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Regulatory T cells are essential for suppressing an overactive immune system,

especially concerning autoimmune disease, tumor growth, and inflammatory

disease. This suppressive nature of regulatory T cells is largely due to their

metabolic profiles determined by metabolic reprogramming upon activation and

subsequent differentiation. As regulatory T cells tend to process and cycle energy

differently from other T cell subsets, we are interested in what metabolic processes

support regulatory T cell function. This review will consider how regulatory T cells

compare with conventional T cells in terms of their participation in distinct

metabolic pathways and how the presence of regulatory T cell-specific

molecules influences proliferation and suppressive function. Additionally, this

review will identify possible metabolic targets of regulatory T cells that could be

targeted for development of autoimmune disease therapies.
KEYWORDS
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1 Introduction

T lymphocytes are an integral part of the human adaptive immune system and play an

essential role in the control of autoimmune disease. Upon activation, T cells undergo

metabolic reprogramming, resulting in a shift in reliance on different metabolic pathways

that can determine T cell lineage and function due to changes in how energy is generated

and processed. These metabolic pathways can be classified as either catabolic, involving the

breakdown of molecules, or anabolic, the construction of molecules. For example, the

synthesis of nucleic acids and proteins is an anabolic pathway and is important for activated

T cells that have an anabolic metabolism due to promoting enhanced cell division that

requires metabolic output and reprogramming after activation (1). At an evolutionary level,

the adaptive immune system must respond to invasion by foreign pathogens after initial

action by the innate immune system, a process necessitating metabolic reprogramming of T

cells. Engagement of different metabolic pathways in T cells allows them to meet energetic
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needs to grow, proliferate, and acquire effectors functions as critical

components to fighting an infection (2). Similar metabolic

reprogramming is necessary for anti-tumor immunity.

Lipid metabolic processes are especially vital for the breakdown

and usage of fatty acids to produce energy for T cells which most

prominently participate in processes such as aerobic glycolysis, fatty

acid b-oxidation (FAO), oxidative phosphorylation (OXPHOS),

and de novo lipogenesis (DNL) (2–5). For example, while T cells

use both OXPHOS and aerobic glycolysis, only OXPHOS is

necessary for naïve T cell activation, while a shift to aerobic

glycolysis supports effector function (6). Such processes are

essential to T cell survival and function and can influence fate for

differentiation of CD4 or CD8 T cell subsets including naïve,

effector, memory, or regulatory T cells (Tregs).

Tregs expressing CD4, CD25, and forkhead box P3 (FOXP3)

help regulate immune response and homeostasis of the immune

system and upon activation, experience distinct metabolic

reprogramming from conventional T cells, enabling their unique

and essential function. This review discusses how Tregs differ from

conventional T cells when considering their metabolic profiles and

analyzes how these differences can be used in application towards

therapeutics and progress in autoimmune disease.
2 Metabolic profiles of conventional
T Cells

2.1 Metabolic reprogramming in CD4 v.
CD8 T cells support effector function and
growth after activation

Naïve T cells have a catabolic metabolism while activated T cells

shift to anabolic metabolism through the Warburg effect which

describes a shift from OXPHOS to aerobic glycolysis (Figure 1). In
Abbreviations: FAO, fatty acid b-oxidation; OXPHOS, oxidative

phosphorylation; DNL, de novo lipogenesis; Treg, regulatory T cell; FOXP3,

forkhead box protein P3; PI3K, phosphatidylinositol 3‐kinase; SREBP, sterol

regulatory element-binding protein; MVA, mevalonate; TCR, T cell receptor;

ACC-1, acetyl coenzyme A carboxylase 1; Th17, T helper 17; mTOR, mechanistic

target of rapamycin; FABP, fatty acid binding proteins; PPAR, peroxisome

proliferator-activated receptor; AMPK, AMP-activated protein kinase; TGF-b,

transforming growth factor-b; IL-10, interleukin-10; SMAD2/3, suppressor of

mothers against decapentaplegic 2/3; PGC-1a, peroxisome proliferator-activated

receptor g coactivator 1-a; HIF-1a, hypoxia-inducible factor 1-a; iTreg, induced

regulatory T cell; nTreg, natural regulatory T cell; LKB1, liver kinase B1; AKT,

protein kinase B; ICOS, inducible T cell costimulator; CTLA-4, cytotoxic T-

lymphocyte associated protein 4; SOCS5, suppressor of cytokine signaling 5;

STAT6, signal transducer and activator of transcription 6; TSC1, tuberous

sclerosis complex-1; S6K1, ribosomal protein S6 kinase 1; TME, tumor

microenvironment; CPT1, carnitine palmitoyltransferase 1; VAT-tissue,

visceral adipose tissue; SLC27A2, solute carrier family 27 member 2; SCD1,

stearoyl-CoA desaturase 1; DGAT1, diacylglycerol-acyltransferase 1; IFN,

interferon; EAE, experimental autoimmune encephalomyelitis; PTEN,

phosphatase and tensin homolog deleted on chromosome 10.
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correlation to T cells, the Warburg effect occurs in response to T cell

activation from CD28 costimulatory signaling, which increases

glucose uptake via upregulation of aerobic glycolysis through

phosphatidylinositol 3‐kinase (PI3K) mediated glucose transport

expression (7). In activated T cells, fatty acid production via DNL

and isoprenoid and cholesterol production via sterol regulatory

element-binding protein (SREBP) transcription factors in the

mevalonate pathway (MVA) is also upregulated to generate

energy resources needed for clonal expansion and activation

following T cell receptor (TCR) engagement (5, 8).

Naïve CD4 and CD8 T cells primarily rely on low levels of

OXPHOS and FAO to remain in a quiescent state before activation

and Myc-driven reprogramming (9). Subsequently, the presence of

key molecules involved in metabolic processes is vital to fate

determination for CD4 T cell subsets. From a study by Berod

et al., inhibition of acetyl coenzyme A carboxylase 1 (ACC-1)

mediated DNL favors Treg formation over T helper 17 (Th17) T

cell formation (10). Upon activation, CD8 T cells rely on glycolysis

to a lesser degree than CD4 T cells (11). This differentiation is also

impacted by mechanistic target of rapamycin complexes (mTORC1

and mTORC2). mTORC1 and mTORC2 pathways act as metabolic

sensors, which can promote differentiation of CD4 T cells into Th1,

Th17 (via mTORC1), and Th2 (via mTORC2) effector cells while

shifting reliance towards glycolysis and glutaminolysis (12–14).

These pathways additionally negatively regulate memory CD8 T

cell differentiation in favor of effector CD8 T cells (15).

Other molecules involved in metabolic processes are integral to

T cell survival and functions. One protein, CD36, is a scavenger

receptor involved in the uptake of fatty acids and mediates lipid

peroxidation in T cells (16). Ferroptosis mediated by CD36 also

serves to suppress CD4 and CD8 T cell effector function (17, 18).

Additionally, fatty acid binding proteins (FABPs) are involved in

general T cell homeostasis and metabolism. T cells primarily

express FABP5/E-FABP, which can influence T cell function and

survival through upregulation of fatty acid uptake, particularly

linoleic acid (19, 20). TCR signaling is also affected by lipid

metabolism through lipids binding to transcription factors, such

as fatty acids activating peroxisome proliferator-activated receptors

(PPARs) PPAR-a, PPAR-b and PPAR-g, which in turn influence T

cell responses (21–23). Lipid metabolism is vital for maintaining T

cell function through metabolic reprogramming and is critical

during infections or cases of autoimmunity by regulating

differentiation. With Tregs, these levels of proteins and small

molecules are regulated differently than in conventional T cells

and impact their suppressive function, as discussed below.
2.2 Differences between naïve, memory,
and effector T cell lipid metabolism

Subsets of CD4 and CD8 T cells require different levels of

metabolic activity for different processes to function. Following

thymic selection, conventional T cells can differentiate into naïve T

cells, which are resting T cells; memory T cells, which are long-lived

T cells able to recognize previously encountered antigens; or effector
frontiersin.org
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T cells, which are active in fighting off microbial pathogens and

tumor cells. Naïve T cells have a low level of metabolic activity,

simply maintaining basal levels of OXPHOS and FAO for survival

while awaiting encounter with antigens before effector

differentiation (9). Memory T cells maintain reliance on

OXPHOS and FAO but upregulate metabolic activity over time to

maintain a consistent energy supply, thereby supporting their long-
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term survival and possible re-exposure to antigens (24–26). Effector

T cells, however, do shift from OXPHOS and FAO to glycolysis and

glutaminolysis through key regulators such as those associated with

the AMP-activated protein kinase (AMPK) pathway (27–30). This

shift is responsible for maintaining proper effector function as well

as for supporting continuous and rapid clonal expansion of T cells

during infection and especially in cancer (6, 31).
FIGURE 1

Generalized overview of primary lipid metabolism participation and metabolic reprogramming of T cell subsets upon activation and differentiation.
Inactivated CD4 or CD8 T cells that originate from the thymus do not rely heavily on metabolism for function. Upon activation, a shift in glycolysis is
observed, especially for CD4 T cells, while OXPHOS and FAO levels remain stable. CD4 memory T cells lessen reliance on glycolysis in favor of FAO
and especially OXPHOS, whereas CD8 memory T cells similarly shift reliance to OXPHOS and especially FAO. CD8 effector T cells have enhanced
glycolysis and glutaminolysis. CD4 effector Th1 and Th17 cells rely on glycolysis and glutaminolysis after differentiation via mTORC1, and CD4
effector Th2 cells also rely on glycolysis and glutaminolysis after differentiation, but via mTORC2. Regulatory T cells, which reprogram via mTORC1
and the MVA pathways to rely more on OXPHOS, FAO, and DNL. iTregs, which differentiate from activated CD4 T cells, rely on FAO more than
nTregs, which differentiate from the thymus. Created in BioRender. Nguyen, M. (2025) https://BioRender.com/la11dgt.
frontiersin.org
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3 Metabolic profile of regulatory
T cells

3.1 Metabolic reprogramming in regulatory
T cells supports suppressive function and
homeostasis

Tregs are a subset of CD4 T cells whose suppression of autoreactive

T cells impacts autoimmune and inflammatory diseases. Tregs express

FOXP3 and key inhibitory cytokines such as transforming growth

factor-b (TGF-b), interleukin-10 (IL-10), and IL-35 (32–34). In

particular, TGF-b1 is important for lipid metabolism and Treg

generation due to TGF-b1 signaling upregulating mitochondrial

fusion via the suppressor of mothers against decapentaplegic 2/3/

peroxisome proliferator-activated receptor g coactivator 1-a
(SMAD2/3)/(PGC-1a) pathways and switching T cells from

glycolysis to FAO by inhibiting hypoxia-inducible factor 1-a (HIF-

1a) expression (35). This metabolic shift is reminiscent of the

metabolism of memory T cells as Tregs also upregulate OXPHOS

and FAO upon differentiation (Figure 2). Tregs are often found in low-

glucose and high-lactate environments and use FOXP3 to initiate this

reprogramming to sustain their suppressive function in such

environments (36). This shift also differs, albeit to a lesser degree,

between the metabolic profiles of induced Tregs (iTregs) and

thymically derived natural Tregs (nTregs) particularly during

proliferative states, where iTregs tend to be reliant on both glycolysis

and FAO while nTregs are primarily glycolytic (37).

Throughmetabolic sensors regulated bymTORC1 andmTORC2

signaling, Tregs can also utilize both intracellular and extracellular

lipids for different mechanisms maintaining homeostasis (38). For

instance, Tregs have enhanced DNL to generate intracellular fatty

acids, enhanced breakdown of mevalonate into ceramides,

isoprenoids, and cholesterols, and increased extracellular lipid

uptake via CD36 and FABP5 (39–42). Fatty acids are also

important for Tregs in the colon and promote the stability of

FOXP3 protein when compared to general splenic Tregs (43).
3.2 The mevalonate pathway is essential
for regulatory T cell activation and
function

Mevalonate is an intermediate molecule in the MVA pathway

responsible for signaling, T cell fate and lipid transportation

through production of isoprenoids and cholesterols (8, 44). This

pathway is essential for generating Tregs without affecting Th1 and

Th17 differentiation through increased TGF-b signaling via

enhanced SMAD3 phosphorylation that then promotes FOXP3

expression (40, 43, 45). In experiments by Acharya et al.,

mevalonate-treated Tregs appeared to have greater suppressive

function against effector T cells than untreated cells, indicating

that mevalonate is a positive regulator of Treg differentiation and

suppressive function (40). Another study by Timilshina et al.

highlights the importance of liver kinase B1 (LKB1) as a key

regulator of the MVA pathway. LKB1 was shown to upregulate
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mevalonate gene expression, with the absence of LKB1 in Tregs

causing autoinflammation through downregulation of important

cytokines such as IL-10 without affecting the production of Th1 and

Th17 cytokines (46). The MVA pathway is thus crucial to Treg

activation without compromising conventional T cell activation.
3.3 Differences in mTORC1 and mTORC2
pathways in regulatory T cells

The mTOR pathway is a key regulator for cellular processes and

consists of two multiprotein complexes, mTORC1 and mTORC2.

mTORC1 regulates cell growth and metabolism through anabolic

processes such as protein synthesis, and mTORC2 regulates cell

survival and proliferation via catabolic processes and pathways such

as PI3K-protein kinase B (AKT) phosphorylation and growth factor

signaling (47, 48). For Tregs, reliance on the mTOR pathways is

rather complex and understudied, as they can act as both a

suppressor and activator of Treg function and a suppressor of

Treg generation. While both mTORC1 and mTORC2 are important

for Treg and conventional T cell differentiation, only mTORC1 is

necessary for Treg suppressive function upon differentiation (49).

This is due to interactions of the PI3K-AKT-mTORC1 signaling

pathway, which primarily activates glycolysis in T cells and impairs

Treg proliferation (50, 51). Upregulation of mTORC1 signaling also

influences Treg suppressive function by supporting the mevalonate

pathway through HIF-1a, which promotes enhanced lipid

metabolism and maintenance of suppressive factors such as IL-10,

inducible T cell costimulator (ICOS), and cytotoxic T-lymphocyte

associated protein 4 (CTLA-4) (52–55). However, mTORC1 can

also negatively regulate FOXP3 expression in T cells as seen in mice

with both a Rheb deficiency and lack of mTORC1 activation,

leading to a loss of suppressive function (56). mTORC1 is a key

regulator of suppressive function, but overactivation of mTORC1

can be detrimental. In naïve T cells, overactivation can lead to

impairments in Treg differentiation, as mTORC1 upregulates

glycolytic processes that favor conventional effector T cells,

particularly Th1 and Th17 cells (57). This overactivation can be

controlled by factors such as AMPK activation, which inhibits

mTORC1 to promote OXPHOS and FAO through regulation of

metabolite transcriptional control factors such as PGC-1a and HIF-

1a (58). Additionally, introducing rapamycin to T cells, which

inhibits both mTORC1 and mTORC2 (although more weakly for

the latter), is shown to directly affect T cell differentiation and

selectively expand Tregs in vitro (59).

In Tregs, mTORC2 is primarily associated with homeostatic

regulation and Treg differentiation but it can also indirectly

maintain suppressive function by stabilizing FOXP3 (52).

Regulation of the Treg and Th2 cell balance is notably

maintained through an mTORC2 signaling complex that inhibits

suppressor of cytokine signaling 5 (SOCS5), which supports IL-4/

signal transducer and activator of transcription 6 (STAT6) signaling

to favor differentiation of Th2 cells (60). To combat overactivation,

the AMPK pathway not only contributes to suppression of

mTORC1 but also suppression of mTORC2 to maintain Treg
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balance and catabolism (61). mTORC2 activity also regulates Treg

differentiation in the thymus in the absence of tuberous sclerosis

complex-1 (TSC1), which negatively regulates mTORC1, and

deletion results in overactivation of mTORC1 (62). This

overactivity of mTORC1 again leads to a loss in suppressive

activity to favor effector-like function, with TSC1-deficient cells

losing FOXP3 expression and producing proinflammatory

cytokines such as IL-4 or IL-17 due to decreased levels of

ribosomal protein S6 kinase 1 (S6K1) production (55, 62, 63).

While both mTORC1 and mTORC2 complexes contribute

negatively to the generation of Tregs in favor of effector T cells,

they also play intricate roles in supporting and impairing the

suppressive function of differentiated Tregs.
Frontiers in Immunology 05
3.4 Contributions of enzymes, receptors,
and proteins involved in regulatory T cell
lipid metabolism

Besides signaling pathways, the metabolic profile of Tregs is

influenced by the upregulation and downregulation of certain

proteins and differ between tissue types. CD36 is one such

protein that promotes Treg proliferation at the expense of CD8 T

cell function through a PPAR-b dependent mechanism increasing

lipid peroxidation in CD8 T cells, particularly in the tumor

microenvironment (TME) (16, 41). Another PPAR, PPAR-g is a

receptor found in Tregs involved in the upregulation of FAO

through CD36/carnitine palmitoyltransferase 1 (CPT1)-activated
FIGURE 2

Influences of protein, small molecules, and metabolic pathways in regulatory T cells. Extracellular lipid droplets are uptaken, facilitated by CD36.
CD36 activity is upregulated by PPAR-b and PPAR-g (via interactions with FOXP3). PPAR-g upregulates other small molecules: SLC27A2, lipase E,
SCD1, CPT1A, DGAT1, and perilipin-2. LKB1 regulates the mevalonate pathway, which upregulates FOXP3 expression and phosphorylates SMAD3 to
enhance TGFb signaling. TGFb signaling, in turn, downregulates SMAD3 expression. The MVA pathway is connected to various pathways indirectly.
This includes a positive feedback loop between glycolysis and the MVA pathway. The MVA pathway activates OXPHOS while OXPHOS inhibits the
MVA pathway. FAO and glycolysis have a negative feedback loop and both feed into OXPHOS. mTORC1 suppresses FOXP3 expression. OXPHOS and
mTORC1 have a positive feedback loop while mTORC1 produces HIF-1a activating glycolysis. TGFb is also a suppressor of HIF-1a. mTORC1
upregulates IL-10, ICOS, and CTLA-4. Leptin can form a complex with mTORC1 to activate the pathway. mTORC1 can form another complex, PI3K-
AKT-mTORC1 to activate glycolysis. In relation to mTORC2, PI3K activates AKT, which suppresses TSC1 to inhibit mTORC1. mTORC1 phosphorylates
S6K1, which inhibits mTORC2. mTORC2 suppresses SOCS5 to activate IL-4/STAT6 signaling. AMPK inhibits mTORC1 and mTORC2 to upregulate
OXPHOS. FABP5 and FABP4 also facilitate uptake of extracellular lipids. FABP5 feeds into lipogenesis mediated by ACC-1. FABP1-D9-THC forms a
complex within regulatory T cells. Created in BioRender. Nguyen, M. (2025) https://BioRender.com/me864o9.
frontiersin.org
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enzymes (64). This function occurs to a larger extent in visceral

adipose tissue (VAT-tissue) than splenic tissue, where PPAR-g
interacts with FOXP3 to upregulate fatty acid transporters such as

CD36 or solute carrier family 27 member 2 (SLC27A2), enzymes

involved in fatty acid synthesis such as lipase E and stearoyl-CoA

desaturase 1 (SCD1), an enzyme essential for fatty acid oxidation.

Additional enzymes in this pathway include CPT1a, a CPT1

isoform enzyme involved in the synthesis of triglycerides,

diacylglycerol-acyltransferase 1 (DGAT1), and a protein perilipin-

2 that is associated with lipid droplets (65). PPAR-g in Tregs is

responsible for enhanced lipid uptake in VAT-tissue via increased

expression of CD36 levels, which can be important for disorders like

type 2 diabetes and obesity (65–67).

FABPs are also involved in T cell metabolic regulation, including

in Tregs due to FABP5-dependent uptake of extracellular fatty acids

and increased lipogenesis (32). For Tregs, FABP5 levels tend to be

greater when compared to naïve T cells. Previous studies examined

Tregs after inhibition of FABP5 using BMS309403 which led to

decreased OXPHOS, enhanced glycolysis, and altered mitochondrial

cristae without compromising suppressive function (42).

Alternatively, this inhibition appeared to enhance suppressive

function through decreased lipid availability, with an increase in

type 1 (interferon) IFN and IL-10 signaling (42). In the absence of

FABP5 in Tregs, suppression function is enhanced and leads to the

reduction of Th17 cell differentiation, thereby preventing

development of autoimmune diseases such as experimental

autoimmune encephalomyelitis (EAE) resistance, a mouse model of

multiple sclerosis (68). Other FABPs are regulators of Treg

differentiation and metabolism. For example, FABP4 is involved in

lipid transport and influences the Treg/Th17 balance, whereas FABP1

regulates hepatic transport of D9-THC to promote Treg

differentiation (69, 70). These proteins and other small molecules

involved preferentially in Tregs are some of the key factors that

dictate how they maintain Treg homeostasis and suppressive ability

when coupled with metabolic reprogramming.
4 Why different T cell subsets might
rely on distinct metabolic pathways

While it is relatively unknown why different T cells rely on

distinct metabolic pathways, it can be inferred that this may be the

result of differences in the suppressive response, pro-inflammatory

effector functions and other key factors associated with T cell subset

differentiation and function. Nutrient availability affects the means

through which T cells process energy, and metabolites such as

acetyl-CoA and lactate further shape the T cell environment and

Treg balance (10, 71). These features indicate that T cells must be

metabolically flexible to carry out their distinct functions in non-

lymphoid tissues. Unlike conventional T cells that recognize antigen

and rapidly proliferate during clonal expansion, Tregs do not

necessarily require this function. We surmise that conventional

effector T cells require a cellular metabolism that favors rapid clonal

expansion (e.g. glycolysis) in order to generate sufficient microbial

antigen specific clones to control an infection. Tregs would not need
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this rewiring as they mainly function as suppressors of T cell

autoreactivity through cytokine production and thus would not

need to consume an exorbitant amount of energy for clonal

expansion unlike conventional T cells. The reliance of Tregs on

metabolic pathways such as OXPHOS and FAO instead of

glycolysis comes from factors such as phosphatase and tensin

homolog deleted on chromosome 10 (PTEN) and FOXP3

expression initiating metabolic reprogramming, which may

provide Tregs more metabolic control in glucose-depleted

environments (36, 72). In general, metabolic reprogramming of T

cells is speculated to be based on T cell functionality during antigen

response as well as the surrounding nutrient availability within the

target tissue.
5 Targeting regulatory T cell
metabolism as a potential strategy for
autoimmune disease therapies

The metabolic reprogramming of Tregs involves the switch in

reliance of different metabolic pathways, and these differences might

be harnessed for the development of autoimmune disease

therapeutics. This concept of targeting distinct metabolic pathways

has been applied in other areas such as cancer treatments. Tregs often

contribute to tumor growth as they suppress tumor antigen specific

conventional T cells, however, pharmacologic inhibition of factors

that influence Treg function within the tumor could yield enhanced

anti-tumor immunity. Tregs in the tumor microenvironment

regulate metabolism by manipulating CD36-mediated uptake of

free fatty acids and mTOR-mediated activity of amino acids pools

such as serine via glutathione regulation (41, 73). Similarly, in

autoimmune disease, Tregs have an altered metabolic pathway

resulting in impaired mitochondrial function with reduced

suppressive activity (74). In multiple sclerosis, leptin is upregulated

and is associated with a reduction in Tregs (75, 76). This

phenomenon alters mTOR pathway activation via leptin, which

induces downregulation of IL-2 and thus a loss of Treg suppressive

function (20, 52). With autoimmune diseases caused by autoreactive

T cells that can be directly suppressed by Tregs, Treg generation and

maintenance of suppressive function are key factors in controlling

disease progression. By harnessing metabolic reprogramming to

manipulate Treg metabolism, e.g. through the mevalonate or

mTOR pathways, it may be possible to enhance Treg suppressive

differentiation and/or function. Since such metabolic pathways are

highly conserved in a variety of different tissues and cell types, the

challenge will be to selectively target regulatory pathways that are

distinct in Tregs and other T cell subsets to avoid adverse events.
6 Conclusions

Tregs are vital components of adaptive immunity, especially

against autoimmune disease through the suppression of

autoreactive T cells. Treg function differs from that of conventional

T cells partly due to their distinct metabolic requirements, and these
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metabolic pathways alter the way Tregs generate and consume energy

and influence their suppressive nature.With further understanding of

the roles that distinct metabolic pathways play in Treg differentiation

and function, further understanding of the specific proteins and

signaling pathways that regulate cellular metabolism in Tregs and

other T cell subsets may yield key insight for development of

therapies to target autoimmunity, cancer and other diseases

impacted by the adaptive immune system.
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36. Angelin A, Gil-de-Gómez L, Dahiya S, Jiao J, Guo L, Levine MH, et al. Foxp3
reprograms T cell metabolism to function in low glucose high lactate environments.
Cell Metab. (2018) 25:1282–1293.e7. doi: 10.1016/j.cmet.2016.12.018

37. Procaccini C, Carbone F, Silvestre DD, Brambilla F, Rosa VD, Galgani M, et al.
The proteomic landscape of human ex vivo regulatory and conventional T cells reveals
specific metabolic requirements. Immunity. (2016) 44:406–21. doi: 10.1016/
j.immuni.2016.01.028

38. Gedaly R, Orozco G, Ancheta AP, Donoho M, Desai DN, Chapelin F, et al.
Metabolic disruption induced by mTOR signaling pathway inhibition in regulatory T-
cell expansion for clinical application. Cell. (2023) 12:2066. doi: 10.3390/cells12162066

39. de Kivit S, Mensink M, Kostidis S, Derks RJE, Zaal EA, Heijink M, et al. Immune
suppression by human thymus-derived effector Tregs relies on glucose/lactate-fueled
fatty acid synthesis. Cell Rep. (2024) 43:114681. doi: 10.1016/j.celrep.2024.114681

40. Acharya S, Timilshina M, Chang JH. Mevalonate promotes differentiation of
regulatory T cells. J Mol Med (Berl). (2019) 97:927–36. doi: 10.1007/s00109-019-01784-y

41. Wang H, Franco F, Tsui YC, Xie X, Trefny MP, Zappasodi R, et al. CD36-
mediated metabolic adaptation supports regulatory T cell survival and function in
tumors. Nat Immunol. (2020) 21:298–308. doi: 10.1038/s41590-019-0589-5

42. Field CS, Baixauli F, Kyle RL, Puleston DJ, Cameron AM, Sanin DE, et al.
Mitochondrial integrity regulated by lipid metabolism is a cell-intrinsic checkpoint for
treg suppressive function. Cell Metab. (2020) 31:422–437.e5. doi: 10.1186/s40364-024-
00588-8

43. Kinoshita M, Kayama H, Kusu T, Yamaguchi T, Kunisawa J, Kiyono H, et al.
Dietary folic acid promotes survival of Foxp3+ regulatory T cells in the colon. J
Immunol. (2012) 189:2869–78. doi: 10.4049/jimmunol.1200420

44. Dunn SE, Youseff S, Goldstein MJ, Prod’homme T, Weber MS, Zamvil SS, et al.
Isoprenoids determine Th1/Th2 fate in pathogenic T cells, providing a mechanism of
modulation of autoimmunity by atorvastatin. J Exp Med. (2006) 203:401–12.
doi: 10.1084/jem.20051129

45. Xiao S, Jin J, Korn T, Liu SM, Pukka M, Kim B, et al. Retinoic acid increases
foxp3+ Regulatory T cells and inhibits development of th17 cells by enhancing TGF-b-
driven smad3 signaling and inhibiting IL-6 and IL-23 receptor expression. J Immunol.
(2008) 181:2277–84. doi: 10.4049/jimmunol.181.4.2277

46. Timilshina M, You Z, Lacher SM, Acharya S, Jiang L, Kang Y, et al. Activation of
mevalonate pathway via LKB1 is essential for stability of treg cells. Cell Rep. (2019)
27:2948–2961.e7. doi: 10.1016/j.celrep.2019.05.020
Frontiers in Immunology 08
47. Düvel K, Yecies JL, Menon S, Raman P, Lipovsky AI, Souza AL, et al. Activation
of a metabolic gene regulatory network downstream of mTOR complex 1. Mol Cell.
(2010) 39:171–83. doi: 10.1016/j.molcel.2010.06.022

48. Dan HC, Antonia RJ, Baldwin AS. PI3K/Akt promotes feedforward mTORC2
activation through IKKa. Oncotarget. (2016) 7:21064–75. doi: 10.18632/
oncotarget.8383

49. Sun I-H, Oh M-H, Zhao L, Patel CH, Arwood ML, Xu W, et al. mTORC1
signaling regulates the generation and function of central and effector FoxP3+
regulatory T cells. J Immunol. (2018) 201:481–92. doi: 10.4049/jimmunol.1701477

50. Haxhinasto S, Mathis D, Benoist C. The AKT–mTOR axis regulates de novo
differentiation of CD4+Foxp3+ cells. J Exp Med. (2008) 205:565–74. doi: 10.1084/
jem.20071477

51. Yang K, Shrestha S, Zeng H, Karmaus PWF, Neale G, Vogel P, et al. T cell exit
from quiescence and differentiation into Th2 cells depend on Raptor-mTORC1-
mediated metabolic reprogramming. Immunity. (2013) 39:1043–56. doi: 10.1016/
j.immuni.2013.09.015

52. Zeng H, Yang K, Cloer C, Neale G, Vogel P, Chi H. mTORC1 couples immune
signals and metabolic programming to establish Treg-cell function. Nature. (2013)
499:485–90. doi: 10.1038/nature12297

53. Chapman NM, Zeng H, Nguyen T-LM, Wang Y, Vogel P, Dhungana Y, et al.
mTOR coordinates transcriptional programs and mitochondrial metabolism of
activated Treg subsets to protect tissue homeostasis. Nat Commun. (2018) 9:2095.
doi: 10.1038/s41467-018-04392-5

54. Shi H, Chapman NM, Wen J, Guy C, Long L, Dhungana Y, et al. Amino acids
license kinase mTORC1 activity and Treg cell function via small G proteins Rag and
Rheb. Immunity. (2019) 51:1012–1027.e7. doi: 10.1016/j.immuni.2019.10.001

55. Vocanson M, Rozieres A, Hennino A, Poyet G, Gaillard V, Renaudineau S, et al.
Inducible costimulator (ICOS) is a marker for highly suppressive antigen-specific T
cells sharing features of TH17/TH1 and regulatory T cells. JACI. (2010) 126:280–9.
doi: 10.1016/j.jaci.2010.05.022

56. Delgoffe GM, Kole TP, Zheng Y, Zarek PE, Matthews KL, Xiao B, et al. The
mTOR kinase differentially regulates effector and regulatory T cell lineage
commitment. Immunity. (2009) 30:832–44. doi: 10.1016/j.immuni.2009.04.014

57. Cluxton D, Petrasca A, Moran B, Fletcher JM. Differential regulation of human
treg and th17 cells by fatty acid synthesis and glycolysis. Front Immunol. (2019) 10:115.
doi: 10.3389/fimmu.2019.00115

58. Dodd KM, Yang J, Shen MH, Sampson JR, Tee AR. mTORC1 drives HIF-1a and
VEGF-A signalling via multiple mechanisms involving 4E-BP1, S6K1 and STAT3.
Oncogene. (2015) 34:2239–50. doi: 10.1038/onc.2014.164

59. Battaglia M, Stabilini A, Roncarolo M-G. Rapamycin selectively expands CD4
+CD25+FoxP3+ regulatory T cells. Blood. (2005) 105:4743–8. doi: 10.1182/blood-
2004-10-3932

60. Elo LL, Jarvenpaa H, Tuomela S, Raghav S, Ahlfors H, Laurila K, et al. Genome-
wide profiling of interleukin-4 and STAT6 transcription factor regulation of human th2
cell programming. Immunity. (2010) 32:852–62. doi: 10.1016/j.immuni.2010.06.011

61. Pandit M, Timilshina M, Gu Y, Acharya S, Chung Y, Seo S-U, et al. AMPK
suppresses Th2 cell responses by repressing mTORC2. Exo Mol Med. (2022) 54:1214–
24. doi: 10.1038/s12276-022-00832-x

62. Park Y, Jin HS, Lopez J, Elly C, Kim G, Murai M, et al. TSC1 regulates the balance
between effector and regulatory T cells. JCI. (2013) 123:5165–78. doi: 10.1172/JCI69751

63. Kato H, Peri A. Mechanistic target of rapamycin complex 1 expands th17 and IL-4
+ CD4–CD8– double-negative T cells and contracts regulatory T cells in systemic lupus
erythematosus free. J Immunol. (2014) 192:4134–44. doi: 10.4049/jimmunol.1301859

64. Miao Y, Zhang C, Yang L, Zeng X, Hu Y, Xue X, et al. The activation of PPARg
enhances Treg responses through up-regulating CD36/CPT1-mediated fatty acid
oxidation and subsequent N-glycan branching of TbRII/IL-2Ra. Cell Commun
Signal. (2022) 20:48. doi: 10.1186/s12964-022-00849-9

65. Cipolletta D, Feuerer M, Li A, Kamei N, Lee J, Shoelson SE, et al. PPARg is a
major driver of the accumulation and phenotype of adipose-tissue Treg cells. Nature.
(2012) 486:549–53. doi: 10.1038/nature11132

66. Barroso I, Gurnell M, Crowley VEF, Agostini M, Schwabe JW, Soos MA, et al.
Dominant negative mutations in human PPARg associated with severe insulin
resistance, diabetes mellitus and hypertension. Nature. (1999) 402:880–3.
doi: 10.1038/47254

67. Swarbrick MM, Chapman CM, McQuillan BM, Hung J, Thompson PL, Beilby
JP. A Pro12Ala polymorphism in the human peroxisome proliferator-activated
receptor-gamma 2 is associated with combined hyperlipidaemia in obesity. Eur J
Endocrinol. (2001) 144:277–82. doi: 10.1530/eje.0.1440277

68. Li B, Reynolds JM, Stout RD, Bernlohr DA, Suttles J. Regulation of Th17
differentiation by epidermal fatty acid-binding protein. J Immunol. (2009) 182:7625–
33. doi: 10.4049/jimmunol.0804192

69. Xiao Y, Shu L,Wu X, Liu Y, Cheong LY, Liao B, et al. Fatty acid binding protein 4
promotes autoimmune diabetes by recruitment and activation of pancreatic islet
macrophages. JCI. (2021) 6:e141814. doi: 10.1172/jci.insight.141814

70. Elmes MW, Prentis LE, McGoldrick LL, Giuliano CJ, Sweeney JM, Joseph OM,
et al. FABP1 controls hepatic transport and biotransformation of D9-THC. Sci Rep.
(2019) 9:7588. doi: 10.1038/s41598-019-44108-3
frontiersin.org

https://doi.org/10.4049/jimmunol.164.3.1364
https://doi.org/10.4049/jimmunol.164.3.1364
https://doi.org/10.1016/j.immuni.2014.06.005
https://doi.org/10.1016/j.immuni.2014.06.005
https://doi.org/10.1096/fj.12-217620
https://doi.org/10.1016/j.clim.2019.07.003
https://doi.org/10.1016/j.immuni.2014.12.030
https://doi.org/10.3390/cells8060575
https://doi.org/10.1111/cas.13827
https://doi.org/10.3389/fimmu.2021.666231
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1513/pats.200701-020AW
https://doi.org/10.1513/pats.200701-020AW
https://doi.org/10.1016/j.immuni.2011.03.018
https://doi.org/10.1038/nature06306
https://doi.org/10.1016/j.redox.2023.102709
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1016/j.immuni.2016.01.028
https://doi.org/10.1016/j.immuni.2016.01.028
https://doi.org/10.3390/cells12162066
https://doi.org/10.1016/j.celrep.2024.114681
https://doi.org/10.1007/s00109-019-01784-y
https://doi.org/10.1038/s41590-019-0589-5
https://doi.org/10.1186/s40364-024-00588-8
https://doi.org/10.1186/s40364-024-00588-8
https://doi.org/10.4049/jimmunol.1200420
https://doi.org/10.1084/jem.20051129
https://doi.org/10.4049/jimmunol.181.4.2277
https://doi.org/10.1016/j.celrep.2019.05.020
https://doi.org/10.1016/j.molcel.2010.06.022
https://doi.org/10.18632/oncotarget.8383
https://doi.org/10.18632/oncotarget.8383
https://doi.org/10.4049/jimmunol.1701477
https://doi.org/10.1084/jem.20071477
https://doi.org/10.1084/jem.20071477
https://doi.org/10.1016/j.immuni.2013.09.015
https://doi.org/10.1016/j.immuni.2013.09.015
https://doi.org/10.1038/nature12297
https://doi.org/10.1038/s41467-018-04392-5
https://doi.org/10.1016/j.immuni.2019.10.001
https://doi.org/10.1016/j.jaci.2010.05.022
https://doi.org/10.1016/j.immuni.2009.04.014
https://doi.org/10.3389/fimmu.2019.00115
https://doi.org/10.1038/onc.2014.164
https://doi.org/10.1182/blood-2004-10-3932
https://doi.org/10.1182/blood-2004-10-3932
https://doi.org/10.1016/j.immuni.2010.06.011
https://doi.org/10.1038/s12276-022-00832-x
https://doi.org/10.1172/JCI69751
https://doi.org/10.4049/jimmunol.1301859
https://doi.org/10.1186/s12964-022-00849-9
https://doi.org/10.1038/nature11132
https://doi.org/10.1038/47254
https://doi.org/10.1530/eje.0.1440277
https://doi.org/10.4049/jimmunol.0804192
https://doi.org/10.1172/jci.insight.141814
https://doi.org/10.1038/s41598-019-44108-3
https://doi.org/10.3389/fimmu.2025.1613230
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Nguyen et al. 10.3389/fimmu.2025.1613230
71. Watson MJ, Vignali PDA, Mullett SJ, Overacre-Delgoffe AE, Peralta RM,
Grebinoski S, et al. Metabolic support of tumour-infiltrating regulatory T cells by
lactic acid. Nature. (2021) 591:645–51. doi: 10.1038/s41586-020-03045-2

72. Shrestha S, Yang K, Guy C, Vogel P, Neale G, Chi H. Treg cells require the
phosphatase PTEN to restrain TH1 and TFH cell responses. Nat Immunol. (2015)
16:178–87. doi: 10.1038/ni.3076

73. Kurniawan H, FranChina DG, Guerra L, Bonetti L, Soriano-Baguet L, Grusdat
M, et al. Glutathione restricts serine metabolism to preserve regulatory T cell function.
Cell Metab. (2020) 31:920–936.e7. doi: 10.1016/j.cmet.2020.03.004
Frontiers in Immunology 09
74. Alissfi T, Kalafati L, Lazari M, Filia A, Kloukina I, Manifava M, et al.
Mitochondrial oxidative damage underlies regulatory T cell defects in autoimmunity.
Cell Metab. (2020) 32:591–604.E7. doi: 10.1016/j.cmet.2020.07.001

75. Matarese G, Carrieri PB, La Cava A, Perna F, Sanna V, De Rosa V, et al. Leptin
increase in multiple sclerosis associates with reduced number of CD4+CD25+ regulatory T
cells. Proc Natl Acad Sci. (2005) 102:5150–5. doi: 10.1073/pnas.0408995102

76. Marrodan M, Farez MF, Aguirre MEB, Correale J. Obesity and the risk of
Multiple Sclerosis. The role of Leptin. Ann Clin Transl Neurol. (2020) 8:406–24.
doi: 10.1002/acn3.51291
frontiersin.org

https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.1038/ni.3076
https://doi.org/10.1016/j.cmet.2020.03.004
https://doi.org/10.1016/j.cmet.2020.07.001
https://doi.org/10.1073/pnas.0408995102
https://doi.org/10.1002/acn3.51291
https://doi.org/10.3389/fimmu.2025.1613230
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Influences of metabolism and lipid homeostasis on regulatory vs. conventional T cells and implications for autoimmunity
	1 Introduction
	2 Metabolic profiles of conventional T Cells
	2.1 Metabolic reprogramming in CD4 v. CD8 T cells support effector function and growth after activation
	2.2 Differences between na&iuml;ve, memory, and effector T cell lipid metabolism

	3 Metabolic profile of regulatory T cells
	3.1 Metabolic reprogramming in regulatory T cells supports suppressive function and homeostasis
	3.2 The mevalonate pathway is essential for regulatory T cell activation and function
	3.3 Differences in mTORC1 and mTORC2 pathways in regulatory T cells
	3.4 Contributions of enzymes, receptors, and proteins involved in regulatory T cell lipid metabolism

	4 Why different T cell subsets might rely on distinct metabolic pathways
	5 Targeting regulatory T cell metabolism as a potential strategy for autoimmune disease therapies
	6 Conclusions
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


