
Fatty acid metabolism in CD8 T cell
memory: Challenging current concepts.

Item Type Article

Authors Raud, Brenda; McGuire, Peter J; Jones, Russell G; Sparwasser,
Tim; Berod, Luciana

DOI 10.1111/imr.12655

Rights Attribution-NonCommercial-ShareAlike 3.0 United States

Download date 23/05/2023 20:36:25

Item License http://creativecommons.org/licenses/by-nc-sa/3.0/us/

Link to Item http://hdl.handle.net/10033/621433

http://dx.doi.org/10.1111/imr.12655
http://creativecommons.org/licenses/by-nc-sa/3.0/us/
http://hdl.handle.net/10033/621433


1 
 

Fatty acid metabolism in CD8+ T cell memory: challenging current concepts 

Brenda Raud1, Peter J. McGuire2, Russell G. Jones3, Tim Sparwasser1, Luciana Berod1 

 

1Institute of Infection Immunology, TWINCORE, Centre for Experimental and Clinical 

Infection Research, a joint venture between the Medical School Hannover (MHH) and the 

Helmholtz Centre for Infection Research (HZI), Hannover, Niedersachsen, Germany. 

2Metabolism, Infection, and Immunity Section, National Human Genome Research Institute, 

National Institutes of Health, Bethesda, MD, USA. 

3Goodman Cancer Research Centre, Department of Physiology, McGill University, Montreal, 

QC, Canada. 

Correspondence to:   

Luciana Berod 

Institute of Infection Immunology 

TWINCORE - Centre for Experimental and Clinical Infection Research 

Feodor-Lynen-Str. 7-9 

30625 Hannover 

Tel. (0511) 220027-201  

Fax (0511) 220027-203  

luciana.berod@twincore.de 

  

mailto:luciana.berod@twincore.de


2 
 

Fatty acid metabolism in CD8+ T cell memory 

 

CD8+ T cells are key members of the adaptive immune response against infections and 

cancer. As we discuss in this review, these cells can present diverse metabolic requirements, 

which have been intensely studied during the past few years. Our current understanding 

suggests that aerobic glycolysis is a hallmark of activated CD8+ T cells, while naïve and 

memory (Tmem) cells often rely on oxidative phosphorylation, and thus mitochondrial 

metabolism is a crucial determinant of CD8+ Tmem cell development. Moreover, it has been 

proposed that CD8+ Tmem cells have a specific requirement for the oxidation of long-chain 

fatty acids (LC-FAO), a process modulated in lymphocytes by the enzyme CPT1A. However, 

this notion relies heavily on the metabolic analysis of in vitro cultures and on chemical 

inhibition of CPT1A. Therefore, we introduce more recent studies using genetic models to 

demonstrate that CPT1A-mediated LC-FAO is dispensable for the development of CD8+ T 

cell memory and protective immunity, and question the use of chemical inhibitors to target 

this enzyme. We discuss insights obtained from those and other studies analysing the 

metabolic characteristics of CD8+ Tmem cells, and emphasise how T cells exhibit flexibility in 

their choice of metabolic fuel. 

Keywords: fatty acid oxidation, memory, CPT, etomoxir, T cells, carnitine 

palmitoyltransferase.   
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1. INTRODUCTION 

Adaptive immunity and immunological memory mediated by CD8+ T lymphocytes are a key 

part of the protective response against intracellular pathogens such as viruses and 

intracellular bacteria. A typical immune response against an infection is initiated by the 

activation of antigen-specific T cells which rapidly proliferate to generate the necessary 

number of effector cells required for pathogen clearance. A contraction phase follows the 

resolution of the infection, leaving a population of memory T cells that persist for long periods 

of time without antigen stimulation. During these stages, T cells are not only characterized by 

defined immunological properties, but also by specific metabolic programs that support their 

biosynthetic and energetic needs. While naïve CD8+ T cells (Tn) have relatively low energetic 

requirements, effector T cells (Teff) present an increased demand for energy and biosynthetic 

precursors to support proliferation and effector function. Furthermore, memory CD8+ T (Tmem) 

cells need to survive for long periods of time while sustaining homeostatic proliferation and 

the capacity to rapidly respond to secondary antigenic stimulation. The adoption of a 

particular metabolic program is coordinated by the expression and regulation of a network of 

enzymes and transcription factors that are linked to internal and external cues such as 

receptor and cytokine signalling or nutrient availability, and can be a determinant factor in the 

success of the immune response. 

The study of these metabolic features in immune cells is the basis of the rapidly evolving field 

of immunometabolism, which has benefited from the development and widespread use of 

modern techniques including metabolomics and real time extracellular flux analysers that 

facilitate the characterization and quantification of the metabolic changes affecting immune 

cells under experimentally defined conditions. One of the main questions in the field of 

immunometabolism concerns the exact nature of the relationship between metabolism and 

immune function, and to which degree immune cells are (in)flexible in their choice of 

substrate to produce energy or synthesize macromolecules. The answers to this and other 

related questions can have far reaching implications for promoting adaptive immunity and 

immune memory formation following vaccination, and also for the treatment of cancer, 

against which cytotoxic CD8+ T cell responses represent the main line of defence. In this 

context, this knowledge can prove invaluable for the rational design of treatments involving 

adoptive transfer therapies such as chimeric antigen receptor (CAR) T cells, by taking 

advantage of the right metabolic conditions to balance effector function and longevity of 

adoptive cells. 

In this review, we will explore the latest advancements in the understanding of the metabolic 

requirements of CD8+ T cells, with a particular focus on the metabolism of fatty acids. The 

increasing availability of mouse models targeting metabolic enzymes and transcription 

factors has provided new tools to reliably establish the role of metabolic checkpoints in the 

function of immune cells in vivo, complementing - and sometimes challenging - the 

knowledge previously obtained from the use of chemical inhibitors. We will critically examine 

the work that has led to the current understanding of CD8+ Tmem cell metabolism, and discuss 

recent studies that describe how cellular metabolism correlates with or influences the 

establishment of immune memory, while emphasizing the functional and metabolic diversity 

found among different types of memory cells and their potential for therapy and human 

medicine.   

 

2. CD8+ T CELL IMMUNITY 
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The development of the immune response mediated by CD8+ T cells can be characterized by 

three main stages (1, 2). During the initial phase, naïve T cells that circulate through 

secondary lymphoid organs are met and activated by antigen presenting cells (APCs) 

displaying antigens from a pathogen in the context of MHC molecules, and this is 

accompanied by a remarkable increase in cell size and metabolic activity. An extensive 

clonal expansion follows, with cell divisions occurring as often as every 4 hours (1), 

generating cells that differentiate into cytotoxic T lymphocytes (CTLs). CTLs migrate to the 

sites of infection to fight the pathogen through production and targeted release of granzymes 

and perforins to infected cells, and the secretion of cytokines such as TNF or IFN-γ that 

stimulate the immune system and activate macrophages to phagocytose infected and dying 

cells. At the peak of the response, most cells exhibit an activated phenotype characterized by 

the production of cytokines, high KLRG1 expression (as a marker of terminal effector 

differentiation) and a short lifespan. Once the pathogen is cleared, TCR and cytokine 

stimulation are interrupted and most activated cells die by apoptosis, resulting in a massive 

reduction in their number. Only a small percentage (about 5-10%) persist as long-lived 

memory cells (1, 3), with the potential to quickly proliferate in response to a new infection by 

the same pathogen.  

The population of CD8+ Tmem cells that survive after the initial immune response is 

heterogeneous, consisting of different types of cells that differ in their function, longevity and 

location (4, 5). Long lived "central" memory T cells (TCM) present increased expression of the 

IL-7 receptor alpha (IL7ra also known as CD127) (6), the lymph-node homing selectin 

CD62L, the chemokine receptor CCR7, and have reduced immediate production of effector 

cytokines such as IFN-γ. The longevity of the TCM cell population is partly due to the 

expression of the antiapoptotic protein Bcl-2, telomerase activity and sustained homeostatic 

proliferation (7). Importantly, these cells have the capacity to produce IL-2 and robustly 

proliferate upon secondary activation. In contrast, effector memory CD8+ T cells (TEM), 

comprising another population that also survives the primary immune response, exhibit low 

expression of CD62L and CCR7, high expression of KLRG1, and display effector activity 

(e.g. cytotoxic activity and the production of cytokines). TEM are usually present in non-

lymphoid tissues and, unlike TCM, have a low proliferative potential upon secondary activation 

(7, 8). More recently, a third group of CD8+ Tmem cells located in the epithelial barrier, as well 

as in mucosal and adipose tissues, has been described. These tissue resident memory cells 

(TRM) can respond to pathogens quickly and independently of cells recruited from the 

circulation, present a characteristic CCR7lowCD69hiCD27low phenotype and settle in tissues 

due to their expression of tissue-homing chemokine receptors and adhesion molecules (9-

11). This classification of CD8+ Tmem cell subsets is not absolute, and there are cells that are 

found after the resolution of the immune response that do not belong to any group. Rather, 

differentiation of cells after infection results in a spectrum of phenotypic characteristics, from 

cells with greater longevity and memory potential, to short-lived effector cells that are 

terminally differentiated - with variants in between (4).  

The cues that guide development of CD8+ Tmem cells are not completely understood but 

models of T cell diversification indicate that the potential of activated cells to give rise to 

CD8+ Tmem populations is most probably not pre-determined in naïve cells, but it is likely to 

result from a combination of intrinsic and extrinsic signals that respond to the time, the 

intensity and the specific conditions during the activation of a CD8+ T cell (2, 4). Cytokines 

such as IL-15 and IL-7, which provide indispensable survival signals to naïve T cells (12-14), 

also promote the survival of CD8+ Tmem cells. On the one hand, expression of the IL-7 

receptor subunit CD127 correlates with survival and expression of Bcl-2 (12-15). On the 
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other hand, IL-15 favours CD8+ Tmem homeostatic proliferation and mice lacking IL-15 or the 

IL-15 receptor alpha chain (IL-15rα) develop fewer polyclonal CD8+ Tmem cells (16, 17). In the 

absence of both cytokines, essentially no CD8+ Tmem cells are formed after an infection (1). 

As we will discuss in this review, it has been lately proposed that these cytokines can 

influence the development of the different memory subsets by promoting specific metabolic 

changes, particularly during the transition between the peak of the effector phase and the 

establishment a of long-lived memory population. The mechanisms behind this metabolic 

modulation have not been fully characterized yet, and are thus a subject of intense study. 

 

3. METABOLIC CHANGES DEFINING CD8+ T CELL IMMUNITY 

3.1. Naïve T cell metabolism 

The metabolic demands of Tn cells are relatively low and focused on maintaining homeostatic 

proliferation and supporting cellular migration (18-20). A preferred source of energy for Tn 

cells is glucose that through glycolysis is first processed into pyruvate, which is transported 

into the mitochondria and decarboxylated into acetyl-CoA (Figure 1). Acetyl-CoA can then be 

incorporated into the tricarboxylic acid (TCA) cycle, where it is completely oxidized into CO2. 

This process generates NADH and FADH2, reduced molecules that transfer electrons to the 

mitochondrial electron transport chain (ETC), resulting in the synthesis of ATP and 

consumption of O2 during oxidative phosphorylation (OxPhos). Through this pathway, cells 

can maximize the energy output of glucose, calculated as up to 36 molecules of ATP for 

each molecule of substrate, while maintaining cellular redox balance by regenerating the 

necessary NAD+ and FAD through oxidation in the mitochondria (20). Tonic signals from IL-7 

and the TCR are crucial for the survival of Tn cells partly by sustaining the uptake of glucose 

used in mitochondrial respiration. Therefore, cytokine withdrawal that results in Tn cell 

atrophy and death also causes a loss of mitochondrial membrane potential and cellular ATP 

even in the presence of high levels of extracellular nutrients (13, 18, 21, 22). Glucose is not 

the only nutrient used by Tn cells, which can also oxidize external lipids like oleate and 

palmitate in their mitochondria (23, 24). To this end, Tn cells express enzymes that support 

the oxidation of long-chain fatty acids (LCFAs) (25), and metabolomic analysis of these cells 

found abundant acylcarnitine molecules, which correlate with this process (24, 26).  

3.2. Upregulation of aerobic glycolysis upon T cell activation 

Signalling through the TCR receptor and co-stimulatory molecules (such as CD28 and 

cytokine receptors) in T cells leads to the activation of immunological pathways which are 

accompanied by a profound alteration in the cellular metabolism to support their proliferation 

and effector function (27-32). One crucial step taken by T cells to sustain this enhanced 

metabolism is to augment their uptake of glucose through the increased expression of 

members of the solute carrier family 2 (Slc2, also known as Glut). Glut1 (Slc2a1) was the first 

glucose transporter described to be upregulated by co-stimulatory signals from CD28 (30) 

and to be essential for the activation of CD4+ Teff cells (33). CD8+ T cells also increase the 

expression of the transporter Glut3 and are thus less reliant on Glut1 for their activation (33, 

34). Glucose is taken up and metabolized into two molecules of pyruvate through the 

process of glycolysis (Figure 1), which in addition yields 2 molecules of ATP and reduced 

NADH. Yet, in contrast to resting cells, most of the produced pyruvate and NADH in activated 

T cells is not oxidized in the mitochondria, but is reduced into lactate by the enzyme lactate 

dehydrogenase (Ldha) and excreted from the cell. This process is named aerobic glycolysis, 

or Warburg effect after the German Nobel laureate Otto Warburg who described this 



6 
 

behaviour in activated leukocytes 60 years ago (35), and has been extensively described in 

T cells ever since (28, 36-38). It should be pointed out, however, that activation of T cells 

does not lead to a complete switch from mitochondrial respiration towards aerobic glycolysis. 

Instead, OxPhos is upregulated but to a lesser extent than aerobic glycolysis. Indeed, 

mitochondrial oxidation plays an important role in T cell activation, as evidenced by the 

deleterious effects that inhibiting mitochondrial function has on Teff differentiation (39-41). 

Although inherently inefficient to produce ATP, aerobic glycolysis is required for T cells to 

engage in productive growth and cytokine production. Part of the pyruvate and glycolytic 

intermediaries are shuttled towards the synthesis of biomolecules, and the reduction of 

pyruvate to lactate allows the regeneration of oxidized NAD+, indispensable to continue with 

the glycolytic process. Moreover, it has been described that, in the absence of substrate, the 

glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) can repress the 

translation of IFN-γ (37). Therefore, an active glycolytic function, which would signal 

favourable nutrient availability, engages GAPDH and thus positively regulates the acquisition 

of an effector phenotype. This alternative function regulating gene expression (referred to as 

“moonlighting”) is observed for several metabolic enzymes, and provides an intriguing 

mechanism by which cells can respond to specific metabolic conditions (31, 42). As we will 

describe, the glycolytic pathway is actively coordinated by several molecules that are of great 

importance for the successful activation and proliferation of Teff cells. 

3.3. Molecular regulation of metabolism during T cell activation 

One of the most studied orchestrators of the cellular metabolism that characterizes activated 

T cells is the mechanistic (formerly mammalian) target of rapamycin (mTOR), a 

serine/threonine kinase that plays a key role in regulating cellular growth, proliferation and 

survival (reviewed in (43)). mTOR acts as the catalytic subunit of two complexes: mTOR 

complex 1 (mTORC1) and mTORC2, that have different cellular functions. mTORC1 is 

composed of three core components: mTOR, Raptor (regulatory protein associated with 

mTOR) and mLST8 (mammalian lethal with Sec13 protein 8) while mTORC2 contains 

mTOR, Rictor (rapamycin insensitive companion of mTOR) and mLST8.  

Activation of mTORC1 follows TCR and CD28 stimulation through PI3K and Akt signalling 

(Figure 1) (44, 45). Activated Akt inhibits the key negative regulator of mTORC1 known as 

tuberous sclerosis complex (TSC) by phosphorylating one its members, TSC2. This prevents 

TSC from functioning as a GTPase-activating protein (GAP) for the RAS homolog enriched in 

brain (Rheb), which is a small GTPase with a crucial function in activating mTORC1. 

Therefore, deletion of TSC2 results in CD8+ T cells that have constitutive activity of 

mTORC1, even in unstimulated cells (46). mTORC1 is particularly critical to CD8+ T cell 

activation, demonstrated by the fact that TSC2-deficient cells present enhanced proliferation 

and improved production of cytokines, while inhibition of mTORC1 by deletion of Rheb 

reduces CD8+ T cell activation and effector function. Similarly, inhibition of this complex with 

the bacterial compound rapamycin reduces Teff cell differentiation (44, 46-51). Due to this 

effect, rapamycin has been approved as an immunosuppressive treatment for kidney 

transplant since 1999. Rapamycin affects mTORC1 activity acutely but does not bind to or 

inhibit mTORC2, although reduced mTORC2 signalling has been observed during prolonged 

treatment, presumably due to an exclusion of mTOR bound to rapamycin from integrating 

into the mTORC2 complex (43, 52).  

The activation of mTORC1 strongly correlates with the increased expression of enzymes and 

substrate transporters (notably Glut1 and Glut3) mediating glycolytic and specific 
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biosynthetic pathways in CD8+ T cells (34, 53). Mechanistically, the main targets of mTORC1 

are the phosphorylation of p70S6 Kinase 1 (S6K1) and eIF4E binding protein (4EBP) that 

prevents assembly of the eIF4F complex, necessary for the initiation of translation in 

eukaryotic cells. Thus, mTORC1 promotes protein biosynthesis, including that of 

transcription factors such as HIF1, which together with the transcription factor Myc are 

indispensable mediators of the metabolism of activated T cells (24, 34, 54, 55).   

Expression of Myc (also known as c-Myc) in T cells is upregulated within 3 hours after TCR 

stimulation (24). Myc promotes the expression of Glut1, Glut3, hexokinase 2 (Hk2), and 6-

phosphofructokinase (Pfkl) among others, which are all enzymes essential for glycolysis, as 

well for the pentose phosphate pathway (PPP) that mediates the synthesis of nucleotides 

and NADPH from glucose (24). Myc can also support glutamine transport and metabolism, 

critical for activated T cells, through inducing the expression of glutaminase 2 (Gls2) and the 

glutamine transporter CD98 (24). Compared to wild-type cells, Myc-deficient CD8+ T cells 

present an impaired glycolytic flux and reduced accumulation of lipids, amino acids and 

nucleotides, thus supporting the idea that this transcription factor is crucial for early metabolic 

reprogramming upon T cell activation (56). 

Hypoxia-inducible factor 1 (HIF1) is a transcription factor composed of the subunits HIF1 

and HIF1 (the latter also known as aryl hydrocarbon receptor (AHR) nuclear translocator, 

ARNT). HIF1 is stabilized under hypoxic conditions and coordinates a switch from 

mitochondrial respiration to glycolysis to adapt to low oxygen availability (55, 57). HIF1 is 

not required for the initial activation of T cells (53) but is highly expressed in Teff even in the 

presence of oxygen and upregulates aerobic glycolysis by promoting the transcription of the 

enzymes pyruvate dehydrogenase kinase 1 (Pdk1) and lactate dehydrogenase A (Ldha). 

Pdk1 inhibits the enzyme pyruvate dehydrogenase, thus preventing the transport of pyruvate 

into the mitochondria, and Ldha reduces pyruvate into lactate while regenerating NAD+, 

therefore inducing the Warburg effect. Constitutive HIF1α activity increases glycolytic 

metabolism in CD8+ T cells and improves their effector function (54). 

3.4. Engagement of the glycolytic-lipogenic pathway during T cell activation 

Activation of T cells also results in a considerable proportion of carbons obtained from 

glucose being shuttled towards de novo fatty acid synthesis (FAS). The upregulation of FAS 

is initiated by mTORC1 by inducing the activity of sterol responsive element binding proteins 

(SREBPs) (24, 34, 55, 58), a family of transcription factors that modulate the metabolism of 

fatty acids (FAs) and cholesterol and the flux through the oxidative arm of the PPP, which 

generates NADPH required for the synthesis of lipids from glucose (55, 59, 60). SREBP in 

Teff cells induces the expression of the enzymes acetyl-CoA carboxylase (ACC), fatty acid 

synthetase (FASN) and the hydroxy-methyl-glutaryl-CoA reductase (HMGCR), which are rate 

limiting in the synthesis of FAs and cholesterol, respectively (61). Recent studies have 

highlighted the importance of FAS in T cell activation and have proposed that inhibiting this 

pathway could potentially be used to modulate the differentiation of Teff cells (61-65).  

De novo FAS is initiated with the carboxylation of acetyl-CoA to malonyl-CoA catalyzed by 

ACC1, located in the cytoplasm (Figure 1)(66, 67). After the synthesis of malonyl-CoA, the 

FAS reaction proceeds by progressive elongation of the acyl-chain by the FASN complex in 

a process that requires NADPH and usually results in the production of LCFAs such as 

palmitate which can be then elongated or desaturated to form more complex lipids. As the 

carboxylation of acetyl-CoA is the first committed step of de novo FAS, regulation of this 

reaction can determine the flux through the whole pathway. Therefore, the enzymatic activity 
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of ACC1 is modulated by the cell to favour FAS under the right metabolic conditions. ACC1 

can be found as a phosphorylated, enzymatically inactive homodimer or as a 

dephosphorylated, active polymer. The active form is allosterically stimulated by citrate, 

indicating ample supply of precursors (as cytoplasmatic acetyl-CoA used by ACC1 is derived 

from citrate exported from the mitochondria), and constrained by palmitoyl-CoA (a product 

from FAS) as a feedback mechanism. In activated T cells, the endogenous synthesis of 

LCFAs and cholesterol relies heavily on acetyl-CoA obtained in the mitochondria after 

glycolysis which is exported to the cytoplasm and used to initiate lipid synthesis through a 

brief conjugation to mitochondrial oxaloacetate to form citrate (Figure 1). Endogenous FAS is 

necessary to sustain the expansion of activated T cells, as demonstrated by the impaired 

proliferation and effector response observed after genetic deletion of the SREBP cleavage-

activating protein (SCAP) (61) or ACC1 (62, 63, 65, 68). This connection between the 

glycolytic and lipogenic pathways provides another reason why activated T cells and other 

cells that vigorously proliferate, such as tumour cells, depend to such degree on an 

upregulation of the glycolytic pathway, not only to produce ATP, but also to sustain anabolic 

reactions.  

In summary, by promoting the translation and activity of transcription factors and other 

molecules involved in the glycolytic-lipogenic pathway, mTOR coordinates the metabolic 

profile required by activated T cells, namely one characterized by an increased uptake of 

glucose and glutamine that feeds the synthesis of biomolecules such as lipids or proteins to 

support proliferation and effector function in addition to generating ATP. This active 

modulation of the metabolism of T cells by transcription factors and kinases that are 

activated by specific immune signalling from CD28 or the TCR illustrate that the 

establishment of certain metabolic profiles plays an important role in the adaptive T cell 

response.  

 

4. METABOLIC COORDINATION OF CD8+ TMEM DEVELOPMENT  

4.1. Adaptation at the Teff to Tmem transition 

CD8+ Tmem cells possess specific metabolic demands due to their role in the immune 

response, that requires them to persist for a long time through homeostatic proliferation and 

unlike naïve cells do so without TCR stimulus (2). The evidence so far suggests that 

upregulation of mitochondrial OxPhos is used to support ATP production and preserve redox 

balance, and is characteristic of at least the TCM subset of CD8+ Tmem cells (69, 70) Moreover, 

CD8+ Tmem cells have the ability to swiftly and vigorously become activated upon re-

stimulation, and to adopt an effector phenotype faster than naïve cells. This has been 

attributed to a metabolic advantage that allows them to quickly react to increased energy 

demands, usually quantified as an augmented spare respiratory capacity (SRC) (71). SRC is 

a metabolic readout experimentally measured by uncoupling oxygen consumption from ATP 

synthesis, simulating a sudden increment in ATP demands like found upon TCR stimulation. 

In other words, the SRC tests the maximum capacity of the cell to rapidly oxidize substrates 

in the mitochondria to meet increased demand. Accordingly, it was described that CD8+ Tmem 

cells obtained after infection have higher SRC and reduced extracellular acidification rate 

(ECAR, an indirect measurement of aerobic glycolysis) when compared to effector cells 

during the active immune response (69, 70). 

Several studies have shown that mTORC1 activity is negatively related to the development 

of CD8+ T cell memory (46, 47, 72-74). mTORC1 inhibition at the end of the effector phase 
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favours the switch from aerobic glycolysis, characteristic of Teff cells, towards mitochondrial 

oxidation that supplies energy and protects cells from apoptosis after glucose or cytokine 

stimulation withdrawal (46, 74). In vivo, reduced mTORC1 activity thus allows the generation 

of T cells that are better suited to survive the conclusion of the primary immune response, 

which is marked by a decrease of cytokine (e.g. IL-2) and TCR survival signals including a 

reduction of glucose and amino acid uptake (46). Accordingly, uncurbed activation of 

mTORC1 due to TSC2 deletion precludes the generation of a memory population after the 

primary response, while promoting the development of terminally differentiated effector cells 

with high expression of KLRG1 and the transcription factor T-bet, which directs differentiation 

into a CTL phenotype (46). This defect can be reverted by rapamycin treatment during the 

contraction phase, demonstrating that a downregulation of mTORC1 activity after the peak of 

the immune response improves the survival of antigen specific cells (46, 72, 75). 

Nevertheless, mTORC1 is also necessary for the reactivation of CD8+ Tmem cells. Deletion of 

the mTORC1 activator Rheb favours the survival after viral infection of antigen specific T 

cells, which however fail to respond to re-stimulation and thus would not provide protective 

immunity (46).  

Examination of asymmetric cell division during CD8+ T cell activation has provided more 

insights into the relationship between mTORC1 activity and memory development. 

Asymmetric division has been proposed to occur due to an uneven distribution of 

cytoplasmic components after the T cell division that follows the formation of the immune 

synapse between an APC and a CD8+ T cell. This can lead to a daughter cell proximal to the 

APC which is more prone to differentiate into a CD8+ Teff cell, and a daughter cell distal to the 

APC with higher potential to develop into a CD8+ Tmem cell (76). Uneven distribution of 

mTORC1 activity between daughter cells after this first division was proposed to determine 

their effector versus memory fate (77), with higher mTORC1 activity in the proximal cell that 

also presents a more glycolytic metabolism, along with enhanced expression of the Myc, 

Glut1 and the amino acid transporter CD98 (77, 78).  

In contrast to mTORC1, mTORC2 appears to be dispensable for the generation of CD8+ Teff 

cells, but can interfere with the development of memory by phosphorylating and inhibiting the 

nuclear translocation of the transcription factor Foxo1 (46, 79). Foxo1 promotes the 

expression of CD127, CD62L, SIP1 and CCR7 and thus mediates the survival and migration 

of Tmem cells (73, 80-82). Hence, CD8+ T cells with a deletion of the mTORC2 component 

Rictor have higher expression of Tmem surface markers after primary infection in vivo (46, 79). 

Moreover, mTORC2 was found to influence Tmem metabolism and inhibit certain catabolic 

pathways. Because mTORC2 deletion does not impair CD8+ T cell effector function, 

selective inhibition of mTORC2 could be a strategy to improve CD8+ memory generation, 

without compromising the primary immune response (79).  

4.2. AMPK controls metabolic adaptation 

The studies mentioned above propose that, in contrast to their role in T cell activation, 

mTORC1 and mTORC2 have a negative influence over the transition from the effector to the 

memory phase of the immune response, through mechanisms that involve immune signalling 

and metabolic adaptation. Yet, how CD8+ T cells can actively coordinate mTOR activity and 

thus memory development at the molecular level is still not fully understood. One important 

negative regulator of mTORC1 that has been associated with Tmem cell development is the 

AMP-activated protein kinase (AMPK) (Figure 1) (recently reviewed in (83, 84)). AMPK is a 

heterotrimeric serine/threonine protein kinase composed of one catalytic  subunit, and 

regulatory  and  subunits that is typically activated under metabolic stress (translated in 
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high AMP and ADP concentrations) and modulates cellular metabolism by inhibiting anabolic 

and promoting catabolic metabolism (85-89). Phosphorylation of the Thr172 in the AMPK 

subunit by the kinase LKB1, together with the binding of ADP or AMP to the nucleotide-

binding sites of the  subunit activates AMPK in response to metabolic stress in T cells (90-

92). Deletion in T cells of AMPK1 (the catalytic subunit of AMPK found in lymphocytes) 

does not prevent the development or homeostasis of naïve cells, but results in an increased 

basal mTORC1 activity, supporting the notion that AMPK antagonizes mTORC1 (90, 93-95). 

AMPK can restrain mTORC1 function through phosphorylation and activation of the negative 

regulator TSC2 (96) as well as the mTORC1 member Raptor (97), thus reducing protein 

translation and lipid synthesis and therefore energy expenditure. Moreover, AMPK inhibits de 

novo FAS by directly phosphorylating ACC1, and can also promote long chain fatty acid 

oxidation (LC-FAO) through phosphorylation of ACC2, an isoform of ACC present in the 

outer mitochondrial membrane (67, 98, 99). In addition, AMPK phosphorylates the kinase 

ULK1 (100), and hence stimulates the degradation of cellular components to provide 

nutrients by initiating autophagy, which is important for the development CD8+ Tmem cells in 

vivo (101), and promotes mitochondrial biogenesis through the activity of PPARγ coactivator-

1α (PGC1α) (84, 102, 103).  

To study the role of AMPK on CD8+ Tmem differentiation, Cantrell and colleagues evaluated 

the immune response to an infection with Listeria monocytogenes expressing ovalbumin 

(LmOVA) in mice with a T cell-specific deletion of AMPKα1. The authors observed a normal 

proliferation of OVA-specific cells during the primary response, but a reduction in their 

number after secondary challenge (95). This suggests a relevant role of AMPK in the survival 

of memory cells in vivo, although it is not clear if T cells actively modulate the function of this 

enzyme to favour CD8+ Tmem survival. Because of the established function of this kinase in 

modulating cellular metabolism, as well as its ability to induce LC-FAO in several tissues 

(104, 105), AMPK has been proposed to function as a key metabolic switch in Tmem cells by 

promoting the oxidation of LCFAs (32, 83, 106-108). However, more research is needed to 

clearly establish if induction of AMPK activity can be used to improve memory development 

in vivo. 

 

5. THE ROLE OF LC-FAO IN CD8+ TMEM CELLS  

5.1. TRAF6-mediated signalling in CD8+ Tmem development 

The first data linking LC-FAO to CD8+ Tmem cell development came from a pioneering study 

by Erika Pearce using mice with a T cell-specific deletion of the TNF-associated factor 6 

(TRAF6)(106). TRAF6 is an adapter protein that is involved in mediating several protein-

protein interactions and was originally identified as a mediator of interleukin-1 receptor-

dependent activation of NF- (109). TRAF6 expression is broad and important in several 

tissues, as witnessed by the fact that TRAF6 complete knockout mice do not survive more 

than 2 weeks after birth (110). Studies using bone marrow chimeras showed that TRAF6 

participates in many signalling pathways in immune cells, including those from members of 

the TNFR superfamily, tumour-growth factor- receptors (TGFR) and the TCR (109). T cells 

strongly upregulate TRAF6 expression after TCR engagement and mice with a deletion of 

TRAF6 specifically in T cells generate CD4+ and CD8+ naïve T cells with hypersensitivity to 

TCR stimulation and enhanced PI3K-Akt activation (111). Moreover, these mice have a 

progressive autoimmune disease and by 10-12 weeks of age present splenomegaly and 

lymphadenopathy caused by hyperactivation and proliferation of B cells and activated CD4+ 

T cells with reduced susceptibility to suppression by CD4+CD25+ regulatory T (Treg) cells. 
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Additionally, T cell-specific TRAF6-deficient mice exhibit excessive cytokine production that 

suggests an abnormal T helper type 2 effector response (109, 111). In contrast, naïve CD8+ 

T cells have defects in their homeostatic or lymphopenia-induced proliferation and thus naïve 

T cell-specific TRAF6-deficient mice have reduced numbers of CD8+ T cells in the periphery 

(106, 111, 112). Despite this strong immune dysregulation that resembles a delayed scurfy 

autoimmune phenotype, it was reported that T cell-specific TRAF6-deficient mice can mount 

a normal primary immune response against an attenuated strain of LmOVA, but had a 

reduced CD8+ Tmem population 60 days after infection (106). However, in this model, an 

influence of the hyperactive CD4+ T cell compartment on the development of CD8+ Tmem cells 

cannot be excluded. 

To assess the intrinsic effects of TRAF6-deficiency in CD8+ T cells without the influence of 

the CD4+ T cell-driven autoimmunity, Pearce and colleagues then transferred TRAF6-

deficient OT-I cells into a congenic host and followed their fate during infection with LmOVA. 

They observed that these T cells could be activated normally and proliferate during the 

primary infectious challenge but failed to further proliferate and survive upon re-infection 

(106). Moreover, at the end of the primary response, CD8+ T cells displayed increased 

KLRG1 expression, a marker of terminally differentiated Teff cells, suggesting that TRAF6-

deficient T cells had an intrinsic defect in adopting a memory phenotype. Surprisingly, 

despite TRAF6 modulating various signalling pathways, the authors identified specific genes 

related to FA metabolism differentially regulated between TRAF6-deficient and WT cells 10 

days after infection, coinciding with the transition between the primary response and memory 

development. In vitro, WT OT-I activated cells subjected to IL-2 withdrawal increased the 

oxidation of palmitate, but TRAF6-deficient cells did not. It was interpreted from these data 

that the transition of CD8+ T cells from Teff to Tmem state was dependent on a shift to catabolic 

metabolism, mediated by TRAF6 and LC-FAO, to promote survival in the face of diminishing 

growth signals and glucose metabolism.  

To date it is still unclear how TRAF6 regulates LC-FAO in CD8+ T cells (109). Pearce et al. 

proposed that this effect was mediated by AMPK because, in contrast to WT cells, TRAF6-

deficient OT-I T cells transferred in vivo presented lower AMPK activation at the peak of the 

primary response (106). In vitro, TRAF6-deficient cells failed to activate AMPK in response to 

IL-2 withdrawal, but treatment with the biguanidine anti-diabetic drug metformin restored their 

AMPK activity and enhanced their oxidation of palmitate (as it is the case for other tissues 

(113)) while improving Tmem survival in vivo. However, metformin activates AMPK indirectly 

through the induction of metabolic stress by inhibiting complex I of the ETC, and thus 

mitochondrial respiration (113-115). Metformin can also reduce mTORC1 signalling in T cells 

independently of AMPK (115). Accordingly, treatment with rapamycin after the effector phase 

could rescue Tmem survival, suggesting that TRAF6 deletion acted upstream of mTORC1. 

Therefore, metformin may exert FAO- and AMPK-independent effects on cellular metabolism 

to affect Tmem cell development.  

5.2. Control of LC-FAO 

Mitochondrial fatty acid oxidation (FAO) is the process through which acyl molecules are 

degraded by sequential removal of 2-carbon fragments inside the mitochondrial matrix. As 

this process is initiated by the oxidation of the -carbon atom of the acyl molecule it is 

-oxidation. To be oxidized, FAs first need to enter the 

mitochondrial matrix. While short- and medium-chain FAs (SCFA and MCFA, chain length < 

C12) do so freely, the transport of long-chain FAs (LCFA, chain length C14 to C18) is regulated 

by the activity of the carnitine shuttle system that is composed by carnitine O-
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palmitoyltransferases 1 and 2 (CPT1 and CPT2) and the carnitine-acylcarnitine translocase 

(CACT) (Figure 1) (116, 117). The first step of the transport is catalysed by CPT1, an 

enzyme that can be found in 3 isoforms in different tissues (117). CPT1A is the isoform found 

in liver, kidney, intestine, pancreas, and the only one described so far in primary T cells, 

according to publicly available data (immgen.org). CPT1B is expressed in heart, skeletal 

muscle and testis; and CPT1C, the most recently characterized, is found primarily in brain, 

but has also been reported in tumour cell lines (118-121). The reaction catalysed by CPT1 is 

rate-controlling for the oxidation of LCFAs and involves the conjugation of the long chain acyl 

group to carnitine. The resulting long chain acylcarnitines can then be transported through 

the mitochondrial inner membrane into the matrix by CACT and restored by CPT2 to acyl-

CoAs, which can then be oxidized. The final products of FAO include acetyl-CoA which is 

combined with oxaloacetate to generate citrate that enters the mitochondrial TCA cycle, and 

reduced molecules that directly feed the ETC via the electron transport flavoprotein (ETF). 

The complete -oxidation of one molecule of palmitate (C16) theoretically yields 8 acetyl-CoA, 

15 FADH2, and 31 NADH molecules, producing a net of 129 ATP, which reinforces the 

energetic value of LCFAs. 

Since CPT1 catalyses the rate-limiting step in the oxidation of LCFAs (but not of SCFAs or 

MCFAs), it is largely considered as the main target to regulate LC-FAO in response to 

intrinsic cues (such as energy availability) or extrinsic signals (insulin, receptor signalling and 

growth factor stimulation) (122-124). CPT1 can be inhibited by malonyl-CoA produced by 

ACC2, with whom CPT1 shares the location at the outer mitochondrial membrane (98, 99, 

104). Activated AMPK can thus directly induce LC-FAO through phosphorylation and 

inhibition of ACC2, a mechanism known to be used by certain cell types, such as muscle or 

liver, to increase LC-FAO in response to fasting or increased energy demands. Accordingly, 

complete deletion of ACC2 in mice increases basal oxidation of LCFAs in muscle and 

reduces accumulation of fat (98, 99, 125), which can be attributed to increased CPT1 activity 

and transport of LCFAs into the mitochondria for oxidation. It is however not clear if T cells 

also employ this mechanism to regulate their rates of LC-FAO, given that ACC2 deletion in 

these cells has only very modest effects on FAO while not influencing their differentiation, 

effector function or memory development (25, 62, 65, 126). Instead, transcriptional regulation 

of Cpt1a expression could be more relevant in T cells. Indeed, it has been reported that 

PI3K-Akt-mTORC2 signalling initiated by growth factor or TCR/CD28 stimulation induces a 

downregulation of Cpt1a expression (25, 46, 127, 128), which in activated T cells is 

accompanied by a reduction of LC-FAO (24).   

5.3. LC-FAO and the development of CD8+ Tmem 

Previous studies have suggested that, during the Teff to Tmem transition, CD8+ T cells can 

specifically increase the expression of Cpt1a to adopt an oxidative metabolic program after 

the primary immune response, and that this expression correlates with T cell longevity and 

metabolic fitness upon re-stimulation (46, 70). To convey this idea, it was shown that OT-I T 

cells transduced in vitro to overexpress Cpt1a and transferred into congenic hosts present an 

improved survival after LmOVA infection, even when transferred into IL-15-deficient mice, 

which suggests that CPT1A mediates longevity downstream of IL-15 signalling (70). 

However, because of the difficulties in studying the Teff to Tmem transition in vivo, much of the 

analysis done to further investigate this connection relies on the in vitro generation of Tmem-

like cells (70, 71, 129-132). This method involves the short-term activation of OT-I 

splenocytes with antigen, followed by antigen removal and incubation with IL-15 (or IL-7), 

and gives rise to CD8+ T cells with phenotypic characteristics that resemble ex vivo TCM cells 
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(129). In comparison with cells kept in IL-2 after antigen removal (“IL-2 Teff” cells), these in 

vitro generated “IL-15 Tmem-like cells” are more quiescent (with most cells in the G0/G1 phase 

of the cell cycle), express surface molecules found in TCM cells (such as CD44 and CD62L), 

downregulate CD69, CD25 and the production of IFN-γ, and can be reactivated upon re-

stimulation (129). Their metabolism is also more oxidative than that of IL-2 Teff cells, as they 

present more mitochondrial mass, lower ECAR and higher SRC, similar to what has been 

observed in bona fide CD8+ Tmem cells compared to ex-vivo CD8+ Teff cells (70). IL-15 Tmem-

like cells have also higher expression of Cpt1a, and their SRC is reduced after 

downregulation of Cpt1a mRNA levels using shRNA (70). Moreover, overexpression of 

Cpt1a in activated CTLs was reported to increase their survival after transfer into a naïve 

congenic recipient (70, 71).  

Taken together, these observations may support the idea that, by upregulating the 

expression of Cpt1a, CD8+ Tmem cells enhance mitochondrial oxidation by increasing the 

provision of LCFAs to the mitochondrial matrix, thus assuring a crucial supply of energy after 

the removal of TCR and cytokine stimulus (32, 108, 133). However, it needs to be 

considered that although IL-15 Tmem-like cells provide a simple in vitro system to study the 

influence of cytokines on the survival of activated cells after the removal of antigenic 

stimulation, this model does not completely reflect the in vivo conditions at the end of the 

effector and start of the memory phase. Thus, the cells generated with this method are not 

identical to the long-lived CD8+ Tmem found after the peak of the primary immune response 

(129), and may not reflect the metabolism of CD8+ Tmem cells in an in vivo setting.  

5.4. CPT1A is dispensable for CD8+ Tmem 

To answer the question of whether LC-FAO mediated by CPT1A is critical for the 

development of CD8+ Tmem cells , we generated T-cell specific Cpt1a conditional knockout 

mice (25). In contrast to the phenotype of TRAF6-deficient mice, deletion of Cpt1a in T cells 

did not affect the development or activation status of the CD4+ and CD8+ T cell compartment 

under homeostatic conditions, despite reduced synthesis of long-chain acylcarnitines and 

rates of LC-FAO. Likewise, T-cell specific Cpt1a knockout mice were able to mount a typical 

primary immune response after infection with LmOVA, with normal numbers of OVA-specific 

T cells and inflammatory cytokine production. Most importantly, these mice generated a 

CD8+ Tmem population that survived for weeks after the primary response, and robustly 

proliferated and produced IFN-γ after re-challenge (25). These data demonstrate that 

CPT1A-mediated transport of LCFAs into the mitochondria is not required for the 

development of immunological memory. Furthermore, the differentiation of CD4+ Treg cells, 

another T cell subset that has been described to depend on LC-FAO (19, 134) was 

unaffected by the absence of Cpt1a (25). We also evaluated the memory response in mice 

deficient in other enzymes involved in LC-FAO, namely the long-chain acyl-CoA 

dehydrogenase (LCAD) and the very-long chain acyl-CoA dehydrogenase (VLCAD), which 

catalyse the first step in the process of mitochondrial β-oxidation downstream of CPT1A 

(124, 135, 136). These mice are models of human VLCAD-deficiency, which is the most 

common FAO disorder in patients (137, 138) and present an array of cardiac and hepatic 

disorders due to reduced FAO capacity that are acutely manifest upon fasting or cold 

exposure (138). LCAD- and VLCAD-deficient mice vaccinated with mouse-adapted H3N2 

influenza could generate a protective response against H1N1 influenza, due to a normal T 

cell memory response (25). These results obtained from genetic mouse models of LC-FAO 

deficiency challenge previous reports using IL-15 Tmem-like cells suggesting that inhibition of 

CPT1 with the oxirane carboxylic acid etomoxir reduces the survival of CD8+ T mem cells (70) 
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and impairs differentiation of Treg cells (134). This discrepancy thus incited a critical analysis 

of the use of chemical inhibitors to regulate LC-FAO and, as we will describe, a careful 

examination found unexpected effects of etomoxir on T cell differentiation.   

5.5. Off target effects of etomoxir in immune cell differentiation 

Since germline deletion of Cpt1a is embryonically lethal (139), to date much of the evidence 

that supports its significance in regulating the metabolic program of immune cells has been 

obtained through the pharmacological inhibition of CPT1 with etomoxir. With a half-maximal 

inhibitory concentration in the nanomolar range (IC50= 10-700 nM), etomoxir is a potent 

inhibitor of CPT1 (140-143). Nonetheless, there are important caveats to consider when 

using this compound. One point is that the concentrations of etomoxir used in most published 

studies analysing LC-FAO in immune cells are considerably higher, usually around 200 µM 

(70, 71, 130, 131, 134, 144, 145). The possibility of off-target effects in immune cells was first 

raised in response to publications that reported that etomoxir could interfere with anti-

inflammatory (M2) macrophage polarization with IL-4, an effect that was attributed to a 

reduction of LC-FAO (145). However, Finkel and colleagues observed that macrophages 

lacking CPT2, and thus exhibiting reduced LC-FAO, presented no defects in M2 polarization. 

Furthermore, CPT2-deficient macrophages responded to etomoxir treatment in a similar 

fashion than their WT counterparts (146). These data suggested that the effects of this 

compound were mediated not by inhibition of LC-FAO, but rather some other effect of 

etomoxir on cellular function.  

To identify off-target effects of etomoxir in cell differentiation, a recent study by Divakaruni 

and colleagues used permeabilized cells to measure the effect of etomoxir on substrate 

specific oxygen consumption, and thus better characterize its influence on mitochondrial 

metabolism (143). In accordance with previous findings (140, 141, 147), the authors reported 

that etomoxir is a very efficient inhibitor of CPT1 activity in multiple tested cell lines, primary 

bone marrow-derived macrophages (BMDM) and T cells, even at concentrations below 1 µM 

(25, 143). Therefore, concentrations in the low micromolar range should suffice to specifically 

inhibit CPT1 activity, calling into question the use of concentrations as high as 200 µM to 

meaningfully influence cellular metabolism. Concentrations of etomoxir above 100 µM were 

discovered to reduce mitochondrial OxPhos independently from LC-FAO by inhibiting the 

adenine nucleotide transporter (ANT) located in the internal mitochondrial membrane and to 

a lesser extent the mitochondrial complex I of the ETC. During OxPhos, inhibition of the ANT 

prevents ADP import and ATP export from the mitochondrial matrix, with the consequent 

inhibition of ATP synthase activity. This in turn slows the rate of ETC activity and oxygen 

consumption regardless of the oxidizable substrate (25, 143) (Figure 2). The secondary 

inhibitory effect on complex I slows oxidation of all substrates providing NADH to the ETC. In 

intact T cells, 200 µM of etomoxir profoundly constrained mitochondrial respiration, which 

negatively affected activation, proliferation and cytokine production of stimulated 

lymphocytes. These effects were equally observed in WT and CPT1A-deficient cells, and 

comparable to those of oligomycin, an inhibitor of the mitochondrial ATPase (ETC member 

complex V) that blocks mitochondrial ATP production (25). Moreover, it has been described 

that, in the cytoplasm, etomoxir can readily conjugate to coenzyme A (CoA) to form 

etomoxiryl-CoA, which is the active form that inhibits CPT1 (141, 148). At high etomoxir 

concentrations this conjugation can have the consequence of effectively reducing the amount 

of cellular CoA available as a cofactor for various enzymatic reactions. These data provide 

support for an alternate mechanism of etomoxir action – altering cellular CoA pools 

rather than inhibiting LC-FAO – that interferes with the polarization of anti-inflammatory 
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macrophages (143). Thus, high concentrations of this reactive compound can have a variety 

of off-target effects with differing consequences depending upon the cellular context. 

Taken together, these new studies illustrate the importance of using genetic models to 

validate data obtained from the use of chemical inhibitors. The normal differentiation of CD8+ 

Tmem cells in CPT1A-deficient mice, together with the likelihood of multiple unintended 

metabolic consequences of high concentrations of etomoxir encourage a more cautious 

consideration of the role that LC-FAO plays in the development of certain immune 

phenotypes.  

5.6. Mitochondrial oxidation and Tmem cell development. 

Although the aforementioned studies demonstrate that LC-FAO is not crucial for supporting 

the metabolism of CD8+ Tmem cells, ample evidence indicates that sustained mitochondrial 

oxidation is a metabolic characteristic of the TCM subset of CD8+ Tmem cells (70, 149). CD8+ 

Tmem cells obtained after LmOVA infection were described to have higher SRC and reduced 

ECAR when compared to Teff cells during the active immune response and thus to rely on 

OxPhos for ATP production and survival (69, 70). To support their increased SRC, CD8+ 

Tmem have higher mtDNA/nDNA ratio, mitochondrial mass and expression of key 

mitochondrial proteins (70). Moreover, it was suggested that besides providing an efficient 

energy supply during the periods of quiescence, mitochondrial OxPhos is crucial for the 

reactivation of CD8+ Tmem cells after secondary challenge because it provides the initial ATP 

required for the function of hexokinase, an enzyme that phosphorylates glucose and thus 

catalyses the first step of glycolysis (71). Hexokinase activity facilitates the rapid adoption of 

a glycolytic metabolism and Teff phenotype after TCR stimulation that would contribute to the 

observed ability of CD8+ Tmem to activate and proliferate faster than Tn upon stimulation. 

Correspondingly, inhibition of mitochondrial respiration with low concentrations of oligomycin 

during re-stimulation of CD8+ Tmem cells was found to be detrimental to their activation and 

proliferation, highlighting the importance of mitochondrial ATP to mediate this process (71).  

Recent studies have taken a closer look at mitochondrial morphology during the 

development of CD8+ Teff and Tmem cell responses. It has been demonstrated that in CD8+ 

Tmem cells mitochondria tend to fuse and develop linear or tubular networks and present tight 

cristae structure (130, 131, 144). This morphology has been associated with improved 

OxPhos due to the arrangement of the proteins of the mitochondrial ETC into tightly packed 

supercomplexes, which improves electron flow and thus their function (150, 151). In contrast, 

mitochondria in CD8+ Teff were described to be diffusely distributed in the cytoplasm and to 

have a small and punctuate configuration (70, 144). Pharmacological induction of 

mitochondrial fusion (using a combination of the fusion-inducer M1 and fission-inhibitor 

Mdivi-1) increased the formation of mitochondrial networks in Teff cells activated in vitro, and 

thus their OCR and SRC. Conversely, deletion in transferred OT-I Tmem of the enzyme Optic 

atrophy 1 (Opa1), which mediates mitochondrial fusion and cristae structure, did not affect 

expansion and effector activity after LmOVA infection but resulted in impaired CD8+ Tmem 

survival and secondary activation (144). These results suggest that the generation of 

mitochondrial networks that regulate the level of mitochondrial oxidative capacity 

characterizes CD8+ Tmem metabolism. In addition, and with interesting prospects for adoptive 

cellular immunotherapy, OT-I effector cells differentiated in vitro with mitochondrial fusion 

inducers and transferred into a congenic host had improved in vivo survival and antitumor 

function and could better develop a memory population capable of mounting a response 

against subsequent LmOVA infection (144). Moreover, treatment with M1 and Mdivi-1 also 
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improved mitochondrial metabolism in activated human CD8+ T cells and increased the 

expression of TCM markers CD62L and CCR7 (144).  

These studies provide strong evidence that mitochondrial oxidation is important for the long-

term survival and secondary activation of at least a subset of CD8+ Tmem cells. However, a 

reliance on mitochondrial metabolism is not a universal requirement for the establishment of 

protective memory in vivo. This is illustrated by the deletion of the von Hippel Lindau tumour 

suppressor protein (VHL), an E3 ubiquitin ligase that induces degradation of HIF1α in 

normoxic conditions, and whose absence in T cells results in constitutive glycolytic 

metabolism (54). Mice with a T cell-specific deletion of VHL have an unaffected capacity to 

develop protective immune memory after viral infection, despite their prominent glycolytic 

profile and their inability to upregulate mitochondrial metabolism (149). Interestingly, VHL-

deficient CD8+ Tmem cells develop preferentially into a TEM phenotype, further hinting at a 

relationship between the phenotypical and metabolic heterogeneity of Tmem populations. In 

fact, in mice immunized with LCMV, CD62Lhi TCM cells presented a higher SRC than CD62lo 

TEM, which underpins the notion that mitochondrial capacity may not be universally related to 

memory formation, but rather to central memory (149, 152). Together these data hint at 

metabolic plasticity and differential fuel usage as key determinants of CD8+ Tmem cell 

development. 

5.7. A role for short- and medium-chain fatty acids in T cell metabolism 

Mitochondrial respiration can be sustained by different carbon sources, such as pyruvate 

from glucose, glutamine and other amino acids and lipids, including not only long-, but also 

medium- and short-chain fatty acids. The complete oxidation of these substrates through the 

TCA cycle maximizes energy output, and allows quiescent cells to sufficiently satisfy their 

energy needs with lower amounts of nutrients. Despite this variety, virtually all of the studies 

analysing lipid oxidation in T cells have focused on the metabolism of LCFAs such as 

palmitate or oleate, which require conjugation to carnitine to enter the mitochondria, while 

ignoring the potential contribution to mitochondrial oxidation of medium- and short-chain acyl 

groups, which also become substrates in -oxidation (153). Unlike LCFAs, there are no 

known key regulators of the oxidation of MCFAs and SCFAs, whose metabolism is not 

influenced by CPT1 because they can freely diffuse through the mitochondrial membrane 

(153). SCFAs in humans are mostly produced by colonic bacteria that ferment dietary fibre 

and sugars in the gut, and acetate (C2) is also produced by the liver during fasting. SCFAs 

are readily used for energy by enterocytes in the gut (154) and it has been described that the 

SCFAs butyrate (C4) and propionate (C3) can inhibit histone deacetylases (HDAC) in colonic 

T cells (155). Although oxidation of SCFAs was not evaluated, the study shows that they can 

enter T cells, and therefore be potentially metabolized. Work by Balmer and colleagues 

demonstrated that IL-15-derived CD8+ Tmem cells actively take up and metabolize acetate in 

the TCA cycle (156). Acetate levels in serum increase following pathogen infection, 

suggesting that acetate may be a usable fuel during immune responses (156). MCFAs are 

abundant in milk and can be produced by the liver through peroxisomal oxidation. MCFAs 

are usually not stored in the adipose tissue, and they are readily available from the 

circulation in their free form, usually bound to serum albumin, like LCFAs (153). Unlike 

LCFAs, they do not require active transport or cytosolic fatty acid-binding proteins (FABP) to 

enter the cells, and can therefore be oxidized faster than LCFAs (153). To date, the potential 

of SCFAs and MCFAs to be oxidized by T cells has not been thoroughly evaluated, though 

there is clear evidence showing that activated T cells can use certain MCFAs (octanoic and 

decanoic acid but not dodecanoic acid) to sustain proliferation (26). 
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5.8. AMPK and FAO in Teff 

Apart from the role of AMPK and oxidative metabolism in promoting metabolic resilience in 

Tmem populations, this kinase is also active and can play a role in Teff cells. Upon TCR 

stimulation, a transient activation of AMPK in T cells has been reported, which is mediated by 

phosphorylation by the Ca2+-calmodulin-dependent protein kinase kinase (CaMKK), triggered 

in response to the elevated concentration of cytosolic Ca2+ that results from TCR signalling 

(157). However, the relevance of this process in the activation or function of T cells is not yet 

fully understood. Importantly, AMPK has a critical function in regulating the phenotype and 

metabolism of activated cells, in particular upon nutrient deficiency. Deletion of AMPK1 

results in CD8+ Teff cells that have a more activated phenotype and increased production of 

IFN-γ in vivo and in vitro due to their increased mTORC1 activity (93, 95). In vitro, AMPK-

deficient activated T cells deprived of glucose showed reduced cellular ATP concentration 

and increased mortality. This is attributed partly to their inability to reduce energy expenditure 

through inhibiting mTORC1 activity and their failure to upregulate glutamine transport and 

metabolism to increase mitochondrial energy output (93, 95). In vivo, mice with T cell-specific 

deletion of AMPK cells had markedly reduced expansion of antigen specific CD8+ T cells in 

response to bacterial (L. monocytogenes) or viral (influenza A virus) infections, which 

reflected a failure of activated cells to persist or survive in inflammatory environments without 

the energy regulation induced by AMPK (93). Therefore, AMPK plays an important role in 

securing the fitness of activated T cells under conditions of metabolic stress. However, there 

is some controversy around these assertions, as others report that T cell-specific AMPK1 

deletion does not affect the proliferation of antigen specific cells in response to LmOVA in 

vivo (95).  

Because T cells activated in vitro increase their glycolytic and anabolic metabolism and were 

observed to downregulate expression of Cpt1a and oxidation of external LCFAs (24, 25), it 

has been mostly assumed that CD8+ Teff cells do not require LC-FAO. This is supported by 

the fact that CD8+ T cells lacking CPT1A are capable of differentiating into Teff cells after TCR 

stimulation in vitro and after bacterial infection in vivo (25). However, in vivo studies suggest 

that OxPhos and FAO can play important roles in disease models that involve chronic 

stimulation with self-antigen or T cell exhaustion during chronic infection or tumour 

responses (19, 158, 159). T cells activated in vivo by MHC alloantigens as in the case of 

graft-versus-host disease (GVHD) seem to not upregulate Glut1 and display an increased 

OCR and mitochondrial membrane potential (160). Moreover, while having almost 

undetectable levels of pyruvate, alloreactive cells show elevated concentrations of medium 

and long-chain acylcarnitines (which are intermediate products of the oxidation of LCFAs) 

and increased uptake of external fatty acids and oxidation of palmitate (161, 162). 

Alloreactive cells also increase expression of Cpt1a, Cpt2 and Ppargc1a (PGC1α), an 

activator of mitochondrial biogenesis and of the nuclear receptor peroxisome proliferative 

activated receptor gamma (PPARγ), which induces the uptake and cellular trafficking of lipids 

(162, 163). This oxidative metabolism has been associated to the increased expression in 

allogeneic T cells in GVHD of the inhibitory receptor Programmed cell Death 1 (PD-1) (164). 

PD-1 is a member of the CD28 family of receptors that is expressed in activated T cells. 

Upon ligation by PD-L1 or PD-L2, PD-1 prevents CD28-mediated activation of PI3K and thus 

of Akt (165) and therefore regulates T cell proliferation, cytokine secretion and survival (166). 

It has been reported that engagement of PD-1 in activated T cells, which causes overall 

reduction of T cell activation and IFN-γ production, also inhibits glycolysis and glutaminolysis, 

thus shifting the metabolic profile of activated cells (164, 165, 167). Moreover, PD-1 
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stimulation during in vitro activation of human CD4+ T cells increased expression of Cpt1a, 

promoted lipolysis through upregulation of the adipose triacylglycerol lipase (ATGL) and 

supported oxidation of endogenous fatty acids (167). Interestingly, signalling from CTLA-4, 

another inhibitory receptor of the CD28 family which also reduces glycolysis and glutamine 

transport does not stimulate FAO and lipolysis, suggesting that the upregulation of FAO by 

PD-1 signalling is not solely a consequence of energy depletion (167). 

The uptake of external fatty acids can also be important for T cell activation and proliferation. 

It has been recently reported that activation of naïve and Th2 CD4+ Tmem cells is 

accompanied by an increase in PPARγ expression that is dependent on mTORC1, and 

supports the uptake of external fatty acids in addition to their endogenous synthesis (26). 

Inhibition of PPARγ with GW9662 or activation in fatty acid-free medium curtails proliferation 

of CD4+ T cells and induces their apoptosis. It is unclear if this is also the case for CD8+ T 

cell activation, as publications analysing the effect of mTORC1 inhibition in CTLs using 

proteomic and transcriptomic tools did not find meaningful regulation of Pparg by rapamycin 

(34).  

It should also be considered that, in addition to energy storage, FAs can mediate other 

cellular functions in T cells (reviewed in (66)), such as building phospholipids and glycolipids 

in the cellular membranes, providing substrates for certain posttranslational modifications 

such as palmitoylation and myristoylation, or acting as ligands for nuclear receptors such as 

members of the PPAR family, that modulate lipid metabolism (168). Moreover, FAO can also 

provide precursors for synthesis of NADPH, a molecule with key roles in the conservation of 

cellular redox balance and in the synthesis of biomolecules. Through this pathway, which has 

been described in cancer cells, FAO can counteract the accumulation of reactive oxygen 

species (ROS), particularly in conditions of metabolic stress where synthesis of NADPH 

cannot proceed from glucose (123, 169-171). Although the relevance of this pathway in 

primary lymphocytes has, to our knowledge, not been evaluated, it could be also used by T 

cells to sustain redox balance under metabolic stress.  

 

6. LOCALIZATION AND ENVIRONMENT MAY DICTATE T CELL METABOLIC 

PROGRAMS 

Recent studies have now linked the maintenance of specific memory populations to their 

metabolic profile. As discussed before, most of the work analysing lipid metabolism in CD8+ 

Tmem cells so far has focused on cells found in lymphoid organs like spleen or lymph nodes, 

which present a predominantly TCM phenotype. Similarly, CD8+ Tmem-like cells generated in 

vitro with IL-15 resemble TCM and not TEM or TRM (129). To better understand the metabolic 

characteristics of CD8+ TRM cells, Pan and colleagues analysed OT-I TRM cells produced after 

skin infection with vaccinia virus expressing OVA (rVACVOVA)(69). In this study, they found 

that TRM can actively take up and oxidize external palmitate to a higher degree than Tn, TEM 

or TCM cells and have a higher expression of PPARγ and the fatty acid binding proteins 4 and 

5 (FABP4 and FABP5). FABP4/5 have been described to play an important role in the uptake 

and intracellular trafficking of FAs in adipocytes (172), where their expression is promoted by 

PPARγ. This was found to also be the case in CD8+ TRM, as deletion of FAPB4 and FAPB5 

reduced the ability of OT-I Tmem cells in the skin to take up external palmitate and survive in 

the epithelium after viral infection, without affecting the survival of Tmem in spleen. The 

authors suggested that this PPARγ-coordinated metabolism was related to the location of 

CD8+ TRM cells in the epithelial tissue, where they have easier access to free fatty acids 
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(FFAs) than to other nutrients, and thus they can use external FAs as a source of energy. 

These results are an important example of the heterogeneity of the T cell memory population 

and point towards a paradigm where distinct metabolic profiles are required for T cell function 

and survival in specific tissue microenvironments.  

Specific metabolic characteristics relating to their location and the surrounding metabolic 

environment have also been assigned to other lymphocyte populations. For instance, Foxp3+ 

Treg cells make up more than 50% of the CD4+ lymphocytes found in the visceral adipose 

tissue (VAT) of lean mice (173). Despite sharing most of their transcriptional profile with Treg 

cells from the spleen, these VAT Tregs have unique metabolic characteristics that are also 

coordinated by PPARγ, which is highly expressed in these cells. Activation of PPARγ in VAT 

Treg upregulates the expression of Cpt1a and enzymes related to FA transport, triglyceride 

synthesis and lipid-droplet organization (174). As is the case with tissue resident memory 

CD8+ T cells, PPARγ is crucial for the development of CD4+ Treg cells in the adipose tissue, 

but not for those in the spleen or other lymphoid tissues (174).  

Similarly, cells in the tumour microenvironment (TME) can find themselves in a metabolically 

challenging situation (175-177). The heavily glycolytic metabolism of most tumours results in 

glucose depletion in the TME, complemented by reduced oxygen concentration, which 

impairs the function of the tumour-infiltrating lymphocytes (TILs) (178, 179). In contrast, 

increased abundance of free FAs produced by the tumour is often observed in the TME 

(180), which can potentially provide TILs an alternative source of energy. Indeed, it has been 

recently shown that, compared to T cells outside the tumour, the expression of the nuclear 

receptor PPARα is increased in TILs. PPARα induces the expression of genes related to lipid 

oxidation, such as Cpt1a, which could help TILs to adapt to oxidize FAs from the TME, and 

thus sustain some degree of effector activity (181). Supplementing vaccination with the 

PPARα agonist fenofibrate generated cells with enhanced antitumor activity in vivo, 

supporting the notion that favouring FA catabolism might be best suited to fight tumours in a 

hypoglycemic environment and generating exciting perspectives for the design of antitumor 

therapies (181). 

 

7. MITOCHONDRIAL AND FATTY ACID METABOLISM IN HUMAN IMMUNE 

RESPONSES 

The study of individuals with inborn metabolic disorders can provide insights to the metabolic 

pathways dominating the human immune response (182). Specific immune deficiencies can 

be found in individuals with genetic diseases that affect mitochondrial function. Leukopenia, 

hypogammaglobulinemia, opportunistic fungal infections and recurring infections have been 

reported in patients with mitochondrial disease (MD) (40, 182). In particular, upper 

respiratory tract infections are observed in 30-50% of patients with diagnosed MD (40, 183) 

and it has been reported that vaccination against S. pneumoniae fails to elicit protective 

immunity in these individuals (184). 

Although rare, CPT1 deficiency is observed exclusively for the "liver" CPT1A isoform and it is 

characterized primarily by hypoglycemic attacks usually associated with fasting (117, 124, 

185). Although most symptoms described for these patients are related to the metabolic 

defect of LC-FAO in liver and its systemic consequences,  an association between carrying a 

hypomorphic variant of the enzyme and the risk of suffering infections of the lower respiratory 

tract or acute otitis media was found in children from an Alaskan population with a relatively 

high incidence of CPT1A-deficiency, although confounding factors preclude reliable 
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conclusions (186). To improve available information, a clinical study evaluating the immune 

phenotype in subjects with defects in mitochondrial metabolism is ongoing (clinicaltrials.gov, 

NCT01780168) and preliminary results indicate that absence of enzymes involved in the 

mitochondrial -oxidation of fatty acids does not impair the generation of CD8+ memory 

responses (25). 

In healthy human individuals, there is a progressive accumulation of CD8+CD28- TEM cells 

that has been associated with loss of activity of the deacetylase sirtuin 1 (Sirt1) with age. 

Like other members of the sirtuin family, Sirt1 is a NAD+-dependent deacetylase, that has 

many roles in modulating metabolism and the immune response (187). Similar to the 

differences observed between murine TEM and TCM cells, CD8+CD28- cells exhibit increased 

glycolytic metabolism when compared to CD8+CD28+ Tmem cells or Tn, but no differences in 

their basal or maximal oxygen consumption (188). Interestingly, treatment of CD8+CD28- 

memory cells with the Sirt1 activator resveratrol lowers glycolytic capacity through activation 

of the FOXO1 transcription factor that, in addition to regulating the expression of CD62L and 

CD127, was described to modulate the glycolytic phenotype. Treatment of naïve or CD28+ 

memory cells with the FOXO1 inhibitor AS1842856 reduced expression of CD62L and 

increased granzyme B production in CD28+ Tmem cells, presumably through the 

downregulation of the transcription factor T-bet (81), while also increasing glycolytic 

metabolism. Although the exact mechanism through which FOXO1 modulates glycolysis was 

not defined, the connection between Sirt1 activity, memory phenotype and metabolism 

provides an interesting model to comprehend the cues that guide Tmem differentiation. 

Understanding the metabolic preferences and requirements of T cells can have an important 

impact in the development of adoptive therapies. CAR-T cells are transduced to express a 

synthetic polypeptide that was initially developed to contain an extracellular target binding 

module, which usually signals through an intracellular TCR domain, and thus can stimulate 

the natural TCR activation pathway. Second- and third-generation CAR-T cells include the 

expression of costimulatory molecules, such as CD28 or 4-1BB (CD137), which together with 

the receptor can dramatically improve antitumor activity. The effect of the co-stimulation is 

not limited to the immune signalling mediated by these co-receptors, but they can also 

differentially influence cellular metabolism favouring cellular fitness and improve both effector 

function and persistence of the CAR-T cell (189-192).  

In particular, it has been found that co-stimulation through 4-1BB is associated to a longer 

survival and enhanced memory development when compared to CAR-T cells expressing 

CD28 (189, 192). Interestingly, 4-1BB-expressing cells were also characterized by enhanced 

mitochondrial biogenesis and metabolism, higher SRC and rates of FAO, as well as a 

differential expression of metabolic genes favouring FA metabolism over glycolysis, including 

Cpt1a and Fabp5 (191). Signalling through CD28 intracellular domain was also described to 

increase Cpt1a expression when compared to T cells harbouring only the transgenic antigen-

specific receptor (131). 

 

8. CONCLUDING REMARKS 

During the last few years, a major interest in understanding the metabolic requirements of 

immune cells has triggered the establishment of immunometabolism as a new, exciting area 

of research. Several studies have attempted to describe unique metabolic conditions that 

favour the development of long-lasting adaptive memory, as this information could be crucial 

to improve the effectiveness of vaccination or cancer treatment (176). Taken together, some 
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of these studies had ultimately proposed that CD8+ Tmem cells present an exceptional 

requirement for mitochondrial oxidation of fatty acids to sustain their survival and secondary 

activation, and identified an important role for CPT1A, an enzyme that can control the rate of 

LC-FAO, in modulating this adaptation (70, 71, 106, 131). Due to the absence of sufficient in 

vivo data and specific genetic models to evaluate this hypothesis, the current paradigm was 

based on the use of a chemical inhibitor of CPT1, etomoxir, and the analysis of in vitro 

cultures with IL-15 of antigen-stimulated CD8+ T cells. However, an often-ignored fact is that 

CPT1A can only modulate the oxidation of FAs with chains longer than 12 carbons, while not 

affecting the oxidation of shorter FAs that can also provide a source of energy (67, 153). It is 

therefore only correct to affirm that CPT1A regulates the oxidation of long-chain fatty acids, 

and not fatty acids in general, which leaves the potential of SCFAs and MCFAs to support –

or even maybe favour – the development of CD8+ T cell memory largely unexplored. 

Furthermore, it is important to consider the limitations of analysing memory development with 

in vitro cultures. It is likely that T cells differentiated in vitro with IL-15 will not share all 

features of long-lived CD8+Tmem cells obtained after an infection, as IL-15 is not the only 

factor that influences their development in vivo. In addition, as it has been pointed out (130), 

the concentration of nutrients such as glucose, lipids, glutamine or O2 that lymphocytes are 

exposed to in cell culture medium is radically different to that encountered in vivo, and thus 

limit the application of the information obtained from cell cultures into a real infection setting 

(159). 

New studies targeting Cpt1a in T cells challenge the current model of Tmem reliance on LC-

FAO for establishing protective memory in vivo (25).  Moreover, careful examination of the 

effect of etomoxir on T cell metabolism has suggested that, at high concentrations, this 

compound has multiple off-target effects on mitochondrial metabolism and other cellular 

processes, which may vary depending on the cellular context and requirements for 

activation, influencing the differentiation of not only T cells, but also other immune subsets 

such as macrophages (143, 146).  

The arguments presented in this review do not preclude an important function for OxPhos in 

the development and survival of memory cells, or deny the possibility that T cells can profit 

from the oxidation of lipids to fuel their metabolism under certain circumstances. Instead, we 

seek to encourage the reader to adopt a more global view of the metabolic requirements of 

CD8+ Tmem cells, considering both cellular state and tissue location. Future research should 

include use of in vivo and in vitro models that consider cellular location and nutrient that 

affect T cell metabolism. In this regard, an interesting topic of research involves the study of 

the PPAR family of nuclear receptors that have been reported to regulate lipid metabolism in 

T cells, remarkably in tissue resident cells that might have easier access to fatty acids than 

glucose or other metabolic substrates (26, 69, 181, 193, 194). As PPARs have the unique 

characteristic of being activated by lipid ligands (168, 194, 195), they could provide a link 

between environmental availability and the adoption of a lipid-based metabolism. Some of 

the work presented in this review has started to address this relationship, and we predict that 

future research will provide exciting new information. Moreover, we have discussed that 

mitochondrial respiration could favour the survival of memory cells after the resolution of the 

primary response, but it is also clear that protective immune memory can occur in the event 

of constitutive glycolysis, at least under certain circumstances (149).  

Taken together, although Tmem cells can, in many cases, upregulate a certain metabolism to 

promote their survival, their reliance on this particular metabolic program might not be 
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universal for all Tmem subsets, or under all conditions. In the end, the choice of substrate 

might come down to one thing: enough ATP to get through the day.  

 

Acknowledgements 

The authors want to thank Anne Murphy and all the members of the Institute of Infection 

Immunology at Twincore for critical reading of the manuscript. This work was funded by 

fellowships from the Ellen-Schmidt Program from the Hannover Medical School and HiLF 

(MHH) to L.B. and DFG (to L.B. and T.S.). B.R. is supported by the Deutscher Akademischer 

Austauschdienst (DAAD) and the Centre for Infection Biology of the Hannover Biomedical 

Research School.  

Conflict of interest statement 

The authors declare no conflict of interest.  

Bibliography 

1. Cui W, Kaech SM. Generation of effector CD8+ T cells and their conversion to 
memory T cells. Immunological reviews.2010;236:151-166. 
2. Kaech SM, Cui W. Transcriptional control of effector and memory CD8+ T cell 
differentiation.  Nat Rev Immunol, 2012:749-761. 
3. Williams MA, Bevan MJ. Effector and memory CTL differentiation. Annual review of 
immunology.2007;25:171-192. 
4. Jameson SC, Masopust D. Diversity in T Cell Memory: An Embarrassment of Riches. 
Immunity.2009;31:859-871. 
5. Jameson SC, Masopust D. Understanding Subset Diversity in T Cell Memory. 
Immunity.2018;48:214-226. 
6. Kaech SM, Tan JT, Wherry EJ, Konieczny BT, Surh CD, Ahmed R. Selective 
expression of the interleukin 7 receptor identifies effector CD8 T cells that give rise to long-
lived memory cells. Nat Immunol.2003;4:1191-1198. 
7. Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Pillars article: two subsets of 
memory T lymphocytes with distinct homing potentials and effector functions. J 
Immunol.2014;192:840-844. 
8. Masopust D, Vezys V, Marzo AL, Lefrancois L. Preferential localization of effector 
memory cells in nonlymphoid tissue. Science.2001;291:2413-2417. 
9. Mueller SN, Mackay LK. Tissue-resident memory T cells: local specialists in immune 
defence. Nat Rev Immunol.2016;16:79-89. 
10. Park CO, Kupper TS. The emerging role of resident memory T cells in protective 
immunity and inflammatory disease. Nature medicine.2015;21:688-697. 
11. Han SJ, Glatman Zaretsky A, Andrade-Oliveira V, et al. White Adipose Tissue Is a 
Reservoir for Memory T Cells and Promotes Protective Memory Responses to Infection. 
Immunity.2017;47:1154-1168 e1156. 
12. Maraskovsky E, O'Reilly LA, Teepe M, Corcoran LM, Peschon JJ, Strasser A. Bcl-2 
can rescue T lymphocyte development in interleukin-7 receptor-deficient mice but not in 
mutant rag-1-/- mice. Cell.1997;89:1011-1019. 
13. Rathmell JC, Farkash EA, Gao W, Thompson CB. IL-7 enhances the survival and 
maintains the size of naive T cells. J Immunol.2001;167:6869-6876. 
14. Tan JT, Dudl E, LeRoy E, et al. IL-7 is critical for homeostatic proliferation and 
survival of naive T cells. Proc Natl Acad Sci U S A.2001;98:8732-8737. 
15. Pallard C, Stegmann AP, van Kleffens T, Smart F, Venkitaraman A, Spits H. Distinct 
roles of the phosphatidylinositol 3-kinase and STAT5 pathways in IL-7-mediated 
development of human thymocyte precursors. Immunity.1999;10:525-535. 
16. Kanai T, Thomas EK, Yasutomi Y, Letvin NL. IL-15 stimulates the expansion of AIDS 
virus-specific CTL. J Immunol.1996;157:3681-3687. 



23 
 

17. Lodolce JP, Boone DL, Chai S, et al. IL-15 receptor maintains lymphoid homeostasis 
by supporting lymphocyte homing and proliferation. Immunity.1998;9:669-676. 
18. Thompson CB, Rathmell JC, Frauwirth KA, et al. What keeps a resting T cell alive? 
Cold Spring Harbor symposia on quantitative biology.1999;64:383-387. 
19. MacIver NJ, Michalek RD, Rathmell JC. Metabolic regulation of T lymphocytes. 
Annual review of immunology.2013;31:259-283. 
20. Fox CJ, Hammerman PS, Thompson CB. Fuel feeds function: Energy metabolism 
and the T-cell response. Nature Reviews Immunology.2005;5:844-852. 
21. Rathmell JC, Vander Heiden MG, Harris MH, Frauwirth KA, Thompson CB. In the 
absence of extrinsic signals, nutrient utilization by lymphocytes is insufficient to maintain 
either cell size or viability. Molecular cell.2000;6:683-692. 
22. Vander Heiden MG, Plas DR, Rathmell JC, Fox CJ, Harris MH, Thompson CB. 
Growth factors can influence cell growth and survival through effects on glucose metabolism. 
Mol Cell Biol.2001;21:5899-5912. 
23. Ardawi MS, Newsholme EA. Metabolism of ketone bodies, oleate and glucose in 
lymphocytes of the rat. The Biochemical journal.1984;221:255-260. 
24. Wang R, Dillon CP, Shi LZ, et al. The transcription factor Myc controls metabolic 
reprogramming upon T lymphocyte activation. Immunity.2011;35:871-882. 
25. Raud B, Roy DG, Divakaruni AS, et al. Etomoxir actions on regulatory and memory T 
cells are independent of Cpt1a-mediated fatty acid oxidation. Cell metabolism.2018;In press. 
26. Angela M, Endo Y, Asou HK, et al. Fatty acid metabolic reprogramming via mTOR-
mediated inductions of PPARgamma directs early activation of T cells. Nat 
Commun.2016;7:13683. 
27. Jones RG, Thompson CB. Revving the engine: signal transduction fuels T cell 
activation. Immunity.2007;27:173-178. 
28. Heiden MGV, Cantley LC, Thompson CB. Understanding the warburg effect: The 
metabolic requirements of cell proliferation. Science.2009;324:1029-1033. 
29. Frauwirth KA, Thompson CB. Activation and inhibition of lymphocytes by 
costimulation. J Clin Invest.2002;109:295-299. 
30. Frauwirth KA, Riley JL, Harris MH, et al. The CD28 signaling pathway regulates 
glucose metabolism. Immunity.2002;16:769-777. 
31. Almeida L, Lochner M, Berod L, Sparwasser T. Metabolic pathways in T cell 
activation and lineage differentiation. Semin Immunol.2016;28:514-524. 
32. Pearce EL, Poffenberger MC, Chang CH, Jones RG. Fueling immunity: insights into 
metabolism and lymphocyte function. Science.2013;342:1242454. 
33. Macintyre AN, Gerriets VA, Nichols AG, et al. The glucose transporter Glut1 is 
selectively essential for CD4 T cell activation and effector function. Cell Metab.2014;20:61-
72. 
34. Hukelmann JL, Anderson KE, Sinclair LV, et al. The cytotoxic T cell proteome and its 
shaping by the kinase mTOR. Nat Immunol.2016;17:104-112. 
35. Warburg O, Gawehn K, Geissler AW. [Metabolism of leukocytes]. Z Naturforsch 
B.1958;13B:515-516. 
36. Palsson-McDermott EM, O'Neill LA. The Warburg effect then and now: from cancer to 
inflammatory diseases. Bioessays.2013;35:965-973. 
37. Chang CH, Curtis JD, Maggi LB, Jr., et al. Posttranscriptional control of T cell effector 
function by aerobic glycolysis. Cell.2013;153:1239-1251. 
38. Greiner EF, Guppy M, Brand K. Glucose is essential for proliferation and the 
glycolytic enzyme induction that provokes a transition to glycolytic energy production. J Biol 
Chem.1994;269:31484-31490. 
39. Sena LA, Li S, Jairaman A, et al. Mitochondria are required for antigen-specific T cell 
activation through reactive oxygen species signaling. Immunity.2013;38:225-236. 
40. Tarasenko TN, Pacheco SE, Koenig MK, et al. Cytochrome c Oxidase Activity Is a 
Metabolic Checkpoint that Regulates Cell Fate Decisions During T Cell Activation and 
Differentiation. Cell Metab.2017;25:1254-1268 e1257. 



24 
 

41. Ron-Harel N, Santos D, Ghergurovich JM, et al. Mitochondrial Biogenesis and 
Proteome Remodeling Promote One-Carbon Metabolism for T Cell Activation. Cell 
Metab.2016;24:104-117. 
42. Boukouris AE, Zervopoulos SD, Michelakis ED. Metabolic Enzymes Moonlighting in 
the Nucleus: Metabolic Regulation of Gene Transcription. Trends in biochemical 
sciences.2016;41:712-730. 
43. Saxton RA, Sabatini DM. mTOR Signaling in Growth, Metabolism, and Disease. 
Cell.2017;168:960-976. 
44. Waickman AT, Powell JD. mTOR, metabolism, and the regulation of T-cell 
differentiation and function. Immunol Rev.2012;249:43-58. 
45. Powell JD, Pollizzi KN, Heikamp EB, Horton MR. Regulation of immune responses by 
mTOR. Annual review of immunology.2012;30:39-68. 
46. Pollizzi KN, Patel CH, Sun IH, et al. mTORC1 and mTORC2 selectively regulate 
CD8(+) T cell differentiation. J Clin Invest.2015;125:2090-2108. 
47. Rao RR, Li Q, Odunsi K, Shrikant PA. The mTOR kinase determines effector versus 
memory CD8+ T cell fate by regulating the expression of transcription factors T-bet and 
Eomesodermin. Immunity.2010;32:67-78. 
48. Chi H. Regulation and function of mTOR signalling in T cell fate decisions. Nat Rev 
Immunol.2012;12:325-338. 
49. Delgoffe GM, Pollizzi KN, Waickman AT, et al. The kinase mTOR regulates the 
differentiation of helper T cells through the selective activation of signaling by mTORC1 and 
mTORC2. Nat Immunol.2011;12:295-303. 
50. Powell JD, Delgoffe GM. The mammalian target of rapamycin: linking T cell 
differentiation, function, and metabolism. Immunity.2010;33:301-311. 
51. Delgoffe GM, Kole TP, Zheng Y, et al. The mTOR kinase differentially regulates 
effector and regulatory T cell lineage commitment. Immunity.2009;30:832-844. 
52. Lamming DW, Ye L, Katajisto P, et al. Rapamycin-induced insulin resistance is 
mediated by mTORC2 loss and uncoupled from longevity. Science.2012;335:1638-1643. 
53. Finlay DK, Rosenzweig E, Sinclair LV, et al. PDK1 regulation of mTOR and hypoxia-
inducible factor 1 integrate metabolism and migration of CD8+ T cells. J Exp 
Med.2012;209:2441-2453. 
54. Doedens AL, Phan AT, Stradner MH, et al. Hypoxia-inducible factors enhance the 
effector responses of CD8(+) T cells to persistent antigen. Nat Immunol.2013;14:1173-1182. 
55. Duvel K, Yecies JL, Menon S, et al. Activation of a metabolic gene regulatory network 
downstream of mTOR complex 1. Molecular cell.2010;39:171-183. 
56. Pollizzi KN, Powell JD. Integrating canonical and metabolic signalling programmes in 
the regulation of T cell responses. Nat Rev Immunol.2014;14:435-446. 
57. Phan AT, Goldrath AW. Hypoxia-inducible factors regulate T cell metabolism and 
function. Mol Immunol.2015;68:527-535. 
58. Macintyre AN, Finlay D, Preston G, et al. Protein kinase B controls transcriptional 
programs that direct cytotoxic T cell fate but is dispensable for T cell metabolism. 
Immunity.2011;34:224-236. 
59. Haissaguerre M, Saucisse N, Cota D. Influence of mTOR in energy and metabolic 
homeostasis. Molecular and cellular endocrinology.2014;397:67-77. 
60. Shao W, Espenshade PJ. Expanding roles for SREBP in metabolism. Cell 
Metab.2012;16:414-419. 
61. Kidani Y, Elsaesser H, Hock MB, et al. Sterol regulatory element-binding proteins are 
essential for the metabolic programming of effector T cells and adaptive immunity. Nat 
Immunol.2013;14:489-499. 
62. Berod L, Friedrich C, Nandan A, et al. De novo fatty acid synthesis controls the fate 
between regulatory T and T helper 17 cells. Nature medicine.2014;20:1327-1333. 
63. Lee J, Walsh MC, Hoehn KL, James DE, Wherry EJ, Choi Y. Regulator of fatty acid 
metabolism, acetyl coenzyme a carboxylase 1, controls T cell immunity. J 
Immunol.2014;192:3190-3199. 
64. Endo Y, Asou HK, Matsugae N, et al. Obesity Drives Th17 Cell Differentiation by 
Inducing the Lipid Metabolic Kinase, ACC1. Cell Rep.2015;12:1042-1055. 



25 
 

65. Stüve PM, L; Erdmann, H; Arnold-Schrauf, C; Swallow, M; Guderia, M; Krull, F; 
Hölscher, A; Ghorbani, P; Behrends, J; Abraham, A; Hölscher, C; Sparwasser, T.; Berod, L. 
De novo fatty acid synthesis during mycobacterial infection is a prerequisite for the function 
of highly proliferative T cells, but not for dendritic cells or macrophages. Front 
Immunol.2018;In press. 
66. Lochner M, Berod L, Sparwasser T. Fatty acid metabolism in the regulation of T cell 
function. Trends Immunol.2015;36:81-91. 
67. Wakil SJ, Abu-Elheiga LA. Fatty acid metabolism: target for metabolic syndrome. J 
Lipid Res.2009;50 Suppl:S138-143. 
68. Raha S, Raud B, Oberdorfer L, et al. Disruption of de novo fatty acid synthesis via 
acetyl-CoA carboxylase 1 inhibition prevents acute graft-versus-host disease. Eur J 
Immunol.2016;46:2233-2238. 
69. Pan Y, Tian T, Park CO, et al. Survival of tissue-resident memory T cells requires 
exogenous lipid uptake and metabolism. Nature.2017;543:252-256. 
70. van der Windt GJ, Everts B, Chang CH, et al. Mitochondrial respiratory capacity is a 
critical regulator of CD8+ T cell memory development. Immunity.2012;36:68-78. 
71. van der Windt GJ, O'Sullivan D, Everts B, et al. CD8 memory T cells have a 
bioenergetic advantage that underlies their rapid recall ability. Proc Natl Acad Sci U S 
A.2013;110:14336-14341. 
72. Araki K, Turner AP, Shaffer VO, et al. mTOR regulates memory CD8 T-cell 
differentiation. Nature.2009;460:108-112. 
73. Navarro MN, Cantrell DA. Serine-threonine kinases in TCR signaling. Nat 
Immunol.2014;15:808-814. 
74. He S, Kato K, Jiang J, et al. Characterization of the metabolic phenotype of 
rapamycin-treated CD8+ T cells with augmented ability to generate long-lasting memory 
cells. PLoS One.2011;6:e20107. 
75. Shrestha S, Yang K, Wei J, Karmaus PW, Neale G, Chi H. Tsc1 promotes the 
differentiation of memory CD8+ T cells via orchestrating the transcriptional and metabolic 
programs. Proc Natl Acad Sci U S A.2014;111:14858-14863. 
76. Chang JT, Palanivel VR, Kinjyo I, et al. Asymmetric T lymphocyte division in the 
initiation of adaptive immune responses. Science.2007;315:1687-1691. 
77. Pollizzi KN, Sun IH, Patel CH, et al. Asymmetric inheritance of mTORC1 kinase 
activity during division dictates CD8(+) T cell differentiation. Nat Immunol.2016;17:704-711. 
78. Verbist KC, Guy CS, Milasta S, et al. Metabolic maintenance of cell asymmetry 
following division in activated T lymphocytes. Nature.2016;532:389-393. 
79. Zhang L, Tschumi BO, Lopez-Mejia IC, et al. Mammalian Target of Rapamycin 
Complex 2 Controls CD8 T Cell Memory Differentiation in a Foxo1-Dependent Manner. Cell 
Rep.2016;14:1206-1217. 
80. Finlay D, Cantrell DA. Metabolism, migration and memory in cytotoxic T cells. Nature 
Reviews Immunology.2011;11:109-117. 
81. Rao RR, Li Q, Gubbels Bupp MR, Shrikant PA. Transcription factor Foxo1 represses 
T-bet-mediated effector functions and promotes memory CD8(+) T cell differentiation. 
Immunity.2012;36:374-387. 
82. Tejera MM, Kim EH, Sullivan JA, Plisch EH, Suresh M. FoxO1 controls effector-to-
memory transition and maintenance of functional CD8 T cell memory. J 
Immunol.2013;191:187-199. 
83. Ma EH, Poffenberger MC, Wong AH-T, Jones RG. The role of AMPK in T cell 
metabolism and function. Current Opinion in Immunology.2017;46:45-52. 
84. Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial homeostasis. 
Nature reviews Molecular cell biology.2018;19:121-135. 
85. Hardie DG. The AMP-activated protein kinase pathway--new players upstream and 
downstream. J Cell Sci.2004;117:5479-5487. 
86. Hardie DG, Ross FA, Hawley SA. AMPK: a nutrient and energy sensor that maintains 
energy homeostasis. Nature reviews Molecular cell biology.2012;13:251-262. 



26 
 

87. Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated protein kinase: Ancient 
energy gauge provides clues to modern understanding of metabolism. Cell 
metabolism.2005;1:15-25. 
88. Shackelford DB, Shaw RJ. The LKB1-AMPK pathway: metabolism and growth control 
in tumour suppression. Nature reviews Cancer.2009;9:563-575. 
89. Mihaylova MM, Shaw RJ. The AMPK signalling pathway coordinates cell growth, 
autophagy and metabolism. Nature Cell Biology.2011;13:1016-1023. 
90. MacIver NJ, Blagih J, Saucillo DC, et al. The liver kinase B1 is a central regulator of T 
cell development, activation, and metabolism. J Immunol.2011;187:4187-4198. 
91. Cao Y, Li H, Liu H, Zheng C, Ji H, Liu X. The serine/threonine kinase LKB1 controls 
thymocyte survival through regulation of AMPK activation and Bcl-XL expression. Cell 
Res.2010;20:99-108. 
92. Tamas P, Macintyre A, Finlay D, et al. LKB1 is essential for the proliferation of T-cell 
progenitors and mature peripheral T cells. Eur J Immunol.2010;40:242-253. 
93. Blagih J, Coulombe F, Vincent EE, et al. The energy sensor AMPK regulates T cell 
metabolic adaptation and effector responses in vivo. Immunity.2015;42:41-54. 
94. Mayer A, Denanglaire S, Viollet B, Leo O, Andris F. AMP-activated protein kinase 
regulates lymphocyte responses to metabolic stress but is largely dispensable for immune 
cell development and function. Eur J Immunol.2008;38:948-956. 
95. Rolf J, Zarrouk M, Finlay DK, Foretz M, Viollet B, Cantrell DA. AMPKalpha1: a 
glucose sensor that controls CD8 T-cell memory. Eur J Immunol.2013;43:889-896. 
96. Shaw RJ, Bardeesy N, Manning BD, et al. The LKB1 tumor suppressor negatively 
regulates mTOR signaling. Cancer Cell.2004;6:91-99. 
97. Gwinn DM, Shackelford DB, Egan DF, et al. AMPK phosphorylation of raptor 
mediates a metabolic checkpoint. Molecular cell.2008;30:214-226. 
98. Abu-Elheiga L, Matzuk MM, Abo-Hashema KA, Wakil SJ. Continuous fatty acid 
oxidation and reduced fat storage in mice lacking acetyl-CoA carboxylase 2. 
Science.2001;291:2613-2616. 
99. Abu-Elheiga L, Brinkley WR, Zhong L, Chirala SS, Woldegiorgis G, Wakil SJ. The 
subcellular localization of acetyl-CoA carboxylase 2. Proc Natl Acad Sci U S 
A.2000;97:1444-1449. 
100. Kim J, Kundu M, Viollet B, Guan KL. AMPK and mTOR regulate autophagy through 
direct phosphorylation of Ulk1. Nat Cell Biol.2011;13:132-141. 
101. Xu X, Araki K, Li S, et al. Autophagy is essential for effector CD8(+) T cell survival 
and memory formation. Nat Immunol.2014;15:1152-1161. 
102. Wu Z, Puigserver P, Andersson U, et al. Mechanisms controlling mitochondrial 
biogenesis and respiration through the thermogenic coactivator PGC-1. Cell.1999;98:115-
124. 
103. O'Neill HM, Holloway GP, Steinberg GR. AMPK regulation of fatty acid metabolism 
and mitochondrial biogenesis: implications for obesity. Molecular and cellular 
endocrinology.2013;366:135-151. 
104. O'Neill HM, Lally JS, Galic S, et al. AMPK phosphorylation of ACC2 is required for 
skeletal muscle fatty acid oxidation and insulin sensitivity in mice. 
Diabetologia.2014;57:1693-1702. 
105. Fullerton MD, Galic S, Marcinko K, et al. Single phosphorylation sites in Acc1 and 
Acc2 regulate lipid homeostasis and the insulin-sensitizing effects of metformin. Nature 
medicine.2013;19:1649-1654. 
106. Pearce EL, Walsh MC, Cejas PJ, et al. Enhancing CD8 T-cell memory by modulating 
fatty acid metabolism. Nature.2009;460:103-107. 
107. Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and quiescence. 
Immunity.2013;38:633-643. 
108. Buck MD, O'Sullivan D, Pearce EL. T cell metabolism drives immunity. J Exp 
Med.2015;212:1345-1360. 
109. Walsh MC, Lee J, Choi Y. Tumor necrosis factor receptor- associated factor 6 
(TRAF6) regulation of development, function, and homeostasis of the immune system. 
Immunol Rev.2015;266:72-92. 



27 
 

110. Lomaga MA, Yeh WC, Sarosi I, et al. TRAF6 deficiency results in osteopetrosis and 
defective interleukin-1, CD40, and LPS signaling. Genes & development.1999;13:1015-1024. 
111. King CG, Kobayashi T, Cejas PJ, et al. TRAF6 is a T cell-intrinsic negative regulator 
required for the maintenance of immune homeostasis. Nature medicine.2006;12:1088-1092. 
112. Walsh MC, Pearce EL, Cejas PJ, Lee J, Wang LS, Choi Y. IL-18 synergizes with IL-7 
to drive slow proliferation of naive CD8 T cells by costimulating self-peptide-mediated TCR 
signals. J Immunol.2014;193:3992-4001. 
113. Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metformin: from mechanisms of 
action to therapies. Cell Metab.2014;20:953-966. 
114. Andrzejewski S, Gravel SP, Pollak M, St-Pierre J. Metformin directly acts on 
mitochondria to alter cellular bioenergetics. Cancer Metab.2014;2:12. 
115. Zarrouk M, Finlay DK, Foretz M, Viollet B, Cantrell DA. Adenosine-mono-phosphate-
activated protein kinase-independent effects of metformin in T cells. PLoS 
One.2014;9:e106710. 
116. Fritz IB, Yue KT. Long-Chain Carnitine Acyltransferase and the Role of Acylcarnitine 
Derivatives in the Catalytic Increase of Fatty Acid Oxidation Induced by Carnitine. J Lipid 
Res.1963;4:279-288. 
117. Bonnefont JP, Djouadi F, Prip-Buus C, Gobin S, Munnich A, Bastin J. Carnitine 
palmitoyltransferases 1 and 2: Biochemical, molecular and medical aspects. Molecular 
aspects of medicine.2004;25:495-520. 
118. Zaugg K, Yao Y, Reilly PT, et al. Carnitine palmitoyltransferase 1C promotes cell 
survival and tumor growth under conditions of metabolic stress. Genes & 
development.2011;25:1041-1051. 
119. Casals N, Zammit V, Herrero L, Fadó R, Rodríguez-Rodríguez R, Serra D. Carnitine 
palmitoyltransferase 1C: From cognition to cancer. Progress in Lipid Research.2016;61:134-
148. 
120. Sierra AY, Gratacos E, Carrasco P, et al. CPT1c is localized in endoplasmic reticulum 
of neurons and has carnitine palmitoyltransferase activity. J Biol Chem.2008;283:6878-6885. 
121. Qu Q, Zeng F, Liu X, Wang QJ, Deng F. Fatty acid oxidation and carnitine 
palmitoyltransferase I: emerging therapeutic targets in cancer. Cell Death Dis.2016;7:e2226. 
122. Bartlett K, Eaton S. Mitochondrial beta-oxidation. Eur J Biochem.2004;271:462-469. 
123. Carracedo A, Cantley LC, Pandolfi PP. Cancer metabolism: fatty acid oxidation in the 
limelight. Nature reviews Cancer.2013;13:227-232. 
124. Houten SM, Wanders RJ. A general introduction to the biochemistry of mitochondrial 
fatty acid beta-oxidation. J Inherit Metab Dis.2010;33:469-477. 
125. Abu-Elheiga L, Oh W, Kordari P, Wakil SJ. Acetyl-CoA carboxylase 2 mutant mice 
are protected against obesity and diabetes induced by high-fat/high-carbohydrate diets. Proc 
Natl Acad Sci U S A.2003;100:10207-10212. 
126. Lee JE, Walsh MC, Hoehn KL, James DE, Wherry EJ, Choi Y. Acetyl CoA 
Carboxylase 2 Is Dispensable for CD8+ T Cell Responses. PLoS One.2015;10:e0137776. 
127. Deberardinis RJ, Lum JJ, Thompson CB. Phosphatidylinositol 3-kinase-dependent 
modulation of carnitine palmitoyltransferase 1A expression regulates lipid metabolism during 
hematopoietic cell growth. J Biol Chem.2006;281:37372-37380. 
128. Sukumar M, Liu J, Ji Y, et al. Inhibiting glycolytic metabolism enhances CD8+ T cell 
memory and antitumor function. J Clin Invest.2013;123:4479-4488. 
129. Carrio R, Bathe OF, Malek TR. Initial antigen encounter programs CD8+ T cells 
competent to develop into memory cells that are activated in an antigen-free, IL-7- and IL-15-
rich environment. J Immunol.2004;172:7315-7323. 
130. O'Sullivan D, van der Windt GJ, Huang SC, et al. Memory CD8(+) T cells use cell-
intrinsic lipolysis to support the metabolic programming necessary for development. 
Immunity.2014;41:75-88. 
131. Klein Geltink RI, O'Sullivan D, Corrado M, et al. Mitochondrial Priming by CD28. 
Cell.2017;171:385-397 e311. 
132. Buck MD, Sowell RT, Kaech SM, Pearce EL. Metabolic Instruction of Immunity. 
Cell.2017;169:570-586. 



28 
 

133. O'Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism for immunologists. 
Nat Rev Immunol.2016;16:553-565. 
134. Michalek RD, Gerriets VA, Jacobs SR, et al. Cutting edge: distinct glycolytic and lipid 
oxidative metabolic programs are essential for effector and regulatory CD4+ T cell subsets. J 
Immunol.2011;186:3299-3303. 
135. Kurtz DM, Rinaldo P, Rhead WJ, et al. Targeted disruption of mouse long-chain acyl-
CoA dehydrogenase gene reveals crucial roles for fatty acid oxidation. Proc Natl Acad Sci U 
S A.1998;95:15592-15597. 
136. Cox KB, Hamm DA, Millington DS, et al. Gestational, pathologic and biochemical 
differences between very long-chain acyl-CoA dehydrogenase deficiency and long-chain 
acyl-CoA dehydrogenase deficiency in the mouse. Hum Mol Genet.2001;10:2069-2077. 
137. Tucci S. Very long-chain acyl-CoA dehydrogenase (VLCAD-) deficiency–studies on 
treatment effects and long-term outcomes in mouse models. Journal of Inherited Metabolic 
Disease.2017;40:317-323. 
138. Spiekerkoetter U, Wood PA. Mitochondrial fatty acid oxidation disorders: 
pathophysiological studies in mouse models. J Inherit Metab Dis.2010;33:539-546. 
139. Nyman LR, Cox KB, Hoppel CL, et al. Homozygous carnitine palmitoyltransferase 1a 
(liver isoform) deficiency is lethal in the mouse. Mol Genet Metab.2005;86:179-187. 
140. Bentebibel A, Sebastian D, Herrero L, et al. Novel effect of C75 on carnitine 
palmitoyltransferase I activity and palmitate oxidation. Biochemistry.2006;45:4339-4350. 
141. Ceccarelli SM, Chomienne O, Gubler M, Arduini A. Carnitine palmitoyltransferase 
(CPT) modulators: a medicinal chemistry perspective on 35 years of research. Journal of 
medicinal chemistry.2011;54:3109-3152. 
142. Declercq PE, Falck JR, Kuwajima M, Tyminski H, Foster DW, McGarry JD. 
Characterization of the mitochondrial carnitine palmitoyltransferase enzyme system. I. Use of 
inhibitors. J Biol Chem.1987;262:9812-9821. 
143. Divakaruni AS, Hsieh YW, Minarrieta L, et al. Etomoxir inhibits macrophage 
polarization by disrupting CoA homeostasis. Cell Metab.2018. 
144. Buck MD, O'Sullivan D, Klein Geltink RI, et al. Mitochondrial Dynamics Controls T 
Cell Fate through Metabolic Programming. Cell.2016;166:63-76. 
145. Huang SC, Everts B, Ivanova Y, et al. Cell-intrinsic lysosomal lipolysis is essential for 
alternative activation of macrophages. Nat Immunol.2014;15:846-855. 
146. Nomura M, Liu J, Rovira, II, et al. Fatty acid oxidation in macrophage polarization. Nat 
Immunol.2016;17:216-217. 
147. Lopaschuk GD, Wall SR, Olley PM, Davies NJ. Etomoxir, a carnitine 
palmitoyltransferase I inhibitor, protects hearts from fatty acid-induced ischemic injury 
independent of changes in long chain acylcarnitine. Circ Res.1988;63:1036-1043. 
148. Lilly K, Chung C, Kerner J, VanRenterghem R, Bieber LL. Effect of etomoxiryl-CoA on 
different carnitine acyltransferases. Biochemical pharmacology.1992;43:353-361. 
149. Phan AT, Doedens AL, Palazon A, et al. Constitutive Glycolytic Metabolism Supports 
CD8(+) T Cell Effector Memory Differentiation during Viral Infection. Immunity.2016;45:1024-
1037. 
150. Cogliati S, Enriquez JA, Scorrano L. Mitochondrial Cristae: Where Beauty Meets 
Functionality. Trends in biochemical sciences.2016;41:261-273. 
151. Cogliati S, Frezza C, Soriano ME, et al. Mitochondrial cristae shape determines 
respiratory chain supercomplexes assembly and respiratory efficiency. Cell.2013;155:160-
171. 
152. Delgoffe GM. VHL Brings Warburg into the Memory Spotlight. Immunity.2016;45:953-
955. 
153. Schonfeld P, Wojtczak L. Short- and medium-chain fatty acids in energy metabolism: 
the cellular perspective. J Lipid Res.2016;57:943-954. 
154. Wolever TM, Brighenti F, Royall D, Jenkins AL, Jenkins DJ. Effect of rectal infusion of 
short chain fatty acids in human subjects. Am J Gastroenterol.1989;84:1027-1033. 
155. Arpaia N, Campbell C, Fan X, et al. Metabolites produced by commensal bacteria 
promote peripheral regulatory T-cell generation. Nature.2013;504:451-455. 



29 
 

156. Balmer ML, Ma EH, Bantug GR, et al. Memory CD8+T Cells Require Increased 
Concentrations of Acetate Induced by Stress for Optimal Function. Immunity.2016;44:1312-
1324. 
157. Tamas P, Hawley SA, Clarke RG, et al. Regulation of the energy sensor AMP-
activated protein kinase by antigen receptor and Ca2+ in T lymphocytes. J Exp 
Med.2006;203:1665-1670. 
158. Byersdorfer CA. The role of Fatty Acid oxidation in the metabolic reprograming of 
activated t-cells. Front Immunol.2014;5:641. 
159. Olenchock BA, Rathmell JC, Vander Heiden MG. Biochemical Underpinnings of 
Immune Cell Metabolic Phenotypes. Immunity.2017;46:703-713. 
160. Glick GD, Rossignol R, Lyssiotis CA, et al. Anaplerotic metabolism of alloreactive T 
cells provides a metabolic approach to treat graft-versus-host disease. The Journal of 
pharmacology and experimental therapeutics.2014;351:298-307. 
161. Gatza E, Wahl DR, Opipari AW, et al. Manipulating the bioenergetics of alloreactive T 
cells causes their selective apoptosis and arrests graft-versus-host disease. Sci Transl 
Med.2011;3:67ra68. 
162. Byersdorfer CA, Tkachev V, Opipari AW, et al. Effector T cells require fatty acid 
metabolism during murine graft-versus-host disease. Blood.2013;122:3230-3237. 
163. Varga T, Czimmerer Z, Nagy L. PPARs are a unique set of fatty acid regulated 
transcription factors controlling both lipid metabolism and inflammation. Biochim Biophys 
Acta.2011;1812:1007-1022. 
164. Tkachev V, Goodell S, Opipari AW, et al. Programmed death-1 controls T cell survival 
by regulating oxidative metabolism. J Immunol.2015;194:5789-5800. 
165. Parry RV, Chemnitz JM, Frauwirth KA, et al. CTLA-4 and PD-1 receptors inhibit T-cell 
activation by distinct mechanisms. Mol Cell Biol.2005;25:9543-9553. 
166. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance and 
immunity. Annual review of immunology.2008;26:677-704. 
167. Patsoukis N, Bardhan K, Chatterjee P, et al. PD-1 alters T-cell metabolic 
reprogramming by inhibiting glycolysis and promoting lipolysis and fatty acid oxidation. Nat 
Commun.2015;6:6692. 
168. Choi JM, Bothwell AL. The nuclear receptor PPARs as important regulators of T-cell 
functions and autoimmune diseases. Molecules and cells.2012;33:217-222. 
169. Samudio I, Harmancey R, Fiegl M, et al. Pharmacologic inhibition of fatty acid 
oxidation sensitizes human leukemia cells to apoptosis induction. The Journal of clinical 
investigation.2010;120:142-156. 
170. Jeon SM, Chandel NS, Hay N. AMPK regulates NADPH homeostasis to promote 
tumour cell survival during energy stress. Nature.2012;485:661-665. 
171. Pike LS, Smift AL, Croteau NJ, Ferrick DA, Wu M. Inhibition of fatty acid oxidation by 
etomoxir impairs NADPH production and increases reactive oxygen species resulting in ATP 
depletion and cell death in human glioblastoma cells. Biochim Biophys Acta.2011;1807:726-
734. 
172. Hotamisligil GS, Bernlohr DA. Metabolic functions of FABPs--mechanisms and 
therapeutic implications. Nat Rev Endocrinol.2015;11:592-605. 
173. Feuerer M, Herrero L, Cipolletta D, et al. Lean, but not obese, fat is enriched for a 
unique population of regulatory T cells that affect metabolic parameters. Nature 
medicine.2009;15:930-939. 
174. Cipolletta D, Feuerer M, Li A, et al. PPAR-gamma is a major driver of the 
accumulation and phenotype of adipose tissue Treg cells. Nature.2012;486:549-553. 
175. Ho PC, Kaech SM. Reenergizing T cell anti-tumor immunity by harnessing 
immunometabolic checkpoints and machineries. Curr Opin Immunol.2017;46:38-44. 
176. Chang CH, Pearce EL. Emerging concepts of T cell metabolism as a target of 
immunotherapy. Nat Immunol.2016;17:364-368. 
177. Zhang Y, Ertl HC. Starved and Asphyxiated: How Can CD8(+) T Cells within a Tumor 
Microenvironment Prevent Tumor Progression. Front Immunol.2016;7:32. 
178. Siska PJ, Rathmell JC. T cell metabolic fitness in antitumor immunity. Trends 
Immunol.2015;36:257-264. 



30 
 

179. Chang CH, Qiu J, O'Sullivan D, et al. Metabolic Competition in the Tumor 
Microenvironment Is a Driver of Cancer Progression. Cell.2015;162:1229-1241. 
180. Menendez JA, Lupu R. Fatty acid synthase and the lipogenic phenotype in cancer 
pathogenesis. Nature reviews Cancer.2007;7:763-777. 
181. Zhang Y, Kurupati R, Liu L, et al. Enhancing CD8(+) T Cell Fatty Acid Catabolism 
within a Metabolically Challenging Tumor Microenvironment Increases the Efficacy of 
Melanoma Immunotherapy. Cancer Cell.2017;32:377-391 e379. 
182. Kapnick SM, Pacheco SE, McGuire PJ. The emerging role of immune dysfunction in 
mitochondrial diseases as a paradigm for understanding immunometabolism. Metabolism: 
clinical and experimental.2017. 
183. Edmonds JL, Kirse DJ, Kearns D, Deutsch R, Spruijt L, Naviaux RK. The 
otolaryngological manifestations of mitochondrial disease and the risk of neurodegeneration 
with infection. Arch Otolaryngol Head Neck Surg.2002;128:355-362. 
184. Reichenbach J, Schubert R, Horvath R, et al. Fatal neonatal-onset mitochondrial 
respiratory chain disease with T cell immunodeficiency. Pediatr Res.2006;60:321-326. 
185. Houten SM, Violante S, Ventura FV, Wanders RJ. The Biochemistry and Physiology 
of Mitochondrial Fatty Acid beta-Oxidation and Its Genetic Disorders. Annu Rev 
Physiol.2016;78:23-44. 
186. Gessner BD, Gillingham MB, Wood T, Koeller DM. Association of a genetic variant of 
carnitine palmitoyltransferase 1A with infections in Alaska Native children. J 
Pediatr.2013;163:1716-1721. 
187. Yu Q, Dong L, Li Y, Liu G. SIRT1 and HIF1alpha signaling in metabolism and 
immune responses. Cancer Lett.2018;418:20-26. 
188. Jeng MY, Hull PA, Fei M, et al. Metabolic reprogramming of human CD8(+) memory 
T cells through loss of SIRT1. J Exp Med.2018;215:51-62. 
189. Long AH, Haso WM, Shern JF, et al. 4-1BB costimulation ameliorates T cell 
exhaustion induced by tonic signaling of chimeric antigen receptors. Nature 
medicine.2015;21:581-590. 
190. Choi BK, Lee DY, Lee DG, et al. 4-1BB signaling activates glucose and fatty acid 
metabolism to enhance CD8(+) T cell proliferation. Cell Mol Immunol.2017;14:748-757. 
191. Kawalekar OU, O'Connor RS, Fraietta JA, et al. Distinct Signaling of Coreceptors 
Regulates Specific Metabolism Pathways and Impacts Memory Development in CAR T Cells. 
Immunity.2016;44:380-390. 
192. Beezhold K, Byersdorfer CA. Targeting immuno-metabolism to improve anti-cancer 
therapies. Cancer Lett.2018;414:127-135. 
193. Cipolletta D. Adipose tissue-resident regulatory T cells: Phenotypic specialization, 
functions and therapeutic potential. Immunology.2014;142:517-525. 
194. Nakamura MT, Yudell BE, Loor JJ. Regulation of energy metabolism by long-chain 
fatty acids.  Progress in Lipid Research, 2014:124-144. 
195. Wang YX. PPARs: Diverse regulators in energy metabolism and metabolic diseases.  
Cell Research: Nature Publishing Group, 2010:124-137. 

 

  



31 
 

Figure 1. Overview of metabolic pathways regulated during T cell differentiation. 

Immune signals from the TCR, co-stimulatory molecules and cytokine receptors activate PI3K and thus the 

tyrosine kinase AKT. Active AKT phosphorylates and inhibits the tuberous sclerosis complex (TSC), stimulating 

the activity of mTORC1. mTORC1 stimulates aerobic glycolysis and lipid synthesis indirectly through supporting 

the activity of transcription factors like MYC, HIF1 and SREBP that promote the expression of key enzymes in 

these processes. The AMP-activated-protein kinase (AMPK) is activated by high AMP and ADP (signalling 

metabolic stress) and antagonizes mTORC1 activity by stabilization of the repressor TSC and inhibition of the 

mTORC1 subunit Raptor. AMPK also indirectly promotes mitochondrial biogenesis through the activity of the 

transcriptional coactivator PGC1α. Moreover, AMPK can inhibit the synthesis of fatty acids and stimulate the 

oxidation of long-chain fatty acids (LCFA) by blocking the production of malonyl-CoA by the acetyl-CoA 

carboxylase (ACC1/2), and thus also relieving the inhibition on carnitine palmitoyltransferase 1 (CPT1) by 

malonyl-CoA. CPT1 is the rate-controlling enzyme for the transport of LCFAs into the mitochondrial matrix, where 

they can be metabolized into acetyl-CoA and reduced molecules through fatty acid oxidation (FAO). Short- and 

medium-chain fatty acids (SCFAs and MCFAs) enter FAO independently of CPT activity. In CD8
+
 T cells, glucose 

enters the cell through the Glut1 and Glut3 glucose transporters and is converted into pyruvate through glycolysis. 

In resting cells, pyruvate dehydrogenase (PDH) in the mitochondria converts this pyruvate to acetyl-CoA, which is 

further oxidized in the tricarboxylic acid (TCA) cycle, together with acetyl-CoA obtained from FAO. The TCA cycle 

generates reduced NADH and FADH2, whose oxidation by members of the electron transport chain (ETC) 

consumes molecular oxygen (O2) and supports the generation of ATP by oxidative phosphorylation (OxPhos). In 

activated cells, a mayor part of the pyruvate produced after glycolysis is reduced to lactate by the enzyme lactate 

dehydrogenase (LDHA), and much of the acetyl-CoA obtained in the mitochondria is shuttled to the cytoplasm to 

sustain lipid synthesis. PDK1, pyruvate dehydrogenase kinase 1; PPP, pentose phosphate pathway; HMGCR 

hydroxy-methyl-glutaryl-CoA reductase; FASN, fatty acid synthase; CACT,  carnitine-acylcarnitine translocase; 

(V)LCAD, (very) long-chain acyl-CoA dehydrogenase; RHEB, RAS homolog enriched in brain; FABP, fatty acid 

binding protein; PL, phospholipid; TAG, triacylglycerol; TRAF6, TNF-associated factor 6. 
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Figure 2. LC-FAO and off-target effects of etomoxir.  

Medium- and short-chain fatty acids (MCFA and SCFA) enter the mitochondria freely, and undergo 

fatty acid oxidation (FAO). Long-chain fatty acids (LCFA) in the cytoplasm are found conjugated to 

coenzyme A (LCFA-CoA), which is replaced with carnitine by carnitine palmitoyltransferase 1 (CPT1), 

located at the outer mitochondrial membrane. Acylcarnitines are transported across the inner 

mitochondrial membrane by the carnitine-acylcarnitine translocase (CACT), and then the LCFA-CoA is 

restored by CPT2 in the matrix. The products of FAO are reduced molecules like NADH and acetyl-

CoA that enters the tricarboxylic acid cycle (TCA). In the cell, etomoxir is conjugated to coenzyme A to 

form etomoxiryl-CoA. Etomoxiryl-CoA effectively inhibits the function of CPT1. At high concentrations, 

etomoxiryl-CoA can also inhibit the adenine nucleotide transporter (ANT) and mitochondrial complex I. 

ANT mediates the exchange of ATP obtained by oxidative phosphorylation in the matrix with cytosolic 

ADP, thus its inhibition results in ATP accumulation in the matrix, which impairs the ATP-synthetase 

activity of the mitochondrial complex V, similarly to the compound oligomycin. Inhibition of complex I 

interferes with oxidation of NADH. Both events result in a reduction of electron flow through the 

mitochondrial electron transport chain and the consumption of oxygen.  

 


