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Metabolism in T cell activation and differentiation
Erika L Pearce
When naı̈ve or memory T cells encounter foreign antigen along

with proper co-stimulation they undergo rapid and extensive

clonal expansion. In mammals, this type of proliferation is fairly

unique to cells of the adaptive immune system and requires a

considerable expenditure of energy and cellular resources.

While research has often focused on the roles of cytokines,

antigenic signals, and co-stimulation in guiding T cell

responses, data indicate that, at a fundamental level, it is

cellular metabolism that regulates T cell function and

differentiation and therefore influences the final outcome of the

adaptive immune response. This review will focus on some

earlier fundamental observations regarding T cell bioenergetics

and its role in regulating cellular function, as well as recent work

that suggests that manipulating the immune response by

targeting lymphocyte metabolism could prove useful in

treatments against infection and cancer.
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Introduction
Activated T cells have an anabolic metabolism

Unlike the case for unicellular organisms where dramatic

changes in nutrient availability affect proliferation, mam-

malian cells reside in nutrient-rich environments where

cellular proliferation is controlled by extrinsic signals,

such as growth factors, which regulate nutrient utilization

[1]. One of the most striking changes to affect T cells after

initial antigenic stimulation is an increase in cell size

accompanied by a metabolic switch to glycolysis, which is

required to support their growth, proliferation, and effec-

tor functions [2–4] (Figure 1). During TCR stimulation,

signals from growth factor cytokines like IL-2, and the

ligation of co-stimulatory CD28, lead to an increase in

glycolysis by inducing the PI3K-dependent activation of

Akt [5,6]. Activated Akt can promote the mTOR (mam-

malian target of rapamycin) pathway, a key regulator

of translation [7], as well as stimulate glycolysis by
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increasing glycolytic enzyme activity and enhancing the

expression of nutrient transporters, enabling increased

utilization of glucose and amino acids [8,9,10��,11–13].

Together these changes lead to the increase in nutrient

utilization and glucose metabolism that facilitates acti-

vation and proliferation.

As T cells undergo clonal expansion they preferentially

ferment glucose to meet their energy demands, even

though there is sufficient oxygen present to support

mitochondrial oxidative phosphorylation [14–16]. This

phenomenon is known as the Warburg effect [17], and is

an unusual metabolic aspect of proliferating T cells and

cancer cells. Since ATP production by aerobic glycolysis

is much less efficient than by oxidative phosphorylation,

a question remains as to why proliferating T cells favor

this form of metabolism. One explanation, largely based

on observations from Craig Thompson’s laboratory, is

that glycolysis is an essentially anabolic form of metab-

olism that leaves cellular building blocks, such as amino

acids and fatty acids untouched, as well as produces

lactate, all of which can be incorporated into cellular

components [18]. A cell that converts building blocks

into biomass most efficiently will proliferate the fastest

and in a host fighting an infection, rapid expansion of

antigen-specific T cells could offer a decisive advantage

[19].

Non-proliferating T cells have a catabolic metabolism

In contrast to proliferating T cells, quiescent T cells (i.e.

naı̈ve and memory cells), like most cells in normal

tissues, interchangeably breakdown glucose, amino

acids, and lipids to catabolically fuel ATP generation

[2,18] (Figure 1). The posited effects of growth factors

on resting T cell survival are related to their ability to

modulate the surface expression of nutrient transporters

[20]. Quiescent cells can also use autophagy (the break

down of intracellular components) to supply the mol-

ecules to fuel oxidative phosphorylation [21]. There is

growing evidence that quiescence is under active tran-

scriptional control [22]. TOB1 (transducer of ERBB2 1)

[23], LKLF (lung Krüppel-like factor) [24], and FOXO

(Forkhead box class O) transcription factors all have

been suggested to promote quiescence in lymphocytes

by actively maintaining the expression of inhibitors of

cellular activation [25,26]. Furthermore, FOXO tran-

scription factors have been shown to modulate meta-

bolic functions [27,28] and the family of Krüppel-like

factors (KLFs) has been shown to regulate adipocyte

differentiation and glucose homeostasis in mammals

[29], which may suggest a degree of metabolic control

in maintaining quiescence.
www.sciencedirect.com
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Figure 1

Activated and quiescent T cells have distinct metabolic phenotypes.

Activated T cells (effector T cells) have an anabolic metabolism where

they maintain a high rate of nutrient uptake and build biomass at the

expense of ATP. In the presence of antigen and co-stimulation, growth

factor cytokines can stimulate glycolysis and support proliferation.

Glycolysis provides ATP for proliferating T cells while fatty acids and

amino acids are incorporated into cellular components. By contrast,

quiescent T cells (naı̈ve and memory T cells) have a catabolic

metabolism where they use glucose, fatty acids, and amino acids for

ATP generation through the TCA cycle and oxidative phosphorylation.

Growth factor cytokines increase nutrient transporter expression and are

important for cell survival, and in their absence, quiescent cells die of

progressive atrophy.

Figure 2

Metabolic transitions underpin T cell fate. In response to infection CD8 T

cells undergo a developmental pattern characterized by first the

expansion then contraction of antigen-specific populations, followed by

the persistence of long-lived memory T cells. The striking divergence of

metabolic phenotypes between activated and quiescent T cells

suggests the idea that the conversion, or switching, between differing

metabolic states is required for effective generation of a given T cell fate.

This is true for the conversion from a resting metabolism to the highly

glycolytic metabolism that is triggered by T cell activation. Recent data

also suggest that the conversion to, or promotion of, catabolic

processes (like fatty acid oxidation or autophagy) within antigen specific

populations are important for the generation of memory T cells after

infection. While cytokine receptor signaling supports a particular

metabolic phenotype (Figure 1), the withdrawal of cytokines, or nutrients,

can present a significant metabolic stress to a proliferating cell. In

response to this stress, cells can promote catabolic pathways for

survival. This appears to play a role in the generation of memory T cells

following infection.
Implicit in the striking divergence of metabolic pheno-

types between proliferating and quiescent T cells is the

idea that the conversion, or switching, between differing

metabolic states is required to effectively generate a

given T cell fate [10��,18]. This not only applies to the

switch from quiescence to glycolysis that accompanies

naı̈ve T cell activation, but also to the promotion of

catabolism that appears to be important for the generation

of quiescent memory T cells after infection [30��] (Figure

2). Each of these metabolic states represents a unique

target of intervention for manipulating the T cell

response and ameliorating disease.

Metabolic regulation of T cell responses
It is well documented that proliferating T cells require

glucose to survive, and in the absence of glucose they

cannot support their bioenergetic demands and undergo

apoptosis [4,31,32]. Much less is known about how lipid

metabolism regulates T cell responses. However, in a

recent study of great interest, Bensinger et al. examined

the influence of cellular lipid metabolism on the immune

response and showed that LXR (Liver X receptor), a
www.sciencedirect.com
member of the nuclear receptor family of transcription

factors that are important regulators of cholesterol, fatty

acid, and glucose homeostasis, couples sterol metabolism

to T cell proliferation [33��]. They found that sterol

regulation during T cell activation was linked to tran-

scriptional responses mediated by SREBP and LXR.

LXR-b-deficient mice exhibited lymphoid hyperplasia

and augmented responses to antigen, demonstrating that

the proper regulation of sterol metabolism is essential for

normal immune response development. A separate study

showed that PPAR-g, another member of the nuclear

receptor family of transcription factors that regulates

cellular differentiation and lipid metabolism and is clo-

sely related to LXR [34], selectively inhibits Th17 differ-

entiation in a T cell intrinsic manner [35], further

supporting the role of lipid metabolism in regulating T

cell fate.
Current Opinion in Immunology 2010, 22:314–320
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A recent study from our group showed that the CD8 T

cell specific induction of fatty acid oxidation (FAO)

following the peak of the primary T cell response to

infection is important for the generation of CD8 T cell

memory [30��]. We proposed that during a primary

response to infection T cells experience a metabolic

stress, perhaps due to nutrient and/or growth factor

limitation (more on this point below) as infection is

cleared and antigen concentrations decline and that

during this period cells need to switch from glycolysis

to other forms of catabolism, like FAO, in order to survive

and develop into memory T cells. Our results also

suggested that amino acid degradation and bile acid

biosynthesis might be important for memory T cell de-

velopment. This would be consistent with previous stu-

dies showing that antigen-presenting cells regulate amino

acid availability to T cells, which alters their function and

proliferation [36–38], as well as with Bensinger’s work

showing the important role of sterol metabolism in T cell

responses [33].

Lum et al. showed that the autophagic breakdown of

cellular components is crucial for maintaining cell survival

following growth factor withdrawal [39]. In light of these

findings, an intriguing possibility is that during contrac-

tion and subsequent memory development T cells use

autophagy to satisfy their bioenergetic needs. Consistent

with this, Pua et al. have shown that autophagy is essential

for T cell survival and proliferation [40]. They also

suggested that it might have a physiologically significant

role in the clearance of superfluous mitochondria in T

lymphocytes as part of normal T cell homeostasis [41].

Future studies will need to determine what role this

catabolic process serves in antigen-specific T cells after

infection.

It remains unclear whether during the development of T

cell memory there is an active switch to quiescence by

cells that have adopted Warburg metabolism, or that

those cells destined to become memory cells maintain

a degree of ‘metabolic quiescence’ throughout develop-

ment. Data from Prlic et al. showing that competition does

not affect contraction kinetics suggest that the proposed

growth factor/nutrient limitation at the peak of the T cell

response is not due to constrained resources [42]. How-

ever, it is possible that cells are imparted with specific

metabolic characteristics following their first encounter

with antigen, and that this very early differentiation

endows cells with their ability to use nutrients when they

later experience a metabolic stress due to a perceived

decline in and/or lack of signal from growth factor. This

view is consistent with the model postulated by Chang

et al. where the spectrum of cell fates is imparted to the

clonal descendants of a single lymphocyte [43]. It will also

be worth considering in future studies how different

locations within the body, for example peripheral tissues

versus lymphoid organs, could impose varying metabolic
Current Opinion in Immunology 2010, 22:314–320
constraints on T cells to influence their development and

subsequent longevity.

Harnessing immunity through metabolism
The fact that metabolism underlies the functional

capacity of a T cell suggests that altering cellular metab-

olism may influence the final outcome of the adaptive

response. In addition, lymphocytes may be particularly

amenable to metabolic manipulation since their devel-

opment is marked by striking changes in metabolism.

Since clearance or control of pathogens or tumors usually

requires T cell mediated immunity, the ability to delib-

erately manipulate T cell responses by regulating metab-

olism would be a powerful tool against cancers or

infections. Several recent studies have shown that treat-

ing with pharmacological modulators of certain T cell

intrinsic processes can effectively promote the formation

of CD8 T cell memory [30,44��,45��].

An important study by Araki et al. demonstrated that

mTOR, a key regulator of translation, regulates CD8 T

cell memory in a cell-intrinsic manner [45��]. The crucial

role of mTOR signaling in regulating T cell fate is

highlighted by another important study showing that it

dictates decisions between effector and regulatory T cell

lineage commitment [46]. The PI3K/Akt/mTOR path-

way is used by cells to respond to growth factors and

serves to augment many of the metabolic activities that

support cellular biosynthesis [13]. Signals emanating from

this pathway result in increased nutrient uptake,

enhanced glycolytic enzyme activity, and promote the

biosynthesis of macromolecules [10��]. Blocking the

mTOR pathway can inhibit proliferation [47] while favor-

ing the promotion of other forms of nutrient catabolism

[48–53]. We, and Araki et al., demonstrated that the

mTOR inhibitor rapamycin promotes CD8 T cell mem-

ory and it is tempting to speculate that this is due to the

promotion of catabolic metabolism in CD8 T cells. How-

ever, it remains possible that the effects are due to

blocking cell cycle progression through the inhibition

of protein synthesis. Our group also showed that the

anti-diabetic drug metformin, which activates AMPK

(AMP-activated protein kinase) enhances CD8 T cell

memory generation. Active AMPK can inhibit the mTOR

pathway [54] as well as more directly promote fatty acid

catabolism [55,56]. It is likely that rapamycin and met-

formin act in both of these ways to regulate metabolism

and augment CD8 T cell memory development.

A recent study by Gattinoni et al. implicated the Wnt-b-

catenin developmental pathway in regulating CD8 T cell

memory [44��]. By inhibiting gsk3-b (glycogen synthase

kinase 3-b), and thereby promoting Wnt signaling, they

showed that effector CD8 T cell differentiation was

arrested and the development of ‘stem cell like’ memory

CD8 T cells was induced. Interestingly, gsk3-b inhibition

also inhibits the mTOR pathway in an AMPK-dependent
www.sciencedirect.com
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manner, demonstrating that Wnt and energy signals can

integrate to regulate cell growth [57]. While more work

needs to be done to establish the precise mechanisms of

regulation, it is clear that using pharmacological modu-

lators of certain CD8 T cell intrinsic processes, like

developmental or metabolic pathways, can promote

immunologic memory and may become a powerful tool

for treating human disease [30��,44��,45��].

Previous work has shown that CD8 T cells from a chronic

viral infection display marked defects in the expression of

metabolic genes [58]. Rutishauser et al. recently demon-

strated that the transcription factor Blimp-1 promotes

CD8 T cell terminal differentiation and represses the

acquisition of memory T cell properties [59], Kallies et al.
showed that Blimp-1 is required for effector CD8 T cell

differentiation [60], and Shin et al. identified Blimp-1 as a

regulator of CD8 T cell exhaustion during chronic viral

infection that acts by repressing key aspects of normal

memory CD8 T cell differentiation [61]. It will be inter-

esting to determine if the terminal differentiation con-

ferred by Blimp-1, or by active gsk3-b, imparts an

inappropriate metabolic phenotype that hinders T cell

development, or if metabolic perturbations affect the

expression of these key regulators.

Bmi-1, a crucial regulator of cellular self-renewal, has

been shown to be a molecular determinant of the capacity

of antigen-specific CD8 T cells to persist during chronic

infection, and thus a possible regulator of replicative

competence [62]. In conjunction with this, it has also

been shown that Bmi-1 regulates CD4 T cell memory
Figure 3

Analogous model of T cell longevity (left panel). The mTOR inhibitor rapamyc

the development of long-lived memory CD8 T cells. Longevity pathway (right

flies, and mice (figure adapted from [78��]).

www.sciencedirect.com
survival via repression of Noxa [63], a gene that controls

susceptibility to apoptosis under glucose limitation in

dividing T cells [32] while another study demonstrated

that Bmi-1-deficient cells have impaired mitochondrial

function, increased reactive oxygen species, and sub-

sequent engagement of the DNA damage response path-

way [64]. Together, these data may further suggest an

underlying role for metabolism in regulating longevity

and senescence in T cells.

T cell life span: parallels with organismal life
span
Immunological memory is the basis of vaccination, and

promoting the generation of long-lived memory T cells is

a focus of vaccine development. The greatest insights

into the molecular pathways that control longevity have

come from studies in worms, yeast, and fruit flies. This

work has shown that insulin/IGF signaling, DAF-16/

FOXO transcription factors, and TOR all play crucial

roles in regulating metabolism as well as life span [65–70].

The cellular response to environmental or metabolic

stress is functionally important in longevity and the genes

that regulate longevity, may have actually evolved to

protect animals from harsh environmental conditions

[71]. Interestingly, the stress resistance of vertebrate cells

in culture has been shown to positively correlate with the

life spans of the species from which they originated

[71,72].

Metabolic stress can be imposed by dietary restriction.

Dietary restriction is defined as a reduction in nutrient

availability without malnutrition, and has long been
in and the AMPK activator metformin have both been shown to promote

panel). A conserved signaling cascade controls life span in yeast, worms,

Current Opinion in Immunology 2010, 22:314–320
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known to increase lifespan in species ranging from yeast

to mammals [73]. Studies suggest that blocking mTOR

activity may mimic dietary restriction, and consistent with

this the AMPK–FOXO pathway, which inhibits TOR

activity, is implicated in mediating longevity by dietary

restriction in C. elegans [74]. In addition, the mTOR

inhibitor rapamycin and AMPK activators like metformin

have been shown to increase mammalian life span

[75�,76], which is consistent with observations that these

drugs promote T cell life span [30��,45��]. Furthermore,

dietary restriction causes an increase in fat metabolism. A

study from Wang et al. has linked fat metabolism with

longevity in C. elegans [77], which is consistent with the

idea that inducing the breakdown of fat in T cells can

increase their life span [30��]. If we consider the possib-

ility that rapamycin and metformin impose a ‘drug-

enforced dietary restriction’ on T cells it may provide

us with a more global understanding as to why these drugs

promote the development of long-lived memory T cells.

Since dietary restriction increases life span across many

species, it is worth applying a model of the longevity

pathway [78��] to T cells (Figure 3). Further work is

needed to determine precisely how these molecular path-

ways could regulate T cell life span.

Metabolic contributions
The question as to precisely what fluctuations in metab-

olism provide to T cells during different phases of an

immune response remains incompletely answered. One

assumption is that switching to catabolic forms of metab-

olism in the face of metabolic stress, that is, after infection

is cleared and associated signals dissipate, is a survival

mechanism that provides energy in the form of ATP, and

that this allows T cells to assume quiescence and become

long-lived. However, it may be more complicated than

this. For a T cell, inducing FAO after the peak of the

effector response may not only provide energy, but also

promote the breakdown of inflammatory mediators like

eicosanoids and leukotrienes, or alter lipid raft formation

and influence signaling events. It is also possible that

changes in FAO alter T cell gene expression to promote

longevity after infection. ATP citrate lyase, an important

enzyme for fatty acid biosynthesis, has recently been

shown to link growth factor-induced increases in nutrient

metabolism to the regulation of histone acetylation and

gene expression [79]. It is also important to note that

glucose is used not only to fuel glycolysis, but also for

glycosylation of protein. Differences in glycosylation can

have enormous effects on T cell function, trafficking, and

susceptibility to death [80,81]. Lastly, it should be con-

sidered that changes in metabolism, such as an increase in

catabolic processes like autophagy, could alter the

accumulation and degradation of damaged proteins and

thus affect T cell survival. Together, all of these cellular

processes are intertwined by the single common thread

that metabolism influences each of them. Defining meta-

bolic requirements of T cells during different phases of
Current Opinion in Immunology 2010, 22:314–320
the immune response will be important for our future

understanding of T cell development.

Conclusion
Successful disease prevention or therapy often depends

on T cells performing to their expected capacity. The

ability to alter T cell performance could prove useful in

settings of prophylactic vaccination where the induction

of a population of long-lived memory T cells is the goal, or

in cases of therapeutic cancer vaccines, where effective

tumor therapy depends on the reliable ex vivo expansion

of a patient’s T cells. If we can manipulate T cell

metabolism, and many drugs that do this are already

approved for use in humans, we may be able to shape

immune responses and open new ways in which we

approach the treatment of human disease.
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