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Abstract

Metabolism drives function, on both an organismal and a cellular level. In T cell biology, 

metabolic remodeling is intrinsically linked to cellular development, activation, function, 

differentiation, and survival. After naive T cells are activated, increased demands for metabolic 

currency in the form of ATP, as well as biomass for cell growth, proliferation, and the production 

of effector molecules, are met by rewiring cellular metabolism. Consequently, pharmacological 

strategies are being developed to perturb or enhance selective metabolic processes that are skewed 

in immune-related pathologies. Here we review the most recent advances describing the metabolic 

changes that occur during the T cell lifecycle. We discuss how T cell metabolism can have 

profound effects on health and disease and where it might be a promising target to treat a variety 

of pathologies.
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INTRODUCTION

There is a growing appreciation that aberrant immune cell function underlies numerous 

pathologies that, even 10 years ago, were not linked to an immune component, as 

exemplified by Alzheimer disease (1, 2) and obesity (3, 4). Throughout the life of an 

immune cell, energy and substrate requirements change dramatically. Metabolic pathways 

must be engaged, or suppressed, to facilitate development and activation. As we uncover the 

links between metabolism and function, and the extent to which aberrant metabolic 

programming underlies dysfunction, there is hope that understanding immune cell metabolic 

engagement will yield targets for new therapies that will allow the augmentation or 

abrogation of immune responses in many disease settings.
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Glycolysis and oxidative phosphorylation (OXPHOS) are the two main cooperative 

processes that supply ATP within cells. Glycolysis, the pathway in which glucose is broken 

down into pyruvate, is regulated by transcriptional, posttranslational, and metabolic cues 

(Figure 1). The production of lactate from pyruvate in the presence of oxygen by cells with 

sufficient mitochondrial capacity to utilize OXPHOS is known as the Warburg effect, or 

aerobic glycolysis, and is characteristic of many rapidly dividing cell types (5, 6). Glycolysis 

generates ATP but also provides metabolic intermediates that enter many other metabolic 

pathways (6).

In mitochondria, the tricarboxylic acid (TCA) cycle incorporates substrates from several 

cytosolic and mitochondrial metabolic pathways to generate reducing equivalents, which 

donate electrons to the electron transport chain (ETC) and lead to ATP generation through 

OXPHOS (reviewed in 7) (Figure 1). Substrates that are oxidized in the TCA cycle include 

pyruvate from glycolysis and metabolites derived from the oxidation of amino and fatty 

acids. Fatty acid oxidation (FAO) involves the translocation of free fatty acids into the 

mitochondrial matrix, where they are cleaved, producing acetyl-CoA that enters the TCA 

cycle (reviewed in 8) (Figure 1). FAO also generates NADH that can be reoxidized in the 

mitochondria by complex I of the ETC, which together with oxidation of FADH2 leads to 

the generation of a proton gradient across the inner mitochondrial membrane that is essential 

for OXPHOS. During this process, reactive oxygen species (ROS) are produced as a result 

of inefficient electron transfer in the ETC. ROS can have various effects within the cell, as 

described throughout this review (also reviewed in 9) (Figure 1). A specific metabolic 

pathway may be engaged for reasons other than ATP production, including biosynthesis, 

ROS titration, redox balance, generation of signaling molecules, and regulation of gene 

expression. The complexities of this system and how it relates to T cell metabolism and 

function are discussed in this review.

NAIVE T CELLS

Peripheral naive T (Tn) cells circulate throughout the body, surveying for antigens. These 

cells import small amounts of glucose to fuel the TCA cycle and OXPHOS to generate ATP 

(10). In addition to signals from cytokines such as IL-7, survival and homeostatic 

proliferation are maintained by weak T cell receptor (TCR) interactions with self-peptides 

presented on MHC molecules (11) (Figure 2). Sensitivity to these tonic signals is regulated 

by several mechanisms to ensure that the Tn cell metabolic state is maintained until a 

sufficiently strong TCR signal fully activates the cell.

TCR sensitivity is partially mediated through control of the mechanistic target of rapamycin 

(mTOR), which exists in two distinct multiple-protein complexes [mechanistic target of 

rapamycin complex 1 (mTORC1) and mTORC2] that are key regulators of cellular 

metabolism (reviewed in 12). Loss of the tumor suppressor tuberous sclerosis complex 1 

(TSC1) leads to activation of mTORC1, which enhances glycolytic metabolism, cell growth, 

and cell cycle entry, ultimately disrupting Tn cell homeostasis (13). This loss of quiescence, 

underscored by incorrect metabolic engagement, predisposes T cells lacking TSC1 to 

apoptosis and prevents the generation of an effective immune response. Intriguingly, another 

signaling axis controlled by the metabolite adenosine plays a role in maintaining the Tn cell 
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pool. Extracellular adenosine via the adenosine 2A receptor (A2AR) decreases TCR 

sensitivity to tonic signals, and by doing so it sustains IL-7R expression and Tn cell survival 

(14) (Figure 2). Although adenosine provides an environmental cue to maintain immune 

homeostasis, the mechanisms regulating its production in this context remain unclear.

In the weeks immediately following their migration from the thymus, new Tn cells are less 

metabolically responsive when compared to more mature circulating Tn cells, as shown by 

less-marked increases in glycolysis after activation (15). This metabolic phenotype results 

from lower mTORC1 signaling and expression of the transcription factor c-Myc; these are 

two main positive regulators of glycolytic metabolism in T cells (16, 17) (Figure 2). This 

decreased mTOR and c-Myc activity can be alleviated by exposure to IL-2 from activated 

CD4+ effector T (Te) cells (18). This dependence on IL-2-producing CD4+ Te cells for 

optimal activation of recent thymic emigrants demonstrates how cytokines direct metabolism 

that regulates function. In addition to cytokines, signaling via the sphingosine 1-phosphate 1 

receptor (S1P1R) also promotes Tn cell survival (Figure 2). S1P1 released by lymphatic 

endothelial cells provides a gradient that T cells require for lymph node egress. Perturbations 

of S1P1R signaling lead to decreased mitochondrial mass, metabolic dysfunction, and 

increased Tn cell apoptosis (19). Therefore, while metabolic processes supply circulating Tn 

cells with sufficient energy to move through tissues and prevent cell death, the active 

restraint of metabolic remodeling also maintains T cells in quiescence.

METABOLIC CHANGES DURING EARLY T CELL ACTIVATION

When Tn cells encounter their cognate antigen on an antigen-presenting cell (APC), the 

affinity of the TCR to the presented antigen causes TCR clustering and the formation of an 

immune synapse (20). In a proinflammatory environment, TCR signals along with 

costimulation lead to a growth phase in which T cells augment global metabolism (21, 22), a 

process dependent on phosphoinositide-3 kinase (PI3K)/AKT/mTOR signals (10, 23). In 

addition, TCR signals induce c-Myc, which enacts transcription of metabolic genes critical 

for T cell activation (16). Thus, TCR-mediated signals induce both glycolytic and 

mitochondrial metabolism, the latter of which leads to increased calcium-dependent ROS 

that are essential for T cell activation (24).

ROS and Glutathione

ROS generated in the mitochondria, or by NADPH oxidase expressed by CD4+ T cells, is 

postulated as signal 3 during T cell activation (25, 26). Mitochondrial ROS is critical for 

activation of nuclear factor of activated T cells (NFAT) and subsequent IL-2 production (24). 

A recent study highlighted the importance of ROS titration by the antioxidant glutathione, as 

failure to buffer accumulating ROS led to a block in T cell activation, in part by decreasing 

mTOR and c-Myc activity (27) (Figure 2). Glutathione production is in part mediated by 

glutamate-cysteine ligase catalytic subunit (Gclc), the rate-limiting enzyme for glutathione 

synthesis (27), and by the cystine/glutamate antiporter xCT (Slc7a11), which exports 

glutamate and leads to uptake of cystine (Figure 2), the oxidized dimer of cysteine that is 

used in glutathione synthesis (28). By using exogenous ROS scavengers, it was shown that 

ablation of cellular ROS leads to sustained adenosine monophosphate–activated protein 
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kinase (AMPK) signals, thereby dampening mTOR activation (28) (Figure 2). Previous 

studies found that treating mice with antioxidants blocked T cell proliferation upon 

infection, further supporting the need for ROS in T cell activation (29). These observations 

show that titrating ROS levels during T cell activation, a process influenced by glutathione, 

is key for proper mTOR- and c-Myc-driven metabolic programming (30). The integration of 

these transcriptional, translational, and metabolic programs leads to the cell growth phase 

before the first cell division, which is in part mediated by activation of mTOR (reviewed in 

22, 31).

Asymmetric Cell Division

Asymmetric cell division after T cell activation controls downstream fate (32). Two recent 

papers illustrated that this asymmetry is associated with distribution of metabolic mediators 

in CD8+ T cells, such that one daughter cell receives more activated mTORC1 and 

ultimately becomes a terminally differentiated, highly glycolytic Te cell, while the other 

daughter cell is primed to become a long-lived memory T (Tm) cell (33, 34). Inheritance of 

high mTORC1 activity is associated with increased expression of the large neutral amino 

acid transporter CD98 (33, 34), expression of which is critical for clonal expansion and Te 

cell differentiation (35) (Figure 2). CD98 is a target of c-Myc (16), which is also 

asymmetrically inherited and found in increased amounts in T cells that become highly 

glycolytic (33). These results show how metabolism integrates with transcriptional and 

translational programs to maintain the differential cell fates controlled by asymmetric cell 

division.

Mitochondrial Metabolism

Mitochondrial ATP production, or at least ATP synthase activity, during the first 24–48 h 

after T cell activation is critical for full Te cell activation and proliferative capacity, although 

continued proliferation of fully differentiated Te cells no longer depends on this 

mitochondrial function in vitro (36). A recent study integrating the proteome and 

phosphoproteome during T cell activation(37) revealed that many mitochondrial metabolic 

processes were altered, indicating that engaging mitochondrial metabolism is important for 

exiting quiescence. This finding is supported by data showing that T cell–specific 

knockdown of the complex IV subunit COX10 limits T cell activation(38), while loss of the 

complex III subunit Rieske iron sulfur protein (RISP) prevents expansion of antigen-specific 

T cells in vivo (26). T cells deficient for RISP lack the mitochondrial ROS-dependent 

signaling needed for T cell activation. In contrast to the importance of functional ETC 

components, expression of the rate-limiting enzyme for glycolysis, hexokinase 2 (HK2), is 

dispensable for early TCR-mediated activation (37).

Interestingly, there is a poor correlation between RNA expression changes after T cell 

activation and the levels of encoded proteins, suggesting that regulation of much of the 

proteome in these cells occurs posttranscriptionally (37, 39). Translation, and in particular 

posttranslational modification, of metabolic regulators is faster than their regulation through 

de novo transcription, adding to the speed of metabolic rewiring after T cell activation. In 

support of this notion, mitochondrial metabolism is regulated by posttranslational 

mechanisms. OXPHOS is altered by the phosphorylation of the fusion and fission machinery 
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(40) and the proteolytic cleavage of mediators of mitochondrial cristae structure (41). In 

addition, there are conserved RNA-enzyme-metabolite (REM) networks, in which metabolic 

enzymes bind mRNA and thereby regulate expression of proteins (42). The RNA-binding 

ability of an enzyme is influenced by many factors, including the availability of its 

metabolites and posttranslational modifications. REM networks are an additional way in 

which metabolism regulates cell function in T cells (36) and are currently being studied by 

several groups.

Metabolites as Signaling Intermediates

Enhanced mitochondrial metabolism increases TCA metabolites and ATP, which can be 

used for posttranslational modification of proteins. In addition to the well-established 

phosphorylation (ATP) and acetylation of proteins (acetate), other TCA intermediates such 

as malate and succinate can be used to modify proteins through malonylation (43) and 

succinylation (44), respectively. The NAD+-dependent lysine deacylase SIRT5, which 

removes both succinyl and malonyl groups, targets GAPDH and alters its enzymatic activity, 

directly tying metabolites generated in the TCA cycle to a key glycolytic mediator (45). 

Also, the glycolytic metabolite 1,3-bisphosphoglycerate (1,3-BPG) reacts with select lysine 

residues to form 3-phosphoglyceryl-lysine (pgK), affecting protein structure and function 

(46). pgK modifications inhibit glycolysis enzymes, and when cells are exposed to high 

glucose levels these modifications accumulate, redirecting glycolytic intermediates to other 

biosynthetic pathways (46). Similarly, modification of metabolite transporters and cytokine 

receptors by sugar moieties generated in central carbon metabolism (N-linked glycosylation 

or O-GlcNAcylation) can modify subcellular localization and activity, thereby affecting T 

cell function (47–51). Furthermore, amino acids such as hypusine and citrulline are 

generated through polyamine and arginine metabolism, respectively, and also contribute to 

posttranslational modifications of proteins that influence cell function (52, 53). How 

metabolites acting as signaling intermediates contribute to the indispensable role of 

mitochondrial metabolism during early T cell activation, and for the later engagement of 

glycolytic metabolism and effector functions, remains to be resolved.

Serine and One-Carbon Metabolism

A recent study in CD4+ T cells showed that TCR signaling leads to mitochondrial 

replication, as well as instant engagement of mitochondrial one-carbon metabolism 

associated with induction of the folate cycle (54). Mitochondrial biogenesis as early as 4 h 

after activation coincides with increased TCA cycle intermediates. These events precede cell 

division and the engagement of aerobic glycolysis, as increased lactate production is 

apparent only >24 h after TCR stimulation. One-carbon units derived from serine are 

metabolized in the mitochondria, suggesting that serine import is critical for T cell activation 

(Figure 2), even when the glycolytic intermediate 3-phosphoglycerate is available for de 

novo serine synthesis. Mitochondrial serine metabolism governs T cell survival after 

activation, as SHMT2 knockdown leads to accumulation of DNA damage (54) and reduced 

viability (55). Enhanced mitochondrial serine metabolism contributes to the generation of 

redox equivalents and to one-carbon metabolism to generate glutathione (54, 55). The later 

engagement of glycolysis implies that serine import (55) allows the rapid mitochondrial 

proliferation during this early phase of T cell activation (54), while producing sufficient 

Klein Geltink et al. Page 5

Annu Rev Immunol. Author manuscript; available in PMC 2019 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



redox equivalents and one-carbon units to synthesize glutathione, thereby preventing the 

accumulation of ROS (Figure 2).

AMPK

T cells increase de novo purine synthesis shortly after activation, a process that leads to an 

~10-fold increase in the intermediary metabolite for nucleotide synthesis, 5-

aminoimidazole-4-carboxamide-1-β-D-ribofuranosyl 5-monophosphate (AICAR) (54, 55) 

(Figure 2). Increased AICAR during activation might play a role in activating AMPK, 

another crucial sensor of the cellular metabolic state. Whether the transient increase in 

AICAR during T cell activation directly activates AMPK is unclear, but the importance of 

AMPK during T cell activation has been well documented.

AMPK is activated by TCR signaling via two distinct signaling pathways. The first is LKB1 

dependent: AMPK senses the cellular AMP-to-ATP ratio and acts as a break on metabolism 

to ensure there is sufficient ATP to progress through full activation (56), or to cope with 

metabolic stress (57). A second signal that activates AMPK is calcium import–mediated 

activation of calcineurin, and the downstream activation of calcium/calmodulin-activated 

kinase kinase (CAMKK) (58). In early T cell activation, the increase in intracellular calcium 

can activate AMPK, limiting mTOR signaling and precluding the activation of downstream 

mediators and premature engagement of the glycolytic anabolic metabolism associated with 

the proliferative phase of clonal expansion (59). The dependency on glycolysis of T cells 

lacking AMPK, and a failure to reengage the mitochondria upon glucose depletion, supports 

this idea (60). AMPK activation facilitates mitophagy (61), which limits ROS and ensures 

mitochondrial health during catabolism (59), and sustains expression of peroxisome 

proliferator–activated receptor (PPAR) gamma coactivator 1 alpha (PGC1α), a transcription 

factor important for mitochondrial biogenesis and health in CD8+ T cells (62). In mouse 

embryonic fibroblasts it was recently shown that mitochondrial ROS can also activate 

AMPK in a noncanonical way, sustaining PGC1α and thereby preserving mitochondrial 

function(63). Therefore, ROS generated from complex III during T cell activation (24) could 

be a third signal by which AMPK might be activated downstream of TCR signaling.

AMPK also controls fatty acid metabolism as its activation leads to the phosphorylation-

mediated inhibition of acetyl-CoA carboxylase (ACC), an enzyme that catalyzes the 

conversion of acetyl-CoA to malonyl-CoA, and inhibits FAO (8) (Figure 2). Two isoforms 

exist, and deletion of ACC2 has no effect on Tn cell homeostasis, while ACC1 deletion 

decreases survival of circulating T cells (64, 65). ACC1 controls the cytosolic production of 

malonyl-CoA, which is utilized in fatty acid synthesis (FAS) (66) (Figure 2). An increase in 

FAS is also evident early after T cell activation (54). Thus, during T cell activation many 

upstream regulators modulate AMPK activity, and signals that emanate from this kinase 

influence many downstream processes, placing AMPK centrally in metabolic remodeling of 

T cells.
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EFFECTOR T CELLS

Specific examples of the latest findings describing metabolism important for CD8+ Te cells 

and general Te cell function will be reviewed, followed by a discussion on metabolism in 

CD4+ Te cell differentiation.

Activated Te cells use glycolysis for proliferation and to maintain effector functions (Figure 
3a). A recent study found that 10% of the cellular carbon in activated Te cells is traced from 

glucose, with another 10% from glutamine (67). These findings show that Te cells cultured 

in vitro use aerobic glycolysis and glutaminolysis mainly for ATP generation and redox 

balance to support rapid proliferation, rather than biomass accumulation. This metabolite 

allocation allows lipids and other amino acids to be redirected to generate biomass, such as 

nucleotides for DNA and lipids for membranes, to support cell division and Te cell functions 

(68, 69). Since glucose, glutamine, and other amino acids are supplied in excess to in vitro 

cultured T cells, it will be important to determine whether in vivo T cells also use glucose 

and glutamine predominantly for processes beyond biosynthesis and similarly allocate other 

metabolites to the generation of biomass.

In reductionist terms, all metabolism is regulated by available substrate; however, the 

complexity of the system means that actual substrate availability can be controlled at many 

levels. Substrate concentrations within distinct subcellular pools, metabolic enzyme 

expression, subcellular location of a given enzyme, enzyme activity, and nutrient transporter 

expression all contribute to how a cell utilizes substrate. For T cells, substrate utilization is 

influenced by growth factor cytokines, strength of TCR activation, inhibitory/costimulatory 

signals, as well as regulatory mechanisms imposed by other immune cells. In vitro, these 

various signals are easily controlled, as are nutrient and oxygen levels. However, what cells 

experience in culture is different from the in vivo niches where they reside. The reduced 

metabolic activity observed in T cells isolated ex vivo might reflect more realistic levels of 

metabolite usage in vivo (70–72). Recent studies have shown how a variety of signals can 

influence substrate utilization and Te cell functions (reviewed in 73).

Glucose and CD8+ Effector T Cell Function

A critical step in the activation and differentiation of T cells is the increase in the glucose 

transporter Glut1 expression and trafficking to the cell surface (74). Glut1 induction is 

required to mediate the sharp increase in glucose intake needed to facilitate cell growth, 

effector function, and proliferation of Te cells (75). The correlation between glycolytic 

metabolism and Te cell function was reinforced by a recent study showing that inhibition of 

mTORC1 activity blunts glycolysis and reduces effector functions, whereas deletion of 

mTORC2 enhances glycolysis and increases effector functions (17). Delving into the 

mechanism as to why Te cell function requires glycolysis, one study revealed that in the 

absence of glucose, GAPDH moonlights from its role as a glycolytic enzyme and instead 

binds to, and prevents the efficient translation of, IFN-γ mRNA (36). A more recent study 

focused on the role of glycolysis influencing epigenetics in Te cell function. Acetyl-CoA 

generated from pyruvate is oxidized in the mitochondria for energy but also contributes to a 

range of other cellular processes, including acetylation of proteins and histones (76). 

Functional lactate dehydrogenase (LDH) and aerobic glycolysis in Te cells is required for 
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acetylation of the Ifng promoter and enhancer regions (77). Lack of LDH expression leads to 

increased OXPHOS and an ensuing decrease in the acetyl-CoA pool and IFN-γ expression.

This importance of glycolysis for optimal Te cell function was recently demonstrated in vivo 

using a sarcoma tumor model, where immune evasion of tumors directly correlates with 

their ability to compete for glucose with tumor-infiltrating lymphocytes (TILs) (78). Glucose 

competition in the tumor microenvironment (TME) leads to a reduction of the glycolytic 

metabolite phosphoenolpyruvate (PEP), which regulates the antitumor response by 

regulating intracellular calcium flux in TILs (79). High PEP levels in Te cells repress the 

sarco/endoplasmic reticulum calcium ATPase (SERCA), which allows cytosolic calcium-

mediated sustained activation of NFAT (Figure 2). When extracellular glucose 

concentrations drop, so does PEP, leading to SERCA-mediated depletion of calcium and 

blunted NFAT-mediated effector functions. In the absence of glycolysis, the overexpression 

of the cytosolic pyruvate carboxykinase (PCK1) can rescue Te cell function by replenishing 

PEP levels from the TCA intermediate oxaloacetate, suggesting that increasing cytosolic 

PEP in cells used for adoptive transfer could be of therapeutic benefit.

Tumor-imposed glucose restriction on Te cells also affects cancer immunity by altering 

microRNA expression. When T cells are exposed to a low glucose environment, such as that 

encountered in ovarian tumors, microRNAs 101 and 26a are induced, which limit the 

expression of the methyltransferase EZH2 (80). EZH2 activates Notch by suppressing the 

expression of Notch repressors via histone methylation. Te cells require EZH2 expression 

for cytokine production and long-term survival of tumor-bearing mice and patients. In 

keeping with the idea that competing successfully for glucose is an important feature of 

protective T cells, it was shown that the inability of T cells to mediate clearance of B cell 

leukemia is due to chronic stimulation leading to Glut1 downregulation, thereby limiting the 

glycolytic rate. Indeed, enforced overexpression of Glut1 or increased Akt/mTORC1 signals 

rescued Te cell function in this model (81).

Persistent antigen exposure causes the functional impairment of Te cells, a phenotype 

associated with diminished glucose metabolism (82, 83). Illustrating how glycolysis is 

tightly linked to T cell function, mice with sustained activation of the glycolysis activator 

hypoxia-inducible factor 1 alpha (Hif-1α) in T cells exhibit better tumor control in a cancer 

model compared to control mice, but they also succumb to ongoing inflammation during 

chronic infection that ultimately leads to host death (84). Interestingly, T cells with 

heightened Hif-1α activation retain effector functions but do not terminally differentiate, as 

they persist and develop into long-term effector memory T (Tem) cells (85). Consistent with 

these findings, overexpression of Glut1 also generates a population of Tem-like cells, which 

exhibit increased cytokine production (74).

The importance of glycolysis induction in Te cell function is further supported by the 

requirement of this pathway for the rapid recall response of Tm cells as they differentiate 

into secondary Te cells. Reactivation of CD8+ Tm cells requires augmentation of glucose 

metabolism for their proliferation and ensuing Te cell response (86). An immediate-early 

glycolytic switch, marked by enhanced GAPDH activity at early time points, is required for 

the rapid production of IFN-γ by reactivated Tem cells, a process linked to mTOR signals 
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and epigenetic modifications of the Ifng locus (87). Interestingly, during recall responses, 

Tm cells utilize extracellular-derived acetate to acetylate GAPDH, which leads to increased 

glycolytic flux and IFN-γ translation (88).

Costimulatory and inhibitory receptors expressed on T cells also influence T cell activation 

and metabolism. For example, CD28 costimulation during TCR stimulation enhances 

glycolytic metabolism and prevents anergy (89). Several recent studies have investigated 

how other accessory molecules regulate T cell metabolism. During T cell activation, ligation 

of the inhibitory receptor programmed cell death protein 1 (PD-1) sustains FAO and prevents 

glycolysis induction, decreasing Te cell function (82). However, when Tn cells are activated 

in the presence of ligand for 4–1BB, a costimulatory receptor, FAO and glycolytic 

metabolism increase, enhancing survival and proliferation of Te cells (90, 91). Currently 

there is considerable interest in resolving the impact of these accessory molecules on T cell 

metabolism given that activating or inhibiting the pathways they regulate with antibodies or 

ligands has proven efficacious in modulating immune responses in vivo.

Mitochondrial Changes in CD8+ Effector T Cells

Whereas glycolysis is important for full activation of Te cells, and lack of glycolytic flux can 

perturb function, mitochondrial morphology changes dynamically during the life of T cells, 

and these changes are associated with the engagement of distinct metabolic pathways. After 

activation, CD8+ Te cells fragment their mitochondria in a process known as fission (71). 

Mitochondrial fission is induced by activation of the GTPase dynamin-related protein 1 

(Drp1), which recruits a complex of proteins that lead to fragmentation of the mitochondrial 

network (reviewed in 92). When mitochondrial fission is countered by pharmacological 

induction of mitochondrial fusion, Te cells reduce glycolysis and thereby activation, and 

adopt a Tm-like phenotype (71). These results indicate that blocking mitochondrial fission 

counters Te cell terminal differentiation, thereby abrogating inflammatory functions.

In addition to changes in mitochondrial dynamics, mitochondrial biogenesis is also induced 

after T cell activation and leads to increased mitochondrial mass, which is mediated by 

PGC1α. In activated CD8+ Te cells in the TME, chronic Akt–mediated FOXO inactivation 

decreases PGC1α expression, and this correlates with reduced Te cell responses (62). 

Overexpression of PGC1α enhances mitochondrial biogenesis and restores Te cell function, 

enhancing antitumor immunity (62). During chronic viral infection, PGC1α overexpression 

promotes viral clearance by overcoming PD-1-mediated suppression of mitochondrial 

metabolism, facilitating the glycolytic reengagement needed for Te cell function (93).

AMPK in the CD8+ Effector T Cell Response

AMPK has a central role in regulating T cell metabolism. In limiting glucose, AMPK 

signals drive expression of glutamate transporters and glutaminolysis genes to sustain Te cell 

metabolism (60). Mice with T cells deficient for AMPK exhibit decreased Te cell responses 

during primary infection and reduced inflammation during T cell–mediated colitis (60). A 

recent study uncovered a direct link between glucose restriction and AMPK activation. In 

the absence of the glucose-derived substrate fructose-1.6-bisphosphate, the glycolytic 

enzyme aldolase mediates the formation of a lysosomal complex that brings together LKB1 

Klein Geltink et al. Page 9

Annu Rev Immunol. Author manuscript; available in PMC 2019 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and AMPK and leads to AMPK activation (94). PI3K signals have also been shown to tether 

aldolase to the cytoskeleton and boost glycolytic efficiency, while the absence of PI3K 

signals leads to release of free aldolase into the cytoplasm (95). Whether aldolase acts as a 

PI3K-sensitive glycolytic sensor that is important for metabolic rewiring in glucose-deprived 

T cells has yet to be determined.

mTOR in CD4+ Effector T Cells

Engagement of distinct metabolic pathways is important for the differentiation of CD4+ Te 

cells into a spectrum of subsets that are marked by distinct functional outputs (Figure 3b). 

mTOR signaling, with its regulation of metabolic reprogramming, has a profound effect on 

CD4+ T cell fate. For example, mTOR signals promote Th1 and Th17 cell differentiation 

(96), while mTOR inhibition blocks effector-like T helper (Th) cells and skews 

differentiation toward forkhead box P3 (FoxP3)-expressing regulatory T cells (Tregs) (97–

101). Th2 cells differentiate without Ras homolog enriched in brain (Rheb)-dependent 

activation of mTORC1, but they do require the mTORC1 subunit regulatory-associated 

protein of mTOR (RPTOR) and activation of the kinase serum/glucocorticoid regulated 

kinase 1 (SGK1) downstream of mTORC2 (96, 102, 103). In addition, Ras homolog gene 

family, member A (RhoA) signaling downstream of mTORC2 activation (104) is important 

for differentiation, but not maintenance, of Th2 cells (105). Linked with their reliance on 

mTOR signaling and glycolytic metabolism, the inflammatory CD4+ Te cell subsets require 

rapid expression of Glut1 (75) (Figure 2). In contrast, while also highly glycolytic, CD8+ Te 

cells have a reduced reliance on Glut1, perhaps due to the expression of other glucose 

transporters, such as Glut3 (39, 75, 106).

Recently it was shown that mTORC1 phosphorylates T box expressed in T cells (T-bet), the 

master transcription factor for Th1 cells, and inhibition of mTOR signaling reduces T-bet-

dependent IFN-γ production (107). In a hypoxic environment, Hif-1α-deficient CD4+ Te 

cells produce more IFN-γ than wild-type Th1 cells (108), and Hif-1α stabilization in low 

oxygen inhibits Th1 function (109). These results indicate that while mTORC1 signaling is 

important for Th1 differentiation, the downstream target of mTOR, Hif-1α, may play a role 

in limiting effector function in these cells. Whether this limit of proinflammatory function in 

a hypoxic environment is related to the engagement of metabolic pathways that are not 

compatible with production of Th1 effector cytokine remains to be determined.

Glycolysis, Glutaminolysis, and the Hexosamine Pathway in CD4+ Effector T Cells

TCR signaling upregulates the import of both glucose and glutamine, which enforces Te cell 

differentiation and limits the induction of Tregs that have suppressive capabilities. In fact, 

glutamine depletion, or the inhibition of glutaminolysis, permits Treg differentiation, even in 

Th1-polarizing conditions (110), an effect rescued by addition of a cell permeable α-

ketoglutarate analogue (dimethyl-2-oxoglutarate) (111). In addition, the differentiation of 

Th17 cells is associated with an increase in glutamine utilization through highly expressed 

glutamate oxaloacetate transaminase 1 (GOT1) and a profound accumulation of the 

metabolite 2-hydroxyglutarate (2-HG), a product of the error-prone dehydrogenation of α-

ketoglutarate. 2-HG inhibits the α-ketoglutarate-dependent demethylation of the FoxP3 
locus, thereby actively suppressing Treg development (112). In addition to contributing to 
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ATP production, glutamine and glucose are required for O-GlcNAcylation, which is needed 

for T cell development and activation (47). Glycolysis and glutaminolysis modulate CD4+ T 

cell differentiation by limiting substrates (i.e., fructose-6-phosphate and glutamine, 

respectively) for the hexosamine pathway, which is required for protein glycosylation 

through the generation of UDP-N-acetylglucosamine (GlcNAc). Therefore, hexosamine 

biosynthesis is in substrate competition with glycolysis and glutaminolysis (113). Illustrating 

a role for N-glycosylation in modulating T cell differentiation, polarizing CD4+ Te cells in 

Th17 conditions decreases N-glycan branching, whereas enhancing this process, by over-

expressing mannoside acetyl glucosaminyl transferase 5 (MGAT5), or adding GlcNAc, 

increases Treg development while inhibiting Th17-associated gene expression (48). N-

glycan branching is needed for CD25 cell surface expression, and IL-2 signaling through 

this receptor is required for Treg development. In support of these findings, the amino-sugar 

glucosamine, which inhibits N-linked glycosylation of CD25, decreases Th1, Th2, and Treg, 

but not Th17, cell differentiation (49). In addition, the cell surface translocation of Glut1 and 

the glutamine transporters sodium-coupled neutral amino acid transporter (SNAT)1; SNAT2; 

and alanine-, serine-, and cysteine-preferring transporter 2 (ASCT2), which are expressed by 

activated Te cells, requires N-linked glycosylation, supporting the importance of N-linked 

glycosylation in modulating Th cell differentiation (50, 51, 114). A balance between 

glycolysis, glutaminolysis, and hexosamine metabolism is needed, whereby sufficient flux 

through the hexosamine pathway must be preserved to sustain receptor glycosylation to 

maintain substrate influx for all three metabolic systems. Perturbations of this balance can 

lead to skewed T cell differentiation and function.

Competition for metabolites like glucose in other settings can drive T cell differentiation. T 

follicular helper (Tfh) cells, unlike other CD4+ Te cell subsets, persist in the lymph node 

after activation, where they are essential for supporting B cell survival and antibody 

production (115). Due to their location within the follicle of the reactive lymph node, Tfh 

cells are likely to be exposed to metabolite competition with highly proliferative germinal 

center B cells. The master transcription factor for Tfh differentiation, B cell CLL/lymphoma 

6 (Bcl-6), works in competition with IL-2 signaling to directly repress gene expression of 

many components of the glycolytic pathway (116, 117), perhaps limiting sensitivity to 

glucose competition. However, signaling through inducible T cell costimulator (ICOS), a 

receptor highly expressed by Tfh cells, promotes glycolysis in an mTOR-dependent fashion 

(118), suggesting that Tfh cells will engage glycolysis when directed upon ICOS 

stimulation. Tfh cells could function with a reduced reliance on glycolysis by enacting 

mitochondrial metabolism. T cell–specific deletion of the mitochondrial ETC component 

cytochrome c oxidase inhibits the development of germinal centers, indicating a functional 

deficiency in the Tfh cell compartment (38). Development of new Tfh cell reporter and 

selective knockout mice has increased our ability to probe the metabolic requirements of 

these specialized cells. These tools will help elucidate what metabolic pathways are engaged 

to support Tfh cell function and survival in the unique environment of the lymph node.

Fatty Acid Metabolism in CD4+ Effector T Cells

T cells deficient in ACC1, which drives FAS, fail to differentiate into Th17 cells and default 

into the Treg lineage (119). Th17 cells are important in intestinal homeostasis and host 
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immunity, but pathogenic Th17 cells, which make IFN-γ in addition to IL-17, are the cause 

of a number of inflammatory diseases (120). One recent study found that mice fed a high-fat 

diet increased expression of ACC1 in CD4+ T cells, and this ACC activity augmented 

promoter site binding of RAR-related orphan receptor gamma (RORγt), the master 

transcription factor of Th17 fate (121). Precisely how ACC-mediated FAS directs this 

binding is not clear, but these results highlight how this intracellular metabolic pathway 

influences the activation of a transcription factor that directs T cell fate. Interestingly, obese 

individuals also maintain increased expression of ACC in CD4+ T cells, perhaps 

contributing to Th17-related pathologies in these people (121). Consistent with the role of 

FAS in Th17 cells, T cell–specific deletion of ACC1 protects mice from EAE, coincidentally 

reducing the number of IFN-γ-producing Th17 cells and increasing the number of Foxp3+ 

Treg cells in the spinal cord (119). Furthermore, in an adoptive transfer model of graft-

versus-host disease, proinflammatory cytokine production was diminished and Treg numbers 

were increased in mice that received ACC1−/− Te cells compared to those that were given 

wild-type Te cells (122).

Th17 cells rely on de novo FAS, rather than acquisition of extracellular fatty acids to meet 

lipid requirements (119). It is not clear why Th17 cells do not acquire free fatty acids and 

only rely on the ATP-costly process of de novo FAS, particularly with the substantial lipid 

requirements of proliferating cells. CD8+ Te cells also require de novo FAS for optimal 

expansion, but they use exogenous fatty acids for cell growth and accumulation as well (64). 

During T cell activation, mTORC1 signals lead to nuclear translocation of the sterol 

regulatory element–binding proteins (SREBPs) that promote FAS and induce PPARγ, which 

controls expression of genes that regulate fatty acid uptake (123, 124). Early in the 

proliferative program, fatty acid uptake steadily increases in activated CD4+ T and CD8+ T 

cells (125), but blocking FAS with 5-(tetradecyloxy)-2-furoic acid (TOFA) during this time 

blunts proliferation and reduces glucose metabolism (124). Thus, FAS and fatty acid uptake 

are critically important for rapid T cell proliferation that occurs early after activation. A 

recent study assessed substrate uptake in T cells isolated from the brains of mice with 

orthotopic glioma and found that they exhibited decreased glucose uptake but increased fatty 

acid uptake compared to T cells in the lymphoid tissue (125). Whether or not available 

extracellular fatty acids can compensate for de novo FAS, or vice versa, remains to be 

determined, but these context-dependent differences likely influence the balance between 

these pathways.

Another intracellular metabolic pathway that influences Th17 cell development is 

cholesterol synthesis, as intermediates of this pathway bind to RORγt and promote IL-17 

expression and Th17 function (126, 127). Indeed, inhibitors of cholesterol biosynthesis 

block Th17 cell development. Further outlining the important function of lipids in this cell 

type, a recent study demonstrated that the balance of intracellular saturated and 

polyunsaturated fatty acids, controlled by CD5L expression, is key for Th17 function and 

determines whether these cells become pathogenic or nonpathogenic (128). The 

downregulation of CD5L by IL-23 signals promotes pathogenic Th17 cells by changing the 

fatty acid competition and increasing cholesterol pathway intermediates that are RORγt 

ligands (128).
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Leptin Signaling in CD4+ Effector T Cells

The adipocyte-produced hormone leptin is systemically increased in obesity and correlates 

with the proinflammatory phenotype of this disease (129). Demonstrating the cross talk 

between whole-body metabolism and the immune system, leptin is needed for mature T cell 

activation by promoting mTOR and the engagement of glucose metabolism through 

induction of Glut1 (130). This adipokine signals through the IL-6-type cytokine family 

receptor Lepr, which is expressed at low levels on Tn cells and increases upon TCR 

stimulation (131). Th17 cells also require leptin, as deletion of Lepr on T cells diminishes 

STAT3 signaling and Th17 cell function (132). Supporting these data, treatment with leptin 

rescues reduced splenic Th17 cell numbers evident in fasting mice, and T cell–specific 

knockout of Lepr inhibits glycolysis and Hif-1α expression in Th17 cells (133). Again 

highlighting the balance between Tregs and Th17 cells, human CD4+ Te cells produce leptin 

that blocks Treg proliferation in response to TCR stimulation (134). Targeting leptin 

signaling may be a way in which Treg and Th17 cell responses could be altered 

therapeutically in obesity and other inflammatory conditions.

REGULATORY T CELLS

Unlike proinflammatory Th cell subsets, Tregs, which express the transcription factor 

Foxp3, suppress immune responses by competing for IL-2 via high CD25 expression and 

produce anti-inflammatory mediators such as IL-10 (135). These cells are important in the 

resolution of immune responses, and also for maintaining homeostasis in a number of 

organs, including adipose tissue. Just as their functions are unique compared to CD4+ Te cell 

subsets, Tregs also have distinct metabolic requirements (Figure 3b).

Transforming growth factor beta (TGF-β) signals drive Treg differentiation (136) and 

activate AMPK (137), which promotes FAO and skews inflammatory Th17 cells toward a 

Treg phenotype (98, 138). The complexity of this regulatory network was highlighted in a 

recent study where Treg-specific LKB1 deletion led to functional and survival defects in 

Tregs, independent of its downstream target AMPK (139). However, Treg differentiation is 

dampened by the FAO inhibitor etomoxir, indicating a dependence on this pathway (98), 

whereas pharmacological or genetic inhibition of FAS has no effect on Treg development 

(119). Although these results are clear, the overall picture of how metabolism links to 

function in Tregs remains a subject of ongoing investigation.

Suppression of PI3K activity after T cell stimulation by phosphatase and tensin homolog 

(PTEN) diminishes activation of phosphoinositol (3,4,5)-trisphosphate (PIP3)-dependent 

kinases, such as Akt, and drives Treg differentiation. Mice lacking PTEN in T cells develop 

an autoimmune lymphoproliferative disease marked by unrestrained Th1, Tfh, and B cell 

responses (140, 141) (Figure 4). PTEN-deficient Tregs display elevated glycolytic activity, 

which correlates with the loss of Foxp3 stability and functional capacity. Supporting the 

observations that metabolic programing influences Treg development is a study showing that 

blocking Akt activity, either through PD-1-mediated activation of PTEN (inhibiting AktT308 

phosphorylation) or via dendritic cell–mediated tryptophan catabolism inhibiting mTORC2-

dependent phosphorylation of AktS473, enhances Treg differentiation (142). Molecules like 
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PTEN and Akt ensure proper metabolic reprogramming in T cells, and the appropriate 

balance of these signals promotes the stable development of functional Tregs.

While the absence of mTOR does not cause decreased Foxp3 expression, the loss of this 

kinase pathway does diminish cholesterol biosynthesis, which is required for suppressive 

Treg function in vivo (143). The T cell–specific deletion of ATP-binding cassette subfamily 

G member 1 (ABCG1), a transporter that mediates cholesterol efflux from cells, leads to 

increased Treg numbers and suppressive activity, which correlates with greater intracellular 

cholesterol (143). How these results marry with observations showing that statins, which 

block cholesterol synthesis, increase Tregs in vivo and in vitro is not yet clear (reviewed in 

144).mTOR is also important for glycolytic metabolism in Tregs, and human-induced Tregs 

rely on glycolysis after weak TCR stimulation (145). However, the role of glycolysis in 

these cells is not straightforward, as deletion of the autophagy mediator autophagy related 7 

(Atg7) enhances mTORC1-mediated glycolysis and instigates the loss of Foxp3 expression 

(146). In this study, mTORC1 inhibition by rapamycin reduced c-Myc expression, 

dampening glycolysis and promoting Foxp3 expression and associated suppressive function. 

Foxp3 directly interferes with c-Myc expression and thereby actively inhibits glycolytic 

engagement (147). However, in human Tregs, glycolysis is tightly linked to suppressive 

activity, whereby utilization of this pathway ensures the maintenance of the enzyme 

enolase-1, which mediates expression of a human-specific Foxp3 variant that is 

indispensable for their suppressive function (145). In addition to glycolysis, human Tregs 

also require FAO for proliferation and suppressive ability, in contrast to Te cells, in which 

FAO is dispensable for proliferation and effector function (148).

The differing evidence describing the reliance of Tregs on either glycolysis or FAO suggests 

a complex relationship between metabolism and function in these cells. One study suggests 

that glycolysis induces Treg proliferation, but this is inversely proportional to its suppressive 

capacity. Forced expression of Foxp3 suppresses glycolysis-related genes while inducing 

expression of genes associated with lipid and oxidative metabolism, the latter of which is 

required for their maximal suppressive ability (149). The utilization of OXPHOS is 

presumed to be dependent on FAO in these cells, although the FAO inhibitor etomoxir only 

partially blunts suppressive capacity. It remains to be determined whether proliferation and 

suppression in Tregs are invariably mutually exclusive or exceptions to this dichotomy exist.

The fact that Tregs populate a variety of peripheral tissues may suggest they need a certain 

degree of metabolic flexibility, depending on their environment. In support of this notion, a 

recent study showed that glycogen remobilization in a glucokinase-dependent manner fuels 

glycolysis to support Treg migration to inflammatory sites (150). Some studies have 

indicated that Tregs adopt phenotypes that reflect a relationship between their environment 

and metabolic pathway engagement. For example, Tregs that reside in visceral adipose tissue 

(VAT) acquire a unique VAT Treg phenotype characterized by PPARγ expression (151, 152). 

In lean individuals, these VAT Tregs maintain suppressive activity; however, in obesity, 

suppressive VAT Tregs are lost, which leads to the infiltration of inflammatory Te cells in the 

VAT. It is thought that the close contact between adipocytes and immune cells during 

dysregulated systemic metabolism alters immune function (4).

Klein Geltink et al. Page 14

Annu Rev Immunol. Author manuscript; available in PMC 2019 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tregs also inhabit tumors, and the accumulation of suppressive Tregs in the TME is 

associated with poor prognosis, as Tregs blunt Te cell responses (153) (Figure 4). In 

addition, the TME is often substrate limiting, further leading to Te cell dysfunction 

(reviewed in 73). However, tumor-associated Tregs use a unique mechanism to cope with the 

high-lactate, low-oxygen TME. A recent report demonstrated that in low-glucose/high-

lactate conditions, Tregs import extracellular lactate, which is converted to pyruvate via 

LDH to fuel the TCA cycle (147). This enzymatic reaction requires NAD+, which is 

generated during OXPHOS, a metabolism driven by the action of Foxp3 in Tregs. High ROS 

in the TME can lead to apoptosis of Tregs, accompanied by release of ATP from dying cells. 

High expression of cell surface ectonucleotidases in Tregs leads to conversion of ATP to 

adenosine, causing immunosuppression and tumor progression (154). In naive T cells 

adenosine was shown to dampen TCR signals (14), which in this context could inhibit TCR-

mediated tumor responses in situ (154). Due to their roles in cancer, infection, and tissue 

homeostasis, identifying how to modulate Treg numbers and function is a critical research 

goal. Teasing apart the distinct metabolic pathways that contribute to their generation and 

suppressive function will hopefully elucidate new targets.

MEMORY T CELLS

In contrast to CD8+ Te cells, CD8+ Tm cells reduce mTOR activity and aerobic glycolysis 

and instead rely on FAO and mitochondrial metabolism to support their persistence and 

function (155, 156) (Figure 3a). Restraining glycolysis after activation generates Tm cells 

with a more quiescent metabolic phenotype (157), which along with lower mitochondrial 

membrane potential and greater mitochondrial fitness are desirable metabolic features for 

long-lived Tm cells with protective capabilities (158, 159). One study showed how this 

effect could be achieved by treating T cells with an Akt inhibitor. Adoptive transfer of these 

T cells in a cancer model promoted TILs with a Tm-like phenotype, including increased 

mitochondrial function and antitumor protection (160). Interference of kinase activities, 

including Akt activity, by ablating the upstream kinase mTORC2 leads to greater Tm cell 

fitness and function that correlate with elevated mitochondrial metabolic activity (17). 

Modulating mitochondrial function by dampening pathways such as those driven by Akt 

may increase the efficacy of therapies based upon adoptive transfer of tumoricidal T cells.

Tm cells promote mitochondrial biogenesis and Cpt1a-dependent FAO, parameters 

associated with spare respiratory capacity (SRC) (161), which is the reserve energy–

generating capacity available in the mitochondria beyond the basal state. In myocytes, 

complex II of the ETC mediates SRC, a process dependent on both glucose and FAO (162). 

Consistent with a link between FAO and SRC, promoting FAO in T cells enhances Tm cell 

generation after infection (155, 161). In concert with the maintenance of significant SRC 

and increased mitochondrial mass, Tm cells engage OXPHOS to generate ATP for their 

differentiation and survival. AMPK signals augment OXPHOS during Tm differentiation 

(60, 155, 163), perhaps by engaging FAO, and also promote mitochondrial clearance 

important for maintaining mitochondrial health in these cells (59). The significant SRC in 

CD8+ Tm cells is important not only for their development and persistence but also for their 

rapid recall ability. Upon restimulation, Tm cells rely on their mitochondria to provide the 

ATP needed for the rapid induction of glycolysis as they differentiate into secondary Te cells 
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(86). These results show that mitochondrial capacity is directly linked to the glycolytic 

function in these cells. It was recently shown that CD4+ Tm cells have increased glycolytic 

reserve evident in response to hypoxia as compared with Tn cells (164). It is possible that 

greater mitochondrial metabolism in CD4+ Tm cells is also linked to their larger glycolytic 

capacity, as is the case for CD8+ Tm cells.

Mitochondrial Dynamics in Memory T Cells

Optic atrophy 1 (Opa1) mediates fusion of the inner mitochondrial membrane and is 

indispensable for the proper maintenance of mitochondrial cristae and the assembly and 

stability of the ETC complexes that increase respiratory efficiency (165). Upon transition to 

the Tm cell phenotype, CD8+ T cells require the expression of Opa1 for fusion of their 

mitochondria into networks in which cristae are tightly associated, thereby promoting 

efficient ETC activity (71). Loss of Opa1 leads to loose cristae and defective CD8+ Tm cell 

generation, whereas CD8+ Te cells treated with drugs that promote fusion adopt a Tm-like 

phenotype. In the absence of Opa1, Te cells remain able to engage FAO in vitro, suggesting 

that although both FAO and mitochondrial fusion regulate Tm cell functionality, they may 

not necessarily be directly connected and instead reflect two independent pathways that are 

important for Tm cell recall (71, 161). Morphological changes in mitochondrial cristae are 

mediated very early during T cell activation (166), and metabolic rewiring occurs before the 

first cell division; however, more research is needed to determine how these early events 

potentially influence later functional output of Te and Tm cells.

Colocalization of the ETC complexes augments OXPHOS by forming supercomplexes 

(165). Shedding further light on how this might affect T cell responses is a recent study 

showing that deletion of MCJ, a protein that interferes with ETC complex organization, 

increases basal mitochondrial respiration in Te cells and promotes cell survival during the 

contraction phase after infection (167). While MCJ deficiency has no effect on the 

differentiation of Tm cells, it does increase cytokine production and protective responses 

upon challenge infection. MCJ-deficient CD8+ T cells have decreased complex II activity, 

which leads to a buildup of succinate. The cause of the succinate accumulation is proposed 

to be the exclusion of complex II from the supercomplex, uncoupling complex II from the 

ETC and allowing direct flow of electrons from complex I to complex III (167). Regardless 

of the precise mechanisms, overall these data demonstrate the importance of efficient 

electron transfer between mitochondrial complexes in Tm cells.

Fatty Acid Metabolism in Memory T Cells

As mentioned, ACC1-mediated generation of malonyl-CoA is the first step in the generation 

of de novo fatty acids. FAS is required for Te cell activation, as it supplies intermediates for 

membrane synthesis as cell growth pathways are engaged (168). CD8+ Te cells also import 

fatty acids for biosynthesis during rapid replication, but CD8+ Tm cells rely on glucose to 

synthesize their fatty acids, which are subsequently broken down by cell-intrinsic lipolysis 

to provide substrates for FAO (72). Why Tm cells engage this futile cycle of building and 

then burning fatty acids is unclear; however, it may be engaged to continuously move 

substrates through these pathways, in order to maintain enzyme expression. If this were the 

case, it would keep the cells primed and ready for rapid recall in the event of pathogen 
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reencounter, the hallmark of functional Tm cells. Supporting the importance of FAS and 

FAO in these cells, Tm cells upregulate expression of aquaporin 9 (AQP9) to enhance 

glycerol import, which is indispensable for triglyceride (TAG) synthesis and storage (169). 

The storage of TAG endows long-lived Tm cells with the capacity to deal with metabolic 

stress, as they could break down TAG, presumably through lipolysis, and use the liberated 

fatty acids to generate ATP via FAO (161, 169). It was recently shown that tissue-resident 

Tm cells in the skin and lung are also FAO dependent, but in contrast to what might be the 

case for central Tm cells in the lymph nodes, skin-resident Tm cells rely on the import of 

extracellular fatty acids for this process (170). Why different populations of Tm cells use 

different pathways to fuel FAO is not yet clear; however, it is possible that substrates 

available in differing tissue environments affect metabolic pathway engagement.

POTENTIAL FOR CLINICAL APPLICATIONS

In the last decade effort has gone into developing clinical therapies based on the ability of 

tumor antigen–specific CD8+ Te cells to kill tumors. Given that TILs can be rendered 

functionally insufficient in the TME by multiple factors, understanding the mechanistic basis 

of this hyporesponsiveness is critical for developing effective approaches (reviewed in 73, 

171, 172) (Figure 4). T cell hyporesponsiveness can be overcome by checkpoint blockade 

antibodies, such as anti-PD-1 and anti-CTLA-4, which have been applied with varying 

success in certain malignancies (83). Checkpoint blockade therapy can reinvigorate Te cells 

present in the TME and is used in combination with many other treatment modalities, such 

as chemotherapy, radiotherapy, and targeted cancer therapies (173). While positive advances 

have been made, there have been reports of adverse effects leading to autoimmune 

pathologies (174).

In a different strategy, patient-derived T cells that express chimeric antigen receptors (CARs) 

engineered to target tumor antigens have proven useful in the treatment of B cell lineage 

leukemia (175). In addition, many phase 1 clinical trials are testing the efficacy of CAR 

therapy in solid malignancies by targeting key oncogenic drivers, such as human epidermal 

growth factor receptor 2 (HER2) and epithelial growth factor receptor (EGFR), which are 

amplified in many cancers (176). Recent studies have shown that the costimulatory domains 

in second- and third-generation CAR alter the metabolic features of the T cells that express 

them, and this can have beneficial long-term consequences for cell persistence and 

functional capacity in vivo (177). A better understanding of metabolic requirements of T 

cells, and how the multitude of costimulatory molecules and surface receptors expressed by 

these cells modulate their metabolism, may lead to new powerful approaches to prevent 

exhaustion and ensure maximal activation in vivo. For example, the costimulatory 4–1BB 

domain included in third-generation CAR constructs leads to reduced PD-1 expression when 

compared to second-generation CAR T cells (178), suggesting that 4–1BB signals enhance 

T cell function through dampened expression of receptors associated with T cell exhaustion.

Studies have hinted that T cell persistence and Tm cell development in vivo are linked to 

restrained activation, characterized by a lower glycolytic phenotype (157). Retraining 

activation is achieved by blocking AKT (179), suggesting that blunting signals that enhance 

glucose uptake or glycolytic flux promotes T cell persistence after adoptive cell transfer 
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(157). Also, cells with decreased oxidative stress after activation mark Tm precursors, and 

these cells display superior antitumor activity (159). The treatment of T cells with 

mitochondrial fusion–promoting drugs also heightened antitumor activity after reinfusion 

into tumor-bearing mice (71). Furthermore, CD28 signals modulate glucose and fatty acid 

metabolism early after activation, coinciding with preservation of mitochondrial cristae 

flexibility and metabolic plasticity, which is crucial for the development of functional Tm 

cells capable of secondary immune responses (89, 166, 180). Taken together, these studies 

suggest that mitochondrial metabolism contributes to the functional capacity of long-lived 

Tm cells and this parameter should be considered as new therapies are developed.

The complex interplay between the specific TME and T cell metabolism was highlighted in 

one study assessing tumors in the lung, a common metastatic site for many cancers that 

contributes significantly to mortality (reviewed in 181). Beyond tumor cell–intrinsic features 

that allowed extravasation in the lung capillaries and survival of tumor cells at this site (181), 

T cell metabolism is altered in this highly oxygenated tissue, resulting in an immune-tolerant 

niche. High oxygen tension leads to prolyl-hydroxylase (PHD)-mediated inactivation of 

Hif-1α, inducing a preferential local differentiation of suppressive Tregs (182). 

Pharmacological interference with PHD activity in an adoptive T cell therapy protocol leads 

to better tumor control in the lung. This therapeutic strategy might be beneficial for the 

generation of CAR T cells when targeting tumors in highly oxygenated tissues.

The development of specific drugs that target metabolic regulators of T cell differentiation 

and function could lead to the generation of valuable therapeutics. Pharmacological 

modulation of single metabolic pathways or metabolites could allow enhanced T cell 

responses against chronic viral infections and cancer. Conversely, debilitating autoimmune 

diseases could be limited by reducing autoreactive T cells by interfering with 

proinflammatory metabolism.

As we have outlined in this review, the number of studies into T cell metabolism in relation 

to function is rapidly growing for a reason. We are coming into an exciting era in which we 

might be able to use the inherent flexibility of T cells and their metabolism to develop 

therapies that could improve the outcome of a wide variety of human pathologies.
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Figure 1. 
Core metabolic pathways for T cell survival, activation, differentiation, and function. 

Glucose is metabolized to pyruvate through the glycolysis pathway, a process controlled by 

many positive and negative factors. Pyruvate is converted to lactate and exported from the 

cell or transported into the mitochondria to feed into the TCA cycle. The TCA cycle reduces 

NAD+ to NADH, which is in turn oxidized by complexes of the electron transport chain. 

The transferred electrons are used to generate a proton gradient across the mitochondrial 

inner membrane. Complex V uses the proton-motive force of this gradient to generate ATP 

in a process called OXPHOS. Glycolysis nets 2 ATP, whereas OXPHOS can yield up to 36 

ATP per molecule of glucose. Other substrates, such as fatty acids, can also feed into the 

TCA cycle. Cpt1a regulates the entrance of long-chain fatty acids into the mitochondria, 

where they are cleaved to generate acetyl-CoA. Abbreviations: AMPK, adenosine 

monophosphate–activated protein kinase; Bcl-6, B cell CLL/lymphoma 6; Hif-1α, hypoxia-

inducible factor 1 alpha; mTORC1, mechanistic target of rapamycin complex 1; PD-1, 

programmed cell death protein 1; ROS, reactive oxygen species; TCA, tricarboxylic acid; 

OXPHOS, oxidative phosphorylation; SRC, spare respiratory capacity.
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Figure 2. 
A variety of factors control Tn cell survival and metabolic pathway engagement after T cell 

activation. After TCR stimulation, mTORC1 and c-Myc promote glucose and amino acid 

uptake by enhancing expression of Glut1 and CD98. Shortly after T cell activation, 

mitochondrial biogenesis is engaged by Pgc1α. Cells also augment acquisition of serine, 

which is metabolized by mitochondrial Shmt2, and upregulated Gclc expression and cystine 

uptake support glutathione synthesis. Glutathione limits the accumulation of ROS from 

complex III, thereby facilitating T cell activation. Calcium import leads to activation of 

NFAT and AMPK, the latter of which might limit mTOR activation to preserve Tm cell 

differentiation potential. During the first division, asymmetric inheritance of the glycolytic 

modulators mTOR and c-Myc leads to differential T cell fate for the two daughter cells. 

Activated AMPK limits ACC1 activity, and increased expression of Pparg leads to 

upregulated fatty acid import, thereby modulating fatty acid metabolism after activation. 

Abbreviations: ACC1, acetyl-CoA carboxylase 1; AICAR, 5-aminoimidazole-4-

carboxamide-1-β-D-ribofuranosyl 5’-monophosphate; AMPK, adenosine monophosphate–

activated protein kinase; FA, fatty acid; FAO, fatty acid oxidation; FAS, fatty acid synthesis; 

Gclc, glutamate-cysteine ligase catalytic subunit; mTORC1, mechanistic target of rapamycin 

complex 1; NFAT, nuclear factor of activated T cells; OXPHOS, oxidative phosphorylation; 

Pgc1a, peroxisome proliferator–activated receptor gamma coactivator 1 alpha; Pparg, 

peroxisome proliferator–activated receptor gamma; ROS, reactive oxygen species; S1P1, 

sphingosine 1-phosphate; Shmt2, serine hypoxymethyltransferase 2; TCA, tricarboxylic acid 

(cycle); TCRT cell receptor; Tm, memory T cell; Tn, naive T cell.
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Figure 3. 
Metabolic phenotypes of CD8+ and CD4+ T cell subsets. This schematic conveys the major 

pathways discussed in this review and is not exhaustive or exclusive of other pathways 

utilized by these T cell subtypes. (a) CD8+ Tn cells (outlined in black) rely on OXPHOS and 

use glucose to generate energy to maintain homeostatic proliferation and survival. Upon 

activation, CD8+ T cells increase OXPHOS and steadily increase their glycolytic rate, even 

before the first cell division. Fully differentiated CD8+ Te cells utilize glycolysis and 

OXPHOS. Tm cells decrease their glycolytic rate, coinciding with the engagement of FAO 

to fuel OXPHOS. Tm cells are endowed with more SRC than Tn cells, which underlies their 

rapid recall capacity upon challenge. (b) Like CD8+ Tn cells, CD4+ Tn cells (no outline) 

rely on OXPHOS and use glucose to generate energy to maintain homeostatic proliferation 

and survival. Upon activation, CD4+ T cells differentiate into diverse subsets with distinct 

roles and metabolic requirements. While all subsets engage glycolysis, Th2 and Th17 cells 

display high levels of glucose uptake. The master transcription factors of the Treg (Foxp3) 

and Tfh (Bcl-6) cell lineages repress glycolytic gene transcription, although depending on 

context Tregs also engage glycolysis. All subsets sustain OXPHOS, albeit at varying levels. 
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Tregs engage FAO for suppressive function, whereas Th17 cells rely on de novo FAS. The 

balance of FAO and FAS contributes to the divergence between Th17 and Tregs. 

Abbreviations: ACC1, acetyl-CoA carboxylase 1; AMPK, adenosine monophosphate–

activated protein kinase; Bcl-6, B-cell CLL/lymphoma 6; FAO, fatty acid oxidation; FAS, 

fatty acid synthesis; Foxp3, forkhead box P3; ICOS, inducible T cell costimulator; 

OXPHOS, oxidative phosphorylation; SRC, spare respiratory capacity; Te, effector T cell; 

Tfh, T follicular helper cell; Th, T helper cell; Tm, memory T cell; Tn, naive T cell; Treg, 

regulatory T cell.

Klein Geltink et al. Page 31

Annu Rev Immunol. Author manuscript; available in PMC 2019 April 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
T cell metabolism during an immune response. Tn cells are activated by mature APCs in 

secondary lymphoid organs (top left) and then proliferate and differentiate into Te cells that 

travel to peripheral tissues and mediate immune responses against pathogens or tumors. 

During an immune response Tregs regulate inflammation to limit tissue damage (top right). 
Upon resolution of an infection or tumor, long-lived CD8+ Tm cells (outlined in black) form 

and remain metabolically quiescent until they reencounter antigen and become reactivated, 

at which time they rapidly reengage glycolysis and promote OXPHOS (top left). Limited 

reliance on glycolysis allows Tregs to persist in the glucose-depleted tumor 

microenvironment, whereby they inhibit antitumor Te cell function. Te cell functions that 

require glycolytic engagement, such as the robust translation of IFN-γ, are also inhibited in 

the tumor microenvironment (bottom right). Cell-intrinsic disruptions to metabolic pathways 

in T cells, and systemic metabolic disease such as obesity, promote inappropriate T cell 

activation and differentiation (bottom left). Loss of suppressive function by Tregs leads to 

greater inflammatory function in CD4+ and CD8+ Te cells (outlined in black). In obesity, 

leptin signals during activation drive glycolysis and Th1/Th17 cells rather than Tregs. 
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Abbreviations: APC, antigen-presenting cell; FAO, fatty acid oxidation; FAS, fatty acid 

synthesis; OXPHOS, oxidative phosphorylation; Te, effector T cell; Th, T helper cell; Tm, 

memory T cell; Tn, naive T cell; Treg, regulatory T cell.
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