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Terminal maturation of invariant NKT (iNKT) cells from stage 2 (CD44*NK1.1") to stage 3 (CD44'NK1.1*)
is accompanied by a functional acquisition of a predominant IFN-y-producing (iNKT-1) phenotype; how-
ever, some cells develop into IL-17-producing iNKT (iNKT-17) cells. iNKT-17 cells are rare and restricted to a
CD44*NK1.1- lineage. It is unclear how iNKT terminal maturation is regulated and what factors mediate the
predominance of iNKT-1 compared with iNKT-17. The tumor suppressor tuberous sclerosis 1 (TSC1) is an
important negative regulator of mTOR signaling, which regulates T cell differentiation, function, and traf-
ficking. Here, we determined that mice lacking TSC1 exhibit a developmental block of iNKT differentiation
at stage 2 and skew from a predominantly iNKT-1 population toward a predominantly iNKT-17 population,
leading to enhanced airway hypersensitivity. Evaluation of purified iNKT cells revealed that TSC1 promotes
T-bet, which regulates iNKT maturation, but downregulates ICOS expression in iNKT cells by inhibiting
mTOR complex 1 (mTORCL1). Furthermore, mice lacking T-bet exhibited both a terminal maturation defect
of iNKT cells and a predominance of iNKT-17 cells, and increased ICOS expression was required for the pre-
dominance of iNKT-17 cells in the population of TSC1-deficient iNKT cells. Our data indicate that TSC1-de-
pendent control of mMTORC1 is crucial for terminal iNKT maturation and effector lineage decisions, resulting

in the predominance of iNKT-1 cells.

Introduction

The invariant NKT (iNKT) cells play important roles in both
innate and adaptive immune responses (1-4). iNKT cells are
generated in the thymus, and their development progresses
from stage 0 (CD24*CD44 NK1.1), to stage 1 (CD24-CD44-
NK1.17), to stage 2 (CD24-CD44*NK1.1"), and finally to stage 3
(CD24-CD44*NK1.1%) (5, 6). iNKT cells express the Va14-Ja18
T cell receptor (iVa14TCR), which recognizes endogenous,
microbial, and synthetic lipid ligands presented by CD1d. Sig-
naling from the iV14TCR is crucial for early iNKT cell develop-
ment (7-10). iNKT cell terminal maturation from stages 2 to 3
requires signal from the IL-15 and vitamin D receptors as well
as the transcription factor T-bet and mediator subunit Med1
(11-14). How T-bet is regulated for iNKT terminal maturation
is poorly understood.

One of the most striking features of iNKT cells is their ability to
rapidly produce multiple cytokines, such as IL-4, IFN-y, GM-CSF,
IL-10, IL-13, and IL-17. These cytokines greatly affect innate
immunity, shape adaptive immune responses, and contribute to
the protective and detrimental roles of iNKT cells in various auto-
immune, allergic, and inflammatory diseases, in defense against
microbial infection, and in tumor surveillance (1-5). Remarkably,
the CD44*NK1.1* terminally matured iNKT cells, which account
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for about 80% to 90% of total iNKT cells, predominantly produce
IFN-y (referred to as iNKT-1) but not IL-17. IL-17-producing
iNKT (iNKT-17) cells are rare and mostly confined to the minor
CD4 NKl.1 neuropilin-1* subset (15-18). The iNKT-17 fate is
developmentally programmed, dependent on RORyt, and pos-
itively regulated by IL-17 receptor B (17, 19). In contrast, T-bet,
which is critical for Th1 differentiation, is essential for iNKT-1
(20, 21). However, the relationship between these two iNKT effec-
tor lineages and the mechanisms dictating iNKT-1 predominance
over iNKT-17 are poorly understood.

mTOR is a serine/threonine kinase with the ability to integrate
environmental stimuli to regulate cell metabolism, survival,
growth, and proliferation. mTOR forms two complexes, mMTORC1
and mTORC2, with distinct signaling properties and sensitivities
to rapamycin. mMTORC1 phosphorylates S6K1 and 4EBP-1 to pro-
mote protein translation and is sensitive to rapamycin inhibition.
mTORC2 phosphorylates AKT, PKC, and PKCH and is less sen-
sitive to acute rapamycin treatment (22, 23). In T cells, mTOR is
activated via the PI3K/AKT and the RASGRP1/RAS/ERK1/2 path-
ways (24, 25). Deficiency and dysregulation of the RASGRP1/RAS/
ERK1/2 pathways impairs iNKT cell development (26,27). mTOR
has been found to promote Th differentiation, control regula-
tory T cell generation and function, inhibit memory CD8" T cell
response, and regulate T cell trafficking in vivo (23, 25, 28-31).

The tuberous sclerosis 1 (TSC1) associates with TSC2 to form
a complex, which inhibits mTORCI1 activation by decreasing
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the active GTP-bound form of RHEB, a small GTPase critical
for mTORC]1 activation (32, 33). In addition, TSC1 promotes
mTORC2 signaling in T cells through yet-to-be determined
mechanisms. Deregulation of mTOR signaling due to TSC1
deficiency has been implicated in propensity to death, loss of
quiescence, and resistance to anergy of T cells as well as abnor-
mal function of mast cells and macrophages (34-41). While it
is becoming clear that TSC1/mTOR signaling is involved in
many aspects of T cell biology, the importance of TSC1/mTOR
in iNKT cells is unclear. Although it was reported that TSC1-
deficient mice contain decreased iNKT cells (35), how TSC1
deficiency affects iNKT cell development and effector function
was not reported. We report here that TSC1 is critical for iNKT
cell terminal differentiation and for iNKT-1 predominance over
iNKT-17 via inhibiting mTORC1-mediated T-bet suppression
and subsequent ICOS upregulation.

Results
TSCI is critical for iNKT cell terminal maturation. Using real-time
quantitative PCR (qPCR), we detected 2- to 3-fold higher levels of
Tscl and Tsc2 mRNA in iNKT cells than in conventional CD4*- or
CD8*-TCRB*CD1dTet” T (cafT) cells (Figure 1A). To investi-
gate the role of TSC1 for iNKT cells, we analyzed T cell-specific
TSC1-deficient mice, specifically the Tsc1%f-Cd4Cre (TSC1KO)
mice (34). In TSC1KO mice, cafT cell populations in the thymi
are grossly normal but are decreased in peripheral lymphoid
organs due to increased cell death (34-36). The percentages and
total numbers of most thymic iNKT cells and all splenic and
liver iNKT cells from TSC1KO mice were 2- to S-fold lower than
those of their Tsc1/f-Cd4Cre- (WT) littermate controls (Figure 1,
B and C). Moreover, a drastic decrease of CD44"NK1.1* stage 3,
but increase of CD44*NK1.1- stage 2, iNKT cells was observed
in both percentages and absolute numbers in TSC1KO thymi,
spleens, and livers (Figure 1, D and E). Although the percent-
ages of CD24-CD44-NK1.1- stage 1 iNKT cells were increased
in TSC1KO thymi and spleens, the absolute numbers of these
cells were similar to those of the WT controls. iNKT cells contain
CD4*CD8- single-positive (SP) and CD4-CD8- double-negative
(DN) subsets, but CD4-CD8* SP iNKT cells are extremely rare. No
obvious increase of CD4-CD8" iNKT cells or change in the ratio
between CD4 SP and DN subsets was observed in TSC1KO mice
(Figure 1F). Of note, TSC1KO iNKT cells expressed higher levels
of iVa14TCR than WT controls (Figure 1B and Supplemental
Figure 1; supplemental material available online with this article;
doi:10.1172/JC169780DS1), a phenotype that is also observed in
T-bet-deficient iNKT cells (11). Together, these data indicate that
TSCl1 is critical for iNKT cell terminal maturation.

Using BrdU incorporation to assess iNKT cell expansion in
vivo, we observed increased proliferation of stage 1 but similar
proliferation of stages 2 and 3 TSC1KO iNKT cells compared
with those of WT controls (Figure 1G). These observations sug-
gest that impaired terminal maturation of TSC1KO iNKT cells
was not due to defective iNKT cell expansion. Although there
was no statistically significant difference in death rates between
WT and TSC1KO stage 2 iNKT cells, TSC1KO stage 3 iNKT cells
had a 2.4-fold increase of death rate compared with that of WT
controls (Figure 1H), which suggests that TSC1 may promote
stage 3 iNKT cell survival. Although overexpression of a Bcl2
transgene in TSC1KO mice increased iNKT cell numbers (35),
it failed to overcome the developmental blockade of TSC1KO
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iNKT cells at stage 2 (Supplemental Figure 2). Thus, the iNKT
cell developmental blockade caused by TSC1 deficiency appears
to be developmentally programed.

Although most TSC1KO mice had decreased iNKT cells in the
thymus, a small portion of them had increased iNKT cell percent-
ages and absolute numbers (Supplemental Figure 3, A and B). This
increase of iNKT cells occurred only in the thymus and was at low
frequency (11%) at 1 month of age but at higher frequencies (~30%)
after 2 months of age. Importantly, iNKT cells from these mice
were hyperproliferative, indicated by elevated expression of Ki67,
a marker for cell proliferation (Supplemental Figure 3C). These
iNKT cells displayed phenotypic heterogeneity among different
mice. Within individual mice, these cells were phenotypically pre-
dominant in one population, CD44-NK1.1-, CD44"*NK1.1-, or
CD44*NK1.1- but rarely CD44"NK1.1*. Functionally, they pre-
dominantly produced IFN-y, IL-17, or neither (Wu and Zhong,
unpublished observations). While these data suggest that these
TSC1-deficient iNKT cells might represent transformed or lym-
phomatic cells, the cells failed to develop into tumors after adop-
tive transfer into syngeneic mice.

Reversal of iNKT-1/iNKT-17 dichotomy in TSCI-deficient iNKT cells.
The presence of iNKT cells in TSC1KO mice allowed us to exam-
ine how TSC1 deficiency may affect iNKT effector function. Fol-
lowing in vitro a-galactosylceramide (a-GalCer) stimulation for
72 hours, WT iNKT cells predominantly produced IFN-y but min-
imally produced IL-17A, IL-17F, and IL-22. In striking contrast,
TSC1KO iNKT cells predominantly produced these IL-17 fam-
ily cytokines, with severely reduced IFN-y production (Figure 2,
A and B). A time course measurement of IFN-y and IL-17A in
culture supernatants further confirmed increased IL-17A but
decreased IFN-y production by TSC1KO iNKT cells (Figure 2C).
In contrast to the cytokine abnormality, TSC1KO iNKT cells
appeared to proliferate and expand similarly to WT iNKT cells
(Supplemental Figure 4). Similar to thymocytes, iNKT cells from
TSC1KO spleens also produced more IL-17A but less IFN-y than
did WT controls (Figure 2, D and E). A 5-hour stimulation of
enriched WT and TSC1KO iNKT cells with PMA plus ionomycin
(P + 1) revealed similar increases of iNKT-17 cells and decreases
of iINKT-1 cells in TSC1KO mice (Figure 2, F and G). Moreover,
NK1.1- stage 2 TSC1KO iNKT cells, which contain the highest
number of iNKT-17 cells (15-18), and stage 3 TSC1KO iNKT cells
produced more IL-17 than did their respective WT counterparts
(Figure 2H). Consistent with these in vitro observations, TSC1KO
iNKT cells produced more IL-17A but less IFN-y in vivo than WT
iNKT cells following a-GalCer injection (Supplemental Figure 5).
In contrast to iNKT-17 and iNKT-1, IL-4 production by iNKT
cells appeared not affected by TSC1 deficiency (Figure 2I). In con-
trast to deletion of TSC1 during iNKT cell development, acute
deletion of TSC1 in developed iNKT cells in Tsc1#f-ERCre mice
following tamoxifen treatment did not obviously affect iNKT-1/
iNKT-17 balance (Supplemental Figure 6). Moreover, overexpres-
sion of BCL-2 was not able to revert the iNKT-17 predominance
over iNKT-1 caused by TSC1 deficiency (Supplemental Figure 7).
Together, these observations indicate that the reciprocal regula-
tion of IL-17 and IFN-y by TSC1 in iNKT cells was developmen-
tally programmed, was not due to or at least not solely due to selec-
tive expansion of iNKT-17 cells following a-GalCer stimulation,
and is not solely caused by an accumulation of stage 2 iNKT cells.

Enbanced airway hyperresponsiveness in TSC1KO mice in response to
a-GalCer challenge. To determine whether the shift from iNKT-1
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Figure 1

Critical role of TSCH1 for iNKT cell terminal differentiation. (A) Expression of Tsc7 and Tsc2 in iNKT cells and caf T cells. mRNAs of indicated mol-
ecules from MACS- and FACS-sorted thymic CD1dTet*TCRB*INKT and CD1dTet-TCRp*CD4 and CD8 T cells from WT mice were determined by
real-time gPCR. Data shown (mean + SEM) present values from triplicates and represent 2 experiments. (B) CD1dTet and TCR staining of WT
and TSC1KO thymocytes (Thy), splenocytes (Spl), and liver MNCs (Liv). Representative dot plots of live-gated cells are shown. (C) Percentages
and absolute numbers of CD1dTet*TCRp+NKT cells in WT and TSC1KO thymi, spleens, and livers (n = 5). (D) NK1.1 and CD44 staining on gated
iNKT cells from B. (E) Percentages and absolute numbers of stage 1 to 3 iINKT cells from WT and KO mice (n = 5). (F) iNKT cell subsets based
on CD4 and CD8 staining (n = 6). CD4SP, SP CD4 cells. (G) iNKT cell proliferation in vivo determined by BrdU staining. BrdU* stage 1 to 3 iNKT
cells from WT and TSC1KO thymi after 24-hour BrdU injection are shown (mean + SEM) (n = 3). (H) Death rates of WT and TSC1KO stage 2 and
3iNKT cells. *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t test. (B—G) Data shown are representative or calculated from at least 3 experiments.

to iNKT-17 may affect iNKT cell function in vivo, we examined
a-GalCer-induced changes in airway homeostasis with respect to
airway hyperresponsiveness. In this model, IL-17 produced by iNKT
cells induces contraction of bronchial smooth muscle and neu-
trophil infiltration, resulting in increased airway resistance (18,42).
Twenty-four hours after a-GalCer treatment, both TSC1KO and
WT mice had significant elevations in their responsiveness to suc-
ceeding challenge doses of aerosolized methacholine above those
of baseline controls; however, for the TSC1KO mice, the level of
hyperresponsiveness was significantly increased above the level
of airway hyperreactivity observed in the WT mice (Figure 3A).
For treated mice, the total cell numbers present in the broncho-
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alveolar lavage (BAL) fluid from TSC1KO mice were significantly
elevated as compared with those of the WT mice (Figure 3B).
Neutrophils, but not macrophages, were particularly increased
in TSC1KO BAL fluid (Figure 3, C and D). Moreover, following
o-GalCer administration (Figure 3E), neutrophilic infiltration in
interstitial lung tissue was more apparent for TSC1KO mice than
for WT mice and occurred simultaneously with upregulation of
IL-17 and downregulation of Ifng mRNA levels in TSC1KO mice
(Figure 3F). Similarly, challenge of TSC1KO mice with Streptococcus
pneumoniae, which may contain ligands to stimulate iNKT cells
(43, 44), induced more severe neutrophil infilctration, correlated
with increased IL-17 but decreased IFN-y expression in iNKT
Number 4 1687
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Reciprocal control of iNKT-1 and iNKT-17 by TSCH1. (A and B) Increased IL-17 but decreased IFN-y production by TSC1KO iNKT cells. WT and
TSC1KO thymocytes were stimulated with a-GalCer for 72 hours and with P + | and GolgiPlug in the last 5 hours. (A) Dot plots show indicated
intracellular cytokines in gated iNKT cells. (B) Indicated cytokines from multiple experiments (mean + SEM; IFN-y and IL-17A, n = 5; IL-17F and
IL-22, n = 3). (C) Time course analysis of IFN-y and IL-17A secretion by WT and TSC1KO iNKT cells. WT and TSC1KO thymocytes were stim-
ulated with a-GalCer for 24 or 48 hours. IFN-y and IL-17A concentrations in cultural supernatants were measured by ELISA (n = 3). (D and E)
Increased IL-17A but decreased IFN-y production by TSC1KO splenic iNKT cells. WT and TSC1KO splenocytes were stimulated similarly and
analyzed as in A and B. (F and G) Developmental programing of iNKT-1 predominance over iNKT-17 by TSC1. iNKT cells enriched from WT
and TSC1KO thymocytes were stimulated with P + | and GolgiPlug for 5 hours. (F) Dot plots show indicated intracellular cytokines in gated
CD1dTet*TCRp*Lin-(GR1-B220-CD8-CD11c-CD11b") iNKT cells. (G) Percentages of indicated cytokines in gated iNKT cells (mean + SEM;
n = 3). (H) Developmental stage analysis of iINKT-1/iNKT-17 in TSC1KO mice. (l) Effect of TSC1 deficiency on IL-4 production by iNKT cells. WT
and TSC1KO thymocytes were similarly stimulated with a-GalCer as in A. *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t test. Data shown are

representative or calculated from at least 2 experiments.

cells, compared with that in WT mice (Figure 3, G and H). Taken
together, these observations suggest that TSC1 deficiency results
in enhanced IL-17 production in vivo following iNKT stimulation,
leading to an enhancement of airway hyperresponsiveness and
neutrophil infiltration.

Contribution of cell-intrinsic mechanisms to the developmental defect
and iNKT-17 predominance caused by TSCI1 deficiency. Because
TSC1 was deficient in all a3 T cells in TSC1KO mice, the afore-
mentioned iNKT cell terminal maturation defect and iNKT-1
to iNKT-17 change in these mice could be caused by extrinsic,
intrinsic, or both mechanisms. To distinguish among these pos-
sibilities, we generated mixed BM chimeric mice by coinjecting
WT CD45.1"and TSC1KO CD45.2* BM cells at a 1:2.5 ratio into
sublethally irradiated Tcra7~ mice (Supplemental Figure 8A).
Eight weeks after reconstitution, DN, double-positive (DP), and
SP thymocytes developed in the recipient mice (Figure 4A). The
WT to KO ratios of DN, DP, and SP thymocytes were close to
the original 1:2.5 ratio (Figure 4B), suggesting that TSC1 is not
essential for cafT cell maturation, even under a competitive
environment. iNKT cells also developed in the mixed chimeric
mice (Figure 4, C and D). Stage 1 and stage 2 iNKT cells predom-
1688
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inantly originated from TSC1KO BM hematopoietic stem cells
with the WT to KO ratios close to 1:4 to 1:6 (Figure 4E). The rel-
ative increases of TSC1KO stage 1 and stage 2 iNKT cells com-
pared with DN, DP, and SP thymocytes were consistent with the
increased proliferative potential of these TSC1KO iNKT cells, as
shown in Figure 1G. However, the ratio was reversed in stage 3
iNKT cells, with WT-originated iNKT cells predominating
over TSC1KO cells at a ratio of more than 2:1. Similar results
were also observed in splenocytes and liver mononuclear cells
(MNCs) from the chimeric mice (Supplemental Figure 8, B-G).
These data confirm that TSC1 is critical for stage 2 to stage 3
maturation but dispensable for stage 1 to stage 2 maturation.
The data further indicate that defective terminal maturation of
TSC1KO iNKT cells was due to cell-intrinsic mechanisms. Simi-
larly, TSC1KO iNKT cells from the chimeric mice produced less
IFN-y but more IL-17A than WT iNKT cells (Figure 4F), indi-
cating that cell-intrinsic mechanisms led to iNKT-17 predomi-
nance over iNKT-1 of TSC1KO iNKT cells.

Contribution of enbanced mTORCI signaling to abnormal iNKT cells
development and function of TSCI-deficient iNKT cells. To determine
how TSC1 deficiency may affect mTOR signaling in iNKT cells, we
Volume 124
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Increased airway hyperreactivity, neutrophilic infiltration, and //77a mRNA levels in the lungs of TSC1-deficient mice. WT and TSC1KO mice
were treated intranasally (i.n.) with 2 ug a-GalCer in 50 ul PBS. Twenty-four hours later, changes in airway resistance to succeeding doses of
aerosolized methacholine were assessed. Mice were then euthanized for collection of BAL fluid, and lung tissues were harvested for histo-
logic examination. (A) Airway response to methacholine. AvgRT, average total pulmonary resistance. (B) Total leukocyte numbers in BAL fluid.
(C) Percentages of macrophages and neutrophils in the BAL fluid. (D) Representative H&E staining of WT and TSC1KO BAL fluid infiltrates.
Arrows and arrowheads represent neutrophils and macrophages, respectively. (E) Enhanced interstitial infiltration in TSC1KO lungs. Repre-
sentative H&E staining of lung thin sections is shown. (F) mRNA levels of //17a (increased) and Ifng (decreased) in the lungs of TSC1KO mice
5 hours after a-GalCer treatment. (G) Neutrophil numbers in the lungs after S. pneumoniae infection. Ctrl, uninfected; Infect, infected. (H) mRNA
levels of indicated cytokines in iINKT cells isolated from lungs after S. pneumoniae infection. *P < 0.05; **P < 0.01; ***P < 0.001, 2-way ANOVA
(A); Student’s t test (B—H). Data are representative of 2 independent experiments with 4 mice (A—F) and 5 mice (G and H) per group in each

experiment. Original magnification, x400 (D); x200 (E).

sorted WT and TSC1KO iNKT cells following a-GalCer stimula-
tion for immunoblotting analysis. mn”TORC1 phosphorylates S6K1,
which in turn phosphorylates S6. S6 phosphorylation in TSC1KO
iNKT cells was enhanced compared with that in WT controls. In
contrast, AKT phosphorylation at S473, an mTORC2-dependent
event, was similar between WT and TSC1KO iNKT cells (Figure 4G).
Thus, TSC1 deficiency selectively increased mTORCI signaling in
iNKT cells. To determine whether enhanced mTORCI1 activity con-
tributed to the iNKT cell abnormalities manifest in TSC1KO mice,
we administrated rapamycin to WT and TSC1KO mice every other
day 10 times. Rapamycin treatment decreased the expression of the
iVo14TCR in TSC1KO iNKT cells and increased stage 3 iNKT cells
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S-folds in TSC1KO mice (Figure 4H). Moreover, the aberrant iNKT-
17 predominance over iNKT-1 was substantially, although not
completely, reversed in rapamycin-treated TSC1KO mice. Together,
these observations suggest that TSC1 promotes iNKT cell terminal
maturation and programs iNKT-1 predominance over iNKT-17, at
least in part, by inhibiting mTORCI.

Altered expression of T-bet, RORyt, ICOS, and other molecules in
TSCIKO iNKT cells. T-bet is critical for iNKT cell terminal matu-
ration and iNKT-1 generation (11, 20, 21). In contrast, RORyt is
crucial for iNKT-17 differentiation (17). Consistent with the skew-
ing of iNKT-1 to iNKT-17 lineage, TSC1KO iNKT cells expressed
higher levels of RORyt but decreased T-bet protein (Figure SA).
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Figure 4

TSC1 inhibits mMTORC1 to promote iNKT terminal maturation and iNKT-1 predominance over iNKT-17. (A—G) TSC1KO iNKT cell developmental
and functional abnormalities are due to cell-intrinsic mechanisms. Sublethally irradiated Tcra-- mice were i.v. injected with WT (CD45.1) and
TSC1KO (CD45.2) BM cells at a 1:2.5 ratio. Thymocytes from chimeric mice were analyzed with or without the indicated stimulations. (A) CD4
and CD8 staining. (B) CD45.1 staining of indicated subsets. (C) TCRp and CD1dTet staining of live-gated Lin- (GR1-B220-CD8-CD11c-CD11b-)
thymocytes. (D) CD44 and NK1.1 staining of gated iNKT cells. (E) CD45.1 staining of indicated iNKT subsets. (F) Intracellular IL-17 and IFN-y
staining in WT and TSC1KO iNKT cells following a-GalCer stimulation for 72 hours. (A—F) Data shown are representative of 3 chimeras from
2 independent experiments. (G) Increased mTORC1 signaling in TSC1KO iNKT cells. WT and TSC1KO thymocytes were stimulated with
a-GalCer for 72 hours. Cell lysates from expanded and FACS-sorted live TCRB+*CD1dTet*iNKT cells were subjected to immunoblotting analysis
with the indicated antibodies. (H) Rapamycin treatment partially restored iNKT terminal maturation and reverted iNKT-17 predominance to iNKT-
1 predominance. WT and TSC1KO mice were i.p. injected with rapamycin (75 ug/kg, every other day 10 times) and euthanized for experiments
24 hours after the last injection. The top row shows TCRp and CD1dTet staining of thymocytes. The middle row shows NK1.1 and CD44 expression
on gated iNKT cells. The bottom row shows IL-17A and IFN-y staining in iNKT cells following P + | stimulation for 5 hours. Data shown in G and H
are representative of 2 independent experiments.

Such alterations were similarly observed in TSC1KO iNKT cells
from the aforementioned WT and TSC1KO mixed BM chimeric

Expression of CD122, a component of the IL-15 receptor that is
important for iNKT terminal maturation and is positively con-

trolled by T-bet (12), was also decreased in TSC1KO iNKT cells.
Expression of ICOS, which promotes T cell activation, Th17
response, resistance to anergy of TSC1KO CD4 T cells, and iNKT
cell survival (37, 45-47), was substantially increased.
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mice (Figure 5B), indicating that cell-intrinsic mechanisms dic-
tated the dysregulation of these molecules in TSC1KO iNKT cells.
Moreover, in vivo rapamycin treatment was able to partially or
almost completely reverse the aberrant expression of these mole-
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Aberrant expression of key molecules involved in iNKT terminal maturation and effector function. (A—C) Overlaid histograms show expression
of T-bet, CD122, RORyt, and ICOS (A) in WT and TSC1KO thymic iNKT cells of different stages; (B) in thymic iNKT cells from WT and TSC1KO
mixed BM chimeric mice, as described in Figure 4; (C) and in stage 2 and stage 3 thymic iNKT cells from rapamycin-treated and untreated WT
and TSC1KO mice. (D) mRNA levels of indicated molecules in WT and TSC1KO iNKT cells. Expression of indicated mRNA from MACS- and
FACS-sorted WT and TSC1KO iNKT cells from freshly isolated thymocytes was quantified by real-time gPCR. Mean + SEM of triplicates are
shown. *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t test. Data shown represent 2 experiments.

cules in TSC1KO iNKT cells (Figure 5C), suggesting that elevated
mTORCI1 activity contributed to these phenotypes. Similar to
the abnormal expression of these proteins, mRNA levels for Rorgt,
Rora, and Icos were increased, but Thx21 mRNA was decreased in
TSC1KO iNKT cells (Figure 5D), suggesting that TSC1 at least
controls the expression of these molecules at the transcript level.
Thpok, a transcription factor was that recently found to promote
iNKT-1 but inhibit iNKT-17 (48, 49), was reduced about 50% in
TSCI1KO iNKT cells, which might also contribute to the iNKT-17
to iNKT-1 predominance in TSC1KO mice. However, the decrease
of Thpok was not sufficient to shift the iNKT lineage to CD8*, as
it did in THPOK-deficient mice. In addition, expression of Runx1,
Il1r, and 11237 molecules promoting Th17 and iNKT-17 differen-
tiation (50, 51) was also increased in TSC1KO iNKT cells, which
may promote iNKT-17 differentiation during iNKT development.
Socs1, which inhibits IFN-y receptor signaling and Th1 differen-
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tiation (52, 53), was upregulated in TSC1KO iNKT cells. Socs3,
which can suppress Th1 and Th17 differentiation (54, 55), was
upregulated drastically in TSC1KO iNKT cells. However, SocsS,
which suppresses Th2 responses (56), was not obviously altered
in TSC1KO iNKT cells (Figure 5SD).

Inhibition of iNKT-17 differentiation by T-bet. The decreased T-bet
expression in TSC1KO iNKT cells prompted us to explore the role
of T-bet in the control of iNKT-1/iNKT-17 dichotomy. Although
it has been reported that T-bet is important for iNKT-1 differenti-
ation (20, 21), its role in iNKT-17 is unknown. Tbx217/~ (T-betKO)
iNKT cells also displayed stage 2 blockade and noted upregulation
of iVa14TCR expression (11), similar to that of TSC1KO iNKT
cells (Figure 6A). Moreover, T-betKO mice contained not only
decreased iNKT-1 cells but also increased iNKT-17 cells (Figure 6B),
which correlated with elevated RORyt levels (Figure 6C). Thus,
T-bet not only is required for iNKT-1 differentiation but also
Volume 124 1691
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Figure 6

TSC1 promotes T-bet expression to establish INKT-IFN-y predominance over iNKT-17 and for efficient INKT terminal maturation. (A) iNKT cell
staining of WT and T-betKO iNKT cells in thymi. (B) IFN-y and IL-17 staining in WT and T-betKO iNKT cells after P + | stimulation for 5 hours or
a-GalCer for 72 hours (mean + SEM from 4 pairs of mice). (C) ICOS and RORyt staining in WT and T-betKO iNKT cells. (D) Decreased Icos
mRNA levels (mean + SEM) in iNKT hybridoma (3C3) retrovirally transduced with T-bet. (E and F) Overexpression of T-bet promoted IFN-y but
inhibited IL-17 production by iNKT cells. WT and TSC1KO thymocytes were stimulated with a-GalCer in vitro and infected with GFP—expressing
(vector) or GFP+T-bet—expressing (T-bet) retrovirus. Two days after infection and with the last 5-hour treatment with P + I, iINKT cells and
cytokines were stained. (E) GFP expression in iNKT cells and IFN-y and IL-17A expression in GFP+iNKT cells. (F) IL-17A to IFN-y ratios in
GFP+transduced iNKT cells (mean + SEM). (G) Overexpression of T-bet partially restored TSC1KO iNKT terminal maturation. WT and TSC1KO
BM cells, transduced with retrovirus expressing GFP or GFP+T-bet, were i.v. injected into sublethally irradiated Tcra”- mice. Recipient mice were
analyzed 6 to 8 weeks after reconstitution. Contour plots show CD44 and NK1.1 expression on GFP+ and GFP- live-gated CD1dTet*TCRp* iNKT
cells. *P < 0.05; **P < 0.01; ***P < 0.001, 1-way ANOVA (F) and Student’s t test (B and D). Data are representative of 3 independent experiments.

inhibits iNKT-17 differentiation. Interestingly, ICOS expression
was also increased in T-betKO iNKT cells (Figure 6C). Moreover,
overexpression of T-bet in an iNKT cell hybridoma reduced Icos
expression (Figure 6D), suggesting that T-bet negatively controls
ICOS expression in iNKT cells.

TSC1 promotes iNKT cell terminal maturation and iNKT-1 predom-
inance by maintaining T-bet expression. The resemblance between
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T-betKO iNKT cells and TSC1KO iNKT cells led us to hypoth-
esize that TSC1 ensures iNKT terminal maturation and dom-
inant iNKT-1 over iNKT-17 fate by promoting T-bet expres-
sion. Expression of exogenous T-bet via retroviral transduction
increased IFN-y production but decreased IL-17 production in
both WT and TSC1KO iNKT cells following a.-GalCer stimula-
tion (Figure 6, E and F), suggesting that decreased T-bet expres-
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sion in TSC1KO iNKT cells contributed to the iNKT-17 predom-
inance over iNKT-1.

To determine whether decreased T-bet expression may play a role
in the defective terminal maturation of TSC1KO iNKT cells, we
generated chimeric mice by reconstituting sublethally irradiated
Tera”~ mice with WT and TSC1KO BM cells transduced with T-bet
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Figure 7

TSCH1 ensures the iINKT-1/iNKT-17 dichotomy in part via
by inhibiting ICOS expression. (A) iINKT-17 cells are con-
fined to the ICOS* subset. CD1dTet-enriched WT thymic
iNKT cells were stimulated with PMA and ionomycin for
5 hours in the presence of GolgiPlug followed by TCRp,
ICOS, NK1.1, CD4, and intracellular IFN-y and IL-17A
staining. Dot plots show IFN-y or IL-17A and ICOS expres-
sion in live-gated CD1dTet*TCRp+*Lin- (CD8, CD11b,
CD11c, B220) iNKT subsets. (B) ICOS+ and ICOS- iNKT
cells in WT and TSC1KO thymi. (C) Expression of IFN-y
and IL-17A in ICOS* and ICOS- iNKT subsets from WT
and TSC1KO thymi. (D and E) Overexpression of ICOS
increases IL-17 production by iNKT cells. Thymocytes
from WT mice were similarly stimulated with o-GalCer
in vitro, infected with retrovirus expressing either GFP or
GFP plus ICOS, and analyzed for intracellular cytokine
expression, as in Figure 6F. (D) Dot plots show IFN-y and
IL-17A expression in GFP+CD1dTet*TCRp+ iNKT cells. (E)
Percentages of IFN-y+, IFN-y*IL-17A*, and IL-17A* cells in
GFP+iNKT cells (mean + SEM, n = 4). (F and G) Absence
of ICOS partially reverted the iINKT-17 predominance over
iNKT-1 caused by TSC1 deficiency. iNKT cells enriched
from thymi of indicated mice were similarly stimulated by
P + I and analyzed as in A. (F) Contour plots show IFN-y
and IL-17A expression in live-gated CD1dTet*TCRp+*Lin-
iNKT cells. (G) IL-17A* to IFN-y* ratios in iINKT cells (mean
+ SEM;n =3).*P < 0.05; **P < 0.01; ***P < 0.001, Student’s
t test (E) or 1-way ANOVA (G). Data shown represent
3 independent experiments.

plus GFP or GFP alone. Eight weeks after reconstitution, iNKT

cells in the

thymi of the recipient mice were analyzed for devel-

opment based on GFP expression. As shown in Figure 6G, GFP--
untransduced or GFP*-vector control TSC1KO iNKT cells con-
tained fewer stage 3 iNKT cells than WT controls, as expected.
However, GFP*-T-bet-expressing TSC1KO iNKT cells con-
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tained more stage 3 and fewer stage 2 iNKT cells than GFP--
untransduced or GFP*-vector control TSC1KO iNKT cells, suggest-
ing that decreased T-bet was partially responsible for the defective
terminal maturation of TSC1KO iNKT cells. The inability of T-bet
overexpression to fully restore TSC1KO terminal maturation could
be due to the increased death of TSC1KO stage 3 iNKT cells or
other T-bet-independent mechanisms affected by TSC1 deficiency.

ICOS and its regulation by TSC1 affect iINKT-17 and iNKT-1 balance.
The increase of ICOS expression in TSC1KO and T-betKO iNKT
cells prompted us to investigate a potential role of ICOS in the reg-
ulation of iNKT-1/iNKT-17 balance. Enriched WT thymic iNKT
cells were stimulated with P + T and then sorted into CD4*NK1.1-,
CD4 NK1.1, CD4'NK1.1%, and CD4 NK1.1* subsets for assessing
IFN-y, IL-17A, and ICOS expression (Figure 7A). About a half of
the NK1.1- iNKT cells were ICOS*, and IL-17A expression was
strictly limited to ICOS* iNKT cells regardless of CD4 expression.
Within the NK1.1* iNKT subset, fewer than 5% were ICOS*, and
IL-17A-expressing cells were also limited to ICOS* cells. In con-
trast to IL-17A, IFN-y was expressed by both ICOS* and ICOS-
iNKT cells. Because more than 90% of iNKT cells were ICOS-, the
ICOS- iNKT cell subset represented the major source of IFN-y-
producing cells.

Although the iNKT cell number was decreased in TSC1KO
mice, the percentage of ICOS* iNKT cells in TSC1KO mice was
increased more than 20-fold compared with that of WT iNKT
cells (Figure 7B). TSC1KO ICOS* iNKT cells contained a slight
decrease in iNKT-1 cells but similar percentages of iNKT-17 cells
compared to the WT controls (Figure 7C). TSC1KO ICOS- iNKT
cells also had decreased iNKT-1 cells but 10-fold more iNKT-17
cells than did the WT controls. However, TSC1KO ICOS- iNKT
cells produced much less IL-17 than the ICOS"* subset. Thus,
the increase of ICOS* iNKT cells was mainly responsible for the
iNKT-17 predominance in TSC1KO mice.

To determine whether ICOS plays an important role for iNKT
effector differentiation/maintenance, we overexpressed ICOS
in WT iNKT cells during in vitro a-GalCer-induced activation.
Expression of exogenous ICOS in WT iNKT cells caused a slight
decrease of IFN-y but a 2-fold increase of IL-17A expression
(Figure 7, D and E). Interestingly, iNKT cells expressing both
IFN-y and IL-17A, which were rare in WT iNKT cells, were also
increased by ICOS overexpression, suggesting the possibility that
ICOS may promote the transition of iNKT cells from IFN-y- to
IL-17-producing cells.

Using a complementary approach, we analyzed Icos7~ mice
and mice doubly deficient for Icos/Tsc1 (Icos/Tsc1-DKO mice).
Deficiency of Icos in TSC1KO mice did not obviously rescue
1694
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the iNKT terminal maturation defect (Supplemental Figure 9).
Icos7/~ iNKT cells contained about 50% fewer iNKT-17 cells,
without significant changes of iNKT-1 cell numbers compared
with those of WT iNKT cells. Moreover, Icos/TscI-DKO mice had
drastically decreased numbers of iNKT-17 cells but increased
numbers of iNKT-1 cells compared with those of TSC1KO mice
(Figure 7, F and G).

Together, these observations indicate that iNKT-17 cells are
limited to the ICOS* subset, ICOS positively contributes to iNKT-
17 differentiation/maintenance, and elevated ICOS expression in
TSC1KO iNKT cells plays a selective and critical role for iNKT-17
predominance over iNKT-1, without obvious contribution to their
defective terminal maturation.

Discussion
In this report, we demonstrated that TSC1/mTOR signaling
plays critical roles in iNKT cell development and effector lin-
eage decision. We have shown that deficiency of TSC1 results
in impaired iNKT terminal maturation, a reversal of the nor-
mal iNKT-1 predominance over iNKT-17, and enhanced airway
hyperresponsiveness and neutrophil infiltration in vivo follow-
ing iNKT cell activation.

iNKT cell terminal maturation is a critical step in iNKT cell
ontogeny. Although T-bet is pivotal for iNKT cell terminal mat-
uration (11), mechanisms controlling T-bet expression in iNKT
cells have been poorly understood. We have demonstrated that
TSC1 is crucial for iNKT terminal maturation via promoting
T-bet expression. Because iNKT terminal maturation defect and
decreased T-bet expression in iNKT cells caused by TSC1 defi-
ciency can be reverted by rapamycin treatment, our data suggest
that elevated mTORC1 causes defective terminal maturation and
decreased T-bet expression.

Our findings that mTORC1 negatively controls T-bet expres-
sion and that TSC1 promotes T-bet expression via inhibiting
mTORCI1 in iNKT cells are surprising, as T-bet expression has
been reported to be dependent on mTORCI activity in both CD4
and CD8 T cells (28, 30). At present, how TSC1 promotes T-bet
expression in iNKT cells is unclear. miR29s inhibit T-bet expres-
sion in CD4 T cells (57). We did not observe upregulated miR29
expression in TSC1KO iNKT cells (Wu and Zhong, unpublished
observations). Moreover, IFN-y and IL-12 signaling promotes
T-bet expression during Th1 differentiation via STAT1 and
STATH4, respectively (58, 59). In mice deficient of either IFN-y or
its receptor, we did not observe impaired iNKT terminal matura-
tion or iNKT-1 to iNKT-17 switch (Wu and Zhong, unpublished
observations). While we could not assess an effect of STAT4 defi-
ciency in the BALB/c background on iNKT terminal maturation
due to the lack of NK1.1 expression, we found that STAT4 defi-
ciency did not result in decreased T-bet expression or iNKT-1 cells
or increased iNKT-17 cells (Wu and Zhong, unpublished observa-
tions). Additionally, ablation of mTORCI activity due to RHEB
deficiency in CD4 T cells causes increased SOCS3 expression,
leading to impaired Th1 and Th17 differentiation (28). However,
TSC1KO iNKT cells with enhanced mTORCI1 signaling also con-
tain substantially increased SOCS3. Additional studies are needed
to understand how TSC1/mTOR signaling controls T-bet expres-
sion in iNKT cells and whether SOCS3 plays a role in determining
the iNKT-1/iNKT-17 dichotomy.

While iNKT-1 fate dominates over that of iINKT-17 in WT mice,
such predominance is reverted in TSC1KO mice. The mutually
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exclusive relationship between iNKT-1 and iNKT-17 suggests that
they are competing effector fates and that TSC1/mTOR signaling
is a crucial regulator in iNKT-1/iNKT-17 lineage decision. The
predominance of iNKT-1 over iNKT-17 may explain the suppres-
sive effects of iNKT cells on Th17 responses, as IFN-y produced
by iNKT cells may promote Th1 while inhibiting Th17 (60).
Given the multifold functions of mTOR, TSC1 likely promotes
iNKT-1 predominance over iNKT-17 via multiple mechanisms.
TSC1 may inhibit expression of RORyt and RORa. via decreasing
IL-1R and IL-23R expression in iNKT cells. It may also promote
T-bet expression, not only to increase iNKT-1 generation/main-
tenance, but also to prevent iNKT-17 generation/maintenance,
as T-bet can associate with RUNX1 to suppress RORGT transcrip-
tion (61). Additionally, T-bet may compete directly with RORyt
to prevent IL-17 production. In a NKT cell hybridoma, T-bet and
RORyt compete with each other for directing IFN-y and IL-17
expression, respectively (Supplemental Figure 10). THPOK has
also been recently found to promote iNKT-1 but inhibit iNKT-
17 and iNKT-2 differentiation (48, 49). The decreased THPOK in
TSC1KO iNKT cells may also contribute to the iNKT-17 predom-
inance over iNKT-1. However, in contrast to THPOK-deficient
mice, CD8 SP iNKT cells were not increased and iNKT-2 cells were
not decreased in TSC1KO mice. Finally, the developmental block-
ade at stage 2 of TSC1KO iNKT cells may extend the time window
for iNKT-17 differentiation but limit optimal iNKT-1 differen-
tiation. Of note, a very recent study reported that iNKT effector
lineages diverge during early iNKT development and iNKT-1 and
iNKT-17 cells display distinct phenotypes such as NK1.1* for
iNKT-1 and NK1.1- for iNKT-17 cells in C57BL/6] mice (62). It
is possible that TSC1 deficiency may directly promote iNKT-17
but inhibit iNKT-1 lineage differentiation during early iNKT cell
development. The impairment of iNKT-1 and the enhancement
of iNKT-17 lineage differentiation may lead to severe reduction
of NK1.1* (stage 3) and increase of NK1.1- (stage 2) iNKT cells,
respectively, in TSC1KO mice.

ICOS provides costimulation for T cell activation, Th17 cell
differentiation, and iNKT cell survival (47). We have revealed ele-
vated ICOS expression in TSC1-deficient iNKT cells. Similar to
that in iNKT cells, TSC1 also inhibits ICOS upregulation in con-
ventional T cells via downregulation of mTORC1 activity (37, 40).
Both transcriptional and posttranscriptional mechanisms regulate
ICOS expression (63). Because Icos mRNA is increased in TSC1KO
iNKT and T cells, TSC1 may modulate ICOS expression at least
through transcriptional regulation. Further studies are needed to
illustrate the exact mechanisms by which TSC1 negatively controls
ICOS expression. Apparently, the elevated ICOS expression is not
sufficient to rescue TSC1KO iNKT cells from death. In TSC1-
deficient conventional T cells, the intrinsic death pathway is acti-
vated (32, 34, 35), which may also occur in TSC1KO iNKT cells and
limit ICOS from preventing death in these cells.

Evidence from our studies reveals an important role of ICOS for
the abundance of iNKT-17 cells. First, iINKT-17 cells reside strictly
in the ICOS* subset of iNKT cells. Second, ICOS deficiency leads
to a 50% decrease of iNKT-17 cells. Third, overexpression of
ICOS during in vitro iNKT stimulation increases IL-17 produc-
tion. Fourth, the percentage of ICOS* iNKT-17 cells is increased
greatly within TSC1KO iNKT cells. Last, compound ICOS and
TSC1 deficiency reverts the iNKT-17 predominance over iNKT-1
caused by TSC1 deficiency. One potential mechanism for the pre-
dominance of iNKT-17 over iNKT-1 in TSC1KO mice is increased
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death of stage 3 iINKT cells, which predominantly contain iNKT-1
cells. Since ICOS deficiency fails to rescue terminal maturation
defect but is able to revert iNKT-17 predominance to iNKT-1
predominance caused by TSC1 deficiency, the data suggest that
increased death of stage 3 iNKT cells is not the cause of, or at
least is not the sole causal factor, for iINKT-17 predominance in
TSC1KO mice. At present, whether ICOS participates in iNKT
effector lineage fate decision or in the maintenance/expansion of
the iNKT-17 lineage remains unclear. The ability of ICOS over-
expression to increase iNKT-17 during in vitro iNKT activation
suggests that ICOS at least can increase IL-17 production or
expansion of already committed iNKT-17 cells. Since ICOS defi-
ciency selectively reverses iNKT-17 predominance of TSC1KO
iNKT cells to iNKT-1 predominance, without rescuing their ter-
minal maturation defect, this suggests that the iNKT-17 predom-
inance over iNKT-1 of TSC1KO iNKT cells is unlikely caused by
increased death of TSC1KO iNKT-1 cells. In CD4 T cells, ICOS
promotes Th17 via inducing c-MAF expression (45, 46). Elevated
Mafin TSC1KO iNKT cells (Figure SD) may strengthen iNKT-17
responses. Interestingly, c-MAF also promotes ICOS transcription
(46), suggesting that ICOS and c-MAF may form a positive feed-
back loop to enhance iNKT-17 in TSC1KO iNKT cells. Of note,
ICOS expression is also increased in T-bet-deficient iNKT cells,
suggesting that T-bet may directly suppress ICOS transcription.
Alternatively, the developmental blockade at stage 2 of T-betKO
and TSC1KO iNKT cells may also lead to increased ICOS expres-
sion, because ICOS is expressed at the highest level at this stage
during iNKT ontogeny.

In summary, iNKT terminal maturation and proper effector func-
tion is dependent on TSC1 and its tight control of mMTORCI activity.
TSC1 inhibits RORyt and iNKT-17 via negative control of mTORC1
signaling. In contrast to caf T cells, mMTORC1 inhibits T-bet expres-
sion in iNKT cells. By inhibiting mTORC1, TSC1 ensures that T-bet
expression not only promotes iNKT terminal maturation but also
establishes iNKT-1 predominance over iNKT-17. Additionally,
downregulation of ICOS by TSC1, possibly via T-bet, contributes
greatly to the iNKT-1/iNKT-17 dichotomy (Figure 8). Given the
importance of iNKT cells in the pathogenesis of a variety of dis-
eases, including asthma, autoimmune diseases, cancer, and obesity,
manipulating TSC1/mTOR and ICOS signaling in iNKT cells may
provide new strategies for treatment of these diseases.

Methods
Mice and cells. TscIV-Cd4Cre* and WT mice as well as TscI//-ERCre* and
Tsc1A-ERCre- mice backcrossed to C57BL/6] background for 8 to 9 gener-
ations were previous reported (34, 38, 64). Tera”/~, Thx217~, Ifng”/~, Ifngr”/-,
Stat4~/~, and Icos”/~ mice were purchased from The Jackson Laboratory.
C57BL/6] and CD45.1* congenic mice were generated by in-house breed-
ing. Bel2 transgenic mice and Tsc1/f-Cd4Cre-Bcl2 mice were previously
reported (35). Mice used for functional studies were 6 to 8 weeks old and
had lower occurrence of “iNKT cell tumor” than older mice. Mice with
“tumor-like” increases of iNKT cells (marked by strong Ki67 staining) were
excluded from functional studies. All mice were housed in a pathogen-
free facility and used according to protocols approved by the IACUC of
Duke University and St. Jude Children’s Research Hospital. TscI#/-ERCre*
and TscI-ERCre~ mice were intraperitoneally injected with tamoxifen
(100 mg/kg body weight) on days 1, 2, and 5 and then euthanized for
experiments on day 8 to delete TSC1 in mature iNKT cells. Splenocyrtes,
thymocytes, LN cells, and liver MNCs were made according to previously
published protocols (26, 27).
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Reagents, plasmids, and antibodies. Iscove’s modified Dulbecco’s medium
(IMDM) was supplemented with 10% (vol/vol) FBS, penicillin/streptomy-
cin, and 50 uM 2-mercaptoethanol (IMDM-10). PE- or APC-conjugated
mouse CD1d tetramers loaded with PBS-57 were provided by the NIH
Tetramer Facility. Cell death was determined by adding the Live/Dead Fix-
able Violet Dead Cell Stain (Invitrogen) during iNKT cell staining accord-
ing to the manufacturer’s protocol and was analyzed by flow cytome-
try. Dead cells stained positive for Live/Dead. Fluorescence-conjugated
anti-mouse CD24 (M1/69), CD44 (IM7), NK1.1 (PK136), CD4 (GKL.5),
CDS8 (53-6.7), TCRP (HS57-597), CD45.1 (A20), Thyl.1 (OX-7), Thyl.2
(30-H12), CD122 (TM-P1), ICOS (C398.4A), Gr-1 (RB6-8C5), CD11c
(N418), CD11b (M1/70), T-bet (4B10), RORyt (ATKJS-9), IFN-y
(XMG1.2), IL-17A (TC11-18 H10.1), IL-17F (9D3.1C8), IL-22 (Poly5164),
and IL-4 (11B11) antibodies were purchased from BioLegend. Recombi-
nant murine IL-6 (catalog no. 200-06), SCF (catalog no. 250-03) and IL-3
(catalog no. 213-13) were purchased from PeproTech.

Cell surface staining was performed with 2% FBS-PBS. Intracellular
staining for T-bet, RORyt, and Ki67 (BD Biosciences) was performed
using the eBioscience Foxp3 Staining Buffer Set. Ki67 was detected with
Alexa Fluor 488-conjugated goat anti-mouse IgG (H+L) (Invitrogen).
Intracellular staining for IFN-y, IL-17A, IL-17F, IL-22, and IL-4 was per-
formed using the BD Biosciences Cytofix/Cytoperm and Perm/Wash
solutions. All flow cytometry data were collected using a FACS Can-
to-II (BD Biosciences) and analyzed with FlowJo software. A solution of
0.5% Tween-20-PBS was used to dissolve a-GalCer (Enzo Life Science).
Rapamycin was intraperitoneally injected into mice at 75 pg/kg body
weight every other day starting on day 1, and mice were euthanized
for experiments on day 22. Murine Icos cDNA, amplified from murine
T cell RNA using Icos-specific primers (forward, 5'-CTGCTCCT-
GGCAGACATGAA-3'; reverse, 5'-GTTCCAGCTTATGAGGTCACA-3")
was cloned into the MIGR1 retroviral vector. MIGR1, pRV-T-bet, Migr1-
Thy1.1, and Migr1-Thy1.1-RORyt were provided by Warren Pear (Uni-
versity of Pennsylvania, Philadelphia, Pennsylvania, USA), Steve Reiner
(University of Pennsylvania), Alejandro Villarino (UCSF, San Francisco,
California, USA), and Abul Abbas (UCSF), respectively.

Purification of iNKT cells and real-time gPCR. iNKT cells were enriched with
CD1dTet and MACS-beads according to a previously published protocol (26).
Enriched iNKT cells were stained with anti-TCR, anti-ICOS, anti-NK1.1, and
7-AAD. TCRB*CD1dTet7 total or NK1.1*ICOS- and NK1.1-ICOS* iNKT
cells were sorted using MoFlo with greater than 98% purity and were immedi-
ately lysed in TRIzol for RNA preparation. cDNA was made using the iScript
Select cDNA Synthesis Kit (Bio-Rad). Real-time qPCR was performed and
analyzed as previously described (39). Expressed levels of target mRNAs were
normalized with $-actin and calculated using the 2-24¢T method. Primers are
listed in Supplemental Table 1.

Stimulation of INKT cells. For a-GalCer stimulation, thymocytes (10 mil-
lion), splenocytes (5 million), or liver MNCs (2 million) were seeded in
a 48-well plate in 1 ml IMDM-10, left unstimulated, or stimulated with
a-GalCer (125 ng/ml) for 72 hours, with the addition of PMA (50 ng/ml)
and ionomycin (500 ng/ml) as well as GolgiPlug (1 ng/ml) in the last
S hours. For short-term P + [ stimulation, MACS-bead-enriched iNKT
cells from thymocytes and splenocytes or density-enriched liver MNCs
were seeded in a 96-well V-bottom plate (0.5-1 million per well in 200 ul
IMDM-10). Cells were stimulated with P + I for 5 hours in the presence
of GolgiPlug. After stimulation, cells were stained with CD1dTet, TCRf,
CD44, NK1.1, IFN-y, IL-17A, IL-17F, and IL-22. iNKT cells were gated on
live (L/D7) and B220-, Gr1-, CD11b-, CD11c", and CD8" cells.

Western blot analysis. Following a-GalCer stimulation for 72 hours,
iNKT cells were sorted by MoFlo and lysed in lysis buffer (1% nondiet
P-40, 150 mM NacCl, 50 mM Tris, pH 7.4) with freshly added protease
1696
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and phosphatase inhibitors. Cell lysates were subjected to immuno-
blotting analysis using anti-phospho-S6 $235/236 (2F9), anti-S6,
anti-phospho-AKT S473, and anti-B-actin (Cell Signaling Technology)
according to a previously published protocol (24).

Airway hyperresponsiveness and inflammation. Airway hyperresponsiveness
to methacholine challenge and pressure-volume curves were measured
24 hours after intranasal injection of WT and TSC1KO mice with 2 ug
a-GalCer in 50 ul PBS according to published protocols (65). Immediately
after pulmonary function measurements, mice were euthanized, BAL flu-
ids were collected, and differentials were determined. Lungs were fixed in
formalin, and H&E staining of lung thin sections was performed follow-
ing standard protocols. Total RNA, extracted from the lungs 5 hours after
a-GalCer injection, was prepared using TRIzol reagents and was used to
quantify I/17 and Ifng mRNA levels.

S. pneumoniae infection. WT and TSC1KO mice were intranasally injected
with 5 x 105 CFU S. pneumoniae WU2 strain (provided by Karen Haas,
Wake Forest University, Winston-Salem, North Carolina, USA) in 50 ul
PBS. Lung from each infected mouse was harvested 5 hours after infec-
tion, cut into small pieces, and digested in 1.5 ml IMDM-10 medium with
collagenase type IV (3.3 mg/ml, Worthington Biochemical Corporation)
and DNase (0.33 mg/ml, Sigma-Aldrich) for 60 minutes. Single cell sus-
pension was stained with CD45, CD11b, and Ly-6G followed by FACS
analysis to identify CD45*CD11bMLy6G" neutrophils. In addition, single
cell suspension was stained with CD1dTet, 7AAD, and anti-CD45, CD24,
and TCR antibodies. Live CD45*CD24 TCRB*CD1dTet" iNKT cells were
sorted using an Astrios sorter (Beckman Coulter) following Percoll gradi-
ent separation. Total RNA from sorted iNKT cells was prepared using the
TRIzol reagent for real-time qPCR analysis.

BrdU incorporation. Mice were intraperitoneally injected with 1 mg BrdU
(BD Biosciences) in 200 ul PBS. Twenty-four hours later, thymocytes were
cell surface stained with CD1dTet, TCRf3, CD44, and NK1.1, followed by
intracellular staining for BrdU using a BrdU Flow Kit (BD Biosciences)
according to the manufacturer’s protocol.

Retroviral transduction of iNKT and BM cells. Retroviruses were made
using the Phoenix-Eco packaging cell line. Thymocytes (10 million)
were seeded in 24-well plates in 1 ml IMDM-10 and stimulated with
125 ng/ml a-GalCer for 24 hours. After replacing 500 ul cultural medium
with retroviral supernatants containing polybrene (5 ug/ml final con-
centration), cells were spin infected at 25°C, 1,250 g, for 1.5 hours.
After incubation at 37°C for 6 hours, culture supernatants were
replaced with fresh IMDM-10 containing o-GalCer. After overnight
culture, cells were spin infected again and cultured for an additional
48 hours before being used for staining.

For transduction of BM cells, 6- to 12-week-old WT and Tsc1%/-Cd4Cre*
mice were sacrificed 4 days after 5-FU treatment. BM cells were seeded in
24-well plate (2-5 million in 1 ml IMDM-10) and stimulated with 10 ng/ml
IL-3, 10 ng/ml IL-6, 50 ng/ml SCF. Following stimulation for 24 and
48 hours, BM cells were similarly infected with T-bet-expressing retrovi-
ruses, as described above, and were cultured for at least 6 hours after the
last infection before injected into sublethally irradiated Tera 7/~ mice.

To infect iNKT hybridoma, 5 x 105 NKT hybridoma 3C3 (provided by
Kim Nichols, Children’s Hospital of Philadelphia, Philadelphia, Pennsyl-
vania, USA, and Mitchell Kronenberg, La Jolla Institute For Allergy and
Immunology, La Jolla, California, USA) were seeded in 24-well plates in
1 ml IMDM-10. Cells were spin infected twice in the same manner as the
primary iNKT cells. Forty-eight hours after infection, cells were stimulated
with P +Ifor 5 hours to detect cytokine production. Infected cells were also
sorted to make RNA for assessing Icos mRNA levels.

BM chimeric mice. Tcra/~ mice were sublethally irradiated (6 Gy) and intra-
venously injected with a mixture of WT (CD45.1*) and TSC1KO (CD45.2%)
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BM cells at indicated ratios or with retrovirally transduced BM cells. The
recipient mice were analyzed 8 weeks later.

Statistics. Data are presented as mean + SEM, and statistical significance
was determined by 2-tailed Student’s ¢ test or by 1-way or 2-way ANOVA. A
Pvalue of less than 0.05 was considered statistically significant.

Study approval. Animal studies were performed according to protocols
approved by the IACUC of Duke University and by the IACUC at St. Jude
Children’s Research Hospital.
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