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Summary

The mammalian target of rapamycin (mTOR) pathway is an important
integrator of nutrient-sensing signals in all mammalian cells, and acts to
coordinate the cell proliferation with the availability of nutrients such as
glucose, amino acids and energy (oxygen and ATP). A large part of the
immune response depends on the proliferation and clonal expansion of
antigen-specific T cells, which depends on mTOR activation, and the
pharmacological inhibition of this pathway by rapamycin is therefore
potently immunosuppressive. It is only recently, however, that we have
started to understand the more subtle details of how the mTOR pathway
is involved in controlling the differentiation of effector versus memory
CD8" T cells and the decision to generate different CD4" helper T-cell
subsets. In particular, this review will focus on how nutrient sensing via
mTOR controls the expression of the master transcription factor for regu-
latory T cells in order to maintain the balance between tolerance and
inflammation.
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T cells need to co-ordinate their activation and
metabolism

All cells need to be able to coordinate their proliferation
and differentiation with their metabolic demands and the
availability of essential nutrients. The mammalian target
of rapamycin (mTOR) signalling pathway acts as an
important integrator of nutrient-sensing pathways, which
in turn control and coordinate the metabolism of the cell
according to its need to proliferate or functionally differ-
entiate.! T-cell activation is intimately coupled to metab-
olism and energy generation, with a switch from
primarily oxidative phosphorylation in resting T cells to
an aerobic form of glycolysis, known as the ‘Warburg
effect’,” during activation and proliferation.” Although the
differentiating effector T cell needs to generate ATP as an
energy source, which is most efficient via mitochondrial
oxidative phosphorylation, this needs to be balanced by
maintaining glycolysis (which is more conventionally
associated with anaerobic conditions), because this path-
way can use glucose as the basic source of carbon to gen-
erate many of the fundamental building blocks of the
proliferating cell, such as amino acids, lipids, complex

carbohydrates and ribonucleotides.* Although the details
of how this switch occurs in T cells remain unclear, the
mTOR pathway is strongly implicated, because its activa-
tion up-regulates the surface expression of the glucose
transporter, Glutl, probably as a result of T-cell receptor
and CD28 signalling through phosphatidylinositide
3-kinase (PI3K) and protein kinase B (PKB also known
as AKT).” AKT signalling via mTOR also leads to higher
expression of amino acid and other nutrient transporters,
such as the transferrin receptor.®

Nutrient sensing and the mTOR pathway in
T cells

The mTOR pathway acts in all cells to coordinate many
other aspects of cell growth and metabolism, including
the response to hypoxia and the biogenesis and oxidative
capacity of mitochondria.” mTOR forms two structurally
distinct complexes (TORCI and TORC2).® The core com-
ponents of TORCI, which is thought to represent the
main nutrient-sensing complex, are the serine/threonine
kinase mTOR itself, the scaffolding protein Raptor, the
positive accessory proteins FKB12, Deptor and mLSTS,

Abbreviations: AKT, protein kinase B; EAA, essential amino acid; FOXP3, forkhead box P3; GAPDH, glyceraldehyde phosphate
dehydrogenase; IDO, indoleamine 2,3 dioxygenase; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositide 3-
kinase; TGF-f, transforming growth factor-f; Thl, T helper type 1; Treg, regulatory T
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plus a regulatory subunit PRAS40, which is a target of
AKT downstream of PI3K signalling.” The immunosup-
pressive drug rapamycin (which gave mTOR its name as
the mammalian target of rapamycin) actually binds to
FKB12 and disrupts the formation and function of the
TORC1 complex.’® A critical activator of the TORC1
complex is the ras homologue expressed in brain (Rheb),
which is localized within the cell in a Rab7" lysosomal
compartment. Rheb is in turn controlled by the tuberous
sclerosis (TSC) 1/2 complex, which acts downstream of
many different signalling pathways, including AMP-activated
protein kinase, PI3K and AKT."' AMP kinase can act as a
sensor of increasing AMP/ATP ratios during hypoxia,
while PI3K provides signals from growth factor receptors
and co-stimulatory molecules such as CD28 and pro-
grammed death-1 during T-cell receptor activation. The
interaction between TORC1 and Rheb is entirely depen-
dent on the sensing of sufficient amino acids, and
although the molecular sensor has yet to be identified in
mammals, downstream signalling requires the four ras-
related GTP binding (or RAG GTPase: RRAG) proteins
(A-D) together with the ragulator complex,'>'* so that a
lack of available amino acids acts as a potent inhibitor of
TORCI activity. Conversely, activation of TORC1 drives
protein synthesis via phosphorylation of S6K1, which in
turn phosphorylates the ribosomal protein S6, which is
required for the initiation of translation. At the same
time, 4E-BP1, an inhibitor of protein translation, is also
deactivated by mTOR-mediated phosphorylation. Much
less is known about how the TORC2 complex is regu-
lated: in the short term (i.e. minutes) it is thought to be
negatively regulated by TORCI activity, but chronic long-
term inhibition (over hours to days) of TORCl with
rapamycin'* or by amino acid starvation'® seems to even-
tually reduce the activity of TORC2. TORC2 is thought
to control spatial aspects of cell growth, in particular cell
polarity and responses to chemotactic signals via G-pro-
tein-coupled activation of RAS.'®

mTOR is a critical regulator of FOXP3 expression

It has long been known that mTOR inhibition by rapa-
mycin (which is used clinically in organ transplantation
under the name Sirolimus) is potently immunosuppres-
sive, partly because it blocks the ability of T cells to
respond to interleukin-2 and consequently their ability to
proliferate in response to antigen stimulation.'” It is only
more recently that is has become clear that the mTOR
pathway also controls the differentiation of different
T helper cell subsets,'® and in particular, the expression
of forkhead box P3 (FOXP3), the ‘master’ transcription
factor for regulatory T cells (Fig. 1). Downstream activa-
tion by mTOR of the T-cell receptor, CD28 co-stimula-
tion and cytokine-mediated PI3K signalling is generally
required for the differentiation of effector T cells but is
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inhibitory for FOXP3 expression.'”* Signalling down-
stream of the sphingomyelin phosphate receptor (S1PR),
which is required for lymphocyte trafficking and exit from
the lymph nodes, also acts to activate mTOR.?" Interest-
ingly, this pathway is also the target of a relatively new
immunosuppressive drug known as Fingolimod/FTY720,**
which therefore might also have the potential to promote
regulatory T (Treg) cell development.”’ Although the
exact mechanism of FOXP3 inhibition by mTOR has not
been clarified, there is some evidence for the involvement
of a number of different pathways. These include poorly
defined effects on FOXP3 translation via phosphorylation
of ribosomal protein S6, and mTOR acting either indi-
rectly via suppressor of cytokine signalling 3 (SOCS3)****
or directly on signal transducer and activator of transcrip-
tion 3 (STAT3) downstream of interleukin-6 and the
satiety hormone leptin,”® which then competes for the
interleukin-2-driven STAT5 enhancement of foxp3 tran-
scription.”’” In addition, two transcription factors promot-
ing FOXP3 expression, FOX03a”®* and the transforming
growth factor-f (TGF-f) signalling component SMAD3,
are negatively regulated by AKT downstream of TORC2.*
Evidence from raptor (TORCI) deficient and rictor
(TORC2) deficient mice has suggested that TORCI tends
to promote T helper type 1 (Thl) differentiation,'® while
TORC2 may bias the response to Th2 via AKT and
PKC0,>" while inhibition of both complexes is required
for optimal FOXP3" Treg cell induction. Th17 cell devel-
opment seems to be independent of TORC2, but is inhib-
ited by rapamycin in favour of FOXP3" Treg cells.”?

Modulation of FOXP3 expression by adenosine
and hypoxia via AMP kinase

Hypoxia-induced factor (HIF) lo, another downstream
target of TORCI, has also been implicated as both a posi-
tive’** and a negative®>*® regulator of FOXP3 expression
and it is also thought to bind directly to FOXP3 protein
to target it for proteosomal degradation.’® HIFla is a
BHLH-Pas transcription factor that has an essential role
in the response of cells to hypoxia. The level of HIFl«
transcription is controlled by nuclear factor-xB,”” but its
activity is mainly controlled post-translation by an
oxygen-mediated ubiquitination and degradation con-
trolled by the Von Hippel-Lindau tumor suppressor
complex and by positive regulation via a TORC1-medi-
ated phosphorylation.® The differentiation of naive T
cells under hypoxic conditions has also been suggested to
enhance FOXP3 expression and the development of regu-
latory activity,** but it is not clear whether this is a direct
effect of HIFla on FOXP3 expression, or whether it is
acting indirectly, as HIFla activation can also inactivate
mTOR.* Hypoxia is associated with raised levels of AMP
within the cell, which activates AMP-activated protein
kinase and consequently inhibits mTOR via tuberous
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Figure 1. A mammalian target of rapamycin (mTOR) -centric view of nutrient sensing for the induction of forkhead box P3 (FOXP3). The
mTOR pathway in T cells integrates antigen receptor signalling through the T-cell receptor and co-stimulatory molecules such as CD28 and pro-
grammed death 1 (PD-1) with a range of nutrient-sensing and growth factor signals. The main nutrient sources that are sensed via mTOR are
the essential amino acids, glucose and adenosine, while relevant growth factors include insulin and the interleukin-2 family of cytokines. The
shingomyelin phosphate receptor (SIPR), which controls lymphocyte exit from the lymph nodes, also acts via this pathway. The availability of
amino acids is detected via a unique pathway that involves the ragulator complex and the four Ras-like GTPases (RAGs A-D), activation of
which are required before mTOR can form the TORC1 complex and respond to any of the other signals. When the T-cell receptor is stimulated
and there are both sufficient nutrients and growth factors available, mTOR is activated, which in turn inhibits FOXP3 expression, so that the dif-
ferentiation of effector T cells is promoted. When nutrient or growth factor availability is restricted, the resulting mTOR inhibition allows FOXP3
induction and the development of FOXP3" regulatory T cells. Although the exact mechanism linking mTOR inhibition to FOXP3 expression is
not well defined, a number of different pathways have been implicated, as shown. These include direct effects on FOXP3 transcription dependent
on hypoxia inducible factor 1o (HIFla) and forkhead box O3a (FOXO3a), the regulation of FOXP3 mRNA translation by phosphorylation of
the ribosomal protein S6 (pS6), and indirect effects on the regulation of FOXP3 expression in response to cytokines such as transforming growth
factor-fi (TGF-f)and interleukin-6 (IL-6) signalling through SMAD3 or signal transducer and activator of transcription 3 (STAT3), respectively.
Positive signalling is indicated by black arrows, while inhibitory signals are indicated by blocked red lines. Broken lines indicate where the details
of signalling are still poorly defined or unclear. Approved drugs that are available to manipulate this system in vivo are shown in green.

sclerosis complex 1/2. Other sources of AMP that may
activate this pathway are downstream of G protein signal-
ling where the generated cAMP from ATP is subsequently

broken down to AMP by cAMP phosphodiesterases. In Necrotic

addition, extracellular adenosine can generate cAMP via cell death / \

activation surface receptors (e.g. the A4R on T cells®*")

or can be directly taken up by specific transporters®?

where, once inside the cell, it will be rapidly converted to ATP m AMP Adenosine
AMP by adenosine kinase, one of the most abundant \

enzymes present in mammalian cells. Adenosine is partic- on Af

ularly relevant to immune regulation, as TGF-f is able to

induce in a range of haematopoietic cells the co-expres-

sion of two ectoenzymes, CD39 and CD73’43 that are Figure 2. Transforming growth factor-f (TGF-f) regulates the pro-
constitutively expressed on Treg cells.** These enzymes duction of extracellular adenosine. Extracellular ATP released from

act to convert extracellular sources of ATP, which is asso- infections and necrotic cell death is potently inflammatory. Regula-
tory T (Treg) cells constitutively express the two ectoenzymes CD39
and CD73 that can convert ATP, via AMP into adenosine, thereby
converting an inflammatory stimulus into an anti-inflammatory one.
TGF-f is, however, able to induce the expression of both CD39 and

CD73 on the majority of activated T cells, as well as on other cell

ciated with inflammation and cell necrosis, into the anti-
inflammatory product adenosine (Fig. 2). Although there
is some evidence that this pathway may be relevant to
tumours escaping immune surveillance,>*® it remains,

however, to be resolved just how important adenosine is types such as macrophages and dendritic cells, thereby providing a

as a component of the anti-inflammatory microenviron- mechanism to dramatically amplify the anti-inflammatory action of
ment within tolerated tissues. these two enzymes.
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Immune regulation and tolerance are associated
with a nutrient-depleted microenvironment

It has only recently become clear that tolerance can be
maintained by Treg cells acting within a highly localized
microenvironment to induce a state of acquired immune
privilege.*”*® This can best be demonstrated in experi-
ments where donor alloantigen-specific tolerance has been
induced to a skin graft (e.g. by a short period of co-recep-
tor blockade with anti-CD4 and anti-CD8 monoclonal
antibodies), and then that tolerated graft is removed and
re-transplanted onto a secondary recipient with no T cells
of its own (e.g. a recombinase activating gene 1 knockout
mouse). As expected, this skin graft is accepted by the sec-
ondary recipient because it has no T cells to cause rejec-
tion. If, however, we treat the recipient at the time of
grafting with monoclonal antibodies that deplete or inacti-
vate FOXP3" Treg cells (e.g. anti-CD25, or anti-hCD2, if
the original recipient carries the hCD2.FOXP3 knock-in
reporter), the grafts are rapidly rejected.*® This demon-
strates that the tolerated, re-transplanted skin graft carried
over within it perfectly functional effector T cells, but that
FOXP3" Treg cells were actively blocking their ability to
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dioxygenase (IDO) hydroxylase
(Tph)
Kynurenines Serotonin
Arginine
Arginase Inducible nitric
(Arg1) oxide synthase
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Histidine
decarboxylase
(Hdc)
Urocanate Histamine
Cysteine
(Taurine)

reject and so maintained the tolerant state within the graft.
By studying the changes in gene expression of dendritic
cells when they interact with Treg cells,**® it was found
that in addition to the known down-regulation of co-stim-
ulatory ligands and antigen presentation, there was up-
regulation of a number of enzymes that either catabolize
or use essential amino acids®' (Fig. 3). In the context of a
microenvironment with a restricted availability of nutri-
ents, the local depletion of essential amino acids by these
enzymes would be an effective mechanism to control the
immune response via the mTOR nutrient sensing pathway.
It has also been shown that the intracellular availability of
leucine and consequently mTOR activation is controlled
by T-cell-receptor-induced expression of the neutral
amino acid transporter slc7a5 in Thl and Th2 cells, where
it is essential for their activation and differentiation, while
Treg cells seem not to require this particular transporter.>

Immune regulation as a result of indoleamine 2,3
dioxygenase-mediated tryptophan catabolism

The first example of such amino acid catabolism being
able to control the immune response was the expression
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Figure 3. Enzymes that catabolize or use essential amino acids. Each of the amino acids that are considered essential for mammalian cells,

because they are unable to synthesize them, are either catabolized (red arrows) or used to synthesize various products (blue arrows) by specific

enzymes. Many of these enzymes are up-regulated in dendritic cells in response to inflammation and cytokines (both pro- and anti-inflamma-

tory) or by the action of regulatory T (Treg) cells (highlighted in bold face). For example, arginase 1 (Argl) and inducible nitric oxide synthase

(iNOS/NOS2) can both consume arginine, the availability of which is sensed through the RAG/mammalian target of rapamycin (mTOR) path-

way, leading to the inhibition of T-cell proliferation and the promotion of forkhead box P3 (FOXP3) expression (Fig. 1).
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of indoleamine 2,3 dioxygenase (IDO) in the placenta
during pregnancy, which acts locally to deplete the essen-
tial amino acid tryptophan in order to block the maternal
immune response to paternal alloantigens.®® This trypto-
phan-depleted microenvironment is sensed by general
control non-repressed 2 (GCN2), which is one of the ini-
tiators of the integrated stress response, and leads to a
block in the proliferation of CD$ effector T cells,”* and is
required for the survival of T cells, including CD4" Treg
cells, during periods of amino acid starvation.”’ GCN2,
however, was not essential for T cells to sense the absence
of essential amino acids in vitro,”" neither is it required
for the induction of tolerance to skin grafts in mice
by co-receptor blockade (S. Cobbold, E. Adams and
H. Waldmann, unpublished results). The induction of
FOXP3 by stimulating naive CD4" T cells in the presence
of low doses of TGF-f in vitro was also unaffected by
stimulating the GCN2 pathway with histidinol; whereas,
inhibition of the mTOR pathway gave a synergistic
increase in FOXP3 induction.”® It has also now been
shown that 1-methyltryptophan mediated blocking of
IDO and tryptophan sensing can act via mTOR and
PKC0 signalling.”

Depletion of essential amino acids as a
fundamental mechanism of immune regulation

Indoleamine 2,3 dioxygenase may have been recognized as
the first example of immune regulation due to amino acid
catabolism because, of all the essential amino acids, trypto-
phan is thought to be present at the lowest concentration.
Recently, it has been shown that mast cells in tolerated skin
grafts express the enzyme tryptophan hydroxylase
(TPH1),>® which can also deplete tryptophan, using it to
synthesize serotonin. Tolerance was abrogated in TPHI
knockout mice, and this could be reconstituted with wild-
type mast cells, but not by providing 5-hydroxytryptophan
to bypass TPH1 and allow normal serotonin synthesis.”” In
a similar manner, arginase (ARG1) expression has often
been associated with protective, type 2, macrophages
within tissues,’® and like IDO, has been implicated in regu-
lating the immune response during pregnancy.””®® Argi-
nine is also the substrate for the inducible form of nitric
oxide synthase (iNOS), which is normally associated with
a Thl effector cell response, but under limiting concen-
trations of arginine in vitro, both arginase and iNOS can
cause sufficient depletion of this essential amino acid to
cause mTOR inhibition and block T-cell proliferation.”'
Interleukin-4-induced 1 (IL4il) was named for its induc-
tion in myeloid cells under Th2 conditions, and is also
an enzyme that catabolizes amino acids, but with prefer-
ence for those with a hydrophobic side chain such as
phenylalanine.®'

Regulatory T cells were able to induce many of these
essential amino acid consuming enzymes in dendritic cells

© 2013 John Wiley & Sons Ltd, Immunology, 140, 391-398
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in vitro and within skin grafts in vivo,”' whereas the
enzymes that catabolize threonine (threonine dehydroge-
nase: TDH) and the branched chain amino acids (branched
chain amino acid aminotransferase: BCAT1) were more
closely associated with innate inflammation or wound
healing,”' suggesting that tissues have a built-in mechanism
for protecting themselves against immune attack under
these circumstances. Intriguingly, long-term surviving,
fully healed syngeneic skin grafts also had higher levels of
these particular enzymes, as well as increased infiltration by
FOXP3" Treg cells, suggesting that self tolerance and allo-
tolerance within tissues may use similar mechanisms that
depend on the availability of nutrients to T cells.”®

Coordinating metabolism and T-cell
differentiation

T-cell activation is primarily associated with glucose
metabolism, even under aerobic conditions, as this not
only provides a source of ATP for energy and effector cell
activity, it generates the precursors for nucleotide synthe-
sis and lipogenesis that are required for cell proliferation.*
Under conditions of nutrient restriction and mTOR inhi-
bition, however, it would be expected that T cells would
switch to the more efficient pathways of ATP generation,
such as oxidative phosphorylation and long-chain fatty
acid oxidation, both of which require active mitochon-
dria. Indeed, it has been shown that Treg cells have high
levels of AMP kinase activity, which leads to mTOR
inhibition, reduced levels of Glutl and preferential lipid
oxidation, effects that can be reversed in Glutl over-
expressing transgenic mice.®’

Evidence is now beginning to emerge that the meta-
bolic pathways active in a T-cell are not only a response
to activation and differentiation, but can actually be the
trigger to determine their differentiation and cell fate.
For example, it has recently been shown that the glyco-
lytic enzyme glyceraldehyde phosphate dehydrogenase
(GAPDH) has a secondary function as a component of
the interferon-y-activated inhibitor of translation (GAIT)
complex.* This binds to AU-rich elements in the 3’
untranslated region of the interferon-y mRNA and blocks
its translation, but only if the substrate for GAPDH,
glyceraldehyde 3-phosphate, is unavailable. If activated
T cells are deprived of glucose, and instead provided
with galactose, then glycolysis cannot take place, and yet
the T cells still activate and proliferate (because galactose
provides alternative precursors for nucleotide synthesis
via the pentose phosphate pathway), but now because
GAPDH has no substrate, it blocks the translation of
interferon-y. Under these conditions the T cells also then
express other markers of T-cell exhaustion such as pro-
grammed death 1. The corollary of this is that inducing
glycolysis, for example by mTOR activation, will tend to
promote effector cell differentiation. There are also
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suggestions that there may be other examples where a re-activation of their mTOR pathway. Interestingly, it
metabolic enzymes, for example hexokinase®® and IDO,*® had previously been postulated that the optimal func-
can have a secondary, signalling role in dendritic cell tional induction of FOXP3" Treg cells required alternate
differentiation. cycles or oscillations of mTOR inhibition, first to pro-

mote induction, and subsequently mTOR activation to
promote proliferation.®’

Differing roles of mTOR during the
differentiation and function of Treg cells

Inhibition of mTOR therefore seems to be associated with mTOR regulates the differentiation of memory T

tolerance and FOXP3" Treg cell induction, and this cells

appeared to be confirmed by T-cell-specific mTOR CD8" effector T cells also need to rapidly proliferate and
knockout mice, which develop an excess of FOXP3" Treg expand, particularly in response to viral infection, and so
cells over Thl and Th2 effector cells.'"® Recent data, how- would be expected to require mTOR activation, but per-
ever, from FOXP3-CreRaptor™" mice where TORCI haps surprisingly, it has been shown that mTOR inhibi-
activity has been specifically knocked out in FOXP3" Treg tion with rapamcyin actually promotes a better protective
cells, indicates that TORC1 activation is still required for response during vaccination.®®®® Under physiological
Treg cells to function, as evidenced by the development circumstances this seems to be due to AMP-kinase-a1-
of an autoinflammatory condition very similar to scurfy mediated sensing of glucose deprivation and subsequent
or FOXP3-deficient mice.®® CD4-Cre.Raptor™? mice, mTOR inhibition” that favours the development of long-
lacking TORCI activity in all T cells, however, did not lived central memory CD8" T cells that provide better
develop disease, presumably because this also compro- protection with later viral challenges, rather than short-
mised the effector T cells. This raises the possibility that term memory effector cells that target only the initial
the optimal induction and expansion of FOXP3" Treg infection. There is some, perhaps rather controversial,
cells takes place in the nutrient-depleted microenviron- evidence that CD8" T cells, when first activated to prolif-
ments associated with tolerance, but the Treg cells only erate, require an asymmetric cell division to provide one
become fully active and proliferative when there is daughter that will generate the effector cell lineage while
inflammation that needs to be controlled, which requires the other daughter gives rise to memory cells.”" If that is
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Figure 4. Mammalian target of rapamycin (mTOR) at the fulcrum of the immunoregulatory balance. The immune system has to maintain a del-
icate balance between the inflammation required to protect the body from infection while limiting the potential pathology and risk of autoimmu-
nity. Tolerance is maintained primarily by ensuring that the relative frequency of regulatory T (Treg) cells (blue) is in excess of effector T cells
(red), but when an inflammatory response is required, the generation of effector T cells is favoured. The decision to preferentially generate effec-
tor T cells rather than Treg cells is dependent on the availability of glucose and essential amino acids, and this activates mTOR, which then coor-
dinates the switch in metabolism from primarily fatty acid oxidation to glucose metabolism. Conversely, the local depletion of essential amino
acids from the tolerogenic microenvironment inhibits mTOR and encourages induction of Treg cells over effector cells. Committed induced Treg
cells may, however, still be able to respond to mTOR activation by proliferating and/or increasing their suppressive function if they are required
to limit the development of any inflammatory pathology.
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true, it is tempting to speculate that TORC2, which seems
to have an evolutionary conserved function in controlling
cell shape and polarity,'®”* may regulate asymmetric cell
divisions and the subsequent lineage decisions of
both CD4" and CD8" T cells in ways we do not yet
understand.

Summary and conclusions

The mTOR pathway can therefore be thought of as the
fulcrum that balances the different requirements of T cells
in tolerance compared with inflammation (Fig. 4). During
inflammation, effector T-cell differentiation dominates,
which is associated with extracellular ATP and a ready
availability of amino acids that, in turn, drive mTOR acti-
vation, cell proliferation and glucose metabolism. In con-
trast, tolerance is maintained by an excess of regulatory
T cells, associated with a TGF-f-induced expression of
CD39 and CD73, and conversion of extracellular ATP to
adenosine. Tolerance within tissues is also associated with
the up-regulation of many different enzymes that con-
sume many, if not all, of the essential amino acids. Under
these conditions, mTOR is inhibited, FOXP3 induction is
promoted in naive T cells (i.e. infectious tolerance), and
both iTreg and nTreg cells may have a competitive advan-
tage to accumulate relative to effector T cells. However,
under conditions of mTOR inhibition, Treg cells may not
be optimally functional, and it may only be in response to
inflammation and mTOR activating conditions that the
Treg cells acquire the full suppressive potential.
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