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Regulatory T cells (Treg) are well-known for their immune regulatory potential and
are essential for maintaining immune homeostasis. The rationale of Treg-based
immunotherapy for treating autoimmunity and transplant rejection is to tip the immune
balance of effector T cell-mediated immune activation and Treg-mediated immune
inhibition in favor of Treg cells, either through endogenous Treg expansion strategies or
adoptive transfer of ex vivo expanded Treg. Compelling evidence indicates that Treg show
properties of phenotypic heterogeneity and instability, which has caused considerable
debate in the field regarding their correct use. Consequently, for further optimization of
Treg-based immunotherapy, it is vital to further our understanding of Treg proliferative,
migratory, and suppressive behavior. It is increasingly appreciated that the functional
profile of immune cells is highly dependent on their metabolic state. Although the
metabolic profiles of effector T cells are progressively understood, little is known on Treg in
this respect. The objective of this review is to outline the current knowledge of human Treg
metabolic profiles associated with the regulation of Treg functionality. As such information
on human Treg is still limited, where information was lacking, we included insightful
findings from mouse studies. To assess the available evidence on metabolic pathways
involved in Treg functionality, PubMed, and Embase were searched for articles in English
indexed before April 28th, 2019 using “regulatory T lymphocyte,” “cell metabolism,” “cell
proliferation,” “migration,” “suppressor function,” and related search terms. Removal of
duplicates and search of the references was performed manually. We discerned that
while glycolysis fuels the biosynthetic and bioenergetic needs necessary for proliferation
and migration of human Treg, suppressive capacity is mainly maintained by oxidative
metabolism. Based on the knowledge of metabolic differences between Treg and non-
Treg cells, we additionally discuss and propose ways of how human Treg metabolism
could be exploited for the betterment of tolerance-inducing therapies.
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INTRODUCTION

To safeguard ourselves, our immune system is equipped with a series of defense systems to
recognize and respond to non-self-structures. Although essential for fighting off infections and
preventing cancers from arising, destructive immune responses pose a considerable challenge
in autoinflammation and transplantation. Currently available immunosuppressants help to
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control destructive immune responses. However, management
of side-effects of lifelong immunosuppression, including cancer
development and reduced survival, remain major problems
(1). For this reason, an increasing amount of interest is
directed toward the natural specific regulatory mechanism of the
immune system. A better understanding of these mechanisms
holds the key to the development of novel immunomodulatory
therapies (2).

One approach the immune system employs to induce self-
tolerance is via regulatory T cells (Treg). Treg modulate the
immune system both specifically and aspecifically via inhibition
of dendritic cell function and maturation, secretion of anti-
inflammatory cytokines, and suppression of induction and
proliferation of antigen-specific effector T cells (Teff) (3),
depicted in Figure 1. As reviewed previously (4), human Treg are
characterized by expression of the transcription factor Forkhead
box p3 (FOXP3) and the combination of cell surface markers
CD4*, CD25%, and CD127°"/~. FOXP3 is the most reliable
cell marker for Treg, although it is also transiently expressed
by activated effector T cells. Nevertheless, FOXP3 expression is
essential for the maturation and function of Treg. Suppressive
capacity of Treg is commonly associated with the amount of
FOXP3 expression. Also strength, binding and expression of the
T cell receptor (TCR), capacity to produce anti-inflammatory
cytokines like interleukin-10 (IL-10) and IL-35, and expression
of suppressive cell membrane molecules like cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), programmed cell
death protein 1 (PD-1), CD39, and CD73 are fundamental in

Abbreviations: 2-DG, 2-deoxy-D-glucose; 3-HAA, 3-hydroxy anthranilic
acid; A2A, Adenosine 2A receptor; Acetyl-CoA, Acetyl coenzyme A; ADP,
Adenosine diphosphate; AHR, Aryl hydrocarbon receptor; AMP, Adenosine
monophosphate; AMPK, AMP-activated protein kinase; ARG1, Arginase 1; ASM,
Acid sphingomyelinase; ATP, Adenosine triphosphate; CCR7, C-C chemokine
receptor 7; CD62L, Leukocyte adhesion molecule L-selectin; CPT1, Carnitine
palmitoyltransferase 1; CPT2, Carnitine palmitoyltransferase 2; CTLA-4,
Cytotoxic T-lymphocyte-associated protein 4; DEPTOR, DEP domain-containing
mTOR-interacting protein; EZH2, Enhancer of zeste homolog 2; FAO, Fatty
acid oxidation; Foxo, Forkhead box protein O; FOXP3, Forkhead box p3; GCK,
Glucokinase; HIF-1a, Hypoxia-inducible factor la; HK, Hexokinase; HMGR,
HMG-CoA reductase; ICOS, Inducible co-stimulator; IDO, Indoleamine-pyrrole
2,3-dioxygenase; INSR, Insulin receptor; IRF4, Interferon regulatory factor 4;
LDH, Lactate dehydrogenase; LFA-1, Lymphocyte function-association 1; MAPK,
Mitogen-activated protein kinase; Mef2, Myocyte enhancer factor 2; mTOR,
Mammalian target of rapamycin; mTORCI, Mammalian target of rapamycin
complex 1; mTORC2, Mammalian target of rapamycin complex 2; NAD™T,
Oxidized nicotinamide adenine dinucleotide; NADH, Reduced nicotinamide
adenine dinucleotide; NADP*, Oxidized nicotinamide adenine dinucleotide
phosphate; NADPH, Reduced nicotinamide adenine dinucleotide phosphate;
Ndfipl, Nedd4-family E3 ubiquitin ligases; NFAT, Nuclear factor of activated
T-cells; OXPHOS, Oxidative phosphorylation; PD-1, Programmed cell death
protein 1; PDH, Pyruvate dehydrogenase; PDHKI, Pyruvate dehydrogenase
kinase 1; PDK1, Phosphoinositide-dependent kinase 1; PI3K, Phosphatidylinositol
3-kinase; PPARy, Peroxisome proliferator-activated receptors y; PPP, Pentose
phosphate pathway; PTEN, Phosphatase and tensin homolog; pTreg, Periphery-
inducible regulatory T cell; RAPTOR, Regulatory-associated protein of mTOR;
RICTOR, Rapamycin-insensitive companion of mTOR; ROS, Reactive oxygen
species; SIPRI1, Sphingosine-1-phosphate receptor 1; SIRT1, Silent mating type
information regulation 2 homolog; TCA cycle, Tricarboxylic acid cycle, or citric
acid cycle, or Krebs cycle; TCR, T cell receptor; Teff, Effector T cell; TGF-p,
Transforming growth factor beta; Treg, Regulatory T cell; tTreg, Thymic-derived
regulatory T cell; VAT, visceral adipose tissue.
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FIGURE 1 | Immunosuppressive mechanisms underlying Treg-mediated
immune suppression. Treg are characterized by expression of the cell surface
markers CD4+, CD25Md" and CD127/°%/~, and transcription factor FOXP3.
Treg modulate the immune system using their suppressive molecules PD-1,
CTLA-4, CD39, and various surface receptors through inhibition of dendritic
cell (DC) function and maturation, through the secretion of anti-inflammatory
cytokines such as IL-10, TGF-B and IL-35, and/or through direct inhibition of
Teff via induction of cytolysis using granzyme and metabolic disruption.
Moreover, Treg can reduce Teff activation by limiting TCR-ligand binding.

this (3), as depicted in Figure 1. Of note, expression levels
from some of these molecules have been linked to metabolism.
Following Treg activation, mTOR signaling is upregulated
which induces lipid synthesis, mevalonate metabolism and
mitochondrial function (5). CDTLA-4 and PD-1 have both
been described to block glycolysis whereby PD-1 signaling
also promotes lipolysis and fatty acid oxidation (6). CD39,
which converts adenosine triphosphate (ATP) and adenosine
diphosphate (ADP) into adenosine monophosphate (AMP),
and CD73, which subsequently converts AMP to adenosine,
abrogates ATP-effects such as P2 receptor-mediated cell toxicity
and ATP-driven maturation of dendritic cells.

Human Treg are currently intensively studied for the
induction of immunotolerance both in transplantation and
autoimmunity (7). Although these studies have substantially
advanced our knowledge on Treg, important issues on the
optimization of these therapies regarding Treg expansion,
homing and stability of immunoregulatory function remain
to be resolved. Here, we asked ourselves whether employing
knowledge on cell metabolism can be of benefit for the
advancement of Treg therapy.

Cell metabolism was shown to be a fundamental determinant
of immunological cell fate and function (8). Most resting
immune cells are relatively metabolic inactive. However, during
activation, immune cells increase their metabolic requirements
and switch their metabolic programs to accommodate the
increased demand for energy and biosynthesis (8). Although
glycolysis is a rapid method for energy production and it
supports other metabolic pathways by producing nicotinamide
adenine dinucleotide (NADH), it is a relatively inefficient energy
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source compared to the mitochondrial oxidative metabolism of
oxidative phosphorylation (OXPHOS) (Figure 2). In glycolysis,
glucose is converted in the cytoplasm into glucose-6-phosphate
by hexokinase (HK) or glucokinase and subsequently converted
into pyruvate or shuttled into the pentose phosphate pathway
(PPP). During the PPP, nicotinamide adenine dinucleotide
phosphate (NADPH), a precursor for the synthesis of nucleotides
and amino acids, is produced. Pyruvate resulting from glycolysis
can either be converted into lactate by lactate dehydrogenase
(LDH) or converted into acetyl-CoA to enter the tricarboxylic
acid (TCA) cycle. The TCA cycle, also known as the citric acid
cycle or the Krebs cycle, is the primary metabolic pathway of
quiescent or non-proliferating cells and a highly efficient source
of energy. Besides acetyl-CoA from pyruvate, the TCA cycle is
also fueled by acetyl-CoA produced during fatty acid oxidation,
a-ketoglutarate following glutaminolysis, and by the acids citrate
and succinate. These can subsequently proceed into OXPHOS,
which is a less rapid but more energy-efficient pathway. Acetyl-
CoA from glycolysis and fatty acid oxidation (FAO) can also
support the mevalonate pathway. OXPHOS follows fatty acid
oxidation and the TCA cycle can be followed by fatty acid
synthesis. Both glycolysis and fatty acid oxidation support the
mevalonate pathway via acetyl-CoA.

Generally, glycolysis tends to support the function of pro-
inflammatory cells, such as Teff and M1 macrophages, while
OXPHOS and FAO tend to be used by anti-inflammatory
cells, such as M2 macrophages, memory CD8" Teff and
Treg. Resting T cells mostly utilize a catabolic oxidative
metabolism of glucose, lipids, and amino acids, whereas, upon
activation T cells upregulate their glucose and amino acid
transporters and increase their glycolytic flux to fuel the
enhanced glycolysis process, thus supporting their proliferation
and inflammatory functions. While the metabolic requirements
for conventional T cells are increasingly understood, those
important for Treg have been less well-defined. Mostly,
Treg are assumed to rely more on the TCA cycle and
OXPHOS than on glycolysis, leaving the complex interplay
between metabolism and functional state underexposed. Thus,
a better insight into Treg metabolism and its relevance for
tolerance-inducing therapies could benefit further improvement
of tolerance-inducing therapies. The characterized metabolic
pathways involved in Teff and Treg are summarized in
Table 1. In this review, we will detail the contribution of these
metabolic pathways to Treg functionalities with the focus on cell
proliferation, migration and suppressive capacity. Furthermore,
we will discuss exploiting Treg metabolism for tolerance-
inducing therapies. Although the main focus of this review is on
human Treg, we also included insightful findings from mouse
studies in cases where human information was lacking.

METHODS

To assess available evidence on metabolic pathways involved in
human Treg functionality, PubMed, and Embase were searched
for articles indexed in English before April 28th, 2019 for

» « » «

“regulatory T lymphocyte,” “cell metabolism,” “cell proliferation,”

“migration,” “suppressor function,” and related search items
(Supplementary Table S1). Where studies on human Treg
metabolic profiles were lacking, we included insightful findings
from mouse studies. Removal of duplicates and search of
references was performed manually.

METABOLIC PATHWAYS LINKED TO Treg
BEHAVIOR AND FUNCTION

Proliferative Behavior and Development of
Treg

To manage the accompanying increased demand for energy
and biosynthesis during cell growth, the engagement of
specific metabolic pathways is essential. Proliferative cells have
typically high glycolytic rates and employ the glycolysis-diverting
pathways PPP and serine biosynthesis pathway for energy while
utilizing glutamine as fuel for the synthesis of biomass (Figure 2).
In cancer cells, this switch is referred to as the Warburg effect (9).
A similar phenotype has been described for T cells (10).

Glucose is the major source for generating ATP. Glucose
can be broken down via either the glycolysis process, i.e., in
the cytoplasm converting glucose to pyruvate which is further
diverted to lactate by LDH, or the TCA cycle when pyruvate
dehydrogenase (PDH) converted pyruvate to acetyl-CoA. Upon
activation, T cells preferentially use glycolysis for producing ATP
to meet their rapid expansion.

In contrast to Teff cells, which mainly use glycolysis
following stimulation, memory T cells, as well as Treg,
have a quite different metabolic state, since they largely rely
on the FAO for cell persistence and function. Pro-growth
signaling pathways, including phosphatidylinositol 3-kinase
(PI3K), mitogen-activated protein kinase (MAPK), as well as
mammalian target of rapamycin (mTOR) promote glycolysis
in Treg (11). Glucose uptake in Treg is mostly mediated
by differential expression of the glucose transporter GLUTI.
Interestingly, Glutl expression is higher on activated murine
induced Treg (iTreg) than proliferated tTreg, and Glutl enhances
Treg proliferation but inhibits their suppressive function.
Notably, GLUT1 expression is reduced by the Treg transcription
factor FOXP3. tTreg from mice with transgenic T cell-specific
expression of Glutl showed impaired lineage stability as they
had decreased expression of CD25/EZH2 and secreted IFNy
(11). Inhibition of mTOR in Treg greatly diminishes glucose
uptake, but it helps to maintain a stable Treg phenotype and high
suppressive capacity (12). Depletion of glucose is detrimental
for Treg proliferation since Treg mitochondrial oxidize lipid
as well as glycolysis derived pyruvate at high speed (13). Of
interest, human carriers of a loss-of-function glucokinase (GCK)
regulatory protein gene that leads to an enhanced GCK activity,
have reduced circulating Treg numbers (14), indicating that
either Treg proliferation is impaired or the Treg have migrated
to tissue sites. Moreover, evidence showed that inhibition of
glycolysis could steer T cells toward Treg differentiation (15),
and this happens by increasing FOXP3 expression via the
inhibition of mTOR-mediated induction of the transcription
factor hypoxia-inducible factor-1a (HIF-1a) (15, 16).
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FIGURE 2 | Overview of cellular metabolism in T cells. The first step of glycolysis is the conversion of glucose into glucose-6-phosphate by hexokinases (HK) or
glucokinase (GCK). During glycolysis, glucose can be shuttled away toward the pentose phosphate pathway (PPP), or stay in glycolysis resulting in its conversion into
pyruvate. Pyruvate can either be converted to lactate by lactate dehydrogenase (LDH), using the nicotinamide adenine dinucleotide (NADH) produced during
glycolysis, or it can be converted into acetyl-CoA and enter the tricarboxylic acid (TCA) cycle. The TCA cycle can also be fueled by acetyl-CoA produced during FAO
and a-ketoglutarate following glutaminolysis. Subsequently, the TCA cycle fuels OXPHOS and FAS. NADH and reduced nicotinamide adenine dinucleotide phosphate
(NADPH) are produced during the conversion of various metabolites and play an important role in proton homeostasis and ROS production via the NADP* complex
and glutathione metabolism. Although all these metabolic pathways are interlinked, cells can regulate their isolated activity and compensate for alterations in the
different pathways. The PISK-Akt-mTOR pathway plays a role in metabolic regulation through various routes. Glycolysis is stimulated via Akt and HIF-1a while fatty
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fatty acid oxidation; FAS, fatty acid synthesis.

Actively proliferating T cells change from a catabolic
metabolism to an anabolic metabolism, in which the fatty acids
and amino acids are shunted away from the TCA cycle into
membrane and protein synthesis, respectively (Figure 2). HIF-
la plays an important role in the decision to commit pyruvate
to lactate for glycolysis or to acetyl-CoA for entering the TCA
cycle. HIF-1a induces the expression of glycolytic genes and
increases LDH enzyme activity, thus enhancing the conversion
of pyruvate to lactate and leading to a glycolysis-shift. It also
actively represses mitochondrial function via the induction of
pyruvate dehydrogenase kinase 1 (PDK1) (17, 18). PDKI inhibits
PDH and thereby reduces the mitochondrial oxidization of
glycolysis-derived pyruvate via the transformation of pyruvate
to acetyl-CoA, which acts as the intramitochondrial starting
point of OXOPHOS (Figure 2). Inhibition of PDKI increases
Treg numbers in mice (19), which is independent of PDK itself,
but through the production of reactive oxygen species (ROS),
potentially due to the increased capacity of Treg to scavenge ROS
away compared to other T cell subsets (13). Both nTregand iTreg
have higher mitochondrial mass and higher ROS production
which are correlated with increased FOXP3 expression (13).
ROS is produced following the TCA cycle during subsequent

OXPHOS. Although ROS plays important roles in cell signaling
and homeostasis, inhibition of OXPHOS does not affect Treg
differentiation (20).

Although Treg mainly use oxidative metabolism for growing,
Treg proliferation is dependent on an oscillatory switch of
glycolysis (21). In mice, both glycolysis and OXOPHOS are
involved in the generation of iTreg as well as the growth of Teff
cells (13). Freshly isolated human Treg show a high metabolic
state including increased mTOR pathway, high amount of
phospho-STATS5, and hyporesponsiveness in vitro. Interestingly,
transient inhibition of mTOR, before TCR stimulation, promotes
TCR-induced Treg proliferation, while later (60-72h after
stimulation) actively proliferating Treg cells displayed high
mTOR activity (21). It seems that Treg proliferation is closely
associated with the dynamic changes in mTOR activity which
is influenced by the composition of nutrients within the
extracellular milieu.

Treg exhibit increased FAO and enhanced expression of
genes involved in FAO during proliferation (19, 22). FAO
is a multistep process in which the long-chain fatty acids
are first conjugated to carnitine via the rate-limiting enzyme
carnitine palmitoyltransferase 1 (CPT1). These are subsequently
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TABLE 1 | Characterized metabolic pathways involved in human effector and regulatory T cells.

Effector T cells (Teff)

Regulatory T cells (Treg)

Metabolic pathways in quiescent
cells amino acids

Energy sources upon activation Aerobic glycolysis

Mitochondrial respiration

Glucose transporter High GLUTA

Glutaminolysis Critical for Th1/Th17 differentiation

Amino acids metabolite

Mitochondrial mass and ROS Low

Fatty acids Increase glycolytic flux

Promotes Th1/Th17 differentiation

PPARYy Inhibits Th17 differentiation
PI3k/Akt/mTOR signals High (upon activation)
Basal level of MTORC1 activation Low

Signals via AMPK Low

Pro-survival function of AMPK
Signals via Myc and HIF-1a High (upon activation)

Promote Th17 differentiation

Catabolic oxidative metabolism of glucose, lipids, and

Crucial for Teff proliferation and cell survival

Fatty acids oxidation (FAO)

OXPHOS

Mitochondrial oxidation of lipids, and pyruvate in vitro and
in vivo

Highly glycolytic in vivo

Low GLUT1

Inhibits iTreg generation

Promote iTreg differentiation
Crucial for Treg function

High
SCFAs promote Treg differentiation and function

Maintenance and accumulation of Treg in adipose tissue
Low (upon activation)

High

High

Promotes Treg generation

Low (upon activation)
Impairs iTreg generation and Treg lineage stability

AMPK, AMP-activated protein kinase; mTORC1, mTOR complex 1; PPAR, peroxisome proliferator-activated receptors; SCFA, short-chain fatty acids.

shuttled to the mitochondrion and converted to acyl-CoA by
carnitine palmitoyltransferase 2 (CTP2). This acyl-CoA is further
degenerated by p-oxidation to produce acetyl-CoA, which then
enters the TCA cycle. CPT1 inhibitor etomoxir inhibits Treg,
but not Teff differentiation and proliferation, demonstrating
a selective dependency of Treg on FAO. Both murine tTreg
and iTreg show higher mitochondrial mass and increased ROS
production as compared to Teff or non-T cells (13). Upstream,
activated AMPK release the inhibition of CPT1 thus allowing
the transport of long-chain fatty acids to the mitochondria for
subsequent FAO and ATP generation. Of interest, Treg show
high levels of activated AMPK and treatment with metformin, an
indirect activator of AMPK, can decreases total T cell numbers,
while increasing the percentage and number of Treg (23). Leptin,
a cytokine-like hormone stimulating FAO and glucose uptake,
constrains the proliferation of Treg through AMPK and mTOR
activation (24). Transient inhibition of the leptin-mTOR pathway
promotes TCR-induced proliferation in Treg, while an intact
mTOR pathway is needed to sustain Treg proliferation (21). This
seeming contradiction might be explained by a need for a lower
metabolic rate to enter the cell cycle and start proliferation in
Treg. In fact, it is shown that in vitro proliferation of human Treg
requires both glycolysis and FAO (25).

The dependence of Treg on FAO is more evident in tissue-
resident Treg, such as visceral adipose tissue (VAT) Treg and
intestinal mucosa Treg. VAT Treg are specifically recruited to
adipose tissue to suppress the local inflammatory process (26).
VAT Treg uniquely express PPARy (peroxisome proliferator-
activated receptors y), which is crucial in peroxisomal-mediated
p-oxidation of FAO, and show a high expression of CD36, a
receptor that facilitates the import of fatty acids. Like other
Treg, VAT Treg also express leptin-receptors. Leptin binding

to its receptor would lead to high activation of mTOR, which
affects Treg proliferation. In mice, it has been shown that
adipose tissue of obese mice contains high levels of leptin,
associated with decreased numbers of Treg, as opposed to lean
mice (27). Another example of the effect of anatomical location
on Treg metabolism comes from mucosal Treg. The intestinal
environment is known to be rich in short-chain fatty acids,
such as propionate and butyrate that are generated from the
fermentation of dietary fiber. The short-chain fatty acids have
been described to influence Treg numbers in vivo. Butyrate
enhances histone H3 acetylation in the promoter region of
FOXP3 and thereby boosts extrathymic Treg formation (28).
Additionally, butyrate appears to mediate Treg differentiation by
engagement with gut-epithelial cells that subsequently produce
IL-10 and a range of metabolites, including retinoic acid, which
leads to the production of inducible Treg (29). Propionate,
which is also capable of increasing histone acetylation, also
promotes Treg generation, while acetate cannot increase histone
acetylation and promote Treg generation (30).

Amino acids are used as substrates in various metabolic
pathways. Most noteworthy, glutamic acid derivates such as
glutamine and glutamate fuel the TCA cycle and scavenge ROS.
Correspondingly, the availability and metabolism of amino acids
play a decisive role in iTreg generation. Although Treg have
lager reserve pools of reduced and oxidized glutathione to cope
with higher levels of ROS in Treg, deprivation of glutamine
steers Treg generation even in conditions favoring other T
cell subsets, whereas supplementation with glutamine supports
differentiation toward Thl (31). Similarly, depletion of arginine
and tryptophan in vitro cell cultures stimulates Treg generation
(32). Interestingly, the byproduct of tryptophan catabolism
seems to benefit the iTreg generation since the administration
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of tryptophan enhances the number of Treg (33). Moreover,
Treg are known to highly express amino acids catabolizing
enzymes arginase 1 (ARG1) that is responsible for the depletion
of extracellular L-arginine thus limiting T cell proliferation,
suggesting that Treg could sense the concentration of certain
amino acids and/or their byproducts in the local milieu and
thereby adjusting the suppressive function properly.

In summary, overall evidence suggests that, compared to
other T cell subsets, Treg appear to demonstrate a selective
dependency on FAO during proliferation, while being less
dependent on glycolysis (Figure 3A). As compared to Teff, in
general, Treg show a higher level of lipid oxidization as well as
the mitochondrial oxidization of glucose. Glucose is required for
Treg cell growth and is a key requirement at the early phase
of iTreg generation. Activated iTreg expressed highest GLUT1
transporter, although it is still quite low as compared to non-
Treg cells, than proliferated tTreg. Blocking of glycolysis seems
to promote the generation of iTreg through mTOR-mediated
regulation of HIF-1a, which in turn prevents the mitochondrial
oxidation of glucose thus leading to a glycolysis shift. Like non-
Treg cells, Treg adapt to their environmental nutrient and oxygen
status via the opposing actions of mTOR, AMPK, and HIF-
la. Conditions that decrease mTOR activation permit FOXP3
expression, which in turn re-programs T cells to enhance the
expression of genes involved in FAO. The oscillatory changes of
leptin-mTOR pathways (early downregulation of mTOR activity
followed by a full activation of mTOR pathway during Treg
expansion) seem to set the threshold for Treg proliferation.
FAO is especially crucial to keep the optimal number of tissue-
resident Treg, and the metabolism of amino acids is crucial for
the generation of iTreg.

Migratory Behavior of Treg

Proper orchestration of immune responses and suppression
thereof requires appropriate control of Treg migration within
both lymphoid and non-lymphoid organs. As reviewed by Chow
et al., mechanisms of Treg migration are diverse and differ
according to their developmental stage, role and tissue target
(34). To be able to regulate immune responses when and where
needed, tight regulation of expression of adhesion molecules
and chemokines receptors according to the developmental
stage and the microenvironment of the Treg is essential.
Although migration is likely the most energy-consuming cellular
activity, the metabolic demands for Treg locomotion are
poorly investigated.

Like most migratory cells, Treg engage in glycolysis to
meet their bioenergetic needs for migration. Treg motility
can be inhibited by depletion of glucose from the culture
medium, inhibition of glucose uptake or inhibition of
glycolysis. To support their increased glucose consumption,
Treg upregulate their insulin receptor (INSR) (35). Kishore
et al. have demonstrated that Treg migration requires GCK
activation for the conversion of glucose in the activation of
glycolysis (14) (also see Figure 2). GCK promotes migration
following pro-migratory and pro-glycolytic stimuli via PI3K-
mTORC2 by cytoskeletal rearrangements and by associating
with the cytoskeleton component actin. GCK contribution

to human Treg migration was observed in human carriers
of a loss-of-function polymorphism in the GCKR gene (C to
T, P446L), which lead to an increased GCK activity. 446L-
GCKR Treg displayed increased chemokine-induced motility
compared to WT-GCKR Treg, although the suppressive
ability and phenotype did not significantly differ from
WT-GCKR Treg (14).

Treg migration is also regulated by glycolytic feedback control
through PI3K-Akt pathways (36). Recent investigations of Finlay
et al. have established that activation of Akt downregulates the
expression of leukocyte adhesion molecule L-selectin (CD62L),
chemokine receptors C-C chemokine receptor 7 (CCR7), and
Sphingosine-1-phosphate receptor 1 (SIPR1) by control of
Foxol and Foxo3 (37). Therefore, Akt activation could result
in failure of leukocyte-homing to secondary lymphoid organs
and stimulate migration to peripheral tissues in humans
(38). Exposure of Treg to the mTOR inhibitor rapamycin
suppresses upregulation of both a4f7 and CCRY, suggesting
that the mechanism is mMTOR-dependent. Strikingly, rapamycin-
insensitive companion of mTOR (RICTOR) or (mTORC2)-
deficient Treg have unaltered ability to express CCR9, while
RAPTOR(mTORCI)-deficient Treg are unable to upregulate
CCRY, suggesting the selective participation of mTORCI in the
regulation of Treg motility (39). Loss of phosphatase and tensin
homolog (PTEN) also impacts migration by lowering CD62L and
CCRY expression (54). This is suggested to be mediated by master
kinase phosphoinositide-dependent kinase-1 (PDK1) signaling,
which has an important role in the signaling pathways activated
by several growth factors and hormones, including insulin
signaling. To retain glycolytic flux, pyruvate is often converted
into lactate (Figure 2). Extracellular sodium-lactate and lactic
acid have been described to entrap CD4" and CD8" T cells
at sites of infection by repressing their migratory capacity (55).
Lactate mediated inhibition of motility both in vitro and in vivo
appears to be caused by interference with glycolysis. This selective
control of motility is mediated by the specific monocarboxylate
transporter Slc5al2, which amongst others transports lactate
and pyruvate across the cell membrane (55). Glycolysis is
otherwise activated upon engagement of the chemokine receptor
CXCR3 with its ligand CXCL10, stimulating lymphocyte
tissue infiltration.

There is limited to no sufficient empirical evidence for
metabolic control of Treg migration through the TCA cycle
and OXPHOS. Neither engagement of a central mediator of
T cell migration, lymphocyte function-association 1 (LFA-1),
nor inhibition of fatty acid oxidation impacts Treg migration
(14). However, the lipid-activated SIPR1 was reported to induce
selective activation of the Akt-mTOR kinase pathway in Treg
migration from lymphoid organs to blood (40). Interestingly,
although Treg depend similarly on S1PR1 as Teff, S1PR1 drives
Treg accumulation in tumors, but not CD8" T cells (41). It
is known that the tumor microenvironment is enriched with
indoleamine-pyrrole 2,3-dioxygenase (IDO), which metabolizes
tryptophan to kynurenine, an endogenous ligand for the
aryl hydrocarbon receptor (AHR). IDO could reduce local
tryptophan availability in the proximity of Treg thus contributing
to their motility (42).
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FIGURE 3 | Summary of metabolic pathways involved in distinct Treg functionalities. Treg have distinct metabolic phenotypes throughout their different phases,
although many pathways remain to be elucidated. (A) During proliferation, Treg have increased glycolysis and FAQO. Deficiency of glutamine and tryptophan steers T
cells toward Treg differentiation (10-31). (B) To support the increased need for energy during migration, Treg increase their glycolytic flux. Metabolic shifts in other
pathways have not been described for Treg migration (15, 16, 33-39). (C) Treg show decreased glycolysis and increased OXPHOS, FAO, FAS and tryptophan
metabolism during their phase of suppressive function. No relevance for the TCA cycle has been reported (6, 10, 14-17, 21, 25, 26, 29, 31, 40-53). The blue and red
arrows are indicative for increased or decreased activity of the specific pathway in the functional phenotype of Treg, respectively. FAO, fatty acid oxidation; FAS, fatty
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Summarizing, glycolysis is essential to support the
bioenergetic needs of Treg migration, like in most migratory
cells. mTORC2 plays a non-redundant role in the regulation
of Treg motility, probably through regulating the PI3K-Akt
pathway, as well as GCK kinase activity to mediate cytoskeleton
reorganization (Figure 3B).

Suppressive Function and Stability of Treg
To exert their suppressive function, Treg stability, and therefore
stable FOXP3 expression is imperative. The stability of Treg
is currently the topic of many studies in the Treg field (4).
Importantly, besides the loss of suppressive function, Treg
can differentiate into proinflammatory cytokine-producing cells
(also named exTreg) under specific microenvironmental cues,
and induce detrimental immune responses, posing a threat
for adoptive Treg therapies. Several transcriptional programs
are involved for activated Treg further differentiation into a
suppressive effect state. For instance, the transcription factor
interferon regulatory factor 4 (IRF4) is essential for mucosal
Treg suppressive function and stability. TCR-dependent signals
activate mTOR which in turn promotes the expression of IRF4,
GATA3 as well as upstream regulators of glycolysis pathway like
HK2, Myc, and Foxo (56). Mitochondrial metabolism is highly
induced in an mTOR dependent manner during Treg activation
since Treg specific depletion of mitochondrial transcription
factor resulted in the hyperactivation of Tconv and autoimmunity
in mice (56).

It is well-accepted that glycolysis promotes Treg cell growth
and migration at the cost of immune suppressive-function. Upon

TCR ligation and distinct co-stimulations, transcription factor
c-Myc and the hypoxia factor HIF-1a initiate the upregulation
of genes encoding molecules important in the glycolysis
pathway, whereas Bcl-6 directly downregulates glycolysis and
associated pathways (57). Under hypoxic situations, HIF-
la prevent glucose-derived pyruvate from the mitochondrial
oxidation, resulting in a gglycolytic shift, which leads to the
inhibition of Treg function (43). Human Treg that lose FOXP3
expression upon in vitro stimulation preferably differentiated
into Th2-like Treg (58), and the direct role of FOXP3 in
suppressing type 2 cytokine production in Treg during Treg
dysfunction has been confirmed by using the IPEX mutation
M3701, a naturally occurring FOXP3 mutant derived from
IPEX patients (59). The similar phenomenon was also observed
in mice. Bcl6—/— Treg could produce Tconv-like levels of
Th2 cytokines and are incapable of controlling Th2-type
inflammation (60). The metabolic status of Th2-like Treg is
still unclear. PTEN-mediated suppression of PI3K activity is
critical for maintaining Treg suppressive function (44). PTEN-
deficient Treg have increased glycolytic-rates and a significant
reduction of FOXP3 expression. In Treg, restriction of mTORC1
signaling and glycolysis by Ndfip1, a coactivator of Nedd4-family
E3 ubiquitin ligases, supports their suppressive function (45).
Restriction of mTOR-pathway signaling also increases expression
of transcription factor Bcl6 in Treg, which supports Treg stability
and suppresses glycolysis potentiated by c-Myc and HIF-1a
(57). Stimulation of the CTLA-4 and PD-1 pathways increases
FOXP3 expression, stimulates OXPHOS and suppresses the
glycolytic-flux in Treg (46). Curiously, glycolysis also supports
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FOXP3 expression under certain conditions. The glycolytic
enzyme Enolase-1 has been shown to be multifunctional.
Under glycolytic circumstances, Enolase-1 is forced to the
cytoplasm instead of binding FOXP3 in the nucleus, preventing
it from suppressing FOXP3 expression in human Treg (47).
Glycolysis also favors the activity of transcription repressor
enhancer of zeste homolog 2 (EZH2), which promotes FOXP3
expression and is critical for the maintenance of Treg (48).
We have shown that treatment of human Treg with a TNF
receptor 2 agonist enhanced EZH2 expression, as well as lineage
stability (49).

TGF-p functions in a complementary role to FOXP3 in
promoting mitochondrial oxidative metabolism and inhibiting
glycolysis. FOXP3 expression and OXPHOS activity are closely
linked to human Treg intracellular ROS levels. ROS promotes
FOXP3 stability in human Treg by increasing the activity
of the transcription factor nuclear factor of activated T-cells
(NFAT), which binds the CNS2 enhancer of FOXP3 (13,
50, 51). FOXP3 controls downregulation of glycolysis and
transcription promoting factor Myc, induction of OXPHOS
and increases the electron transfer NADT/NADH ratio. FOXP3
regulates T cell metabolism by suppressing Myc and glycolysis,
enhancing OXPHOS and increasing nicotinamide adenine
dinucleotide oxidation (52). Additionally, the AMPK-pathway
inhibits mTOR signaling and thereby promotes OXPHOS (22).
These adaptations allow Treg a metabolic advantage in low-
glucose, lactate-rich environments, like in inflammation, as
they resist lactate-mediated suppression of T cell function and
proliferation. OXPHOS regulators are required for optimal
Treg function. Deletion of OXPHOS key-regulators Pgcla or
Sirt3 abrogates Treg-dependent suppressive function. Myocyte
enhancer factor 2 (Mef2) activity induces the expression of
OXPHOS genes. Interestingly, inhibition of Mef2 with histone
deacetylase 9 disproportionally affects Treg compared to Tcon,
and deletion increases Treg suppressive function (13). As
previously described, HIF-1a binds FOXP3 and thereby reduces
suppressive function. Additionally, HIF-1a acts as a switch
to promote Treg migration via promotion of glycolysis, at
the cost of OXPHOS-driven immunosuppression (43). HIF-1a
directs glucose to glycolysis and away from the mitochondria
by blocking PDH, leaving mitochondrial metabolism dependent
on fatty acids. Especially in hypoxic conditions, this diminishes
suppressive function. Thus, OXPHOS regulators are required for
optimal Treg function (13).

Treg also express high levels of AMPK, which promotes
fatty acid oxidation and inhibits the mTOR mediated glycolysis
(22). Stimulation of Treg effector molecules CTLA-4 and PD-
1 and expression of FOXP3 suppresses glycolysis and promotes
fatty acid oxidation in vitro (11). PD-1 actively promotes
fatty acid oxidation by upregulation of fatty acid transporter
CPT1. CTLA-4 and PD-1 activate PTEN to antagonize
PI3K-signaling (6). DEP domain-containing mTOR-interacting
protein (DEPTOR), a negative regulator of mTOR, has similar
effects as partial inhibition of mTORCI activity, shifting
Treg metabolism toward OXPHOS while stabilizing FOXP3
expression and thereby securing Treg survival and suppressive
function (53, 61).

Similar to fatty acid oxidation, fatty acid synthesis activity is
required for Treg suppressive function although Treg are not
dependent on fatty acid synthesis (62). The mevalonate pathway
(Figure 2) aids the upregulation of the suppressive molecules
CTLA-4 and ICOS (Inducible co-stimulator). Inhibition of the
mevalonate pathway by disruption of mTOR by statins, genetic
depletion of RAPTOR or inhibition of 25-hydroxycholesterol
or 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) potently
blocks human Treg suppressive activity, which can be reversed
by addition of mevalonate (63, 64). Proper Treg cell function is
also regulated by the ectoenzyme CD39 expression on human
Treg. CD39 produces AMP (adenosine monophosphate) from
ATP or ADP (adenosine diphosphate), which is further converted
to extracellular adenosine by ectoenzyme CD73. Adenosine
subsequently binds to adenosine 2A receptor (A2A) and facilitate
Treg generation and suppressive function through adenosine-
mediated immune suppression (65).

FOXP3 expression can also be regulated by post-translational
modifications, which is closely linked to alterations in
metabolism. Acetylation of FOXP3 prevents its degradation
and is dependent on the availability of acetyl-CoA, a product
of OXPHOS. However, fatty acid oxidation also antagonizes
the stability of human Treg by promoting an increased
NAD'/NADH ratio, which increases the activity of deacetylase
SIRT1 (silent mating type information regulation 2 homolog)
(66). Short-chain fatty acids, like butyrate, stabilize Treg by
preventing histone deacetylase from suppressing FOXP3
expression (28). IDO-mediated tryptophan metabolisms have
inhibitory effects on Thl and Th17 cells, while administration
of the downstream tryptophan metabolite 3-hydroxy anthranilic
acid (3-HAA) enhanced the percentage of Treg. IDO-deficient
mice have reduced Treg levels (33), while IDO expression in
plasmacytoid dendritic cells can induce tryptophan degradation
and thereby support Treg generation and suppressive function.

In summary, glycolysis is associated with decreased Treg
suppressive function. Lipid metabolism favorites Treg lineage
stability. Several metabolites including purine, tryptophan,
retinoic acid, and glutamine are crucial to support the induction
of FOXP3 gene as well as its sustained stable expression
(Figure 3C). The high expression of suppressive molecules on
Treg like PD-1, CTLA-4, CD39, and AHR are crucial for Treg
to sense the nutrient and energy change of its local milieu.

Treg METABOLISM IN PATHOLOGICAL
CONDITIONS

Alterations in Treg numbers and function have been widely
demonstrated in human autoimmune, infectious and allergic
diseases and cancers (67). Decreased Treg numbers have
been reported in patients with diabetes mellitus type II
and has been contributed to both high glucose and high-
density lipoprotein concentrations in blood (68). Circulating
and visceral adipose Treg are reduced in obese individuals,
inversely correlating with measures of adiposity, inflammation
and glucose tolerance, enabling identification of subjects at
increased metabolic and cardiovascular risk (69). PPARy

Frontiers in Immunology | www.frontiersin.org

December 2019 | Volume 10 | Article 2839


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Kempkes et al.

Metabolic Profile of Human Treg

signaling for energy homeostasis in Treg maintains adipose-
tissue inflammatory tone and insulin sensitivity in lean adipose
tissue, while disfunction attenuates insulin-sensitization (26).
Interestingly, frequency and suppressive capacity of Treg remains
unaltered following silencing of INSR, although attenuation
of acute graft-vs.-host disease and multiple sclerosis has been
observed in animal models (35). A role for Treg metabolism
has also been described in cancer progression, with increases in
circulating and tumor-infiltrating Treg strongly associated with
advanced cancer stage and poor prognosis. The hypoxic tumor
microenvironment supports Treg function and accumulation.
Additionally, IDO-expression in the tumor microenvironment
has been reported to support the conversion of conventional
CD4+ T cells into Treg (70). IDO-expression associated Treg
development has also been described in autoimmunity. IDO-
deficient mice develop exacerbated experimental autoimmune
encephalomyelitis (33) and IDO, together with ARG1, is lower
expressed in blood cells of multiple sclerosis patients compared
with healthy subjects (71). Increased IDO-expression is generally
accompanied by increased mTOR expression, resulting in
decreased Treg numbers and increased disease activity. mTOR-
controlled pathways are likely to shape autoimmune responses
in rheumatic diseases as well (72). In patients with systemic
lupus erythematosus, mTORCL1 is activated, and mTORC2 is
inhibited, with activation of mTORC1 preceding disease flares,
and being reduced during successful therapeutic intervention
(72). Additionally, an important candidate gene for systemic
lupus erythematosus susceptibility has been identified as a major
regulator of mitochondrial metabolism and has been shown
to reduce Foxp3 expression in Treg (73). Further research to
Treg metabolism in pathological conditions, especially using
metabolomic-approaches comparing various patient groups and
healthy subjects, is imperative to aid a better understanding
of the link between functional alterations of Treg and their
intracellular metabolism.

EXPLOITING Treg METABOLISM FOR
TOLERANCE-INDUCING THERAPIES

A better understanding of Treg metabolism and its distinction
from other T cell subsets metabolism allows for the specific
modulation of Treg in vivo or the improvement of adoptive Treg
transfusion therapies. The encompassing goal of such therapies
has been the induction of functional immunotolerance by
harboring the natural specific immunosuppressive mechanisms
without requiring damaging immunosuppressive drugs (74).
Treg therapies could improve the current standard of care
in the reduction of cost, increased availability, specificity to
destructive immune responses, and applicability to different
organs. However, before employing such therapies, it is
imperative to understand the molecular mechanisms underlying
critical Treg functionalities and to identify any factors that
confound outcomes. For successful Treg therapy, it is rudimental
to acquire a sufficient number of Treg, that these Treg migrate
to their desired location and to subsequently have stable
immunosuppressive functionality of Treg (75). Treg metabolism

could be employed for this (Figure 3). Drugs for modulating
cellular metabolism are already available, providing the field of
immunometabolism with great opportunity to translate their
findings to the clinic (Table 2).

Glycolysis is important for Treg migration. Although
most research points toward a negative role for glycolysis
in Treg proliferation, it has become clear that complete
depletion of glucose from cell culture medium is detrimental
for in vitro Treg proliferation and suppressive function.
Inhibition of glycolysis reduces intracellular pyruvate levels,
thereby preventing the conversion to acetyl-CoA via PDHK
for mitochondrial oxidative metabolism (Figure2) and can
consequently reduce Treg proliferation (77). Interestingly,
glycolysis can potentially be modulated in a Treg-specific
manner, as Treg convert glucose to glucose-6-phosphate with
a distinct isoform of hexokinase, hexokinase 1 (HK1) (19).
At present, pharmacological interference with glycolysis can
be obtained through 2-deoxy-D-glucose (2-DG), a glucose
analog which is currently used at high concentrations in cancer
therapy. 2-DG reportedly inhibits both Treg migration and
proliferation (14, 15, 19, 35). Contrastingly, D-mannose, a
C-2 epimer of glucose which also inhibits glycolysis, has been
described to increase human Treg proliferation in vitro by the
promotion of TGF-p activity which in turn leads to the increase
of fatty acid oxidation (76). Mycophenolic acid, the active
ingredient of the immunosuppressant mycophenolate mofetil
currently in use for suppressing solid organ rejection, inhibits
monophosphate dehydrogenase, an enzyme involved in the
biosynthesis of guanine nucleotides, which follows the glycolysis-
parallel pathway PPP (79). Interestingly, mycophenolic acid-
enhanced expression of PD-1, CTLA-4, and FOXP3 and reduced
Akt-mTOR and STATS5 signaling in human CD4* T cells.

Fatty acid oxidation is increased in proliferative Treg and
inhibition thereof results in decreased Treg numbers (81).
Moreover, oxidative metabolism is associated with and can be
induced by Treg suppressive molecules such as TGF-p, CTLA-
4, PD-1, and FOXP3. Dimethyl fumarate, a derivate of the
TCA cycle intermediate fumarate, stimulates proliferation and
development of Treg by supporting mitochondrial oxidative
metabolism and FOXP3. Of note, dimethyl fumarate causes
lymphopenia and selectively depletes highly glycolytic Teft while
sparing oxidative naive T cells and Treg (80). OXPHOS can
be increased by the immunomodulatory metabolite rapamycin,
which is used in vitro to expand Treg, potently suppresses
T cell proliferation and increases Treg suppressive function
in vitro and in vivo. This suggests that it is a valuable drug
for adjuvant therapy to improve the efficacy of T(reg)-based
immunosuppressive protocols (84). However, rapamycin also
redirects Teff peripheral tissue trafficking and stimulates homing
to lymph nodes by inhibition of mTORC1 (85). Whether
rapamycin also redirects Treg migration is not yet established.

In a situation where blocking Treg function is preferred
such as in the tumor milieu, the widely used anti-diabetic
drug metformin can be employed. Metformin inhibits
the electron transport chain and decreases mitochondrial
ROS production, both AMPK-dependent and independent.
Metformin increases Treg differentiation, most likely via
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TABLE 2 | Metabolic modulators and their relevance for Treg proliferation, migration, and suppressive function.

Modulator Pathway Effect

2-DG Inhibition of glycolysis Decreases Treg numbers (14, 15, 19, 35)
Decreases Treg migration (14, 19, 35)

D-mannose Inhibition of glycolysis Increases Treg numbers (76)

DCA Inhibition of glycolysis Increases Treg numbers (77)

DASA-58* and TEPP-46*

Mycophenolic acid

Inhibition of HIF-1a

Inhibition of guanine nucleotide
synthesis

Dimethyl fumarate TCA cycle

UK5099* Inhibition of TCA cycle

Rotenone Inhibition of OXPHOS
Oligomycin* Inhibition of OXPHOS

Metformin Increase of FAQ, inhibition of OXPHOS
AICAR Increase of FAO

Celastrol Increase of FAO

Etomoxir Inhibition of FAO

C75* Inhibition of FAS

Cerulenin® Inhibition of FAS

Simvastatin Inhibition of cholesterol synthesis
Amitriptyline ASM

BPTES* Inhibition of glutaminolysis
Rapamycin Various

Increases Treg numbers (78)
Increases Treg suppressive function (78)

Increases PD-1, CTLA-4, and FOXP3 expression of CD4+ T cells (79)

Increases Treg numbers (80)
Decreases Treg numbers (19)

Decreases Treg numbers (19)
Decreases Treg suppressive function (13)

Decreases Treg numbers (19)
Decreases Treg suppressive function (22)

Increases Treg numbers (23)
Decreases Treg suppressive function (22)

Increases Treg numbers (81)

Increases Treg numbers (82)

Decreases Treg numbers (23)

Decreases Treg suppressive function (63)
Decreases Treg suppressive function (63)
Decreases Treg numbers (63)

Increases Treg numbers (83)

Increases Treg numbers (31)

Increases Treg numbers (84)
Redirects Teff migration (85)
Increases Treg suppressive function (84)

2-DG, 2-deoxy-D-glucose; DCA, dichloroacetate; AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; BPTES, bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide 3; HIF-
1w, hypoxia-inducible factor 1-alpha; TCA, tricarboxylic acid cycle; OXPHOS, oxidative phosphorylation; FAO, fatty acid oxidation, FAS, fatty acid synthesis; ASM, acid sphingomyelinase.

*No experimental data specific for modulator available.

suppressed activation of mTOR and HIF-1a and stimulation of
AMPK and FOXP3 expression (23). Conversely, CPT1 inhibitor
etomoxir inhibits fatty acid oxidation, which specifically reduced
Treg differentiation and proliferation, although this might be
caused by the off-target effects of etomoxir on metabolism. The
chines herbal compound celastrol also has immunosuppressive
capacities by promoting fatty acid oxidation via upregulation of
CPT1 and AMPK expression. Additionally, celastrol has been
indicated to facilitate FOXP3 expression and Treg cell generation
(82). Pharmacological inhibition of acid sphingomyelinase
(ASM), with a clinically used tricyclic antidepressant like
amitriptyline, induces higher frequencies of Treg among T cells.
This is due to ASM inhibition increasing cell death of T cells
in general, while CD25M8" Treg are protected via IL-2 (83).
Further, ASM deficient pTreg have less Akt activity and RICTOR
levels compared with control pTreg. Inhibitors of the rate-
limiting enzyme HMGR impairs Treg proliferation and function
whereas addition of mevalonate, the metabolite downstream
of HMGR restores Treg-mediated suppression (63), suggesting
that manipulation of lipid biosynthesis, in particular via the
mevalonate pathway, would result in Treg functional disruption.

Various studies have described the alterations of metabolic
pathways and key metabolic byproducts in several autoimmune

disorders. Disease-specific metabolic changes in overall glycolytic
activity and oxidative state have been reported in rheumatoid
arthritis and multiple sclerosis. In multiple sclerosis, impaired
proliferation is suggested to be a consequence of increased
levels of circulating leptin. The glutaminolysis pathway has
been suggested as a biomarker for disease severity (86). In
solid organ transplantation, it is reported that the metabolic
environment might influence immune responses and overall
transplantation outcome. Lee et al. have shown that by
simultaneously blocking glycolysis and the glutamine pathway
in the inflammatory transplantation microenvironment,
allo-specific Teff responses could safely be reduced while
preserving immunoregulation (87). Indeed, both glycolysis and
glutamine are associated with a pro-inflammatory phenotype
and non-essential for Treg suppressive function, although not
irrelevant for Treg proliferation. Wawman and colleagues have
described the importance of the hepatic microenvironment
in transplantation. The continuous exposure of metabolites
and nutrients influences lineage fitness, function, proliferation,
migration, and survival of Treg (88). This paves the way for safe
and specific novel approaches to modulate the inflammatory
environment, for example with tissue-specific accumulation of
nanobiologicals (89).
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CONCLUDING REMARKS

Knowledge on the role of metabolism in immune cells is
rapidly expanding and has increasingly been acknowledged
as a potential target for therapies aimed at modulating the
immune system either to enhance or suppress immunological
responses. Metabolic profiles in Treg are distinctly different
between proliferation, migration, and suppressive function,
and can be modulated using readily available metabolic

and immunomodulatory drugs. However, as metabolic
modulation impacts Treg differently throughout their
functional profiles, we lack precise insight into the

regulatory switches. While modulation of some aspects
of glycolysis keeps Treg proliferation and suppressive
function intact, an overall increase in glycolysis inhibits
Treg suppressive capacity, however, this supports Treg
migration. Contrary, oxidative metabolism is crucial to
support Treg suppressive function but appears less relevant
for migratory behavior. Taken together, this demonstrates
the counter-regulation of Treg cell metabolism by pro- and
anti-inflammatory signals.

Current technologies for investigating immunometabolism
of Treg are limited. Glycolysis and OXPHOS can be measured
using Seahorse technology or fluorescent uptake of metabolites,
but for the application of these techniques, a high number of
cells are required. In the case of Treg, comprising only 1-5%
of circulating CD4+ cells, it means that ex vivo expansion is
almost unavoidable, which may change their metabolic profile.
Studying the metabolism of tissue resident-Treg is challenging
for similar reasons, with the added challenge purification from
tissues brings. To enable research on the metabolism of migrating
Treg, improved in vivo Treg tracking techniques are required, just
as advanced in vitro techniques that can combine the technology
of migration chambers and metabolism assessment. Also, it
should be appreciated that the difference in metabolic profiles,
in general, is context-dependent. Distinct Treg proliferative
behavior has been reported between in vitro and in vivo
experiments, which indicates the milieu of the microenvironment
to be of crucial importance for linking metabolism to immune
cell function.
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