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Abstract: The cells of the immune system, particularly the T lymphocytes, have two main features
that distinguish them from the cells of other tissues. They proliferate after activation and have
the ability to move in tissues and organs. These characteristics compel them to develop metabolic
plasticity in order to fulfil their immune function. This review focuses on the different known
mechanisms that allow T cells to adapt their metabolism to the real-life circumstances they operate
in, whether it is to exit quiescence, to differentiate into effector cells, or to participate in immune
memory formation. Some of the metabolic adaptations to environmental variations that T cells are
likely to undergo in their immune monitoring function are also discussed.
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1. Introduction

The idea of using the immune system to eradicate tumours is well-established. How-
ever, the use of therapies based on vaccination to control tumour growth has shown, until
now, limited efficacy. This situation is thought to be a direct consequence of the ability of
the tumour microenvironment to alter, both directly and indirectly, the functions of immune
cells. This is how tumour cells express inhibitory immune receptor ligands that suppress
T cell function. Therapy targeting one of these inhibitors, the programmed cell death
protein 1 (PD-1) and its ligand PD-L1, as well as monoclonal antibodies blocking the inter-
action between cytotoxic lymphocyte antigen 4 (CTLA-4) and its ligands CD80 and CD86,
have brought great hope in the fight against solid or haematological malignancies [1,2]. In
addition to their ability to directly inhibit T cells, tumours, due to their high metabolism,
create a harmful metabolic environment preventing the successful development of adaptive
anti-tumour immune responses. For example, their high consumption of nutrients depletes
the medium in resources necessary for the survival of T lymphocytes in the tumour [3].
Likewise, the accumulation of metabolic waste, such as lactate or kynurenine, inhibits the
activity of T lymphocytes [4,5]. Finally, tumours have been described as a metabolically
favourable environment for the development of T regulatory lymphocytes (Tregs) which
suppress the activity of tumour-specific effector T cells [6,7]. Understanding how T cells
are able to adapt their metabolism to the changing conditions in which they operate is
of critical importance for the development of effective immune therapies in an extensive
variety of diseases, and more specifically, against cancer.

2. Early T Cell Metabolism

Mature T cells arise from the thymus where they have differentiated into immuno-
competent cells to circulate throughout the body, surveying for infection. As recent thymic
emigrants, they acquire a low basic metabolic capacity by mechanisms likely involving
autophagy of their mitochondria [8]. In fact, they adopt a metabolism that allows them
to survive for long periods of time while waiting to encounter the antigen for which they
rearranged a specific T cell receptor (TCR). During this quiescent period, they require only
basal replacement biosynthesis and rely on low amounts of glucose and fatty acids to
fuel oxidative phosphorylation (OXPHOS) (Figure 1) [9]. The survival of quiescent naive
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T cells is maintained by weak TCR signalling produced by the recognition of self-peptides
presented on self-MHC molecules [10,11]. It also relies on the secretion of specific cytokines.
T cells that fail to receive normal microenvironmental clues, such as signalling from cy-
tokine receptors, undergo cellular atrophy with decreased cell size and metabolism that
ultimately leads to apoptosis [12]. IL-7 is expressed by stromal cells in T cell zones [13]
and is critical for the survival of quiescent T cells [14,15]. One of the roles played by IL-7R
expressed at the surface of quiescent T cells is to promote basal metabolism required to
support T cell survival [9], and functional studies have validated I/7ra as a target gene
of the Forkhead-box transcription factor FOXO]1, a transcription factor essential for the
maintenance of naive T cells. [16].
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Figure 1. The natural history of T cell metabolism. Throughout their life, T cells must adapt their metabolism to the different
circumstances they encounter, whether it is according to the environment in which they evolve, the type of pathogens they
fight, or the function they perform.

Another key regulator responsible for the maintenance of quiescence in naive T cells
is tuberous sclerosis 1 (TSC1) [17]. This molecule is known for its control of the mechanistic
target of rapamycin (mTOR) which is responsible for the metabolic changes triggered by
activation in T cells. TSC1 regulates the activity of mMTORC1 and mTORC2, and mTORC1
activation is essential for the disruption of immune quiescence and homeostasis. TSC1
deficiency leads to the disrupted homeostasis of peripheral T cell populations by causing
cell-autonomous loss of quiescence and hyperactive responses to TCR stimulation [17].



Int. J. Mol. Sci. 2021, 22, 6779

30f16

This results in excessive apoptosis of T cells via the Bcl-2 family—dependent intrinsic
apoptotic pathway. In addition to TSC1, signalling involving the sphingosine-1-phosphate
receptor 1 (S1P1), is essential for naive T cell survival [18]. The chemoattractant sphingosine
1-phosphate (S1P) guides T cell circulation among secondary lymphoid organs in their
search for antigen. Lymphatic endothelial cells support the survival of T cells by secreting
S1P via the sphingolipid transporter 2 (SPNS2). S1P signals through S1P1 on T cells and
maintains the mitochondrial content of naive T cells, providing cells with the energy needed
to continue their constant migration. Given the energy cost of constant migration to sample
antigen, the use of the same signalling to direct circulation and to promote mitochondrial
function could be an efficient way for naive T cells to supply the fuel they require.

When a T cell encounters its antigenic peptide presented by MHC molecules (pMHC)
expressed at the surface of antigen-presenting cells (APC), the high affinity of its TCRs for
the pMHC complexes causes TCR clustering and the formation of an immune synapse
between the T cell and the APC. TCR signals induce the activation of the nuclear factor c-
MYC which is required for the expression of the global metabolic transcriptome that drives
metabolic reprogramming in activated T lymphocytes (Figure 1) [19]. In addition, TCR
signals, together with co-stimulation, stimulate the global metabolism of the cell, a process
under the control of phosphoinositide-3 kinase (PI3K)/AKT/mTOR pathway [20] which
coordinates several metabolic programs in T cells including glycolysis, lipid synthesis, and
oxidative phosphorylation. The divalent cation Ca?*, a vital second messenger for TCR
signalling in T lymphocytes, modulates metabolic changes that occur after activation [21].
Calcium entry from cellular stores is the main Ca®* source that regulates Ca?*-dependent
signalling molecules, such as calcineurin, and controls cell cycle entry of quiescent T cells.
Upon antigen recognition, Ca?* entry was shown to direct the metabolic reprogramming
of naive T cells by regulating the expression of glucose transporters, glycolytic enzymes,
and metabolic regulators through the activation of the nuclear factor of activated T cells
(NFAT) and the PI3K-AKT kinase-mTOR pathway [21].

To come out of the quiescent state demands a lot of cellular energy and requires the
significant commitment of the mitochondrial metabolism. Mitochondrial ATP production
early after T cell activation is indeed largely increased and is essential for exiting quiescence.
Raptor-mTORC]1, a central regulator of T cell quiescence exit [20], controls the activation of
two mitochondrial pathways that are particularly necessary, namely the mitoribosomes
which lead to the translation of mitochondria-encoded electron transport components to
support OXPHOS, and complex IV (cytochrome c oxidase) which is required to define the
proton electrochemical potential on which the ATP synthase relies on to produce ATP [15].
These elements are supported by the observation that T cells lacking COX10, a critical
regulator of complex IV, are unable to exit quiescence [15,22]. Early studies indicated that,
in contrast to the necessity of high levels of OXPHOS, glycolysis seemed to be dispens-
able, since limiting the glycolytic activity by induced deficiency of the limiting enzyme
hexokinase-2 (HK2) or stimulating T cells in glucose-free galactose-containing medium
(which forces T cells to use OXPHOS), did not prevent T cell quiescence exit [15,23]. How-
ever, a more recent study appears to indicate that early glycolysis engagement after T cell
activation is required for acute cytokine production [24]. Additionally, gene transcription
activity is very limited in the early steps of T cell activation, suggesting that expression
of the metabolic proteome at this stage is mostly regulated post-transcriptionally at the
protein level by mechanisms metabolically less costly than protein synthesis from genomic
DNA [15,25].

Reactive oxygen species (ROS) generated in the mitochondria act as signalling mes-
sengers for the activation of T cells. Indeed, CD4* T cells lacking the complex IIT subunit
UQCREFSI required for ROS production fail to activate NFAT-dependent transcription
and to produce IL-2 [26]. On the other hand, a more recent study has also highlighted
the importance of ROS inhibition by the antioxidant glutathione since failure to scavenge
accumulating ROS led to decreased mTOR and cMYC activities and a subsequent block in
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T cell activation [27]. Taken together, these observations show that fine control of ROS is
required during T cell activation.

Another early metabolic event that precedes activation-driven cell division in T cells is
the mitochondrial processing of serine, a non-essential amino acid. Haigis and co-workers
reported that naive CD4" T cell activation induces a unique program of mitochondrial
biogenesis [28]. Using mass spectrometry, they identified substantial remodelling of the
mitochondrial proteome over the first 24 h of T cell activation, giving rise to mitochondria
with a distinct metabolic signature where rapidly increased processing of serine into
one-carbon metabolites, enables nucleotide synthesis for T cell proliferation and survival.

3. Effector Metabolism in T Cells

One of the hallmarks of activated T cells is the increased expression of nutrient trans-
porters [29] and enzymes involved in glycolysis and mitochondrial metabolism for ATP
production and biosynthesis [19,20,29]. The main metabolic signatures of T cell prolifer-
ation in vitro are increased glucose uptake and lactate production commonly referred to
as the Warburg effect, which takes place 24 h after activation. Blocking glycolysis also
reduces effector function in T cells [23,30-32], highlighting the importance of metabolic
reprogramming and nutrient availability for proper immune function. Our current under-
standing of T cell metabolism has been made possible by in vitro '3carbon-based isotopic
labelling techniques that facilitate metabolic tracking of nutrients in cells [33]. These have
allowed the identification of metabolic pathways necessary for the function and expansion
of T cells, in particular glucose and glutamine [23,34,35]. One of the limitations of these
techniques applied in vitro is that immune cells are grown at optimal nutrient and oxygen
concentrations, often different from those observed in vivo [36]. In addition, injection of
13carbon-labeled metabolites in mice and humans also demonstrated differences in nutrient
utilisation by stimulated T cells in vivo compared to cultured cells [37—41]. Finally, T cells
exhibit metabolic plasticity when the available amounts of nutrients such as glucose are
limited [35,42,43], illustrating that the nutrients present in the direct environment influence
T cell metabolism. These observations also suggest that T cells compete with surrounding
tissues for nutrients necessary for their growth and proliferation [3,42]. It should also be
noted that oxygen tensions in inflamed tissues are generally low. The molecular mecha-
nisms that ensure adaptation to hypoxia are operational in immune cells, thus enabling
immune surveillance in all tissue microenvironments and preventing “safe shelters” for
pathogens. Activated T cells adapt to changing energy supplies in hypoxic areas of in-
flamed tissue by using the hypoxia-inducible factor 1 (HIF1) to switch to glycolysis as the
primary energy source [44].

The diversion of pyruvate to lactate requires the ability to control the amount of
lactate present in the cytoplasm or to deal with the risk of feedback inhibition of glycolytic
activity [45]. Pharmacological inhibition of MCT1, a monocarboxylate transporter responsi-
ble for lactate export, has been shown to inhibit T cell proliferation [46]. In experiments
involving the specific deletion of MCT1-coding gene Sic16al in T cells, plasma lactate
accumulation correlated with the inhibition of glucose—dependent nucleotide synthesis,
illustrating the importance of the evacuation of lactate from T cells that exhibit intense
glycolytic activity [MYB, unpublished]. Interestingly, lactate was not the only metabo-
lite that accumulated in activated MCT1-deficient T cells. A significant accumulation of
TCA intermediates citrate and o-ketoglutarate was also observed after stimulation [MYB,
unpublished]. This observation would imply that, in the absence of MCT1 expression,
glucose-derived pyruvate is preferably oxidised in T cells, but that oxidation is stopped at
the step that leads to accumulation of a-ketoglutarate. x-Ketoglutarate is known to serve
as an obligate substrate for a subset of chromatin-modifying enzymes [47-49] and was
recently identified to link tumour suppression to the transcriptional program enforced
by the tumour suppressor factor p53 [50]. Whether accumulation of glucose-derived o-
ketoglutarate regulates proliferation in MCT1-deficient T cells is an attractive hypothesis
that deserves attention in future experiments. Another example of epigenetic regulation of
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T cell function linked to mitochondria metabolism has been identified by studying T cells
carrying a null mutation for the gene of lactate dehydrogenase A (LDHA) [51]. LDHA
maintains high concentrations of acetyl-coenzyme A to enhance histone acetylation and
gene transcription. Ablation of LDHA in T cells causes an increase in OXPHOS after
activation and a subsequent drop in acetyl-Co A-mediated acetylation of histones bound
to the promoter and enhancer of the Ifng gene, preventing transcription and production of
IFN-y. Taken together, these studies highlight the crucial role played by cell metabolism in
controlling gene expression during T cell activation.

With activation, biosynthesis increases drastically in T lymphocytes, to the point
that it must be slowed down to avoid too great a drop in cellular ATP. This regulation
is believed to be the direct consequence of the activity of AMP-activated protein kinase
(AMPK) and aims to ensure a sufficient amount of cellular energy for the proliferation and
function of T lymphocytes [52,53]. Activation of AMPK decreases fatty acid and protein
synthesis and promotes fatty acid oxidation (FAO) and mitochondrial biogenesis. AMPK
also up-regulates the rate of glycolysis through phosphorylation of 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase isoform 3 (PFKFB3) and increases glucose uptake [54].
Moreover, AMPK recently emerged as an important sensor and regulator of mitochondrial
ROS and a regulator of ROS neutralisation by antioxidant cellular systems, thereby main-
taining adequate cellular oxidative balance [55]. In a recent study, AMPK was shown to be
dispensable for short-term proliferation but was required for sustained long-term T cell
proliferation and effector/memory T cell survival [56]. Mechanistically, AMPK promoted
the accumulation of effector/memory T cells by enhancing the mitochondrial membrane
potential of T cells, thereby limiting ROS production.

The adaptive immune response is orchestrated by different subsets of CD4" T lympho-
cytes, each subset promoting immunity through different effector arms. They all appear
to be glycolytic in nature during the expansion phase that follows activation but adopt
different metabolic profiles for maintenance and function (Figure 1). Th1 lymphocytes,
which promote immune responses against viruses and intracellular bacteria, also appear to
require glycolysis for their function [23,51]. It has been proposed that aerobic glycolysis
enhances IFNy production by sequestering GAPDH away from binding to the AU-rich
elements within the 3’ UTR of IFNy mRNA, thereby preventing inhibition of its transla-
tion [23]. As mentioned before, another study has shown that LDHA activity maintains
a high concentration of acetyl-CoA to enhance histone acetylation and the transcription
of IFNy [51]. Thus, aerobic glycolysis is a metabolically regulated signalling mechanism
needed to control cellular function in Thl cells. Th2 CD4* T cells, which are triggered
by parasite infections and allergic reactions, predominantly undergo aerobic glycolysis
in order to proliferate and perform their effector functions, just like the Thl cells [57].
However, studies have pointed out that some additional metabolic programming occurs
when Th2 cells enter inflamed tissue sites and tissue-migrated Th2 cells display lipid-
based metabolism as their prominent feature [58]. Single-cell RNA sequencing of the
T cell response to house dust mites revealed that pathogenic airway Th2 cells are highly
enriched for genes associated with lipid metabolism [58]. Moreover, using inhibitors of
lipid metabolism induced a drastic reduction in pathologies mediated by Th2 lympho-
cytes [57]. The survival of tissue-resident memory T cells requires exogenous lipid uptake
and metabolism [59]. Determining whether increased reliance on lipid metabolism is a
strategy to prolong Th2 cell longevity in tissues would be of significant interest.

Th17 lymphocytes specialise in immune defence against extracellular bacteria. Al-
though glycolysis is also essential for their development, the environmental context in
which T cells thrive can modulate the metabolic pathway differently. It has been shown
that whereas CRISPR-mediated targeting of glycolysis in T cells in mice results in a global
loss of Th17 cells, the single deficiency of the glycolytic enzyme glucose phosphate iso-
merase (GPI) selectively eliminates inflammatory encephalitogenic and colitogenic Th17
cells, without substantially affecting homeostatic microbiota-specific Th17 cells [60]. In
homeostatic Th17 cells, the partial blockade of glycolysis upon GPI inactivation is compen-
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sated by pentose phosphate pathway flux and increased mitochondrial respiration [60].
The need to enhance glucose metabolism and engage glycolysis for Th17 differentiation is
also illustrated by the inability to generate Th17 cells in the absence of the nuclear factor
HIF1« [61-63]. HIF1 promotes increased glucose uptake via the up-regulation of GLUT1
and reinforces glycolysis through the up-regulation of pyruvate dehydrogenase kinase 1
(PDK1) [64]. Increased PDK1 activity, in turn, prevents entry of pyruvate into the TCA cycle
and redirects it to be metabolised into lactate. HIF1ox has been demonstrated to be a critical
factor in the development of Th17 cells versus inducible T regulatory cells (Tregs) and the
pro-inflammatory cytokine IL-6 is required for inducing HIF1x expression [65]. Fatty acid
synthesis (FAS) has also been shown to be essential for Th17 development. Unlike Tregs,
which use exogenous fatty acids (see below Section 5), Th17 cells primarily depend on
de-novo FAS [66]. Inhibition acetyl-CoA carboxylase 1 (ACC1), which is crucial for FAS,
impairs the generation of human and mouse Th17 cells but favours the development of
Tregs. Moreover, T cell-specific deletion of ACC1 in mice, or in vivo treatment with specific
inhibitors, has been shown to attenuate Th17 cell-mediated autoimmune disease [66].

4. The Metabolism of Adaptive Inmune Memory

Memory T cells were first identified as a T cell population that was found to survive
long after the infection had cleared [67]. This memory population was shown to have an
increased ability to restrict viral replication upon secondary infection, and thus indicated
the importance and potency of memory T cells compared to naive or effector T cells [67].
In addiction to prolonged survival, migrating is another defining feature of classical
memory T cells. Central memory T cells (Tcm) and effector T memory cells (Tem) are
defined in blood based on their expression CC-chemokine receptor 7 (CCR?7) [68]. CCR7
mediates homing of T cells to secondary lymphoid organs via high endothelial venules
(HEV). Therefore, CCR7" Tem have the capacity to migrate and reside into tissues whereas
CCR7* Tem are found mostly in secondary lymphoid organs. However, subsequent
experiments have clearly indicated the strict resident nature of a substantial proportion
of memory CD8* T cells found in tissues, qualified as “tissue resident” memory T cells
(Trm). [69-71]. The precise location of Trm within tissues gives the host enhanced regional
immunity that can be activated upon subsequent local infections. It is also known that some
memory T cells reacquire the ability to undergo long-term self-renewal [72,73]. These cells,
termed “T memory stem cells” (Tscm), representing approximately 2—4% of all circulating
T lymphocytes, seem to be extremely durable, and can rapidly differentiate into more
mature central memory, effector memory, and effector T cells.

Several studies indicate that memory T lymphocytes depend mainly on lipid catabolism
to meet their long-term survival needs [59,74-76]. While FAS is important for T cell pro-
liferation and differentiation into effector cells, a metabolic shift towards FAO appears
to be necessary for memory T cell survival. The observation that memory T cells use
intrinsic cellular lipolysis to mobilise fatty acids for FAO, suggests that in these cells lipids
must be synthesised before mitochondrial oxidation can occur [76]. This conclusion is
also supported by Lee et al., who showed that antigen-specific CD8" T cells deficient
for the expression of ACC1 (responsible for the production of malonyl CoA used in the
synthesis of long-chain fatty acids) were characterised by impaired peripheral persistence
and homeostatic proliferation after immunisation [77].

Mitochondrial respiration can be supported by different carbon sources, such as
glucose pyruvate, glutamine, and other amino acids and lipids, including not only long-
chain fatty acids but also medium and short-chain fatty acids. This last route of oxidative
energy supply was recently highlighted by the observation that CPTA1 was dispensable,
for the formation of memory T lymphocytes [78]. Unlike long-chain fatty acids, short
fatty acids have the advantage that they do not require active transport and can migrate
freely through bilipidic barriers such as cytoplasmic and mitochondrial membranes. This is
how microbiota-derived short-chain fatty acid butyrate is believed to enhance the memory
potential of activated CD8" T cells and is required for optimal recall responses upon antigen
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re-encounter [79]. These findings also suggest that, in addition to fuelling lipid oxidation,
microbial metabolites could guide the metabolic rewiring of activated CD8" T cells to
enable memory transition.

Mitochondria are metabolic organelles capable of actively transforming their ultra-
structure. CD8* effector T cells possess punctate mitochondria, while memory CD8* T cells
maintain fused mitochondrial networks [80]. The mitochondrial dynamin-like GTPase
OPAL1 is known to promote inner mitochondrial membrane fusion and is essential for the
maintenance of mitochondrial cristae as well as for the stability of electron transport chain
complexes [81]. Thus, the expression of OPA1 is necessary for memory T cells, but not for
effector T cells. Likewise, forced expression of OPA1 in effector T cells imposes characteris-
tics of memory cells and enhances the anti-tumour function [81]. These data suggest that
mitochondrial fusion in memory T cells configures the complex associations of the electron
transport chain promoting OXPHOS and FAO, while the fission of mitochondria in effector
T cells reduces OXPHOS and promotes aerobic glycolysis necessary for antigen-induced
proliferation [82].

Compared to naive and effector T cells, memory T cells were shown to have increased
mitochondrial mass and greater spare respiratory capacity (SRC) [83]. This would allow
for the rapid generation of mitochondrial ATP upon activation and would give a bioener-
getic advantage upon secondary antigen stimulation. IL-15, a cytokine important for the
maintenance of memory T cells, was shown to regulate SRC and oxidative metabolism
by promoting both mitochondrial biogenesis and the expression of carnitine palmitoyl
transferase (CPT1a), a metabolic enzyme involved in long-chain fatty acid transport, such
as palmitoyl-CoA, to the inter-membrane space of mitochondria for FAO [83]. However, a
recent report has challenged this concept by providing evidence that antigen-experienced
memory T cells, as defined by their expression of CD44, do not express the IL-15 receptor
(IL-15R) and would not exhibit increased SRC [84]. According to this study, IL-15R and
increased SRC would characterise CD44* CD49d!°" “virtual memory” or “memory-like”
CD8" T cells [84]. These cells arise in the absence of antigenic exposure upon type one inter-
feron signalling and express high levels of the nuclear factor Eomesodermin (EOMES) [85].
Their increased SRC appears to be a more relevant indicator of their extended longevity
rather than any particular function [84]. If high SRC is indeed required for cell survival,
it would be informative to assess SRC in other long-lived T cell subsets, such as TSCM,
which are highly proliferative, and TRM, which retain a level of proliferative capacity in
situ and are highly IL-15 dependent [86,87].

5. T Regulatory Cells

T regulatory cells (Tregs) express the transcription factor FOXP3 and suppress immune
responses by competing for IL-2, a growth hormone required for the expansion of activated
conventional T cells, by producing inhibitory cytokines, such as IL-10 and TGF-3, and
by checkpoint mechanisms (PD-1, CTLA4, LAG3) [88,89]. The activity of these T cells is
important for the resolution of immune responses and the maintenance of immune home-
ostasis in a number of organs. Their unique function in immune responses makes them
dependent on a specific metabolic activity for their development and function. Michaleck
and colleagues showed that although Th1 and Th17 cells (which express high amounts of
the glucose transporter GLUT1) are highly glycolytic, Treg cells generated through in vitro
polarisation of CD4* T cells preferentially use lipid oxidation (Figure 1) [90,91]. However,
those differentiating conditions were induced in vitro by the addition of high doses of
cytokines (TGFp). TGEp signals drive Treg differentiation and activates AMPK which
promotes FAO and deviates Th17 cells towards a Treg phenotype [89,92]. These in vitro
studies seemed to indicate that, unlike the T effector cells, the Tregs favoured OXPHOS
and FAOQ for their development and function (Figure 1). It was therefore very surprising to
observe that un-manipulated freshly-isolated human Tregs were found to be highly gly-
colytic at both the proteomic and the functional levels when compared to ex vivo-isolated
conventional T cells [93]. Since glycolysis is known to promote biosynthesis for rapid
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T cell growth, this observation confirmed that Treg cells actively proliferate in vivo both
in humans and in mice [94,95]. Ex vivo Tregs are also metabolically more active than
conventional T cells, expressing a higher level of mTOR, and mTORC1 signalling is a
pivotal positive determinant of the Tregs function in mice [96,97]. Moreover, it has been
shown that glycolysis is important for the generation of inducible Treg (iTreg) cells [98].

The various observations which describe the Tregs to rely either on glycolysis or
on FAO for their energy needs suggest a complex relationship between metabolism and
function in these cells. One study offers a possibility that reconciles these seemingly
opposing situations [99]. It was observed that signals that promote Treg cell proliferation
increased PI(3)K-AKT-mTORC1 signalling and glycolysis. Alternatively, the transcription
factor FOXP3 opposed PI(3)K-AKT-mTORC1 signalling to limit glycolysis and anabolic
metabolism while increasing lipid and oxidative metabolism [99]. Moreover, whereas
glycolysis induced Treg proliferation, this was inversely proportional to their suppressive
capacity. The utilisation of OXPHOS, on the contrary, was required for maximal suppressive
activity. Thus, the Tregs would adopt a different energy profile depending on whether
they are expanding or performing their function. The observation that control of PI(3)K
signalling by the phosphatase PTEN in Treg cells is critical for maintaining their function
and stability supports this concept [100]. It remains to be seen whether this metabolic
dichotomy related to proliferative capacity or function is always mutually exclusive or
whether there are exceptions. The observation that commensal microbe-derived butyrate
induces the differentiation of colonic Tregs suggests that this might depend on their direct
environment [101,102].

The fact that Tregs are present in a wide variety of organs and tissues suggests that
they must indeed be able to adapt to different metabolic situations. The best example of
this is the ability of Tregs to adapt to the harsh metabolic environment imposed inside
solid tumours. Glucose consumption by tumours metabolically restricts T cells, resulting
in decreased mTOR activity and glycolysis [3]. Likewise, the excess lactate produced
by the glycolytic activity of tumour cells can regulate the activity of tumour-infiltrating
T cells (TIL) [5,103,104]. In Tregs, the transcription factor FOXP3 was shown to reprogram
metabolism by suppressing Myc and glycolysis, enhancing oxidative phosphorylation,
and increasing nicotinamide adenine dinucleotide (NAD) oxidation [6]. This adaptation
to lactate appears to be mediated by the specific expression of CD36 at the surface of
intra-tumour Tregs [7]. CD36 via peroxisome proliferator-activated receptor-3 (PPARf) sig-
nalling sustains survival and function in intra-tumour Tregs by modulating mitochondrial
fitness and NAD levels, which are critical for metabolising lactate [7].

6. The Metabolism of T Cell Exhaustion

Exhausted T cells (Tex) are distinct cell lineages that arise during chronic viral infec-
tions and cancers in animals and humans. Tex cells are characterised by progressive loss of
effector functions maintained by inhibitory receptor expression and metabolic deregula-
tion [105,106]. Exhaustion develops following strong TCR-mediated stimulation or during
sustained chronic exposure to antigen and affects both CD4* and CD8* T cells [107-109].
Originally, Tex were described as having their effector function actively controlled by the
engagement on their surface of inhibitory receptors, such as PD-1 [108]. Rafi Ahmed’s
group was the first to demonstrate, in the mouse model of chronic LCMYV infection, that
Tex functional unresponsiveness could be lifted and the infection controlled by the admin-
istration of antibodies neutralising the interaction between PD-1 and its ligand [108]. More
recently, John Wherry and his colleagues clearly demonstrated that the population of Tex
is heterogeneous and can be divided into at least two sub-groups, based on the intensity
of PD-1 expression and their expression of molecules such as CD69 [110]. This is how
PD-1i" CD69" Tex, whose activity can be restored by inhibition of the PD-1 checkpoint,
are distinguished from PD-1M8" CD69* Tex which are terminally differentiated T cells
and remain insensitive to anti-PD1 treatment (Figure 1). Several key pathways have been
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implicated in the establishment of Tex, including those mediated by the nuclear factors
TCF1 and TOX [111,112].

The cytoplasmic domain of PD-1 has two tyrosines. The more proximal one constitutes
an immunoreceptor tyrosine-based inhibitory motif (ITIM), whereas the distal residue
forms an immunoreceptor tyrosine-based switch motif (ITSM). Upon stimulation, PD-1
becomes phosphorylated at its tyrosine-based motives which then bind the Src homology 2
(SH2) domains of SH2-containing phosphatase 2 (SHP2) [113]. PD-1 suppresses signalling
through the TCR and T cell costimulatory receptor CD28 [113]. Thus, T cells must receive
the PD-1 signal in conjunction with the antigen-specific TCR signal to negatively influence
T cell function. Consequently, PD1 ligands, PD-L1 or PD-L2, and peptide/MHC must be
co-expressed by the same antigen-presenting cell to signal through PD-1. In vitro, the cross-
linking of PD-1 on the surface of T cells attenuates PI(3)K-AKT-mTORC1 signalling with
direct impacts on metabolism, mainly the suppression of glycolysis [114,115]. Likewise, an
in vivo blockade of PD-1 has been shown to restore anabolic metabolism and glycolysis
in PD-1i"t CD8* Tex in an mTOR-dependent manner [3,116]. However, as mentioned
above, long-term exposure to chronic antigen stimulation can lead to a deeper state of T cell
unresponsiveness characterised by higher expression of inhibitory receptors [116,117].
In these terminally differentiated Tex, blocking PD-1 does not restore their glycolytic
capacity but increases mitochondrial superoxide production and induces cell death by
apoptosis [116,117].

In the context of solid tumours, TIL usually exhibits a state of functional exhaustion
that limits their anti-tumour activity. Functional unresponsiveness can be the result of
direct repressing signals from the tumour microenvironment [118] or competition for nutri-
ents with tumour cells [3], but is also actively maintained by the engagement of inhibitory
receptors, such as PD-1, present at the surface of TILs, by ligands expressed on cancer
cells [2]. One of the main metabolic features of exhausted TILs is the persistent loss of
mitochondrial mass and function [2,116,119]. In particular, TILs show loss of PPAR-gamma
co-activator 1 (PGClx) which program mitochondrial biogenesis [120]. Pharmacological
activation of PGCla has been shown to activate mitochondria in T cells and to up-regulate
OXPHOS, resulting in improved immune function [121]. On the contrary, chronic antigenic
T cell stimulation under hypoxic conditions promotes BLIMPS-1-mediated inhibition of
PGC1o-dependent mitochondrial reprogramming [122]. The loss of mitochondrial function
generates reactive oxygen species (ROS) to levels sufficient to promote exhaustion and low-
ering ROS production in T cells improves response to checkpoint immunotherapy [122,123].
Lymphocyte activation gene-3 (LAG-3) is an inhibitory receptor expressed by CD4* and
CD8" T cells and in particular by TILs [124]. LAG-3 deficiency enhances the metabolic
profile of CD4* T cells by elevating levels of mitochondrial biogenesis [125]. In vivo, LAG-3
blockade partially restores expansion and the metabolic phenotype of wild-type CD4*
T cells to levels of LAG-3-deficient CD4" T cells, demonstrating that LAG-3 controls these
processes [125]. Whether LAG-3 limits mitochondria biogenesis in TILs, however, remains
to be determined.

TILs are also compromised in glycolytic metabolism. The blockade of either PD-1
or CTLA-4 inhibitory receptors augments the glycolytic metabolism in TILs responding
to mouse sarcoma tumours, demonstrating that glycolysis is the target of multiple in-
hibitory receptors [3]. In a recent study, CD8* TILs were shown to have low levels of
phosphoenolpyruvate (PEP) and enolase activity, implying that the PEP production step
of glycolysis is the point at which glycolysis is disrupted in CD8" TILs [126]. Combined
inhibitory receptor blockade therapy recruited enolase-active CD8* TILs into tumours,
whereas targeting individual checkpoint molecules did not significantly improve enolase
activity in CD8* T cells [126]. Taken as a whole, these experiments demonstrate that the
underlying basis of the dysfunction of TILs is both a limited OXPHOS and insufficient
glycolysis to support effector functions despite their ability to effectively transport glu-
cose. This indicates that CD8" TILs represent a population of cells that undergo constant
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antigenic stimulation and that their decreased metabolic activity is not the consequence of
immunological quiescence.

One of the major consequences T cells have to face when arriving in the tumour
microenvironment is the competition for nutrients and in particular glucose deprivation.
In addition to the impact on metabolic activity, the limitation of glucose can also have
consequences on the epigenetic regulation of gene expression in TIL. Since the breakdown
of glucose into pyruvate during glycolysis is the prime source of intracellular acetyl-
CoA, glucose limitation might give a specific histone acetylation profile in TIL that could
explain their exhausted phenotype [51]. This possibility is supported by the observation
that acetate supplementation is sufficient to restore IFNy production in T cells isolated
from melanoma [43]. Glucose deprivation due to tumour cell growth has also another
consequence for TILs, i.e., the release of important quantities of lactate, the by-product of
glycolysis, in the tumour microenvironment. Lactate has been identified as an important
component that contributes to the immunosuppressive properties of tumours [5,103].
Tumours with reduced lactic acid production developed significantly slower than control
tumours and showed increased infiltration with IFN-y-producing T and NK cells [5].
Alternatively, lactic acid prevented up-regulation of nuclear factor NFAT in T cells, resulting
in diminished IFN-y production [5]. Unlike effector T cells, Tregs have been shown to
utilise extracellular lactate by converting it to pyruvate, demonstrating their ability to grow
in the tumour microenvironment and participate in tumour immune evasion by inhibiting
the activity of effector T cells [6,104].

Cholesterol is enriched in the tumour microenvironment, but its effect on TILs remains
controversial. Cholesterol present in the tumour microenvironment was shown to inhibit
the activity of CD8* TILs [127]. Upon entry into tumours, CD8* T cells acquire cholesterol,
expressed high levels of several immune checkpoints, including PD-1, 2B4, TIM-3, and LAG-
3, and become exhausted. Cholesterol induces immune checkpoint expression by increasing
endoplasmic reticulum (ER) stress in T cells [127]. Consequently, the ER stress sensor
XBP1 is activated and regulates PD-1 and 2B4 transcription. Inhibiting XBP1 or reducing
cholesterol in CD8* T cells effectively restores anti-tumour activity [127]. Furthermore,
Yang et al. have reported that genetic ablation or pharmacological inhibition of ACAT1,
a key cholesterol esterification enzyme [128], by increasing cholesterol inclusion in the
plasma membrane, potentiates the proliferation and effector function of CD8* T cells [129].
In addition, it was shown that inhibition of ACAT1 in combination therapy with anti-
PD-1 antibodies improved efficacy in controlling tumour progression [129]. To reconcile
these opposing observations, it can be proposed that, upon activation of antigen, T cells
rapidly increase cholesterol synthesis through the increased transcriptional activity of
SREBPs [130]. De novo synthesised cholesterol is then esterified by ACAT in the ER and
stored in lipid droplets. Thus, ACAT acts as a negative regulator of T cell activation
by limiting the cholesterol available for incorporation into membranes. Moreover, the
proportion of cholesterol in the ER must be tightly controlled in order to promote cell
homeostasis and the activity of ACAT participate in this regulation [131]. In the tumour
microenvironment, however, the excessive amounts of cholesterol produced by tumour
cells enter TILs’ cytoplasm, accumulate in the ER, and could overwhelm ACAT activity,
thereby activating XBP1 and the transcription of inhibitory checkpoints.

7. Concluding Remarks

Numerous studies have shown that the regulation of immunity by T cells effectively
controls the onset of disease and maintains immune homeostasis. Metabolic regulation
is important for antigen-induced expansion and function of T lymphocytes. However,
T cell metabolism is highly dynamic and T cells are able to operate in very different
environmental conditions by adapting their metabolism. Although a large number of
studies have reported the link between metabolic regulation and immune diseases, the idea
of controlling T cell metabolism to provide precise immunotherapy is still in its infancy
and will require extensive research to reach the patients that require it.



Int. J. Mol. Sci. 2021, 22, 6779 11 of 16

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Leach, D.R.; Krummel, M.F; Allison, J.P. Enhancement of antitumor immunity by CTLA-4 blockade. Science 1996, 271, 1734-1736.
[CrossRef]

Wei, S.C.; Levine, ].H.; Cogdill, A.P.; Zhao, Y.; Anang, N.A.S.; Andrews, M.C.; Sharma, P.; Wang, ].; Wargo, J.A.; Pe’er, D.; et al.
Distinct Cellular Mechanisms Underlie Anti-CTLA-4 and Anti-PD-1 Checkpoint Blockade. Cell 2017, 170, 1120-1133.e17.
[CrossRef]

Chang, C.H.; Qiu, J.; O’Sullivan, D.; Buck, M.D.; Noguchi, T.; Curtis, ].D.; Chen, Q.; Gindin, M.; Gubin, M.M.; van der Windt,
G.J.; et al. Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer Progression. Cell 2015, 162, 1229-1241.
[CrossRef]

Frumento, G.; Rotondo, R.; Tonetti, M.; Damonte, G.; Benatti, U.; Ferrara, G.B. Tryptophan-derived catabolites are responsible
for inhibition of T and natural killer cell proliferation induced by indoleamine 2,3-dioxygenase. J. Exp. Med. 2002, 196, 459-468.
[CrossRef]

Brand, A.; Singer, K.; Koehl, G.E.; Kolitzus, M.; Schoenhammer, G.; Thiel, A.; Matos, C.; Bruss, C.; Klobuch, S.; Peter, K,; et al.
LDHA-Associated Lactic Acid Production Blunts Tumor Immunosurveillance by T and NK Cells. Cell Metab. 2016, 24, 657-671.
[CrossRef] [PubMed]

Angelin, A.; Gil-de-Gémez, L.; Dahiya, S.; Jiao, J.; Guo, L.; Levine, M.H.; Wang, Z.; Quinn, W.J., 3rd; Kopinski, PK.; Wang,
L.; et al. Foxp3 Reprograms T Cell Metabolism to Function in Low-Glucose, High-Lactate Environments. Cell Metab. 2017, 25,
1282-1293.e7. [CrossRef] [PubMed]

Wang, H.; Franco, F,; Tsui, Y.C.; Xie, X.; Trefny, M.P.; Zappasodi, R.; Mohmood, S.R.; Fernandez-Garcia, J.; Tsai, C.H.; Schulze,
L; et al. CD36-mediated metabolic adaptation supports regulatory T cell survival and function in tumors. Nat. Immunol. 2020, 21,
298-308. [CrossRef] [PubMed]

Zhang, S.; Zhang, X.; Wang, K.; Xu, X.; Li, M.; Zhang, J.; Zhang, Y.; Hao, J.; Sun, X.; Chen, Y.; et al. Newly Generated CD4* T Cells
Acquire Metabolic Quiescence after Thymic Egress. J. Immunol. 2018, 200, 1064-1077. [CrossRef] [PubMed]

Wofford, J.A.; Wieman, H.L.; Jacobs, S.R.; Zhao, Y.; Rathmell, J.C. IL-7 promotes Glutl trafficking and glucose uptake via
STAT5-mediated activation of Akt to support T-cell survival. Blood 2008, 111, 2101-2111. [CrossRef]

Takeda, S.; Rodewald, H.R.; Arakawa, H.; Bluethmann, H.; Shimizu, T. MHC class II molecules are not required for survival of
newly generated CD4* T cells, but affect their long-term life span. Immunity 1996, 5, 217-228. [CrossRef]

Tanchot, C.; Lemonnier, F.A.; Pérarnau, B.; Freitas, A.A.; Rocha, B. Differential requirements for survival and proliferation of CD8
naive or memory T cells. Science 1997, 276, 2057-2062. [CrossRef]

Rathmell, J.C.; Vander Heiden, M.G.; Harris, M.H.; Frauwirth, K.A.; Thompson, C.B. In the absence of extrinsic signals, nutrient
utilization by lymphocytes is insufficient to maintain either cell size or viability. Mol. Cell. 2000, 6, 683-692. [CrossRef]
Mazzucchelli, R.; Durum, S.K. Interleukin-7 receptor expression: Intelligent design. Nat. Rev. Immunol. 2007, 7, 144-154.
[CrossRef] [PubMed]

Pallard, C.; Stegmann, A.P,; van Kleffens, T.; Smart, F.; Venkitaraman, A.; Spits, H. Distinct roles of the phosphatidylinositol
3-kinase and STAT5 pathways in IL-7-mediated development of human thymocyte precursors. Immunity 1999, 10, 525-535.
[CrossRef]

Tan, H.; Yang, K.; Li, Y.; Shaw, T.I.; Wang, Y.; Blanco, D.B.; Wang, X.; Cho, J].H.; Wang, H.; Rankin, S.; et al. Integrative
Proteomics and Phosphoproteomics Profiling Reveals Dynamic Signaling Networks and Bioenergetics Pathways Underlying T
Cell Activation. Immunity 2017, 46, 488-503. [CrossRef] [PubMed]

Ouyang, W.; Beckett, O.; Flavell, R.A.; Li, M.O. An essential role of the Forkhead-box transcription factor Foxol in control of T
cell homeostasis and tolerance. Immunity 2009, 30, 358-371. [CrossRef]

Yang, K.; Neale, G.; Green, D.R.; He, W.; Chi, H. The tumor suppressor Tscl enforces quiescence of naive T cells to promote
immune homeostasis and function. Nat. Immunol. 2011, 12, 888-897. [CrossRef]

Mendoza, A.; Fang, V.; Chen, C.; Serasinghe, M.; Verma, A.; Muller, J.; Chaluvadi, V.S.; Dustin, M.L.; Hla, T.; Elemento, O.; et al.
Lymphatic endothelial SIP promotes mitochondrial function and survival in naive T cells. Nature 2017, 546, 158-161. [CrossRef]
Wang, R.; Dillon, C.P; Shi, L.Z.; Milasta, S.; Carter, R.; Finkelstein, D.; McCormick, L.L.; Fitzgerald, P.; Chi, H.; Munger, J.; et al.
The transcription factor Myc controls metabolic reprogramming upon T lymphocyte activation. Immunity 2011, 35, 871-882.
[CrossRef]

Yang, K.; Shrestha, S.; Zeng, H.; Karmaus, PW.; Neale, G.; Vogel, P.; Guertin, D.A.; Lamb, R.F; Chi, H. T cell exit from quiescence
and differentiation into Th2 cells depend on Raptor-mTORC1-mediated metabolic reprogramming. Immunity 2013, 39, 1043-1056.
[CrossRef] [PubMed]

Vaeth, M.; Maus, M.; Klein-Hessling, S.; Freinkman, E.; Yang, J.; Eckstein, M.; Cameron, S.; Turvey, S.E.; Serfling, E.; Berberich-
Siebelt, F; et al. Store-Operated Ca(2+) Entry Controls Clonal Expansion of T Cells through Metabolic Reprogramming. Immunity
2017, 47, 664—679.e6. [CrossRef]


http://doi.org/10.1126/science.271.5256.1734
http://doi.org/10.1016/j.cell.2017.07.024
http://doi.org/10.1016/j.cell.2015.08.016
http://doi.org/10.1084/jem.20020121
http://doi.org/10.1016/j.cmet.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27641098
http://doi.org/10.1016/j.cmet.2016.12.018
http://www.ncbi.nlm.nih.gov/pubmed/28416194
http://doi.org/10.1038/s41590-019-0589-5
http://www.ncbi.nlm.nih.gov/pubmed/32066953
http://doi.org/10.4049/jimmunol.1700721
http://www.ncbi.nlm.nih.gov/pubmed/29288207
http://doi.org/10.1182/blood-2007-06-096297
http://doi.org/10.1016/S1074-7613(00)80317-9
http://doi.org/10.1126/science.276.5321.2057
http://doi.org/10.1016/S1097-2765(00)00066-6
http://doi.org/10.1038/nri2023
http://www.ncbi.nlm.nih.gov/pubmed/17259970
http://doi.org/10.1016/S1074-7613(00)80052-7
http://doi.org/10.1016/j.immuni.2017.02.010
http://www.ncbi.nlm.nih.gov/pubmed/28285833
http://doi.org/10.1016/j.immuni.2009.02.003
http://doi.org/10.1038/ni.2068
http://doi.org/10.1038/nature22352
http://doi.org/10.1016/j.immuni.2011.09.021
http://doi.org/10.1016/j.immuni.2013.09.015
http://www.ncbi.nlm.nih.gov/pubmed/24315998
http://doi.org/10.1016/j.immuni.2017.09.003

Int. J. Mol. Sci. 2021, 22, 6779 12 of 16

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Tarasenko, T.N.; Pacheco, S.E.; Koenig, M.K.; Gomez-Rodriguez, J.; Kapnick, S.M.; Diaz, F,; Zerfas, PM.; Barca, E.; Sudderth, J.;
DeBerardinis, R.J.; et al. Cytochrome ¢ Oxidase Activity Is a Metabolic Checkpoint that Regulates Cell Fate Decisions During T
Cell Activation and Differentiation. Cell Metab. 2017, 25, 1254-1268.e7. [CrossRef] [PubMed]

Chang, C.H,; Curtis, ].D.; Maggi, L.B., Jr.; Faubert, B.; Villarino, A.V.; O’Sullivan, D.; Huang, S.C.; van der Windt, G.J.; Blagih, J.;
Qiu, J.; et al. Posttranscriptional control of T cell effector function by aerobic glycolysis. Cell 2013, 153, 1239-1251. [CrossRef]
Menk, A.V,; Scharping, N.E.; Moreci, R.S.; Zeng, X.; Guy, C.; Salvatore, S.; Bae, H.; Xie, ].; Young, H.A.; Wendell, S.G.; et al. Early
TCR Signaling Induces Rapid Aerobic Glycolysis Enabling Distinct Acute T Cell Effector Functions. Cell Rep. 2018, 22, 1509-1521.
[CrossRef]

Hukelmann, ].L.; Anderson, K.E.; Sinclair, L.V.; Grzes, K.M.; Murillo, A.B.; Hawkins, P.T.; Stephens, L.R.; Lamond, A.L; Cantrell,
D.A. The cytotoxic T cell proteome and its shaping by the kinase mTOR. Nat. Immunol. 2016, 17, 104-112. [CrossRef]

Sena, L.A.; Li, S.; Jairaman, A.; Prakriya, M.; Ezponda, T.; Hildeman, D.A.; Wang, C.R.; Schumacker, P.T.; Licht, ].D.; Perlman,
H.; et al. Mitochondria are required for antigen-specific T cell activation through reactive oxygen species signaling. Immunity
2013, 38, 225-236. [CrossRef] [PubMed]

Mak, T.W.; Grusdat, M.; Duncan, G.S.; Dostert, C.; Nonnenmacher, Y.; Cox, M.; Binsfeld, C.; Hao, Z.; Briistle, A.; Itsumi, M.; et al.
Glutathione Primes T Cell Metabolism for Inflammation. Immunity 2017, 46, 675-689. [CrossRef]

Ron-Harel, N.; Santos, D.; Ghergurovich, ].M.; Sage, P.T.; Reddy, A.; Lovitch, S.B.; Dephoure, N.; Satterstrom, EK; Sheffer, M.;
Spinelli, ].B.; et al. Mitochondrial Biogenesis and Proteome Remodeling Promote One-Carbon Metabolism for T Cell Activation.
Cell Metab. 2016, 24, 104-117. [CrossRef] [PubMed]

Macintyre, A.N.; Gerriets, V.A.; Nichols, A.G.; Michalek, R.D.; Rudolph, M.C.; Deoliveira, D.; Anderson, S.M.; Abel, E.D.; Chen,
B.J.; Hale, L.P. The glucose transporter Glutl is selectively essential for CD4 T cell activation and effector function. Cell Metab.
2014, 20, 61-72. [CrossRef]

Cham, C.M.; Gajewski, T.F. Glucose availability regulates IFN-gamma production and p70S6 kinase activation in CD8" effector T
cells. J. Immunol. 2005, 174, 4670-4677. [CrossRef]

Gubser, PM.; Bantug, G.R.; Razik, L.; Fischer, M.; Dimeloe, S.; Hoenger, G.; Durovic, B.; Jauch, A.; Hess, C. Rapid effector function
of memory CD8* T cells requires an immediate-early glycolytic switch. Nat. Immunol. 2013, 14, 1064-1072. [CrossRef] [PubMed]
Sukumar, M.; Liu, J.; Ji, Y.; Subramanian, M.; Crompton, ].G.; Yu, Z.; Roychoudhuri, R.; Palmer, D.C.; Muranski, P.; Karoly,
E.D.; et al. Inhibiting glycolytic metabolism enhances CD8* T cell memory and antitumor function. J. Clin. Investig. 2013, 123,
4479-4488. [CrossRef] [PubMed]

Klionsky, D.J.; Abdalla, F.C.; Abeliovich, H.; Abraham, R.T.; Acevedo-Arozena, A.; Adeli, K.; Agholme, L.; Agnello, M.; Agostinis,
P.; Aguirre-Ghiso, ].A.; et al. Guidelines for the use and interpretation of assays for monitoring autophagy. Autophagy 2012, 8,
445-544. [CrossRef]

Cham, C.M,; Driessens, G.; O'Keefe, ].P.; Gajewski, T.F. Glucose deprivation inhibits multiple key gene expression events and
effector functions in CD8" T cells. Eur. . Immunol. 2008, 38, 2438-2450. [CrossRef] [PubMed]

Blagih, ].; Coulombe, E,; Vincent, E.E.; Dupuy, F,; Galicia-Vazquez, G.; Yurchenko, E.; Raissi, T.C.; van der Windt, G.]J.; Viollet, B.;
Pearce, E.L.; et al. The energy sensor AMPK regulates T cell metabolic adaptation and effector responses in vivo. Immunity 2015,
42,41-54. [CrossRef] [PubMed]

Cantor, ].R.; Abu-Remaileh, M.; Kanarek, N.; Freinkman, E.; Gao, X.; Louissaint, A., Jr.; Lewis, C.A.; Sabatini, D.M. Physiologic
Medium Rewires Cellular Metabolism and Reveals Uric Acid as an Endogenous Inhibitor of UMP Synthase. Cell 2017, 169,
258-272.e17. [CrossRef] [PubMed]

Sellers, K.; Fox, M.P.; Bousamra, M., 2nd; Slone, S.P.; Higashi, R.M.; Miller, D.M.; Wang, Y.; Yan, J.; Yuneva, M.O.; Deshpande,
R.; et al. Pyruvate carboxylase is critical for non-small-cell lung cancer proliferation. J. Clin. Investig. 2015, 125, 687-698. [CrossRef]
Davidson, S.M.; Papagiannakopoulos, T.; Olenchock, B.A.; Heyman, J.E.; Keibler, M.A.; Luengo, A.; Bauer, M.R,; Jha, A.K;
O’Brien, J.P; Pierce, K.A; et al. Environment Impacts the Metabolic Dependencies of Ras-Driven Non-Small Cell Lung Cancer.
Cell Metab. 2016, 23, 517-528. [CrossRef]

Hensley, C.T.; Faubert, B.; Yuan, Q.; Lev-Cohain, N.; Jin, E.; Kim, ].; Jiang, L.; Ko, B.; Skelton, R.; Loudat, L.; et al. Metabolic
Heterogeneity in Human Lung Tumors. Cell 2016, 164, 681-694. [CrossRef]

Hui, S.; Ghergurovich, ].M.; Morscher, R.J.; Jang, C.; Teng, X.; Lu, W,; Esparza, L.A.; Reya, T.; Le, Z.; Yanxiang Guo, ]J.; et al.
Glucose feeds the TCA cycle via circulating lactate. Nature 2017, 551, 115-118. [CrossRef]

Ma, E.H.; Verway, M.].; Johnson, R.M.; Roy, D.G.; Steadman, M.; Hayes, S.; Williams, K.S.; Sheldon, R.D.; Samborska, B.; Kosinski,
P.A.; et al. Metabolic Profiling Using Stable Isotope Tracing Reveals Distinct Patterns of Glucose Utilization by Physiologically
Activated CD8* T Cells. Immunity 2019, 51, 856-870. [CrossRef]

Ho, P.C.; Bihuniak, J.D.; Macintyre, A.N.; Staron, M.; Liu, X.; Amezquita, R.; Tsui, Y.C.; Cui, G.; Micevic, G.; Perales, ].C.; et al.
Phosphoenolpyruvate Is a Metabolic Checkpoint of Anti-tumor T Cell Responses. Cell 2015, 162, 1217-1228. [CrossRef]

Qiu, J.; Villa, M,; Sanin, D.E.; Buck, M.D.; O’Sullivan, D.; Ching, R.; Matsushita, M.; Grzes, KM.; Winkler, F; Chang, C.H.; et al.
Acetate Promotes T Cell Effector Function during Glucose Restriction. Cell Rep. 2019, 27, 2063-2074. [CrossRef]

Finlay, D.K,; Rosenzweig, E.; Sinclair, L.V.; Feijoo-Carnero, C.; Hukelmann, J.L.; Rolf, J.; Panteleyev, A.A.; Okkenhaug, K.; Cantrell,
D.A. PDK1 regulation of mTOR and hypoxia-inducible factor 1 integrate metabolism and migration of CD8* T cells. J. Exp. Med.
2012, 209, 2441-2453. [CrossRef] [PubMed]


http://doi.org/10.1016/j.cmet.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28591633
http://doi.org/10.1016/j.cell.2013.05.016
http://doi.org/10.1016/j.celrep.2018.01.040
http://doi.org/10.1038/ni.3314
http://doi.org/10.1016/j.immuni.2012.10.020
http://www.ncbi.nlm.nih.gov/pubmed/23415911
http://doi.org/10.1016/j.immuni.2017.03.019
http://doi.org/10.1016/j.cmet.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27411012
http://doi.org/10.1016/j.cmet.2014.05.004
http://doi.org/10.4049/jimmunol.174.8.4670
http://doi.org/10.1038/ni.2687
http://www.ncbi.nlm.nih.gov/pubmed/23955661
http://doi.org/10.1172/JCI69589
http://www.ncbi.nlm.nih.gov/pubmed/24091329
http://doi.org/10.4161/auto.19496
http://doi.org/10.1002/eji.200838289
http://www.ncbi.nlm.nih.gov/pubmed/18792400
http://doi.org/10.1016/j.immuni.2014.12.030
http://www.ncbi.nlm.nih.gov/pubmed/25607458
http://doi.org/10.1016/j.cell.2017.03.023
http://www.ncbi.nlm.nih.gov/pubmed/28388410
http://doi.org/10.1172/JCI72873
http://doi.org/10.1016/j.cmet.2016.01.007
http://doi.org/10.1016/j.cell.2015.12.034
http://doi.org/10.1038/nature24057
http://doi.org/10.1016/j.immuni.2019.09.003
http://doi.org/10.1016/j.cell.2015.08.012
http://doi.org/10.1016/j.celrep.2019.04.022
http://doi.org/10.1084/jem.20112607
http://www.ncbi.nlm.nih.gov/pubmed/23183047

Int. J. Mol. Sci. 2021, 22, 6779 13 of 16

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Stambaugh, R.; Post, D. Substrate and product inhibition of rabbit muscle lactic dehydrogenase heart (H4) and muscle (M4)
isozymes. J. Biol. Chem. 1966, 241, 1462-1467. [CrossRef]

Murray, C.M.; Hutchinson, R.; Bantick, J.R.; Belfield, G.P,; Benjamin, A.D.; Brazma, D.; Bundick, R.V,; Cook, L.D.; Craggs, R.I;
Edwards, S.; et al. Monocarboxylate transporter MCT1 is a target for immunosuppression. Nat. Chem. Biol. 2005, 1, 371-376.
[CrossRef] [PubMed]

Carey, B.W,; Finley, L.W.,; Cross, ].R.; Allis, C.D.; Thompson, C.B. Intracellular «-ketoglutarate maintains the pluripotency of
embryonic stem cells. Nature 2015, 518, 413-416. [CrossRef]

Liu, PS.; Wang, H.; Li, X.; Chao, T.; Teav, T.; Christen, S.; Di Conza, G.; Cheng, W.C.; Chou, C.H.; Vavakova, M.; et al. o-
ketoglutarate orchestrates macrophage activation through metabolic and epigenetic reprogramming. Nat. Immunol. 2017, 18,
985-994. [CrossRef] [PubMed]

Raffel, S.; Falcone, M.; Kneisel, N.; Hansson, J.; Wang, W.; Lutz, C.; Bullinger, L.; Poschet, G.; Nonnenmacher, Y.; Barnert, A.; et al.
BCAT1 restricts «KG levels in AML stem cells leading to IDHmut-like DNA hypermethylation. Nature 2017, 551, 384-388.
[CrossRef]

Morris, J.P.t.; Yashinskie, ].J.; Koche, R.; Chandwani, R.; Tian, S.; Chen, C.C.; Baslan, T.; Marinkovic, Z.S.; Sanchez-Rivera, E]J.;
Leach, S.D.; et al. a-Ketoglutarate links p53 to cell fate during tumour suppression. Nature 2019, 573, 595-599. [CrossRef]

Peng, M.; Yin, N.; Chhangawala, S.; Xu, K,; Leslie, C.S.; Li, M.O. Aerobic glycolysis promotes T helper 1 cell differentiation
through an epigenetic mechanism. Science 2016, 354, 481-484. [CrossRef] [PubMed]

Blagih, J.; Krawczyk, C.M.; Jones, R.G. LKB1 and AMPK: Central regulators of lymphocyte metabolism and function. Immunol.
Rev. 2012, 249, 59-71. [CrossRef] [PubMed]

Andris, F; Leo, O. AMPK in lymphocyte metabolism and function. Int. Rev. Immunol. 2015, 34, 67-81. [CrossRef]

Doménech, E.; Maestre, C.; Esteban-Martinez, L.; Partida, D.; Pascual, R.; Fernandez-Miranda, G.; Seco, E.; Campos-Olivas, R.;
Pérez, M.; Megias, D.; et al. AMPK and PFKFB3 mediate glycolysis and survival in response to mitophagy during mitotic arrest.
Nat. Cell Biol. 2015, 17, 1304-1316. [CrossRef] [PubMed]

Rabinovitch, R.C.; Samborska, B.; Faubert, B.; Ma, E.H.; Gravel, S.P.; Andrzejewski, S.; Raissi, T.C.; Pause, A.; St-Pierre, J.; Jones,
R.G. AMPK Maintains Cellular Metabolic Homeostasis through Regulation of Mitochondrial Reactive Oxygen Species. Cell Rep.
2017, 21, 1-9. [CrossRef]

Lepez, A.; Pirnay, T.; Denanglaire, S.; Perez-Morga, D.; Vermeersch, M.; Leo, O.; Andris, F. Long-term T cell fitness and
proliferation is driven by AMPK-dependent regulation of reactive oxygen species. Sci. Rep. 2020, 10, 21673. [CrossRef]
Pelgrom, L.R.; Everts, B. Metabolic control of type 2 immunity. Eur. ]. Immunol. 2017, 47, 1266-1275. [CrossRef]

Tibbitt, C.A.; Stark, ].M.; Martens, L.; Ma, ].; Mold, J.E.; Deswarte, K.; Oliynyk, G.; Feng, X.; Lambrecht, B.N.; De Bleser, P; et al.
Single-Cell RNA Sequencing of the T Helper Cell Response to House Dust Mites Defines a Distinct Gene Expression Signature in
Airway Th2 Cells. Immunity 2019, 51, 169-184.e5. [CrossRef]

Pan, Y,; Tian, T,; Park, C.O.; Lofftus, S.Y.; Mei, S.; Liu, X.; Luo, C.; O'Malley, ].T.; Gehad, A.; Teague, ].E.; et al. Survival of
tissue-resident memory T cells requires exogenous lipid uptake and metabolism. Nature 2017, 543, 252-256. [CrossRef]

Wu, L.; Hollinshead, K.E.R.; Hao, Y.; Au, C.; Kroehling, L.; Ng, C.; Lin, W.Y.; Li, D.; Silva, H.M.; Shin, J.; et al. Niche-Selective
Inhibition of Pathogenic Th17 Cells by Targeting Metabolic Redundancy. Cell 2020, 182, 641-654. [CrossRef]

Dang, E.V.; Barbi, J.; Yang, H.Y,; Jinasena, D.; Yu, H.; Zheng, Y.; Bordman, Z.; Fu, J.; Kim, Y.; Yen, H.R.; et al. Control of
T(H)17/T(reg) balance by hypoxia-inducible factor 1. Cell 2011, 146, 772-784. [CrossRef]

Shi, L.Z.; Wang, R.; Huang, G.; Vogel, P; Neale, G.; Green, D.R.; Chi, H. HIFlalpha-dependent glycolytic pathway orchestrates a
metabolic checkpoint for the differentiation of TH17 and Treg cells. J. Exp. Med. 2011, 208, 1367-1376. [CrossRef]

Kastirr, I.; Crosti, M.; Maglie, S.; Paroni, M.; Steckel, B.; Moro, M.; Pagani, M.; Abrignani, S.; Geginat, J. Signal Strength and
Metabolic Requirements Control Cytokine-Induced Th17 Differentiation of Uncommitted Human T Cells. J. Immunol. 2015, 195,
3617-3627. [CrossRef]

Kim, ].W,; Tchernyshyov, I.; Semenza, G.L.; Dang, C.V. HIF-1-mediated expression of pyruvate dehydrogenase kinase: A metabolic
switch required for cellular adaptation to hypoxia. Cell Metab. 2006, 3, 177-185. [CrossRef]

Ivanov, LI; McKenzie, B.S.; Zhou, L.; Tadokoro, C.E.; Lepelley, A.; Lafaille, J.J.; Cua, D.J.; Littman, D.R. The orphan nuclear
receptor RORgammat directs the differentiation program of proinflammatory IL-17+ T helper cells. Cell 2006, 126, 1121-1133.
[CrossRef] [PubMed]

Berod, L.; Friedrich, C.; Nandan, A.; Freitag, ].; Hagemann, S.; Harmrolfs, K.; Sandouk, A.; Hesse, C.; Castro, C.N.; Bahre,
H.; et al. De novo fatty acid synthesis controls the fate between regulatory T and T helper 17 cells. Nat. Med. 2014, 20, 1327-1333.
[CrossRef]

Johnson, E.D.; Cole, G.A. Functional heterogeneity of lymphocytic choriomeningitis virus-specfic T lymphocytes. I. Identification
of effector amd memory subsets. J. Exp. Med. 1975, 141, 866-881. [CrossRef]

Sallusto, F,; Lenig, D.; Forster, R.; Lipp, M.; Lanzavecchia, A. Two subsets of memory T lymphocytes with distinct homing
potentials and effector functions. Nature 1999, 401, 708-712. [CrossRef]

Gebhardt, T.; Wakim, L.M.; Eidsmo, L.; Reading, P.C.; Heath, W.R.; Carbone, FER. Memory T cells in nonlymphoid tissue that
provide enhanced local immunity during infection with herpes simplex virus. Nat. Immunol. 2009, 10, 524-530. [CrossRef]
[PubMed]


http://doi.org/10.1016/S0021-9258(18)96733-5
http://doi.org/10.1038/nchembio744
http://www.ncbi.nlm.nih.gov/pubmed/16370372
http://doi.org/10.1038/nature13981
http://doi.org/10.1038/ni.3796
http://www.ncbi.nlm.nih.gov/pubmed/28714978
http://doi.org/10.1038/nature24294
http://doi.org/10.1038/s41586-019-1577-5
http://doi.org/10.1126/science.aaf6284
http://www.ncbi.nlm.nih.gov/pubmed/27708054
http://doi.org/10.1111/j.1600-065X.2012.01157.x
http://www.ncbi.nlm.nih.gov/pubmed/22889215
http://doi.org/10.3109/08830185.2014.969422
http://doi.org/10.1038/ncb3231
http://www.ncbi.nlm.nih.gov/pubmed/26322680
http://doi.org/10.1016/j.celrep.2017.09.026
http://doi.org/10.1038/s41598-020-78715-2
http://doi.org/10.1002/eji.201646728
http://doi.org/10.1016/j.immuni.2019.05.014
http://doi.org/10.1038/nature21379
http://doi.org/10.1016/j.cell.2020.06.014
http://doi.org/10.1016/j.cell.2011.07.033
http://doi.org/10.1084/jem.20110278
http://doi.org/10.4049/jimmunol.1501016
http://doi.org/10.1016/j.cmet.2006.02.002
http://doi.org/10.1016/j.cell.2006.07.035
http://www.ncbi.nlm.nih.gov/pubmed/16990136
http://doi.org/10.1038/nm.3704
http://doi.org/10.1084/jem.141.4.866
http://doi.org/10.1038/44385
http://doi.org/10.1038/ni.1718
http://www.ncbi.nlm.nih.gov/pubmed/19305395

Int. J. Mol. Sci. 2021, 22, 6779 14 of 16

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Masopust, D.; Choo, D.; Vezys, V.; Wherry, E.J.; Duraiswamy, ].; Akondy, R.; Wang, J.; Casey, K.A.; Barber, D.L.; Kawamura,
K.S.; et al. Dynamic T cell migration program provides resident memory within intestinal epithelium. J. Exp. Med. 2010, 207,
553-564. [CrossRef] [PubMed]

Jiang, X.; Clark, R.A ; Liu, L.; Wagers, A.J.; Fuhlbrigge, R.C.; Kupper, T.S. Skin infection generates non-migratory memory CD8"
T(RM) cells providing global skin immunity. Nature 2012, 483, 227-231. [CrossRef] [PubMed]

Zhang, Y.; Joe, G.; Hexner, E.; Zhu, J.; Emerson, S.G. Host-reactive CD8" memory stem cells in graft-versus-host disease. Nat.
Med. 2005, 11, 1299-1305. [CrossRef] [PubMed]

Gattinoni, L.; Zhong, X.S.; Palmer, D.C; Ji, Y.; Hinrichs, C.S.; Yu, Z.; Wrzesinski, C.; Boni, A.; Cassard, L.; Garvin, L.M.; et al. Wnt
signaling arrests effector T cell differentiation and generates CD8* memory stem cells. Nat. Med. 2009, 15, 808-813. [CrossRef]
Pearce, E.L.; Walsh, M.C.; Cejas, PJ.; Harms, G.M.; Shen, H.; Wang, L.S.; Jones, R.G.; Choi, Y. Enhancing CD8 T-cell memory by
modulating fatty acid metabolism. Nature 2009, 460, 103-107. [CrossRef] [PubMed]

van der Windt, G.J.; Everts, B.; Chang, C.H.; Curtis, ].D.; Freitas, T.C.; Amiel, E.; Pearce, E.J.; Pearce, E.L. Mitochondrial respiratory
capacity is a critical regulator of CD8* T cell memory development. Immunity 2012, 36, 68-78. [CrossRef]

O’Sullivan, D.; van der Windt, G.J.; Huang, S.C.; Curtis, ].D.; Chang, C.H.; Buck, M.D.; Qiu, J.; Smith, A.M.; Lam, W.Y.; DiPlato,
L.M.; et al. Memory CD8* T cells use cell-intrinsic lipolysis to support the metabolic programming necessary for development.
Immunity 2014, 41, 75-88. [CrossRef]

Lee, J.; Walsh, M.C.; Hoehn, K.L.; James, D.E.; Wherry, E.J.; Choi, Y. Regulator of fatty acid metabolism, acetyl coenzyme a
carboxylase 1, controls T cell immunity. J. Immunol. 2014, 192, 3190-3199. [CrossRef] [PubMed]

Raud, B.; Roy, D.G.; Divakaruni, A.S.; Tarasenko, T.N.; Franke, R.; Ma, E.H.; Samborska, B.; Hsieh, W.Y.; Wong, A.H.; Stiive, P;
et al. Etomoxir Actions on Regulatory and Memory T Cells Are Independent of Cptla-Mediated Fatty Acid Oxidation. Cell Metab.
2018, 28, 504-515. [CrossRef]

Bachem, A.; Makhlouf, C.; Binger, K.J.; de Souza, D.P.; Tull, D.; Hochheiser, K.; Whitney, P.G.; Fernandez-Ruiz, D.; Dahling, S.;
Kastenmiiller, W.; et al. Microbiota-Derived Short-Chain Fatty Acids Promote the Memory Potential of Antigen-Activated CD8*
T Cells. Immunity 2019, 51, 285-297. [CrossRef]

Buck, M.D.; O’Sullivan, D.; Klein Geltink, R.L; Curtis, ].D.; Chang, C.H.; Sanin, D.E,; Qiu, J.; Kretz, O.; Braas, D.; van der Windt,
G.J.; et al. Mitochondrial Dynamics Controls T Cell Fate through Metabolic Programming. Cell 2016, 166, 63-76. [CrossRef]
[PubMed]

Cogliati, S.; Frezza, C.; Soriano, M.E.; Varanita, T.; Quintana-Cabrera, R.; Corrado, M.; Cipolat, S.; Costa, V.; Casarin, A.; Gomes,
L.C,; et al. Mitochondrial cristae shape determines respiratory chain supercomplexes assembly and respiratory efficiency. Cell
2013, 155, 160-171. [CrossRef]

Simula, L.; Pacella, I.; Colamatteo, A.; Procaccini, C.; Cancila, V.; Bordi, M.; Tregnago, C.; Corrado, M.; Pigazzi, M.; Barnaba,
V.; et al. Drp1 Controls Effective T Cell Inmune-Surveillance by Regulating T Cell Migration, Proliferation, and cMyc-Dependent
Metabolic Reprogramming. Cell Rep. 2018, 25, 3059-3073. [CrossRef]

van der Windt, G.J.; O’Sullivan, D.; Everts, B.; Huang, S.C.; Buck, M.D.; Curtis, ].D.; Chang, C.H.; Smith, A.M.; Ai, T.; Faubert,
B.; et al. CD8 memory T cells have a bioenergetic advantage that underlies their rapid recall ability. Proc. Natl. Acad. Sci. USA
2013, 110, 14336-14341. [CrossRef]

Quinn, K.M.; Hussain, T.; Kraus, F; Formosa, L.E.; Lam, WK.; Dagley, M.].; Saunders, E.C.; Assmus, L.M.; Wynne-Jones, E.; Loh,
L.; et al. Metabolic characteristics of CD8* T cell subsets in young and aged individuals are not predictive of functionality. Nat.
Commun. 2020, 11, 2857. [CrossRef] [PubMed]

Martinet, V.; Tonon, S.; Torres, D.; Azouz, A.; Nguyen, M.; Kohler, A ; Flamand, V.; Mao, C.A.; Klein, W.H.; Leo, O.; et al. Type I
interferons regulate eomesodermin expression and the development of unconventional memory CD8" T cells. Nat. Commun.
2015, 6, 7089. [CrossRef] [PubMed]

Mackay, L.K.; Wynne-Jones, E.; Freestone, D.; Pellicci, D.G.; Mielke, L.A.; Newman, D.M.; Braun, A.; Masson, F; Kallies, A.; Belz,
G.T.; et al. T-box Transcription Factors Combine with the Cytokines TGF-f and IL-15 to Control Tissue-Resident Memory T Cell
Fate. Immunity 2015, 43, 1101-1111. [CrossRef]

Hurton, L.V,; Singh, H.; Najjar, A.M.; Switzer, K.C.; Mi, T.; Maiti, S.; Olivares, S.; Rabinovich, B.; Huls, H.; Forget, M.A_; et al.
Tethered IL-15 augments antitumor activity and promotes a stem-cell memory subset in tumor-specific T cells. Proc. Natl. Acad.
Sci. USA 2016, 113, E7788-E7797. [CrossRef] [PubMed]

Georgiev, P.; Charbonnier, L.M.; Chatila, T.A. Regulatory T Cells: The Many Faces of Foxp3. J. Clin. Immunol. 2019, 39, 623-640.
[CrossRef]

Wing, ].B.; Tanaka, A.; Sakaguchi, S. Human FOXP3(+) Regulatory T Cell Heterogeneity and Function in Autoimmunity and
Cancer. Immunity 2019, 50, 302-316. [CrossRef] [PubMed]

Michalek, R.D.; Gerriets, V.A.; Jacobs, S.R.; Macintyre, A.N.; Maclver, N.J.; Mason, E.E; Sullivan, S.A.; Nichols, A.G.; Rathmell,
J.C. Cutting edge: Distinct glycolytic and lipid oxidative metabolic programs are essential for effector and regulatory CD4* T cell
subsets. . Immunol. 2011, 186, 3299-3303. [CrossRef]

Gerriets, V.A.; Kishton, R.J.; Nichols, A.G.; Macintyre, A.N.; Inoue, M.; Ilkayeva, O.; Winter, P.S.; Liu, X.; Priyadharshini, B.;
Slawinska, M.E.; et al. Metabolic programming and PDHK1 control CD4* T cell subsets and inflammation. J. Clin. Investig. 2015,
125, 194-207. [CrossRef]


http://doi.org/10.1084/jem.20090858
http://www.ncbi.nlm.nih.gov/pubmed/20156972
http://doi.org/10.1038/nature10851
http://www.ncbi.nlm.nih.gov/pubmed/22388819
http://doi.org/10.1038/nm1326
http://www.ncbi.nlm.nih.gov/pubmed/16288282
http://doi.org/10.1038/nm.1982
http://doi.org/10.1038/nature08097
http://www.ncbi.nlm.nih.gov/pubmed/19494812
http://doi.org/10.1016/j.immuni.2011.12.007
http://doi.org/10.1016/j.immuni.2014.06.005
http://doi.org/10.4049/jimmunol.1302985
http://www.ncbi.nlm.nih.gov/pubmed/24567531
http://doi.org/10.1016/j.cmet.2018.06.002
http://doi.org/10.1016/j.immuni.2019.06.002
http://doi.org/10.1016/j.cell.2016.05.035
http://www.ncbi.nlm.nih.gov/pubmed/27293185
http://doi.org/10.1016/j.cell.2013.08.032
http://doi.org/10.1016/j.celrep.2018.11.018
http://doi.org/10.1073/pnas.1221740110
http://doi.org/10.1038/s41467-020-16633-7
http://www.ncbi.nlm.nih.gov/pubmed/32504069
http://doi.org/10.1038/ncomms8089
http://www.ncbi.nlm.nih.gov/pubmed/25953241
http://doi.org/10.1016/j.immuni.2015.11.008
http://doi.org/10.1073/pnas.1610544113
http://www.ncbi.nlm.nih.gov/pubmed/27849617
http://doi.org/10.1007/s10875-019-00684-7
http://doi.org/10.1016/j.immuni.2019.01.020
http://www.ncbi.nlm.nih.gov/pubmed/30784578
http://doi.org/10.4049/jimmunol.1003613
http://doi.org/10.1172/JCI76012

Int. J. Mol. Sci. 2021, 22, 6779 15 of 16

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Gualdoni, G.A.; Mayer, K.A.; Goschl, L.; Boucheron, N.; Ellmeier, W.; Zlabinger, G.J. The AMP analog AICAR modulates the
Treg/Th17 axis through enhancement of fatty acid oxidation. FASEB . 2016, 30, 3800-3809. [CrossRef] [PubMed]

Procaccini, C.; Carbone, F.; Di Silvestre, D.; Brambilla, F; De Rosa, V.; Galgani, M.; Faicchia, D.; Marone, G.; Tramontano, D.;
Corona, M.; et al. The Proteomic Landscape of Human Ex Vivo Regulatory and Conventional T Cells Reveals Specific Metabolic
Requirements. Immunity 2016, 44, 406-421. [CrossRef]

Vukmanovic-Stejic, M.; Zhang, Y.; Cook, ].E.; Fletcher, ]. M.; McQuaid, A.; Masters, J.E.; Rustin, M.H.; Taams, L.S.; Beverley, P.C.;
Macallan, D.C.; et al. Human CD4* CD25hi Foxp3™ regulatory T cells are derived by rapid turnover of memory populations
in vivo. J. Clin. Investig. 2006, 116, 2423-2433. [CrossRef]

Vukmanovic-Stejic, M.; Agius, E.; Booth, N.; Dunne, PJ.; Lacy, K.E.; Reed, J.R.; Sobande, T.O.; Kissane, S.; Salmon, M.; Rustin,
M.H.; et al. The kinetics of CD4*Foxp3* T cell accumulation during a human cutaneous antigen-specific memory response
in vivo. J. Clin. Investig. 2008, 118, 3639-3650. [CrossRef] [PubMed]

Procaccini, C.; De Rosa, V.; Galgani, M.; Abanni, L.; Cali, G.; Porcellini, A.; Carbone, F.; Fontana, S.; Horvath, T.L.; La Cava, A.; et al.
An oscillatory switch in mTOR kinase activity sets regulatory T cell responsiveness. Immunity 2010, 33, 929-941. [CrossRef]
[PubMed]

Zeng, H.; Yang, K.; Cloer, C.; Neale, G.; Vogel, P.; Chi, H. mTORC1 couples immune signals and metabolic programming to
establish T(reg)-cell function. Nature 2013, 499, 485-490. [CrossRef]

De Rosa, V.; Galgani, M.; Porcellini, A.; Colamatteo, A.; Santopaolo, M.; Zuchegna, C.; Romano, A.; De Simone, S.; Procaccini, C.;
La Rocca, C.; et al. Glycolysis controls the induction of human regulatory T cells by modulating the expression of FOXP3 exon 2
splicing variants. Nat. Immunol. 2015, 16, 1174-1184. [CrossRef]

Gerriets, V.A.; Kishton, R.].; Johnson, M.O.; Cohen, S.; Siska, P.J.; Nichols, A.G.; Warmoes, M.O.; de Cubas, A.A.; Maclver, N.J.;
Locasale, ].W.; et al. Foxp3 and Toll-like receptor signaling balance T(reg) cell anabolic metabolism for suppression. Nat. Immunol.
2016, 17, 1459-1466. [CrossRef]

Huynh, A.; DuPage, M.; Priyadharshini, B.; Sage, P.T.; Quiros, ].; Borges, C.M.; Townamchai, N.; Gerriets, V.A.; Rathmell, ].C.;
Sharpe, A.H.; et al. Control of PI(3) kinase in Treg cells maintains homeostasis and lineage stability. Nat. Immunol. 2015, 16,
188-196. [CrossRef]

Arpaia, N.; Campbell, C.; Fan, X.; Dikiy, S.; van der Veeken, J.; deRoos, P.; Liu, H.; Cross, J.R.; Pfeffer, K.; Coffer, PJ.; et al.
Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 2013, 504, 451-455.
[CrossRef]

Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato, K.; Kato, T. Commensal
microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 2013, 504, 446—450. [CrossRef]

Zhang, D.; Tang, Z.; Huang, H.; Zhou, G.; Cui, C.; Weng, Y.; Liu, W.; Kim, S.; Lee, S.; Perez-Neut, M.; et al. Metabolic regulation of
gene expression by histone lactylation. Nature 2019, 574, 575-580. [CrossRef] [PubMed]

Watson, M.].; Vignali, PD.A.; Mullett, S.]J.; Overacre-Delgoffe, A.E.; Peralta, R.M.; Grebinoski, S.; Menk, A.V.; Rittenhouse, N.L.;
DePeaux, K.; Whetstone, R.D.; et al. Metabolic support of tumour-infiltrating regulatory T cells by lactic acid. Nature 2021, 591,
645-651. [CrossRef] [PubMed]

Bettonville, M.; D’Aria, S.; Braun, M.Y. Metabolic programming in chronically stimulated T cells: Lessons from cancer and viral
infections. Eur. J. Immunol. 2016, 46, 1574-1582. [CrossRef] [PubMed]

McLane, L.M.; Abdel-Hakeem, M.S.; Wherry, E.J. CD8 T Cell Exhaustion During Chronic Viral Infection and Cancer. Annu. Rev.
Immunol. 2019, 37, 457—-495. [CrossRef]

Moskophidis, D.; Lechner, F.; Pircher, H.; Zinkernagel, R.M. Virus persistence in acutely infected immunocompetent mice by
exhaustion of antiviral cytotoxic effector T cells. Nature 1993, 362, 758-761. [CrossRef]

Barber, D.L.; Wherry, E.J.; Masopust, D.; Zhu, B.; Allison, J.P,; Sharpe, A.H.; Freeman, G.J.; Ahmed, R. Restoring function in
exhausted CD8 T cells during chronic viral infection. Nature 2006, 439, 682-687. [CrossRef]

Crawford, A.; Angelosanto, ].M.; Kao, C.; Doering, T.A.; Odorizzi, PM.; Barnett, B.E.; Wherry, E.J]. Molecular and transcriptional
basis of CD4" T cell dysfunction during chronic infection. Immunity 2014, 40, 289-302. [CrossRef]

Beltra, ].C.; Manne, S.; Abdel-Hakeem, M.S.; Kurachi, M.; Giles, ].R.; Chen, Z.; Casella, V.; Ngiow, S.F.; Khan, O.; Huang, Y.J.; et al.
Developmental Relationships of Four Exhausted CD8* T Cell Subsets Reveals Underlying Transcriptional and Epigenetic
Landscape Control Mechanisms. Immunity 2020, 52, 825-841.e8. [CrossRef]

Staron, M.M.; Gray, S.M.; Marshall, H.D.; Parish, I.A.; Chen, ].H.; Perry, C.]J.; Cui, G.; Li, M.O.; Kaech, S.M. The transcription
factor FoxO1 sustains expression of the inhibitory receptor PD-1 and survival of antiviral CD8* T cells during chronic infection.
Immunity 2014, 41, 802-814. [CrossRef] [PubMed]

Khan, O.; Giles, J.R.; McDonald, S.; Manne, S.; Ngiow, S.E; Patel, K.P.; Werner, M.T.; Huang, A.C.; Alexander, K.A.; Wu, J.E.; et al.
TOX transcriptionally and epigenetically programs CD8"* T cell exhaustion. Nature 2019, 571, 211-218. [CrossRef]

Patsoukis, N.; Duke-Cohan, J.S.; Chaudhri, A.; Aksoylar, H.I.; Wang, Q.; Council, A.; Berg, A.; Freeman, G.J.; Boussiotis, V.A.
Interaction of SHP-2 SH2 domains with PD-1 ITSM induces PD-1 dimerization and SHP-2 activation. Commun. Biol. 2020, 3, 128.
[CrossRef]

Patsoukis, N.; Brown, J.; Petkova, V,; Liu, F; Li, L.; Boussiotis, V.A. Selective effects of PD-1 on Akt and Ras pathways regulate
molecular components of the cell cycle and inhibit T cell proliferation. Sci. Signal. 2012, 5, ra46. [CrossRef] [PubMed]


http://doi.org/10.1096/fj.201600522R
http://www.ncbi.nlm.nih.gov/pubmed/27492924
http://doi.org/10.1016/j.immuni.2016.01.028
http://doi.org/10.1172/JCI28941
http://doi.org/10.1172/JCI35834
http://www.ncbi.nlm.nih.gov/pubmed/18924611
http://doi.org/10.1016/j.immuni.2010.11.024
http://www.ncbi.nlm.nih.gov/pubmed/21145759
http://doi.org/10.1038/nature12297
http://doi.org/10.1038/ni.3269
http://doi.org/10.1038/ni.3577
http://doi.org/10.1038/ni.3077
http://doi.org/10.1038/nature12726
http://doi.org/10.1038/nature12721
http://doi.org/10.1038/s41586-019-1678-1
http://www.ncbi.nlm.nih.gov/pubmed/31645732
http://doi.org/10.1038/s41586-020-03045-2
http://www.ncbi.nlm.nih.gov/pubmed/33589820
http://doi.org/10.1002/eji.201546176
http://www.ncbi.nlm.nih.gov/pubmed/27271222
http://doi.org/10.1146/annurev-immunol-041015-055318
http://doi.org/10.1038/362758a0
http://doi.org/10.1038/nature04444
http://doi.org/10.1016/j.immuni.2014.01.005
http://doi.org/10.1016/j.immuni.2020.04.014
http://doi.org/10.1016/j.immuni.2014.10.013
http://www.ncbi.nlm.nih.gov/pubmed/25464856
http://doi.org/10.1038/s41586-019-1325-x
http://doi.org/10.1038/s42003-020-0845-0
http://doi.org/10.1126/scisignal.2002796
http://www.ncbi.nlm.nih.gov/pubmed/22740686

Int. J. Mol. Sci. 2021, 22, 6779 16 of 16

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Patsoukis, N.; Bardhan, K.; Chatterjee, P.; Sari, D.; Liu, B.; Bell, L.N.; Karoly, E.D.; Freeman, G.J.; Petkova, V.; Seth, P; et al. PD-1
alters T-cell metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and fatty acid oxidation. Nat. Commun.
2015, 6, 6692. [CrossRef]

Bengsch, B.; Johnson, A.L.; Kurachi, M.; Odorizzi, PM.; Pauken, K.E.; Attanasio, J.; Stelekati, E.; McLane, L.M.; Paley, M.A.;
Delgoffe, G.M.; et al. Bioenergetic Insufficiencies Due to Metabolic Alterations Regulated by the Inhibitory Receptor PD-1 Are an
Early Driver of CD8" T Cell Exhaustion. Immunity 2016, 45, 358-373. [CrossRef]

Bettonville, M.; d’Aria, S.; Weatherly, K.; Porporato, PE.; Zhang, ].; Bousbata, S.; Sonveaux, P.; Braun, M.Y. Long-term antigen
exposure irreversibly modifies metabolic requirements for T cell function. eLife 2018, 7, e30938. [CrossRef] [PubMed]

Corbet, C.; Feron, O. Tumour acidosis: From the passenger to the driver’s seat. Nat. Rev. Cancer 2017, 17, 577-593. [CrossRef]
[PubMed]

Yu, Y.R.; Imrichova, H.; Wang, H.; Chao, T.; Xiao, Z.; Gao, M.; Rincon-Restrepo, M.; Franco, E; Genolet, R.; Cheng, W.C; et al.
Disturbed mitochondrial dynamics in CD8* TILs reinforce T cell exhaustion. Nat. Immunol. 2020, 21, 1540-1551. [CrossRef]
[PubMed]

Chowdhury, P.S.; Chamoto, K.; Kumar, A.; Honjo, T. PPAR-Induced Fatty Acid Oxidation in T Cells Increases the Number of
Tumor-Reactive CD8" T Cells and Facilitates Anti-PD-1 Therapy. Cancer Immunol. Res. 2018, 6, 1375-1387. [CrossRef]
Scharping, N.E.; Menk, A.V.; Moreci, R.S.; Whetstone, R.D.; Dadey, R.E.; Watkins, S.C.; Ferris, R.L.; Delgoffe, G.M. The
Tumor Microenvironment Represses T Cell Mitochondrial Biogenesis to Drive Intratumoral T Cell Metabolic Insufficiency and
Dysfunction. Immunity 2016, 45, 374-388. [CrossRef] [PubMed]

Scharping, N.E.; Rivadeneira, D.B.; Menk, A.V,; Vignali, PD.A,; Ford, B.R.; Rittenhouse, N.L.; Peralta, R.; Wang, Y.; Wang, Y.;
DePeaux, K.; et al. Mitochondrial stress induced by continuous stimulation under hypoxia rapidly drives T cell exhaustion. Nat.
Immunol. 2021, 22, 205-215. [CrossRef]

Vardhana, S.A.; Hwee, M.A; Berisa, M.; Wells, D.K; Yost, K.E.; King, B.; Smith, M.; Herrera, P.S.; Chang, H.Y.; Satpathy, A.T.; et al.
Impaired mitochondrial oxidative phosphorylation limits the self-renewal of T cells exposed to persistent antigen. Nat. Immunol.
2020, 21, 1022-1033. [CrossRef] [PubMed]

Workman, C.J.; Rice, D.S.; Dugger, K.J.; Kurschner, C.; Vignali, D.A. Phenotypic analysis of the murine CD4-related glycoprotein,
CD223 (LAG-3). Eur. ]. Immunol. 2002, 32, 2255-2263. [CrossRef]

Previte, D.M.; Martins, C.P.; O’Connor, E.C.; Marre, M.L.; Coudriet, G.M.; Beck, N.W.; Menk, A.V.; Wright, R.H.; Tse, H.M.;
Delgoffe, G.M.; et al. Lymphocyte Activation Gene-3 Maintains Mitochondrial and Metabolic Quiescence in Naive CD4" T Cells.
Cell Rep. 2019, 27, 129-141. [CrossRef]

Gemta, L.F; Siska, PJ.; Nelson, M.E.; Gao, X.; Liu, X.; Locasale, ] W.; Yagita, H.; Slingluff, C.L., Jr.; Hoehn, K.L.; Rathmell,
J.C.; et al. Impaired enolase 1 glycolytic activity restrains effector functions of tumor-infiltrating CD8* T cells. Sci. Immunol. 2019,
4. [CrossRef]

Ma, X,; B, E,; Lu, Y,; Su, P; Huang, C.; Liu, L.; Wang, Q.; Yang, M.; Kalady, M.E,; Qian, J.; et al. Cholesterol Induces CD8" T Cell
Exhaustion in the Tumor Microenvironment. Cell Metab. 2019, 30, 143-156. [CrossRef]

Katsuren, K.; Tamura, T.; Arashiro, R.; Takata, K.; Matsuura, T.; Niikawa, N.; Ohta, T. Structure of the human acyl-CoA:cholesterol
acyltransferase-2 (ACAT-2) gene and its relation to dyslipidemia. Biochim. Biophys. Acta 2001, 1531, 230-240. [CrossRef]

Yang, W.; Bai, Y.; Xiong, Y.; Zhang, ].; Chen, S.; Zheng, X.; Meng, X.; Li, L.; Wang, J.; Xu, C.; et al. Potentiating the antitumour
response of CD8" T cells by modulating cholesterol metabolism. Nature 2016, 531, 651-655. [CrossRef] [PubMed]

Kidani, Y.; Bensinger, S.J. Modulating Cholesterol Homeostasis to Build a Better T Cell. Cell Metab. 2016, 23, 963-964. [CrossRef]
[PubMed]

Radhakrishnan, A.; Goldstein, J.L.; McDonald, J.G.; Brown, M.S. Switch-like control of SREBP-2 transport triggered by small
changes in ER cholesterol: A delicate balance. Cell Metab. 2008, 8, 512-521. [CrossRef] [PubMed]


http://doi.org/10.1038/ncomms7692
http://doi.org/10.1016/j.immuni.2016.07.008
http://doi.org/10.7554/eLife.30938
http://www.ncbi.nlm.nih.gov/pubmed/29911570
http://doi.org/10.1038/nrc.2017.77
http://www.ncbi.nlm.nih.gov/pubmed/28912578
http://doi.org/10.1038/s41590-020-0793-3
http://www.ncbi.nlm.nih.gov/pubmed/33020660
http://doi.org/10.1158/2326-6066.CIR-18-0095
http://doi.org/10.1016/j.immuni.2016.07.009
http://www.ncbi.nlm.nih.gov/pubmed/27496732
http://doi.org/10.1038/s41590-020-00834-9
http://doi.org/10.1038/s41590-020-0725-2
http://www.ncbi.nlm.nih.gov/pubmed/32661364
http://doi.org/10.1002/1521-4141(200208)32:8&lt;2255::AID-IMMU2255&gt;3.0.CO;2-A
http://doi.org/10.1016/j.celrep.2019.03.004
http://doi.org/10.1126/sciimmunol.aap9520
http://doi.org/10.1016/j.cmet.2019.04.002
http://doi.org/10.1016/S1388-1981(01)00106-8
http://doi.org/10.1038/nature17412
http://www.ncbi.nlm.nih.gov/pubmed/26982734
http://doi.org/10.1016/j.cmet.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27304495
http://doi.org/10.1016/j.cmet.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19041766

	Introduction 
	Early T Cell Metabolism 
	Effector Metabolism in T Cells 
	The Metabolism of Adaptive Immune Memory 
	T Regulatory Cells 
	The Metabolism of T Cell Exhaustion 
	Concluding Remarks 
	References

