Rictor 

results in diminished iNKT-cell numbers (reported here and previously [23],[26]), the 

mechanism(s) underlying this observation are discordant, pointing to either diminished 

proliferation [26] or decreased survival [23]. More strikingly, a requirement for Rictor in 

iNKT-cell subsets has been ascribed to regulate either NKT-2 [26] cells or NKT-17 [23], 

with normal development of the remaining iNKT subtypes. Our studies affirm that Rictor is 

required for NKT-17 development but its requirement for NKT-2 cell development and IL-4 

production is more nuanced. We also provide clear evidence that TCR/CD28 driven iNKT-

cell proliferation is diminished in the absence of Rictor, and suggest this defect contributes 

to the reduced frequency of iNKT-cells found in RictorcKO mice.

Few iNKT-cells are present in either the thymus or peripheral organs of RictorcKO compared 

to WT controls ([23],[26] and herein). Similar to one report, our data revealed decreased 

proliferation among stage 1 iNKT-cells, while division of other iNKT-cells was normal (data 

not shown). A second study finding no role for Rictor in iNKT-cell proliferation evaluated 

BrdU incorporation and Ki67 staining in bulk iNKT-cells, which likely accounts for the 

disparate conclusion. How mTORC2 regulates iNKT-cell proliferation is unclear. Taking a 

candidate approach, we noted levels of p27kip1 were elevated in RictorcKO iNKT-cells. 

Studies in other cell types show mTORC2 can regulate p27kip1 levels by upregulating 

expression of proteins involved in its degradation, or transcriptionally through FOXO1 

inhibition [37],[38],[44]. Understanding whether either of these mechanisms play a role in 

iNKT-cell development will be important to address. Importantly, our in vitro proliferation 

studies suggest that signals downstream of cytokines important for iNKT-cell homeostasis 

are not affected by the loss of Rictor, but rather point to a role for Rictor in TCR/CD28 

mediated proliferation. While defective proliferation may account for the decreased numbers 

of iNKT-cells present in RictorcKO mice, we did observe some increased cell death in the 

absence of Rictor, which may be a contributing factor.

In addition to regulating the size of the iNKT-cell pool, Rictor is differentially required for 

iNKT-cell subset development. In the absence of Rictor, NKT-17 numbers are dramatically 

reduced. NKT-17 cells are defined by expression of RORγt and ability to produce IL-17. 

Both of theses features were greatly diminished in the absence of Rictor. Whereas these 

results are concurrent with an earlier report, it is unclear why this phenotype was not 

observed in a second report [23],[26]. Possible explanations could be differences in the 

source of RictorcKO mice or age of mice used for these studies. However, the original source 

of mice appears to be the same, and we have noted decreased IL-17A production from 

iNKT-cells over a wide range of ages. To probe why iNKT-17 cells were affected by the loss 

of Rictor, we investigated whether Rictor was required for IL-7 driven expansion of this 

subset. We found that IL-7 (as well as IL-2 and IL-15) driven proliferation was normal in 

RictorcKO iNKT-cells suggesting Rictor is important for the very early stages of NKT-17 

development and/or RORγt expression.
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Our findings shed light on previous reports that evaluated the role of Rictor in the 

development of NKT-2 cells and which appear to be contradictory. Both prior studies 

focused on the thymus with one reporting normal NKT-2 cell development as assessed by 

the evaluation of PLZF and GATA3 expression, with no measurement of IL-4 [23]. The 

other reported reduced IL-4 expression [26]. In the thymus, we did note a decrease in IFN-

γ+IL-4+ double producing and IL-4+ IFN-γ− producing iNKT-cells. However, evaluation of 

peripheral iNKT-cells revealed that RictorcKO iNKT-cells can produce this cytokine 

following either in vitro or in vivo stimulation. In fact, IL-4 production, as well as IFN-γ 
production, was increased in the lungs of RictorcKO mice. We suspect these increases might 

be a compensatory reflection of the loss of NKT-17 cells that normally comprise a 

substantial proportion of the iNKT-cells in this organ. Taken together, our data indicate that 

Rictor contributes to the proper complement of IL-4 producing iNKT-cells in the thymus, 

but that the IL-4 axis within the iNKT-cell compartment is not absent as RictorcKO mice 

harbor IL-4 producing iNKT-cells in peripheral organs that are capable of responding to in 

vivo challenge.

In addition to early cytokine release, iNKT-cells are important participants in cytolytic 

responses. Several reports show iNKT-cells can lyse targets that express glycolipid-loaded 

CD1d molecules [30]–[32]. Using liver derived iNKT-cells, we show that the iNKT-cells 

present in RictorcKO mice do not lyse glycolipid-loaded targets as effectively as WT derived 

iNKT-cells. How Rictor contributes to iNKT-cell mediated killing is unknown, and both the 

cellular and molecular mechanisms governing this process in WT mice are still being 

elucidated. Indeed, recent reports have suggested that several factors, both iNKT-cell 

intrinsic as well as extrinsic, may cooperate to regulate iNKT cytotoxicity [30],[32]. A better 

understanding of iNKT-cell cytotoxicity will help guide our studies of how Rictor 

contributes to the establishment of an efficient cytolytic iNKT-cell population.

mTORC1 and mTORC2 play important and distinct roles in regulating cytokine production 

in CD4+ TH cell subsets, and it is interesting that these two complexes do not appear to 

regulate the same cytokines in corresponding iNKT-cell subsets [21],[22]. However, these 

findings are not unlike reports describing differences in signaling requirements between 

conventional T cells and T cells that share characteristics with either innate or memory T 

cells. Indeed, both NKT-17 and other innate-like T cell lineages (such as TCRγδ cells) differ 

from conventional CD4+ TH cells in their requirements for becoming IL-17A producing 

cells [45]–[47]. Together with these studies, our work highlights the importance of defining 

the contribution of distinct signaling pathways to the differentiation of both conventional and 

non-conventional T cell subsets, as therapeutic targeting of such pathways may have 

opposing outcomes depending on cell lineage.

Materials and Methods

Mice

Rictorfl/fl mice were originally generated in M. Magnuson’s laboratory, Vanderbilt 

University School of Medicine and Rictorfl/fl CD4cre+ (RictorcKO) mice were obtained with 

permission from J. Powell, John’s Hopkins School of Medicine. p27kip1(fl/fl) CD4cre+ mice 

were a gift from A. Wells, The Children’s Hospital of Philadelphia; p27kip1(fl/fl) mice 
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originally made by M. Fero, Fred Hutchinson Cancer Research Center. C57BL/6J mice were 

from Jackson Laboratories or bred in the University of Pennsylvania facility. Animals were 

housed at the University of Pennsylvania. All experiments were performed in accordance 

with guidelines provided by the University of Pennsylvania Institutional Animal Care and 

Use Committee under the supervision of the University Laboratory Animal Resources.

Antibodies

The following antibodies were used: APC labeled PBS57 loaded CD1d-tetramers from the 

NIH tetramer facility, TCRβ APC-e780 (H57-597, eBiosciences) or Pacific Blue (H57-597, 

Biolegend), CD44 AlexaFluor(AF)700 (IM7, Biolegend), CD45.2 Pacific Blue (104, 

Biolegend), Thy1.1 phycoerythrin (PE) (A85-1, BD Pharmingen), Thy1.2 FITC (53-2.1, BD 

Pharmingen), NK1.1 PE-Cy7 or PE (PK136, BD Pharmingen), or Pacific Blue (PK136, 

Biolegend), or NK1.1-biotin (PK136, eBiosciences) followed by streptavidin-PE Texas Red, 

CD24 PerCPCy5.5 (M1/69, eBiosciences) or FITC or PE (M1/69, BD Pharmingen), IL-17A 

PE (17B7, eBiosciences), IL-4 PE-Cy7 (BVD6-24G2, eBiosciences), IFN-γ PerCPCy5.5 

(XMG1.2, Biolegend), cMyc (Y69, abcam) or p27kip1 (D69C12; Cell Signaling Technology) 

followed by anti-rabbit IgG PE (Life Sciences), Ki67-PeCy7 (B56, BD Pharmingen), rabbit 

IgG isotype (Life Technologies) and BrdU (BrdU flow kit; BD Pharmingen). For 

transcription factor staining, cells were incubated with antibody to PLZF (D-9, Santa Cruz), 

followed by anti-mouse IgG1 PE (A85-1, eBiosciences), and then T-bet PE-Cy7 (4B10, 

eBiosciences), GATA3 PerCpCy5.5 (TWAJ, eBiosciences), and RORγt-BV421 (Q31-378, 

BD Biosciences).

Flow Cytometry and BrdU injection

Cells were stained with LIVE/DEAD Fixable Aqua Dead Cell (Life Technologies), as per 

manufacturer’s instructions, washed and stained with surface antibodies in FACS buffer 

(PBS 2% FBS and .05% sodium azide). Foxp3 Staining Buffer (eBiosciences) was used per 

manufacturer’s instructions except for detection of BrdU for which BD Pharmingen kit was 

used according to manufacturer’s instructions (BD Pharmingen). Prior to BrdU detection, 

mice were injected with 3 doses of 300μg BrdU every 4 hours. For caspase staining, cells 

were incubated with FITC-VAD-FMK or DMSO vehicle (Promega) for 20min at 37°C 

before surface staining. All incubations were performed in the dark at 4°C. Cells were 

acquired on LSRII Flow Cytometer (BD Biosciences). Analysis was performed using 

FlowJo software (TreeStar).

Flow cytometry gating strategy

Unless otherwise noted, iNKT-cells were analyzed using the following gating strategy: 

lymphocyte gate, excluded doublets, negative for LIVE/DEAD aqua, TCRβ+ CD1d-

PBS57+. Analysis of mature iNKT-cells included further exclusion of CD24+ (stage 0) cells.

Bone Marrow Chimeras

C57BL/6-SJL (CD45.1) mice were irradiated with 950 rads and injected intravenously with 

a 1:1 mixture of T cell-depleted (Magnetic bead depletion, Qiagen) bone marrow from WT 
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C57BL/6 (CD45.2/Thy1.2) and RictorcKO (CD45.2/Thy1.1) mice. Recipients were analyzed 

6–7 weeks post transplantation.

Isolation of Lung and Liver Hematopoietic Cells

Lungs were perfused by flushing PBS into the right ventricle of the heart using a 27½-gauge 

needle. Lungs were diced into fragments and digested in RPMI 1640, 10% P/S/G, 

0.065U/ml Liberase TM (Roche), 0.05% DNAse I (Sigma), and 20mM HEPES for 1hr in a 

37°C shaker. Cells were filtered through a 70um cell strainer and washed prior to staining. 

Livers were removed and made into single-cell suspensions. Lymphocytes were isolated 

using density centrifugation with a Percoll(TM) (GE Healthcare) gradient.

Stimulation of thymic iNKT-cells

For experiments involving ex vivo stimulation for cytokine assessment, lymphocytes were 

cultured in the presence of PMA (50 ng/ml), ionomycin (500 ng/ml), GolgiStop protein 

transport inhibitor with monensin (BD Pharmingen) and/or 1 mg/ml brefeldin A for 2 hours 

at 37°C and then analyzed by flow cytometry. For in vivo stimulation of liver iNKT-cells, 

mice were injected i.p. with PBS or 4μg/ml α-GalCer. Where indicated, thymocytes were 

enriched for iNKT-cells by using anti-CD8 MACS microbeads per manufacturer’s 

instructions (Miltenyi Biotech).

CFSE CellTrace

Thymocytes were labeled with CFSE according to the CellTraceTM CFSE Cell Proliferation 

Kit (Life Technologies) protocol and plated in the presence or absence of IL-7 (10ng/ml), 

IL-2 (50U/ml), IL-15 (50ng/ml), αGalCer (125ng/ml) and anti-CD28 (5μg/ml). Cells were 

harvested on Day 3 and/or Day 4.

Cell lines and reagents

The EL4 cell line was from American Type Culture Collection (Manassas, VA). The 

αGalCer analogue, PBS44, was a kind gift from Dr. Paul B. Savage (Brigham Young 

University; Provo, UT).

In vitro cytotoxicity assay

Hepatic mononuclear cells were isolated and stained with anti-NK1.1 and anti-

TCRβantibodies and sorted using a BD FACS Aria (BD Biosciences). Cells were >97% 

NK1.1+TCRβ+. iNKT-cell cytotoxicity was evaluated using a 51Cr-release assay. Briefly, 

EL4 target cells (T, 1×106) were labeled with 100μCi 51Cr (Na2CrO4; Perkin Elmer) for 2 h 

at 37°C and extensively washed. 51Cr-labeled targets were loaded with PBS44 (100 ng/ml) 

or left untreated, washed and then cultured in triplicate with effector cells (E) at varying E:T 

ratios. After 16 h, experimental supernatants were collected, applied to LumaPlates (Perkin 

Elmer) and radioactivity (experimental counts per minute [CPM]) was measured using a 

TopCount scintillation counter (Perkin Elmer). Cultures of target cells alone were assayed in 

a similar fashion to determine spontaneous release of 51Cr (Spont CPM). Maximal CPM was 

assessed by complete lysis of target cells by using 0.1% IGEPAL CA-630 in water. Percent 

specific lysis was calculated using the following formula: %Specific lysis = 100 × 
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[Experimental CPM – Spont CPM]/[Total CPM – Spont CPM]. Not significant (n. s.) 

differences are indicated.

Statistics

Statistical analyses were performed using GraphPad software (GraphPad PRISM). Data 

points for the in vitro cytotoxicity assays represent mean of triplicates and error bars indicate 

SD. Percent specific lysis at different E:T between the groups were compared using two-way 

ANOVA/Bonferroni post-test. All other compiled data were analyzed using a t-test unless 

otherwise noted. Error bars represent SD unless otherwise indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

α-GalCer α-galactosylceramide

cKO conditional knockout

CPM counts per minute

DN double negative (CD4−CD8−)

iNKT invariant NKT

mTOR mammalian target of rapamycin

mTORC mTOR complex

n.s not significant

PLZF promyelocytic leukemia zinc finger

RORγt retinoic acid receptor-related orphan nuclear receptor γt

TH T helper

WT wild type C57BL/6
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Figure 1. 
Rictor is required for iNKT-cell maturation. A. Frequency of iNKT-cells from WT and 

RictorcKO thymi was determined by flow cytometry. Gates were set on live, singlets, TCRβ+ 

CD1d-PBS57+ cells. Compiled frequency and absolute number of iNKT-cells is graphed. 

Data are from 12 independent experiments with 2–6 mice per experiment, n=24 mice per 

genotype, unpaired t-test mean ± S.D. B. Compiled frequency of Stage 0 iNKT (CD24+ 

iNKT) cells from 5 experiments with 2–4 mice per experiment, n=8 mice total per genotype. 

Frequencies of cells in Stages 1–3 (CD24−) are graphed using compiled data from 9 

experiments with 2–6 mice per experiment, n=16 mice per genotype, multiple t-test mean ± 

S.D. Representative CD44 and NK1.1 profile of mature iNKT-cells from WT and RictorcKO 

mice is shown. * p ≤ 0.009.
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Figure 2. Rictor is required for the development of RORγt+ iNKT-cells
RORγt+ iNKT (A) or GATA3+ PLZF+ iNKT (B) cells in the thymus of WT and RictorcKO 

mice were analyzed among CD24− iNKT-cells (left plots) or Stage 2 iNKT-cells (right plots) 

by flow cytometry. Frequency of RORγt+ (A) or GATA3+ PLZF+ (B) cells among Stage 2 

iNKT-cells was compiled over 4 experiments with 2–5 mice per experiment, n=5–6 mice 

total per genotype, unpaired t-test mean ± S.D. C. WT and RictorcKO thymocytes were 

cultured with or without IL-7 for 3 or 4 days. Top row: Numbers indicate the percent of 

divided iNKT-cells gated from live, singlet gates. Bottom row: CFSE versus RORγt profile 

from the cultures depicted in Top row. Data representative of 3 experiments, 2 mice per 

experiment, n=3 mice total per genotype for day 3; 2 experiments with n=2 mice per 

genotype for day 4. Filled histograms represent cells cultured without IL-7.
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Figure 3. Rictor regulates NKT-17 development
A. IL-17A production from live, singlet, TCRβ+ CD1d-PBS57 thymocytes from WT and 

RictorcKO mice following stimulation with PMA/ionomycin was assessed by flow 

cytometry. Plots are representative of 6 experiments with 3–6 mice per experiment; n=13–14 

mice per genotype and the compiled percent of IL-17A+ iNKT-cells is shown in the graph, 

unpaired t-test mean ± S.D. B. iNKT-cell frequency of lung lymphocytes. Data compiled 

from 15 experiments with 2–7 mice per experiment, n>20 mice total per genotype (top 

graph), unpaired t-test mean ± S.D. The frequencies of IL-17A+ cells among lung iNKT-

cells compiled from 8 experiment with 3–8 mice per experiment, n=17–19 mice total per 

genotype (bottom graph), unpaired t-test mean ± S.D. Flow plots: Frequency of IL-17A+ 

iNKT-cells from lungs of WT and RictorcKO mice (top) and frequency of RORγt+ iNKT-

cells (bottom). RORγt plot is representative of 4 experiments with 2–3 mice per experiment, 

n=4–6 mice total per genotype.
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Figure 4. Rictor regulates cytokine production from thymic iNKT-cells
Thymi and lungs of WT and RictorcKO mice were analyzed by flow cytometry. Frequency of 

IFN-γ+ and IL-4+ from thymi (A) and lungs (B) live, singlet, TCRβ+ CD1d-PBS57+ cells 

following stimulation with PMA/ionomycin. A. Representative flow plots and compiled data 

from 5 experiments with 3–6 mice per experiment; n=10–11 mice per genotype, unpaired t-

test mean ± S.D. B. Representative flow plots and compiled data are from 5 (IFN-γ) or 4 

(IL-4) experiments with 2–8 mice per experiment, n=8–12 mice total per genotype, unpaired 

t-test mean ± S.D.
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Figure 5. Rictor is required for development and cytolytic function of liver iNKT-cells
A. Representative live singlet, TCRβ+ CD1-PBS57 profile of WT and RictorcKO liver 

lymphocytes and compiled frequencies of iNKT liver lymphocytes from 8 experiments, with 

2–3 mice per experiment, n=8–9 mice total per genotype, unpaired t-test mean ± S.D. B. 
CD44 and NK1.1 profile of liver live singlet, TCRβ+ CD1-PBS57, CD24− cells and 

compiled frequencies of Stage 1–3 iNKT-cells from 3 experiments, n=4–6 mice per 

genotype, multiple t-test mean ± S.D. * p<0.001. C. IFN-γ and IL-4 production from liver 

iNKT-cells following in vivo challenge. Representative cytokine plots and graphs of 

compiled frequencies of IFN-γ and IL-4 producing iNKT-cells from mice injected with PBS 

(filled histograms and bars) or α-GalCer (open histograms and bars). “+” denotes data from 

mice injected with PBS44. Compiled data from 6 independent experiments with n=6 mice 

per genotype, paired t-test mean ± S.D. D and E. Line graph of percent specific lysis of 

unloaded or PBS44-loaded targets by NKT-cells sorted from WT or RictorcKO mice. 

Analysis by two-way ANOVA/Bonferroni post-test (* p<0.05, ** p<0.01) mean ± S.D of 
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triplicate wells. Line graph (D) is representative of 2 independent experiments and bar graph 

(E) shows combined data of the specific lysis from RictorcKO iNKT-cells relative to WT; 

paired t-test mean ± S.D. of all replicate wells, p=0.0001. For each experiment liver 

lymphocytes from 3 (WT) or 8 (RictorcKO) mice were pooled and sorted for NK1.1+ TCRβ+ 

cells.
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Figure 6. Rictor regulates iNKT-cell proliferation and survival
A. WT and RictorcKO iNKT-cells in Stage 1 (CD24− NK1.1− CD44−) after Ki76 staining 

and BrdU incorporation. Data are representative of 2 (BrdU) or 3 (Ki67) independent 

experiments with 3–7 mice per experiment with a total of 6–7 mice per genotype. B. The 

frequency of total CD24− iNKT-cells that were caspase+ was determined. Representative of 

3 independent experiments with 2–4 mice per experiment and total of 4 mice per genotype, 

p=0.0114 ratio paired t-test. C. iNKT-cell enriched thymocytes were cultured in media 

overnight then evaluated for cell survival. Representative plots show dead cells (LIVE/

DEAD+) gated on all iNKT-cells after exclusion of doublets. Gating strategy included in 

Supporting Information. Compiled data are from 6 experiments with 2 mice per experiment 

total of n=6 mice per genotype, paired t-test mean ± S.D. D. CFSE dilution of live, singlet, 

iNKT-cells from unfractionated thymocytes cultured for 4 days with the indicated stimuli. 

Plots representative of 3 independent experiments with 2 mice per experiment. E. Myc and 

p27kip1 staining of CD24− thymic iNKT-cells from WT, RictorcKO or p27kip1(fl/fl)CD4cre+ 
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(p27kip1 cKO) mice as indicated. Plots are representative of 2 (Myc) or 3 (p27) independent 

experiments with 2–4 mice per experiment.
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