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Abstract. Cellularimetabolism has emerged as an important regulator of adaptive immunity. While
the metabolic requirements of conventional T cells are increasingly understood, the role of cellular
metabolism_in. Foxp3+ regulatory T (Treg) cells is less clear. Although it is well accepted that
repression ofsAkt/mTOR, HIF-1a and aerobic glycolysis are important for the efficient generation of
Treg cells invitfo, clear evidence how these pathways impact on Treg-cell development in vivo is
limited. Furthermore, newer studies have shown that the same pathways that appear to suppress
Treg-cell development are active in and required for functionally mature Treg cells. Thus, it becomes
increasinglyrevident that development and function of regulatory T cells require different wiring of
metabolic pathways. Finally, it is likely that critical differences remain to be uncovered between the
metabolismgof resting or ‘naive’ Treg cells and those fully differentiated and actively engaged in
suppression. In this comment, we briefly discuss our current understanding of Treg-cell metabolism
and the need to address this area with new approaches based on in vivo models.

mTOR activity balances Treg-cell development and function. This commentary briefly discuss our current understanding of
Treg-cell metabolism and the need to address this area with new approaches based on in vivo models.
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T-cell differentiation, function and cellular metabolism are tightly coordinated and multiple
pathways link the molecular control of both processes. As T cells differentiate into effector or
memory cells in response to antigen-receptor stimulation and cytokines, their cellular metabolism
undergoes profound changes in order to adapt to novel requirements. However, at the same time
non-immunelogical cues such as availability of nutrients, oxygen tension or the accumulation of
metabolites influence cellular metabolism and thereby affect the activity and fate of T cells.

Naive T cells display low energy demand and derive their energy mainly through the highly efficient
process of oxidative phosphorylation (OXPHQOS). Low-level glycolytic activity yields pyruvate, which is
imported into the mitochondria and metabolized in the tricarboxylic acid (TCA) cycle, together with
other substrates such as fatty acids (FA) via B-oxidation (also called fatty acid oxidation FAO).
Ultimately/the reducing equivalents produced in the TCA cycle fuel ATP production via OXPHOS (1).
Upon activatiengT-cell metabolism undergoes dramatic changes in order to meet the high energy
demands associated with the proliferative burst and effector molecule production. Similar to highly
proliferative cancer cells, activated T cells switch to aerobic glycolysis, which is less efficient for ATP
production, but generates precursor molecules for the generation of lipids, amino acids and
nucleotides needed for rapid proliferation (1).

T-cell metabolism is coordinated by a complex network of conserved signaling pathways
involving the"mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK) and the
transcription_factors hypoxia-inducible factor 1o (HIF-1a) and MYC. mTOR is activated rapidly in
response-to T-cell receptor (TCR) ligation and co-stimulation and its activity is further modulated by
metabolic and“environmental cues, such as glucose and essential amino acid availability or growth
factors (2). Once activated, mTOR plays a central role in rewiring cellular metabolism towards
aerobic glycolysis and in promoting cell growth, proliferation and migration (2, 3) (Figure 1). mTOR
exists in the form of two protein complexes, mTORC1 and mTORC1, with mTORC1 being the main
target of rapamycin. HIF-1a and MYC are activated in response to TCR stimulation, and promote the
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expression of genes needed for efficient glycolysis (4, 5). In contrast, AMPK is activated in response
to stress and decreased cellular ATP levels and promotes pathways that conserve energy. As such,
AMPK counteracts anabolic pathways in activated T cells such as FA synthesis by inhibiting mTORC1
activity, and“instead promotes energy-efficient ATP production through OXPHOS and mitochondrial
FA oxidation/(5)(Figure 1).

Treg cells are a specialized lineage of CD4" T cells that can efficiently suppress immune responses to
self and foreign“antigen. Treg cells also fulfil critical functions in tissue repair, homeostasis and
limiting metabolichdiseases. Functional impairments of Treg cells have been shown to result in
autoimmunity, and the loss of Treg cells leads to fatal immunopathology in both humans and mice
(6, 7). The vast majority of Treg cells develop in the thymus in a TCR- and IL-2-dependent manner. A
smaller praportion of Treg cells is induced in the periphery, in particular in the gastrointestinal tract,
in response to microbiota-derived antigens and metabolites, such as short-chain FA (8). Based on a
large body of evidence, Treg cells are believed to display very distinct metabolic requirements
compared tostheir'effector T-cell counterparts. Analysis of in vitro polarized CD4" cells suggested that
while Akt/mTOR-y and HIF-1a-mediated aerobic glycolysis is crucial for T helper (Th)-cell
differentiation, Treg cells rely largely on AMPK-promoted mitochondrial FAO (9-11). This model is
supported by various studies showing that genetic or pharmacological interventions that modulate
either metabolic'arm affect Th-cell and Treg-cell differentiation in an opposing fashion. In particular,
blockade of, FAO was shown to preclude the generation of Treg cells, while stimulation of this
pathway, either by adding exogenous FA or by pharmacological activation of AMPK, promoted Treg-
cell generatien (9). On the other hand, inhibition of glycolysis resulted in preferential Treg-cell
generation, as.shown by the pharmacological blockade of mTOR activity, or by the genetic deletion
of mTOR emHiF=1ey (9, 10, 12). In contrast, constitutive active Akt/mTOR signaling promoted Th-cell
generation (11). Interestingly, FA metabolism appears to differently regulated between Th cells and
Treg cells;pfor example, de novo FA synthesis is only required for Th-cell but not Treg-cell
differentiationm(43). Together, these results have created a paradigm according to which the
activation ofsahabolic pathways linked to aerobic glycolysis is crucial for successful CD4" effector cell
differentiation and expansion, whereas the same pathways seem to be redundant or even inhibitory
for Treg-cell differentiation.

However, an important caveat of the aforementioned studies is the fact that the vast
majority of findings were derived from in vitro experiments, where naive CD4" cells were stimulated
under Th="erTreg-polarizing conditions. This raises the question of: To what degree do these findings
represent themingvivo reality? Do in vitro-induced (i)Treg cells correctly represent the metabolic
phenotypes and requirements of Treg cells that occur in vivo? Do thymically derived (t)Treg cells and
peripherally induced (p)Treg cells show differences in their utilization of metabolic pathways? During
in vitro iTregecell differentiation, cells are routinely exposed to high concentrations of TGF-3, which
is knowntasbe involved in regulating various biological processes, including cell growth, proliferation
and cellular metabolism by inhibiting the Akt/mTOR axis (12, 14, 15). Thus, the dampened cellular
metabolism observed in iTreg cells might be an indirect consequence prolonged TGF-f3 exposure
rather than a requirement for iTreg-cell generation. Notably, genetic loss of mTOR results in
hyperactivation of Smad3, which is downstream of TGF-$ signaling (12) and required for iTreg-cell
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induction (14, 16). Thus, increased Treg-cell generation in response to mTOR blockade may also be a
consequence of ectopic activation of Smad3, rather than due to a reduction in aerobic glycolysis.
However, so far it has not been stringently tested whether dampening of the Akt/mTOR axis is
critical for'the“in‘vivo generation of pTreg cells. Similarly, it is unclear which metabolic pathways are
essential forftheithymic generation of Treg cells, although one study has suggested that receptor
S1P1-mediated activation of mTOR plays a limiting role (17). In this context, a FoxP3 double-reporter
mouse, which allows the discrimination of thymically and peripherally derived Treg cells, might
prove to be a useful tool (18). The basis for this mouse model is the observation that a Foxp3-green
fluorescencen(GEP); transgene (19) is only activated during thymic Treg-cell development, but not
during differentiation of Foxp3" Treg cells in vitro or in the periphery of mice. Thus, combination of
the Foxp3+GFP transgene with a Foxp3-red fluorescence (RFP) knock-in allele (20) that faithfully
reports Foxp3 expression in both tTreg and pTreg cells, results in a Foxp3 double reporter, in which
pTreg cells are REP+GFP-, while tTreg cells are positive for both RFP and GFP (18). Notably, the
authors show that other molecules currently considered to be expressed specifically on thymically
derived Trég"éélls,“including Nrlp1 (21, 22) and Helios (8), were expressed similarly in Foxp3" GFP
and GFP* Treg cells (18), suggesting that these surrogate markers of tTreg cells should be treated
with caution. However, additional experiments should be performed to fully characterize the double
reporter mouse model, including a detailed analysis of the colonic Treg-cell compartment.
Furthermorepmitsshould be attempted to reconcile the apparent lack of correlation between the
phenotypesgofupTreg identified based on Nrlpl or Helios with those identified using the Foxp3
double reporter. Nevertheless, new mouse models and experimental strategies are required to
thoroughly dissect the impact of metabolic pathways on Treg-cell development both in the thymus
and in the periphery.

In_addition to the limitations of our current understanding of the metabolic requirements of
Treg-cell"development discussed above, there are other reasons why the prevailing model of a
‘metabolic Treg-Th cell dichotomy’ should be revisited. Recent studies analyzing the metabolic
profile of naturally occurring Treg cells directly after ex vivo isolation are difficult to reconcile with
the idea that Treg cells do not depend on aerobic glycolysis. For example, cycling Treg cells display
increased Glutl expression and activation of mTORC1 (23), and in comparison to any other cell type,
including tumor-infiltrating CD4" T cells, splenic and intratumoral Treg cells display higher glycolytic
activity (24), a_hallmark of proliferating cells. Indeed, Treg cells consistently display high turnover,
probably in response to self-antigen stimulation (25-27). These findings are in line with a
comprehensiverstudy comparing the metabolic profiles of ex vivo isolated human Treg cells and
conventional.T.cells. At steady state, Treg cells showed increased activity of mTOR and expression of
proteins associated with the glycolytic pathway and lipid synthesis, a significantly higher glycolytic
flux, but reduced expression of components of the TCA cycle as compared to conventional T cells
(26, 28) (Figtire™1). Furthermore, several studies indicate that important promotors of glycolytic
activity are needed for Treg-cell suppressive function in vivo. For example, Treg cells lacking HIF-1a
or mTORC1 fail to control T-cell-mediated colitis (29, 30). mTORC1 signaling has been shown to be
constitutively active in Treg cells and to be required for proliferation and suppressive function, as
genetic loss of MTORC1 in specifically in Treg cells resulted in fatal autoimmune disease similar to
the scurfy phenotype (30) (Figure 1). Specifically, mTORC1 was found to be essential for Treg-cell
homeostasis and suppressive function via promotion of lipid and cholesterol biosynthesis from
glucose (30) (Figure 1). On the other side, unrestrained Akt/mTOR activity, due to loss of negative
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regulators such PP2A and PTEN, has been shown to impair Treg-cell stability and suppressive
function, suggesting that close control of mTOR activity in vivo is required (31, 32). Thus, in vivo
studies reveal the importance of metabolic regulators in Treg cells, which previously were thought to
be negligible‘in‘in'vitro-generated Treg cells.

When analyzing metabolism of Treg cells, it is important to note that in vivo-occurring Treg
cells do not'representa homogenous population. In addition to the above-mentioned discrimination
of Treg Cells'based’on their developmental origin, Treg cells display different activation states, which
are likely to result in different metabolic activity. Broadly, Treg cells can be divided into central
(c)Treg cells,.which mainly recirculate through lymphoid tissues and show a naive phenotype, and
effector (e)Treg cells, which accumulate in non-lymphoid tissues and display high expression of
activation markers and the transcription factor Blimp-1. Most importantly, eTreg cells show superior
suppressivefactivity, and secretion of the immune suppressive cytokine IL-10 is limited to eTreg cells
(33, 34). Notably, eTreg cells can functionally adapt to their local environment to exert tissue-specific
functions (35)..For.example, Treg cells found in the visceral adipose tissue express the transcription
factor PPARY, which induces an increased expression of genes associated with lipid metabolism, such
as enzymes for FA synthesis, oxidation and transport (36). It is technically challenging to characterize
the metabglism~of various Treg-cell subsets ex vivo, as these cells are rare and their isolation
requires a combination of surface markers and reporters for lineage-defining transcription factors. In
this regard, a Blimp-1/Foxp3 double-reporter mouse that allows isolation of eTreg-cell subsets may
provide a useful teol (37). Thus, when examining the impact of metabolic pathways on Treg-cell
biology, it istessential to consider the different origin and activation status of Treg-cell populations
and theirmeffectoricounterpart.

Finally,-ardetailed understanding of the molecular differences between Treg cells and their
conventionakeounterparts is required to fully unravel Treg-cell-specific metabolic requirements. For
example, it has been shown by Dimeloe et al. that various CD4" T-cell populations express different
amounts of the multidrug resistance protein ABCB1, also called P-glycoprotein, encoded by
multidrug resistant gene 1 (38). While Treg cells appear to lack expression of ABCB1, the bulk of
CD4" and CD8%Tucells, including central and effector memory cells, express this efflux pump (38, 39).
Notably, mitotracker green, which is a commonly used stain to determine mitochondrial mass, is a
substrate for“ABCB1. Therefore, caution is required when interpreting results based on
mitochondfial stains in various T cells subsets and in particular in Treg cells.

In"summary, new approaches are required to unravel the metabolic regulation of Treg-cell
development™and" function. These approaches need to take into consideration the potential
differencesiimmmetabolism in Treg-cell subpopulations based on their developmental origin as well as
the distinct maturation stages of Treg cells in the periphery. Thorough understanding the
metabolism of Treg cells offer novel pharmacological targets for the specific promotion or inhibition
of Treg-cell.dévelopment and function. In order to meet this goal, we have to combine our advanced
understanding of in vivo Treg-cell biology with the field of immunometabolism.
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Figure Legend. mTOR activity balances Treg cell development and function.

Low mTOR activity translates into low-level glycolysis and preferential energy production through
oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAQO) in mitochondria. This metabolic
state is associated with successful generation of Treg cells as demonstrated by increased Treg-cell
developmentiupon'rapamycin treatment and AMPK activation. In contrast, high mTOR activity, HIF-
1la and rewiring of cellular metabolism towards aerobic glycolysis inhibits Treg-cell generation but is
required for suppressive function of Treg cells. mTOR also contributes to Treg-cell homeostasis and
suppressivefunction via promotion of lipid and cholesterol biosynthesis from glucose. However,
Treg-cell-specific restraint of mTOR activity via the phosphatase PP2A is required, as mTOR
hyperactivation results in functional failure and Treg-cell instability.
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