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Metabolic checkpoints in activated T cells

Ruoning Wang & Douglas R Green

The immunological process of clonal selection requires a rapid burst in lymphocyte proliferation, and this involves a metabolic shift
to provide energy and the building blocks of new cells. After activation, naive and memory T cells switch from the oxidation of free
fatty acids to glycolysis and glutaminolysis to meet these demands. Beyond this, however, the availability of specific metabolites
and the pathways that process them interconnect with signaling events in the cell to influence cell cycle, differentiation, cell death
and immunological function. Here we define ‘metabolic checkpoints’ that represent such interconnections and provide examples
of how these checkpoints sense metabolic status and transduce signals to affect T lymphocyte responses.

As one of the most ancient functional properties of cells, metabolism
is not only required for the fulfillment of all bioenergetic and bio-
synthetic demands but also actively integrated into the signaling
cascades that dictate cellular fate. Understanding the dynamic inter-
play between the metabolic machinery and cellular signaling has
emerged as a focus in the study of metabolic disorders, cancer and,
most recently, the immune response. In this Review, we consider how
signaling via the immune system integrates with metabolic programs
to control immunological functions. This has been explored mainly
in the context of metabolic reprogramming during the activation of
T lymphocytes and, to a lesser extent, in other cell types of the immune
system. We discuss how such changes in metabolism occur and their
potential consequences in terms of ‘metabolic checkpoints, which we
define as molecular mechanisms that sense metabolic status and, in
turn, regulate cellular functions. Understanding of such checkpoints
holds the promise of novel manipulation of immune responses and
therapeutic intervention under conditions in which metabolic dys-
function, such as metabolic disease, nutritional imbalance and cancer,
affect immunological function.

Metabolic demands in T cells
As the central players in the adaptive immune response, T lymphocytes
have evolved to rapidly respond to invading pathogens. This response
occurs through several characteristic phases: a period of initial cell
growth, followed by massive clonal expansion and differentiation, a
contraction or death phase, and the establishment and maintenance of
immune memory®2. The T cell metabolic machinery is regulated for
coordination of the transitions between these different phases>.
During the initial growth phase, T cells undergo an activation-
induced reprogramming of their metabolism, switching from the
B-oxidation of fatty acids in naive T cells to the glycolytic, pentose-
phosphate and glutaminolytic pathways in activated T cells?=> (Fig. 1).
This phase, which lasts approximately 24 h after activation and
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precedes the first cell division, represents the engagement of bio-
synthetic machineries for the production of proteins, nucleic acids,
lipids, carbohydrates and other ‘building blocks’ for the generation
of new cells. The metabolic reprogramming associated with this
growth phase is controlled mainly by the functions of the transcrip-
tion factor c-Myc and the nuclear receptor ERRo/*®7. In addition,
pharmacological inhibition of phosphatidylinositol-3-OH kinase
(PI(3)K) impairs the upregulation of glycolysis after CD28-mediated
costimulation in vitro. This effect is probably due to the inhibition of
cell-surface expression of the glucose transporter Glutl dependent
on the kinase Akt®. However, p85a and p1109, the regulatory and
dominant catalytic subunits of PI(3)K in T cells, seem dispensable for
activation-induced proliferation of T cells in vitro, although in vivo
proliferation in p1108-defective T cells is impaired®®. Finally, Akt
signaling, a major downstream effector of PI(3)K, is dispensable for
the maintenance of glucose uptake in proliferating cytotoxic CD8*
T cells in vitro'®. Such observations suggest that the PI(3)K-Akt path-
way may not be generally essential in the metabolic reprogramming
of T cells, although this has not been formally tested in T cells lacking
all isoforms of PI(3)K.

As activated T lymphocytes begin to proliferate, the cells engage
distinct transcriptional programs that drive them into functional
subsets depending on the context (cytokines and other extracellular
signals) in which they were activated. These subsets determine the
nature of the immune response. Whereas CD8* T cells differenti-
ate into cytotoxic T lymphocytes that kill host cells infected with
pathogens, CD4* T cells differentiate into either induced regulatory
T cells (iTq cells) that suppress uncontrolled immune responses
or cells of the Ty1, T2 or Ty;17 subset of helper T cells (effector
T cells) that mediate appropriate immune responses!!12. After the
clearance of pathogens, most clonally expanded and differenti-
ated T cells undergo apoptosis in an abrupt contraction phase. The
remaining antigen-specific T cells (memory T cells) are responsi-
ble for enhanced immunity after re-exposure to the pathogen!3. Of
these various T cell subsets, the iT,, cells and memory T cells rely
on lipid oxidation as a major source of energy, whereas cytotoxic
T lymphocytes and effector T cells sustain high glycolytic activity and
glutaminolytic activity'4-16. However, the detailed metabolic profiles
of differentiated and memory T cells remain to be explored.
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Figure 1 T cell metabolic reprogramming. Glucose
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the biosynthesis of hexosamines, nucleotides,
amino acids and polyamines. Collectively,
the metabolic reprogramming after T cell
activation is optimized to support cell growth
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and proliferation by providing carbons and ATP. In functionally differentiated T cells, both CD8* cytotoxic T cells and CD4* effector T cells sustain high
glycolytic activity, whereas CD8* memory T cells and CD4* T regulatory cells rely on the B-oxidation of fatty acids as a source of energy. F-6-P, fructose-
6-phosphate; 3-P-G, glycerate-3-phosphate; Pyr, pyruvate; Lac, lactate; FFA, free fatty acids; OAA, oxaloacetate; PEP, phosphoenolpyruvate; P-5-C, 1-

pyrroline-5-carboxylate; Glu, glutamate; Orn, ornithine.

The concept of metabolic checkpoints

The effective adaptive immune response requires T cells to function in
various microenvironments, including hostile metabolic conditions.
Meanwhile, immunological signals actively instruct the intracellular
metabolic programs and adjust the metabolic state of T cells to adapt
to changes in extracellular oxygen and nutrient supply or disruption
of the intracellular metabolic machinery. By analogy to the concept
of cell-cycle and DNA-damage checkpoints!'”13, we consider such
adaptations as consequences of ‘metabolic checkpoints. These are
composed of the following four components: metabolic signals, sen-
sors of those signals, signal transducers and molecular effectors of
the checkpoint (Fig. 2 and Table 1). The biological consequences of
engaging such checkpoints in the immune system include not only
changes in metabolic function but also effects on cell cycle, differen-
tiation, cell death and immunological functions.

Metabolic signals reflect changes in the extracellular nutrient envi-
ronment or intracellular metabolic status. Such signals include metab-
olites involved in cell metabolic pathways or metabolic products,
byproducts and cofactors such as ATP, NADP*-NADPH, acetyl-CoA
and reactive oxygen species (ROS). This is fundamentally different
from the concept of second messengers, such as cAMP-cGMP and
phosphoinositides, which are not primary signals but instead are
products of upstream signaling events.

The sensors of a metabolic checkpoint are proteins that physi-
cally interact with and respond to metabolic signals by changes in
their biological status and consequently initiate downstream signal-
ing events. Of note, the Michaelis constant (K;) of any proposed
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metabolic sensor for its sensed biomolecules must be in the physio-
logical range of the bioavailability of those biomolecules. However,
direct experimental evidence in support of such a requirement has
in many cases been largely absent because of the difficulties in quan-
tifying the biomolecules. Unicellular organisms such as bacteria
and yeast sense and respond to extracellular nutrients through cell-
surface receptors and transporters!®-2l. The physical interactions
among nutrients, receptors and transporters trigger a series of intra-
cellular signaling events that result in adaptive cellular responses.
Although it is possible that higher organisms use similar mechanisms
to sense metabolic status and mediate signaling events, direct evi-
dence for this is lacking. Concrete examples of true metabolic sensors
are discussed below (summary in Table 1).

The subsequent stage of a metabolic-checkpoint response involves
the engagement of components of signal-transduction pathways
and their downstream effectors that elicit the appropriate cellular
responses, including metabolic ‘rewiring, cell growth, proliferation,
death and differentiation. Although many examples of translating
metabolic signaling to cellular response have been described in other
cellular systems and are reviewed elsewhere??, here we focus on the
mechanisms that have been demonstrated to be relevant to T cell
function and adaptive immune responses.

The HIF-1a checkpoint

The cellular and physiological responses to changes in oxygen concen-
trations involve an immediate adaptive response to regulate oxygen
homeostasis, followed by a signaling response to modulate various
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Figure 2 Metabolic checkpoints in T cell function.
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cellular processes required for cell survival and specific functions. The
former effect probably depends on cellular oxygen-sensing mecha-
nisms mediated through NADPH oxidase and the electron carriers
of the respiratory chain, whereas the latter involves prolyl-4-hydroxy-
lase (PHD) proteins as sensors that connect oxygen concentration to
downstream cell signaling events?3. Under conditions of sufficient oxy-
gen, PHD hydroxylates hypoxia-induced factor 1o (HIF-1at), which
leads to its degradation. Under conditions of low oxygen, HIF-1a
is stabilized. This allows it to associate with HIF-1f to generate the
transcription factor HIF-1 and the transcription of HIF-1-targeted
genes. HIF-1P also interacts with the transcription factor AhR, as out-
lined below, which adds further complexity to the regulation of HIF-1.
The targets of HIF-1 include genes encoding effectors that enhance
glycolysis and promote angiogenesis and thus remodel both intrinsic
cellular metabolic programs and extrinsic microenvironments?2°.
Given its relatively high K., for oxygen?®27, PHD is an excellent
sensor of oxygen. However, PHD-mediated hydroxylation also

Table 1 Metabolic checkpoints in T cell differentiation

Debbie Maizels

consumes o.-ketoglutarate to produce succinate, both of which are
intermediate metabolites in the tricarboxylic acid (TCA) cycle?.
Therefore, the oxygen-sensing mechanism may also be under the
influence of the mitochondria-dependent carbohydrate catabolic
pathway. The activity of PHD is inhibited by higher intracellular
concentrations of succinate and also by mitochondrial production of
ROS?$29. 1t is therefore conceivable that the HIF-10. checkpoint rep-
resents a signaling hub that is ‘instructed’ by many metabolic inputs
and contributes to different types of metabolic responses.

T cells differentiate and function in various microenvironments,
in which they are exposed to a wide range of local oxygen tension
from high (normoxia) to low (hypoxia)3?-3l. Therefore, it is likely
that the function of T cells in hypoxic environments is dependent on
HIF-1o. During T cell differentiation, HIF-1o promotes glycolysis in
differentiating Ty;17 cells and reciprocally increases Ty;17 differen-
tiation and decreases iT,,, differentiation in vitro and in vivol32. In

reg
addition, HIF-1a also directly enhances activity of the transcription

Low-oxygen microe
(such as secondary

Nutrient-sparse microenvironment
(such as tumors or inflamed sites)
or low-protein diet

Metabolic perturbation

Metabolic signals Amino acids (-) and AMP/ATP (+)  Oxygen (-)
Sensors Leucyl tRNA synthase (-) and PHD (-)

AMPK (+)
Transducers TORC1 (=) HIF-1o (+)
Effectors HIF-1a (<), autophagy (+), protein  RORyt (+), Foxp3 (

translation (=), glycolysis (=) and  glycolysis (+)

FAO (+)

T cell fate (differentiation) Memory T cell differentiation (+?) Ty17 cell different

and T cell differentiation (+)16:62 T, cell differentiation (-)1432

-) and

IDO-, TDO- and Arg-1-expressing Calorie restriction
microenvironment (such as and/or fasting
tumors or other immunosuppres-

sive environments)

nvironment
lymphoid organs)

Kyn (+) NAD*/NADH (+)
Arg (=)

Trp (=)

AhR (+) Sirtl (+)
Uncharged tRNA (+)

AhR (+) and GCN2 (+) Sirtl (+)

Foxp3 (+) and metabolic
effectors (?)

IL-17 (+), protein translation (-)
and metabolic effectors (?)

iation (+) and T cell activation (=), T cell and
Ty17 cell differentiation

(- or +’.])68—72,74—76,78

Treg Cell differentiation
(+)114,115

Metabolic checkpoints influence T cell function and differentiation. (+) or () indicate positive or negative influences, respectively, on metabolites, enzyme activities and cellular

processes. FAO, B-oxidation of fatty acids.
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factor RORyt and represses activity of the transcription factor Foxp3
as a direct molecular effector mechanism of this metabolic check-
point32 (Table 1). In addition to hypoxia, antigen stimulation or Ty;17-
polarizing cytokines substantially enhance HIF-1co expression even
under conditions of normoxia!4. This regulation may be achieved
either through a mechanism dependent on the TORCI protein com-
plex (discussed below) or through the action of PHD, via ROS and
intermediate metabolites of the tricarboxylic acid cycle, such as suc-
cinate and o-ketoglutarate (as discussed above). However, HIF-1o
is dispensable for T cell development'+33, In addition, HIF-1a.-
deficient T cells produce more proinflammatory cytokines after T cell
activation for reasons that are unclear at present>.

The AMPK-TORC1 checkpoint

Two evolutionary conserved signaling molecules, AMPK and mTOR,
are central players in the coordinated sensing of cellular metabolic
state and dictation of cell fate®>-38, AMPK is an oy heterotrimer
whose activation requires both the binding of AMP-ADP to the
y-subunit and phosphorylation of the o-catalytic subunit by the
upstream signaling kinases LKB1 and CaMKKp. Whereas AMP
serves as a potent allosteric activator of AMPK, both AMP and ADP
promote and stabilize the activating phosphorylation of AMPK. Given
its relatively high affinity for AMP-ADP, AMPK is generally consid-
ered a sensor of the intracellular concentration of AMP and ADP,
which is indicative of bioenergetic status®”-38,

Extracellular growth factors and nutrients converge on the regula-
tion of mMTOR, a component of two functional multicomponent pro-
tein complexes, TORCI and TORC2. Activation of the protein-kinase
activity of TORCI requires the derepression of TSC1-TSC2, a het-
erodimeric inhibitory component of the complex, and the recruitment
of GTPases of the Rag family. A leucyl-tRNA synthetase-dependent
amino acid-sensing mechanism determines the activation of TORC1
via Rag GTPases®>1%>. Growth factor signals upstream of TORC1 con-
verge on the TSC1-TSC2 complex, which is phosphorylated and inhib-
ited largely through a PI(3)K-Akt-dependent mechanism, thereby
promoting TORCI activity*. In addition, mTOR has been postulated
to be a sensor of ATP because of its reported high millimolar K, for
ATP, which is at odds with the fact that most protein kinases have a
micromolar K,,, for ATP#. A concentration of ATP in the micromolar
range has been suggested to be sufficient for mTOR-mediated phos-
phorylation of its substrates*/*2. Nevertheless, when ATP is limiting
(and in the presence of high concentrations of AMP and ADP), AMPK
directly phosphorylates essential components of TORCI, such as TSC2
and raptor#3#4, This generally leads to inhibition of TORCI activity.
Therefore, TORCI is known as a central signal transducer that func-
tions in metabolic checkpoints by integrating both amino acid- and
ATP-sensing pathways to determine cell fate®.

Emerging evidence demonstrates that immunological signals
actively regulate AMPK and TORCI and consequently direct T cell-
mediated immune responses. After T cells are activated, Ca?* signal-
ing quickly engages activation of AMPK*>4¢, AMPKa-deficient CD8*
T cells have higher glycolytic activity and produce more inflammatory
cytokines than wild-type T cells do in vitro, but AMPKoi-deficient
CD4" T cells do not, which indicates AMPK is a negative regula-
tor of T cell activation, presumably through inhibition of TORC1
(ref. 47). Intriguingly, iT,, cells have enhanced phosphorylation of
AMPK, indicative of its activation, and pharmacological activation of
AMPK promotes the development of iT;, cells in an asthma model
in vivo'>. However, AMPK is dispensable for the proliferation of
T cells and the cytotoxic effector function of CD8" T cells in vivoi®.
This suggests that the function of AMPK in T cell is dependent on
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the cellular context. Although CaMKK has been suggested to be the
upstream activating kinase of AMPK?*, T cell-specific deletion of
LKBI also results in a defect in AMPK activation after T cell acti-
vation?”. However, T cell-specific deletion of LKB1 results in the
impairment of thymocyte development and fewer peripheral T cells,
but T cell-specific deletion of AMPK does not. This phenotypic
discrepancy indicates an AMPK-independent function for LKB1 in
T cells*”. Mechanistically, the enhanced TORCI activity in LKB1- or
AMPKoa-deficient T cells suggests that LKB1-AMPK signaling may
negatively regulate the effector function of T cells through inhibition
of TORCI signaling?”. Consistent with that, functional T cell immune
responses require intact TORCI signaling, and the inhibition of mTOR
activity by rapamycin leads to T cell anergy after activation*®4°,

Nevertheless, it may be that hyperactive TORCI also alters
T cell activation and function. T cells that lack TSC1 have enhanced
TORCI1 activity, as expected, but do not generate effective immune
responses®”. This effect, however, seems to manifest only slowly after
ablation of TSCI and may reflect more complex events as a conse-
quence of constitutive TORCI activity.

Downstream of the AMPK-mTOR pathway, macroautophagy has
an essential role in the maintenance of cellular metabolic homeo-
stasis by degrading cytoplasmic material to provide internal nutri-
ents and clearing damaged mitochondrial to control mitochondrial
quality®!. AMPK and TORCI directly phosphorylate the mammalian
autophagy-initiating kinase Ulk1 at different sites, which results in
the activation and inhibition of macroautophagy, respectively®>->4.
Moreover, mTOR also targets the autophagy regulator Atgl3 to sup-
press macroautophagy>>°°. Consistent with rapid activation of AMPK,
macroautophagy is rapidly engaged in T lymphocytes after antigenic
stimulation®”=%. T cell-specific deletion of any of the autophagy-
related molecules Atg3, Atg5 or Atg7 results in defects in survival and
proliferation after antigenic stimulation of T cells. These defects may
be due to the accumulation of damaged intracellular organelles such
as mitochondria and endoplasmic reticulum and may also be related
to the defects associated with the ablation of TSC1 noted above>0.

However, the requirement for AMPK and macroautophagy activ-
ity is at odds with the concomitant requirement for mTOR activity in
T cells after antigenic stimulation. This discrepancy suggests that the
AMPK-mTOR-macroautophagy axis is regulated in a dynamic and
temporal manner after antigenic stimulation. In support of that idea,
initially transient inhibition of mTOR activity followed by an increase
in mTOR activity is necessary for the population expansion of iT,,
cells in vivo®l. Notably, either pharmacological activation of AMPK
or T cell-specific deletion of mTOR is sufficient to drive T cell dif-
ferentiation toward iT,, cells after antigen stimulation*”-%2, However,
mTOR activity is absolutely required for the differentiation of effector
T cells. In particular, TORC1 promotes Ty;1 and Ty;17 differentiation,
whereas TORC2, which differs from TORCI in both regulation and
effects, promotes T2 differentiation®®%4. Finally, restraining TORC1
activity enhances the differentiation of memory T cells and is required
for the maintenance of T cell quiescence, possibly through enhance-
ment of the oxidation of fatty acids>*%.

Additional downstream effectors of TORCI include regulators
of cell metabolism, cell growth, cell differentiation, cell prolifera-
tion and death. TORCI controls the translation of proteins through
regulation of the translation-initiation factor eIF4E and S6 kinase3®.
Another effector is HIF-1a (discussed above), which is stabilized in
a TORC1-dependent manner during Ty;17 differentiation'®. The sus-
tained upregulation of c-Myc is also dependent on TORCI after T cell
activation?. The metabolic processes controlled by c-Myc and HIF-1a.
via a transcriptional increase in metabolic enzymes in the glycolytic
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and glutaminolytic pathway can further influence AMPK-mTOR sig-
naling, forming feed-forward regulatory loops*!*. Collectively, the
metabolic checkpoint imposed by AMPK-TORCI has an instructive
role in integrating immunological signals and many metabolic inputs
to direct T cell fate and immunological function (Table 1).

The GCN2 checkpoint

One of the earliest events after amino-acid starvation is the accumu-
lation of uncharged tRNA, which binds the serine-threonine kinase
GCN2 and activates its kinase activity. Subsequently, phosphoryla-
tion of the translation-initiation factor eIF2 suppresses global protein
synthesis and limits the consumption of amino acids while enhancing
translation of the gene encoding GCN4, which results in the transcrip-
tion of genes encoding metabolic molecules required for the biosyn-
thesis of amino acids®®”.

Under some conditions, tumor cells and cells of the immune
system, such as dendritic cells and macrophages, express the amino
acid-catabolic enzymes IDO, TDO and Arg-1. As a result, the deple-
tion of extracellular tryptophan and arginine leads to the activation
of GCN2 and consequently inhibits T cell function®®-7°, In addition
to regulation of amino-acid homeostasis by the adaptive response,
the activation of GCN2 by amino-acid deprivation in T cells inhibits
Ty17 differentiation and promotes Ty, cell development and T cell
anergy’!72. Intriguingly, a low-protein diet, which would potentially
diminish the circulating pool of amino acids, results in less homeo-
static proliferation of CD8" memory T cells and an impaired recall
response73. However, the downstream molecular mechanism for these
effects remains unclear.

Nuclear receptor-mediated metabolic checkpoints

The nuclear-receptor superfamily is a group of transcription factors
critically involved in the regulation of metabolic and inflammatory
programs in T cells. Many of their endogenous ligands have been
identified as metabolites and, therefore, this superfamily may direct
the immunological responses of T cells by integrating both local meta-
bolic signals and immunological signals.

One example of this is the aryl hydrocarbon receptor (AhR), which
is an important ligand-dependent regulator of the differentiation
of Ty;17 and T, cells’#-7¢, Its endogenous ligand has been identi-
fied””78. As described above, tumor cells, macrophages and dendritic
cells can have relatively high expression of the tryptophan catabolic
enzymes IDO and TDO. This can result in the depletion of tryptophan
and accumulation of the tryptophan catabolite kynurenine (Kyn) in
T cell microenviroments. Kyn is an endogenous ligand of human
AhR that is produced by human tumor cells through the tryptophan
catabolic reaction mediated by TDO”8. Tumor-derived Kyn directly
suppresses T cell-mediated antitumor immune responses and conse-
quently promotes tumor progression. Given that finding, it remains to
be determined whether dendritic cells and macrophages that express
IDO and TDO may ‘instruct’ the differentiation of T;17 and T, cells
by regulating T cell-intrinsic AhR signaling (Table 1).

LXR is another member of the nuclear-receptor superfamily; it has
important roles in regulating lipid and cholesterol metabolism”®-8°,
The cholesterol derivatives oxysterols represent a major group of
its endogenous ligands that act in the metabolic feedback regula-
tion of LXR®1:82, In addition, glucose and its derivative glucose-6-
phosphate have been shown to directly interact with and activate LXR
to an extent similar to that of other known LXR ligands in liver®3.
This raises the intriguing idea that LXR serves as a sensor of glucose.
However, the downstream target of LXR, the transcription factor
ChREBP, but not LXR itself, may in fact be required for the induction
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of glucose-regulated genes in hepatocytes®4. The role of ChREBP or
LXR in sensing glucose in T cells remains to be tested.

Although the function of ChREBP in T cells remains unclear,
LXR-mediated signaling not only suppresses cell proliferation after
T cell activation but also negatively affects Ty;17 differentiation®>36,
Mechanistically, the LXR-targeted gene encoding the transcription
factor SREBP-1 binds to AhR and consequently inhibits AhR-driven
transcription of the gene encoding interleukin 17 (IL-17)%. In addi-
tion, AhR forms a heterodimer with HIF-1f, which dimerizes with
HIF-10 to elicit HIF-1 cellular functions (discussed above). Therefore,
crosstalk among LXR, AhR and HIF-1 might occur in some cellular
contexts®”. Although it has not been confirmed in T cells, both LXR
and HIF-1o are reported to be substrates of the protein deacetylase
Sirtl (discussed below), which suggests the existence of another layer
of crosstalk between various metabolic checkpoints. Whereas Sirt1-
mediated deacetylation enhances the function of LXR, it suppresses
HIF-1 activity®®8°. Given that AhR, HIF-1, LXR and Sirt1 are all
involved in regulating the differentiation of Ty;17 and T, cells, it
is conceivable that the interplay among these molecules represents
a layer of complexity in the response of T cells to various metabolic
signals. They may either function in a competitive manner or work
in concert to synergistically regulate the differentiation of Ty;17 and
Tyeq cells, depending on the nature of the immunological signaling
and the metabolic environment.

Protein acetylation as a metabolic checkpoint

Evidence suggests that the availability of acetyl-CoA and NAD™*
modulates protein acetylation?2. This may represent another major
metabolic checkpoint in cells. Acetyl-CoA provides the acetyl group
required for protein acetylation mediated by histone acetyltrans-
ferases, whereas the conversion of NAD" to nicotinamide is cou-
pled with deacetylase (Sirtuin)-mediated protein deacetylation®®°1.
Protein acetylation is one of the most common post-translational
modifications and influences almost every aspect of cell physiology
and pathology®2. One form of protein acetylation is lysine acetyla-
tion, which is reversibly regulated by protein acetyltransferases such
as histone acetyltransferases and deacetylases, including HDAC and
Sirtuin®!. Whereas histone acetylation functions as an essential epi-
genetic regulator that dictates cellular transcriptional machinery, the
acetylation of non-histone proteins has been suggested to regulate
various cellular processes, including metabolic pathways®3.

Acetyl-CoA is present in various cellular compartments, and its
intracellular concentration largely reflects the metabolic state of
the cell®. The mitochondrial pool of acetyl-CoA is abundant and
is derived mainly from the catabolic flux of glucose, glutamine and
fatty acids. However, citrate or acetate are the main precursors for the
cytosolic pool of acetyl-CoA. Whereas cytosolic citrate is shuttled
from mitochondria, the carbon source that generates acetate remains
unclear. Extramitochondrial acetyl-CoA is not only the precursor
of lipogenesis but also provides the acetyl moiety for the acetyla-
tion of cytosolic and nuclear proteins?2. This has led to the idea that
the extramitochondrial concentration of acetyl-CoA may influence
protein acetylation. However, the question of whether protein acetyl-
transferases are sensitive to changes in acetyl-CoA concentration
within a physiological range remains to be clarified.

As one of the essential redox pairs, NAD*-NADH is tightly linked
to many metabolic reactions and therefore is often suggested as both
a ‘readout’ and a determinant of the metabolic state of a cell. Whereas
the intracellular ratio of NAD* to NADH is estimated to be in a wide
range, from 0.1 to 500, the intracellular NAD" concentration is in a
narrow, low millimolar range95. Of note, protein-bound NAD* and
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the cellular compartmentalization of NAD®, especially the mito-
chondrial NAD* pool, may influence the estimation noted above.
Nevertheless, some members of the Sirtuin family are reported to
have a high K, for NAD* approximately equal to the physiologi-
cal intracellular concentration of NAD*. This supports the idea that
NAD* is rate-limiting for Sirtuin enzymatic reactions, and as a result,
Sirtuin proteins may serve as metabolic sensors of intracellular NAD*
and the redox state®®%”. Intracellular NAD™* concentrations are also
tightly balanced through biosynthesis and degradation. Whereas in
the liver and kidneys NAD* is synthesized mainly from tryptophan
through the de novo pathway, T lymphocytes seem to exclusively rely
on the salvage pathway and use nicotinamide or nicotinic acid (vita-
min B3) as a precursor®®-1%. Of note, nicotinamide may also inhibit
Sirtuin enzymatic activity as an endogenous end-product inhibitor.
As a donor of ADP-ribose, the cellular NAD™* content can be rap-
idly depleted by poly(ADP-ribose) polymerases (PARPs), especially
PARP-1, under some conditions!'?!~1%4, Consistent with that, PARP-1
has a very low K, for NAD* (ref. 105), which puts it in a position to
compete with Sirtuin proteins for the cellular NAD* pool!°. After
T cell activation, PARP-1 activity is increased and modulates the tran-
scription factor NFAT!97-109 This raises the possibility that higher
PARP-1 activity in activated T cells also affects Sirtuin function by
competing for cellular NAD™.

After antigenic stimulation, the metabolic programs of T cells result
in an increase in cytosolic NAD* and citrate, the precursor of acetyl-
CoA*107 These changes may serve as metabolic cues that direct
T cell fate through the regulation of protein acetylation. Consistent
with that, antigenic stimulation engages a dynamic change in histone
acetylation in some cytokine-encoding loci in T cells, which may
both promote their early-phase transcription and direct the expres-
sion patterns of lineage-specific cytokine-encoding genes during
T cell differentiation'!®!!1, In contrast, the transcription factor Foxp3
represents an emerging non-histone target of acetyltransferases and
deacetylases in T cells. Whereas the histone acetyltransferase TIP60
forms a complex with Foxp3 and is required for Foxp3-mediated
transcriptional repression!!2, the histone acetyltransferase p300 pro-
motes the acetylation of Foxp3 and enhances its protein stability!!>.
Conversely, deacetylation may negatively affect Foxp3. In support
of that idea, either the pharmacological inhibition of deacetylase or
T cell-specific deletion of Sirt1 substantially promotes the generation
and function of Foxp* Ty, cells in vitro and in vivo''*!15. However,
the possibility that histone acetyltransferases and Sirtl regulate
Tieq cell development at the epigenetic level cannot be excluded''®.
Following on the considerations noted above, deletion of PARP-1 in
mice results in enhancement of the development and differentiation
of Foxp3™ T, cells in central and peripheral tissues!'!” and induces
the expression of genes encoding molecules involved in Tyl and
T2 differentiation!!®. Consistent with that, inhibition of PARP-1
confers protection against experimental autoimmune encephalomy-
elitis!1®120, However, it remains unclear whether such protection is
due to a T cell-intrinsic effect.

Sirtl is also involved in maintaining T cell tolerance, and its expres-
sion is induced considerably in anergic T cells'?!~123, Mechanistically,
the transcription factor Foxo3a works in concert with the transcrip-
tion factors Egr2 and Egr3 to promote transcription of the gene
encoding Sirtl after T cell activation. Conversely, IL-2-mediated
activation of the PI(3)K-Akt pathway results in the sequestration
of Foxo3a in the cytoplasm and, consequently, suppression of tran-
scription of the gene encoding Sirtl. This may partially explain how
IL-2 reverses T cell anergy!23. However, neither the metabolic signals
upstream of Sirtl nor the molecular mechanism that mediates the
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downstream effects of Sirtl in these contexts are clear. Nevertheless,
such findings suggest that if the availability of acetyl-CoA and NAD*
affects the acetylation of proteins, such availability would have
important consequences for T cell function. In support of that pro-
posal, caloric restriction or fasting, whose physiological effects are
manifested mainly via Sirtuin proteins and protein acetylation'?4, is
beneficial for T cell-dependent immune responses in physiological
or pathological settings!'23-130,

Other potential metabolic checkpoints

Similar to protein acetylation, almost all forms of post-translational
modification, including phosphorylation, glycosylation, methylation,
lipidation, nitrosylation and ROS-mediated covalent modification,
are directly involved in the transfer of various metabolites as molecu-
lar moieties onto protein substrates. This raises the intriguing pos-
sibility that post-translational modification may be part of a general
metabolic checkpoint. Except for nitrosylation and ROS-mediated
covalent modification, many of the enzymatic activities that mediate
post-translational modification generally require metabolites at much
lower concentrations than their normal amount. For example, most
protein kinases have a K, for ATP of 10-20 uM (ref. 131), whereas
intracellular ATP has a concentration in the low millimolar range!32,
Therefore, whether changes in the concentrations of such metabolites
in the physiological range can influence post-translational modifica-
tion is not clear.

However, many metabolites are not uniformly distributed in cells
because of highly compartmentalized metabolic pathways!33. The
concentration of metabolites measured in whole cells or tissues rep-
resents an average cellular concentration but not necessarily a con-
centration that is detected by a metabolic sensor. Thus, ‘preferential’
partitioning of metabolites into certain subcellular domains may trig-
ger a compartmentalized metabolic checkpoint.

One example of this is protein glycosylation, which has an essential
role in the regulation of protein trafficking in the Golgi apparatus and
the endoplasmic reticulum. This is tightly coupled with the glucose
and glutamine catabolic pathways that provide two key metabolic
elements required for glycosylation: the sugar moieties (nucleotide-
sugar donors) and ATP (energy). Consistent with that, the availabil-
ity of nucleotide sugars and ATP in endoplasmic reticulum directly
regulates the glycosylation of cell-surface receptors and metabolic
flux!34135 Similarly, mitochondria, which represent the cellular
powerhouse and a major intracellular signaling hub, may elicit vari-
ous forms of compartmentalized metabolic checkpoints through the
regulation of ATP and ROS production and the shuttling of various
metabolites between mitochondria and the cytosol.

A growing body of evidence suggests that enzymes in the metabolic
pathways also can function in signaling. These enzymes probably
transduce metabolic signals to the downstream signaling pathway.
One such candidate is PKM2, which has high expression in embry-
onic tissues, tumors and activated T cells®!36:137. PKM?2 exists in a
dimeric form and a tetrameric form; these forms determine not only
its enzymatic activity but also its subcellular localization. The active
tetramer has a high affinity for its substrate, phosphoenolpyruvate
(PEP), and localizes mainly to the cytosol, whereas dimeric PKM2
‘preferentially’ localizes in the nucleus and has a low affinity for PEP.
In the nucleus, dimeric PKM2 may directly interact with the transcrip-
tion factors B-catenin and HIF-1 and promote their transactivation.
Despite its relatively low affinity for PEP, dimeric PKM2 is able to
use PEP as a phosphate donor and catalyzes the in vitro phosphoryla-
tion of some protein targets, including the transcription factor STAT3
(refs. 138-140).
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Notably, the concentration of PEP required for protein phosphoryl-
ation is probably in the range of the physiological concentration of
PEP'%. The tetramer/dimer ratio and the enzymatic activity of PKM2
are controlled by cellular ATP, ROS, fructose-1,6-P and serine and also
by direct interaction with signaling proteins'#!~14%, Collectively, these
findings suggest that the signaling function of PKM2 is intrinsically
linked to its enzymatic function, and such functional interconnec-
tion may help to directly couple metabolic signals to the downstream
signal-transduction pathways. The function of PKM2 as a metabolic
sensor in T cells remains unexplored at present.

Conclusions and perspectives

Among the unanswered questions about metabolic checkpoints is
how and when T cells terminate the signaling events initiated by the
metabolic signals. We consider several possible scenarios that are
not mutually exclusive. T cells may be triggered to migrate from a
nutrient- and/or oxygen-deficient environment to a nutrient- and/
or oxygen-sufficient environment. However, whether such migra-
tion is under the control of metabolic signals remains to be tested.
A second scenario involves metabolic reprogramming. Many
metabolic sensors and transducers, including TORC1, AMPK and
Sirtl, can directly or indirectly ‘rewire’ the metabolic pathways to
relieve the metabolic signals upstream of them. Similarly, either block-
ing the cellular processes that consume metabolites or enhancing the
cellular processes that recycle metabolites may serve as an alternative
means of regulating metabolic signals via feedback. One example of
this is the control of autophagy, which after being engaged can gener-
ate ATP that decreases AMPK activity and increases TORCI activity.
Another is the GCN2-medated suppression of protein translation,
a major energy- and amino acid-consuming process, which allows
the cell to replenish the amino-acid pool and render GCN2 inactive.
Finally, the scenarios described above may simply represent different
forms of feedback regulatory loops, which would further reinforce the
metabolic checkpoint response and T cell fate ‘decisions.

The function of metabolic checkpoints in the immune system is
an emerging area of investigation. The metabolic sensors and trans-
ducers we have proposed obviously have signaling functions that are
independent of their roles in mediating metabolic checkpoints. This
may represent a general feature of the crosstalk between metabolic
checkpoints and other signaling pathways. Crosstalk between different
metabolic checkpoints and other stress-mediated checkpoints may rep-
resent additional, emerging signaling nodes. For fuller understanding
of the underlying complexity of metabolic checkpoints, new techniques
and methodologies are warranted. These include but are not limited to
the in situ quantitative measurement of intracellular small molecules,
live-cell imaging of intracellular metabolites and the physical inter-
action between metabolites and proteins through the use of fluorescent
biosensors, and cell biology approaches for manipulating the concen-
trations of intracellular metabolites within physiological ranges.
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