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Summary
The mammalian target of rapamycin (mTOR) is a key regulator of cell growth and metabolism. It
associates with multiple proteins and forms two distinct signaling complexes, mTORC1 and
mTORC2. Accumulating evidence has revealed critical roles for intact mTOR signaling during T
cell activation and responses to microbial infection. However, the importance of mTOR regulation
in T cells has yet to be explored. The TSC1/TSC2 complex has been shown to inhibit mTORC1
signaling in cell line models. We show here that deletion of TSC1 in the murine T cell lineage
resulted in a dramatic reduction of the peripheral T cell pool, correlating with increased cell death.
While mTORC1 is constitutively activated, mTORC2 signaling, reflected by Akt phosphorylation
and activity, is decreased in TSC1-deficient T cells. Furthermore, TSC1-deficient T cells contain
elevated reactive oxygen species and exhibit decreased mitochondrial content and membrane
potential, which is correlated with the activation of the intrinsic death pathway. Together, our
results demonstrate that TSC1 differentially regulates mTORC1 and mTORC2 activity, promotes
T cell survival, and is critical for normal mitochondrial homeostasis in T cells.
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Introduction
The induction of the adaptive immune response is, in part, characterized by the aggressive
expansion of an antigen specific T cell pool, coincident with the production of cytokines by
said population. After antigen encounter, T cells must integrate and balance a plethora of
extracellular signals, both cooperative and antagonistic, to ensure that an appropriate
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immune response is initiated. The mammalian target of rapamycin (mTOR) signaling is of
central importance for the integration of environmental signals [1]. The mTOR protein is a
member of two distinct signaling complexes, mTOR Complex 1 and 2 (mTORC1 and
mTORC2), with each complex mediating unique and non-redundant signaling pathways.
mTORC1 is comprised of mTOR, which directly interacts with GβL and Raptor, and is
sensitive to rapamycin. Conversely, mTORC2 associates with Rictor to form a complex that
is insensitive to acute rapamycin treatment [2, 3]. T cell receptor engagement activates both
mTORC1 and mTORC2, which is dependent on the RasGRP1-Ras-Erk1/2 pathway and is
inhibited by diacylglycerol kinases [4–6]. Inhibition of mTORC1 by rapamycin induces T
cell anergy and promotes the generation of inducible regulatory T cells (iTreg) [7, 8]. In the
absence of mTOR, T cells normally up-regulate of CD25 and CD69, and produce equivalent
amounts of IL-2 after TCR stimulation. However, mTOR-deficient T cells exhibit defective
Th1, Th2, and Th17 lineage differentiation, adopting instead the Treg fate [9]. Additional
evidence indicates that mTORC2 is of central importance in the differentiation of T cells
into Th1 and Th2 lineages by regulating Akt and PKC-θ, respectively [10]. Interestingly, and
contrary to its perceived immunosuppressive properties, treating mice with rapamycin
results in the generation of a larger and more effective memory CD8+ T cell pool against
viral infection and regulates transcriptional programs that determine effector and/or memory
cell fates in CD8+ T cells [11, 12]. Using rapamycin, it has also been demonstrated that
mTOR signaling regulates the trafficking of T cells in vivo by modulating the expression of
the chemokine receptor CCR7 [13]. While it is becoming clear that mTOR signaling is
involved in many aspects of T cell biology, how the mTOR complexes are regulated, and the
importance of their regulation in T cells remains poorly understood.

The tuberous sclerosis complex (TSC), a heterodimer of TSC1 and TSC2, is a potent
upstream regulator of mTORC1 [14]. The TSC complex, by virtue of its GAP activity,
inactivates Ras homolog enriched in brain (RheB) by decreasing the GTP bound active form
of Rheb, subsequently inhibiting mTORC1 activation [15, 16]. Germ-line deletion of TSC1
in mice results in embryonic lethality [17]. Deletion of TSC1 in hematopoietic stem cells
(HSCs) converts them from a normally quiescent state into a highly proliferative population
correlated with increased mitochondrial content and reduced hematopoietic competency
[18]. In this report, we demonstrate that TSC1 is critical for T cell survival and the
maintenance of a normal peripheral T cell pool. Its deficiency causes constitutive activation
of mTORC1, inhibition of mTORC2 and Akt activity, decreased mitochondrial content, and
impaired mitochondrial membrane integrity in T cells. Furthermore, TSC1-deficient T cells
display activation of the intrinsic death pathway.

Results
Effects of TSC1 deficiency on T cell numbers and activation

To investigate the role of TSC1 in T cells, we bred TSC1f/f mice to CD4-Cre transgenic
mice to generate the TSC1f/f-CD4-Cre line (referred to as TSC1KO) to delete the TSC1
gene at CD4+CD8+ double positive stage of thymocyte development. In both thymocytes
and purified peripheral T cells, TSC1 protein is present in wild-type (WT) T cells but was
barely detectable in TSC1KO T cells, indicating efficient deletion of the TSC1 gene (Fig.
1A). In addition, TSC2 was also virtually undetectable in TSC1KO T cells, suggesting that
TSC1 is crucial for the stability of TSC2 and confers a total functional loss of the TSC
complex in TSC1KO T lymphocytes.

TSC1KO mice showed no significant perturbation in overall thymic cellularity in
comparison to their WT counterparts (Fig. 1B). The percentage distribution and numbers of
the CD4−CD8− double negative (DN), CD4+CD8+ DP, CD4+single positive (SP), and
CD8+SP subsets appeared similar to their WT counterparts (Fig. 1C and 1D). The overall
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splenic cellularity in TSC1KO mice also appeared normal (Fig 1B). However, significant
reductions in proportion and absolute cell number in both the CD4+ and CD8+ T cell
compartments was observed (Fig. 1E and 1F), indicating that TSC1 is critical for normal
homeostasis of peripheral T cells. While thymic T cell numbers are not grossly affected in
the TSC1KO mice, we cannot rule out that more subtle abnormalities may occur in the
TSC1KO thymus.

Constitutive activation of mTORC1 in TSC1-deficient thymocytes and peripheral T cells
We further investigated whether TSC1-deficiency may affect TCR signaling and mTOR
activation in T cells. TCR stimulation induced phosphorylation of S6K1 and 4EBP1, both
substrates of mTORC1 [19] in WT thymocytes. Elevated phosphorylation of these two
proteins was observed in TSC1KO thymocytes before and after TCR stimulation. Such
phosphorylation was inhibited in the presence of rapamycin, indicating constitutive
activation of mTORC1 in TSC1KO thymocytes (Fig. 2A). Similar to thymocytes, TCR-
induced S6K1 and 4EBP1 phosphorylation is enhanced in peripheral TSC1KO T cells (Fig.
2B). While the mTORC1 pathway is clearly hyper-activated in peripheral TSC1KO T cells,
ERK1/2 phosphorylation is similar to WT T cells after TCR stimulation, suggesting that
TSC1-deficiency does not globally affect T cell signaling. Consistent with elevated
mTORC1 activity, and observations from drosophila to mammalian cells [20, 21], TSC1KO
peripheral T cells were enlarged using forward scatter as a measurement for cell size (Fig.
2C). Clearly, TSC1 negatively regulates mTORC1 activity in T cells and its deficiency
results in structurally enlarged peripheral T cells.

While mTORC1 was constitutively active, TSC1KO T cells did not show obvious up-
regulation of CD25 or CD69 (markers of T cell activation) ex vivo (Fig 2D). However, the
percentages of CD44hiCD62Llow effector/memory T cells and CD44lowCD62Lhi naïve T
cells were consistently higher and lower, respectively, in TSC1KO mice than in WT T cells
(Fig 2E). At present, it is unclear whether the increase of the CD44hiCD62Llow population
in TSC1KO mice represents a population of homeostatically proliferating T cells due to the
T cell lymphopenia in these mice. After overnight α-CD3 stimulation, both TSC1KO CD4
and CD8 T cells up-regulated CD25 and CD69 in a heterogeneous manner. A portion of
TSC1KO T cells showed decreased CD25 and CD69 up-regulation as compared to WT T
cells (Fig. 2F), suggesting impaired early activation of T cells in the absence of TSC1. α-
CD3 stimulation resulted in expansion of WT CD4+ T cells in vitro. Such expansion
appeared blunted in the absence of TSC1 (Fig. 2G). However, TSC1KO CD4+ as well as
CD8+ T cells underwent similar or even more divisions than WT T cells during the same
time of α-CD3 stimulation (Fig 2H). Although decrease in CD4+ T cell expansion was
observed, elevated levels of IL-2 were detected in the supernatants of TSC1KO CD4+ T
cells compared to that of WT CD4+ T cells after 48 or 72 hours of stimulation with α-CD3
(Fig. 2I), suggesting increased IL-2 production by TSC1KO T cells on a per cell basis.
These results indicate that TSC1 deficiency results in constitutive activation of mTORC1 in
thymocytes and peripheral T cells, and has complex effects on T cell activation manifested
by decreased early activation and blunted expansion, but increased IL-2 production and
slightly enhanced proliferation.

Increased T cell death in TSC1-deficient mice
The decreases in both CD4+ and CD8+ peripheral T cell compartments in TSC1-deficient
mice, and the blunted expansion concordant with normal or enhanced proliferation of
TSC1KO T cells in vitro led us to hypothesize that TSC1 might control T cell survival.
Indeed, an increased proportion of freshly isolated TSC1KO CD4+ and CD8+ T cells stained
positive for 7-AAD ex vivo (Fig. 3A). The increase in cell death of TSC1KO T cells was not
associated with the up-regulation of Fas or FasL (Fig. 3B). The vast majority of cell death
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within the T cell subsets is confined to the CD44hiCD62Llow population in both WT and
TSC1KO T cells, and the death occurring in this particular subset is noticeably pronounced
in TSC1KO T cells (Fig. 3C). The amount of cell death seen in TSC1KO T cells was
intensified after α-CD3 stimulation (Fig. 3D). Collectively, these observations demonstrate
that that the absence of TSC1 in T cells renders them less fit for survival in the periphery,
particularly during T cell activating conditions.

Abnormal mitochondrial homeostasis and activation of the intrinsic death pathway in
TSC1KO T cells

The mitochondrion plays a central role in apoptosis [22]. In HSCs, TSC1-deficiency results
in increased mitochondrial content and the production of harmful reactive oxygen species
(ROS) [18]. To our surprise, TSC1KO T cells exhibited decreased mitochondrial content
compared to WT T cells based on MitoTracker Green staining (Fig. 4A). Also, the ratio of
mitochondrial DNA to nuclear DNA using the 12S rRNA gene and 18S rRNA as
mitochondrial and nuclear DNA markers, respectively, was significantly decreased in
TSC1KO T cells (Fig. 4B). A decrease in the amount of mitochondrial membrane content
and absolute number of mitochondria in TSC1KO T cells suggests that TSC1 plays an
important role for normal mitochondrial homeostasis in T cells.

Recently, several reports have suggested that the amount of mitochondria in mature cells
may be, in part, controlled by autophagy, a process usually inhibited by mTOR activity [23–
25]. Because of the altered mTOR activity in TSC1KO T cells, we sought to determine
whether TSC1-deficiency in T cells might deregulate the normal induction of autophagy.
Using the colocalization of LC3 molecules within a cell as a readout of the induction of
autophagy [26], we observed a slight increase of autophagy in TSC1KO T cells in a
nutrient-sufficient environment compared to WT T cells. When starved, autophagy in both
WT and TSC1KO T cells was increased. However, there was no obvious difference between
these two types of cells (Fig. 4C and 4D). Thus, in the TSC1 deficiency setting, increased
mTORC1 activity does not inhibit autophagy. Further studies are needed to understand
mechanisms that may counter-balance with mTORC1 signaling to regulate autophagy in
TSC1KO T cells.

ROS is a byproduct of mitochondrial energy production and is toxic to T cells in excess
amounts [27]. Although mitochondrial content is reduced in TSC1KO T cells, they produced
elevated amounts of ROS, which correlated to their positive staining for dead cells (Fig. 4E).
The fluorescent dye DiOC6 has been utilized to measure mitochondrial potential. Its dilution
is indicative of loss of mitochondrial membrane potential, a precursor to membrane
permeabilization [28]. Both CD4+ and CD8 + TSC1KO T cells displayed diluted DiOC6
staining indicating decreased mitochondrial membrane potential and increased
mitochondrial membrane permeabilization in these cells (Fig. 4F).

An increase of mitochondrial membrane permeability can result in the release of cytochrome
C to the cytosol to trigger the activation of the intrinsic cell death pathway [22]. Increased
cleaved caspase-9 (initiator caspase) and casapse-3 (effector caspase) were detected in
TSC1KO T cells before and after anti-CD3 stimulation as compared to WT T cells,
demonstrating activation of the intrinsic cell death pathway in TSC1KO T cells (Fig. 4G).
Thus, TSC1 has a pro-survival function in T cells by maintaining mitochondrial membrane
integrity and preventing the activation of the intrinsic death pathway.

Decreased mTORC2-Akt activity in TSC1KO T cells
To investigate the mechanisms that promote death in TSC1KO T cells, we measured
expression of several key pro-apoptotic and pro-survival proteins. No obvious decreases of
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pro-survival molecules, Bcl-2, Bcl-XL, Mcl-1, or increases of pro-apoptotic proteins, Bim,
Puma, Bid, or Bax were observed in TSC1KO T cells (Fig. 5A). Noxa, another pro-
apoptotic molecule was actually decreased in TSC1KO T cells. Whether the decreased Noxa
expression contributes to TSC1KO T cell death remains to be investigated. Akt is
downstream of both PI3K and mTORC2, and plays critical roles for cell survival. mTORC2
phosphorylates Akt at serine 473 (S473) to promote Akt activation [29]. In freshly isolated
TSC1KO T cells, Akt phosphorylation at S473 and Foxo1a phosphorylation at S256, an
Akt-mediated reaction [30], were decreased (Fig 5A). Following resting, TCR stimulation
can induce phosphorylation of Akt at S473 and Foxo1a at S256 in WT T cells. Such
phosphorylation was decreased in TSC1KO thymocytes and peripheral T cells (Fig. 5B).
However, TCR-induced Akt phophorylation at T308 was similar between WT and TSC1KO
T cells (data not shown). Thus, while mTORC1 signaling is enhanced, mTORC2 signaling
and Akt activities are impaired in TSC1-deficient T cells.

Akt is activated by phosphorylation at T308 and S473 by PI3K/PDK1 and mTORC2
respectively [29, 31, 32]. To determine if the decreased Akt activity observed in TSC1KO T
cells may contribute to the increased death subsequent to T cell receptor stimulation, we
transduced these cells with retrovirus expressing either the constitutively active (ca) form of
Akt (Akt-DD) or Akt-S374D mutant. Death of the GFP+ Akt-DD expressing TSC1KO T
cells was significantly reduced in comparison to the MigR1-GFP+ vector control cells in
both CD4+ and CD8+ T cell subsets after TCR stimulation (Fig. 5C). However, Akt-S473D
manifested minimal effects in preventing death of TSC1KO T cells. Thus, although
enhanced Akt activity can promote TSC1KO T cell survival, relief of the requirement of
mTORC2-mediated Akt activation is not sufficient to rescue TSC1KO T cells from death,
suggesting complex regulation of T cell survival by TSC1.

Contribution of increased ROS to the death of TSC1KO T cells
CD28 costimulatory receptor promotes PI3K/Akt activation during T cell activation.
Stimulation of TSC1KO CD4+ T cells through the TCR and CD28 reduced TSC1KO CD4+

T cell death, correlated with decreased ROS production, and improved mitochondrial
integrity as compared with stimulated by TCR alone. However, the protective effect of
CD28 was not observed in TSC1KO CD8+ T cells (Fig. 5D). In addition, CD28
costimulation was not able to restore Akt phosphorylation at S473 in TSC1KO T cells (Fig.
5E), suggesting that CD28 promotes TSC1KO T cell survival through an mTORC2-
independent mechanism. We asked further whether the increased in ROS production may
contribute to the death of TSC1KO T cells. Treatment with N-acetylcysteine (NAC), a ROS
scavenger, resulted in decreased death of TSC1KO CD4+ T cells but not CD8+ T cells,
suggesting that increased ROS production contributes to increased death of TSC1KO CD4+

T cells. Inhibition of mTOR activity has been reported to enhance survival and reduce
contraction of viral specific CD8 T cells [10]. However, rapamycin treatment could not
prevent increased ROS production, restore mitochondrial membrane integrity, and rescue
the cells from death of TSC1KO T cells. In fact, it made TSC1KO T cells more prone to
death (Fig. 5D). Similarly, rapamycin treatment could not restore early activation of
TSC1KO T cells, although CD28 co-stimulation can slightly increase CD25 and CD69
expression (Fig. 5F). Together, these results suggest that increased ROS production
contributes to the elevated death of TSC1KO T cells, particular CD4+ T cells.

Discussion
Mechanisms that control normal T cell homeostasis have not been well understood. In this
study, we demonstrate that TSC1 plays a critical role for the maintenance of peripheral T
cell numbers by promoting T cell survival through the maintenance of normal mitochondrial
homeostasis.
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We have shown that TSC1 inhibits mTORC1 activity, but promotes mTORC2 signaling in T
cells. TSC1 may affect mTORC2 signaling through several potential mechanisms. In cell
line models, the TSC1/TSC2 complex can associate with mTORC2 to promote mTORC2
signaling [33]. In HEK293 cells, it has been demonstrated that Rictor, a component of
mTORC2, is directly phosphorylated at Thr1135 by S6K1 after growth factor stimulation,
and that this phosphorylation is sensitive to rapamycin. In cells that express a Rictor
T1135A mutant, which cannot be phosphorylated by S6K1, mTORC2 dependant Akt
phosphorylation was markedly increased, strongly suggesting that mTORC1 activation can
directly suppress mTORC2 activity [34]. In our model, TSC1-deficient T cells exhibit
highly phosphorylated S6K1 and decreased phosphorylation of Akt and its downstream
targets. Whether or not the regulation of mTORC2 by mTORC1, through Rictor, is true
during the activation of primary T cells remains to be determined. It has also been reported
the elevated S6K1 activity can trigger a negative feedback mechanism to inhibit growth
factor induced mTOR activation. For example, S6K1 can phosphorylate IRS-1 to inhibit
insulin receptor signaling [35]. Elevated S6K1 activity in TSC1 T cells may illicit similar
negative feedback inhibition on mTOR dependant signaling. The exact mechanism how
TSC1-deficiency leads to mTORC2 inhibition in T cells will require further examination.

Our studies indicate that the TSC1/TSC2 complex is paramount for mature T cell survival.
mTORC2 and Akt activities are decreased in TSC1KO T cells. Since only expression of
Akt-DD but not Akt-S473D can rescue these cells from death, it suggests that the increased
death of TSC1KO T cells could not be solely due to decreased mTORC2 activity. The lack
of survival defects in Rictor-deficient T cells also supports that mTORC2 is not essential for
T cell survival [10]. Increased mTORC1 signaling has been reported to promote cell death.
In hepatocyte cell lines, S6K1-deficiency led to down-regulation of caspase-8, caspase-3
activation, cytochrome c release, and protected against the onset of apoptosis [36]. S6K1
may promote cell death by inhibiting BAD phosphorylation [37]. Since rapamycin cannot
rescue TSC1KO T cells from death, enhanced mTORC1 may not directly cause death of
these cells. However, this result does not completely rule out a role of increased mTORC1
activity in the death of TSC1KO T cells. The death prone property of TSC1KO T cells could
be caused by a chronic increase of mTORC1 signaling, which could program these cell to a
pro-death fate that could not be reverted by acute rapamycin treatment.

It is known that ROS causes mitochondrial damage and plays an important role for death of
activated T cells [27]. TSC1KO T cells display increased ROS production but decreased
mitochondrial content, number, and membrane potential. Since the ROS scavenger NAC can
reduce the death of TSC1KO T cells and can increase mitochondrial membrane potential, it
suggests that TSC1 may promote T cell survival mainly through the inhibition of ROS
production to maintain mitochondrial integrity. Of note, CD28 mediated co-stimulation, but
not rapamycin treatment, can reduce TSC1KO T cell death correlated with reduced ROS
production and increased mitochondrial potential, but without obvious increase of Akt
activity. Thus, TSC1 may inhibit ROS production in T cells and promote T cell survival
through mTOR-independent mechanisms. Further studies are needed to determine the
mechanisms by which TSC1 regulates ROS production and mitochondrial homeostasis.

Materials and Methods
Mice and cells

The TSC1flox/flox and CD4-Cre transgenic mice were purchased from Jackson laboratory
and Taconic Farm, Inc respectively [38, 39]. All experiments were performed in accordance
with protocols approved by the Duke University Institutional Animal Care and Use
Committee. Single cell suspension of thymocytes, splenocytes, and lymph node cells in
IMDM medium supplemented with 10% FBS, penicillin/streptomycin, and 2-
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Mercaptoethanol (IMDM-10) were made according to standard protocols. Purification of T
cells was achieved using either the Mouse T Cell Enrichement Kit (STEMCELL
Technologies) or the LD depletion columns (Miltenyi Biotech) and purities of ≥90% were
achieved.

Immunoblot
Thymocytes, splenocytes and purified T cells (5–20 × 106 cells/ml in PBS) were left un-
stimulated or stimulated with 5 μg/ml of anti-CD3ε (500A2; BD Pharmingen) for different
times. Cells were lysed in 1% Nonidet P-40 Lysis solution (1% Nonidet-40, 150 mM NaCl,
and 50 mM Tris, pH 7.4) with freshly added protease and phosphatase inhibitors. Proteins
were resolved by SDS-PAGE and were transferred to a Trans-Blot Nitrocellulose membrane
(Bio-Rad Laboratories). The blots were probed with specified antibodies and detected by
ECL. Antibodies for TSC1 (#4906), TSC2 (#3612), p-Foxo1 (#9461S), p-ERK1/2 (#91015),
p-p70 S6K (#9204S), p70 S6K (#9202), p-4EBP1 (#2855S), 4EBP1 (#9644), Cleaved
Caspase-3 (#9661), Cleaved Caspase-9 (#9509), p-Akt T308 (#9275S), p-Akt S473
(#9271S), Puma (#4976), Bid (#2003), Bax (#2772), Bim (#4582), Bcl-xL (#2762), Mcl-1
(#4572), Akt (#2938), Foxo1a (#94545), S6K1(#9202) were purchased from Cell Signaling
Technology. Bcl-2 (#554087) antibody was purchased from BD. Noxa (#2437) was
purchased from ProSci Inc. Anti-β-actin antibody was from Sigma-Aldrich (A1978).

Flow Cytometry
Cells were stained with fluorescence conjugated antibodies specific for CD4, CD8, CD25,
CD44, and CD69 (eBioscience and BioLegend) at 4°C for 30 minutes. Dying cells were
identified using 7AAD, annexin V, or the Violet Live/Dead cell kit (Invitrogen).
Mitochondria were stained with MitoTracker Green (M7514; Molecular Probes) in
IMDM-10 for 30 minutes at room temperature prior to surface staining. Mitochondrial
potential was assessed via DiOC6 staining at a concentration of 50 nM for15 minutes prior
to reading. Data were collected using a BD Canto II and analyzed with FlowJo (Treestar).

Real-time PCR
Mitochondrial genome copies were measured by using 1 μg total DNA from purified T cells
as template. The PCR reaction was performed using the RealMasterMix (Eppendorf)
solution on a MasterCycler RealPlex2 detection platform. DNA encoding mitochondrial 12S
rRNA and nuclear18S rRNA was detected using the following primer set: 5’-
ACCGCGGTCATACGATTAAC-3’ and 5’-CCCAGTTTGGGTCTTAGCTG-3’, and 5’-
CGCGGTTCTATTTTGTTGGT-3’ and 5’-AGTCGGCATCGTTTATGGTC-3’,
respectively.

Proliferation and activation Assays
CFSE proliferation assay was done as previously described [40]. CFSE-labeled or unlabeled
WT and TSC1KO splenocytes were stimulated with α-CD3 (1 μg/mL; 2C-11) in the
presence or absence of anti-CD28 (1 μg/mL; 37.51), rapamycin (20 nM), and NAC (2 mM)
at 37°C for 72 hours for proliferation or overnight for CD25 and CD69 expression.

Retroviral infection
Akt S473D mutant was generated by converting D308 of Akt DD in Migr1 to T308 using
site-directed mutagenesis with forward primer (5’-
GGTGCCACCATGAAGACCTTTTGCGGCACACCT-3’) and reverse primer (5’-
AGGTGTGCCGCAAAAGGTCTTCATGGTGGCACC-3’) and Pfu-Turbo DNA
polymerase. The construct was sequenced and confirmed correct. Retrovirus was made
using the Phenix-eco package cell line. For infection, one million purified CD4+ and CD8+
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T cells were seeded in 1 mL IMDM-10 in 24-well plate and stimulated with plate-bound α-
CD3 (1 μg/mL) overnight. The cells were then spin-infected (2000 rpm for 2 hours at 22°C
with retrovirus (MigR1-GFP, Akt DD-GFP, and Akt S473D-GFP). Cells were left in culture
for 48 more hours before staining and FACS analysis. Infected cells were gated on GFP+.

Fluorescence microscopy to assess LC3 localization
Purified T cells were cultured overnight in IMDM-10 (+nutrient) or Hank’s Balanced Salt
solution (–nutrient). Cells were then permeabilized with 0.1% saponin, stained with rabbit
anti-LC3 (MBL International), washed, and stained with FITC-labeled anti-rabbit IgG.
Images were captured using a Zeiss Observer D1 platform furnished with Photometrics
CoolSNAPHQ (Roper Scientific). A 40× objective lens was used and 25 individual z-stacks
(vertical) were captured. 3D image deconvolution was performed and individual LC3
punctae (defined as > 10 pixels) were analyzed and enumerated with the aid of Metamorph
(Molecular Probes) and Autoquant X2 (Media Cybernetics) software platforms.

Statistical Analysis
Statistical significance was determined using the Student’s t-Test. P values are defined as
follows: *p<0.05;**p<0.01; ***p<0.001.
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Figure 1. Decrease of Peripheral T cells in TSC1-deficient mice
(A). TSC1 and TSC2 expression in WT and TSC1KO thymocytes (Thym) and peripheral T
cells (Peri-T). Lysates from thymocytes and purified splenic T cells were subjected to
immunoblot analysis with the indicated antibodies. (B) Total thymocyte and splenocyte
numbers in WT and TSC1KO mice. (C, E) Flow cytometric analysis of WT and TSC1KO
thymocytes (C) and splenocytes (E) stained with α-CD4 and CD8 antibodies. (D, F)
Absolute numbers of thymocyte (D, n=6) and splenocyte (F, n=11) populations. P values are
defined as follows: **p<0.01; ***p<0.001. Data shown are indicative of at least three
experiments.
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Figure 2. Altered mTORC1 signaling in and activation status of TSC1-deficient T cells
(A) Enhanced mTORC1 signaling in TSC1KO thymocytes. Thymocytes were rested in PBS
with or without Rapamycin at 37° C for 30 minutes and were then left un-stimulated or
stimulated with 5 μg/mL α-CD3 or PMA for the indicated times. Lysates were subjected to
immunoblot analysis with indicated antibodies. (B) Enhanced mTORC1 signaling in
peripheral T cells. Purified peripheral T cells were used for immunoblot analysis as in (A).
(C) Increased sizes of TSC1KO T cells. Mean fluorescence intensity (MFI) of forward
scatter of TSC1KO CD4+ and CD8+ T cells relative to WT controls are shown. (D) CD69
and CD25 expression in TSC1KO T cells. WT and TSC1KO splenocytes were stained with
α-CD4, α-CD8, α-CD25, and α-CD69 antibodies ex vivo and were analyzed by flow
cytometry. (E) Relative increase of CD44hi T cells in TSC1KO mice. Dot plots show CD44
and CD62L expression on gated CD4 and CD8 T cells from freshly isolated WT and
TSC1KO splenocytes. (F) Impaired up regulation of early activation markers in TSC1KO T
cells. WT and TSC1KO splenocytes were left un-stimulated or stimulated overnight with α-
CD3 antibody. Overlaid histograms show CD69 and CD25 expression on gated CD4 and
CD8 cells are shown. (G) Blunted expansion of TSC1KO CD4 T cells following in vitro
anti-CD3 stimulation. Purified peripheral CD4 T cells from WT and TSC1KO mice were
stimulated with plate-bound 1 μg/mL α-CD3 for the indicated times. T cell numbers were
determined via Trypan-blue exclusion. (H) CFSE dilution assay to assess T cell
proliferation. WT and TSC1KO splenocytes were labeled with CFSE and left un-stimulated
or stimulated with an α-CD3 antibody for 48 hours. Cultured cells were stained with CD4
and CD8 and analyzed by flow cytometry. CFSE intensity on CD4 and CD8 cells are shown.
(I) Production of IL-2 by TSC1KO T cells. CD4 T cells were stimulated similar to (G) and
IL-2 in culture supernatants were determined by ELISA. Data shown represent at least three
experiments. P values are defined as follows: **p<0.01; ***p<0.001.
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Figure 3. Increased death in TSC1KO T cells
(A) 7-AAD staining of freshly isolated T cells. Freshly isolated, splenocytes were harvested
from WT and TSC1KO mice and stained with α-CD4, α-CD8, and 7-AAD. Plots show 7-
AAD staining in gated CD4 and CD8 cells. (B) Freshly isolated splenocytes were harvested
and stained with α-CD4, α-CD8, α-Fas, and α-FasL. Fas and FasL intensity on CD4 and
CD8 cells are shown. (C) Freshly isolated splenocytes were harvested and stained with α-
CD4, α-CD8, α-CD44, α-CD62L, and Live/Dead marker. Live/Dead staining is showed on
populations pre-gated on CD4, CD8, CD44, and CD62L. (D) Splenocytes were stimulated
with α-CD3 for 24 and 48 hours in triplicates and then stained with α-CD4, α-CD8
antibodies, 7-AAD, and annexin V. Data show apoptosis rates of gated CD4+ and CD8+ T
cells. P values are defined as follows *p<0.05; ***p<0.01.
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Figure 4. Abnormal mitochondrial homeostasis and activation of intrinsic cell death pathway in
TSC1KO T cells
(A) Decreased mitochondrial content TSC1KO CD4+ and CD8+ T cells measured by
MitoTracker Green staining. Freshly harvested splenocytes were stained with α-CD4 and α-
CD8 antibodies as well as MitoTracker Green, and were analyzed by flow cytometry.
Histograms show overlay of MitoTracker Green intensity in gated WT and TSC1KO CD4
and CD8 T cells. (B) Decreased mitochondria numbers in TSC1KO T cells. The relative
mitochondrial to nuclear genome copy numbers were determined by real-time PCR to
quantify the levels of 12S rRNA and 18S rRNA genes in purified T cells. (C–D) Assessment
of autophagy in TSC1KO T cells. Purified T cells were cultured in nutrient-sufficient or
nutrient-deficient medium overnight, permeabilized, and stained with anti-LC3. Images of
LC3 colocalization in individual cells were captured via fluorescent microscopy. (C).
Representative microscopic images; (D). Number of distinct LC3 punctae per cell
enumerated from multiple cells. (E) Increased ROS production in TSC1KO T cells.
Splenocytes were harvested from WT and TSC1KO mice. Cells were stained ex vivo with α-
CD4, α-CD8, dihydroethidium (ROS dye), and LiveDead marker. Histograms show ROS
staining in CD4+ and CD8+ T cells. Contour plots show Live/Death staining of gated ROS−
or ROS+ CD4+ and CD8+ T cells. (F) Decreased mitochondrial membrane potential in
TSC1KO T cells. Freshly isolated splenocytes were stained with α-CD4, α-CD8 antibodies,
and the fluorescent dye DiOC6, followed by flow cytometry. Histograms show DiOC66
intensity in gated CD4 and CD8 T cells. (G) Activation of the intrinsic death pathway in
TSC1KO T cells. Freshly purified WT and TSC1KO T cells were lysed immediately or
following stimulation with a plated bound α-CD3 antibody for six hours. Cleaved caspase 3
and 9 were detected by immunoblotting with indicated antibodies. Data shown represent at
least three experiments. P values are defined as follows: **p<0.01
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Figure 5. Impaired mTORC2 and AKT activities in TSC1KO T cells
(A) Expression of pro-apoptosis and pro-survival proteins in purified TSC1KO T cells
determined by immunoblot analysis. (B) Impairment of TCR-induced mTORC2 signaling
and Akt activation in TSC1KO T cells. WT and TSC1KO thymocytes and purified
peripheral T cells were rested at 37°C for 30 minutes and were then left un-stimulated or
stimulated with α-CD3 antibody for the indicated times. Phosphorylation of Akt and Foxo1a
was determined by immunoblotting with the indicated antibodies. Data shown represent
three experiments. (C) Differential effects of AKT-DD and AKT-S473D on activation
induced cell death of TSC1KO T cells. WT and TSC1KO T cells were stimulated overnight
and then retrovirally infected with a control construct (MigR1-GFP), Akt-DD, or Akt-
S473D. Cells were stimulated with α-CD3 for an additional 48 hours and then stained with
α-CD4, α-CD8, and Live/Dead marker. Percentages collected via flow cytometry were
enumerated for CD4 and CD8 cells in graphs. (D) Rescue of TSC1KO abnormalities with
CD28 stimulation. Splenocytes were harvested from WT and TSC1KO mice. Cells were
then stimulated overnight with conditions identified in figure. Cells were then stained with
α-CD4, α-CD8, and ROS (top panel), or DiOC6 (middle panel), or Live/Dead marker
(bottom panel). Percentages are enumerated in graphs. (E). Effects of CD28 costimulation
on mTORC2 activation. Cell lysates from purified T cells stimulated or unstimulated with
plate-bound α-CD3 or α-CD3 + α-CD28 for 6 hours were used for immunoblotting analysis.
P values are defined as follows: *p<0.05, **p<0.01, ***p<0.001
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