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Foxp3* Tregs are central regulators of immune tolerance. As dysregulated Treg
responses contribute to disease pathogenesis, novel approaches to target the
immunomodulatory functions of Tregs are currently under investigation. mTORC1
and mTORC2 are therapeutic targets of interest. Recent studies revealed that mTOR
signaling impacts conventional T-cell homeostasis, activation and differentiation.
Moreover, mTOR controls the differentiation and functions of Tregs, suggesting that
its activity could be targeted to modulate Treg responses. Here, we summarize how
Tregs suppress immune responses, their roles in disease development and methods
used to alter their functions therapeutically. We also discuss the diverse effects exerted
by mTOR inhibition on the development, homeostasis, and functions of conventional
T cells and Tregs. We conclude with a discussion of how modulation of mTOR activity
in Tregs may be therapeutically beneficial or detrimental in different disease settings.
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CD4* and CD8* T cells are central regu-
lators of the adaptive immune response.
T cells develop in the thymus and populate
the peripheral tissues in a quiescent state.
Antigen-specific, naive T cells are rapidly
activated when their T-cell antigen recep-
tors (TCRs) recognize their cognate pep-
tide-MHC ligands, which are expressed by
professional APCs. Additional signals from
costimulatory and cytokine receptors ulti-
mately drive proliferation, survival and dif-
ferentiation into specific effector T-cell popu-
lations [1]. For CD4* T cells, these effector
populations include T helper (T )1, T2,
T,17 and T follicular helper (T ) cells 121.
Signaling from these receptors also plays a
critical role in driving memory T-cell forma-
tion to protect against secondary infections
(1]. Because dysfunctional T-cell responses
can be detrimental to the host [13.4], cell-
intrinsic and cell-extrinsic mechanisms exist
to suppress their function [15].

Through multiple mechanisms,
CD4*CD25* Tregs suppress T-cell responses

to maintain immune homeostasis and limit

immunopathology following infections [s.6].
Dysregulated Treg functions contribute
to a number of disorders including auto-
immune diseases, prolonged infections and
cancer [4,6-8]. Given their potent immuno-
suppressive functions, Tregs are viable clini-
cal targets for the treatment of human dis-
eases [7,9]. However, the efficacies of current
therapies vary in individual patients and
diseases. It is therefore crucial to identify
new pathways that enhance the effective-
ness of Treg-based immunotherapies to treat
immune-mediated diseases.

In addition to immunological cues received
from molecules expressed by APCs and cyto-
kines, nutrients control cell fate commitments
and functions of different T-cell populations
(4.10-12]. As such, molecules and pathways that
regulate metabolic programs are candidate
therapeutic targets to modulate T-cell func-
tions. mTOR regulates important and diverse
functions in all T-cell lineages and is there-
fore an important therapeutic target of inter-
est to treat many human disorders [4,10,11,13].
In this review, we first briefly describe Treg
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biology, including the suppressive mechanisms used by
Tregs to limit immune responses, how their dysfunc-
tion contributes to disease development and the current
clinical methods to modulate their functions. Next, we
summarize how mTOR-mediated signaling controls
conventional T-cell development, homeostasis and
functional activation. Third, we highlight the differ-
ent effects of pharmacological versus genetic inhibition
of mTORCI on the differentiation and functions of
Tregs. Finally, we discuss the implications of targeting
mTORCI in Tregs in different clinical settings.

Mechanisms of Treg suppression & their
roles in homeostasis & disease

CD4* and CD8* T cells are critical mediators of
immune responses that promote pathogen clearance
and prevent secondary infections. T-cell development
in the thymus is shaped by exposure to host-derived
antigens, and these T cells retain the ability to rec-
ognize these self-antigens in the periphery. Because
of this feature, T cells also play deleterious roles in
autoimmune disorders and solid organ transplants,
among other diseases [1.3]. Tregs are a specialized sub-
set of CD4* T cells that suppress T-cell responses. Like
conventional T cells, Treg functions are regulated by
environmental stimuli that either enhance or inhibit
their suppressive activities. Below, we describe the
phenotypic and functional attributes of Tregs and dis-
cuss how this cell population can prevent or promote
human disease development. We also briefly summa-
rize current strategies used to modify Treg functions in
different disease settings.

Overview of Treg populations

Like conventional T cells, CD4* Tregs are activated
in response to TCR and CD28 costimulatory signals.
The expression of certain molecules in Tregs is shared
with conventional T cells, but Tregs also express unique
proteins that distinguish them from other T-cell popu-
lations. Tregs are identified by their expression of the
transcription factor Foxp3, which is essential for their
development, stability and suppressive functions.
Foxp3* Tregs that develop in the thymus are termed
thymus-derived Tregs (tTregs; formerly referred to as
natural Tregs [nTregs]) (14]. Naive T cells acquire Foxp3
expression following antigen and CD28 costimula-
tion in the presence of the cytokines, IL-2 and TGF-$
(5.8.15]. These cells are termed peripherally derived Tregs
(pTregs) if generated 77 vivo and in vitro-derived Tregs
(iTregs) when differentiated in vitro [14]. Additional
suppressive CD4*Foxp3- T cells have also been identi-
fied. These subsets include Trl cells, iT 35 cells and
T3 cells that secrete IL-10, IL-35 and TGF-p, respec-
tively [16,17]. CD8* suppressive T-cell populations are

also found to inhibit immune cell function under cer-
tain conditions [18]. Here, we limit our discussion to the
Foxp3* tTregs and iTregs/pIregs.

Although they develop in distinct anatomical loca-
tions, tTregs and plregs express common surface
receptors associated with their functions, including
CTLA-4 (also known as CDI152), GITR, CD103
and ICOS, and these receptors are also expressed on
iTregs [5.6.17]. However, tTregs are distinguishable from
plregs/iTregs in that they express higher levels of PD-1
(171, CD73 (17], Helios (19-21] and Nrpl [22,23]. It is note-
worthy that Helios may not be exclusively expressed in
tTreg, as other groups have demonstrated that Helios
is expressed in iTreg and other effector T-cell popula-
tions [24-27]. Epigenetic differences are also observed
in different Treg populations, with tTregs displaying
more stable demethylation of the Foxp3 locus than
iTregs [17.28-30]. Thus, there are multiple parameters to
distinguish between different Treg populations.

Mechanisms of Treg-mediated suppression
Tregs utilize multiple mechanisms to suppress con-
ventional T-cell responses. These include cell-contact-
dependent mechanisms mediated by surface receptors,
such as CTLA-4, ICOS, CD103, GITR, LAG-3 and
Nrpl, which can modulate the functions of T cells or
other immune cells, such as APCs, to suppress T-cell
responses. Additionally, Tregs suppress T-cell responses
by secreting anti-inflammatory cytokines and disrupting
metabolic responses such that conventional T-cell prolif-
eration and activation are impaired. Below, we highlight
some of these mechanisms, with a particular emphasis
on those pathways that are current clinical targets. A
summary of some of these suppressive mechanisms is
shown in Figure 1.

CTLA-4, a critical regulatory molecule expressed
by Tregs [31], antagonizes CD28 costimulation needed
for naive T-cell activation by competing with CD28
for binding to CD80 and CD86, and by inducing
CD80/CD86 endocytosis [32-34]. Reduced costimula-
tion in these T cells also impairs T cell-APC crosstalk
that promotes APC maturation. Moreover, CTLA-
4-CD80/CDS86 interactions can further alter APC
function by increasing the expression of the IDO in
these cells [5.323536]. IDO expression by APCs facili-
tates tryptophan catabolism, which impairs conven-
tional T-cell proliferation while enhancing the ability
of naive T cells to become iTreg/pTreg [53237]. Thus,
CTLA-4 is an important molecule for Treg function.

In addition to CTLA-4, expression of ICOS and
CD103 is also associated with enhanced suppressive
functions of Tregs [2738-40], although these molecules
are necessary for Treg-mediated suppression only in
selective settings [41.42]. Interestingly, ICOS expres-
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Figure 1. The major cell-contact-dependent and -independent mechanisms utilized by Tregs to suppress
conventional T-cell responses. Tregs express surface receptors, including LAG-3 and CTLA-4, which mediate

the cell-contact-dependent suppression of Tconv. These molecules bind pMHC and CD80/CD86, respectively.
Subsequently, TCR-pMHC and CD28-CD80/CD86 interactions are disrupted, leading to impaired T-cell activation.
CTLA-4-CD80/CD86 interactions also induce APCs to express IDO, which catabolizes tryptophan and therefore
reduces the availability of this amino acid needed for T-cell activation. Tregs also produce or respond to soluble
factors to suppress Tconv activation. For instance, given their high expression of CD25 relative to Tcony, IL-2
signaling is more robust in Tregs. As a result, there is less IL-2 available to Tconv to promote their activation.
Tregs secrete anti-inflammatory cytokines, including IL-10, TGF-B and IL-35 to limit Tconv activation. Tregs that
express CD39 and CD73 can deplete a microenvironment of ATP by generating adenosine and AMP, which have
immunosuppressive effects on Tconv. Under certain conditions, Tregs may also elaborate Perf and GrzB to induce
apoptosis of Tconv. Other surface receptors, including Nrp1, CD103 and ICOS, play vital roles in mediating Treg

suppression, but are not depicted here.

GrzB: Granzyme B; Perf: Perforin; pMHC: Peptide-MHC; Tconv: Conventional T cell; TCR: T-cell antigen receptor.

sion is found abundantly on Tregs that localize to
the B cell follicles during germinal center (GC) reac-
tions and have been termed T follicular regulatory
(T,,) cells. These cells can suppress GC reactions and
are thus thought to be important inhibitors of auto-
antibody production that can drive autoimmune dis-
ease pathogenesis [3]. LAG-3 and GITR expression on
Tregs contribute to the direct and indirect suppression
of T-cell responses by altering APC function or pro-
moting Treg expansion [s]. Nrpl is also important for
Treg suppressive function under certain conditions [43].
In some instances, Tregs use perforin and granzyme
B-dependent cytolysis to directly kill effector T cells
5]. Thus, Tregs utilize multiple cell-contact-dependent
mechanisms to suppress immune responses.

Soluble and secreted chemical messengers also medi-
ate Treg function. First, Tregs are responsive to cyto-
kines that modulate their suppressive functions. For
instance, IL-2 signaling via IL-2Ra./CD25 serves to
maintain Foxp3 expression, thus facilitating Treg effec-
tor functions [5.44]. Given that Tregs express higher lev-
els of CD25 than naive or effector T cells, it has been
suggested that Tregs deplete the microenvironment of
IL-2 such that conventional T cells cannot proliferate
and/or are more susceptible to undergoing apoptosis
(5.45]. Second, Tregs have the capacity to secrete anti-
inflammatory cytokines, including IL-10, IL-35 and
TGF-B, to suppress inflammation [5]. Finally, Tregs
may also disrupt metabolic responses to dampen
immune cell activation. The generation of IDO-
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expressing APCs by Tregs promotes tryptophan catab-
olism [36], which, in combination with the depletion of
tryptophan, produces catabolites that suppress T-cell
activation and augment naive T-cell differentiation
into iTregs [46.47). Moreover, Tregs induce the expres-
sion of other essential amino acid-consuming enzymes
in APCs, including arginase, to promote tolerance [37].
Tregs that express the ectonucleotidases, CD39 and
CD73, generate high, localized concentrations of AMP
and adenosine from ATP, which suppress immune cell
functions [5.48-50]. These data indicate that soluble
factors, including cytokines and metabolites, are also
important mediators of Treg suppressive function.

Tregs in disease: perspectives from
autoimmunity & cancer

Tregs are important to maintain tolerance to endo-
genous antigens, but their suppressive function can
also be deleterious in certain diseases. Here, we focus
on how Tregs maintain immune homeostasis and pre-
vent autoimmunity, and promote cancer development
and progression. However, dysregulated Treg responses
also contribute to aberrant clearance of infections and
metabolic diseases, which are discussed elsewhere [4,6].

Tregs maintain immune tolerance to prevent
autoimmunity

The rampant, systemic autoimmunity observed in
the scurfy mouse model and in immune dysregulation
polyendocrinopathy, enteropathy, X-linked syndrome
patients revealed the important role of Tregs in immune
homeostasis [5]. More recent studies have uncovered dys-
functional Treg responses in multiple autoimmune dis-
orders, which contribute to disease pathologies [5.851]. In
many murine models of autoimmune diseases, including
Type 1 diabetes, experimental autoimmune encephalo-
myelitis and inflammatory bowel disease, disease patho-
genesis is driven by inflammatory CD4* T ;1 and T ;17
cells and CD8* T cells. The presence of Tregs prevents
the development of these diseases, and the administra-
tion of exogenous Tregs reduces disease severity. Dis-
rupted Treg responses, as a consequence of their deple-
tion, mislocalization or impaired function, have also been
observed in multiple human autoimmune conditions,
including Type 1 diabetes and system lupus erythema-
tous [5.851]. These data indicate that Tregs play a central
role in maintaining tolerance to endogenous antigens
and demonstrate their protective effects in preventing
and eliminating autoimmune conditions.

The suppressive functions of Tregs contribute to
cancer development

The suppressive functions of Tregs have detrimen-
tal effects in solid tumors and hematological cancers.

Inflammation is believed to be a driving force under-
lying malignant transformation [s2]. As Tregs suppress
inflammation, it has been hypothesized that Tregs pre-
vent or delay inflammation that promotes tumor devel-
opment. After an established tumor has developed,
however, Tregs oftentimes play a detrimental role in
the disease (753,54]. This conclusion is supported by evi-
dence in animal models demonstrating that Treg deple-
tion promotes tumor regression or rejection [7.53,55). It
has also been revealed that increased frequencies of
Tregs in the blood and within the tumor itself are corre-
lated with poor disease prognosis and response to thera-
pies [7.9.5354]. Together, these results suggest that Treg
suppressive function is permissive to tumor progression
and is a hindrance to antitumor therapies.

The presence of Tregs also influences how patients
respond to anticancer treatment regimens. High-dose
IL-2 therapy is approved for the treatment of metastatic
melanoma and renal cell carcinoma. However, one
complication of IL-2 therapy is the expansion of Tregs,
including ICOS* Tregs with an activated phenotype
[56]. Melanoma patients with increased frequencies of
ICOS* Tregs in their blood have a poorer prognosis
than those with fewer of these cells [s¢]. Thus, in addi-
tion to promoting tumor development, the immuno-
suppressive capacity of Tregs can hinder cancer thera-
pies. Below, we discuss strategies used to attenuate or
enhance Treg functions in autoimmunity or cancers.

Therapeutic strategies targeting Tregs
Immunotherapies targeting Tregs are emerging as
treatments for autoimmune disorders and cancers [7,9].
Many of these strategies employ antibodies or recom-
binant proteins that influence the function of Tregs,
including CTLA-4-Ig, anti-CD25 antibody, recom-
binant IL-2 and recombinant IL-2/anti-IL-2 antibody
immune complexes [79]. A succinct summary of some
of these therapies is shown in Table 1 and also reviewed
elsewhere [9.10]. While such treatments have a profound
effect on Treg functions or numbers, the expression of
these target molecules is not limited to Tregs. As a con-
sequence, these therapies also impact activated T-cell
responses.

Cell-based therapies utilizing purified Tregs limit
chronic solid organ or hematopoietic stem cell trans-
plant rejection and ameliorate autoimmune disorders
[9). This immunosuppressive strategy is hindered by a
limited capacity to generate sufficient numbers of these
cells to transfer into recipients. As such, various strate-
gies are utilized to expand Tregs ex vivo to gain sufficient
numbers, including employing mTORCI inhibitors [9].
For the remainder of this review, we focus our discus-
sion on pathways that regulate mTOR activation and
the roles of mTOR in conventional T cells and Tregs.
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Table 1. Selective description of preclinical and clinical therapies, their predicted effects on Tregs and conventional

T cells, and their potential disease applicability’.

Preclinical or clinical therapy Effect on Tregs

Anti-CD25 mAb Depletion
Anti-CTLA-4 mAb Depletion
Anti-GITR mAb Depletion

Anti-OX40 mAb

Rapamycin In vitro expansion

IL-2 Expansion

IL-2/anti-IL-2 mAb complexes  Expansion

CTLA-4-Ig Expansion, increased

suppression?

Adoptive transfer of Tregs Enhanced suppression

fSummarized in [7,9].
mAb: Monoclonal antibody.

Decreased suppression

Impact on conventional T cells

Depletion of effector/memory Cancer
T cells
Increased function?, activated Cancer

cell depletion?

Increased function, resistance to Cancer

suppression
Increased activation Cancer

Reduced activation

tolerance
Expansion Cancer

Depletion,
impaired function

Reduced function
tolerance

Decreased function
tolerance

Disease applicability

Autoimmunity, transplant

Cancer, autoimmunity,
transplant tolerance

Autoimmunity, transplant

Autoimmunity, transplant

We also discuss therapeutic implications of targeting

mTORCI in Tregs.

mTOR is a critical regulator of T-cell
homeostasis & function

Overview of mTOR activation & signaling
mTOR is an evolutionarily conserved serine/threonine
kinase and is a critical regulator of cellular growth,
proliferation and differentiation [13]. Two distinct
multi-protein mTOR complexes, termed mTORCI
and mTORC?2, are found in mammalian cells. These
complexes share the catalytic mTOR subunit and other
associated proteins, including Deptor and mLST8
(also called GbL), but also contain distinct proteins
that regulate the specific functions of these com-
plexes. PRAS40 and Raptor are unique components
of mTORCI, while mTORC2 is characterized by the
expression of mSINI and Rictor. Raptor and Rictor
are the obligate adaptor proteins for mTORCI and
mTORC2, respectively [10,11]. We will discuss the roles
of these proteins in T-cell homeostasis and function
later in this review.

The activation of mTOR is tightly regulated and
is induced by multiple stimuli, including the TCR,
costimulatory molecules, cytokines, chemokines, adi-
pocytokines, growth factors and nutrients [10,11]. In the
absence of stimulation, the complex comprised of Tscl/2
inhibits mTORCI activity. Tscl/2 are GTPase-activat-
ing proteins that inactivate the small GTPase Rheb, a
protein that directly activates mTORCI. Upon T-cell

activation, the PI3K-Akt signaling pathway is induced.
This event leads to the direct phosphorylation of Tsc1/2
by Akt, which inactivates Tscl/2. PTEN antagonizes
the catalytic actions of PI3K [10]. The LKBI-AMPK
signaling axis is another suppressor of mMTORCI cata-
lytic function, in that AMPK positively modulates Tsc2
activity and impairs Raptor function. Less is known
about the mechanisms that induce mTORC2 activa-
tion, although ribosomal assembly appears to induce
mTORC?2 function in non-T-cell lineages [10,11].

Essential and non-essential amino acids also acti-
vate mT'ORCI; however, the mechanism appears to
be distinct from growth factors that drive PI3K-Akt
activation. Amino acids activate mTORCI1 via the
RAG GTPases (RAGA, RAGB, RAGC and RAGD).
The active RAG complex is a heterodimer comprised
of GTP-bound RAGA or RAGB and GDP-bound
RAGC or RAGD [s7]. This active complex binds to
Raptor and is recruited to the lysosome by binding
Ragulator (p18, p14 and MP1), where it activates Rheb
to induce mTORC1 activation [57.58]. Later in this
review, we discuss how sensing of amino acids controls
T-cell responses.

Signaling downstream of mTOR activation is linked
to diverse cellular processes (Figure 2). The mTORC2
complex activates AGC kinases, including Akt, SGK1
and PKCa., and this links mTORC2 activity to cell
survival, metabolism and cytoskeletal rearrangement.
S6K and 4E-BP1 are well-characterized substrates for
mTORCI. As with mTORC2, S6K activity is induced
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Figure 2. Overview of mTOR signaling. Antigen stimulation via the TCR, in combination with costimulatory
receptors, cytokines and growth factors, inhibit LKB1-AMPK signaling and drive PI3K-PDK1-Akt signaling. These
events subsequently inactivate the Tsc1/Tsc2 complex, which inhibits mMTORC1 activity. When activated, mTORC1
phosphorylates downstream proteins, including S6K and 4E-BP1, to enhance protein synthesis and alter metabolic
programs. Ultimately, these changes direct cell fate decisions and promote cell growth, proliferation or survival.
Although the mechanisms are not clear, mTORC2 is also catalytically activated upon T-cell activation, which

leads to the phosphorylation of Akt S473, PKC and SGK1. mTORC2 signaling influences metabolic programs and
protein synthesis, but can also influence cytoskeletal rearrangements. In this diagram, the black and white circles
represent activating and inhibitory phosphorylation events, respectively.

TCR: T-cell antigen receptor.

by mTORCI, and S6K-mediated phosphorylation of
the ribosomal S6 protein is important to induce pro-
tein translation, which maintains cellular survival and
proliferation. By contrast, 4E-BP1 activity is inhibited
by mTORCI-mediated phosphorylation, allowing
for the synthesis of proteins to occur more efficiently.
Thus, mTORC1 and mTORC2 serve similar and
unique cellular functions governed by their ability to
modulate the activities of shared and distinct signaling
targets. To gain further insight into mTOR signaling
and biological functions, the reader is referred to other
reviews [10,11,13,59].

mTOR & its regulators control conventional
T-cell development, homeostasis & function
In this subsection, we discuss how the mTOR com-
plexes regulate T-cell development, peripheral homeo-

stasis and functional activation. We summarize these
functions in Figure 3.

T-cell development

T-cell development occurs in the thymus and is shaped
by environmental cues that induce mTOR activa-
tion [410.11]. The deletion of Rictor using Vav-Cre or
systemically impairs thymocyte development [60.61].
If mTORCI is inhibited during the eatliest stages of
thymocyte development, thymic atrophy is observed
in vivo. This phenotype is partially explained by
defects in cell cycling, which results in less proliferation
and more apoptosis in Raptor-deficient thymocytes
[60]. Interestingly, abrogation of mTORCI function
does not appear to regulate later stages of thymocyte
development, as no major developmental defects are

observed when mTOR is deleted using Cd4-Cre [62]
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or when Raptor is removed using Lck-Cre or Cd4-Cre
(60,63]. These results demonstrate that mTORCI1 and
mTORC2 serve different functional roles in thymocyte
development, and mTORCI activation is differentially
required at distinct stages of thymopoiesis.

The functions of negative regulators of mTOR
signaling in T-cell development have also been inves-
tigated. Akt and mTOR activation are elevated in
Pten~T cells, which contributes to malignant transfor-
mation of these cells [64.65]. However, although Akt reg-
ulates thymocyte development (66,671, PTEN deficiency
does not affect conventional T-cell development prior
to lymphomagenesis [68]. Studies have demonstrated
that the T-cell-specific deletion of Tscl does not impair
By contrast, LkbI~~
thymocytes have a severe developmental block linked

thymocyte development [69-71].

to defects in proliferation and survival [72.73]. However,
the established substrates for LKB1 (73], AMPKla or
the related protein, MARK2, are dispensable for thy-
mocyte development [7475]. These observations sug-

In vivo
suppression of Tconv

Lipid/cho
biosynthesis

PI3K/Akt

acids

Proliferation

CD2s,

IL-2R Leptin

Amino

mTOR signaling, Tregs & immune modulation

gest that LKB1 may mediate its effects on thymocyte
development via AMPK-independent pathways or that
AMPK family members are functionally redundant in
thymocyte development.

Maintenance of naive T-cell quiescence
& homeostasis
Conventional T-cell activation is coupled to metabolic
and energy changes. Resting T cells utilize oxidative
phosphorylation to generate energy, whereas activated
T cells rely upon oxidative glycolysis, a phenomenon
known as the Warburg effect [1112]. Several studies
have demonstrated the important role of mTOR in
regulating metabolic pathways in naive, activated and
memory T cells. Below we summarize these findings,
but more detailed discussion may be found in other
reviews [4,10].

T-cell homeostasis is maintained in the periphery
by TCR stimulation via host-derived peptide-MHC

molecules and cytokines, including IL-7 (76]. Dele-

iTreg differentiation

‘ ‘ pTreg differentation?
TGF-B, IL-2
Naive
CcD4+
Foxp3
— Tconv
] CTLA-4
I COoh 0
mTORC1

.

Leptin — " PI3K/Akt

e

TCR,

CD28,
IL-2,

S1PR1

Cell cycling, growth,
T1,T2T17
differentiation

Figure 3. Proposed model for mTORC1-mediated regulation of T-cell responses. In Foxp3* Tregs, mTORC1 activates
metabolic pathways to induce lipid biosynthesis and cholesterol metabolism, which trigger Treg proliferation.
Additionally, the activation of these pathways induces the expression of CTLA-4 and ICOS to mediate Treg
suppression. In naive T cells, mTOR signaling induced by various surface receptors inhibits the expression of Foxp3
and instead favors the generation of T, 1, T,2 and/or T,17 cells.

iTreg: In vitro induced Treg; pTreg: Peripherally derived Treg; Tconv: Conventional T cell; tTreg: Thymus-derived

Treg.
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tion of mTOR, Raptor or Rictor in T cells does not
overtly alter peripheral T-cell homeostasis [62.63]; how-
ever, active suppression of mTORCI activity main-
tains CD4* and CD8* T-cell quiescence. Consistent
with this idea, excessive mTORCI function in Zscl~-
T cells promotes aberrant cell cycling and hyperactiva-
tion upon TCR stimulation, which leads to peripheral
CD4* and CD8" T-cell apoptosis [69-71,77].

PTEN and LKBI are also regulators of peripheral
T-cell homeostasis. Mature PTEN-deficient T cells
are hyperproliferative, resistant to apoptosis and drive
autoimmunity (78]. Similar to Tsc/~~ T cells, peripheral
LkbI= T cells are hyperactivated and are more sensi-
tive to TCR-induced apoptosis [79]. After initial IL-7
stimulation, the viability of proliferating Lkb17~T cells
is similar to controls when these cells are re-stimulated
with IL-7 i vitro, but their survival in response to anti-
CD3 and anti-CD28 antibody stimulation is impaired
(72]. Interestingly, multiple metabolic pathways includ-
ing mitochondrial functions are dysregulated in ZscI~'~
T cells [69.70), while glycolysis is enhanced in the
absence of LKB1 [79]. These observations indicate that,
in addition to suppressing mTORCI activity, Tscl and
LKB1 may instruct additional molecular programs to
regulate peripheral T-cell homeostasis.

Regulation of metabolic programs that drive
functional activation of conventional T cells

The activation of mTOR also regulates various effec-
tor functions of CD4* and CD8* T cells. It has been
demonstrated that mTOR, Rheb and Raptor-deficient
T cells have defects in proliferation [62.63], and in par-
ticular, Raptor-deficient T cells have markedly reduced
capacity for cell cycle entry from quiescence [63]. The
cell cycling defect is likely a result of decreased glyco-
lysis, oxidative phosphorylation and/or lipogenesis in
the absence of Raptor [63], suggesting that mTORCI
regulates metabolic programs to facilitate the switch
from quiescent to activated T cells. Rapamycin-
mediated inhibition of mMTORCI1 in murine or human
T cells has also yielded similar results [¢3.80].

In addition to driving T-cell proliferation, mTORC1
and mTORC2 also serve different roles in priming
effector CD4* T-cell differentiation. In the absence of
mTOR function, T,;1, T,,2 and T ;17 polarizations are
all impaired [62.63,80-83]. However, it is contentious as
to the effects of mMTORC2 inactivation on T ;1 genera-
tion [81.82]. Furthermore, associated with complete loss
of mTORCI activity, T,;2 polarization and function is
severely impaired in the absence of Raptor [63], but is
retained in Rheb-deficient T cells that exhibit a partial
loss of mMTORCI activity [63.82]. Importantly, rapamycin
'~ cells is able to diminish T ;2 polar-
ization [63.81], thereby highlighting an indispensable

treatment of Rictor

role of mMTORCI in THZ generation. In CD8* T cells,
mTORCI inhibition or deletion increases memory
CD8* T-cell formation or maintenance [84-87]. Thus,
mTORCI and mTORC2 regulate diverse processes that
control T-cell development, functional activation and
differentiation. The roles of mTOR complexes in Tregs
are discussed in a later section.

T-cell trafficking is coupled to mTOR activity

To become activated or fight infections, T cells must
reside in the correct anatomical location. Chemo-
kine and adhesion receptors direct T-cell trafficking
throughout the blood, lymphatic tissues and into sites
of inflammation. For instance, CD62L, CCR7 and
S1PR1 promote trafficking to peripheral lymph nodes,
while receptors including CXCR3 mediate recruit-
ment into inflammatory sites [88]. Several studies have
shown a role for mTOR in directing T-cell traffick-
ing. In activated CD8* T cells, PI3K inhibition and
rapamycin treatment inhibit CCR7, CDG62L and
S1PR1 downregulation induced by IL-2 signaling [s9].
The opposite effect is observed when mTOR activity is
elevated in the absence of PTEN or Tscl [70,89.90]. The
aberrant expression of these molecules causes CD8*
T cells to traffic to peripheral lymph nodes [89.91],
which is correlated with enhanced memory CD8*
T-cell differentiation [91]. Mechanistically, mTORCI1
regulates the expression of these receptors by modulat-
ing KLF2 and HIF1 expression [89,92]. Furthermore, by
regulating Ake activity, mMTORC2 may inhibit FoxO1
function, which has been shown to regulate the expres-
sion of lymph node homing receptors [90]. Finally,
mTORCI activity induces T-bet expression [91], which
upregulates CXCR3 expression to localize T cells to
sites of infection [93,94]. Thus, mTOR activity regulates
T-cell trafficking via multiple mechanisms.

Amino acids & leptin modulate T-cell responses

In addition to signals received from antigens and
cytokines, amino acids have also been demonstrated
to modulate mTOR activation in T cells. Studies
conducted in the absence of select amino acids have
revealed an important role for these nutrients in T-cell
responses. Depletion of arginine, leucine and trypto-
phan impairs T-cell responses [37.47.95]. Moreover, glu-
tamine is rapidly imported into T cells and is required
for efficient T-cell responses [9697]. Recent studies
have linked amino acid uptake to mTOR activation
in T cells. CD98 senses neutral and branched amino
acids, including leucine, and forms a heterodimer with
Slc7a5, Slc7a8, Slc7a7 or Slc7a6 [93]. Deletion of CD98
compromises T-cell proliferation, and Slc7a5-deficient
T cells have reduced mTOR signaling and functional
activation [99]. ASCT2 is a sodium-coupled trans-

1302

Immunotherapy (2014) 6(12)

fsg

future science group



porter for neutral amino acids, including glutamine,
alanine, serine, threonine and cysteine [100]. A recent
report showed that glutamine and glucose uptake are
reduced in ASCT2-deficient T cells [97101]; the latter
observation is due to the fact that the glucose receptor,
Glutl, is expressed at lower levels in these cells. As a
consequence, Ascz2”~ T cells have reduced mTORC1
activation and metabolic defects that specifically atten-
uate T,1 and T 17 differentiation and function [97,101].
Further investigation is needed to determine if differ-
ent amino acids share common transporters to induce
functional T-cell responses.

Leptin is a hormone derived from adipocytes that
regulates multiple aspects of T-cell biology. Leptin sig-
naling modulates T-cell proliferation and the preferen-
tial differentiation of T, 1 cells over T2 cells [102.103].
Moreover, autoreactive CD4* T cells are activated
and survive in a leptin-dependent manner [104]. Thus,
various nutritional factors modulate effector T-cell
responses.

Control of Treg responses by mTOR

Tregs are also activated by upstream signals that drive
mTOR activation, but these cells can influence the
availability of mTOR-activating nutrients that induce
effector T-cell responses. Therefore, the same upstream
stimuli that induce mTOR function in effector T cells
have different effects on the differentiation and func-
tions of Tregs. Recent reports link hyperactivation of
mTOR to dysregulated T-cell responses in autoimmu-
nity [105,106], underscoring the importance of address-
ing the role mTOR signaling serves in Treg biology.
Below, we discuss the pharmacological and genetic
studies that have interrogated the functions mTOR
complexes have in Tregs (Figure 3). We also describe
how different upstream stimuli can tune mTOR activ-
ity to modulate Treg proliferation and suppressive
responses.

Effects of rapamycin treatment on Treg
differentiation

Several groups have employed rapamycin to elucidate
how mTOR inhibition modulates Treg function. In this
regard, rapamycin treatment induces the de novo expres-
sion of Foxp3 and thus functional Foxp3* T-cell expan-
sion from naive T cells iz vitro [63.107-113]. Pre-existing
CD4*CD25* T cells also expand in the presence of
rapamycin and have enhanced suppressive function
relative to non-rapamycin treated cells [109-111,114]. This
enhanced suppressive capacity is likely due, in part, to
their increased expression of CD25 and CTLA-4 [114].
Despite its ability to promote Treg proliferation upon
acute treatment, chronic rapamycin stimulation does
not induce Treg proliferation in the absence of exo-
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genous I1L-2 [115]. This observation may be due to the
fact that rapamycin also suppresses mTTORC2 function
or enhances Akt activation after long-term treatment
(16,117). Furthermore, rapamycin treatment ablates some,
but not all, of mMTORCI1 function [11.118]. For instance,
rapamycin treatment can suppress S6 phosphorylation,
while 4E-BP1 phosphorylation remains largely intact
(11,118]. Finally, Tregs were found to be more resistant
to rapamycin treatment than conventional T cells [119],
potentially because ex vivo and in vitro activated Tregs
have higher levels of mMTORCI activation than naive
T cells [115.120]. These limitations highlighted the need
for direct genetic models that assess the role of MTORCI
in Treg functions.

Effects of genetic inhibition of mMTORC1 on
Treg differentiation & function

More recent work has utilized genetic models to ascer-
tain the role mMTORCI serves in Treg differentiation
and functions. Delgoffe ¢t al. were the first to dem-

onstrate that m7or'~ T cells spontaneously develop

into iTregs in the absence of IL-2 and TGF-f [62]. This
spontaneous iTreg differentiation requires ablation of
both mTORCI1 and mTORC2, as Rheb or Rictor dele-
tion alone is not sufficient to drive iTreg formation [82].
IL-2 and TGF-f induced iTreg differentiation is also
retained in Rheb™~ T cells [62].

A recent study from our group has demonstrated
that mTORCI is a positive regulator of Treg functions
in vivo [120]. Mice bearing the Raptor-deficient Tregs
develop lymphadenopathy and multi-organ auto-
immunity, associated with the hyperactivation of CD4*
and CD8* T cells in these mice. Mechanistically, Rap-
tor regulates the expression of CTLA-4, and to a lesser
extent ICOS, and further links cholesterol biogenesis
and metabolic pathways to mediate the proliferation
and expression of these immunosuppressive molecules
in Tregs [120]. It was recently demonstrated that, after
CD4 T-cell depletion, Tregs that reemerge are less sup-
pressive if mTOR function is inhibited iz vivo 121], fur-
ther supporting the notion that mTORCI is a critical
positive regulator of Treg functions in vivo. Moreover,
the observation that Rictor deletion could delay lethal-
ity in the Raptor”'~ Treg-bearing mice suggests that the
positive effects of rapamycin and mTOR deletion on
iTreg differentiation may be attributed to concomitant

reductions in mMTORCI and mTORC?2 activity.

Role of mMTORC2 in Treg differentiation &
function

Several studies have also investigated the role of
mTORC2 in Treg development, differentiation and
function. We recently found that mTORCI antagonizes
mTORC2 function to partially regulate Treg functions
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in vivo [120]. However, Rictor deletion in Tregs alone
results in no gross abnormalities, unlike those observed
in mice bearing Raptor-deficient Tregs [120]. Thus, the
contribution of mMTORC2 to Treg functions iz vivo is
less dominant than that of mTORCI. Similarly, Ric-
tor"= T cells retain their capacity to become iTregs
(81.82]. Thus, mTORC2 does not appear to have a domi-
nant role in maintaining Treg functions 7z vive or in
promoting iTreg generation, although the function of
mTORC2 in pTreg differentiation in various inflam-
matory settings remains undefined. Collectively, these
data highlight the unique biological properties of the
mTOR complexes in tTreg and iTreg cells.

Multiple cellular inputs tune mTOR activation

in Treg to modulate their function

As we have discussed earlier in this review, multiple
upstream stimuli activate and tune mTOR activation.
Therefore, quantitative differences in mTOR activa-
tion also contribute to differences in Treg responses. As
we noted above, mTORCI activity is high in human
and murine Tregs [115,120], which restrains TCR and/or
IL-2 stimulation-induced proliferation 7z vitro [115].
Because Tregs robustly proliferate iz vivo [122], several
studies have addressed what signals influence mTOR
activation to promote efficient Treg proliferation.
Leptin is a key factor in this process. Tregs express
high levels of leptin receptor, and leptin restrains Treg
proliferation, as neutralization of leptin enhances
TCR and IL-2-induced Treg proliferation [123]. Leptin
receptor-deficient Tregs also have increased prolif-
erative responses, linked to reduced mTOR activation
(115]. Thus, leptin sensing in Tregs is critical to dampen
excessive mTOR activation and drives Treg prolifera-
tion. Both mTOR inhibition and amino acid depri-
vation can synergize with TGF-f to augment Foxp3
expression in vitro [3747]. Thus, by modulating the
function of APCs, Treg-dependent amino acid depri-
vation also appears to mitigate mTORCI activation in
these cells to subsequently drive Treg differentiation
and/or proliferation in vitro and in vivo.

The ability to tune mTOR activity is also critical to
support Treg suppressive functions in different inflam-
matory settings, which requires the maintenance of
Foxp3 expression [8]. Transient TCR stimulation drives
PI3K-Ake-mTOR signaling that antagonizes Foxp3
expression [124]. Consistent with this observation, Tscl
deficiency in T cells leads to a loss of Foxp3* T cells in
the periphery, and Tscl-deficient Tregs lose suppressive
function in vivo [125]. Moreover, Tregs from relapsing-
remitting multiple sclerosis patients have altered IL-2
signaling, which drives excessive mTOR signaling in
these cells [105]. This defect is correlated with reduced
Treg proliferation and Foxp3 expression [105], further

supporting the notion that excessive mTOR signaling
dampens Treg responses.

The SIPR1-mTORCI signaling axis also regulates
Treg differentiation and functional fates. SIPR1 sig-
naling to mTORCI restrains Treg differentiation in
the thymus and periphery, and limits their suppressive
functions iz vitro and in vivo during homeostasis and
inflammation [126,127]. Chronic TCR stimulation or
TGF-B signaling stabilizes Foxp3 expression to promote
iTreg induction and regulate their suppressive functions
[62.82,124]. The activation of mMTORC2 may also influence
Foxp3 stability to maintain Treg suppressive functions,
as Rictor-deficiency restores Treg functions 77 vitro and
partially reverses the fatal autoimmune disease observed
in mice bearing Raptor-deficient Tregs [120]. Future stud-
ies will investigate how currently unknown activators of
mTORC2 and other mTORCl-inducing agents, includ-
ing leptin and amino acids, influence Foxp3 stability and
Treg suppressive function.

Clinical perspectives for the targeting of
mTOR in Tregs

Rapamycin is approved for use in solid organ trans-
plants, and mTOR inhibitors are potential therapeutics
for solid tumors and hematological cancers, metabolic
diseases and autoimmune disorders [60]. Rapamycin
promotes the generation of memory CD8* T cells
[84-86], which are protective in infectious and tumor
models and enhance vaccine efficacy [87128-130]. How-
ever, rapamycin also has profound effects on CD4*
T-cell differentiation and function, as noted above.
Therefore, rapamycin-induced immunosuppression
has the potential to impair the ability to fight infec-
tions. Long-term immunosuppression upon rapamycin
treatment may also predispose individuals to develop-
ing cancers, as immune surveillance mechanisms are
likely to be disrupted. Thus, more targeted immuno-
suppressive regimens are still needed to limit these
potentially negative effects.

Several ATP-competitive mTOR inhibitors have
recently been developed [131]. These inhibitors, includ-
ing Torinl and PP242, completely attenuate mTORC1
activation as evident by suppression of 4E-BP1 phos-
phorylation, and are also better at targeting mTORC2
activity that can feedback enhance Akt function
(132-134]. These compounds are currently entering
into clinical trials and have shown enhanced prom-
ise as anticancer therapies compared with rapamycin
(131,135,136]. As loss of mMTORC2 in combination with
mTORCI exerts different effects on Treg differentia-
tion and 7z vive functions than repression of mMTORC1
alone [82,120], future studies should explore the effects
these new inhibitors have on Treg responses in different
clinical settings.
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Although Treg-targeted therapies are rapidly
emerging as a means to regulate adaptive immune
responses in different diseases, there are clear limi-
tations to Treg-mediated therapies, thereby high-
lighting the need for more Treg-specific targeting
strategies. What potential effects would targeting
mTORCI in Tregs have in different diseases? Our
work suggests that mTORCI inhibition in Tregs
would exacerbate immune responses that could
contribute to autoimmunity or excessive inflamma-
tion [1.3.8120). However, it may be possible to sup-
press inflammatory diseases or conditions by target-
ing mTORCI in naive T cells, predisposing them
to becoming Tregs instead of effector CD4* T-cell
populations. Furthermore, mTORCI inhibition in
combination with other methods (e.g., CTLA-4
engagement or IL-2 treatment) may provide a means
to generate a stable pool of Tregs to suppress inflam-
mation in the context of infections, transplants or
autoimmunity.

mTORCI inhibition in Tregs present in the solid
tumor microenvironment, which contains Tregs and
other immunosuppressive cell populations [54], may
enhance the effectiveness of different antitumor treat-
ment regimens. For instance, inhibiting mTORCI1
may suppress Treg functions such that high-dose IL-2
therapy would be more beneficial to treat melanoma
and renal cell carcinoma [56]. Other cancer thera-
pies, including CTLA-4 antagonism or cytotoxic
T-cell therapy to certain tumor antigens, may also
be enhanced by mTORCI inhibition in Tregs [28,137].
However, we argue that mTORCI inhibition in this
setting would need to be very specific to Tregs, as the
effector T-cell populations in this system would also
be impacted by mTORCI inhibition.

The ability to generate sufficient numbers of Tregs
ex vivo for adoptive therapies is one major obstacle
for using Treg-mediated transfer therapy to treat
autoimmune conditions. Previous works using tran-
sient rapamycin treatment or deletion of mTOR or
Rheb have demonstrated that naive T cells retain
or have an enhanced capacity to become iTregs
(62,63.82,107-115]. Given that rapamycin mediates the
expansion of functional Tregs from non-human pri-
mate and human T cells [107.108114], this may be a
viable option to generate sufficient numbers of Tregs
for adoptive transfers iz vitro. It was recently dem-
onstrated that rapamycin-expanded human Tregs
maintain their suppressive function in the presence
of T, 17-polarizing conditions 7z vitro and in a xeno-
graft transfer model into immunodeficient hosts
(138]. However, more long-term clinical studies are
needed to determine if the progeny of these iTregs
retain suppressive capacity or instead revert to other
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T-cell effector lineages in autoimmune or inflamma-
tory environments. These studies will be vital toward
evaluating the long-term efficacy and safety of thera-
peutics using iTreg that are generated in the presence

of mMTORCI inhibition.

Conclusion & future perspective

Despite the overwhelming immunotherapeutic
potential of targeting Tregs to modulate different
diseases, the limitations with current Treg-targeted
therapies highlight the need to study the precise
molecular mechanisms underlying Treg functions.
Recent work has revealed the important roles of
mTOR in immune responses mediated by Tregs
and conventional T cells. We argue that mTORCI1
targeting in Tregs may be harmful or beneficial in
different disease settings. Although we have dem-
onstrated that Tregs deficient in both Rictor and
Raptor are modestly more suppressive than Raptor'~
Tregs [120], further studies are needed to address if
loss of mMTORC1 and mTORC2, alone or in combi-
nation, in Tregs differentially alters their functions
in different disease settings. These experiments will
guide clinicians as they develop new Treg-mediated
therapies to treat different conditions.

Both Treg- and mTOR-targeted therapies will ben-
efic from an improved ability to target specific cell
lineages. Aptamer-mediated delivery of therapeutic
agents, such as drug compounds or RNA interference
sequences, is an attractive means by which Treg func-
tions may be specifically modulated. In support of this
idea, mMTORCI function was recently inhibited iz vivo
using an aptamer that specifically targeted activated
CD8* T cells [86]. Before this strategy may be used
clinically, however, the further classification of surface
receptors that distinguish tTreg and pTreg/iTreg cells
from naive and activated conventional T-cell popula-
tions is needed. These studies would ameliorate some
of the off-target effects that are currently observed
with treatments that target both Tregs and activated
conventional T cells, such as anti-CD25 antibody or
CTLA-4-Ig administration.

It will also be important to further characterize how
mTORCI activity regulates Treg development or func-
tions in different disease conditions. For instance, how
does mTORCI modulate Treg functions in different
inflammatory environments (e.g., T1, T, 2, T 17-
associated inflammation)? Furthermore, how does the
interplay between Tregs and other suppressive T cell
and/or myeloid populations influence mMTORCI-medi-
ated functions in Tregs? Addressing this question will
be especially useful for determining how mTORCI1
targeting may influence the antitumor response, as
various suppressive immune cell populations are found

Review

fsg

future science group

www.futuremedicine.com

1305



Review

Chapman & Chi

Executive summary

Background

e T cells are central regulators of the adaptive immune response to infections, but dysfunctional T-cell responses
contribute to disease development or progression.

e APCs that express antigens and costimulatory molecules activate T cells expressing specific T-cell antigen
receptors (TCRs). Additional factors, including cytokines, growth factors and nutrients, also tune how T cells
respond to different pathogenic antigens.

e CD4+*CD25*Foxp3* Tregs are critical suppressors of T-cell responses and thus are central regulators of immune
homeostasis.

e mTOR is a critical integrator of environmental stimuli and regulates signaling in T cells that influence their
homeostasis, differentiation and activation.

Mechanisms of Treg suppression & their roles in homeostasis & disease

e Tregs are phenotypically distinct from other CD4+* T-cell populations, but also share common surface receptors
with activated and memory T cells. This is a challenge for the select targeting of Tregs in clinical settings.

e Tregs utilize multiple suppressive mechanisms to inhibit T-cell responses which are broadly classified into the
following:

- Cell contact-dependent modulation of APC function (e.g., CTLA-4 downmodulation of costimulatory
signals or induction of IDO expression).

Secretion of various anti-inflammatory cytokines (e.g., IL-10, TGF-B, IL-35).

- Disruption of metabolic processes (e.g., localized depletion of IL-2, ATP).

Induction of apoptosis in conventional T cells (via perforin and granzyme B).

e Dysfunctional Treg responses contribute to autoimmunity or cancer development.

e Different therapies that modulate Treg functions are in development or under clinical investigation to treat
diseases, including autoimmunity and cancer.

mTOR is a critical regulator of T-cell homeostasis & function

e Elevated mTORC1 signaling disrupts conventional T-cell homeostasis.

e Genetic inhibition of mMTOR function has profound effects on CD4* T-cell differentiation and functional
activation:

- Reduced induction of glycolytic, oxidative phosphorylation and lipolysis metabolism, which contributes to
reduced T-cell proliferation.
- Impaired generation of T,1, T,17, T 2 responses.

* Memory CD8* T-cell differentiation and function is negatively regulated by mTORC1.

Control of Treg responses by mTOR

e Short-term inhibition of MTORC1 induces Foxp3 expression in naive T cells and drives functional Treg
expansion in vitro.

e Long-term suppression of mTORC1 does not promote Treg proliferation under select conditions.

e Genetic inhibition of MTORC1, but not mTORC2, ablates Treg suppressive functions and drives fatal
autoimmune disease development in vivo.

e mTORC2 inhibition partially restores the in vivo suppressive functions of Tregs after mTORC1 function is
impaired and may increase Treg differentiation in vitro.

Clinical perspectives for the targeting of mTORC1 in Tregs

e mTOR inhibitors are emerging as treatments for different human diseases, but the global immunosuppressive
effects of these inhibitors demonstrate that more targeted strategies are needed to harness their function in
immune-mediated diseases.

e Recent studies indicate that mTORC1 inhibition in Tregs may disrupt immune homeostasis and drive
autoimmunity or hyperinflammation. However, targeted inhibition of mTORC1 in a tumor microenvironment
may enhance antitumor immune responses by overcoming the suppressive environment mediated by Tregs.

¢ Naive T-cell targeting of mTORC1 inhibitors may provide dual therapeutic effects in autoimmune conditions
that are driven by pathogenic CD4* T-cell responses, in that Tregs would be induced and effector CD4+* T-cell
differentiation and function would be inhibited.

e Short-term mTORC1 inhibition may be therapeutically beneficial to expand Tregs in vitro, which could then be
used in Treg-adoptive transfer therapies in autoimmune diseases.

Conclusion & future perspective

e Targeting Tregs for immune modulation holds strong therapeutic promise, but more specific methods of
modulating Treg differentiation or functions without compromising conventional T-cell activation are still
needed.

e mTORC1 inhibition offers an attractive strategy to tune Treg responses under select conditions, but future
work should investigate how mTORC1 inhibition in these cells influences their functions in different

inflammatory settings.
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within tumors [s4]. Finally, what role does mTOR
serve in the generation of humoral responses mediated
by T, and T ? This concept would be interesting to
address, as it is possible that dysregulated mTOR func-
tion in these cells may contribute to autoantibody pro-
duction that is pathogenic in autoimmune disorders
(139]. Gaining further insight into how mTOR regu-
lates immune responses will be crucial for designing
safe and effective methods to tune mTOR activation as
a means to modulate Treg activity in various diseases.
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