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ABSTRACT

mMTOR signaling links bioenergetic and biosynthetic me-
tabolism to immune responses. mMmTOR is activated by
diverse upstream stimuli, including immune signals,
growth factors, and nutrients. Recent studies highlight
crucial roles of mMTOR signaling in immune functions
mediated by conventional T cells and T,egs. In this review,
we discuss the regulation of mTOR signaling in T cells
and the functional impacts of mTOR and metabolic
pathways on T cell-mediated immune responses, with
a particular focus on the differentiation and function of
Tregs- J- Leukoc. Biol. 97: 837-847; 2015.

Introduction

Over the last 2 decades, the function of mTOR in basic cellular
biology and more recently, immunology has been widely
investigated. mTOR is an atypical serine/threonine kinase
related to the PI3Ks and integrates signals from surface
receptors, environmental cues, and nutrients to exert a variety of
cellular functions. mTOR interacts with several scaffolding
proteins to form mTORCI1 and mTORC2, which contain the
obligate adaptors, Raptor and Rictor, respectively (Fig. 1A).
mTOR signaling regulates gene expression and protein trans-
lation, driving cell growth, proliferation, and survival. The
mTORCI1-driven phosphorylation of the ribosomal S6 protein
and the translational regulator 4EBP-1 are linked to these
processes [1, 2]. Additionally, mTOR signaling activates c-MYC,
HIF-1a, and SREBP transcriptional activity to control cell
metabolism [3] (Fig. 1B). As it is a key regulator of metabolism
and other cellular functions, abnormal mTOR signaling is linked
to cancer, obesity, type-2 diabetes, and neurodegeneration [2].
Recent work demonstrates that mTOR signaling is a critical
regulator of T cell biology [1, 4]. Conventional T cells, which are
comprised of naive, effector, and memory CD4" or CDS" T cells,
mediate antigen-specific immune responses to pathogens.
iNKT cells are a nonconventional T cell population with diverse

Abbreviations: 4EBP-1 = 4E binding protein 1, ASCT2 = ASC amino acid
transporter 2, BCATc = branched-chain aminotransferase ¢, Bcll0 = B cell
lymphoma 10, CARMAT = caspase recruitment domain containing membrane-
associated protein 1, CBM = Carmal/BcllO/MALTT, DAG = diacylglycerol, DC =
dendritic cells, DGK = diacylglycerol kinase, DN = double-negative, DP =
double-positive, Fox/O1/3a/p3 = forkhead box O1/3a/p3,
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functions [5]. Dysregulation of conventional and non-conventional
T cell responses promotes autoimmune and other immune-
mediated disorders [5, 6]. Tycqs curtail excessive immune
reactions and are classified into 3 groups according to the newest
nomenclature: tTyegs, PTregss OF iTregs [6, 7]. In this review, we
delineate how mTOR signaling functionally regulates metabo-
lism to influence T cell biology, with a particular focus on its
impacts on T,eg . First, we discuss how upstream signaling
pathways tune mTOR activation. Next, the role of mTOR in
thymocyte development is discussed. Third, we summarize the
roles of mTOR in T cell homeostasis and functional activation.
We then describe how mTOR and metabolic signaling cooperate
to influence multiple aspects of T, biology. Finally, we discuss
the implications for targeting mTOR or metabolic pathways for
disease therapeutics.

REGULATION OF MTOR ACTIVITY IN
T CELLS

mTOR is activated by 3 major instructive signals in T cells:
immunologic signals, growth factors, and nutrient and metabolic
cues [1]. Below, we discuss the molecular events driving mTOR
activation downstream of various receptor systems.

Overview of canonical signal transduction pathways in
T cells

TCR stimulation is critical for the generation of antigen-specific,
adaptive immune responses. The TCR recognizes specific
antigenic peptides expressed in the context of peptide-MHC
molecules that are presented by professional APCs. TCR signal
transduction is initiated by the tyrosine kinases, Lck/Fyn and
ZAP70. Subsequently, LAT-containing complexes promote PLC-
v1, Erkl/2, and PI3K activation [8]. PLC-yl promotes Ca** flux,
which indirectly drives NFAT transcriptional function, and DAG
production, which promotes protein kinase C-§ and Ras-Mekl/
2-Erk1/2 activity. These kinase pathways indirectly activate NF-xB
and AP-1 transcriptional function, respectively. PI3K phosphor-
ylates membrane-associated PIP, to generate PIPg, which recruits
the serine/threonine kinases, PDK1 and Akt, to the plasma
membrane. Here, the rate-limiting, activating phosphorylation of
Akt by PDK1 occurs. PI3K signaling is antagonized by PTEN,

1. Correspondence: Dept. of Immunology, St. Jude Children’s Research
Hospital, Memphis, TN 38105, USA. E-mail: hongbo.chi@stjude.org

Volume 97, May 2015 Journal of Leukocyte Biology 837


mailto:hongbo.chi@stjude.org

LB

Amino acid

TCR transporters

g—‘}‘—

Figure 1. Overview of mTOR signaling and
metabolic regulation. (A) Activators and inhibitors
of mTORCI1 and mTORC2 signaling in T cells.
mTORCI is activated by surface receptor signaling,
environment cues, and nutrients. TCR, CD28, and
IL-2R signaling to the PISK-Akt pathway activates
mTORCI via multiple mechanisms. These include
inhibiting the activity of TSC2, promoting stabilized
Raptor-mTOR interactions, and removing steric
hindrance mediated by PRAS40. TCR and CD28-
induced Erkl/2 activation may also facilitate
mTORCI activation, and this process is likely
antagonized by DGKs. Amino acid uptake enhances
mTORCI activation via the CBM complex by
unknown mechanisms. Collectively, mMTORCI sig-
naling promotes many functional outputs. The
upstream regulators of mTORC2 activation remain
poorly understood, but mMTORC2 signaling drives
cytoskeletal rearrangements and alters gene tran-
scription. (B) Control of metabolic programs by
mTORCI, which regulates metabolism via several
transcriptional factors. mMTORCI activates HIF-1«
and c-MYC to promote glycolysis. Additionally,
¢-MYC stimulates glutaminolysis. mTORCI also
triggers lipid synthesis by activating SREBPs.
mLST8, mammalian lethal with SEC13 protein 8;
Deptor, disheveled, Egl-10, and pleckstrin domain-
containing mTOR-interacting protein, Protor-1,
protein observed with Rictor-1; mSinl, mammalian
stress-activated protein kinase-interacting protein 1.

Gene transcription,

proliferation, growth

which converts PIP3 back into PIPs. The costimulatory receptor
CD28 binds to CD80/86 on APCs, and this interaction promotes
naive T cell proliferation and differentiation [8]. CD28

costimulation augments TCR-induced PI3K signaling and drives
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GAP = GTPase-activating protein, GIn = glutamine, Glut1 = glucose
transporter 1, HF-1a = hypoxia-inducible factor 1a, Hsp90 = heat shock
protein 90, INKT = invariant NKT, iT,eq = in vitro-induced regulatory T cell, LAT =
linker for activation of T cell, Leu = leucine, LKB1 = liver kinase B1, MALT1 =
mucosa-associated lymphoid tissue lymphoma translocation protein 1,
mMTOR = mechanistic target of rapamycin, mTORC1/2 = mechanistic target
of rapamycin complexes 1/2, PDK1 = phosphatidylinositol-dependent kinase
1, PIP> = phosphatidylinositol 4,5-bisphosphate, PIPs = phosphatidylinositol
(34,5)-trisphosphate, PLC-y1 = phosphdlipase C-y1, PLZF = promyelocytic
leukemia. zinc-finger, PRAS40 = proline-rich Akt substrate of 40 kDa, PTEN =
phosphatase and tensin homolog, pPlreg = peripherally derived regulatory T cel,
Raptor = regulatory-associated protein of mechanistic target of rapamycin, Rheb =
Ras homolog enriched in brain, Rictor = rapamycin-insensitive companion of
mechanistic target of rapamycin, ROR-vyt = retinoic acid receptor-related orphan
receptor yt, S1P = sphingosine 1-phosphate, SEK = ribasomal S6 kinase, Sic7ab =
salute carmier family 7 member 5, SREBP = sterol regulatory element-binding
protein, T-bet = T-box transcription factor Tox21, T,eq = regulatory T cel,
TSC1/2 = tuberous sclerosis 1/2, tT.o4 = thymus-derived regulatory T cell
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NF-«B transcriptional function by recruiting PDKI, which
promotes assembly of the CBM complex [8, 9]. Cytokines also
intersect with TCR and costimulatory signals to shape T cell
responses via the Jak-STAT and PI3K pathways. Below, we discuss
how these and other receptor-induced pathways influence
mTOR activation.

TCR and CD28 drive mTOR activation via the
PI3K pathway

Compared with mTORC2, upstream signaling pathways control-
ling mTORCI activity are better understood. PI3K signaling,
induced by TCR and CD28 costimulation, activates mTORCI via
several mechanisms. First, Akt phosphorylates and inactivates the
TSC1/2 complex, which functions as a GAP for the Rheb
GTPase. This event allows Rheb to exist in a GTP-bound state and
activate mTORCI1 signaling via the RAG/Ragulator complex [2].
Akt has also been demonstrated to promote mTORCI activation
in TSCl-independent manners, including by directly phosphor-
ylating the mTORCI inhibitor PRAS40 and by driving Raptor
phosphorylation to stabilize mTOR-Raptor association [10, 11].
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Finally, PDK1 regulates mTORCI activity linked to effector CD8"
T cell proliferation in a PI3K-dependent, Akt-independent
manner [12, 13].

Adaptor proteins regulate mTOR activation in
response to antigen and costimulatory signals

Adaptor proteins promote mTORCI activation upon TCR

and CD28 ligation. The chaperone protein Hsp90 binds to
Raptor and prevents its protein degradation after TCR stimula-
tion [14], although the molecular mechanisms are currently
unknown. The Hsp90-Raptor interaction prevents T cell anergy
[14], a state of hyporesponsiveness that occurs when T cells
receive TCR signals in the absence of costimulatory receptor
ligation [8]. Recently, Hamilton et al. [15] found that the
CARMAI-MALTI complex is required for the optimal activation
of mTORCI in response to TCR and CD28 stimulation. This
process appears to be independent of the classic CBM complex
that induces NF-«B transcriptional activity, as Bcll0 deletion
does not impair mTOR activation [15]. In contrast, Bcll0 is
required to drive maximal TCR and CD28-induced mTORC1
activation in the presence of certain amino acids [16]. We
further discuss how amino acid uptake is linked to mTOR
activation and the functions of T cells in later sections of this
review.

Amino acids tune mTOR activation in T cells

Amino acids also influence mTOR activation in T cells in the
absence and presence of TCR and costimulatory/cytokine
receptor signaling [16, 17]. In other cell lineages, amino acids
promote mTORCI activation at the lysosomes by influencing the
GTPase activity of Rheb. The GAP activity of TSC2 inactivates
Rheb in the absence of PI3K signaling [18, 19]. Indeed, TSCI-
deficient T cells have high basal levels of mTORCI signaling
[20]. As Rheb-deficient T cells have only a transient loss of
mTORCI activity [21], other mechanisms exist to facilitate
mTORCI activation in T cells. Leu and Gln transport are
facilitated by ASCT2, and GIn uptake by ASCT2 enhances TCR
and CD28-induced mTORCI activation, which depends on the
CBM complex [16]. The related amino acid transporter, Slc7a5,
also activates mTORCI1 by promoting Leu uptake, among other
neutral amino acids [17]. Future studies will continue to
elucidate the precise mechanisms by which amino acids activate
mTORCI1 within T cells.

TCR and CD28 stimulation triggers inhibitory pathways
to dampen mTOR activation

Additional factors negatively regulate mTOR signaling induced
by TCR activation. The Ras-Mek1/2-Erkl/2 signaling cascade
positively regulates mTORCI activation [2], and the activation of
this pathway is supported by the lipid molecule DAG [8].
Therefore, inhibitors of DAG signaling, including the DGKs, can
antagonize mTORCI activation [22, 23]. Consistent with this
idea, DGKa and DGK{ double-deficient T cells have enhanced
mTORCI and Ras-Mek1/2-Erkl/2 signaling [24]. The alteration
of the structure of amino acids also inhibits mMTORCI activation.
BCATCc is activated upon TCR stimulation, which increases Leu
transamination and subsequently diminishes the intracellular
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concentrations of Leu [25]. BCATc-deficient CD4" T cells have
increased phosphorylation of S6 and 4EBP-1 and have higher
rates of glycolysis [25]. Thus, BCATc is an inhibitor of mTORCI1
downstream of the TCR.

Cytokines induce mTOR activation in T cells

Cytokines activate mTOR. IL-7 signals via IL-7R to promote T cell
development and homeostasis [26]. In contrast with the rapid
activation of mTOR by the TCR, IL-7 induces delayed and
sustained PISK-AKT signaling, and IL-7-induced mTOR activa-
tion is STAT5-dependent [27, 28]. IL-15 is another homeostatic
cytokine that regulates memory T cell formation [26, 29], but
IL-15-driven PI3K-mTOR activation in naive T cells is not
required for memory T cell formation [30].

IL-2 promotes T cell proliferation, T,.; development, and T,g
functional activation [26]. IL-2R signaling drives these functions
by activating the Jak3-STAT5 and PI3K-Akt-mTORCI1 pathways,
triggering transcriptional and metabolic reprogramming [1, 26].
Recent studies also link the tyrosine kinase, inducible Tec kinase,
to IL-2-induced mTOR activation, but the mechanisms are not
completely understood [31]. In Tig,, IL-2R signaling augments
TCR-induced mTOR activation [32].

Additional cytokines, such as IL-12, IL-4, and IL-1, influence
the effector fate decisions of T cells [33]. In activated CD8"

T cells, IL-12 triggers the STAT4-dependent activation of mTOR
[34]. IL-4 and IL-1 promote cell-cycle progression by activating
mTOR in Th2 and Th17 cells, respectively [35, 36]. We describe
how mTOR is linked to effector and memory CD4" and CD8"
differentiation in more detail below.

mTOR activity is regulated by various growth factors
in T cells

Many growth factors positively regulate mTOR activation.
Leptin, an adipocyte-derived hormone, drives T cell proliferation
and cytokine production [37]. Of note, the transcriptional
signatures between rapamycin-treated effector T cells and those
after leptin blockade are very similar [38]. Likewise, S1P is a
natural lysophospholipid that signals primarily through SIPR1 in
T cells and promotes thymocyte egress into the periphery and
trafficking to the peripheral lymph nodes [39-41]. S1PR1
signaling is dispensable for immediate mTOR activation but
sustains PISBK-Akt-mTOR activity during the differentiation of
naive T cells into effector T cells [42]. We discuss in later sections
of this review how S1PR1 and leptin receptor signaling contribute
to effector T cell differentiation and T, differentiation and
function.

MTOR CONTROLS T CELL DEVELOPMENT

mTOR signaling influences conventional T cell
development

Thymocytes are classified into distinct maturational stages. The
earliest stage is the CD4 CD8 DN stage, which is divided
further into 4 major substages (DN1-DN4). The next stage is the
CD4'CDS8" DP stage, from which mature CD4" or CDS8" single—
positive cells develop. The development of early DN2 stage
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progenitors requires Raptor-mTORCI function in vivo [43],
whereas loss of Raptor at later stages of thymopoiesis does not
impact T cell development [21, 43]. Deficiency of Raptor
results in cell-cycle abnormalities in early T cell progenitors that
are associated with the instability of the cyclin D2/D3-cyclin-
dependent kinase 6 complexes [43]. Similar to Raptor de-
ficiency, loss of Rictor leads to a reduction of DP cells, but this
is a consequence of impaired DN1 and DN4 cell generation
[43, 44]. Mechanistically, the deficiency of Rictor disrupts the
NOTCH-driven proliferation and differentiation of pre-T cells
and also diminishes the expression of multiple receptors involved
in thymocyte development [44, 45]. Thus, mMTORC1 and
mTORC2 regulate conventional T cell development, albeit via
different mechanisms.

iNKT cell development is controlled by
mTOR signaling
iNKT cells are a nonconventional T cell population expressing
a restricted TCR repertoire relative to conventional T cells.
These cells develop from DP cells in response to selection
antigens presented by CD1d, and their different developmental
stages are tracked by surface molecules (CD24, CD44, and
NKI.1) and transcription factors (PLZF, T-bet, GATA-binding
protein 3, and ROR-yt) [5]. The cytokine-producing capacity
of iNKT cells is also correlated with the expression of these
molecules, as IL-4-producing NKT-2 cells, IL-17-producing NKT-
17 cells, or IFN-y-producing NKT-1 cells are enriched at different
developmental stages [5, 46].

mTOR signaling is critical for the development of iNKT cells.
Hyperactivation of mTORCI in the absence of TSCI arrests
INKT cell development at the CD24~ CD44'NK1.1"~ Stage 2
[20, 47]. Moreover, TSCl-deficient iNKT cells produce more
IL-17 but less IFN-y, indicating a role of TSCI in dictating the
fate decisions between the NKT-17 and NKT-1 lineages [47].
These data are also consistent with the observation that NKT-17
cells and NKT-1 cells are enriched in Stage 2 and Stage 3 (CD24 "
CD44'NKI.1%), respectively [46]. Moreover, Raptor is critical for
the development of iNKT cells [48-50]. The transition from
Stage 2 to Stage 3 is blocked in Raptor-deficient iNKT cells [49],
leading to a loss of NKT-1 cells. Mechanistically, Raptor regulates
iNKT development by controlling the function and cellular
localization of PLZF [48]. mTORC2 has also been shown to
regulate iNKT cell proliferation and/or survival to drive NKT-2
and NKT-17 cell development, but this is independent of PLZF
regulation [50, 51]. These collective results indicate that
mTORCI and mTORC2 also control iNKT cell development in
different manners.

PERIPHERAL T CELL RESPONSES ARE
LINKED TO MTOR-DRIVEN CHANGES
IN METABOLISM

Overview of metabolic reprogramming in T cells

T cell fate decisions are intimately linked to changes in cellular
metabolism. Resting naive or memory T cells and T,z generate
energy via the TCA cycle and fatty acid B-oxidation, which
promote mitochondrial oxidative phosphorylation. Therefore,
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these cells may use a variety of nutrient sources, including glucose,
amino acids, and lipids, to promote homeostatic proliferation
and survival. By contrast, activated T cells are highly anabolic and
have a striking increase in glycolysis [52-54]. This conversion to
glycolysis is accompanied by a dramatic increase in glucose
uptake, cell size, and robust proliferation. Cholesterol and lipid
synthesis are also critical for T,., and memory T cell mainte-
nance and function [32, 55]. Throughout the remainder of this
review, we discuss how mTOR signaling and metabolic reprog-
ramming are linked to T cell fate decisions and T, biology.

Hyperactivation of mTORCI abrogates metabolic
processes that maintain T cell quiescence

Mature CD4" and CD8" T cells found in the peripheral tissues are
quiescent, a state characterized by small cell size, lack of
proliferation, and the use of mitochondrial, oxidative phos-
phorylation to fuel the bioenergetic needs [55]. The threshold of
mTOR signaling is a critical factor for maintaining quiescence
and peripheral T cell homeostasis. In support of this conclusion,
TSCI regulates peripheral T cell quiescence and homeostasis
[20, 56, 57]. TSCl-deficient T cells, which have elevated
mTORCI but reduced mTORC2 activation, lose quiescence, as
indicated by the spontaneous entry into the cell cycle [20].
Tsc1™/~ T cells are also more sensitive to undergoing apoptosis,
as excessive TCR signaling drives increased expression of the
proapoptotic protein, Bim [20, 57]. The phosphatase PTEN and
serine/threonine kinase LKB1 also suppress mTOR signaling
[1, 2]. Pten’~ and LkbI™/~ T cells have defects under
homeostasis, including increased proliferation and apoptosis
[58-60]. Mitochondrial respiration-driven reactive oxygen spe-
cies production and glycolysis are enhanced in the absence of
TSC1 and LKBI, respectively [20, 57, 59], indicating that defects
in cellular metabolism profoundly influence quiescence and

T cell homeostasis.

mTOR controls glucose metabolism via c-MYC to
induce T cell proliferation

After receiving TCR and costimulatory receptor cues, T cells
undergo rapid, clonal expansion. Raptor-mTORCI drives
activation-induced cell-cycle entry from quiescence [21]. How-
ever, Raptor-mTORCI signaling appears to be dispensable for
continuous proliferation [21]. As a potential consequence of
reduced mTOR activation, Slc7a5 /~ T cells have profound
defects in proliferation and effector cell function [17]. Likewise,
the functional activation and differentiation of Asct2”/~ T cells
are also impaired [16], demonstrating the importance of amino
acids in regulating mTORCI activation that drives T cell
responses.

As we mentioned above, activated T cells primarily use
glycolytic metabolism [52-54], which is supported by mTORC1
activation at multiple levels. The increased expression of glucose
transporters, including Glutl, on activated T cells augments
intracellular glucose concentrations and supports glycolysis [61].
Indeed, in vitro-stimulated murine and human T cells express
high levels of Glutl [62]. Overexpression of Glutl increases
effector T cell frequencies, which promote inflammatory disease
development [63, 64]. TCR and CD28-induced Akt signaling is
important for Glutl-mediated glucose transport [63]. Moreover,
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Glutl up-regulation may be linked to mTORCI activation
induced by amino acids, as reduced Leu uptake in Asct2™ /" is
correlated with lower levels of Glutl expression [16].

mTOR signaling also promotes glycolysis via the oncogene
¢-MYCG, a crucial regulator of metabolic reprogramming in T cells
[52]. Quiescent T cells express low levels of c-MYC, which is
controlled, in part, by the Krtuppel-like transcription factor
2 [65]. ¢-MYC expression increases after TCR stimulation in
a mTOR-dependent manner, where it alters the expression of
rate-limiting glycolytic enzymes [52]. Additionally, c-MYC con-
trols the Gln metabolism that facilitates T cell proliferation [52].
Mechanistically, c-MYC transcriptional activity inhibits expression
of the microRNAs miR23a/b, which regulate the expression of
GIn-metabolizing enzymes [66]. Recently, c-MYC was shown to
induce the transcriptional activity activating enhancer binding
protein 4, subsequently sustaining the activation of antigen-
specific CD8" T cells [67]. These data highlight the importance
of ¢-MYC in T cell functional activation.

mTOR controls HIF-la expression and impacts

CD4" T cell effector differentiation via metabolic
reprogramming

In addition to c-MYC, mTOR signaling induces HIF-la expres-
sion, which regulates glycolysis [52, 55]. The deletion of this
protein does not impair T cell proliferation [12, 52]. However, in

Antigen and
APC co-stimulation
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activated human T cells, HIF-1a functionally blocks TCR-induced
apoptosis to enhance cell survival [68]. CD4" T cells also
differentiate into effector T cell lineages, including Th1, Th2,
and Th17 cells [69]. mTOR signaling drives T cell differentia-
tion, in part, by regulating cellular metabolism [21, 70-73]

(Fig. 2). For instance, Rptor /~ CD4" T cells have defects in
¢-MYC and SREBP-dependent metabolic reprogramming, which
impairs their functional activation and differentiation into

Th2 cells [21]. Whereas the roles that mTORC1 and mTORC2
serve in Thl and Th2 differentiation remain controversial [21,
70-72], the mTOR-HIF-1e axis promotes Th17 differentiation by
inducing ROR-yt expression or localization and glycolysis [70, 71,
73-75]. As this review mainly focuses on how mTOR-mediated
metabolic reprogramming influences T, biology, we encourage
our readers to explore other reviews that describe how mTOR
influences effector CD4" T cell differentiation [1, 4].

Metabolic reprogramming via mTOR controls CD8"

T cell differentiation

CD8" T cell responses involve dynamic phases of activation,
expansion, contraction, and memory formation, which are
regulated by cytokines and transcription factor networks [33, 76,
77]. Memory CD8" T cells are long lived and rapidly respond to
antigen re-exposure [76]. The homeostatic proliferation of naive
CD8" T cells requires IL-7 but not IL-15 signaling to mTOR [30].

Activated
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Figure 2. Roles of mTOR in conventional T cell
differentiation. Following antigen stimulation,
mTOR signaling positively regulates the differentia-
tion of Th1, Th2, and Th17 effector cells, as well as
CD8" cytotoxic effector cells and mucosal-associated
CD8" memory T cells. By contrast, mTOR signaling
inhibits memory CD8" T cells and iTreg
differentiation.
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Furthermore, IL-7-induced homeostatic proliferation drives
T-bet transcriptional activity and promotes the functional
maturation of CD8" T cells in lymphopenic environments [30].
mTORCI is also a critical regulator of effector CD8" T cell
responses, in part, as it regulates HIF-1ler expression [12, 21, 78].
This transcription factor enhances perforin expression to support
effector CD8" T cell function [12]. However, HIF-1a also
negatively regulates TCR-induced cytokine production in CD8"
T cells [79]. Mechanistically, this phenomenon may be mediated
by lactate, a glycolytic byproduct. Recent studies suggest that
exogenous lactate alters CD4" and CDS8"' T cell functions [80-82].
HIF-1a regulates glycolytic programs driving lactate production
in CD8" T cells [12]. Therefore, future studies could investigate if
T cell-derived lactate contributes to HIF-la-mediated suppression
of CD8' T cell function in different diseases.

mTOR signaling suppresses memory CD8" T cell differentia-
tion, as rapamycin treatment and Raptor deficiency enhance
memory CDS8" T cell formation in vivo [30, 83-86]. This
phenotype is linked to the IL-12-driven expression of the
transcription factor, Eomesodermin [34], which favors memory
CDS8" T cell differentiation [33]. Moreover, IL-15-induced
mTORCI signaling also influences glycolytic and oxidative
phosphorylation programs, which regulate effector versus mem-
ory CDS8" T cell differentiation [55, 87, 88]. However, it should be
noted that mTOR signaling differentially regulates memory
T cell formation in peripheral lymphoid tissues versus mucosal
sites by controlling CD8" T cell trafficking [89]. We encourage
our readers to explore how mTOR signaling is coupled to T cell
trafficking in other reviews [1, 4]. Future studies will determine if
metabolic signaling also influences the fate decisions of CD8"
T cells within nonlymphoid tissues.

mTOR signaling controls lipid metabolism via SREBPs
SREBPs control lipid signaling associated with membrane
turnover [90]. The functional activation of SREBPs in response
to antigen and costimulatory signals is regulated by mTORC1
activation [21, 90]. In a PIBK-mTOR-dependent fashion, these
proteins modulate the expression of lipid biosynthesis-related
genes [91]. mTORCI stimulates SREBP-induced lipogenesis
through S6K-dependent or S6K-independent pathways [3, 92],
whereas mTORC2 stimulates lipogenesis via AKT-dependent
activation of SREBP-1c [93, 94]. It is important to note that
SREBPs not only regulate lipogenesis but also influence
nucleotide biosynthesis via the pentose phosphate pathway

[3, 55]. We discuss how lipid biosynthesis impacts T, function
in the next section of this review.

mTOR AND METABOLIC REPROGRAMMING
CONTROL MULTIPLE ASPECTS OF
Trec BIOLOGY

T,cg development in the thymus and periphery is
regulated by mTOR-mediated control of metabolism
Tregs arise in the thymus or from naive T cells in response to
antigen, costimulation, or cytokine signaling. Several studies have
addressed how mTOR signaling influences T,., development

and differentiation. The deletion of many mTOR-associated
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genes, including Mtor, Raptor, and Tscl, does not profoundly
diminish T,eg cellularity in vivo [20, 70, 95], although it remains
unclear if tT,., or pT,.; generation is affected when these
proteins are deleted. In contrast to these in vivo systems, mTOR
signaling controls iT,, differentiation. In the absence of TSCI,
iT,c, differentiation is retained [95]. By contrast, rapamycin
treatment increases the de novo expression or influences the
stability of Foxp3 expression, driving enhanced iT,., differenti-
ation [70, 96]. Consistent with these findings, Mior "~ T cells
spontaneously develop into 1T, as they are hyper-responsive to
TGF-8 stimulation [70]. The Rheb-mTORCI1 and Rictor-mTORC2
signaling axes serve functionally redundant roles as inhibitors of
iT,eg differentiation [71]. Finally, the specific deletion of Pten
within T,eg also increases T, cellularity, and this may be a result
of elevated mTORC2 activation in these cells [97, 98].
Additional studies have linked mTOR-induced metabolic
pathways to T,., development and differentiation. It was
demonstrated récently that the generation of tT,eg and iTyceg is
independent of Glutl [62], but other glucose transporters may
control these processes. Interestingly, glycolysis suppresses iT
differentiation. Treatment of CD4" T cells with the glycolytic
inhibitor 2-deoxy-D-glucose potentiates iT,., differentiation while

reg

simultaneously suppressing Th17 cell differentiation [74, 75]. By
contrast, glycolytic programs are increased in PTEN-deficient
Tiegs, Which likely contribute to the enhancement in their
cellularity [97, 98]. HIF-1a suppresses iT,, differentiation in
favor of Th17 cell differentiation by controlling glycolysis under
Th17 differentiation conditions and by inhibiting Foxp3 expres-
sion [74, 75, 99]. Thus, mTOR signaling and metabolic
reprogramming regulate T,., cellularity.

mTORCI signaling supports T, function via cholesterol
and lipid synthesis

Whereas mTOR suppression enhances iT,., differentiation, the
functional activation of Ti.g requires mTORCI function [32].
Mice bearing Raptor-deficient T, spontaneously develop
autoimmune disease as a consequence of impaired T,.;-mediated
suppression. Despite the redundant roles of mTORCI and
mTORC2 for the inhibition of iT . differentiation, Rictor
deficiency does not abrogate T, cell function, and the
simultaneous deletion of Raptor and Rictor in Tigs partially
restores T, suppression function [32]. Thus, it appears that the
mTORGC:s serve different roles in T, differentiation and
function. However, it is also feasible that the requirement for
mTOR signaling differs between (Teqs and pTyegs, as 1Tregs
generated in the absence of mTOR activity retain their functional
capacity in vitro [70].

Several groups have investigated the roles of mTOR-mediated
metabolic reprogramming in regulating T, differentiation and
function. It was recently demonstrated that the suppressive
function of Glutl-deficient Tig, is normal [62]. However,
elevated levels of glycolysis are associated with T, instability that
drives autoimmunity in vivo [97, 98]. Moreover, HIF-1a-deficient
Tyegs have impaired suppressive function and have diminished
capacities to ameliorate T cell-mediated colitis [99]. Thus,
glycolytic metabolism appears to modulate T\, function,
although this possibility awaits further investigation.
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A crucial role of mTORCI-induced cholesterol and lipid
metabolism in T, function was identified recently. In the
absence of Raptor, expression of enzymes related to cholesterol
and lipid biosynthesis is reduced in Tycgs [32]. The functional
consequences of these alterations are concomitant reductions in
Tyeg proliferation and CTLA-4 or ICOS expression. These
changes impede T, function in vitro and in vivo [32]. Statins,
which suppress cholesterol and lipid synthesis, similarly attenuate
wild-type T responses [32]. Thus, mTORCI supports choles-
terol and lipid biosynthesis to regulate T,., function.

Upstream activators of mTORCI influence T,.g
cellularity and function

As multiple cellular inputs regulate mTOR in T, (Fig. 3),
studies have also addressed how these signals control Ty,
development, differentiation, and function. The duration of TCR

Antigens and
CD80-CD86

Glycolysis

Foxp3
expression

iTreg differentiation

CTLA-4
and ICOS
expression

<« ----

\‘ T, stability and/or
function
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signaling influences Foxp3 expression in a PI3K-AktmTOR-
dependent manner, as transient signaling promotes, and chronic
signaling suppresses Foxp3 expression [100]. Consistent with this
idea, the expression of catalytically active Akt in thymocytes
selectively impairs T,., development [101]. IL-2- and TGF-
B-induced Foxp3 induction is also impaired when activated CD4"
T cells express constitutively active Akt [101]. Thus, antigens and
cytokines affect T,., development and differentiation via Akt-
mTOR-dependent mechanisms.

Our group has found that SIP over-rides T,.,-mediated
immune suppression through AKT-mTOR. S1P delivers an
intrinsic, negative signal through its receptor, SIPR1, to restrain
the thymic generation, peripheral maintenance, and suppressive
activity of Tyegs [42, 102]. Mechanistically, S1P-induced mTOR
activation inhibits TGF-8 signaling to Smad3 [42, 102]. Leptin
also controls mTOR signaling within Ticg to suppress their

Figure 3. Role of mTOR in T, differentiation and
function. In T,cg, mTOR activity is modulated by
many upstream inputs from surface receptors (in-
cluding TCR, CD28, IL-2R, leptin receptor, and
S1PR1). Loss of mTORCI function in T4 leads to
a dramatic reduction in lipid biosynthesis via the
mevalonate pathway, which is required for Ticg
suppressive activity. mTOR can also regulate Tycg
biology by controlling glycolysis and HIF-1a func-
tion. A summary of such regulation is described in
this figure, with blue arrows indicating positive
regulation and blue, flatended lines depicting
negative regulation.

Cholesterol and
lipid synthesis
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proliferation and to support a maximal T,.e-suppressive function
[103, 104]. We discuss how mTOR signaling is linked to Tyeg
proliferation in more detail below. Thus, the extent of mTOR
activity is modulated by multiple signals in T,g, and the tuning of
mTOR activation is critical for proper T,., generation. How SIPRI
or leptin receptor signaling impacts metabolic programs in T, is
unknown.

Tregs €xpress a variety of molecules that modulate amino acid
availability within a microenvironment. Indeed, CTLA-4 binds to
CD80/86 on DC and induces IDO, an enzyme that converts
tryptophan into various metabolic byproducts. [6, 105, 106]. Tcg,
have also been demonstrated to induce arginase expression in
DGCs to limit arginine availability [6]. By driving APC to express
enzymes that catabolize amino acids, Tiqs prevent T cell
activation and enforce Foxp3 expression in CD4" T cells to
promote iT,.q differentiation [105, 106]. Future work should
explore how the manipulation of amino acid availability
contributes to immune dysregulation in metabolic disorders,
including cancer and obesity.

The threshold of mTOR signaling tunes T,cg
proliferation, stability, and function

Although T,.g, proliferate in vivo, these cells are refractory to
conventional T cell-activating stimuli in vitro. Recent work
indicates that this is associated with high levels of mTORC1
signaling within these cells [32, 103]. Transient and chronic
rapamycin treatments have been used to determine the role of
mTOR in T,., proliferation. When performed before TCR
stimulation, transient rapamycin treatment without exogenous
IL-2 drives T, proliferation and clustering [103]. Mechanisti-
cally, transient rapamycin treatment augments IL-2 production
by Tiegs, which drive T,.g proliferation [103]. Tig transiently
treated with rapamycin retain Foxp3 expression and express
higher levels of the T, effector molecules, CD39, CTLA-4, and
glucocorticoid-induced TNFR [103]. However, chronic rapamy-
cin treatment suppresses T, proliferation in the absence of IL-2
but supports T,., expansion in the presence of supraphysiolog-
ical concentrations of I1-2 [107, 108]. Thus, the duration of
rapamycin treatment can influence T, proliferation and may
impact T, function. Interestingly, leptin receptor signaling
restrains the proliferation of untreated and rapamycin-treated
Tregs [103, 104], indicating that the leptin receptor-mTOR axis
sets the threshold for T,., responsiveness to receptor-mediated
cues driving proliferation.

The negative regulators of mTOR also control T, function.
PTEN-deficient T,.q are unstable; they lose Foxp3 expression
and gain Th1 effector-like functions that drive autoimmune
development [97, 98]. Fatty acid B-oxidation promotes mito-
chondrial respiration to support T,., homeostasis [55]. PTEN-
deficient T,.q, have elevated levels of glycolysis and reduced
mitochondrial fitness, which likely mediates their instability [97,
98]. The conditional deletion of TSCI in T,.q does not have
drastic effects on CD4" or CD8" T cell homeostasis [95], unlike
Raptor or PTEN deficiency in these cells [27, 97, 98]. However,
TSCl-deficient Tycgs acquire Th17-like effector functions under
homeostasis and inflammation. This phenotypic switch is
partially regulated by the hyperactivation of S6K-S6 signaling and
the reduction in FoxO1/3a function [95]. TSCI deficiency may
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also result in the loss of mitochondrial fitness in Tycg,, as was
reported in conventional T cells [20, 57], which requires
additional investigation.

MTOR, Trecs; AND DISEASE
THERAPEUTICS

Increased numbers of T,q in breast, colorectal, and ovarian
cancers are indicative of a poor prognosis [109]. Infectious
pathogens can also increase the activity of Tyeg [110, 111].
However, T,cq are best known for their suppression of
autoimmune disorders and transplant rejection. It was recently
demonstrated that alterations in IL-2R-driven T,., proliferation
are linked to autoimmunity in humans [112]. This phenotype is
correlated with elevated mTOR signaling in autoimmune patient-
derived Tcg relative to those from healthy controls, which
cannot be attenuated by leptin blockade. As a functional
consequence of these alterations, Foxp3 expression is reduced,
and the suppressive function of these T4 is impaired in vitro
[112]. Therefore, abnormal mTOR signaling in T,.g is con-
nected to human autoimmunity.

Tregs mediate transplant tolerance in humans and animal
models [113]. The combination of transient rapamycin treat-
ment and the transfer of alloantigen-specific T,.q, provides long-
term, organ graft survival [114]. Furthermore, T,.q prevent the
rejection of skin grafts in multiple models, but a challenge to the
use of Tig in this context is that IL-17-producing Ticgs can
promote graft rejection [115]. Furthermore, it is difficult to
obtain sufficient numbers of long-lived Ti.g that can prevent
allograft rejection [113]. As mTOR signaling impacts iT,g
differentiation and function, T, therapies may be improved by
coadministration of rapamycin or other mTOR inhibitors.
However, further investigation into how next-generation mTOR
inhibitors influence T,., expansion or function is needed before
this therapeutic strategy is adopted. Additional insight into the
role of mTOR in T,., metabolism may make it possible to design
more targeted, innovative therapies to modulate T, differenti-
ation or function.

CONCLUSIONS AND FUTURE DIRECTIONS

Studies in recent years have revealed how mTOR signaling and

metabolism control T cell fate decisions. Although multiple
studies have addressed the role of mTOR signaling in metabolic
reprogramming within T cell populations, we do not completely
understand how the cross-talk between mTOR and metabolism
controls T,., responses. Future research will determine how the
mTOR-mediated control of ¢-MYC and SREBP, among other
molecules, influences T, function and stability, which will
provide more insight into how glycolytic and lipid metabolism
controls these processes. Additional studies may also address how
mTOR signaling influences metabolic reprogramming to sup-
port the function of specific effector T,., populations. These
studies may identify novel therapeutic targets to multiple
conditions related to dysregulated mTOR activation.

In addition to residing in lymphoid tissues, T,.q are found in
adipose tissue. These cells appear to control immune suppression
during starvation and inflammation triggered by obesity and
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therefore, may contribute to the development of metabolic
diseases [116, 117]. To maintain Foxp3 expression, adipose
tissue-associated Teqs require expression of peroxisome
proliferator-activated receptor v, a lipid-activated transcription
factor [118]. Given that adipose tissue contains high levels of fatty
acids, cholesterol, and leptin, future studies should explore how
the interplay among these factors influences T, functions
under homeostasis and in different metabolic diseases. These
studies may identify novel mechanisms by which these diseases
could be ameliorated.
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