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Abstract

Cellular metabolism is central to T cell function and proliferation, with most of the research to
date focusing on cancer and autoimmunity. Cellular metabolism is associated with a host of
physiological phenomena, from epigenetic changes, to cellular function and fate. For the purpose
of this review, we will discuss the metabolism of T cells relating to their differentiation and
function. We will cover a variety of metabolic processes, ranging from glycolysis to amino acid
metabolism. Understanding how T cell metabolism informs T cell function may be useful to
understand alloimmune responses and design novel therapies to improve graft outcome.
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1. Introduction

Human organ availability for transplantation is limited, with too few human donors resulting
in a waiting list for potential recipients. As such, it is important to ensure that the organs that
are transplanted are accepted for life, to keep patients healthy and from returning to the
waiting list. Although allograft survival has improved over the years, the half-life of grafts is
still limited, and patients depend on life-long immunosuppressive drugs that increase the risk
for infections and cancer and can have graft-damaging side effects. Donor-specific tolerance
can be defined as non-responsiveness towards the graft following a brief immunosuppressive
regimen that leaves the patient immunocompetent against other pathogens. Although
achievable in mice, it remains rare in humans, with many grafts succumbing to long-term
failure [1].

Donor-specific tolerance would require permanent silencing of only the alloreactive T cells,
limiting their survival, proliferation, and/or effector functions, while leaving other T cells,
including regulatory T cells (Tregs), unaffected. Cellular metabolism is instrumental to T
cell survival, function, proliferation, and differentiation [2]. As such, targeting T cell
metabolism poses an attractive target for immunotherapies for cancer, autoimmunity, and
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transplantation. Depending on their cellular needs, T cells will alter their metabolism, either
to be catabolic and break down environmental nutrients for energy, or to be anabolic and
synthesize necessary components for cellular growth and proliferation. These processes are
further described below, and depicted in Figure 1. By taking an in-depth look at T cell
metabolism in the context of transplantation, we hope to illustrate how metabolism informs
T cell function, and how this knowledge may be harnessed to prevent graft rejection.

A cell needs energy-rich adenosine triphosphate (ATP) for normal function. ATP can come
from a variety of metabolic processes, depending on the nutrient source being catabolized.
Glucose is perhaps the most famous example, whereupon being taken up by a cell via the
glucose transporter 1 (GLUTYL) it is converted into glucose-6-phosphate (G6P) by the rate-
limiting enzyme hexokinase [3]. G6P can be serially oxidized into pyruvate, or can enter the
pentose phosphate pathway, described below [4]. Additionally, glycolytic metabolites
contribute to a variety of cellular processes, such as the biosynthesis of serine from 3-
phosphoglycerate, necessary for T cell proliferation [5], or the support of calcium signaling
by inhibition of the sarco/ER Ca?*-ATPase, thereby supporting signaling of the nuclear
factor of activated T cells (NFAT) [6].

Pyruvate is a substrate for both aerobic glycolysis and the tricarboxylic acid (TCA) cycle. In
aerobic glycolysis, pyruvate is kept in the cytoplasm and converted into lactate by the
enzyme lactate dehydgrogenase A (LDHA). This differs from oxidative phosphorylation, in
which pyruvate is transported into the mitochondria and converted to acetyl coenzyme A
(CoA) to join the TCA cycle, an amphibolic pathway that produces energy rich electron (e-)
carriers, nicotinamide adenine dinucleotide (NAD) and flavin adenine dinucleotide (FAD),
for the electron transport chain (ETC) [7]. Importantly, the TCA cycle is not specific to
glucose metabolism, rather, other nutrient sources including fatty acids and amino acids can
also generate TCA substrates [2].

Once generated, the e- carriers transport the energy-rich electrons to the ETC, located at the
inner mitochondrial membrane, where the energy from the movement of electrons across the
ETC is used to generate a hydrogen gradient in the mitochondrial inter-membrane space [8].
Chemiosmosis of hydrogen through the ATP synthase protein, complex V of the ETC,
generates the energy needed to synthesize ATP from adenosine diphosphate (ADP) and a
free phosphate, consuming oxygen and producing H»O in the process [8]. This entire
sequence is referred to as oxidative phosphorylation.

Glycolysis generates a net yield of 2 ATP for every glucose molecule consumed, whereas
oxidative phosphorylation generates a net yield of 36 ATP molecules per glucose molecule
[3]. Unsurprisingly, at steady state with sufficient oxygen availability, oxidative
phosphorylation is favorable for energy production [3]. However, glycolysis generates key
biosynthetic intermediates that may be used later for anabolic processes such as cell growth
and proliferation, such that there are biological reasons where glycolysis would be
preferential, even in aerobic conditions [7].

Similar to glucose, fatty acid B-oxidation (FAO) also involves TCA cycle oxidation. Fatty
acids are first brought into the cell via fatty acid transport proteins (FATPs), which can also
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act as acyl-CoA synthases, thereby creating a concentration deficit and promoting fatty acid
transport into the cell [9]. The acyl-CoA is then converted into acylcarnitine by carnitine
palmitoyltransferase | (CPT1A) in order to cross the mitochondrial membrane, before being
converted back to acyl-CoA [9]. Once across the membrane, the acyl-CoA undergoes 4-step
[B-oxidation, the products of which are an acyl-CoA shortened by two carbons to undergo
another cycle of B-oxidation, an acetyl-CoA to go to the TCA cycle, and two electron
carriers to go to the ETC [9]. In this way, FAO is able to generate a lot of energy and is
important for cellular homeostasis.

Amino acid metabolism is specific for each individual amino acid; however, generalizations
may still be made [10]. The key amino acids in these processes are arginine, cysteine,
glutamine, leucine, proline, and tryptophan [10]. Activated T cells rely on glutamine
metabolism, which starts with glutamine hydrolysis via glutaminase, producing glutamate
[11]. Some of this glutamate undergoes further catabolism to generate the TCA cycle
substrate a-ketoglutarate, whereas the rest is used for protein synthesis, the synthesis of
glutathione for reactive oxygen species control, or enhanced cysteine uptake [11],[12].
Importantly, a-ketoglutarate can travel to the nucleus as a substrate for demethylases,
important for epigenetic changes [13].

Importantly, not all metabolic processes are catabolic; rather, a proliferating cell is highly
dependent on synthesis processes as well as nutrients. These anabolic processes include fatty
acid synthesis and the pentose phosphate pathway (PPP).

Fatty acid synthesis is important for the generation of cell membranes during proliferation
[14]. The main substrate for this process is cytoplasmic acetyl-CoA, which is carboxylated
into malonyl-CoA. Seven malonyl-CoA molecules with one acetyl-CoA are combined by
fatty acid synthase (FASN) to form palmitate, which can then be elongated and desaturated
to form a variety of new fatty acids [14].

The pentose phosphate pathway (PPP) is a cytosolic process involved in nucleotide
biosynthesis, amino acid biosynthesis, the production of reducing agents and the prevention
of oxidative stress [4]. The oxidative components of the PPP involve the catabolism of
glucose derived G6P into carbon dioxide, ribulose 5-phosphate and the electron carrier
nicotinamide adenine dinucleotide phosphate (NADPH) [4]. Ribulose 5-phosphate is also a
component of the bidirectional, non-oxidative PPP pathway, which forms ribose-5-
phosphate, a precursor for nucleotide biosynthesis. This is achieved through the metabolism
of glycolytic intermediates fructose 6-phosphate and glyceraldehyde 3-phosphate, as well as
sedoheptulose sugar metabolism for amino acid generation [4]. In this way, the pentose
phosphate pathway has both anabolic and catabolic components: breaking down metabolites
in order to form new ones.

2. T cell differentiation

2.1 Changesin T cell metabolism with activation

Throughout the course of its life, a T cell undergoes drastic metabolic remodeling, necessary
for its functional activity. A naive T cell primarily relies on oxidative phosphorylation for
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respiration [16]. S1P from endothelial cells, in addition to acting as a lymph node egress
signal, stimulates migratory naive T cells to maintain their mitochondrial ATP production,
which is their main source of energy and necessary for their migration [17]. Following TCR-
peptide MHC (pMHC) interaction and costimulation, a T cell begins to require increased
ATP production and biosynthetic intermediates for productive proliferation and effector
function [16]. Activated T cells alter transcription of a variety of metabolic genes, the most
notable of which is increased Myc, required for T cell growth and proliferation [18]. The
activated T cell increases aerobic glycolysis, necessary for effector cytokine production,
such as IFN+y [19], [20]. This was first characterized by Otto Warburg, and is known as the
Warburg effect [16], [21], [22]. Increased expression of LDHA facilitates this switch to
aerobic glycolysis, promoting the production of acetyl-CoA necessary for histone
acetylation and IFNy production [20]. Aerobic glycolysis is thus associated with effector T
cell cytokine production.

Activated T cells also increase their mitochondrial metabolism following a CD28-dependent
increase in glutamine uptake [23]. This proves necessary for glutamine oxidation, supporting
proliferation and the production of metabolic intermediates that act as building blocks for
biosynthesis [24], [25]. Serine is also critical for optimal proliferation by supplying glycine
and single carbons to be used in purine nucleotide biosynthesis [5]. Upregulation of
additional nutrient transporters including Glutl (glucose) and Slc7a5 (amino acids) also help
support effector function and proliferation [26], [27]. Importantly, the metabolic changes of
a T cell are reflective of peptide binding affinity, where peptide-MHC complexes that bind
more strongly to the TCR stimulate enhanced glycolysis when compared to weakly binding
peptides [28]. As T cell affinity matures over the course of an immune response, with
preferential expansion of high affinity clones, it is important to consider the role T cell
metabolism may play in the survival of clones of different affinities [29]. Of relevance to
transplantation, we have recently shown that acute rejection but not transplantation tolerance
is associated with preferential expansion of clones with high avidity for peptide/MHC [30].

Mitochondria are essential for T cell effector responses, and T cells rapidly increase their
mitochondrial mass and mitochondrial biogenesis upon stimulation [31], [32]. During
chemotaxis, mitochondrial redistribution, fission, and local ATP production are necessary
for migration [33], [34]. While mitochondria-derived reactive oxygen species can be
detrimental to a resting cell, they are transiently necessary following TCR stimulation for the
induction of various activation-associated transcription factors including NF-xB and NFAT
[24], [35], [36]. Mitochondrial metabolism also plays a role in both T cell proliferation and
effector functions: the malate-aspartate shuttle, complex | of the ETC, is necessary for the
aspartate required for nucleotide synthesis and proliferation, whereas succinate
dehydrogenase, complex 1, suppresses proliferation but is necessary for T cell function [37].
ETC complexes 111 and 1V also contribute to T cell proliferation [32]. In this way, various
components of the electron transport chain work independently toward achieving effector T
cell function and proliferation, demonstrating that while aerobic glycolysis has always been
appreciated as necessary for effector function, mitochondrial metabolism is equally
important during an effector response.
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Costimulatory and coinhibitory molecules can also have a functional impact on T cell
metabolism. For example, CD28 is necessary for increase in glutamine uptake following T
cell activation, allowing it to prepare itself for effector function [23]. In contrast, ligation of
the coinhibitory receptor programmed cell death protein 1 (PD1) on activated T cells results
in decreased glycolysis and amino acid metabolism, instead increasing FAO via greater
CPT1A expression [38]. In this way, PD1 prevents the hallmarks of effector metabolism,
thereby regulating the effector response. These findings are also important for
transplantation, as T cells chronically stimulated in the presence of a persisting graft display
high expression of PD1, suggesting that inhibition of glycolysis could prove beneficial for
graft outcome [39], [40].

Following an effector response, the T cell population contracts, and T cells that do not die
remodel their metabolism in order to form memory. The differences between the metabolism
of effector T and memory T cells are extensive. Effector T cells promote an anabolic state,
whereas memory T cells are catabolic. As such, effector T cells have low levels of FAO,
presumably in order to save citrate for lipid membrane formation, whereas memory cells
rely on FAQO for differentiation [41]. FAO is supported by AMP-activated protein kinase
(AMPK), which is also important for T effector suppression of the mammalian target of
rapamycin complex | (mMTORC1) under periods of glucose starvation [42]. Retroviral
expression of the rate-limiting enzyme of FAO, CPT1A, enhances memory cell survival
[43]. Furthermore, the mitochondria of an effector and memory T cell are distinct. Effector
mitochondria are punctate and have reduced ETC efficiency, which promotes glycolysis
[44]. Mitochondria in memory T cells are larger, with increased overall mass, fusing and
forming networks with altered cristae morphology in order to support oxidative
phosphorylation [44],[45]. Improved oxidative phosphorylation correlates with the increased
spare respiratory capacity, allowing memory T cells to better produce the ATP necessary for
their prolonged survival, as well as priming the memory T cells for a strong secondary
response.

Upon restimulation, secondary T effectors have greater cytokine and other effector responses
compared with primary effectors [46]. Memory T cells remodel their metabolism again,
switching back to the anabolic profile of an effector T cell, in order to support effector
functions necessary for an immune response. For example, memory T cells are able to
promptly switch to glycolysis, necessary for IFNy production, in a CD28-, protein kinase B
(Akt)-, and mTORC2-dependent manner [47]. In the secondary effector cell, this switch is
supported through linkage sites between the mitochondria and the endoplasmic reticulum,
which facilitates hexokinase | (HK-I) binding the mitochondrial voltage-dependent anion
channel (VDAC) and the import of necessary metabolites for respiration [48]. It is also
thought that the increased mitochondrial mass found in memory T cells promotes a
secondary effector response not only through mitochondrial respiration, but also through
mitochondrial associations with HK-1, which promotes glucose accumulation in the cell as
glucose-6-phosphate, promating glycolysis [46]. In this way, memory T cells prepare
themselves for a secondary response, linking cellular morphology, metabolism and memory,
and underscoring how T cell function is connected to metabolism.
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2.2. T effector subsets

Although CD4* and CD8* T cells share many hallmarks of T cell activation, they display
divergent metabolic phenotypes. While both subsets increase glycolysis and the glucose
transporter Glutl expression upon activation, CD8" T cells are less glycolytic than CD4* T
cells, due to decreased relative expression of glycolytic enzymes, including hexokinase Il
(HK-I1), whose expression is generally confined to insulin sensitive tissues, as opposed to
HK-1, which is ubiquitously expressed [28], [49]. Furthermore, in spite of CD4™ T cells
having increased mitochondrial mass compared to CD8* T cells, CD8" T cells have an
increased reliance on oxidative phosphorylation for cytokine production [28]. The
differences in T cell metabolism demonstrated by these two subsets speak to their functional
differences. For transplantation, it might be important to understand the metabolic
differences between these populations, and other effector subsets, in order to understand and
prevent graft rejection.

Glucose has a large impact on T effector cells. Upon stimulation, Th1, Th2, and Th17 cells
all increase their Glutl expression [26], [50]. While Glutl is not necessary for the survival of
a naive T cell, upon stimulation, Glutl-deficient effector T cells show reduced viability with
an inability to grow or proliferate [26], demonstrating the reliance of these cells on glucose
utilization, presumably for aerobic glycolysis. This is further supported by evidence from
mitochondrial transcription factor A (Tfam)-deficient mice, which show impaired FAQ,
impaired mitochondrial respiration, increased aerobic glycolysis, and an enhanced
inflammatory response following loss of mitochondrial function [31]. While T cells show
plasticity in their ability to metabolize the nutrients that surround them, it is clear that
glucose is preferred, as this is the key substrate for glycolysis, and thus for effector cytokine
production, as described previously.

Metabolism regulates cell fate, and while T cell effector subtypes share many metabolic
similarities, they have a few key differences as well. For example, while Thl, Th2, and Th17
cells all rely on mTOR for differentiation, their reliance on the multiprotein complexes
mTORC1 and mTORC?2 differ [51]. mTORCL is associated with growth and protein
synthesis, whereas mTORC?2 is more involved in cell maintenance [52]. Both complexes are
necessary for Tfh differentiation, whereas only mTORC1 is necessary for Th17
differentiation and only mTORC2 is necessary for Th2 differentiation [53], [54], [55], [56].
There are conflicting results on whether Th1 differentiation is only dependent upon
MTORC1, or whether it also requires mTORC2 [53], [57]. The differences in mTOR
requirements among T helper subsets help demonstrate how the environment can impact
metabolism and differentiation. T cells respond to antigen stimulation based on their
environmental context, including the presence of cytokines, which taken together with the
intensity of mTOR activation may modulate the cellular response to activation and
ultimately control cell fate [58].

Glutamine metabolism has also been associated with differences in Thl and Th17
differentiation. Both Th1 and Th17 cells require glutamine for differentiation and
proliferation, demonstrated using knockouts of the alanine-serine-cysteine transporter 2
(ASCT2) [59]. Glutaminolysis alters the epigenetic landscape, enhancing IL-2 stimulation of
mTORC1 signaling, which in turn promotes Th17 differentiation while inhibiting Thl
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differentiation [60]. Interestingly, inhibiting the glutaminase protein (GLS) impaired Th17
cells” ability to mediate both acute airway inflammation and inflammatory bowel disease,
indicating its necessity for Th17 function [60]. Hypoxia Inducible Factor 1 Subunit Alpha
(HIF1a) is also important for Th17 differentiation, controlling the glycolytic transcriptional
programs that promote Th17 over Treg differentiation [61]. HIF1a directly activates RORYt,
the lineage defining transcription factor for Th17, as well as IL-17 via recruitment of RORyt
and p300 to its promoter [62]. Expression of HIF1a also suppresses Treg differentiation by
promoting a glycolytic phenotype and targeting Foxp3 for degradation [61], [62].
Altogether, the context of stimulation, such as environmental cues, is able to drive unique
transcriptional programs in naive T cells, including unique metabolic profiles, which then
dictate T cell differentiation.

2.3. CD4"regulatory T cells

While Tregs are also CD4* T cells, it is clear that they have some key metabolic differences
when compared to other CD4™ subsets. Tregs share a dependence on FAO with memory T
cells, with both subsets using this as their primary input for oxidative phosphorylation [50].
Inhibition of oxidative phosphorylation via rotenone treatment, which suppresses ETC
complex |, reduces Treg suppression sufficiently for allograft heart rejection to occur [63].
The electron transport chain, particularly components | and 111, is necessary for Treg
suppressive capacity, but dispensable for Treg numbers [64], [65]. Glutl-deficient Tregs
show normal cell numbers with normal suppressive ability [26], demonstrating that glucose,
the key metabolite for aerobic glycolysis, is not required by Tregs. In fact, when Glutl is
transgenically overexpressed, Tregs down-regulate Foxp3, the lineage defining transcription
factor of Tregs, and lose suppressor function [66], likely due to the promotion of glycolysis
and thus acquisition of T conventional effector functions.

As suggested by glucose regulation of Foxp3 expression, Foxp3 has been linked to
programming Treg metabolism to enhance oxidative phosphorylation while suppressing
Glutl, Myc, and glycolysis [64], [66]. Foxp3 also inhibits signaling of the PI(3)K, Akt,
mTOR axis, thereby reducing glycolysis and promoting Treg suppressive function [66]. In
fact, it is necessary to inhibit both mTORC1 and mTORC?2 for inducible Treg generation
from conventional CD4" T cells [56], [50]. AMP-activated protein kinase, AMPK, a
suppressor of MTORC1, promotes mitochondrial metabolism over glycolysis during times
of metabolic stress [67], and Tregs have activated AMPK, which was sufficient for
decreasing Glutl expression and increasing Treg differentiation [50]. Interestingly, while the
mTOR pathway negatively regulates Treg differentiation, conditional loss of raptor, an
essential component of MTORC1, in Tregs results in loss of suppressive capacity,
demonstrating that mTORCL1 is necessary for Treg function. In addition to loss of
suppressive capacity, T cells deficient in mMTORC1 had impaired proliferative capacity [54].
mTORC1 signaling in Tregs is downstream of TCR and IL-2 stimulation and its activity is
maintained by amino acids, particularly arginine and leucine, in the absence of continuous
TCR signals [68], [54]. Altogether, the mTORC1 axis in Tregs is complex, with a role in cell
function rather than differentiation, and is important for metabolic responses to
environmental cues. Due to their drastically different functional requirements from effector
T cells, Tregs have corresponding changes in their metabolic needs. This knowledge
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provides an opportunity to differentiate between the two cell types in terms of metabolic
drug targeting during transplantation, to be discussed later in this review.

3. T cell metabolism and solid organ transplantation

3.1. T cell dysfunction and environmental impact

Much of our understanding of T cell metabolism comes from models of chronic infection or
cancer. These models inform the metabolism of tolerant, alloreactive T cells in
transplantation, as tolerant T cells display an antigen-experienced signature
(CD44HiCD62L10) with increased expression of the coinhibitory receptor PD1 and low
IL-7Ra (CD127) expression, more similar to chronically stimulated exhausted than memory
T cells [39], [69]. In tumor models, exhausted T cells have reduced mitochondrial mass with
increased mitochondrial depolarization, indicative of reduced function [70]. The clone 13
model of chronic LCMYV infection also generates exhausted T cells with mitochondrial
depolarization and reduced glycolysis. In this model, PD1-knockout T cells displayed
reduced depolarization and improved glucose uptake than exhausted T cells, suggesting that
the metabolic phenotype of exhausted T cells in chronic infection is PD1-dependent [71].
This is not to say that the exhaustion phenotype itself is PD1-dependent, as it has been
demonstrated that exhausted CD8* T cells still develop in the absence of PD1[72]. In
contrast to the tumor model, exhausted T cells following clone 13 infection displayed
increased mitochondrial mass at day 8 post-infection compared with acute LCMV infection
[71]. Further analysis of dysfunctional T cells in a model of murine lupus demonstrated
reduced glycolysis as well as decreased mitochondrial mass and function in kidney-
infiltrating T cells, similar to tumor-infiltrating T cells [73], [70]. Both the kidney and the
tumor microenvironment are known to require high levels of glucose and oxygen, which
may promote the dysfunctional T cell phenotype [74].

The nutrient concentrations present in the tumor microenvironment differ from those found
in circulation [75], and nutrient availability has been demonstrated to have impacts on
corresponding T cell metabolism [42], [76]. CD8* T cells stimulated in vivo with Ova-
expressing Listeria monocytogenes (Lm-OVA) versus in vitro stimulation with OVA and
IL-2 demonstrated enhanced mitochondrial metabolism and increased ATP production in
vivo compared to in vitro [76]. Using this model, stable isotope tracing of 13C-glucose usage
identified that in vitro-stimulated T cells produced more lactate than in vivo-stimulated
counterparts, suggesting that the phenotype of Warburg metabolism in vivo may be less
extensive than previously believed [76]. Similar results were established in a model of
GVHD, where alloreactive T cells stimulated in vitro demonstrated a Warburg metabolism,
while those stimulated in vivo showed comparatively less lactate production and Glutl
expression, indicative of a non-Warburg metabolism [77]. There are many differences
between the in vivo and in vitro environments, and one prominent difference is nutrient
availability, where in vitro culture has a nutrient surplus, potentially altering T cell
metabolism and masking the real metabolic phenotypes occurring in vivo.

In addition to nutrient availability, cell signals and interactions can also vary greatly by
environment. Recently, lymph node fibroblastic reticular cells have been found to impact the
epigenetic landscape of activated T cells by secreting IL-6 [78]. IL-6 alters the chromatin
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landscape and promotes transcription factor binding of MYC, HIF-1a and HIF-1, resulting
in enhanced glycolytic flux, increased lipogenesis, and an enrichment in oxidative
phosphorylation to glycolysis ratio in the FRC-conditioned T cells [78]. These data
demonstrate how cell interactions can enhance cellular metabolism, and that the
physiological environment of the T cell can have drastic effects on T cell metabolism. For
transplantation, these data support the hypothesis that alloreactive T cells in a tolerant
environment could display altered T cell metabolic profiles dependent upon their location in
the graft versus the periphery, as well type of grafted tissue.

Finally, transplantation must be considered as an environmental insult to the graft,
particularly with regards to ischemia/reperfusion, where the graft is initially deprived of
oxygen and nutrients, leading to the generation of reactive oxygen species and inflammation,
thereby altering organ quality and transplant outcome [79]. When collecting an organ, it is
subjected to warm ischemia briefly before a period of cooling, which has recently been
associated with dangerously high levels of succinate accumulation and injury in heart grafts
[80]. After thirty minutes of warm ischemia, a variety of metabolites were significantly
different from those in hearts exposed to thirty minutes of cold ischemia, demonstrating how
the metabolic environment of the graft can change during the transplantation process [80].
This is not to say that cold ischemia results in perfect graft outcome, as increased periods of
cold ischemia are also associated with long-term graft loss [81], [82]. While this work
doesn’t directly investigate T cell metabolism, it provides insight into the graft
microenvironment as highly dependent on tissue processing, which can later affect T cell
metabolism and potentially attempts at inducing of tolerance.

3.2. Alloreactive T cells

While the exact metabolic phenotype of alloreactive T cells in a tolerant environment has yet
to be elucidated, models of transplantation have contributed widely to the field of cellular
metabolism. This is particularly true for models of graft versus host disease (GVHD), where
alloreactive donor cells attack the host tissue. In GVHD, similar to solid organ
transplantation, T cells are responding to an alloantigen that persists. However, in GVHD the
antigen is more dispersed, and can be found throughout the body in higher concentrations
than in a solid allograft.

In a model of bone marrow transplantation, alloreactive T cells showed enhanced glycolysis
as well as FAO when compared with proliferating bone marrow cells [83]. However, this
altered metabolic phenotype does not seem to be a specific outcome of alloactivation, as T
cells stimulated with alloantigen in vitro only increased aerobic glycolysis, demonstrating a
typical metabolism for cells stimulated in vitro [77], [76]. This was corroborated in lung
transplantation, where alloreactive CD8* T cells utilized the highest levels of glucose in the
lung tissue during acute rejection [84]. 13C stable isotope tracing following bone marrow
transplantation demonstrated that alloreactive T cells in GVHD use glutamine for ribose
biosynthesis and the production of TCA cycle intermediates [77]. Additionally, alloreactive
cells decrease fatty acid and pyrimidine metabolism in favor of biomass synthesis for
cellular proliferation and expansion [85]. In GVHD and acute rejection, alloreactive T cells
are activated effectors, indicating that T cell allostimulation results in typical effector T cell
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responses, and that exposure to alloantigens does not inherently induce distinct metabolic
pathways than other antigens.

4. Modifying T cell metabolism

Targeting metabolic functions within cells has become an attractive therapeutic avenue, both
in transplantation and cancer. In transplantation, the goal is to limit effector T cell
metabolism while maintaining Treg potency. Here we take a look at some common
pharmacological approaches to altering cell metabolism in the interest of promoting
transplantation tolerance.

4.1. Clinical treatments

Many immunosuppressive therapies alter cellular metabolism. For example, Basiliximab is
an IL-2 receptor antagonist used as an induction therapeutic agent in transplantation [86].
Since IL-2 receptor signaling results in downstream activation of mTOR, Basiliximab
modulates T cell metabolism [87]. This review will focus on clinically used drugs designed
to maintain transplantation tolerance by targeting key aspects of metabolic processes
directly, specifically mTOR inhibitor and antimetabolites.

mTOR inhibitors promote transplantation tolerance by preventing downstream metabolism-
altering signaling events, thereby blocking T cell proliferation and promoting Treg
development [67], [66]. The two direct mTOR inhibitors used in solid organ transplantation
are sirolimus and everolimus. Both drugs bind to a 12kd FK-binding protein (FKBP12),
which then inhibits mMTORC1 via dissociation of the raptor subunit from the complex,
hindering downstream phosphorylation [88], [89]. Side effects of these treatments include
dyslipidemia, edema, and poor wound healing [89]. Although both drugs inhibit mTOR,
everolimus is three-fold weaker at binding FKBP12 than sirolimus [88]. However,
everolimus is more potent at preventing mTORC2 activation than sirolimus, which might be
why it has been better at preventing antibody-mediated rejection [90]. Additionally, these
two drugs have different effects on mitochondrial metabolism when coupled with
cyclosporine, a calcineurin inhibitor shown to reduce mitochondrial metabolism in vitro
[91]. While sirolimus exacerbated the negative impacts of calcineurin on the mitochondrial
metabolism of rat brain tissue, everolimus could distribute into the mitochondria and reverse
the effects of calcineurin [91], underscoring the importance of understanding metabolism/
drug interactions.

Antimetabolites are drugs interfering with metabolic pathways. In transplantation,
mycophenolate mofetil (MMF) and azathioprine (AZA) are antimetabolites used to inhibit T
cell proliferation. MMF is a pro-drug, and must be metabolized to mycophenolic acid

(MPA\) in order to suppress inosine monophosphate dehydrogenase (IMPDH), the rate-
limiting step in guanine biosynthesis [92]. IMPDH is important for T cell proliferation and is
thus upregulated following T cell stimulation, as lymphocytes lack the ability to salvage
purines for synthesis [93], [94]. In contrast, AZA is reduced by glutathione, forming the
intermediate 6-mercaptopurine (6-MP) which is further metabolized into a variety of
substrates that incorporate into replicating DNA, blocking replication [94]. Similar to MPA,
metabolites of AZA also inhibit de novo purine synthesis [94].
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The use of antimetabolites and mTOR inhibitors as immunosuppressors following
transplantation demonstrates the importance of cellular metabolism for T cell responses.
However, neither antimetabolites nor mTOR inhibitors are sufficient to prevent graft
rejection alone and other immunotherapies are necessary for targeting T cell cytokine
production, such as calcineurin inhibitors or costimulation blockers [95].

4.2. Experimental models

Other forms of metabolic suppression are currently being pursued with the goal of
developing donor-specific tolerance. One of the most striking models aimed to induce Treg
development by simultaneously blocking glycolysis and glutamine metabolism [96]. Lee
and colleagues combined three therapies: 2-deoxyglucose (2-DG), an inhibitor of glycolysis,
with 6-diazo-5-oxo-I-norleucine (DON), a glutamine metabolism inhibitor, and metformin, a
hypoglycemic agent able to promote fatty acid oxidation. This regimen suppressed CD4* T
cell responses, with the exception of Tregs [96]. Furthermore, this regimen prolonged the
survival of both skin and heart allografts compared to untreated controls, demonstrating that
targeting both glycolysis and glutamine metabolism sufficiently controlled effector T cell
responses.

In cancer, tumors can evade the immune system by competing with T cells for glucose[97].
2-DG has been clinically tested in a variety of anti-tumor therapies (reviewed in [98]). Side
effects associated with the treatment include headaches, drowsiness, and tachycardia [99]. In
the tumor microenvironment, tumor cells are responsible for most of the glucose uptake,
whereas in transplantation, effector T cells would be the most reliant on glucose, suggesting
particular susceptibility to this treatment. This could prove beneficial for transplantation, as
a way to control alloreactive T cells. However, in cancer, the treatment may be ceased once
the tumor is eliminated. In an alloresponse, new alloreactive T cells may be continuously
generated by the host, suggesting the potential long-term necessity of this treatment. Since
other tissues, particularly the brain and heart, also utilize high levels of glucose, this could
lead to off target effects and limit the practicality of this treatment. This has particularly
been demonstrated in rats, where long-term ingestion of 2-DG results in toxicity [100].
Importantly, Lee and colleagues demonstrated that their mice appeared healthy for more
than 100 days, suggesting that the combined treatment with 2-DG, DON, and metformin
may yet be translatable to the clinic [96].

Glucose deficiency results in the maintained expression of T cell micro-RNAs (miRNAS)
specific for the methyltransferase enhancer of zeste homolog 2 (EZH2), which is associated
with T cell cytokine production [97]. While reduced glucose availability is detrimental to the
anti-tumor T cell response, it provides an interesting avenue of investigation for regulating
alloimmune responses. Similar to 2-DG, using micro-RNA to target glycolysis or upstream
mediators of T cell proliferation could prove therapeutically beneficial, for example, by
preventing the upregulation of Glutl. Another model of interest for informing potential
therapies in solid organ transplantation is GVHD. In this model, alloreactive T cells see
chronic antigen, and use both glycolysis and oxidative phosphorylation, in contrast to
normal effectors, which rely more highly on glycolysis than oxidative phosphorylation for
energy [83]. Knowing this, Gatza and colleagues specifically targeted mitochondrial ATPase
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using the small molecule inhibitor Bz-423, resulting in specific suppression of alloreactive T
cells [83]. Finally, it was recently demonstrated that corticosteroids suppress low, but not
high affinity memory CD8* T cell proliferation via inhibition of fatty acid metabolism [101].
While this provides an exciting avenue for the potential control of T cell responses in
transplantation, it must also be considered that rejection is linked with the expansion of high
affinity T cell clones [30]. Since binding affinity is correlated with T cell metabolic changes,
these data suggest that associating to corticosteroids specific therapies targeting high affinity
clones will have further potential to prevent this T cell repertoire shift [28], [101], [29].
These models pave the way for future experimental avenues and potentially translational
therapeutic strategies to promote solid organ transplantation tolerance.

5. Conclusions and future perspectives

We have compiled evidence detailing the changes in T cell metabolism during cell
differentiation, and how research in T cell metabolism has been applied to experimental
models and clinical therapies for transplantation. T cell metabolism in transplantation has
been historically challenging to study, with research focusing on GVHD and few studies
using models of solid organ transplantation. Technologies including 13C stable isotope
tracing, metabolic environment profiling, and single cell RNAseq provide potential avenues
for further research. Since a caveat of metabolism research is that it has historically been
studied in vitro with super-physiological levels of metabolites or oxygen, these techniques
utilizable in T cells stimulated in vivo may be more translatable to the clinic for drug testing,
as the data might be more representative of physiological processes.

Current metabolism-altering suppressive regimens aim to limit T effector metabolism while
leaving Treg metabolism intact, such as by mTOR inhibition. These treatments are
insufficient for donor-specific tolerance, with high rates of chronic graft rejection [1].
Glutaminolysis is important for T cell activation [23], [38]. Recent studies in glutamine
metabolism offer promising avenues for metabolic therapies, with clinical trials of Dracen
Pharma’s glutamine antagonist DRP-104 scheduled to begin in 2020 as a cancer therapeutic
[96], [102]. These and similar approaches offer the foundation for future investigations in
transplantation.

Finally, in this era of big data, integration of metabolic and transcriptional signatures holds
the promise of identifying novel pathways to target to improve transplant outcomes [103].
This approach was recently demonstrated by Hiemer and colleagues, who combined carbon
tracing with metabolomic and transcriptomic profiling to investigate human CD4* T cells
following TCR stimulation. While cyclosporine treatment demonstrated broader metabolic
impacts than rapamycin, combining the two treatments inhibited T cell proliferation
following stimulation with plate bound antibodies [104]. This was an additive effect of the
two drugs, demonstrated by network analysis [104]. Studies of this nature provide essential
evidence not only for potential drug targets, such as metabolic enzymes, but also for future
combinatorial therapies and increasing the efficacy of our current treatment regimens.
Additionally, such studies can be used to better understand T cell dysfunction, such as how
to promote or prevent dysfunction, for transplantation or cancer, respectively. Altogether,
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integrative techniques such as network analysis of metabolomics and transcriptomic data
provide the potential for translation of findings in immunometabolism to the clinic.
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Highlights

T cells remodel their metabolism for effector function, and again for memory
function

Cellular metabolism impacts T cell differentiation and function

Microenvironmental impacts on T cell metabolism include metabolite
availability and cellular signaling molecules

Current clinical treatments for transplantation alter T cell metabolism
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Fig. 1.
T Cell Metabolism. Upon uptake, glucose is converted into G6P before further metabolism

via glycolysis, the TCA cycle and oxidative phosphorylation, or the pentose phosphate
pathway. Metabolism of glutamine is mitochondria-dependent, where glutamine is converted
to glutamate, and then the TCA substrate a-ketoglutarate. Fatty acids transported into the
cell are converted into acyl-CoA, which combines with carnitine in order to cross the OMM.
Once in the mitochondria, acyl-CoA undergoes beta-oxidation, producing acetyl-CoA for
the TCA cycle and an acyl-CoA with two fewer carbons for another cycle of beta-oxidation.
Importantly, the TCA cycle and pentose phosphate pathway are amphibolic rather than
strictly catabolic, and a T cell remains able to undergo both anabolic and catabolic processes
at once, such as glycolysis and fatty acid synthesis. A hallmark of both amphibiolic
processes is the production of energy rich e- carriers, which are shuttled to the inner
mitochondrial membrane and the electron transport chain to undergo oxidative
phosphorylation. Transporters are indicated in blue, and enzymes are indicated in red.
Abbreviations: acetyl-CoA carboxylase (ACC), alanine-serine-cysteine transporter 2
(ASCT?2), fatty acid synthase (FASN), glucose 6 phosphate (G6P), inner mitochondrial
membrane (IMM), lactate dehydrogenase (LDH), outer mitochondrial membrane (OMM).
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