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Abstract

Purpose of review—In this review, we discuss the recent advances with regard to the mTOR
signaling pathway and focus on how this pathway modulates immune responses. Overall, these
insights provide important clues in terms of strategically integrating mTOR and metabolic
inhibitors into transplantation rejection protocols.

Recent findings—mTOR is regulated by environmental cues and activates diverse downstream
pathways to guide cell growth and fate. What has emerged from recent studies is that
mechanistically mTOR directs T cell differentiation and function in part by regulating metabolic
programs. Such findings not only inform us with regard to the metabolic demands of effector and
memory T cells but also elucidate metabolic pathways that might be targeted to selectively
regulate immune responses.

Summary—Initial studies focused on the ability of the mTOR inhibitor rapamycin to suppress
immune responses by inhibiting T cell proliferation. Since then, both pharmacologic and genetic
studies have revealed a central role for mTOR in regulating T cell activation, differentiation and
function independent of proliferation. Specifically, it has become clear that mTOR plays an
important role in regulating the metabolic machinery necessary for effector, regulatory and
memory T cell generation. As such, direct inhibition of metabolism may emerge as a potent and
selective means of preventing graft rejection. This review will discuss new insights regarding the
ability of downstream signaling pathways, including mTOR-dependent metabolic pathways in
regulating T cell responses. Finally, we will discuss these new insights in the context of
developing novel immunoregulatory regimens for transplantation.
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INTRODUCTION

Rapamycin, extracted from Streptomyces hygroscopicus, was identified as an anti-fungal
agent found in soil from Easter Island in the 1970s [1]. Initially proposed as an antibiotic in
yeast, FKBP12, TOR1, and TORZwere identified as the targets of rapamycin [2]. In yeast,
the proteins encoded by these genes interact as subunits of a protein complex that mediates
signaling essential for cell cycle and promotes cellular proliferation in response to growth
factors and nutrients [3, 4]. The Drosophila TOR homolog dTOR is required for normal
growth and proliferation during larval development [5]. The mammalian target of rapamycin
(mTOR) is a 289-kDa serine/threonine kinase that was identified as the target of rapamycin,
which was initially found as an inhibitor of T cell proliferation [6]. Subsequent studies
revealed that rapamycin can also inhibit the proliferation of tumors [7]. More recently
however, it has become appreciated that mTOR acts as a central regulator of immune
responses, coordinating immunologic and metabolic programs [8]. mTOR senses nutrient
availability, growth factors, oxygen and energy status to regulate both innate and adaptive
immune responses. Thus, mTOR signaling serves as a vital link between metabolic demand
and cellular function and controls metabolic reprogramming during cell activation,
proliferation, and differentiation [9-11]. This review summarizes mTOR signaling and
focuses on how modulation of mTOR activity can regulate T cell responses.

Overview of mTOR Signaling pathway

mMTORC1

mTORC2

In mammalian cells, mTOR exists as one gene but forms two structurally distinct
complexes, mTOR Complex 1 (nTORC1) and mTORC2 [12]. In a generic sense, in
mammalian cells, mTORCL is responsible for regulating cell growth and metabolism, while
mTORC2 regulates cellular functions such as actin reorganization and survival [13].
Importantly, these generalized distinctions mostly reflect the biologic systems in which
mMTOR as has been studied. For example, in T cells alone, our group and others have defined
multiple specific functions for mMTORC1 and mTORC?2 [14-18].

mTORCL1 consists of regulatory-associated protein of mTOR (Raptor), mammalian lethal
with Sec13 protein 8 (MLST8), and the proline-rich Akt substrate 40 kDa (PRAS40) and
DEP domain—containing mTOR-interacting protein (DEPTOR) [19-21]. Upon activation of
mTORC1, mTOR phosphorylates ribosomal S6 kinase (S6K1), leading to the
phosphorylation of ribosomal S6 protein, which is required for protein translation [22]. 4E-
BP1, a translational repressor, is also deactivated by mTOR-mediated phosphorylation
further promoting translation [22]. Along with increasing protein synthesis, m"MTORC1
activity also upregulates gene expression programs necessary for glucose and lipid
metabolism, mitochondrial biogenesis, and inhibition of autophagy [19, 23].

MTORC?2 is composed of mLST8 in addition to rapamycin-independent companion of
mTOR (RICTOR), mammalian stress-activated protein kinase interacting protein (mSIN1),
DEPTOR, and the protein observed with RICTOR (PROTOR) [19, 21]. Activation of
mTORC?2 leads to phosphorylation and activation of Akt, protein kinase C (PKC), and
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serum glucocorticoid-regulated kinase 1 (SGK1) [24-26]. For T cells, one important
substrate of mTORC?2 is the transcription factor Forkhead box protein O 1 (FOXO1).
Phosphorylation of FOXO1 inhibits its activation by its nuclear export [27]. FOXO1 in turn
regulates the expression of the transcription factor Kriippel-like factor 2 (KLF2), which
promotes the expression of CD62L, and CCR7, and S1P1 [28-30]. As those are key
molecules important for T cell homing to secondary lymphoid organs, recently FOXO1 has
been shown to play a critical role in promoting the expression of genes important for the
development of CD8+ memory T cells [31, 32].

Upstream Regulation of mTOR activity

Many immunologic and non-immunologic inputs regulate mTORC1 activity (Fig. 1). TCR
engagement + costimulation (for example CD28 signaling) [9, 33], growth factors, insulin
and cytokine signaling lead to the activation of phosphatidylinositol 3-kinase (PI3K) activity
[34, 35]. Through the production of phosphatidylinositol (3,4,5)-trisphosphate (PIP3), PI3K
activates 3-phosphoinositide-dependent protein kinase-1 (PDK1), which in turn activates
Akt. When Akt phosphorylates a complex consisting of tuberous sclerosis complex 1
(TSC1) and TSC2, its GTPase-activating protein (GAP) activity is inhibited, allowing for
the activation of Ras homolog enriched in brain (RHEB). RHEB is a small GTPase
immediately upstream of mMTORC1. Through a yet unknown mechanism, active RHEB leads
to the activation of mMTORC1 and thus RHEB is a crucial regulator of mTORC1 signaling
[36-38]. Interestingly, a recent report suggests that in T cells this activation may not be
dependent on Akt [39]. mTOR can also integrate negative signals from the immune
microenvironment. When the co-inhibitor PD-1 ligand 1 (PD-L1) on antigen presenting cells
engages PD-1 on the surface of T cells, this leads to inhibition of PI3K and subsequent
inhibition mTOR signaling [40]. The upstream regulation of mMTORC2 is less understood.
Physical association of mMTORC2 with ribosomes in a PI3K dependent manner promotes
mTORC2 kinase activity. In addition, endoplasmic reticulum (ER) stress can inhibit
mMTORC?2 activity via GSK3p [41, 42].

Pharmacological Suppression of mTOR

Similar to FK506, the function of rapamycin is dependent on its ability to bind to the
immunophilin, FK506 binding protein 12 (FKBP12) [43]. However, unlike FK506 and
cyclosporin A, rapamycin does not inhibit calcineurin and hence does not block TCR-
induced NF-AT activation [44]. Mechanistically, rapamycin and other rapalogs bind to
FKBP12 and are believed to prevent the ability of Raptor to bind to mTOR, thus
allosterically inhibiting mTORC1 [45]. Notably, prolonged treatment with rapamycin can
also lead to the inhibition of mMTORC2 signaling [46]. Alternatively, mTOR kinase
inhibitors function as ATP-competitive inhibitors at the mTOR catalytic domain and thus
inhibit both mTORC1 and mTORC2 signaling simultaneously [47-49]. Because PI3K
regulates mTOR activity, PI3K inhibition can also affect mTOR activation [47](Fig. 1).

Role of mTOR in Cell-mediated Immunity

mTOR integrates diverse environmental signals and metabolic demands to coordinate T cell
activation, proliferation, differentiation and trafficking.
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CD4+ T cell lineage differentiation

MTORC1 has been shown to be essential for Th1 and Th17 differentiation [16]. TSC1
deletion, leading to enhanced mTORCL activity in T cells, results in augmented Th1 and
Th17 differentiation [50]. Alternatively, T cells lacking RHEB and hence decreased
mTORC1 activity fail to differentiate to Thl or Th17 cells under appropriate skewing
conditions [16, 50]. On the other hand, mTORC2 is critical for Th2 differentiation as
demonstrated by the observation that RICTOR™~ T cells fail to differentiate to Th2 cells
under appropriate polarizing conditions [16, 18]. Interestingly, Raptor™~ T cells have
mitigated mTORC1 activity like RHEB™~ T cells, but demonstrate decreased generation of
Th2 cells (unlike RHEB ™~ T cells) [51]. Notably, Raptor-/- T cells (unlike RHEB™~ T
cells) have decreased levels of GATA-3 [51].

While mTORC1 and mTORC?2 are important for Thl, Th17 and Th2 differentiation
respectively, T cells specific loss of mTOR (and hence both mMTORC1 and mTORC2
signaling) not only inhibits the generation of Thl, Th2 and Th17 cells but instead promotes
the generation of regulatory T cells [15]. These genetic data are supported by the ability of
mTOR kinase inhibitors, which simultaneously inhibit mMTORC1 and mTORC?2, to promote
the generation of Foxp3+ Tregs [16]. Interestingly, there are numerous studies that show that
rapamyecin can also promote the generation of regulatory T cells [52-54]. Ostensibly, this
does not seem to fit with the genetic data since rapamycin inhibits mMTORC1. However,
consistent with findings using cancer cell lines, rapamycin can also inhibit mMTORC2 [46].
Indeed, we have found that T cells (particularly naive T cells) are exquisitely sensitive to
mTORC2 inhibition by rapamycin [16]. In addition to promoting the generation of
regulatory T cells, rapamycin appears to preferentially select for the expansion of Foxp3+ T
cells [55, 56]. In the presence of rapamycin, Tregs are more resistant to apoptosis, due to the
upregulation of Pim-2 kinase [55, 57]. Consistent with this finding, Tregs have been noted to
have less mTOR activation upon stimulation, partly because of an increase in the PI3K
inhibitor phosphatase and tensin homolog (PTEN)[56]. Interestingly, regulatory T cells can
promote the induction of regulatory T cells in part by promoting the depletion of leucine
which in turn leads to decreased mMTOR activation in the suppressed cells [58]. Additionally,
progesterone has been shown to have potent Treg induction activity via suppression of the
mTOR pathway [59].

CD8+ T cell effector/memory differentiation and Trafficking

Naive CD8+ T cells activate mTOR and down-regulate CD62L and CCR7, resulting in
trafficking of the activated effector cells out of the lymph nodes and into the tissues [60].
Alternatively, memory CD8+ T cells possess low mTOR activity [61]. This is associated
with re-expression of CD62L and CCR7 and homing of memory T cells to secondary
lymphoid tissues [62]. Consistent with these findings regarding T cell trafficking, it has been
shown that low doses of rapamycin during LCMV infection promotes the generation of
memory CD8+ T cells [63]. Mechanistically rapamycin promotes the expression of
eomesodermin, a transcription factor that has been associated with memory T cells, and
decreases the expression of T-bet which is associated with CD8 effector cells [64]. Recently,
a study employing 4-1BB aptamer-raptor siRNA, demonstrated that targeting Raptor sSiRNA
to T cells leads to an increase in the generation of memory CD8+ T cells [65]. Furthermore,
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culturing LCMV-specific T cells with rapamycin generates long-lived CD8+ memory cells
as demonstrated when these cells are adoptively transferred into mice [66].

mMTOR coordinates T cell function and metabolism

Evolutionarily from yeast to mammalian cells, TOR acts as an integrator of nutrient-sensing
pathways coordinating metabolism with nutrient availability and function [67] (Fig. 1).
mTOR signaling regulates glucose, lipid, amino acid and nucleic acid metabolism for cells
[68-72]. Recently, it has become clear that effector versus memory CD8+ T cells and
different subsets of CD4+ T cells have different metabolic demands. Most mammalian cells
rely on the tricarboxylic (TCA) cycle and oxidative phosphorylation to produce adenosine
triphosphate (ATP) in the presence of oxygen. However, upon activation, effector T cells
utilize glycolysis for their biosynthetic needs, similar to cancer cells [73, 74]. Although
aerobic glycolysis produces less ATP, this pathway can provide more of the building blocks
necessary for DNA replication, protein synthesis and lipid synthesis [75]. mMTORCL1 in part
regulates the activity of two transcription factors, Myc and hypoxia-inducible factor 1
(HIF-1), responsible for coordinating glycolysis [76-79]. The Myc oncogene is also critical
for T cell activation-induced glutaminolysis [76]. The process of glutaminolysis generates
a-ketoglutarate for the TCA cycle and metabolic intermediates for biosynthesis. Inhibition
of glutaminolysis significantly decreases T cell proliferation and cytokine production [80,
81]. A recent study demonstrated that mTORC1 promotes glutamine anaplerosis by
activating glutamate dehydrogenase (GDH) [82]. Rapamycin treatment or acute deletion of
Myc impairs the upregulation of multiple glycolytic and glutaminolytic enzymes [76].
Consequently, growth and proliferation of effector T cells are suppressed.

HIF-1 is important in the maintenance of glycolytic metabolism in specific CD4+ and CD8+
T cell subsets and its induction is dependent upon mTOR [39, 83, 84]. mTORC1 activity
enhances HIF-1a expression at both the transcriptional and translational level leading to
enhanced glucose transport and glycolysis [85]. SiRNA mediated inhibition of HIF-1a in
TSC2 null cells abrogates expression of critical enzymes for glycolysis [85]. Along these
lines, HIF-1 has been shown to be necessary in order to sustain glucose metabolism and
glycolysis in effector CTLs [39]. Also, HIF-1 helps to control the expression of cytolytic
effector molecules and essential chemokines and adhesion receptors that regulate T cell
trafficking [39]. Thus, mTOR-induced HIF-1 expression controls effector CD8+ T cell
metabolism, differentiation, and migration [39]. For CD4+ T cells, HIF-1a-deficient T cells
have diminished Th17 but increased Treg differentiation [83, 84]. This finding is consistent
with the observation that CD4+ effector cells such as Th17 cells utilize glycolysis while
Tregs employ oxidative phosphorylation and fatty acid oxidation for their metabolic needs.
Indeed by regulating glycolysis the relative generation of effector versus regulatory T cells
can be manipulated in vivo [86].

Lipid and cholesterol biosynthesis-SREBP1

Another important metabolic change in activated T cells is to rapidly increase lipid and
cholesterol biosynthesis. This process is also in part under the control of mMTORC1 via
activation of the sterol regulatory element-binding protein 1 (SREBP1) [71]. mTORC1
controls SREBP via the ribosomal S6 Kinase (S6K) [72]. SREBP activation leads to
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upregulation of genes necessary for de novo lipid biosynthesis [69]. A recent study has
demonstrated that SREBPs are essential for CD8+ T cells to undergo metabolic
reprogramming in response to mitogenic signaling. Loss of SREBP function in CD8+ T
cells renders them unable to efficiently blast, which results in attenuated clonal expansion
during viral infection [70].

MTOR activity is regulated by nutrient, energy and oxygen availability

Activated T cells up-regulate glucose and amino acid transporters [87, 88]. Indeed, a critical
aspect of CD28 mediated costimulation is to increase the expression of the glucose
transporter Glutl [89]. This increased surface expression is dependent upon PI3K-dependent
Akt signaling [89]. Glucose deficiency or blocking Glutl expression inhibits T cell function
[89]. Likewise, amino acid deficiency can also inhibit T cell function. In part this is because
mTORC1 activation is dependent upon the presence of branch chain amino acids such as
leucine [90]. The lack of plasma membrane transporters of leucine can completely block
mTORCL1 activity, which can be reversed by cytoplasmic injection of leucine [91]. Recently,
it has been shown that the upregulation of the leucine transporter Slc7a5 is induced by TCR
stimulation in a NF-AT dependent fashion [92]. T cells lacking Slc7a5 fail to become
effector cells upon stimulation [92]. Furthermore, the influx of leucine occurs via a
glutamine antiporter. When intracellular glutamine is lacking, mTORC1 activity is also
mitigated [93]. N-acetyl-leucine amide (NALA), a derivative of L-leucine, is capable of
inhibiting mTOR signaling by acting as a competitive antagonist [11]. NALA causes cell
cycle arrest at the G1 stage and blocks cell proliferation in Jurkat cells [94]. Furthermore,
activating Th1 cells in the presence of NALA can promote the induction of T cell anergy
[11].

In the setting of decreased ATP:AMP ratio, AMPK senses the paucity of energy and in turn
inactivates RHEB by phosphorylating TSC, thereby inhibiting mTORC1 activity. The
diabetes drug metformin and another AMP-kinase agonist 5-aminoimidazole-4-
carboxamideribonucleoside (AICAR) imitate energy deprivation and inhibit mTORC1 [11,
95]. However, AMPK is also activated upon TCR-engagement when mTORC1 activation is
robust [96]. Thus, the role of AMPK in T cells is complex and its activation in the setting of
antigen recognition may represent a means by which lymphocytes anticipate potential ATP
exhaustion [96]. For example, while AMPK deficient CD8+ T cells display normal
activation [97, 98] in the setting of glucose deprivation such cells have increased cell death
[98]. Likewise, the relationship between low oxygen tension, mTOR and T cell activation is
complex. In response to low oxygen tension, the hypoxia-induced factor (HIF)-responsive
protein regulated in the development of DNA damage response 1 (REDD1) can also inhibit
mTOR by promoting the assembly and activation of TSC [99, 100]. Alternatively, as
mentioned above, mMTORCL1 signaling promotes the expression of HIF which in turn
promotes glycolysis [83]. Indeed, in T cells, HIF1a can be induced by activating cytokine or
stimuli that trigger the PIBK-AKT pathways, even under normoxic conditions [83, 84, 101].

Regulating immune responses by targeting mTOR and metabolism

Advances in long-term immunosuppressive regimens have driven the field of solid organ
transplantation [102]. However, even today with the introduction of antibody therapy and
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costimulatory blockade, steroids and calcineurin inhibitors remain stalwarts in most post-
transplantation regimens. Steroids have multiple adverse effects such as risk of infection,
hyperglycemia, accelerated atherosclerosis, and gastrointestinal bleeding [103, 104].
Likewise, calcineurin inhibitors are associated with neuro- and nephrotoxicity as well as risk
of infection and an increased risk of cancer [103, 105, 106]. Perhaps more importantly, such
agents inhibit negative regulatory and tolerance inducing responses. Indeed, the calcineurin
inhibitors are truly immunosuppressive in that they inhibit both activating and inhibitory
signaling pathways [43].

In contrast, rapamycin promotes tolerance by facilitating T cell anergy, promoting the
generation of regulatory T cells and blocking effector T cell differentiation. All of these
properties make inhibitors of mTOR attractive agents for preventing transplantation
rejection. However, we believe that until recently, the lack of the strategic integration of
mTOR inhibitors into immunosuppressive protocols has limited their efficacy. For example,
mechanistically, the simultaneous use of calcineurin inhibitors and mTOR inhibitors
potentially mitigates the effects of blocking mTOR [107]. Calcineurin inhibitors block the
generation of Tregs as well as the induction of T cell anergy [107]. Alternatively, mTOR
inhibitors are not potent inhibitors of acute inflammation. Thus, by themselves, mTOR
inhibitors are not effective at arresting acute rejection. To this end, in the setting of non-
myeloablative Hematopoeitic Stem Cell Transplantation (HSCT) for sickle cell disease, we
have employed a strategy of “Frequency depletion therapy” followed by lymphocyte
recovery under the cover of mMTOR inhibition [108]. That is, patients were initially treated
with CAMPATH that depleted T cells and thus helped to prevent graft rejection in this
setting. Subsequently, the patients were maintained on rapamycin for an extended period of
time with a slow taper. Unlike previous trials of non-myeloablative HSCT for sickle cell
disease which employed more conventional immunosuppression (calcineurin inhibitors) and
resulted in graft rejection, our protocol resulted in a robust long term graft acceptance rate
[108]. Furthermore, in as much as this procedure results in bone marrow chimerism, the
patients that have been successfully completely weaned off of rapamycin represent true
transplantation tolerance in humans.

Based in part on these results, we propose that this protocol might provide a template for
devising strategies to inhibit graft rejection and promote tolerance in the setting of islet cell,
composite tissue graft and solid organ transplantation (Fig. 2). Such a strategy would
employ initially, antibody mediated T cell depletion in order to reduce the frequency of allo-
reactive cells. The immediate peri-transplant period would entail inhibition of acute effector
function. Such a therapy would avoid calcinuerin inhibitors. Instead, we propose the
integration of metabolic inhibitors. As mentioned above, effector T cells employ aerobic
glycolysis for energy while regulatory T cells employ oxidative phosphorylation and fatty
acid oxidation [86]. As such, inhibiting glycolysis can block effector function while leaving
T regulatory cells generation and function intact [83, 86]. Likewise, inhibition of glutamine
metabolism can also block effector T cell function [81]. Along these lines, our own lab has
devised a regimen employing the hexokinase inhibitor 2-DG, the AMPK activator
metformin and the glutamine analogue (6-Diazo-5-oxo-L-norleucine, DON) in a mouse
model of mismatched skin transplantation (Powell et al. manuscript in preparation).
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Finally, the third component of our regimen would involve tolerance induction therapy. For
this, we envision employing mTOR inhibitors along with agents such as biologics that block
costimulation or even the transfer of Tregs. While this phase of treatment would be more
prolonged, the goal is that eventually this would lead to the tapering of all medications upon
the establishment of tolerance.

PERSPECTIVES AND CONCLUSION

Rapamcyin was originally developed as an immunosuppressive agent [6]. Yet in the past
30-40 years its impact has paled compared to other cyclophilin binding agents such as
Cyslosporin A and FK506. Ironically, the past 10 years have revealed a critical role for
mTOR in regulating activation, differentiation and function of cells of the immune system
[8]. We believe that this new insight will lead to the strategic and potent integration of
mTOR inhibitors into pharmacologic regimens to treat autoimmune disease, inhibit
transplant rejection and even enhance tumor immunotherapy [65]. Furthermore, specifically
targeting molecules downstream of mMTORC1 and mTORC2 will enable the selective
targeting of immune function rather than “wholesale” immunosuppression [14]. Along these
lines, we believe that the differential metabolic requirements of effector and regulatory T
cells reveal an important therapeutic window in order to simultaneously inhibit rejection and
promote tolerance. In this way, based on the insight gained by understanding the role that
mTOR and metabolism play in regulating immunity we advocate the end of
immunosuppression in favor of immunoregulation.
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Figure 1. mTOR senses metabolic cues and immunological signalsto regulate T cell activation,
differentiation and function

In addition to environmental cues such as amino acid availability, energy availability,
oxygen and growth factors it is clear that in T cells mTOR signaling is also regulated by
TCR engagement, costimulation, co-inhibition (such as PD-1) and cytokines. As discussed
in the text pharmacologic agents targeting PI-3K, AMPK, mTOR kinase and the association
of mTOR and Raptor all effect mTOR activation. Arrows show activating signals, blocked
lines show inhibitory signals and dashed lines indicate that the exact mechanism is
unknown. Molecules or conditions that negatively impact mTOR activity are shown on a
white background while those that have a positive affect are shown in grey.
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Figure 2. Proposed novel regimen for transplantation
The figure outlines a potential template for strategically integrating mTOR and metabolic

inhibitors into regimens designed to prevent graft rejection. We propose that initially,
antibody mediated therapy should be employed to markedly reduce the frequency of
alloreactive T cells. In the peri-transplant setting we propose the use of inhibitors of
glycolysis and glutamine metabolism that can mitigate effector function while leaving (and
potentially promoting) the generation of regulatory T cells intact. Finally, we propose the
use of tolerance inducing agents such as mTOR inhibitors and costimulatory blockade. After
long-term tolerance is established, the immune modulators could be tapered and long-term
graft survival in the absence of long-term immunosuppression might be achieved.
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