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Abstract

Mounting an adaptive immune response is bioenergetically demanding. As a result, T cell
activation coincides with profound changes in cellular metabolism that must be coordinated with
instructive signals from cytokine and costimulatory receptors to generate an immune response.
Studies examining the intimate link between metabolism and immune function have revealed that
different types of T cells have distinct metabolic profiles. Data is emerging that place mTOR, an
evolutionarily conserved serine-threonine kinase, as a central integrator of these processes. In this
review, we will discuss the role of mTOR in determining both CD4 and CD8 T cell metabolism,
differentiation, and trafficking.
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1. Background

The ability of the immune system to rapidly respond to pathogens poses a unique
bioenergetic challenge. Following antigen recognition and costimulation, activated T cells
proliferate rapidly, such that the number of cells from a single clone can increase
exponentially every 4-6 hours[1]. This abrupt switch from a naive or resting state is
accompanied by profound changes in cellular metabolism similar to that seen in rapidly
dividing tumor cells [2, 3]. Interestingly, both cancer cells and activated T cells utilize
aerobic glycolysis to meet their energy demands—a phenomenon known as the Warburg
effect[4]. That is, even in the presence of oxygen, cancer cells and T cells employ glycolysis
as a means of generating ATP. It has been proposed that by doing so, cells are able to more
easily generate the cellular building blocks necessary for rapid proliferation[5]. This reliance
on glycolysis necessitates glucose as a source of fuel; therefore, limiting the availability of
glucose induces rapid cell death, even if alternative fuels such as fatty acids or amino acids
are available[6]. The observation that cancer cells and activated T cells employ the same
strategies to meet demanding metabolic needs is no coincidence, however. Indeed, the same
signaling pathways that promote aerobic glycolysis are upregulated in both cell types. By
contrast, naive and memory T cells, which have enhanced longevity compared to activated T
cells, utilize fatty acid oxidation as their primary source of fuel[7, 8]. Thus, it is becoming
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appreciated that the metabolic needs of naive, activated, and memory T cells are quite
distinct.

A model has emerged whereby metabolism is intimately linked to function in T cells.[2] As
such, signals that induce T cell activation also promote upregulation of the metabolic
machinery necessary to support activation. Indeed, costimulation in the form of CD28
receptor engagement promotes full T cell activation in part by upregulating the glucose
transporter Glutl and a number of enzymes in the glycolytic pathway. [9, 10] Likewise,
instructional signals from the immune microenvironment which guide T cell differentiation
also promote selective metabolic pathways. In this review, we will highlight the distinct
metabolic demands of different T cell subsets and the central role of mTOR in coordinating
T cell function with metabolism.

2. Introduction to mTOR

mTOR is an evolutionarily conserved serine-threonine protein kinase that plays a role in
regulating cell growth, metabolism and survival[11]. Yeast express two TOR genes which
play critical roles in sensing the availability of nutrients in the environment in order to
promote growth only under favorable environmental conditions[12]. Interestingly, in higher
organisms TOR exists as one gene product which can signal via two distinct complexes,
TORCL1 and TORC2[13]. In mammalian cells, TORCL is responsible for regulating cell
growth, metabolism, and cap-dependent protein translation, while TORC2 regulates cellular
functions such as actin reorganization and survival[14]. In some mammalian cell lineages
such as lymphocytes of the immune system, the nutrient-sensing TOR pathway has been co-
opted to perform highly specialized functions, such as the integration of multiple signals in
the immune microenvironment to direct cellular differentiation. Various inputs in the form
of nutrients, costimulation, and cytokines feed into the mTOR pathway (Figure 1). In turn,
mTOR selectively activates downstream signaling pathways that control glycolysis,
glutaminolysis, fatty acid oxidation, and mitochondrial biogenesis[15]. These metabolic
pathways are inextricably linked to T cell differentiation because it appears that different
types of T cells may utilize distinct metabolic programs to perform their functions (Figure
2). In a coordinated fashion, these cell extrinsic differentiation cues are integrated by
mTOR, which in turn activates diverse downstream pathways to determine cell fate.

2.1 mTORC1 signaling

The mTORC1 signaling complex is formed when mTOR associates with a particular set of
adaptor proteins, including regulatory-associated protein of mTOR (raptor), mammalian
lethal with Sec13 protein 8 (mLST8), and the proline-rich Akt substrate 40 kDa (PRAS40)
[11, 16, 17]. mTORC1 activity is activated by its association with the small GTPase Rheb
(ras homologue enriched in brain), which itself is negatively regulated by the tuberous
sclerosis complex 1/2 (TSC1/2)[18, 19]. The adaptor protein and DEP-domain-containing
mTOR-interacting protein (Deptor) can also negatively regulate mTORC1 activity[20]. Both
oxygen tension and the energy status of the cell control the activation of TSC1/2 through
AMP-activated Kinase (AMPK)[21, 22]. A high AMP/ATP ratio (indicating low energy
status) activates AMPK, which in turn activates TSC1/2, leading to repression of
mTORC1[23, 24]. Hypoxia also activates AMPK and ultimately leads to decreased
mTORC1 activity[25]. By contrast, the availability of essential amino acids leads to
activation of mTORCL through activation of the heterotrimeric GTPases RagA-D, which
interact with Raptor to provide a docking site for mTORC1 at lysosomal membranes[26—
28]. Additionally, mTORC1 activity can be induced via cytokine and growth factor induced
signaling, which is mediated via phosphoinositide 3-kinase (P1-3K) activation.
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2.2 mTORC2 signhaling

mTORC?2 is composed of mLST8 in addition to the scaffolding protein rapamycin-
independent companion of TOR (rictor), mammalian stress-activated protein kinase
interacting protein (mSINZ1), and the protein observed with rictor (Protor)[11, 16]. Recently,
two studies have described positive and negative upstream regulators of mMTORC?2 activity.
While physical association of mMTORC2 with ribosomes in a P1-3K dependent manner
promotes mTORC2 kinase activity, ER stress can inhibit mTORC2 activity via glycogen
synthase kinase 3 (GSK3p)[29, 30]. Activation of mMTORC2 leads to phosphorylation and
activation of a number of downstream AGC kinases including Akt, protein kinase C (PKC),
and serum- and glucocorticoid- regulated kinase 1 (SGK1)[31-33].

3. Quiescence vs. Activation

3.1 Role of mTOR in maintaining quiescence

T cell quiescence is an actively maintained state, both at the metabolic and molecular level.
Upon emigration from the thymus, naive T cells circulating in the periphery rely on p-
oxidation of fatty acids to maintain their metabolic rate[7]. The quiescent state of naive T
cells is also associated with low mTOR activity, and several studies have shown that high
mTOR activity in naive T cells lacking TSC1 leads to cell death via apoptosis[34—36].
Genetic studies in mice lacking TSC1 have shown that constitutively active mTORC1
results in a loss of quiescence and loss of cellularity, particularly within the CD8
compartment[36]. Cells lacking TSC1 display increased reactive oxygen species (ROS),
which leads to mitochondrial damage and activation of the intrinsic cell death pathway[35].
Of the cells that survive despite their abnormally high mTORC1 activity, these cells fail to
mount an effective immune response /n7 vivo upon bacterial infection[34]. Thus, low mTOR
activity is required to sustain a quiescent metabolic state that promotes survival of naive T
cells.

3.2 Role of mTOR in regulating aerobic glycolysis

Upon simultaneous engagement of antigen and costimulatory recetors, T cells switch their
metabolism from fatty acid oxidation to aerobic glycolysis[37]. mTOR is a master regulator
of this metabolic switch because MTORCL1 in part regulates the activity of 2 key
transcription factors that are induced during the first 24 hours of T cell activation: Myc and
HIF-1a (Hypoxia-inducible factor 1a)[7, 38]. The first 24 hours of T cell activation seem to
be a critical time for reprogramming gene expression to promote a glycolytic phenotype[7].
Although both HIF and Myc are known to drive expression of genes involved in glycolysis,
it seems that only Myc is necessary for the glycolytic metabolic switch that occurs in T cells
during the early phase of activation[7]. HIF seems to be more important later in T cell
development, perhaps in the maintenance of glycolytic metabolism in particular T cell
subsets[39].

mTOR promotes Myc translation through phosphorylation and inhibition of the translational
repressor 4E-BP1, which liberates elF-4e. The tertiary structure of the 5"-UTR of Myc
MRNA is bound by elF-4e, which promotes translation of Myc protein[40]. There is also
some evidence to suggest that mTOR regulates transcription of Myc through E3-ligase
mediated degradation of the transcription factor JunB, which in turn negatively regulates
Myc transcription[41]. mTOR-dependent upregulation of Myc during the first 24 hours of T
cell activation seems to be a critical event in the transition from a naive to activated T cell.
Mice with T cell-specific inducible deletions of Myc show decreased growth and
proliferation, and decreased accumulation of biosynthetic precursors such as lipids, amino
acids and nucleotides[7]. Myc deficient T cells fail to upregulate genes involved in the
glycolytic pathway and display decreased glycolytic flux.[7] Interestingly, the pentose
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phosphate pathway and the tricarboxylic acid (TCA) cycle are unperturbed in T cells lacking
Myc[7].

In addition to regulating Myc, mTOR promotes a glycolytic phenotype by regulating the
expression of key irreversible enzymes at various steps in the pathway, including hexokinase
and phosphofructokinase, among others[42]. In order for T cells to maintain aerobic
glycolysis, the end product of the glycolytic pathway—pyruvate—must be shunted from the
TCA cycle into the production of lactic acid[2, 43]. The conversion of pyruvate to lactate
consumes the cofactor NADH, which is necessary for the TCA Cycle to progress. A key
regulatory enzyme that catalyzes the conversion of pyruvate to lactate—and thus prevents
pyruvate from being converted to acetyl CoA and entering the TCA cycle—is lactate
dehydrogenase (LDH). Studies in mouse embryonic fibroblasts (MEFs) and human cancer
cells suggest that mTOR controls LDH transcription in a STAT3-dependent manner[44]. It
has been shown that HIF-1a regulates LDH transcription in CD4 T cells under Th17
skewing conditions[39], but whether this is a general mechanism that applies to other
effector subsets remains uncertain.

3.3 Role of mMTOR in regulating glutaminolysis

Glutamine is essential for T cell activation and cytokine production, and uptake of glutamine
is increased upon TCR engagement and costimulation[45]. Activated T cells rely on
glutamine as an anabolic source of carbon, in addition to being a precursor for
polyaminesand glutathione, which can reduce harmful ROS[46]. Glutaminolysis is regulated
by Myc which is in part regulated by mTOR [7, 45]. Myc upregulates the surface expression
of the glutamine antiporter CD98, which consists of a heterodimer of the solute carrier
proteins Slc3a2 and Slc7a5[7]. Beyond glutamine uptake, Myc regulates the catabolism of
glutamine by regulating its conversion into glutamate by the enzyme glutaminase[47].
Mechanistically, Myc suppresses the microRNA miR23a/b, which negatively regulates
expression of glutaminase[48]. Once glutamine is converted to glutamate, it can be
metabolized further into a-ketoglutarate, an oxidative substrate for the TCA cycle. Rather
than fueling oxidative phosphorylation, however, a-ketoglutarate can be converted to
malate, which can exit the mitochondria to be metabolized into pyruvate and subsequently
lactate in the cytoplasm. This shunting of glutamine into lactic acid production is another
way that T cells maintain aerobic glycolysis.

3.4 Role of mMTOR in regulating lipid and cholesterol biosynthesis

In addition to breaking down carbon sources for fuel, activated T cells must rapidly initiate
lipid and cholesterol biosynthesis in order to build cell membranes. This process also seems
to be under the control of mMTORCL via activation of the sterol regulatory element-binding
protein 1 (SREBP1)[49]. During the first 24 hours of T cell activation, lipid and cholesterol
biosynthetic pathways are markedly upregulated, even before DNA replication occurs.
mTORC1 controls SREBP via the ribosomal S6 Kinase (S6K)[50]. A recent study on MEFs
lacking TSC1/2 suggested that S6K regulates SREBP1 by promoting proteolytic processing
of this transcription factor into its active form[42]. SREBP activation leads to upregulation
of genes that are involved in de novo lipid and cholesterol biosynthesis, such as HMG CoA
reductase and the LDL receptor[42]. Interestingly, SREBP also appears to upregulate
transcription of glucose-6-phosphate dehydrogenase (G6PD), an enzyme that catalyzes the
rate-limiting step in the pentose phosphate pathway[42]. This pathway is important for
generating nucleotide precursors in addition to reducing equivalents in the form of NADPH
that can protect rapidly dividing cells against ROS. The generation of cellular building
blocks and protection against ROS are critical in the setting of rapid cell proliferation that is
observed upon T cell activation, however, little is known about how SREBP regulates these
processes specifically in T cells. More work is needed to translate discoveries that have been
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made about the mTOR pathway in MEFs and transformed cell lines into how these
pathways function in T cells.

3.5 Role of MTOR in regulating mitochondrial biogenesis and function

T cells metabolize lipids through B-oxidation of fatty acids, which occurs in the
mitochondrial matrix. Thus, it is not surprising that memory CD8 T cells that rely heavily on
FAO also have enhanced mitochondrial number and function, both of which are regulated
by mTOR[8]. Experiments performed in the Jurkat T cell line have shown that mMTORC1
regulates mitochondrial function by increasing mitochondrial membrane potential and
oxygen consumption[51]. In skeletal muscle, mMTORC1 controls mitochondrial function by
promoting the association of PPAR~y coactivator 1 (PGC1la) with a zinc-finger transcription
factor called yin-yang 1 (Y'Y1)[52]. Treating cells with rapamycin or knockdown of YY1
results in decreased expression of mitochondrial genes and decreased oxygen
consumption[52]. In addition, a recent study has described a direct role for mTOR in
regulating mitochondrial function via a complex comprising Bcl-xI and the voltage
dependent ion channel 1 (VDAC1)[53]. Bcl-xl is directly phosphorylated by mTOR at serine
62[53]. Mechanistically, Bcl-xI associates with VDAC at the outer mitochondrial membrane
to keep this channel in an open configuration in order to permit the passage of metabolites
into mitochondria[54].

4. Differentiation to effector, regulatory and memory subsets

Metabolism in both CD4 and CD8 T cells is inextricably linked to their differentiation into
various effector, regulatory and memory subsets, all of which are coordinated and integrated
by mTOR. Recently, there has been much evidence to suggest that mTOR has a role beyond
the initial stages of T cell activation in upregulating downstream signaling pathways that
dictate T cell differentiation. This is not surprising, however, considering that different
lineages of T cells have different metabolic requirements, and there is emerging evidence to
suggest that mTOR is responsible for coordinating the upregulation of metabolic machinery
to meet those demands. (Figure 2).

4.1 Role of mMTOR in CD4 T cell metabolism and differentiation

In CDA4 T cells, effector T cells (Tesf) utilize glycolysis while regulatory T cells (Tyeg)
primarily utilize fatty acids as a source of fuel[55]. Michalek et a/. has shown that
overexpression of the glucose transporter Glutl in T cells enhances T differentiation, but
Treg differentiation is not affected[55]. Remarkably, culturing T cells with fatty acids leads
to an increase in FoxP3 expression and Tyeq differentiation, while Teg differentiation is
suppressed[55]. Inhibition of fatty acid oxidation with etomoxir, an irreversible inhibitor of
carnitine palmitoyltransferase | (CPT-I), decreases FoxP3 expression and differentiation of
Treg[ss)- However, one should be cautious in interpreting this data because etomoxir also
activates peroxisome proliferator-activated receptor a (PPARa).

This transcription factor belongs to a family of nuclear receptor proteins that heterodimerize
with retinoic acid receptors to upregulate the expression of genes that are involved in fatty
acid oxidation by an AMPK-dependent mechanism[56]. Indeed, Tyeq Were shown to have
high AMPK activity (and thus low mTOR activity) compared to Te¢s cells[55]. By contrast,
it should be noted that one study has shown that pretreatment of Treg with rapamycin
actually resulted in enhanced proliferative capacity, which could be inhibited by addition of
the adipokine hormone leptin.[57]

The metabolic profile of Tyeq versus Te cells described by Michalek et al. has paralleled our
group’s findings on the role of mTOR in regulating T cell differentiation. Just as high
AMPK (and low mTOR activity) leads to fatty acid oxidation and Tyeq differentiation, we
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have shown using genetic models that low mTOR activity leads to FoxP3 expression and
Treg differentiation[58]. We conditionally knocked out mTOR in CD4 T cells and showed
that cells could no longer differentiate toward any of the T¢ lineages but instead adopted a
default regulatory phenotype[58]. Upon activation, mTOR deficient T cells display
constitutively high expression of FoxP3 and hyperphosphorylation of Smad3, even in the
absence of exogenous TGF-f.

Subsequently we have employed genetic models to study the consequences of selectively
ablating mTORC1 or mTORC2 activity in T cells[59]. To generate an mTORC1 knockout,
we deleted the small GTPase Rheb in CD4 T cells (7-Rheb-/-)[59]. To generate an
mTORC2 knockout, we deleted the adaptor protein Rictor in CD4 T cells ( 7-Rictor-/-)[59].
We found that 7-Rheb—/-mice could not adopt a Thl or Th17 phenotype [59]. In an
experimental autoimmune encephalomyelitis model of disease (EAE), 7-Rheb—/—mice were
protected from the classical Th1/Th17-mediated autoimmune paralysis, but instead
developed a Th2-mediated autoimmune cerebellar ataxia (atypical EAE). By contrast, 7-
Rictor—/— mice have defective Th2 differentiation, characterized by decreased IL4
production and diminished STAT6 phosphorylation[59]. Interestingly, deletion of either
mMTORC1 or mTORC2 activity does not lead to an increase in Tyeq differentiation,
suggesting that both mTOR complexes must be inhibited in order to promote a regulatory
cell fate[59].

There is also emerging evidence that mTOR controls Th17 differentiation through its
regulation of the transcription factor HIF-1a [39, 60]. mTORCL is known to regulate
HIF-1a via phosphorylation and inhibition of the eukaryotic initiation factor 4E (elF4E)-
binding protein 1 (4EBP1)[61]. By repressing 4EBP1, mTORCL activity leads to
upregulation of HIF-1a by stimulating cap-dependent translation from the 5" untranslated
region of HIF-1a mRNA[16, 42]. In turn, HIF-1a promotes the expression of key
regulatory genes involved in the glycolytic pathway[62]. Although all T subsets utilize
aerobic glycolysis as a source of fuel, it seems that the Th17 subset is uniquely dependent on
HIF-1a for upregulating the glycolytic machinery[39]. CD4 T cells in which HIF-1a has
been genetically deleted cannot differentiate toward the Th17 lineage[39, 60]. By contrast,
Th1 and Th2 differentiation remain intact in the absence of HIF-1a[39, 60]. Nevertheless,
HIF-1a seems to control the balance between differentiation toward a Th17 phenotype and a
Treg Phenotype[39, 60]. Upon exposure to TGFB, CD4 T cells lacking HIF-1a markedly
upregulate FoxP3 expression /n vitro[39]. In an EAE model, mice with T cell specific
deletions of HIF-1a are resistant to disease, presumably because a protective Tyeq response
is generated in these animals[39, 60]. These data suggest that selectively targeting signaling
pathways downstream of mTOR can result in highly specific immunomodulation in disease
settings, whereby a pathogenic subset of Tq¢ can be inhibited while leaving other Tt
subsets and Teq differentiation intact.

There is still much work to be done in order to understand how signaling events downstream
of mTOR regulate T cell differentiation and metabolism. We propose that differential
signaling via mTORC1 and mTORC?2 leads to the upregulation of distinct gene expression
programs characteristic of a particular immune and metabolic phenotype. Genetic models
may be particularly helpful in elucidating the role of each TOR complex in driving
metabolic and fate decisions. For example, the 7-Rheb—/- cells can still differentiate
towards a Th2 phenotype. It will be interesting to determine if Th2 cells in this setting
become glycolytic effector cells or whether they use some other form of energy currency to
drive Th2 effector differentiation.
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4.2 Role of mTOR in CD8 T cell metabolism, differentiation, and trafficking

Much like mTOR controls the metabolic switch in CD4 T cells, there is new evidence to
suggest that mTOR controls the effector to memory transition in CD8 T cells[63—-65].
Effector and memory CD8 T cells have unique metabolic demands. While effector CD8 T
cells proliferate rapidly and are short-lived, memory CD8 cells have a low turnover rate and
proliferate in response to homeostatic cytokines. Like CD4 Te¢f cells, CD8 T utilize
glycolysis as their primary source of energy. By contrast, memory CD8 T cells utilize fatty
acid oxidation (FAQO) and possess a metabolic profile that is more similar to regulatory CD4
T cells[55, 66].

The long lifespan of memory cells poses unique metabolic demands for CD8 lymphocytes,
which rely on enhanced mitochondrial function and oxidation of fatty acids as a lasting
source of fuel. A recent study showed that CD8 memory cells, but not CD8 T cells, have
increased mitochondrial spare respiratory capacity (SRC), which is defined as the extra
capacity of cells to generate their own sources of energy during nutrient deprivation[8].
Memory cells also rely on signals from homeostatic cytokines such as IL-7 and IL-15 for
their survival[67, 68]. Mechanistically, IL-15 (but not IL-2, which is required for the
proliferation of T cells) regulates SRC by promoting expression of carnitine palmitoyl
transferase (CPT1a), an enzyme that is responsible for transporting long-chain fatty acids
across mitochondrial membranes so they can undergo p-oxidation in the mitochondrial
matrix[8]. CD8 T cells cultured in the presence of IL-15 have better survival compared to
those cultured in IL-2, possibly due to the upregulation of the anti-apoptotic factor Bcl-2[8].
Mitochondrial number and function is also enhanced by IL-15, as CD8 T cells cultured with
IL-15 display increased mitochondrial biogenesis and ATP production[8]. Such cells
demonstrate a better recall response in an /in vivo model of Listeria infection, compared to
CD8 T cells cultured with IL-2[8]. Thus, the unique bioenergetic demands that memory T
cells face in generating a faster and more robust recall response may be explained by their
increased SRC and enhanced mitochondrial function.

Several studies have shown that inhibition of mMTOR can lead to enhanced memory T cell
differentiation[63, 64, 66]. Based on the divergent metabolic demands of effector and
memory cells this is not surprising. However, it suggests that rapamycin, initially described
as an immunosuppressive agent, may also be employed to enhance CD8 memory generation.
Indeed, in a mouse model of Lymphocytic Choriomeningitis Virus (LCMV), rapamycin was
shown to increase the number of virus-specific CD8 T cells by promoting survival of
memory T cells (Tyy) during the contraction phase of the immune response[63]. The
observed decrease in attrition was due to upregulation of the anti-apoptotic factor Bcl-2[63].
Further, it has been shown that rapamycin can promote CD8 memory cell generation by
inhibiting T-bet expression and enhancing eomesodermin expression[64]. In this model,
pretreatment of adoptively transferred cells with 1L-12 and rapamycin led to tumor rejection
and prolonged survival[64]. From a metabolic perspective, it has been shown that AMPK
activity is critical for promoting the metabolic program necessary for memory cells and that
treatment with metformin can promote this differentiation program[66].

Thus, in CD8 T cells mTOR coordinates metabolism and effector versus memory cell
differentiation and function. Interestingly, the mTOR-induced program also coordinates T
cell trafficking by regulating cell surface homing receptors. The expression of these homing
receptors is in part controlled by mTORC2 via Akt[69]. Activation of Akt downstream of
TORC2 results in the downregulation of L-selectin (CD62L), the CC-chemokine receptor 7
(CCRY), and the sphingosine-1-phosphate receptor 1 (S1P1)[70, 71]. These receptors retain
CD8 T cells in secondary lymphoid tissues. Increased mTORC2 activity that occurs
following T cell activation downregulates the expression of these receptors facilitating
homing to the tissues[70]. Mechanistically, the transcription of these homing receptors is
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controlled by the transcription factor Kriippel-like factor 2 (KIf2)[72]. In turn, transcription
of KIf2 is controlled by the forkhead box O (FOXO) family of transcription factors[69]. In
resting or naive T cells where Akt is not active, the FOXO proteins reside in the nucleus
where they promote transcription of KIf2[73]. Upon T cell activation, however, Akt
phosphorylates the FOXOs, resulting in their translocation from the nucleus to the
cytoplasm, where they are held in an inactive state by association with 14-3-3 scaffolding
proteins[74—76]. Thus, mTOR is able to simultaneously promote T cell effector
differentiation, the upregulation of the metabolic machinery necessary to support this
differentiation, and the trafficking of the cells to sites of inflammation.

5. Concluding Remarks

In yeast TOR senses signals from the environment to direct growth and survival. A model
has emerged whereby mTOR plays a central role in integrating signals from the immune
microenvironment to guide the immune response. This role involves not only promoting
differentiation and function but also coordinating metabolism. In this regard it is becoming
clear that the upregulation of the metabolic machinery is not simply a consequence of
activation but plays a role in promoting activation and differentiation. To this end, it is clear
that different T cell subsets have different metabolic requirements. As such, targeting
selective metabolic pathways downstream of mMTOR may prove to be an effective means of
specifically regulating the immune response. That is, targeting pathways that promote
glycolysis in T cells may effectively inhibit Thl responses while simultaneously promoting
the development of Tyeqs. Alternatively, targeting pathways leading to FAO may prove to be
an effective means of enhancing anti-tumor responses by enhancing CD8 memory responses
and inhibiting CD4 T¢q development.
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Figure 1. Metabolic inputs and outputs of the mTOR signaling pathway

The mammalian target of rapamycin (mTOR) associates with distinct sets of adaptor
proteins to form the mTORC1 and mTORC2 signaling complexes. Growth factors,
cytokines and comstimulation activate mTORC1 via PI3K activation, while amino acids
activate the Ragulator complex (RagA-D). Oxygen and energy availability control
MTORCL1 via the regulation of AMPK. mTORCL in turn promotes glycolysis,
glutaminolysis, lipid and cholesterol biosynthesis, and the oxidative arm of the pentose
phosphate pathway. The canonical downstream targets of mTORC1 include 4E-BP1 and S6
Kinase. While 4E-BP1 regulates the transcription factors HIF-1a and Myc, it appears that
S6 Kinase regulates SREBP1/2. mTORC?2 is activated by its association with ribosomes and
inhibited by endoplasmic reticulum (ER) stress. Akt is activated downstream of mTORC2,
but Akt also negatively regulates TSC1/2 upstream of mTORC1. Akt phosphorylates and
negatively regulates the Foxo transcription factors, which have been implicated in cell
survival and migration. Akt also activates key enzymes in the glycolytic pathway, while
simultaneously inhibiting gluconeogenesis through regulation of Foxo transcription factors.
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Figure 2. An emerging paradigm linking T cell differentiation and metabolism

Different lineages of T cells have distinct metabolic profiles. mTOR serves to coordinate
differentiation and metabolism. Both CD4+ effector subsets (Th1, Th2, and Th17) and
CD8+ effector T cells are characterized by a high rate of glycolysis and high mTOR activity.
Conversely, naive T cells, CD4+ regulatory T cells, and CD8+ memory cells are
characterized by low mTOR activity and these cells utilize fatty acid oxidation as a source of
fuel.
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