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ABSTRACT

T lymphocytes undergo extensive changes in their
metabolic properties during their transition through
various differentiation states, from naive to effector
to memory or regulatory roles. The cause and effect
relationship between metabolism and differentiation
is a field of intense investigation. Many recent
studies demonstrate the dependency of T cell
functional outcomes on metabolic pathways and
the possibility of metabolic intervention to modify
these functions. In this review, we describe the basic
metabolic features of T cells and new findings on
how these correlate with various differentiation
fates and functions. We also highlight the latest
information regarding the main factors that affect
T cell metabolic reprogramming.
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INTRODUCTION

Although aerobic glycolysis has been initially
identified as a feature of growing cancer cells [1],
it is also observed as a predominant metabolic
pathway in other physiological states of other cell
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types, including T cells. Specifically, undifferentiated,
naive T cells utilize oxidative phosphorylation
(OXPHOQOS) for energy generation, but upon T cell
receptor (TCR) activation they switch their metabolic
program to glycolysis, which, although energetically
less efficient, is required to support cell growth,
effector differentiation and function [2-4]. Glycolysis
has a selective advantage over oxidative
phosphorylation during T cell activation, and although
it produces less ATP per cycle, it has a higher ATP
generation rate, can function under difficult hypoxic
and/or acidic microenvironmental conditions, and
has higher biosynthetic benefit and better maintenance
of redox balance [5]. These properties make
glycolysis highly beneficial for T cells undergoing
activation and clonal expansion. Besides encounter
with antigens, other factors either cell intrinsic or
extrinsic also affect the selection of T cell metabolic
programs and play critical role as key regulators
of immunity. In this review we will describe the basic
metabolic features of T cells, how these correlate
with various differentiation pathways and functions,
and will also describe the main factors that are
involved and affect the above processes.

Basic metabolic features of T cells

Following maturation process and exit from the
thymus, resting T cells have low metabolic
requirements and rely predominantly on fatty acid
[3-oxidation and on pyruvate and glutamine oxidation
via the tricarboxylic acid (TCA) cycle. But even
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resting T cells require cell extrinsic signals, such
as IL-7, to maintain this basal energy—generating
metabolism and to support their continuous migration
through secondary lymphoid tissues on immune
surveillance prior to activation (Figure 1A) [2].
Upon encounter with antigens, T cells undergo a
dynamic change on their metabolism characterized
by extensive proliferation and differentiation into
effector T cells (Teff). TCR-mediated signaling
promotes the upregulation of glucose and amino
acid transporters at the T cell surface and directs
the metabolic reprogramming of naive T cells from
oxidative phosphorylation (OXPHOS) to glycolysis
(Figure 1B) [6-8]. Intermediate metabolites of
glycolysis can be used in the pentose phosphate
pathway to support nucleotide, amino acid
biosynthesis and generation of reducing capacity
in the form of nicotinamide adenine dinucleotide
phosphate (NADPH), which is important for anabolic
pathways and maintenance of redox balance [5].
Despite the availability of extracellular lipids and
the ability of activated T cells to uptake lipids
[9], glycolysis also supports de novo fatty acid
biosynthesis through generation of pyruvate and
TCA cycle-derived citrate which is then transferred
to the cytoplasm [10]. On the contrary, catabolic
pathways important for ATP production such as
fatty acid p-oxidation are actively suppressed due to
the upregulation of the transcription factor c-Myc
[11]. During the subsequent stages of a T cell response,
when the pathogen (or other target antigen) is cleared,
most Teff cells die, in a so-called contraction phase,
leaving behind a small population of long-lived

antigen-specific T cells known as T memory cells
(Tm). Tm cells display a characteristic increase in
mitochondrial mass and thus a greater mitochondrial
spare respiratory capacity (SRC) [2, 12], which is the
maximal mitochondrial respiratory capacity available
to a cell to produce energy under conditions of
increased work or stress. These properties allow
Tm cells to respond rapidly to antigen-medicated
rechallenge during recall responses.

Differentiation of T cell subsets

Besides the metabolic differences of Teff and Tm
cells, the metabolic signature of T cells can also vary
depending on the differentiation process that leads
to the generation of various T cell subsets. CD4" Teff
cells Thi, Th2, and Th17 cells and CD4" Tregs are
the best-defined CD4" T cell subsets at the metabolic
level. It is well known that extracellular queues
mediated via specific cytokines determine the
differentiation fate of T cell subsets. For example,
Thl cells are induced by type 1 interferons and
propagated by IL-12, Th2 cells require IL-4, and
Th17 cells are induced by IL-6 and transforming
growth factor beta (TGF-B) and propagated by IL-
23 and IL-21. The activity of all of these effector
T cell types is attenuated by anti-inflammatory Tregs
that inhibit T cell proliferation and autoimmune
responses [13, 14]. Tregs can be induced from naive
T cells upon exposure to TGF-p and are propagated
by IL-2 [15-17]. Metabolism seems to play a
significant role in the differentiation outcomes.
For example, proinflammatory CD4" Th1, Th2, and
Th17 lineages display a strong bias toward glycolysis

Legend to Figure 1. Basic metabolic features of T cells. In order for the TCA cycle to function properly, it must
be supplied with intermediate metabolites to ensure continuation of its reactions, a process known as anaplerosis.
Both, excess of oxaloacetate and acetyl-coA are required for the TCA cycle to continue. Glycolysis can fulfill this
requirement by supplying TCA with oxaloacetate and acetyl-coA derived from pyruvate. Moreover, acetyl-coA
derived from FAO and ketogenic amino acids can supply the TCA cycle in parallel with pyruvate coming from
glycolysis or a-ketoglutarate derived from glutamine. Glycolysis and TCA cycle generate ATP and biosynthetic
intermediates. Glucose is necessary not only for glycolysis, but also for the pentose phosphate pathway, which
generates intermediates for nucleic acid synthesis and glycolysis and also NADPH. NADPH is a critical co-factor
for anabolic reactions such as FA synthesis and also for antioxidant enzymes such as glutathione reductase, and
thus important for the maintenance of cellular redox homeostasis. Naive, resting, Tm and Treg T cells (panel A)
depend mainly on OXPHOS, FAO and on either glucose or glutamine to support anaplerosis of the TCA cycle. Tm
cells have high spare respiratory capacity and thus are immediately ready for maximal activation upon antigen
encounter. In contrast, Teff cells Thl, Th2 and Th17 cells (panel B) depend on high rate of glycolysis and to a
lower degree on OXPHOS for maximum energy production and biosynthesis. TG: triglycerides, FAs: fatty acids,
FAO: fatty acid oxidation, FAS: fatty acid synthesis, A-CoA: acetyl-coenzyme A, TCA cycle: tricarboxylic acid
cycle, PPP: pentose phosphate pathway, OXPHOS: oxidative phosphorylation.



4

Nikolaos Patsoukis et al.

over mitochondrial metabolism, whereas induced
CD4" Treg lineage cells display a mixed metabolism
involving glycolysis, lipid oxidation, and OXPHOS
[18]. Notably, blockade of glycolysis during Th17
differentiation culture favors the formation of Tregs
rather than Th17 cells [19]. Interestingly, addition of
exogenous fatty acids (FAS) in the culture of T cells
activated under skewing conditions strongly inhibits
the production of Thl, Th2 and Th17 cytokines, but
not the Treg suppressive function. Importantly,
inhibition of Teff function in the presence of FAs
cannot be rescued by re-addition of Thl-, Th2- and
Th17-promoting cytokines [18]. Also, enforcing
FA oxidation (FAO) by elevating AMP-activated
protein kinase (AMPK) activity or by inhibiting
mammalian target of rapamycin (mTOR) results
in increased numbers of memory T cells [20, 21].
Although there are pronounced metabolic differences
between Teff and Treg cells, distinct metabolic
differences within the various Teff subsets have
not yet been identified. Furthermore, the cause
and effect relationship between metabolism and
differentiation of T cells is an active field of
investigation.

The above observations point to the convergence of
cytokine-mediated signaling and metabolic pathways.
The critical pathways that are predominantly activated
by the cytokine signals are the Ras/MAPK, the
PIBK/AKYMTOR and the AMPK pathways. The
last one promotes lipid oxidation-OXPHOQOS and
counteracts the first two, which promote glycolysis.
However, exceptions to the above links exist that
suggest a more complex regulation. For example,
although it is widely acknowledged that the
Akt—-mTOR axis is a crucial negative regulator of
Treg-cell de novo differentiation [22-26] and
expansion [27], and that activation of mTOR delivers
a signal for proper activation and differentiation of
effector CD4™ T cells [28, 29], another study [30]
showed unexpectedly that mMTORCL signaling is a
pivotal positive determinant of Treg cell function.
Disruption of mTORCL1 through Treg-specific
deletion of the essential component raptor leads to
aberrant expression of lipid metabolism genes and
profound loss of Treg cell suppressive activity
in vivo resulting in the development of a fatal
early onset inflammatory disorder. Regardless of
these contradicting findings, it is unequivocal that
extracellular signals from the TCR and cytokine
receptors are translated into distinct metabolic

programs that lead to specific patterns of T cell
differentiation and function.

Nutrients and pH

Glucose, amino acids and lipids can support
lymphocyte growth. As mentioned above, depending
on the state of differentiation, T cells utilize
differential nutrient sources and rely largely on
glucose for effector functions. Conversely, recent
findings support the notion that depending on the
type of nutrients present in the microenvironment
T cells can acquire differential fate and function
[8, 31, 32]. Limiting glucose or glutamine in the
culture medium decreases the activation of naive
T cells and subsequent T cell proliferation and
cytokine production [7, 11, 33-38]. Glutamine can
support the TCA cycle through conversion to
glutamate via glutaminases, which subsequently leads
to production of o-ketoglutarate (a-KG). Importantly,
a-KG has been involved in the maintenance of
pluripotency of embryonic stem cells by epigenetic
mechanisms [39] but it is currently unknown whether
a-KG regulates such mechanisms in T cells. Glutamate
serves also as a component for glutathione (GSH)
synthesis and antioxidant defense [5].

A recent study [40] examined the mechanisms by
which nutrient availability impacts Teff cell
metabolism and function and revealed a critical
role for the key energy sensor AMP-activated protein
kinase (AMPK) in the plasticity and adaptation
of T cell metabolic reprogramming. This work
demonstrated that AMPK is essential for Thl and
Th17 cell development and for primary T cell
responses to viral and bacterial organisms in vivo.
Besides differentiation, T cell “metabolic fitness”
also depends on nutrient availability and is central
to the development of effective antitumor immunity.
Metabolic fitness is modulated by both the tumor
nutrient microenvironment and immune checkpoints
[41]. For example, tumor cells overexpress
indoleamine-pyrrole 2,3-dioxygenase (IDO) [42, 43],
which results in decreased levels of essential amino
acids such as L-tryptophan and accumulation of
byproducts of amino acid metabolism. These
byproducts act in concert with microenvironmental
changes induced by hypoxia and acidification
induced by the high rate of aerobic glycolysis
employed by tumor cells to form a barrier to
antitumor immunity. In addition, interaction of
T cell inhibitory receptors with their ligands results
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in down modulation of T cell responses, an effect
which although has physiological roles in central
and peripheral tolerance, it also has detrimental
consequences in disease outcomes. The emerging
role of checkpoint inhibition on T cell metabolism
is discussed further below.

Role of fatty acids in T cell fate and function

Besides glucose and amino acids, lipids are a
good source for energy generation as well as for
biosynthetic intermediates [44]. Triglycerides are
broken down by various types of phospholipases
to glycerol and fatty acids (FAs). Glycerol can
enter glycolysis and lead to pyruvate generation
while FAs are broken down in mitochondria or
peroxisomes. FAs are classified according a) to
their backbone lengths (short-, medium-, long- and
very long-chain), b) to saturation, i.e. the number of
double bonds (unsaturated, mono-, poly-unsaturated),
and c) to position of the double bonds. Oxidation
of saturated fatty acids gives more ATP molecules
than unsaturated fatty acids of the same length.
This is because oxidation of saturated FAs requires
an extra flavin adenine dinucleotide (FADH)-
generating step of double bond formation.

Although not initially aimed to study effects on
the immune cells, studies of obesity have revealed
important information regarding the effects of lipids
on T cell function, which seem to be complexly
dependent on diverse types of lipids mentioned
above. Here, we will briefly mention representative
examples from studies investigating the effects of
lipids on T cell fate and function. Generally, FAs
are toxic to T cells at high concentrations but
when administered at non-toxic concentrations
they can affect T cell proliferation [45-47] and can
modulate cytokine production [48-50]. FA uptake
can occur by passive diffusion through the plasma
membrane as well as active transport. Besides using
FAs for energy generation like other cell types,
breakdown of FAs in T cells also has special
importance on T cell differentiation. Specific T cell
fates and functional outcomes have been linked to
the preferential usage of FA oxidation (FAO) such
as the development of CD8" Tm cells [20, 51] and
the induction of Tregs [18], thus leading to the
idea that lipid metabolism is a central switch
regulating T cell fate decisions. Moreover, Myc, a
central transcription factor of growth and proliferation

in many cell types, is crucial not only for the
activation of glucose metabolizing genes but also
for FA synthesis in an mTOR-dependent manner,
linking glycolysis to de novo FA synthesis (FAS)
[52].

AMPK has a central role in regulating FAO in
T cells by multiple mechanisms, including the
direct regulation of the enzymatic activity of key
lipid metabolizing enzymes [53, 54], the negative
regulation of the mTOR pathway [55, 56], and the
cellular FA transport [57]. Expression of the FA
transporter CD36 is higher in CD8 Teff cells than
in CD8" Tm cells and this correlates with higher
ability of Teff cells for FA uptake. Although Tm
cells depend on FAO for energy generation, FAs
that are used to fuel FAO are not derived from
extracellular sources, but are instead produced in a
“futile” cell intrinsic manner via fatty acid synthesis
(FAS) driven by glycolysis, stored as neutral lipids
in lysosomes and mobilized by lysosomal hydrolase
and used for FAO [58]. In addition, FAO is
crucial for high SRC [51, 59] and mitochondrial
biogenesis in CD8" Tm cells. On CD8" Tm cells,
IL-7 induces a high expression of the glycerol
channel Aquaporin 9 (AQP9) and thus contributes
to triglyceride synthesis, lipid storage, and effective
antiviral responses [60]. Collectively these coordinated
processes leading to lipid synthesis and utilization
provide two key properties of Tm cells, namely
longevity and quiescence.

Role of lactate on T cell fate and function

The hallmark of glycolysis is the lactate
degydrogenase (LDH)-mediated conversion of
pyruvate to lactate at the expense of one NADH
molecule. An important consequence of lactate
production is the acidification of the surrounding
microenvironment. It has been shown that lactic
acid secreted by tumor cells is a proinflammatory
mediator that activates the IL-23/IL-17 pathway,
thereby inducing inflammation, angiogenesis and
tissue remodeling [61]. Studies that have addressed
the role of low pH in immunity have mostly focused
on the impact of lactate, which promotes the
polarization of macrophages toward the M2
suppressive subtype [62]. However, lactate-induced
acidification can affect T cell function. For example,
lactate-mediated acidification can promote depletion
of extracellular arginine levels through Arginase 1,
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resulting in the inhibition of T cell activation and
proliferation [62, 63]. Manipulation of the pH of
the tumor microenvironment by the use of proton
pump inhibitors results in less dysfunctional tumor
infiltrating lymphocytes and increased therapeutic
efficacy of both active and adoptive immunotherapy
[64]. Lactic acid can suppress the proliferation,
cytokine production and cytotoxic activity of human
cytotoxic T lymphocytes (CTLs) [65, 66].

A recent study [67] investigated the role of lactate
in the regulation of metabolic and inflammatory
circuits that control T cell migration and functions
in vitro and in vivo and provided evidence that
lactate inhibited the motility of chemokine (C-X-
C motif) ligand 10 (CXCL10)-activated CD4"
T cells due to a decrease in glycolysis. It makes
sense to think that this is a physiological reason
why resting mature T cells, which continuously
need to migrate, rely more on lipid oxidation and
OXPHOS rather than glycolysis. Moreover, in
CD4™ T helper cells, lactate induced a switch towards
the Th17 differentiation whereas in CD8" T cells,
lactate could suppress cytolytic function [67]. While
cancer cells can utilize lactate [68], it is unclear
whether T cells also have such capacity. It is also
unknown whether utilization of lactate as metabolic
substrate might impact Teff or Treg cell
development.

Role of reactive oxygen species on T cell fate
and function

Although reactive oxygen species (ROS) levels
are considered as harmful by-products of metabolism,
or weapons of phagocytes against pathogens, ROS
also function as signaling messengers in a multitude
of pathways, in all cells, tissues and organs. T cell
activation is paralleled by transient generation of
low, physiologically relevant levels of ROS, i.e.,
an H,0O,-mediated oxidative signal, which facilitates
activation of ROS-dependent transcription factors
NF-kB and AP-1 [69, 70]. This oxidative signal is
indispensable for T cell activation. Together with
a Ca*" influx, it constitutes the minimal requirement
for activation-induced gene expression (e.g.,
interleukin 2 [IL-2], IL-4, CD95 ligand) [71].
Different enzymatic sources such as the respiratory
chain [72, 73], lipoxygenases [74] and NADPH
oxidases (NOX2, DUOX2) [75, 76] have been
described as participating in T cell activation-

triggered ROS production. The source, the kinetics,
and the localization of ROS production, influence
cell responses [71, 75, 77, 78]. In phagocytic cells,
ROS are produced by the phagocytic NADPH
oxidase (PHOX), an enzyme consisting of several
subunits. In T cells, ROS can be produced by
NADPH oxidase 2 (NOX-2), which is a catalytic
subunit of PHOX expressed in the plasma membrane
of T cells, or by a cytoplasmic non-phagocytic
isoform of NADPH oxidase called dual oxidase |
(DUOX-1). ROS can also derive from the electron
transport chain of mitochondria. The important
involvement of ROS in T cell metabolic fate and
function was recently shown by the identification
of lymphocyte expansion molecule (LEM). LEM
controls the levels of OXPHOS complexes and
respiration, resulting in the production of pro-
proliferative mitochondrial ROS, which is critical
for promoting antigen-dependent CD8" T cell
proliferation, effector function, and long-term
protective memory cells in response to infection
with lymphocytic choriomeningitis virus [79].

In contrast to the indispensable role of low ROS
levels in T cell activation, prolonged exposure
to high ROS concentrations can inhibit T-cell
proliferation and lead to apoptosis [80]. In addition,
incubation of T cells with reactive nitrogen species
(RNS) such as peroxynitrite can inhibit proliferation
[81]. Oxidative stress-induced modification to
selective molecules involved in T-cell receptor
(TCR) signaling can render T cells hyporesponsive
to activating stimuli [82]. The redox environment
also affects T-cell differentiation. Peripheral blood
mononuclear cells (PBMC), stimulated with a
ROS generator promoted Th2 and inhibited Thl
differentiation [83]. Moreover, products of lipid
peroxidation such as 4-hydroxy-2-nonenal (4HNE)
and  malonyldialdehyde  (MDA), promote
differentiation towards a Th2 phenotype [84].
Interestingly, NOX-2 deficiency leads to
differentiation towards the Th17 lineage [85]. Since
ROS can affect critical metabolism-related T cell
signaling pathways such as the MAPKs and Akt
pathways [75], it is not unexpected that ROS would
directly affect T cell differentiation and function.
A study of the novel mechanism of Treg-mediated
suppression by extracellular redox remodeling
showed that murine Tregs suppress GSH synthesis
and cysteine release by dendritic cells (DCs) in
a cytotoxic T-lymphocyte-associated protein 4
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(CTLA-4)-dependent manner, leading to the
oxidation of surface thiols, decrease in the major
cellular antioxidant GSH, and reduced proliferation
of conventional T cells [86, 87].

In a recent work from our group, metabolite analysis
of T cells in the presence of the checkpoint inhibitor
programmed cell death 1 (PD-1) showed that PD-1
ligation resulted in significantly more pronounced
decrease in the levels of reduced GSH. However,
T cells receiving PD-1 signals displayed higher
levels of cysteine-GSH disulfide and ophthtalmate, a
GSH-like product synthesized by the same enzymes.
These changes indicate a higher attempt to increase
GSH synthesis, which, together with the more
pronounced decrease in the levels of reduced GSH,
are suggestive of a more oxidative environment in
T cells receiving PD-1 signals [88]. A key mediator
of oxidative detoxification is the PPARy
coactivator-la. (PGC-1a) [89, 90]. Induction of
PGC-1a during caloric restriction mediates adaptations
to provide a permissive setting for increased
OXPHOS. Such changes include the expression of
uncoupling proteins, which have been associated
with  decreased oxidation-induced damage.
Importantly, mTOR, a target of PD-1 downstream
of PI3K/Akt inhibition, has a direct effect on
PGC-1a expression [91] and thus, in this way PD-1
might impair oxidative detoxification. Consistent
with a role of PD-1 in generating a more oxidative
environment, another study showed that, following
allogeneic bone marrow transplantation, alloreactive
T cells simultaneously upregulated PD-1 expression
and ROS production derived from FAO, resulting
in higher susceptibility of these cells to metabolic
inhibition by F1FO-ATP synthase complex inhibitors,
and that process could be reversed by antioxidants.
PD-1-blockade not only decreased both mitochondrial
H,0, and total cellular ROS levels but also decreased
the efficacy of later FLFO-ATP synthase modulation
[92]. Further studies will investigate the role of
PD-1 and other checkpoint or metabolic inhibitors
in regulating T cell oxidative state, which might
serve as one of several fine tuning systems of
cellular differentiation.

Role of hypoxia on T cell fate and function

Hypoxia is a condition that occurs physiologically
in various microenvironments, such as in primary
lymphoid organs, bone marrow and thymus [93, 94]

and plays a critical role for thymocyte survival
and development [95]. However, most prevalently,
hypoxia occurs in tissue microenvironments under
pathological conditions such as in the cases of cancer,
inflammation, infection, necrosis and autoimmunity.
In the hypoxic microenvironment, all cells, including
T lymphocytes need to adapt their metabolic profiles
to these survival- and growth-unfavorable conditions
[6, 11, 96, 97]. Lymphocytes sense hypoxia via the
transcription factor hypoxia-inducible factor la
(HIF-1a), which mediates the metabolic switch
from OXPHOS to aerobic glycolysis [98]. A recent
study showed that HIF-1a also directly regulates
the Th17/Treg balance [99]. Specifically, HIF-1-
deficient T cells display a marked reduction in the
expression of IL-17 and Th17-signature genes. Mice
with HIF-1a-deficient T cells are resistant to induction
of Th17-dependent experimental autoimmune
encephalitis associated with diminished Th17 and
increased Treg cells. On the one hand, HIF-1la
activates Th1l7 development through RORyt and
p300, but attenuates Treg development by binding
to Foxp3 and targeting it for proteasomal degradation.
In support to this finding, it was reported that
blocking glycolysis during Th17 cell differentiation
reduced the development of Th17 cells and favored
the formation of Tregs [19]. Another study [100]
showed that deletion of von Hippel-Lindau tumor
suppressor (VHL), the main negative regulator of
HIFs, altered the differentiation of effector and
memory CD8" T cells. Moreover, in that system,
hypoxia modulated the expression of pivotal
transcription factors, effector molecules, costimulatory
receptors and activation-induced inhibitory receptors
in a HIF-1a- and HIF-2a-dependent manner.
In addition, the VHL-deficient cytotoxic CD8"
lymphocytes (CTLs) had a high glycolytic and low
OXPHOS metabolic profile. The above findings
highlight the critical implications of local oxygen
concentration to the fate and function of T cells.

Role of PD-1 and checkpoint inhibition on
T cell metabolic reprogramming

During activation, in addition to multiple activating
receptors and positive costimulatory molecules,
T cells upregulate a diversity of inhibitory receptors
mostly known as checkpoint inhibitors, which play a
physiological role in keeping a balance between
stimulatory and inhibitory signals, thereby maintaining
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central and peripheral tolerance. However, checkpoint
inhibitors have detrimental effects on immune T cell
functions such as preventing anti-tumor immunity
and viral clearance. Particularly in chronic viral
infections, T cells enter a condition termed
“exhaustion” characterized by progressive and
hierarchical loss of effector functions, sustained
upregulation and coexpression of multiple inhibitory
receptors, altered expression and usage of key
transcription factors, and failure to transition to
quiescence and to acquire memory T cell homeostatic
responsiveness [101].

PD-1 is one of the most extensively studied
checkpoint inhibitors and its therapeutic exploitation
has proved extremely effective in a number of
cancers. In a recent study from our group, we
examined the outcome of PD-1 ligation on T-cell
metabolic reprogramming [88]. We determined
that T cells receiving PD-1 signals were unable to
engage in glycolysis, glutaminolysis or metabolism
of branched-chain amino acids but displayed an
increased rate of FAO. PD-1 largely blocked glucose
uptake and glycolysis as evidenced by unchanged
levels of glucose and diminished products of
glycolysis. This effect of PD-1 was due to inhibition
of Glut 1 expression and glucose transport and
also due to inhibition of hexokinase 2 (HK2), which
catalyzes the first step of glycolysis by converting
glucose to glucose-6-phosphate. Besides an impact
on glycolysis, PD-1 largely blocked glutamine
uptake by impairing the upregulation of glutamine
transporters [88]. PD-1 also inhibited glutaminolysis,
as determined by higher intracellular levels of
glutamine and glutamate. In spite of the abrogated
glycolysis and amino acid utilization, these T cells
remained viable and metabolically active. A critical
pathway targeted by PD-1 is the PI3K/Akt pathway
[102]. Inhibition of this pathway by growth factor
deprivation in haematopoietic cells activates
lipid metabolism through induction of carnitine
palmitoyltransferase 1A (CPT1A), the rate-limiting
enzyme of mitochondrial FAO, which plays an
important role in the utilization of fatty acids as
an energy source [103]. Indeed, in T cells PD-1
promoted FAO of endogenous lipids by increasing
CPT1A expression and by inducing lipolysis as
determined by the increase of the major
triacylglycerol (TG) hydrolase desnutrin/adiposite
triglyceride lipase (ATGL) and release of fatty
acids and glycerol. Concomitantly, PD-1 caused

decrease in lipid biosynthesis by abrogation of FA
synthase (FASN). Consistent with the increased
rate of FAO, PD-1 induced a significant elevation
of the ketone body 3-hydroxybutyrate, which is
produced during FAO. In addition to increased
FAO, activated T cells receiving PD-1 signals had
lower extracellular acidification rate (ECAR) and
oxygen consumption rate (OCR), which are
indicators of glycolysis and oxidative phosphorylation,
respectively, but had higher OCR/ECAR ratio
compared with T cells stimulated without PD-1
ligation. These findings indicated that in contrast
to proliferating T cells, which preferentially use
glycolysis for energy production, T cells receiving
PD-1 signals are rather metabolically quiescent
and preferentially use oxidative phosphorylation
than glycolysis as indicated by the higher
OCR/ECAR ratio. Moreover, T cells stimulated in
the presence of PD-1 ligation possessed substantial
SRC. These findings indicated that PD-1 ligation
alters the metabolic reprogramming induced upon
T cell activation by inhibiting glycolysis and
promoting FAO.

In contrast to PD-1, although CTLA-4 inhibited
the expression of glutamine and glucose transporters,
it did not augment CPT1A and FAO, suggesting
that CTLA-4 maintains immune quiescence by
preserving the metabolic profile of non-stimulated
cells. Since enforcing FAO by pharmacologic means
promotes the generation of Treg cells [18], PD-1
might promote Treg development [104] by
reprogramming the metabolism of activated T
cells from glycolysis to FAO. As burning fat has a
strong association with longevity in many cell
types [105-107] these unexpected findings indicate
that PD-1 ligation enables T cells to survive as
long-lived cells by utilizing a fat-based metabolism.

Concluding remarks

Almost six decades since the discovery of the
main metabolic features of cancer cells by Otto
Warburg, only now we start to appreciate the
importance of metabolic reprogramming in normal
T cell differentiation and function. The recent
advancements in understanding the role of
metabolism in T cell fate and function has been
made feasible by novel technologies, which allow
for the generation of detailed information in real
time about how T cells sense extracellular queues
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that impact their decisions about utilization of
specific metabolic programs. Further developments
in basic research of T cell metabolism are expected
to unravel the complexity of the metabolically
driven T cell fate and function and to reveal new
targets for therapeutic intervention.
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