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Abstract

Upon encountering pathogens, T cells mount immune responses by proliferating, increasing 

cellular mass and differentiating. These cellular changes impose significant energetic challenges 

on T cells. It was believed that TCR and cytokine-mediated signaling are dominant dictators of T 

cell-mediated immune responses. Recently, it was recognized that T cells utilize metabolic 

transporters and metabolic sensors that allow them to rapidly respond to nutrient-limiting 

inflammatory environments. Metabolic sensors allow T cells to find a balance between energy 

consumption (anabolic metabolism) and production (catabolic metabolism) in order to mount 

effective immune responses. Also, metabolic regulators interact with cytokine-dependent 

transcriptional regulators, suggesting a more integrative and advanced model of T cell activation 

and differentiation. In this review, we will discuss recent discoveries regarding the roles of 

metabolic regulators in effector and memory T cell development and their interaction with 

canonical transcription factors.
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1. Introduction to cellular metabolism and T cells

Cells constantly sense environmental changes and adapt to stress signals. Nutrients are 

essential for controlled cellular proliferation, growth and survival in organisms (Yuan et al., 

2013). Macromolecular nutrients in the cell can be classified into polysaccharides, lipids, 

proteins and nucleic acids that are synthesized from fundamental building blocks: 

carbohydrates, fatty acids, amino acids and nucleotides. Cells can either break down 

(catabolic processes) or synthesize (anabolic processes) these macromolecules into, and 

from, their individual components. Catabolism provides cells adenosine triphosphate (ATP) 

that is critical for cellular proliferation and functions. On the other hand, the anabolic 

processes important for cellular growth require energy and are therefore dependent on high 

intracellular ATP levels.
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Glucose is one of the building blocks that cells heavily rely on to maintain homeostasis. The 

simple sugar is utilized during the process called glycolysis, which generates two molecules 

of ATP leading to the final product of pyruvate. Under oxygen-rich conditions or in resting 

cells, pyruvate can be further processed by the tricarboxylic acid cycle (TCA cycle; also 

known as the Krebs cycle and the citric acid cycle) and oxidative phosphorylation in the 

mitochondria in order to generate maximal levels of ATP (Fig. 1). Catabolism of other 

molecules also provides substrates for the TCA cycle. Fatty acids are converted to acetyl-

CoA (Ac-CoA) through a process called fatty acid oxidation (FAO) in the mitochondria. At 

the same time, amino acids are metabolized into 3-, 4-, and 5-carbon substrates that feed into 

the TCA cycle (Owen et al., 2002).

On the other hand, rapidly proliferating cells utilize glycolysis in spite of oxygen availability 

(Warburg, 1956a). In cancer cells, the majority of ATP is derived from glycolysis without 

full-oxidation of pyruvate to CO2 and H2O through mitochondrial respiratory reaction 

through a process known as aerobic glycolysis (Warburg, 1956b). Rather, pyruvate is 

converted to lactate by lactate dehydrogenase (LDH) in order for cells to regenerate 

nicotinamide adenine dinucleotide (NAD) and continue aerobic glycolysis (Fig. 2). This is 

also called the Warburg effects and has provided significant insight into cellular metabolism 

and function. Meanwhile, proliferating cells need to undergo cellular growth that requires de 

novo synthesis of lipids and DNA. Lipids are synthesized from citrates by ATP citrate lyase 

and this process is critical for the accumulation of the plasma membrane (Hatzivassiliou et 

al., 2005). Glutamine, an amino acid and the most abundant nutrient in the blood, is also key 

for cell growth processes (Karinch et al., 2001; Newsholme, 2001). Intracellular glutamine 

can be converted to α-ketoglutarate (α-KG) during glutaminolysis in order to maintain 

homeostasis of the TCA cycle (DeBerardinis et al., 2008). Its carbon backbone can be also 

converted to lactate during the glutaminolysis process that generates NAD and NAD 

phosphate (NADPH). At the same time, glutamine can be utilized to replenish pyruvates in 

the face of robust aerobic glycolysis rates like those seen in activated T cells (Blagih et al., 

2015).

T-lymphocytes (T cells) have been an ideal system to study the disparate metabolic 

requirements that arise during an immune response because of their distinct developmental 

stages: (1) naïve or resting (2) effector or activated (3) memory T cells (Kaech et al., 2002). 

Naïve T cells are activated in response to antigens interacting with the T-cell receptor (TCR) 

and major-histocompatibility complex (MHC). During the effector phase of T cell 

development, T cells proliferate, grow and differentiate in response to antigens. Activated 

CD4+ helper T cells (Th) can be further divided into four different subsets that produce 

characteristic cytokines and posses highly specialized functions. These include the type-1 

(Th1), type-2 (Th2) and type-17 (Th17) and regulatory T cells (Tregs) (Zhu et al., 2010). 

Activated CD8+ T cells differentiate into cytolytic T cells (CTLs) that secret granzyme B, 

perforin, interferon-γ (IFN-γ), tumor necrosis factor (TNF-α), which are critical for the 

clearance of pathogens (Pearce et al., 2003). After expansion during the primary immune 

responses, T cells undergo a contraction phase mediated by pathways of programmed death 

and only a fraction of the expanded T cell population survives to become memory T cells 

(Kaech and Cui, 2012).
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Recently, it became apparent that the three developmental stages of T cells have differential 

metabolic requirements. Much of our current knowledge in cellular metabolism originated 

from studies utilizing tumor cells, and interestingly, some T cell subsets have metabolic 

regulation analogous to tumor cells. Proliferating and activated CD8+ and CD4+ T cells 

utilize aerobic glycolysis as their energy source (Rathmell et al., 2000). At the same time, 

activated T cells decrease the catabolic process and rather increase fatty acid, nucleic acid 

and amino acid synthesis in order to meet the demands of cellular division. Interestingly, 

naïve, Tregs and memory T cells show higher fatty acid oxidation rates suggesting distinct 

metabolic requirements from activated T cells (Michalek et al., 2011; MacIver et al., 2013; 

O’Sullivan et al., 2014).

2. Nutrient transporters and metabolic regulators

Many macromolecule-transporters and sensors allow T cells to rapidly adapt to extracellular 

environments (Table 1). Metabolic transporters (amino acid and glucose transporters) serve 

as a bridge between the extracellular and intracellular environment, and provide substrates 

for the TCA cycle. Glut1 (gene name: Slc2a1) is a member of the Glut family that transports 

glucose and its expression is induced upon T cell activation (Macintyre et al., 2014; Jacobs 

et al., 2008). Also, T cell activation induces amino acid transporter expression on the 

cellular membrane including a single System L transporter (also known as CD98; a 

heterodimer of Slc7a5/Slc3a2) that preferentially transports large and branched amino acids 

and ASCT2 (also known as Slc1a5) that transports glutamine (Nakaya et al., 2014; Sinclair 

et al., 2013).

In addition, many intracellular regulators serve as sensors for the energy and metabolic 

status of T cells (Table 1). Intra-cellular regulators modulate the expression of 

aforementioned nutrient transporters and many enzymes that are essential for catabolic and 

anabolic metabolism. Expression of intracellular regulators is induced upon T cell activation 

by both TCR signaling and CD28-mediated costimulation, and can be classified into 

metabolic kinases and transcriptional regulators (Fig. 3). Kinases include 

phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), AMP-activated protein kinase 

(AMPK), and mammalian target of rapamycin (mTOR). Together with TCR and co-

stimulation, these metabolic kinases regulate the expression and activity of transcriptional 

regulators including myelocytomatosis oncogene (Myc), and hypoxia-inducible factor-1α 

(HIF-1α). At the same time, the expression of transcriptional regulators that maintain T cell 

quiescence decreases upon T cell activation (Fig. 3). In this review, we will describe how 

these different transporters and intracellular regulators interact and regulate quiescence, 

activation and immunological memory in T lymphocytes.

3. Naïve T cells – quiescence and homeostasis

Naïve T cells are those that have yet to encounter their cognate antigens, and their 

quiescence is maintained by many environmental signals (Hamilton and Jameson, 2012). 

Quiescence is defined in terms of cellular growth, proliferation and death. Naïve T cells are 

relatively small in size, and they are arrested at the G0 stage of the cell cycle. They maintain 

their survival through TCR-and interleukin-7 (IL-7)-triggered signaling (Marrack and 
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Kappler, 2004). It appears that quiescence is an active process regulated by transcriptional 

regulators in T cells because TCR signaling inhibits expression of many genes (Yusuf and 

Fruman, 2003).

Members of the forkhead box (FOX) family of transcription factors are found to be critical 

to prevent T cell activation and differentiation (Ouyang et al., 2009; Freitas and Rocha, 

2009). In naïve T cells, FoxO transcription factors are active and localized in the nucleus, 

but their function can be inhibited by activation-induced metabolic regulators. Upon 

activation, PI3K-dependent Akt signaling inhibits and retains FoxO in the cytoplasm, 

negating their activity as transcriptional regulators. Among different members of FoxO 

transcription factors, FoxO1 is critical to maintain homeostasis of naïve T cells. Foxo1 

knock-out (KO) mice display enhanced T cell activation (as evidenced by high CD44 and 

low CD62L expression). Impaired homeostatic control in Foxo1 KO mice was due to 

decreased IL-7 receptor (IL-7R) expression on both CD4+ and CD8+ T cells (Ouyang et al., 

2009; Kerdiles et al., 2009). Similarly, T cells deficient in FoxO3a, another member of the 

FoxO transcript factor family, are prone to spontaneous activation due to increased 

activation of nuclear factor of κB (NF-κB), and Foxo3a KO mice have autoimmune 

phenotypes (Lin et al., 2004).

Foxp1 deficiency in mice also leads to activated phenotype of thymocytes and decreased 

accumulation of peripheral CD4+ and CD8+ T cells (Feng et al., 2010). In order to exclude 

developmental effects of Foxp1 on T cell quiescence, another study utilized inducible Foxp1 

deletion in mature T cells and found that Foxp1 KO T cells are hyperproliferative in 

response to IL-7 in vitro (Feng et al., 2011). Interestingly, Foxp1 deficiency in T cells leads 

to enhanced IL-7R expression in contrast to Foxo1 deficiency. Further analysis in the same 

study suggests that Foxp1 antagonizes Foxo1 binding to IL-7R regulatory regions.

The Krupple-like factor (KLF) transcription factor family includes 15 mammalian members 

that contain zinc-finger domains. Particularly, KLF2 (also known as LKLF) is expressed in 

the lungs and the spleen (Anderson et al., 1995). In T cells, KLF2 expression is upregulated 

after positive selection in the thymus and its expression is maintained in naïve T cells, but 

downregulated after T cell activation (Kuo et al., 1997; Schober et al., 1999). Correlative to 

their expression patterns, KLF2 is known to maintain quiescence and activation of naïve T 

cells. Exogenous expression of KLF2 is sufficient to arrest T cell proliferation and growth 

by inhibiting c-myc, a gene that promotes glycolysis and activation in T cells (Buckley et al., 

2001). Nevertheless, KLF2 may not be required for maintenance of quiescence per se as 

KLF2 deficiency in T cells does not lead to spontaneous activation (Carlson et al., 2006). 

Although its exact mechanism is still not clear, phenotypic analysis of KLF2 deficiency in T 

cells is consistent across multiple studies. KLF2 KO mice have higher accumulation of 

naive CD4+ and CD8+ T cells in the thymus, but their peripheral migration is significantly 

impaired (Carlson et al., 2006; Sebzda et al., 2008). KLF2 regulates various surface 

receptors in naïve T cells, particularly chemokine receptors that affect T cell migration 

(Haaland et al., 2005). Naive T cells from KLF2 deficient mice express lower levels of 

CD62L, CCR7 and β7-integrin that are critical for migration to secondary lymphoid organs 

(Carlson et al., 2006). At the same time, these naïve T cells also express higher levels of 
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inflammatory chemokine receptors including CCR3 and CCR5 that divert naïve T cells to 

non-lymphoid peripheral organs (Sebzda et al., 2008).

Tuberous sclerosis complex (TSC) also regulates quiescence in naïve T cells but its 

mechanism is quite distinct from KLF and Fox proteins. Tsc1 deficient mice have normal 

accumulation of CD4+ and CD8+ thymocytes, but their accumulation in the peripheral 

lymphoid organs is significantly lower than WT littermates (Yang et al., 2011). This defect 

was attributed to increased cell-intrinsic apoptotic pathways dependent on Caspase activity 

and Bcl-2 expression. This survival defect in Tsc1 KO T cells is also due to higher levels of 

reactive oxygen species (ROS) that are toxic to T cells in spite of lower mitochondria 

contents in Tsc1 KO T cells in comparison to WT T cells (O’Brien et al., 2011). 

Interestingly, enhanced cellular apoptosis resulting from Tsc1 deficiency was insensitive to 

rapamycin treatment suggesting that it is independent of mTOR activity (O’Brien et al., 

2011; Wu et al., 2011).

Transducer of ErbB-2 (Tob) is a member of the Tob and BTG anti-proliferative protein 

family that has been isolated from various cell lines (Rouault et al., 1992; Matsuda et al., 

1996). Members of the Tob family transcription factors include Tob1 and Tob2 that share 

amino acid sequence homology (Ikematsu et al., 1999). Only Tob1 is highly expressed on 

resting human T cells in circulation, and it is rapidly degraded by activation (Tzachanis et 

al., 2001). The same study also found that introduction of ectopic Tob expression in CD4+ T 

cells decreases their proliferation and their effector T cell function upon activation. 

Collectively, these data support the idea that the down-regulation of quiescence mediators is 

critical for optimal T cell activation. Nevertheless, genetic deletion of a single mediator is 

often not sufficient to trigger autoimmune phenotypes and these mediators may play 

redundant roles in order to prevent uncontrolled immune responses.

4. Effector T cells – aerobic glycolysis and fatty acid synthesis

4.1. Nutrient transporters

Activated T cells undergo proliferation, growth and differentiation into effector T cells. This 

cellular change is accompanied by altered global gene expression profiles (Best et al., 2013). 

TCR and CD28-dependent co-stimulation suppress aforementioned “quiescent” genes, and 

at the same time, induce “activation” genes to meet the increased metabolic demands of 

activated T cells (Teague et al., 1999). In order to maintain aerobic glycolysis, T cells must 

replenish their intracellular glucose by up-regulating glucose transporter expression. The 

GLUT transporter family includes 14 different members (GLUT1-14) with various substrate 

specificities (Mueckler and Thorens, 2013). Resting human peripheral blood T cells express 

GLUT2 and GLUT3, while mitogenic stimulation predominantly induces GLUT1 

expression (Chakrabarti et al., 1994). Subsequently, it was found that CD28-dependentt 

PI3K/Akt signaling induces GLUT1 expression and increases glucose influx into the 

cytoplasm of T cells (Frauwirth et al., 2002). Further supporting the importance of glucose 

influx during activation, murine T cells deficient in GLUT1 failed to proliferate, grow and 

survive during activation (Macintyre et al., 2014).
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At the same time, amino acids are important components of T cell activation (Carr et al., 

2010), and TCR signaling induces amino acid transporter expression and localization on to 

the membrane (Nakaya et al., 2014; Sinclair et al., 2013). Slc7a5 is a subunit of 

heterodimeric System L amino-acid transporters that regulate transport of large and 

branched neutral amino acids such as leucine and phenylalanine. Slc7a5 is highly 

upregulated on antigen-specific murine CD8+ T cells during in vitro activation and in vivo 

Listeria monocytogenes (L. monocytogenes) infection (Sinclair et al., 2013). Slc7a5 deficient 

murine CD4+ and CD8+ T cells failed to proliferate, grow and differentiate into effector T 

cells. In contrast to Slc7a5, ASCT2 (Slc1a5) that preferentially transports glutamine is 

dispensable for T cell proliferation, but is critical for T cell differentiation and effector 

function (Nakaya et al., 2014). Slc1a5 KO CD4+ T cells fail to differentiate into Th1 and 

Th17 cells in vitro and Slc1a5 KO mice develop less severe paralysis in the experimental 

autoimmune encephalomyelitis (EAE) model These data suggest that different amino acid 

transporters have distinct regulatory effects on T cell activation.

4.2. Metabolic sensors

TCR signaling and CD28-dependent co-stimulation also lead to the activation of the mTOR 

pathway through PI3K/Akt (Chi, 2012). mTOR is a serine/threonine kinase that promotes 

aerobic glycolysis and anabolic metabolism for T cell activation. mTOR senses glucose and 

amino acid availability in the cells (Nicklin et al., 2009), increases the surface expression of 

the appropriate transporters (Edinger and Thompson, 2002), and enhances protein 

translation by phosphorylating the eukaryotic initiation factor 4E (eIF4E)-binding protein-1 

(4E-BP1) and the p70 ribosomal S6 kinase 1 (S6K1) (Ma and Blenis, 2009). mTOR can 

form two complexes, mTOR-complex1 (mTORC1) and mTOR-complex2 (mTORC2) 

(Laplante and Sabatini, 2009). mTORC1 contains regulatory associated protein of mTOR 

(Raptor) and its activity is inhibited by rapamycin. mTORC2 contains rapamycin-insensitive 

companion of mTOR (Rictor), and, not surprisingly, its activity is insensitive to rapamycin 

except when exposure to drug is prolonged (Powell and Delgoffe, 2010). mTORC1 activity 

is regulated by a heterodimer of TSC1 and TSC2, a GTPase-activating protein, and 

PI3K/Akt mediates its phosphorylation releases RAS homolog enriched in brain (Rheb) that 

activates mTORC1 activity (Zoncu et al., 2011). In contrast, relatively little is known about 

the upstream mediator of mTORC2 activity.

In order to study the role of the mTOR pathway on T cell development, various genetic 

mouse models have been utilized. Rheb KO CD4+ T cells have decreased mTORC1 activity 

and fail to differentiate into Th1/Th17 cells in vitro and in vivo (Delgoffe et al., 2011; 

Kurebayashi et al., 2012). On the other hand, Rictor KO CD4+ T cells that are deficient of 

mTORC2 activity fail to differentiate into Th2 cells in vitro and in vivo (Delgoffe et al., 

2011). Interestingly, T cells deficient in mTOR (impaired mTORC1 and mTORC2 activity) 

failed to differentiate into all effector CD4+ T cells. Nevertheless, the selective effects of 

mTORC1 or mTORC2 on effector CD4+ T cell development are not clear. Others have 

shown that Rptor KO CD4+ T cells have defective Th2 development in association with 

decreased glycolysis and lipid synthesis (Yang et al., 2013). Such discrepancy was due to 

differential requirements of Raptor and Rheb for mTORC1 activation. Raptor deficiency 

inhibits mTORC1 activity for longer duration than Rheb deficiency in CD4+ T cells. Also, 
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another study found that Rictor regulates the development of Th1 cells through Akt in 

addition to Th2 through PKCθ, as Rictor KO CD4+ T cells fail to develop Th1 and Th2 cells 

(Lee et al., 2010). Alternatively, serum- and glucocorticoid-regulated kinase 1 (SGK1), 

another downstream molecule of mTORC2, regulates Th1 and Th2 development as well 

(Heikamp et al., 2014). Sgk1 KO CD4+ T cells preferentially develop into Th1 cells even 

under Th2 polarizing conditions representing a mechanism distinct from Akt or PKCθ.

mTOR activation also promotes effector CD8+ T cell development (Araki et al., 2009; 

Pollizzi et al., 2015; Rao et al., 2010). Utilizing Tsc2 KO mice that show enhanced 

mTORC1 activity, another study found that mTORC1 promotes effector CD8+ T cell 

development in association with high glycolysis during vaccinia infection (Pollizzi et al., 

2015). The data are not necessarily consistent with impaired anti-bacterial effector T cell 

responses in Tsc1 KO mice (Yang et al., 2011). Although Tsc1 and Tsc2 are known to form 

heterodimers and deficiency of either factor leads to enhanced mTOR activity, Tsc1 and 

Tsc2 may have differential downstream effects. Alternatively, anti-bacterial and anti-viral 

immune responses may have differential requirements of Tsc1 and Tsc2. At a molecular 

level, mTOR promotes T-box transcription factor (T-bet) and Blimp1 that drive 

transcriptional profiles of effector CD8+ T cells (Rao et al., 2010). Collectively, these 

observations support the role of mTOR as a glycolytic switch critical for the development of 

both effector CD4+ and CD8+ T cells.

Another serine/threonine kinase that is induced by T cell activation is adenosine 

monophosphate (AMP) activated protein kinase (AMPK) (Andris and Leo, 2015). AMPK 

consists of three subunits: a catalytic α-subunit, a regulatory β-subunit and an AMP-binding 

γ-subunit (Mihaylova and Shaw, 2011). AMPK expression is induced by TCR signaling and 

intracellular Ca2+ influx in T cells (Tamas et al., 2006). AMPK is further activated by the 

high intracellular ratio of AMP and adenosine triphosphate (ATP), and in general, its role 

can be classified as a promoter of catabolic metabolism in order to restore ATP production 

in cells. Thus, AMPK can be considered as an antagonist of mTOR activity that promotes 

aerobic glycolysis and anabolic metabolism. AMPK induces the expression of carnitine 

palmitoyl transferase I (CPT I), a rate-limiting enzyme in FAO, and thus increases FAO 

(O’Neill et al., 2014; Faubert et al., 2013). In contrast, PI3K-dependent mTOR signaling 

inhibits CPT I expression and FAO, while enhancing aerobic glycolysis (Deberardinis et al., 

2006). Furthermore, AMPK and mTOR can directly antagonize each other’s activity (Blagih 

et al., 2015; MacIver et al., 2011).

Reciprocal inhibition between AMPK and mTOR suggests that AMPK deficiency during T 

cell activation should enhance effector T cell development. Some studies have found that 

AMPKα1-deficient mice develop more severe paralysis compared to WT littermates in EAE 

with elevated Th1 responses in vivo (Nath et al., 2009a). Similarly, AMPKα1-deficient 

CD8+ T cells have enhanced secretion of IFN-γ in vitro without significant effects on 

proliferation (MacIver et al., 2011). Nevertheless, other studies are not consistent with this 

hypothesis. AMPK1α deficiency in CD8+ T cells did not affect proliferation and primary 

CTL responses against L. monocytogenes infection (Rolf et al., 2013). Rather, the most 

recent study found that AMPK1α-deficiency inhibits cellular proliferation and effector 

cytokine secretion of murine CD4+ and CD8+ T cells only under glucose-limiting 
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conditions in vitro (Blagih et al., 2015). In the same study, in vivo analysis showed intact 

development of effector CD4+ and CD8+ T cells, but decreased total number of Th1/Th17 

and INF-γ+ CD8+ T cells in response to influenza virus and L. monocytogenes infection. It 

is plausible that physiological glucose levels can affect differential phenotypes by 

AMPKα1-deficient mice. Alternatively, the effect of AMPKα1 is solely due to cellular 

survival given the in vivo change of absolute numbers of effector T cells (Blagih et al., 

2015).

4.3. Metabolic transcription factors

The role of the MYC family transcription factor as a glucose metabolic regulator has been 

implicated in rapidly proliferating tumor cells (Dang and Semenza, 1999). The MYC family 

consists of L-MYC, N-MYC and c-MYC, and they form heterodimers with a helix–loop–

helix leucine zipper domain containing protein, Max. Myc-Max heterodimers bind to DNA 

regulatory elements and regulate gene expression involved in cellular growth and 

proliferation including p27, a cyclin-dependent kinase (CDK) inhibitor (Dang et al., 1999). 

Myc is an immediate early gene induced by mitogenic stimulation in various cells including 

T cells, and c-Myc is predominantly expressed in T cells (Douglas et al., 2001; Kelly et al., 

1983). C-myc KO mice are embryonic lethal, supporting this molecule’s critical role in 

cellular development, and conditional deletion of c-myc in T cells greatly enhanced our 

understanding of its role in T cells. C-myc KO CD4+ and CD8+ T cells manifest impaired 

cellular proliferation and growth both in vitro and in vivo (Wang et al., 2011). In addition to 

proliferation, the metabolic analysis of c-myc KO CD4+ and CD8+ T cells further revealed 

significantly impaired glycolysis and glucose influx (i.e. Glut1 expression) with relatively 

intact FAO. Also, MYC regulates amino acid influx (i.e. Slc7a5 and Slc1a5 expression) and 

glutaminolysis suggesting its critical roles in T cell activation-dependent metabolic 

regulation.

Although Myc expression is required for initial metabolic switch to aerobic glycolysis 

during T cell activation, Myc expression is transient and decreases after activation. 

Additional transcription factors have been found to sustain aerobic glycolysis after Myc 

expression decreases, but these are not required for initial metabolic switch. AP4 is induced 

by Myc and sustains effector T cell development (Chou et al., 2014). AP4 expression is 

maintained highly after Myc expression diminishes and AP4 shares many target genes with 

Myc that regulate aerobic glycolysis in CD8+ T cells. Accordingly, AP4 deficiency in T 

cells leads to failed clearance of acute viral infection. Interferon regulatory factor-4 (IRF4) 

is another transcription factor induced by high-affinity TCR signaling and is required for T 

cell effector development (Man et al., 2013). Similar to AP4, IRF4 expression is not 

required during the early phase of T cell activation and proliferation, and rather IRF4 

deficiency in T cells failed to sustain aerobic glycolysis in later phase. In addition to 

metabolic regulation, IRF4 also inhibits cell cycle inhibitors and Bim expression further 

promoting effector T cell proliferation and survival (Yao et al., 2013). IRF4 KO T cells have 

comparable expression of Myc to WT T cells. This suggests that IRF4 may regulate effector 

T cell development independently of Myc, but it is also plausible that IRF4 is a downstream 

target of Myc. Given the similar phenotype of AP4- and IRF4-deficient T cells, further 
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analysis of IRF4 expression kinetics will be of interest in relation to AP4 during T cell 

activation.

Hypoxia-inducible factor-1 (HIF1) is another transcription factor that regulates glycolytic 

enzyme expression (Kaelin, 2005). HIF1 is a heterodimeric transcription factor composed of 

α- and β-subunits (HIF1α and HIF1β), and HIF-1α expression is induced upon TCR 

activation together with MYC. Under normoxic conditions, HIF-1 is rapidly degraded 

following hydroxylation and subsequent von Hippel-Lindau (VHL) tumor suppressor-

mediated ubiquitin ligase action. In contrast, HIF1 is stabilized under hypoxic conditions 

(Semenza, 2000). Similar to IRF4 and AP4, HIF-1 appears to be dispensable for T cell 

proliferation as Hif-1α KO T cells show comparable proliferation to wild-type (WT) T cells 

(Wang et al., 2011; Finlay et al., 2012). Rather, HIF-1 regulates differentiation and effector 

function of CD4+ and CD8+ T cells (Doedens et al., 2013; Lukashev et al., 2006). In CD4+ 

T cells, HIF-1α reciprocally regulates Th17 and Treg development (Pan et al., 2012). HIF1α 

expression is highly sustained in the Th17 subset, even in the presence of oxygen, through 

IL-6-mediated signal transducer and activator of transcription 3 (STAT3) (Dang et al., 

2011). Hif-1α KO CD4+ T cells are defective in Th17 differentiation but are more prone to 

differentiate into Treg cells in vitro (Dang et al., 2011; Shi et al., 2011). Downstream, 

HIF-1αdirectly regulates retinoic acid related orphan receptor (RORγt) expression, a 

transcription factor critical for Th17 development. At the same time, it inhibits forkhead box 

P3 (Foxp3) expression by promoting post-translational modification (ubiquitination) of the 

Treg master regulator (Dang et al., 2011). Accordingly, Hif-1α KO mice have ameliorated 

paralysis during EAE in vivo with lower central nervous system infiltration of Th17 cells 

and a more prominent population of Foxp3+ T cells. Besides developmental effects, another 

study found that HIF-1α may actually contribute to the suppressive capacity of Tregs in vivo 

as HIF-1α-deficient Tregs were less effective than their WT counterparts at preventing T-

cell transfer mediated colitis in mice (Clambey et al., 2012).

HIF-1αalso regulates effector CD8+ T cell development although its effects are not 

completely clear. One study found that stabilized HIF1 activity enhances the maintenance of 

CTL responses (Doedens et al., 2013). Accordingly, Vhl KO mice that have enhanced 

HIF-1α expression can better control murine B16-melanoma growth and lymphocytic 

choriomeningitis virus (LCMV) infection. Consistent with this finding, Vhl KO CD8+ T 

cells have enhanced expression of granzyme B and effector cytokines including IFN-γ and 

TNF-α. In contrast, another study utilizing HIF-1α deficient mice found that Hif-1α KO 

CD8+ T cells show increased expression of proinflammatory cytokines, and Hif-1α KO 

mice are more resistant to bacterial sepsis than WT littermates (Thiel et al., 2007). Our 

group also observed that HIF-1α KO mice better control B16 tumor growth and mount more 

robust anti-tumor immune responses (unpublished data). Given that VHL is known to target 

various genes in addition to HIF-1, VHL deficiency may represent more than hypoxic 

conditions or enhanced HIF-1 activity alone and this may explain the discrepancies in the 

conclusions of these studies (Maina et al., 2005).

In addition to aerobic glycolysis, de novo lipid synthesis is critical for the development of 

effector T cells (Chen et al., 1975; Bensinger et al., 2008). Sterol regulatory element-binding 

proteins (SREBPs) regulate fatty acid and cholesterol synthesis in cells (Horton et al., 2002). 
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Genetic deletion of SCAP, a molecule that is associated with SREBP and regulates its 

activity in CD8+ T cells, leads to significantly impaired growth and proliferation of T cells 

upon activation (Kidani et al., 2013). As a result, Scap KO mice could not develop effector 

CD8+ T cell responses during acute LCMV infection. One of the many enzymes that are 

under the control of SREBP includes acetyl-CoA carboxylase 1 (ACC1), a key enzyme in 

fatty acid synthesis. ACC1 deficiency in CD8+ T cells did not alter proliferation nor effector 

function of CD8+ and CD4+ T cells (Lee et al., 2014). Instead, the frequency of effector 

CD8+ T cells in Acc1 KO mice was significantly lower than that in WT mice, suggesting 

Acc1 maintains effector T cell survival. Thus, ACC1 appears to act as a metabolic 

checkpoint rather than direct regulator of proliferation and growth.

Each metabolic regulator appears to have distinct effects on T cell activation. HIF-1α and 

mTOR have more specific effects, while c-Myc and AMPK have more global effects on 

proliferation, survival and development. These differential effects attest to interaction 

among metabolic sensors and transcription factors. For example, SREBP, c-Myc and 

HIF-1α are under direct control of mTOR suggesting that mTOR regulates effector T cell 

development through these transcription factors (Wang et al., 2011; Finlay et al., 2012; 

Duvel et al., 2010). Also, HIF-1α expression is under direct control by IRF4 and in turn, 

IRF4 activity depends on mTOR (Man et al., 2013; Yao et al., 2013). Thus, direct 

hierarchical relationships among metabolic sensors and transcription factors remain to be 

established.

5. Tregs and memory T cells – fatty acid oxidation

Although Tregs and memory T cells are distinct subsets, they share common metabolic 

requirements: FAO (Michalek et al., 2011; Pearce et al., 2009). Tregs belong to the subset of 

effector CD4+ T cells that are critical to maintain homeostasis and tolerance in host 

organisms (Rudensky, 2011). Treg development also requires TCR and co-stimulation as 

other effector CD4+ T cells, yet Tregs predominantly utilize catabolic FAO rather than 

aerobic glycolysis in order to maintain their survival (Michalek et al., 2011). Thus, the 

promotion of FAO and inhibition of aerobic glycolysis often leads to Treg development. For 

example, inhibition of mTOR signaling by genetic deletion or small molecule inhibitor in 

CD4+ T cells during activation results in Treg development in association with increased 

FAO and decreased aerobic glycolysis (Delgoffe et al., 2011). Also, ACC1 deficient CD4+ 

T cells have enhanced activity of AMPK that correlates with increased FAO and strongly 

favors Treg development (Berod et al., 2014).

The development of memory T cells is closely related to effector T cells as T cells undergo 

activation, clonal expansion followed by contraction after exposure to pathogens (Kaech and 

Cui, 2012). Memory CD8+ T cells can rapidly mount effector responses upon secondary 

infection, and their metabolic requirements are distinct from effector CD8+ T cells. Memory 

T cells have higher spare respiratory capacity (SRC) than effector T cells (van der Windt et 

al., 2012, 2013) and SRC is critical for the survival of diverse cells under energetic stress 

(Nicholls, 2009). Higher SRC in memory T cells was due to greater mitochondrial mass and 

enhanced expression of regulatory key enzymes in FAO (van der Windt et al., 2012).
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Many metabolic sensors and transcription factors that modulate glycolysis also regulate 

FAO and thus the development of memory T cells. The first line of evidence that FAO is 

required for memory T cell development comes from microarray analysis in Traf6 KO mice 

(Pearce et al., 2009). Although it is not clear how Traf6 directly modulates FAO, Traf6 

deficiency in CD8+ T cells show impaired fatty acid metabolism in comparison to WT 

CD8+ T cells. One downstream effect of Traf6 deficiency was decreased AMPK activity, 

and impaired fatty acid metabolism in Traf6 KO CD8+ T cells could be restored by AMPK 

agonist treatment. Further supporting the role of AMPK in memory T cell development, 

AMPKα1-deficient CD8+ T cells have impaired memory responses during secondary 

infection by L. monocytogenes, suggesting that AMPKα1 is critical for CD8+ T cells to 

switch anabolic effector to catabolic memory responses (Rolf et al., 2013).

mTOR activation in T cells promotes aerobic glycolysis and inhibits FAO that are essential 

for effector T cell development. Thus, inhibition of mTOR activity promotes catabolic FAO 

and thus memory T cell development (Araki et al., 2009; Pollizzi et al., 2015; Rao et al., 

2010). Accordingly, rapamycin treatment in T cells enhanced memory CD8+ T cell 

development (Araki et al., 2009; Rao et al., 2010). Because rapamycin can inhibit both 

mTORC1 and mTORC2, further genetic analysis characterizes the role of specific mTOR 

complex on memory T cell development. Thus far, the data suggest that either complex can 

non-redundantly inhibit memory T cell development. RNAi-mediated knock-down of 

Raptor in CD8+ T cells generated enhanced memory T cell development (Araki et al., 

2009). Conversely, Tsc1 KO CD8+ T cells that have enhanced mTORC1 activity show 

decreased memory T cell responses during L. monocytogenes infection (Shrestha et al., 

2014). mTORC2 also plays a role as Rictor KO mice have enhanced memory T cell 

development in association with increased FAO (Pollizzi et al., 2015). Collectively, these 

observations suggest that the Tsc-mTOR pathway inhibits catabolic metabolism during 

memory T cell development. In addition to its metabolic regulation, mTOR regulates the 

expression of eomesodermin (Eomes), a transcription factor that is critical for the 

development of memory CD8+ T cells (Rao et al., 2010). Whether ACC1 or AMPK directly 

affects the expression Eomes and other transcriptional regulators involved in memory T 

cells remains to be explored.

6. Therapeutic perspectives

Many studies provide compelling evidence that metabolic regulators can modulate effector 

and memory T cell development in response to various pathogens. Furthermore, it has been 

proposed that different stages of memory T cells provide better protective immunity than 

terminal effector T cells against viral infection and tumor (Gattinoni et al., 2005; Klebanoff 

et al., 2005). Thus, many recent studies have focused on identifying small-molecule 

inhibitors that target metabolic regulators and presented therapeutically promising results. 

Several synthetic analogs have been discovered to effectively inhibit aerobic glycolysis and 

amino acid transport. 2-Deoxyglucose (2-DG) is a glucose analog and competitive inhibitor 

of hexokinase-2. 2-DG can enhance memory T cell development and anti-tumor immunity 

(Sukumar et al., 2013). Also, 2-DG treatment can enhance murine Treg development while 

inhibiting Th17 development in vitro, and 2-DG-conditioned Th17 cells were less capable of 

inducing EAE in mice after adoptive transfer (Shi et al., 2011). Other transport inhibitors 
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include 2-aminobicylo-(2,2,1)-heptane-2-carboxylic acid (BCH) and brasilicardin A that 

inhibit System L amino-acid transporters (Usui et al., 2006; Zheng et al., 2009). These 

compounds are known immunosuppressants and inhibitors of T cell proliferation, yet its 

efficacy in autoimmune diseases or organ transplants remains to be investigated.

Similarly, rapamycin appears to be effective in treatment of autoimmune diseases and 

increasing vaccine responses. Rapamycin was discovered as a potent immunosuppressant 

that was effective in organ transplants (Augustine et al., 2007), and mTORC1 is its major 

target of inhibition. Recently, it was found that long-term rapamycin exposure of cells can 

also inhibit mTORC2 activity that has been considered to be resistant (Sarbassov et al., 

2006). Supporting the critical role of mTOR in effector CD4+ T cell development, oral 

administration of rapamycin ameliorates pathogenesis of murine systemic lupus 

erythematosus (SLE) in vivo (Warner et al., 1994). Rapamycin can also reduce disease 

severity in SLE patients (Fernandez et al., 2006). Alternatively, rapamycin and its 

derivatives, so-called “rapalogues”, have been tested for efficacy in vaccine development in 

many pre-clinical disease models. Sirolimus, one of the rapalogues, can enhance memory 

CD8+ T cell responses in vaccinia vaccination in non-human primates (Turner et al., 2011). 

Short-term, high-dose rapamycin inhibiting mTOR activity and glycolysis can enhance 

vaccine-induced anti-tumor immune responses as well (Li et al., 2012). In order to further 

overcome the non-specific effects of rapamycin, another study utilized an aptamer 

conjugated RNAi approach to knockdown mTORC1. This led to more effective control of 

tumor growth in vivo (Berezhnoy et al., 2014).

Pharmacological activators of AMPK include N,N-dimethylbiguanide (metformin) and 5-

aminoimidazole-4-carboxamide-ribonucleoside (AICAR) that act as 5′ AMP analog (Sajan 

et al., 2010). Metformin belongs to the biguanide class of anti-diabetic drugs that also 

include phenformin and buformin and has been an effective regimen for type-2 diabetes 

(Foretz et al., 2014). Both metformin and AICAR can suppress T cell activation and IL-2 

secretion (Zheng et al., 2009; Jhun et al., 2005), and decrease murine CD8+ T cell effector 

function in vitro and in vivo (Blagih et al., 2015). Consistent with such observation, 

administration of metformin and AICAR in mice during EAE reduced disease severity with 

decreased inflammatory cytokine expression of CD4+ T cells (Nath et al., 2005, 2009b). 

Instead, metformin treatment during L. monocytogenes infection strongly enhanced memory 

CD8+ T cell development in mice (Pearce et al., 2009). Although not consistent with the 

role of AMPK, others have found that metformin can enhance CD8+ T cell effector function 

and anti-tumor immunity (Eikawa et al., 2015).

Several synthetic compounds have been also discovered to inhibit Myc and HIF-1 activity. 

10058-F4 is a small molecule inhibitor that inhibits heterodimerization between Myc and 

Max and their transcriptional activity in tumor cells (Yin et al., 2003). 10058-F4 can also 

inhibit Th1 and Th17 development in vitro and 10058-F4 treated mice were resistant to EAE 

development in vivo (Bandukwala et al., 2012). Digoxin and other cardiac glycosides can 

inhibit HIF-1α expression and its target genes (Zhang et al., 2008). Digoxin treatment can 

inhibit Th17 development in vitro and ameliorate pathogenesis during EAE in mice (Huh et 

al., 2011). Although digoxin also inhibits ROR-γt activity, digoxin-mediated inhibition of 

HIF-1α and glycolysis can contribute to its regulation of Th17 development as well. Overall, 

Park and Pan Page 12

Mol Immunol. Author manuscript; available in PMC 2016 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the effects of these synthetic analogs on effector and memory T cell development are similar 

to those observed in genetic mouse models. This fact greatly strengthens the idea of 

metabolic regulation in effector versus memory T cell fate decisions.

7. Concluding remarks

T cell-mediated immune responses are tightly coordinated and involve cellular proliferation, 

growth, and differentiation. The metabolic regulators that are described in this review 

control different aspects of T cell activation. Some of them appear to selectively affect T cell 

differentiation without significant effects on proliferation, while others affect proliferation 

and growth. It is intuitive that T cells incapable of proliferation and growth cannot further 

support their differentiation, and thus in this perspective, some are more potent targets for T 

cell activation and are ideal candidates in organ transplants or graft-versus host diseases. At 

the same time, their selective effects provide more targeted therapeutic approaches such as 

vaccine development. Furthermore, we have begun to understand cross-talk among 

metabolic regulators as well as their interaction with conventional transcription factors 

during T cell development in addition to metabolic changes. Thus, our increasing knowledge 

on metabolic requirements for T cell activation demands a more integrated and 

comprehensive model of T cell-mediated immune responses.
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Fig. 1. 
Catabolic metabolism in memory/regulatory T cells. Memory and regulatory T cells prefer 

catabolic metabolism that maximizes ATP production of the cells. Glucose will be converted 

to pyruvate through glycolysis resulting in 2 ATPs, and pyruvate is further converted to Ac-

CoA that is used as a substrate to generate citrate in the TCA cycle. The TCA cycle is a 

series of circular enzymatic reaction that converts citrate to OAA generating NADH and 

FADH2. Substrates for the TCA cycle are provided by both fatty acid oxidation and 

glutaminolysis. Ac-CoA is generated by fatty acid oxidation of cholestrol and triglycerides. 

Glutaminolysis generates various 3-, 4-, 5-carbon substrates that replenish the levels of α-

KG, malate and OAA. NADH and FADH2 pass through the electron transport chain and 

generate total of 34 ATPs. Abbreviations: amino acids (AAs), fatty acid oxidation (FAO), 

acetyl coenzyme A (Ac-CoA), oxaloacetate (OAA), α-ketogluterate (α-KG), flavin adenine 

dinucleo-tide (FAD), nicotinamide adenine dinucleotide (NAD), adenosine triphosphate 

(ATP), tricarboxylic acid cycle (TCA cycle).
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Fig. 2. 
Anabolic metabolism in effector T cells. Effector T cells maintain anabolic metabolism in 

order to prepare for proliferation and growth. Thus, effector T cells maintain their energy by 

aerobic glycolysis, and pyruvate is constantly converted to lactate by LDH in order to 

regenerate NAD and sustain aerobic glycolysis. At the same time, glucose must be 

replenished as a substrate for glycolysis and Glut1 expression, a glucose transporter, 

increases during T cell activation. Instead of utilizing the TCA cycle as an energy source, 

effector T cells utilized products of the TCA cycle as substrates for the synthesis of 

membrane lipids and nucleic acids. In order to maintain the levels of TCA cycle products 

(citrate, α-KG, malate and OAA), activated T cell utilize the glutaminolysis process. 

Increased demand for amino acid consumption is met by enhanced amino acid transporter 

expression such as CD98 and ASCT. Abbreviations: lactate dehydrogenase (LDH).
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Fig. 3. 
TCR signaling and metabolic regulators. TCR and CD28-mediated co-stimulation in naïve T 

cells inhibit the expression of Tob and LKLF that inhibit proliferation and growth 

(quiescence). At the same time, TCR/CD28 signaling induces the expression and activity of 

metabolic kinases and transcriptional regulators. TCR induces c-Myc and HIF-1α that are 

critical for glycolysis, glutaminolysis and activation of T cells. Also, CD28-dependent 

activation of PI3K and Akt leads to mTORC1 activation and subsequent modulation of c-

Myc and HIF-1α activity. At the same time, mTORC1 itself can promote cellular growth 

and protein synthesis. Little is known about the upstream activators of mTORC2, but 

mTORC2-mediated activation of Akt can prevent nuclear localization of FoxO1/3a that 

promotes T cell quiescence. AMPK acts as a negative regulator of mTOR and glycolysis/

glutaminolysis. At the same time, AMPK promotes fatty acid oxidation and memory T cell 

development. Abbreviations: T-cell receptor (TCR), phosphatidylinositol 3-kinase (PI3K), 

protein kinase B (Akt), AMP-activated protein kinase (AMPK), mammalian target of 

rapamycin (mTOR), regulatory associated protein of mTOR (Raptor), rapamycin-insensitive 

companion of mTOR (Rictor), myelocytomatosis oncogene (MYC), hypoxia-inducible 

factor (HIF), forkhead box O (FoxO), Krupple-like factor (KLF), transducer of ErbB-2 

(Tob).
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Table 1

Metabolic regulators of T cell development and quiescence.

Effector T cells (Th1, Th2, Th17 and CTL) Naïve T cells Tregs
Memory CD8+ T 

cells

Preferred metabolic mode Anabolic metabolism Catabolic metabolism

Primary source of energy Aerobic glycolysis glutaminolysis Fatty acid oxidation

Metabolic transporter CD98 (amino acid transporter)
ASCT (amino acid transporter)
Glut1 (glucose transporter)

Low nutrient uptake

Metabolic kinases AMPK↓
mTORC1/2↑

N/A AMPK↑ mTORC1/2↓

Metabolic transcription factors Myc
HIF-1α
IRF4
AP4
SREBP

TSC
KLF
FoxO
Foxp
Tob

HIF-1α ACC1

Distinct stages of T cell development correlate with different metabolic states. Naïve, Tregs and memory T cells can be grouped for their reliance 
on catabolic metabolism and fatty acid oxidation. These cells also have low rates of nutrient uptake, and naïve T cells express high levels of Tob, 
KLF and Fox that maintain quiescence and survival. Tregs and memory T cells have high AMPK and low mTOR activity, and HIF-1α can post-
transcriptionally regulate Treg development. Effector CD4+ and CD8+ T cells utilize aerobic glycolysis and glutaminolysis for their energy supply, 
and prefer anabolic metabolism in order to synthesize macromolecules. They express high levels of glucose and amino acid transporters, and high 
rates of nutrient uptake lead to high mTOR and low AMPK activity. At the same time, effector T cells express high levels of Myc and HIF-1α that 
initiate metabolic and transcriptional changes.

Abbreviations: helper CD4+ T cell type-1 (Th1), type-2 (Th2), type-17 (Th17), regulatory T cells (Tregs), cytolytic T cells (CTLs).
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