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Variety of cell types 
- multiple phenotypes 
- local microenvironments 
- different functions

Immunometabolism across the immune system

Common denominators 
- actionable 
- highly plastic  
- interactive 
- migrate and adapt
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Background: Naïve lymphocytes circulate in the body in a resting state, but upon recognition of 
foreign antigen and receipt of proper costimulatory signals, these cells become activated, undergo 
a rapid burst in proliferation, and assume effector functions aimed at controlling or killing the 
invader. There is a growing appreciation that changes in peripheral T cell function are not only 
supported by but are dependent on metabolic reprogramming and that specifi c effector functions 
cannot proceed without adopting the correct metabolism. However, the reasons underlying why T 
cells adopt specifi c metabolic programs and the impact that these programs have on T cell function 
and, ultimately, immunological outcome remain unclear.

Advances: Research into the metabolism of tumor cells has provided valuable insight into the 
metabolic pathways important for cell proliferation and survival, as well as the infl uence of metabo-
lites themselves on signal transduction and epigenetic programming. Many of these concepts have 
shaped how we view metabolism in T cells. However, it is important to note that, unlike tumors, 
T cells rapidly transition between resting catabolic states (naïve and memory T cells) to one of growth 
and proliferation (effector T cells) as part of a normal developmental program. In addition, as 
T cells differentiate during an immune response, they also move from what are presumably nutrient-
replete lymphoid organs to sites of cancer or infection, where oxygen, nutrients, and growth factors 
may become limiting. Thus, T cells must metabolically adapt to these changing conditions in order 
to perform their necessary functions. In this Review, we highlight emerging areas in the metabolism 
of these dynamic cells and discuss the potential impact of metabolic control on T cell fate, plasticity, 
and effector function.

Outlook: It is becoming increasingly clear 
that T cell function is intimately linked to 
metabolic programs, and as such there 
is a considerable and growing interest in 
developing techniques that target metabo-
lism for immunotherapy. Studying metab-
olism has often been diffi cult for the non-
expert, because many of the experimental 
approaches require specialized instrumen-
tation that has not been widely available. 
Furthermore, acquiring suffi cient cellular 
material for ex vivo analyses, coupled with 
the inherent diffi culty of assessing cellu-
lar metabolism in vivo during an immune 
response, presents substantial challenges 
to scientists studying the metabolism of 
immune cells. Nevertheless, understand-
ing how environmental cues and cellular 
metabolism infl uence the outcome of T 
cell–mediated immune responses will be 
critical for learning how to exploit metab-
olism to alter disease outcome. Overall, we 
are just beginning to understand the path-
ways that regulate metabolism in lympho-
cytes and how T cells adapt to changes in 
their microenvironment, particularly in 
vivo; this area of immunology is poised for 
substantial advances in the years to come.
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T cell function and fate are dependent on meta-

bolic reprogramming. As T cells differentiate during 
an immune response, they move from what are pre-
sumably nutrient-replete lymphoid organs to sites of 
cancer or infection, where oxygen, nutrients, growth 
factors, and other signals may become limiting. These 
metabolically restrictive environments force T cells to 
metabolically adapt in order to survive and perform 
their necessary functions.
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▪ Pathogenic defense is necessary for survival 
▪ The body’s immune response involves key changes to metabolic processes 
▪ Immune mediators, such as cytokines, also dictate changes in metabolism 

Immunometabolism or metabolic immunology

6  |     MAKOWSKI et Al.

Each hematopoietic cell type has clearly defined morpho-
logical, expression, and functional characteristics with defined 
subtypes that are continuing to be defined as technological ap-
proaches enabling increased sensitivity arise. However, these var-
ied lineages and subsets of each cell type also reside in or travel 
to distinct tissue depots which impact function. In this light, it is 
not surprising that each population of immune cells has a distinct 
metabolism and nutrient usage. First demonstrated by Vats et al9 
that macrophage metabolism can influence production of inflam-
matory cytokines as alternatively activated macrophages rely on 
a different metabolic program than classically activated macro-
phages, this principle has since been shown in T cells,10 myeloid 
derived suppressor cells (MDSCs),11 and dendritic cells (DCs).12 
The cytokines and signaling pathways that guide distinct immune 
responses also promote these specific programs that support bio-
energetics and biosynthesis. The intersection of metabolism and 
immunity at the systemic and cellular levels now forms the rap-
idly evolving field of immunometabolism. The most up-to-date 
concepts on the control of cell metabolism through cell intrinsic 
signaling mechanisms, the effect of the tissue microenvironment 
and nutrient availability on metabolism, and the potential for these 

pathways to be targeted or modified in disease are reviewed here 
and this volume (Figure 1).

2  | BA SIC MECHANISMS THAT REGUL ATE 
IMMUNE METABOLISM

The metabolism of T cells has been an area of intense interest and 
has many potential biological and therapeutic implications that illus-
trate the potential of immunometabolism. The majority of research 
has focused on uptake and metabolism of glucose, amino acids pri-
marily glutamine, and certain fatty acids, although other metabolites 
impact metabolism. When T cells are stimulated through the anti-
gen receptor, CD28 costimulation can increase glucose transporter 
GLUT1 expression, glucose uptake and subsequent glycolysis, and 
mitochondrial capacity.6,13,14 Conversely, CD28 family inhibitory re-
ceptors cytotoxic T-lymphocyte-associated protein 4 (CTLA4) and 
programmed cell death-1 (PD-1) can suppress this metabolic tran-
sition.15,16 T cells that fail to receive CD28 costimulation become 
anergic and are metabolically suppressed (ie, have low uptake of 
substrates and little mitochondrial metabolism).17 The metabolic 

F I G U R E  1   Immunometabolism: From Basic Mechanisms to Translation—Graphical summary of reviews in this collection. This figure 
summarizes the series of reviews provided by experts in the field demonstrating the mechanisms of immunometabolism, impacts on certain 
tissues such as adipose tissue, and disease states such as inflammation, cancer, and lupus. ATM: adipose tissue macrophage; VAT: visceral 
adipose tissue; OXPHOS: oxidative phosphorylation
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Early observations that inflammatory cytokines are induced in obese adipose tissue 
and that these cytokines contribute to metabolic disease
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tosis of kwashiorkor (3), would predispose one to pathogen entry and infection.
Experimental animal studies identified the effect of malnutrition on the physical barrier
of the skin. Thinning of the dermis and reduced collagen levels were evident in rats fed
inadequate or poor-quality protein (28). Mice fed insufficient food (marasmus model)
had a thinner epidermis with decreased stratum corneum hydration and reduced
epidermal cell proliferation (29). Malnutrition also has a deleterious influence on wound
healing (30). Rats receiving dietary protein restriction showed delayed wound healing
that included impaired wound contraction, increased numbers of inflammatory cells,
poor collagen deposition, an edematous extracellular matrix, and altered neovascular-
ization (31).

Malnutrition and Hematopoietic and Lymphoid Organs
Malnutrition has multiple effects on the hematopoietic and lymphoid organs. These

are summarized in Fig. 2.
Thymus. The thymus is the primary lymphoid organ where bone marrow-derived

lymphocytes undergo differentiation prior to migration to peripheral lymphoid tissues.
Autopsy studies of malnourished children describe profound thymic atrophy, thymo-
cyte depletion, and an alteration of the extracellular matrix (32). However, many of
these children died from severe infection, itself a cause of acute thymic atrophy (33).
Malnutrition- and infection-related thymocyte depletion is caused by the increased
apoptosis of CD4- and CD8-double-positive (immature), -double-negative, and -single-
positive thymocyte populations (34). Reduced thymocyte proliferation also contributes
to thymic hypocellularity (35). Deficiencies in both dietary protein and zinc lead to
thymocyte apoptosis (36, 37). Thymocyte apoptosis during malnutrition is driven by
elevated levels of circulating glucocorticoids (38) and reduced leptin levels (37). Treat-
ment of protein-deprived rats with leptin abrogated malnutrition-related thymocyte
apoptosis (39). In a model of mild maternal protein deprivation during lactation, thymo-
cytes in the offspring were protected from apoptosis by enhanced leptin activity (37).
Alteration of the thymic microenvironment, including a reduced volume of the thymic
epithelium, expansion of the extracellular matrix, and reduced thymic hormone pro-
duction, is associated with thymocyte depletion (reviewed in reference 40).

Bone marrow. The high rates of cell proliferation and self-renewal make bone
marrow particularly vulnerable to the effects of nutrient deficiencies, especially protein-
energy malnutrition and iron deficiency. Megaloblastic and dysplastic changes with
erythroid-series hypoplasia were found in the bone marrow of children (n ! 34) with
marasmus (28.5%), kwashiorkor (50%), and marasmic kwashiorkor (30%) (41). In mice

FIG 1 Interplay of malnutrition with environmental enteric dysfunction and systemic inflammation. Exposure to
intestinal pathogens and intestinal dysbiosis, as a consequence of poor sanitation and possibly specific nutrient
deficiencies (e.g., zinc, vitamin A, and protein), lead to intestinal inflammation and disruption of intestinal barrier
function. Impaired barrier function allows the translocation of bacteria and bacterial products from the intestine,
which activate innate immune cells in the mesenteric lymph nodes, liver, and systemic circulation to generate
proinflammatory cytokines. The increased systemic inflammation carries a metabolic cost and leads to impaired
host defense. Collectively, these vicious cycles lead to growth faltering and increased mortality.
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fed a protein-deficient diet, bone marrow atrophy with gelatinous degeneration,
expansion of the extracellular matrix, and a loss of markers of cell proliferation was
observed (42). Protein malnutrition suppressed the cell cycle progression of hemato-
poietic progenitor cells, with arrest in the G0/G1 phase (43, 44). This was associated with
reduced levels of cell cycle-inducing proteins and increased levels of inhibitory proteins
(44). The arrest of progenitor cells led to a reduction in myeloid and erythroid lineages
(42). Altered erythropoiesis in protein-deficient mice occurred independently of iron or
erythropoietin deficiency (45). Bone marrow granulocytic cells showed losses at all
developmental stages, blunted maturation, an impaired blastic response to granulocyte
colony-stimulating factor (G-CSF) (46), and reduced mobilization in response to lipo-
polysaccharide (LPS) (47). Lymphoid populations, which are relatively rare in bone
marrow, were also reduced in malnourished mice (48).

Nonhematopoietic stromal cells play a role in the growth and maintenance of
hematopoietic progenitor cells. The stroma of malnourished mice did not sustain
CD34! hematopoietic stem cell growth (42). Bone marrow mesenchymal stem cells in
protein-deficient mice were found to differentiate into adipose cells, leading to an
altered cytokine microenvironment and compromised hematopoiesis (49).

Blood. Malnourished children with bacterial infection showed no difference in total
blood leukocyte counts or numbers of lymphocytes, granulocytes, or monocytes
compared to well-nourished children with bacterial infection (50). Children with severe
acute malnutrition had normal numbers of total mononuclear cells but reduced
numbers of dendritic cells (DCs) in peripheral blood (51). Protein-malnourished mice
were anemic and leukopenic, with reduced numbers of neutrophils, lymphocytes, and
monocytes (49, 52).

Spleen and lymph nodes. The effect of malnutrition on secondary lymphoid tissues
(spleen and lymph nodes) in children is unknown, but animal models suggest signifi-
cant pathological changes. Mice fed a protein-deficient diet had a small, hypocellular
spleen with a thickened capsule. There were reduced numbers of total splenocytes and
splenic mononuclear cells (52, 53). Spleen cells showed reduced proliferation and

FIG 2 Effects of acute malnutrition on lymphoid and hematopoietic organs. The effects of acute
malnutrition on the thymus, lymph nodes, spleen, and bone marrow are shown. Note that observations
for the spleen and lymph node are based largely on data from animal studies. The effect of malnutrition
on the immune and hematopoietic functions of the liver has not been investigated.
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Increased Adipose Tissue Expression of Tumor Necrosis Factor-a in Human
Obesity and Insulin Resistance
Gokhan S. Hotamisligil, * Peter Arner, Jose F. Caro, Richard L. Atkinson,11 and Bruce M. Spiegelman
*Dana Farber Cancer Institute and Department of Cell Biology Harvard Medical School, Boston, Massachusetts 02115; *Karolinska
Institute, Department of Medicine Huddinge University Hospital S-141 86 Huddinge, Sweden; 'Jefferson Medical College, Department of
Medicine, Philadelphia, Pennsylvania 19107; and II Medical College of Wisconsin, Department of Medicine Madison, Wisconsin 53706

Introduction

Obesity is frequently associated with insulin resistance and
abnormal glucose homeostasis. Recent studies in animal
models have indicated that TNF-ci plays an important role
in mediating the insulin resistance of obesity through its
overexpression in fat tissue. However, the mechanisms link-
ing obesity to insulin resistance and diabetes in humans
remain largely unknown. In this study we examined the
expression pattern of TNF-a mRNA in adipose tissues from
18 control and 19 obese premenopausal women by Northern
blot analysis. TNF-a protein concentrations in plasma and
in conditioned medium of explanted adipose tissue were
measured by ELISA. Furthermore, the effects of weight
reduction by dietary treatment of obesity on the adipose
expression of TNF-a mRNA were also analyzed in nine pre-
menopausal obese women, before and after a controlled
weight-reduction program.

These studies demonstrated that obese individuals ex-
press 2.5-fold more TNF-a mRNA in fat tissue relative to
the lean controls (P < 0.001). Similar increases were also
observed in adipose production of TNF-a protein but circu-
lating TNF-ao levels were extremely low or undetectable. A
strong positive correlation was observed between TNF-a
mRNA expression levels in fat tissue and the level of hyper-
insulinemia (P < 0.001), an indirect measure of insulin
resistance. Finally, body weight reduction in obese subjects
which resulted in improved insulin sensitivity was also asso-
ciated with a decrease in TNF-a mRNA expression (45%,
P < 0.001) in fat tissue. These results suggest a role for the
abnormal regulation of this cytokine in the pathogenesis
of obesity-related insulin resistance. (J. Clin. Invest. 1995.
95:2409-2415.) Key words: cytokines * fat * non-insulin-
dependent diabetes mellitus * weight loss * insulin action
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Obesity is the most common metabolic disease in the industrial
world and affects > 30% of the adult population in the U.S.
( 1). Furthermore, obesity is a major risk factor for non-insulin-
dependent diabetes mellitus (NIDDM)' and > 80% ofNIDDM
patients in the USA are obese (1). Since insulin resistance is
a ubiquitous correlate of obesity and an important component
of NIDDM, insulin resistance is generally considered a major
pathophysiological link between these two disorders (2, 3). In
addition, insulin resistance is also believed to play a role in
other pathological states associated with obesity including dys-
lipidemias, atherosclerosis, hypertension, and cardiovascular
disorders (3, 4). Although the importance of the link between
obesity and insulin resistance has long been recognized, (4) the
molecular basis of this connection has remained elusive.

TNF-a is a pluripotent cytokine primarily, but not exclu-
sively, produced from macrophages (5-7). In addition to its
role in host defense, TNF-a also has important effects on whole
body lipid and glucose metabolism (7, 8). We have previously
demonstrated that fat tissue is a significant source of endoge-
nous TNF-a production and the expression of this cytokine in
adipose tissue is elevated in most of the models of rodent obesity
examined to date (9-11). This abnormal expression of TNF-
a in adipose tissue plays a critical role as a mediator of periph-
eral insulin resistance in rodent obesity, and neutralization of
TNF-a in obese and insulin-resistant animals results in signifi-
cant increases in peripheral insulin sensitivity (9).

Recent studies have indicated that defective signaling from
the insulin receptor is an important component of insulin resis-
tance associated with obesity in both animal models and humans
(12-16). Studies on TNF-a-mediated insulin resistance in cul-
tured cells as well as in whole organisms have also demonstrated
that TNF-a induces insulin resistance, at least in part, through
its ability to inhibit intracellular signaling from the insulin re-
ceptor (17, 18). Moreover, this inhibition can be reversed by
neutralizing TNF-a in vivo (19).

The expression of TNF-a in the adipose tissue of obese
humans has not been examined to date. Here we demonstrate
that the expression of TNF-a in adipose tissue is significantly
elevated in human obesity and this elevation is strongly corre-
lated with the level of hyperinsulinemia, which in the presence
of normoglycemia, is a marker of insulin resistance (2).

1. Abbreviations used in this paper: BMI, body mass index; NIDDM,
non-insulin-dependent diabetes mellitus.
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tosis of kwashiorkor (3), would predispose one to pathogen entry and infection.
Experimental animal studies identified the effect of malnutrition on the physical barrier
of the skin. Thinning of the dermis and reduced collagen levels were evident in rats fed
inadequate or poor-quality protein (28). Mice fed insufficient food (marasmus model)
had a thinner epidermis with decreased stratum corneum hydration and reduced
epidermal cell proliferation (29). Malnutrition also has a deleterious influence on wound
healing (30). Rats receiving dietary protein restriction showed delayed wound healing
that included impaired wound contraction, increased numbers of inflammatory cells,
poor collagen deposition, an edematous extracellular matrix, and altered neovascular-
ization (31).

Malnutrition and Hematopoietic and Lymphoid Organs
Malnutrition has multiple effects on the hematopoietic and lymphoid organs. These

are summarized in Fig. 2.
Thymus. The thymus is the primary lymphoid organ where bone marrow-derived

lymphocytes undergo differentiation prior to migration to peripheral lymphoid tissues.
Autopsy studies of malnourished children describe profound thymic atrophy, thymo-
cyte depletion, and an alteration of the extracellular matrix (32). However, many of
these children died from severe infection, itself a cause of acute thymic atrophy (33).
Malnutrition- and infection-related thymocyte depletion is caused by the increased
apoptosis of CD4- and CD8-double-positive (immature), -double-negative, and -single-
positive thymocyte populations (34). Reduced thymocyte proliferation also contributes
to thymic hypocellularity (35). Deficiencies in both dietary protein and zinc lead to
thymocyte apoptosis (36, 37). Thymocyte apoptosis during malnutrition is driven by
elevated levels of circulating glucocorticoids (38) and reduced leptin levels (37). Treat-
ment of protein-deprived rats with leptin abrogated malnutrition-related thymocyte
apoptosis (39). In a model of mild maternal protein deprivation during lactation, thymo-
cytes in the offspring were protected from apoptosis by enhanced leptin activity (37).
Alteration of the thymic microenvironment, including a reduced volume of the thymic
epithelium, expansion of the extracellular matrix, and reduced thymic hormone pro-
duction, is associated with thymocyte depletion (reviewed in reference 40).

Bone marrow. The high rates of cell proliferation and self-renewal make bone
marrow particularly vulnerable to the effects of nutrient deficiencies, especially protein-
energy malnutrition and iron deficiency. Megaloblastic and dysplastic changes with
erythroid-series hypoplasia were found in the bone marrow of children (n ! 34) with
marasmus (28.5%), kwashiorkor (50%), and marasmic kwashiorkor (30%) (41). In mice

FIG 1 Interplay of malnutrition with environmental enteric dysfunction and systemic inflammation. Exposure to
intestinal pathogens and intestinal dysbiosis, as a consequence of poor sanitation and possibly specific nutrient
deficiencies (e.g., zinc, vitamin A, and protein), lead to intestinal inflammation and disruption of intestinal barrier
function. Impaired barrier function allows the translocation of bacteria and bacterial products from the intestine,
which activate innate immune cells in the mesenteric lymph nodes, liver, and systemic circulation to generate
proinflammatory cytokines. The increased systemic inflammation carries a metabolic cost and leads to impaired
host defense. Collectively, these vicious cycles lead to growth faltering and increased mortality.
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fed a protein-deficient diet, bone marrow atrophy with gelatinous degeneration,
expansion of the extracellular matrix, and a loss of markers of cell proliferation was
observed (42). Protein malnutrition suppressed the cell cycle progression of hemato-
poietic progenitor cells, with arrest in the G0/G1 phase (43, 44). This was associated with
reduced levels of cell cycle-inducing proteins and increased levels of inhibitory proteins
(44). The arrest of progenitor cells led to a reduction in myeloid and erythroid lineages
(42). Altered erythropoiesis in protein-deficient mice occurred independently of iron or
erythropoietin deficiency (45). Bone marrow granulocytic cells showed losses at all
developmental stages, blunted maturation, an impaired blastic response to granulocyte
colony-stimulating factor (G-CSF) (46), and reduced mobilization in response to lipo-
polysaccharide (LPS) (47). Lymphoid populations, which are relatively rare in bone
marrow, were also reduced in malnourished mice (48).

Nonhematopoietic stromal cells play a role in the growth and maintenance of
hematopoietic progenitor cells. The stroma of malnourished mice did not sustain
CD34! hematopoietic stem cell growth (42). Bone marrow mesenchymal stem cells in
protein-deficient mice were found to differentiate into adipose cells, leading to an
altered cytokine microenvironment and compromised hematopoiesis (49).

Blood. Malnourished children with bacterial infection showed no difference in total
blood leukocyte counts or numbers of lymphocytes, granulocytes, or monocytes
compared to well-nourished children with bacterial infection (50). Children with severe
acute malnutrition had normal numbers of total mononuclear cells but reduced
numbers of dendritic cells (DCs) in peripheral blood (51). Protein-malnourished mice
were anemic and leukopenic, with reduced numbers of neutrophils, lymphocytes, and
monocytes (49, 52).

Spleen and lymph nodes. The effect of malnutrition on secondary lymphoid tissues
(spleen and lymph nodes) in children is unknown, but animal models suggest signifi-
cant pathological changes. Mice fed a protein-deficient diet had a small, hypocellular
spleen with a thickened capsule. There were reduced numbers of total splenocytes and
splenic mononuclear cells (52, 53). Spleen cells showed reduced proliferation and

FIG 2 Effects of acute malnutrition on lymphoid and hematopoietic organs. The effects of acute
malnutrition on the thymus, lymph nodes, spleen, and bone marrow are shown. Note that observations
for the spleen and lymph node are based largely on data from animal studies. The effect of malnutrition
on the immune and hematopoietic functions of the liver has not been investigated.
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Introduction

Obesity is frequently associated with insulin resistance and
abnormal glucose homeostasis. Recent studies in animal
models have indicated that TNF-ci plays an important role
in mediating the insulin resistance of obesity through its
overexpression in fat tissue. However, the mechanisms link-
ing obesity to insulin resistance and diabetes in humans
remain largely unknown. In this study we examined the
expression pattern of TNF-a mRNA in adipose tissues from
18 control and 19 obese premenopausal women by Northern
blot analysis. TNF-a protein concentrations in plasma and
in conditioned medium of explanted adipose tissue were
measured by ELISA. Furthermore, the effects of weight
reduction by dietary treatment of obesity on the adipose
expression of TNF-a mRNA were also analyzed in nine pre-
menopausal obese women, before and after a controlled
weight-reduction program.

These studies demonstrated that obese individuals ex-
press 2.5-fold more TNF-a mRNA in fat tissue relative to
the lean controls (P < 0.001). Similar increases were also
observed in adipose production of TNF-a protein but circu-
lating TNF-ao levels were extremely low or undetectable. A
strong positive correlation was observed between TNF-a
mRNA expression levels in fat tissue and the level of hyper-
insulinemia (P < 0.001), an indirect measure of insulin
resistance. Finally, body weight reduction in obese subjects
which resulted in improved insulin sensitivity was also asso-
ciated with a decrease in TNF-a mRNA expression (45%,
P < 0.001) in fat tissue. These results suggest a role for the
abnormal regulation of this cytokine in the pathogenesis
of obesity-related insulin resistance. (J. Clin. Invest. 1995.
95:2409-2415.) Key words: cytokines * fat * non-insulin-
dependent diabetes mellitus * weight loss * insulin action
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Obesity is the most common metabolic disease in the industrial
world and affects > 30% of the adult population in the U.S.
( 1). Furthermore, obesity is a major risk factor for non-insulin-
dependent diabetes mellitus (NIDDM)' and > 80% ofNIDDM
patients in the USA are obese (1). Since insulin resistance is
a ubiquitous correlate of obesity and an important component
of NIDDM, insulin resistance is generally considered a major
pathophysiological link between these two disorders (2, 3). In
addition, insulin resistance is also believed to play a role in
other pathological states associated with obesity including dys-
lipidemias, atherosclerosis, hypertension, and cardiovascular
disorders (3, 4). Although the importance of the link between
obesity and insulin resistance has long been recognized, (4) the
molecular basis of this connection has remained elusive.

TNF-a is a pluripotent cytokine primarily, but not exclu-
sively, produced from macrophages (5-7). In addition to its
role in host defense, TNF-a also has important effects on whole
body lipid and glucose metabolism (7, 8). We have previously
demonstrated that fat tissue is a significant source of endoge-
nous TNF-a production and the expression of this cytokine in
adipose tissue is elevated in most of the models of rodent obesity
examined to date (9-11). This abnormal expression of TNF-
a in adipose tissue plays a critical role as a mediator of periph-
eral insulin resistance in rodent obesity, and neutralization of
TNF-a in obese and insulin-resistant animals results in signifi-
cant increases in peripheral insulin sensitivity (9).

Recent studies have indicated that defective signaling from
the insulin receptor is an important component of insulin resis-
tance associated with obesity in both animal models and humans
(12-16). Studies on TNF-a-mediated insulin resistance in cul-
tured cells as well as in whole organisms have also demonstrated
that TNF-a induces insulin resistance, at least in part, through
its ability to inhibit intracellular signaling from the insulin re-
ceptor (17, 18). Moreover, this inhibition can be reversed by
neutralizing TNF-a in vivo (19).

The expression of TNF-a in the adipose tissue of obese
humans has not been examined to date. Here we demonstrate
that the expression of TNF-a in adipose tissue is significantly
elevated in human obesity and this elevation is strongly corre-
lated with the level of hyperinsulinemia, which in the presence
of normoglycemia, is a marker of insulin resistance (2).

1. Abbreviations used in this paper: BMI, body mass index; NIDDM,
non-insulin-dependent diabetes mellitus.
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In addition to metabolic tissues regulating immune cells, 
the metabolism of immune cells themselves is highly 
regulated. Signaling pathways are activated to promote 
aerobic glycolysis in stimulated immune cells and play 
key roles to reprogram metabolism from catabolic 
oxidative pathways to anabolic pathways. 
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6  |     MAKOWSKI et Al.

Each hematopoietic cell type has clearly defined morpho-
logical, expression, and functional characteristics with defined 
subtypes that are continuing to be defined as technological ap-
proaches enabling increased sensitivity arise. However, these var-
ied lineages and subsets of each cell type also reside in or travel 
to distinct tissue depots which impact function. In this light, it is 
not surprising that each population of immune cells has a distinct 
metabolism and nutrient usage. First demonstrated by Vats et al9 
that macrophage metabolism can influence production of inflam-
matory cytokines as alternatively activated macrophages rely on 
a different metabolic program than classically activated macro-
phages, this principle has since been shown in T cells,10 myeloid 
derived suppressor cells (MDSCs),11 and dendritic cells (DCs).12 
The cytokines and signaling pathways that guide distinct immune 
responses also promote these specific programs that support bio-
energetics and biosynthesis. The intersection of metabolism and 
immunity at the systemic and cellular levels now forms the rap-
idly evolving field of immunometabolism. The most up-to-date 
concepts on the control of cell metabolism through cell intrinsic 
signaling mechanisms, the effect of the tissue microenvironment 
and nutrient availability on metabolism, and the potential for these 

pathways to be targeted or modified in disease are reviewed here 
and this volume (Figure 1).

2  | BA SIC MECHANISMS THAT REGUL ATE 
IMMUNE METABOLISM

The metabolism of T cells has been an area of intense interest and 
has many potential biological and therapeutic implications that illus-
trate the potential of immunometabolism. The majority of research 
has focused on uptake and metabolism of glucose, amino acids pri-
marily glutamine, and certain fatty acids, although other metabolites 
impact metabolism. When T cells are stimulated through the anti-
gen receptor, CD28 costimulation can increase glucose transporter 
GLUT1 expression, glucose uptake and subsequent glycolysis, and 
mitochondrial capacity.6,13,14 Conversely, CD28 family inhibitory re-
ceptors cytotoxic T-lymphocyte-associated protein 4 (CTLA4) and 
programmed cell death-1 (PD-1) can suppress this metabolic tran-
sition.15,16 T cells that fail to receive CD28 costimulation become 
anergic and are metabolically suppressed (ie, have low uptake of 
substrates and little mitochondrial metabolism).17 The metabolic 

F I G U R E  1   Immunometabolism: From Basic Mechanisms to Translation—Graphical summary of reviews in this collection. This figure 
summarizes the series of reviews provided by experts in the field demonstrating the mechanisms of immunometabolism, impacts on certain 
tissues such as adipose tissue, and disease states such as inflammation, cancer, and lupus. ATM: adipose tissue macrophage; VAT: visceral 
adipose tissue; OXPHOS: oxidative phosphorylation
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Increased glycolysis can be considered a hallmark metabolic change in most immune cells undergoing 
rapid activation, for instance, in response to stimulation of PRRs, cytokine receptors or antigen 
receptors. Enhanced glycolysis enables the immune cell to generate sufficient ATP and biosynthetic 
intermediates to proliferate.

Activation stimulates glycolysis



There is abundant evidence that metabolic pathways are closely tied 
to cell signaling and differentiation which leads different subsets of 
immune cells to adopt unique metabolic programs specific to their 
state and environment. In this way, metabolic signaling drives cell 
fate.  

It is also apparent that microenvironment greatly influences cell 
metabolism. Immune cells adopt programs specific for the tissues 
where they infiltrate and reside. In this way, nutrient availability 
impacts effector function. 



Enhanced glycolysis enables macrophages to generate sufficient ATP and biosynthetic 
intermediates to carry out its particular effector functions. For macrophages this includes 
phagocytosis and inflammatory cytokine production.

Metabolism in macrophage function



Metabolism in macrophage function
The NLRP3 inflammasome is a crucial regulator of caspase 1, which generates mature IL-1β, as 
well as active IL-18, and induces a type of cell death called pyroptosis. 
The inflammasome is activated in response to mitochondrial (and glycolytic) activity.

Mangan et al, Nat Rev Drug Discov, 2018



NADPH has multiple functions in immune cells.  
It is used by the NADPH oxidase to generate reactive oxygen species (ROS) 
during the respiratory burst, but as a counter-balance it is also used to generate 
glutathione and other antioxidants.  
During an infection, macrophages and neutrophils probably require both of these 
NADPH-dependent functions — rapid ROS production to clear the infectious agent 
followed by induction of antioxidants to prevent excessive tissue damage.

Macrophages adapt their redox status in 
response to infection



Macrophages adapt their redox status in 
response to infection

LPS-activated macrophages induce PPP to elevate NADPH availability



Baardman et al, Cell Rep, 2018

Figure 2. Hypercholesterolemia Attenuates the Inflammatory Phenotype of Macrophages without Reconfiguring Glycolysis and the TCA
Cycle
(A) Selected inflammatory genes in LPS-stimulated NFD and HFD macrophages (IL-4 response in Figures S3A and S3B).

(B) Cytokine and NO production by NFD and HFD macrophages (see also Figure S3C).

(C) Reactive oxygen species (ROS) levels as measured with 5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA).

(D) Phagocytic capacity (see also Figure S3E).

(E) Real-time ECAR of NFD and HFD macrophages. The bar graph represents the acute LPS-induced ECAR.

(F) Glycolysis parameters were determined by recording the ECAR after injection of glucose, OM, and 2-deoxyglucose (2-DG). The glycolytic rate is plotted in a

bar graph (glucose uptake in Figure S3D).

(G) PLS-DA plotted discrimination between LPS-stimulated NFD and HFD macrophages based on LC–HRMS analysis of 63 metabolites.

(H) Relative abundance of TCA cycle intermediates as measured by liquid chromatography-high resolution mass spectrometry (LC-HRMS).

(I) VIP scores derived from PLS-DA based on LPS-stimulated NFD and HFD macrophages to rank metabolites on their contribution to the model. Pentose

phosphate pathway (PPP) metabolites are marked with asterisks.

Values represent mean ± SEM of three (B–F) or four mice (H). One-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. Hypercholesterolemia Reduces LPS-Mediated Induction of the PPP in Macrophages
(A) Relative abundance of PPP metabolites.

(B) Expression levels of genes encoding PPP enzymes represented as RPKM (reads per kilobase per million mapped reads). Horizontal lines represent mean

values.

(C) G6pdx and G6pd2 gene expression.

(D) Schematic representation of the abundance and expression of PPP metabolites and genes.

(E) Cytokine and NO production by macrophages in the absence or presence of LPS and 100 mM G6PD inhibitor dehydroepiandrosterone (DHEA) or 6-ami-

nonicotinamide (6-AN).

(legend continued on next page)
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The TCA cycle in immunity
The TCA cycle and oxidative phosphorylation have been 
studied extensively in immune cells. Both are fully func-
tional in most T cell subsets13, although, as stated above, 
there is a shift towards glycolysis and away from the TCA 
cycle in effector T cells. Furthermore, the TCA cycle is 
very prominent in memory CD8+ T cells34.

Of particular note, there have been observations 
concerning the TCA cycle in distinct macrophage sub-
types (FIG. 4). In M2 macrophages, there is an intact TCA 
cycle that is coupled to oxidative phosphorylation25. This 
allows the generation of UDP-GlcNAc intermediates 
that are necessary for the glycosylation of M2-associated 
receptors, such as the mannose receptor25. However, 
in M1 macrophages the situation is rather differ-
ent. In these cells, the TCA cycle has been shown to be 
broken in two places — after citrate (owing to a decrease 
in expression of isocitrate lyase) and after succinate21,25.

The citrate that accumulates in M1 macrophages 
has been shown to be exported from the mitochon-
dria via the citrate transporter. It is then utilized for 
the production of fatty acids, which in turn are used 
for membrane biogenesis. This broken TCA cycle is 
also seen in activated DCs and seems to be especially 
important for their function, as these cells require 

substantial membrane production to support antigen 
presentation20. Excess citrate can also feed into pathways 
that generate nitric oxide and prostaglandins, which are 
key effector molecules made by macrophages35. A third 
metabolite generated from citrate is itaconic acid, which 
has been shown to have direct bactericidal effects on 
species such as Salmonella enterica subsp. enterica 
serovar Typhimurium and Mycobacterium tuberculo-
sis36. This particular example shows how a metabolic 
rewiring event can generate metabolites with direct 
 antimicrobial activity.

Succcinate that accumulates in M1 macrophages as a 
consequence of a broken TCA cycle has a direct impact 
on macrophage cytokine production21. One mechanism 
involved is inhibition of prolyl hydroxylases by succinate, 
leading to the stabilization of HIF1α and the sustained 
production of IL-1β21. This pathway will operate under 
normoxia as well as in hypoxia, and is therefore a mech-
anism for HIF1α activation under aerobic conditions. 
Taken together, these studies show that the alterations 
in the TCA cycle that occur in M1 macrophages lead to 
the mitochondrial accumulation of metabolites that can 
promote their immune functions. These events may also 
link to nitric oxide production, which has been shown to 
inactivate the electron transport chain in macrophages37.

Figure 4 | The TCA cycle in macrophages. In M2like macrophages (that is, interleukin4 (IL4)activated macrophages) the 
tricarboxylic acid (TCA) cycle is intact and participates in oxidative phosphorylation, providing ATP for energy.  In M1like 
macrophages (that is, cells that have been activated by lipopolysaccharide (LPS) and interferonγ), the TCA cycle is broken in 
two places — after citrate and after succinate. Citrate is used to generate fatty acids for membrane biogenesis and also for 
prostaglandin production. It also generates itaconic acid via the enzyme immuneresponsive gene 1 (IRG1). Itaconic acid has 
direct antimicrobial activity against Mycobacterium tuberculosis and Salmonella sp. HIF1α, hypoxiainducible factor 1α.

REV IEWS

NATURE REVIEWS | IMMUNOLOGY   VOLUME 16  | SEPTEMBER 2016  | 559

©
 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.

In M2 macrophages, there is an intact TCA cycle that is coupled to oxidative phosphorylation. This 
allows the generation of UDP-GlcNAc intermediates that are necessary for the glycosylation of 
M2-associated receptors, such as the mannose receptor.  
However, in M1 macrophages the TCA cycle has been shown to be broken in two places — after 
citrate (owing to a decreasein expression of isocitrate lyase) and after succinate.

O’Neill et al, Nat Rev Immunol, 2016

TCA intermediates in macrophage polarization



The citrate that accumulates in M1 macrophages has been shown to be 
exported from the mitochondria via the citrate transporter. It is then utilized for 
the production of fatty acids, which in turn are used for membrane biogenesis.

Excess citrate can also feed into pathways that generate nitric oxide and prostaglandins, which 
are key effector molecules made by macrophages.

Different acetyl-CoA utilization in M1 vs M2



Different acetyl-CoA utilization in M1 vs M2



Covarrubias et al, eLife, 2016



A third metabolite generated from citrate is itaconic acid, which has been shown 
to have direct bactericidal effects on species such as Salmonella enterica and 
Mycobacterium tuberculosis. This particular example shows how a metabolic 
rewiring event can generate metabolites with direct antimicrobial activity.



Itaconate is a competitive inhibitor 
(endogenous)



Complex II is the site of reverse electron transport (RET) in inflammatory macrophages (ROS, hence 
NRF2 activation) and is also responsible for regulating fumarate levels linking to epigenetic changes. 

In trained immunity, fumarate-induced epigenetic changes (i.e., H3K27Ac and H3K4me3) can restore 
the inflammatory response to LPS, rescuing immune paralysis.

Inhibiting SDH, Itaconate promotes reverse electron flow along the ETC and ROS 
generation (to support phagocytosis)

Itaconate is an endogenous SDH inhibitor



Itaconate is an endogenous PDH inhibitor

Lampropoulou et al, Cell Metab, 2016

potently modulates macrophage activation and inflammatory re-
sponses by controlling TCA cycle remodeling.

RESULTS AND DISCUSSION

Itaconate Treatment Has Anti-inflammatory Effects
during Macrophage Activation
Itaconate production is one of the hallmarks of macrophage acti-
vation onboth the transcriptional andmetabolic levels: Irg1 is one

of the most highly induced enzymes in activated macrophages,
and itaconate accumulates at high levels within cells (Figure 1A).
Metabolomic profiling of culture supernatants from activated
bone marrow-derived macrophages (BMDMs) revealed that
itaconate was also secreted, as suggested previously (Strelko
et al., 2011) (Figure 1B). The magnitude of itaconate production
prompted us to investigate its potential regulatory role.
We first tested the effect of exogenously added itaconate on

the inflammatory response induced after LPS or LPS + IFN-g
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Figure 1. Itaconate Has Anti-inflammatory Effects on Macrophage Activation
(A) Volcano plots showing transcripts (left) and metabolites (right) that are differentially expressed between resting and activated BMDM (LPS + IFN-g, 24 hr).

(B) Relative expression of intracellular and secreted itaconate by BMDM at indicated time points after activation (LPS + IFN-g).

(C) Histogram of intracellular iNOS expression determined by flow cytometry in BMDMuntreated or DI-pretreated (0.25mM, 12 hr) and then stimulated with LPS +

IFN-g (24 hr).

(D) IL-12 levels in BMDM culture supernatants from (C).

(E) IL-6 and TNF-a secreted by untreated or DI-pretreated BMDM and stimulated with LPS (24 hr).

(F) Heatmap of selected inflammatory marker genes unstimulated (Uns), LPS-stimulated (LPS), DI-pretreated (DI + Uns), DI-pretreated and then LPS-stimulated

BMDM (4 hr).

(G) Mature IL-1b and IL-18 secreted by BMDM untreated or DI-pretreated, then stimulated with LPS (4 hr) and ATP (45 min).

(H) Mature IL-1b levels secreted by BMDM untreated or DI-pretreated and stimulated with LPS and nigericin (Nig.) or monosodium urate crystals (MSU).

(I) Western blot analysis of NLRP3, pro-IL-1b, and ASC in lysates of BMDM untreated or DI-pretreated and stimulated as in (G). a-tubulin was used as loading

control. Blot shown is representative of two independent experiments.

For (B), (E), (G), and (H), data are shown asmean ± SEM (n = 3). p values were calculated using two-tailed Student’s t test (B and E) or one-way ANOVA compared

to untreated stimulated cells (G and H). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. See also Figure S1.
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potently modulates macrophage activation and inflammatory re-
sponses by controlling TCA cycle remodeling.
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Itaconate Treatment Has Anti-inflammatory Effects
during Macrophage Activation
Itaconate production is one of the hallmarks of macrophage acti-
vation onboth the transcriptional andmetabolic levels: Irg1 is one

of the most highly induced enzymes in activated macrophages,
and itaconate accumulates at high levels within cells (Figure 1A).
Metabolomic profiling of culture supernatants from activated
bone marrow-derived macrophages (BMDMs) revealed that
itaconate was also secreted, as suggested previously (Strelko
et al., 2011) (Figure 1B). The magnitude of itaconate production
prompted us to investigate its potential regulatory role.
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the inflammatory response induced after LPS or LPS + IFN-g

A B 

G

C

H

ASC 

pro-IL-1β

α-tubulin

-    +    +    +    +     -
-    -     -     +    +     -
-    -     +    -     +    + 

LPS 
ATP

DI 

NLRP3 

0.0

0.2

0.4

0.6

R
el

at
iv

e 
m

et
ab

ol
ite

 a
bu

nd
an

ce intracellular itaconate

0 2410
Time post-activation (h)

I

0 102 103 104 105

FITC-A: NOS2

0

20

40

60

80

100

%
of

M
ax

LPS+IFN-γ

     DI+
LPS+IFN-γ

LPS +ATP LPS +Nig. LPS +MSU 

e 

Casp1
Cxcl11
Cxcl9
Ifnb1
Il12b
Il18
Il1b
Il6
Myd88
Nos2
P2rx7
Pycard
Tlr3
Tlr7

DI+LPSLPS DI+UnsUns

iNOS

0.00

0.05

0.10

0.15
secreted itaconate

0 2410
Time post-activation (h)

***

R
el

at
iv

e 
m

et
ab

ol
ite

 a
bu

nd
an

ce

Med
. 0

0.0
62

5
0.1

25 0.2
5

0

500

1000

1500

2000

2500

 IL
-1
β

(p
g 

/ m
l)

DI (mM)

****
****

****

Med
. 0

0.0
62

5
0.1

25 0.2
5

0

50

100

150

200

250

 IL
-1

8
(p

g  
/ m

l)

DI (mM)

****
****

****

Med
. 0

0.2
5

0

500

1000

1500

2000

2500

 IL
-1
β

(p
g 

/ m
l )

DI (mM)

****

Med
. 0

0.2
5

0

500

1000

1500

 IL
-1
β

( p
g 

/ m
l)

****

DI (mM)

Med
.

LP
S

DI+L
PS

0.0

0.5

1.0

1.5

2.0

2.5

(n
g 

/ m
l)

ns

Med
.

LP
S

DI+L
PS

0

500

1000

1500

2000

2500 ****

Med
.

LP
S+IF

Nγ

DI+L
PS+IF

Nγ
0

100

200

300

400

(p
g/

m
l)

IL-12p70

***

IL-6 TNF-αD FE
(p

g/
m

l)

Log2 (fold change M1/M0) Log2 (fold change M1/M0)

Figure 1. Itaconate Has Anti-inflammatory Effects on Macrophage Activation
(A) Volcano plots showing transcripts (left) and metabolites (right) that are differentially expressed between resting and activated BMDM (LPS + IFN-g, 24 hr).

(B) Relative expression of intracellular and secreted itaconate by BMDM at indicated time points after activation (LPS + IFN-g).

(C) Histogram of intracellular iNOS expression determined by flow cytometry in BMDMuntreated or DI-pretreated (0.25mM, 12 hr) and then stimulated with LPS +

IFN-g (24 hr).

(D) IL-12 levels in BMDM culture supernatants from (C).

(E) IL-6 and TNF-a secreted by untreated or DI-pretreated BMDM and stimulated with LPS (24 hr).

(F) Heatmap of selected inflammatory marker genes unstimulated (Uns), LPS-stimulated (LPS), DI-pretreated (DI + Uns), DI-pretreated and then LPS-stimulated

BMDM (4 hr).

(G) Mature IL-1b and IL-18 secreted by BMDM untreated or DI-pretreated, then stimulated with LPS (4 hr) and ATP (45 min).

(H) Mature IL-1b levels secreted by BMDM untreated or DI-pretreated and stimulated with LPS and nigericin (Nig.) or monosodium urate crystals (MSU).

(I) Western blot analysis of NLRP3, pro-IL-1b, and ASC in lysates of BMDM untreated or DI-pretreated and stimulated as in (G). a-tubulin was used as loading

control. Blot shown is representative of two independent experiments.

For (B), (E), (G), and (H), data are shown asmean ± SEM (n = 3). p values were calculated using two-tailed Student’s t test (B and E) or one-way ANOVA compared

to untreated stimulated cells (G and H). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. See also Figure S1.
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To evaluate this hypothesis, we used an in vitro assay that
mimics myocardial infarction injury by subjecting neonatal cardi-
omyocytes to hypoxic insult (Ma et al., 2012). Pretreatment with
DI attenuated the hypoxia-induced increase in ROS generation

(Figure 2I) and conferred dose-dependent protection from hyp-
oxia-induced cell death (Figure 2J).
Therefore, we assessed whether itaconate-mediated Sdh

inhibition influenced mROS generation. Pretreatment with DI

Figure 2. Itaconate Inhibits Sdh Activity In Vitro and In Vivo and Modulates ROS-Mediated Tissue Damage during Ischemia-Reperfusion
Injury
(A) Comparative network showing changes in the magnitude of predicted fluxes between unstimulated macrophages with and without itaconate treatment.

(B) Extracellular acidification rate (ECAR) measured in DI-treated or untreated BMDM. Data are shown as mean ± SEM of 10–15 replicates from one of two

representative experiments.

(C) Chemical structure of succinate, malonate, and itaconate.

(D) Relative succinate levels in resting BMDM treated or not with DI. Data are shown as mean ± SEM (n = 3). p values were calculated using two-tailed Student’s

t test.

(E) Lineweaver-Burk plot (left), Dixon plot (right), and calculated Km and Ki values. Data shown are mean ± SD (L-B plot, n = 3) and mean (Dixon plot, n = 3).

(F) Representative Evans Blue and TTC stained sections of hearts subjected to IR injury, after DI or saline treatment.

(G and H) Quantitation of area-at-risk (AAR) and infarct area (IA) as percent of AAR (G) and left ventricular (LV) myocardium (H) (saline, n = 8; DI, n = 7). p values

were calculated using two-tailed Student’s t test.

(I) Percentage change in ROS (over respective normoxic controls) in neonatal rat cardiacmyocytes (NRCMs) subjected to hypoxia for 24 hr in the presence of DI or

diluent.

(J) Percentage of cell death in NRCMs treated as in (H). For (I) and (J), p values were calculated using post hoc test after one-way ANOVA (n = 8/ condition).

(K) Histograms of mROS expression detected using MitoSox dye in BMDM pretreated or not with DI and activated with LPS (3 hr).

(L) Fold change in mROS mean fluorescence intensity (relative to medium) measured in (K).

Data are shown as mean ± SEM (n = 3, each in duplicates). p value was calculated using two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001. See also

Figure S2.
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Succcinate that accumulates in M1 macrophages as a consequence of a broken TCA 
cycle has a direct impact on macrophage cytokine production. One mechanism 
involved is inhibition of prolyl-hydroxylases by succinate, leading to the stabilization of 
HIF1α and the sustained production of IL-1β. This pathway will operate under 
normoxia as well as in hypoxia, and is therefore a mechanism for HIF1α activation under 
aerobic conditions.

Itaconate is an endogenous PDH inhibitor

Lampropoulou et al, Cell Metab, 2016

potently modulates macrophage activation and inflammatory re-
sponses by controlling TCA cycle remodeling.

RESULTS AND DISCUSSION
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during Macrophage Activation
Itaconate production is one of the hallmarks of macrophage acti-
vation onboth the transcriptional andmetabolic levels: Irg1 is one

of the most highly induced enzymes in activated macrophages,
and itaconate accumulates at high levels within cells (Figure 1A).
Metabolomic profiling of culture supernatants from activated
bone marrow-derived macrophages (BMDMs) revealed that
itaconate was also secreted, as suggested previously (Strelko
et al., 2011) (Figure 1B). The magnitude of itaconate production
prompted us to investigate its potential regulatory role.
We first tested the effect of exogenously added itaconate on

the inflammatory response induced after LPS or LPS + IFN-g
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Figure 1. Itaconate Has Anti-inflammatory Effects on Macrophage Activation
(A) Volcano plots showing transcripts (left) and metabolites (right) that are differentially expressed between resting and activated BMDM (LPS + IFN-g, 24 hr).

(B) Relative expression of intracellular and secreted itaconate by BMDM at indicated time points after activation (LPS + IFN-g).

(C) Histogram of intracellular iNOS expression determined by flow cytometry in BMDMuntreated or DI-pretreated (0.25mM, 12 hr) and then stimulated with LPS +

IFN-g (24 hr).

(D) IL-12 levels in BMDM culture supernatants from (C).

(E) IL-6 and TNF-a secreted by untreated or DI-pretreated BMDM and stimulated with LPS (24 hr).

(F) Heatmap of selected inflammatory marker genes unstimulated (Uns), LPS-stimulated (LPS), DI-pretreated (DI + Uns), DI-pretreated and then LPS-stimulated

BMDM (4 hr).

(G) Mature IL-1b and IL-18 secreted by BMDM untreated or DI-pretreated, then stimulated with LPS (4 hr) and ATP (45 min).

(H) Mature IL-1b levels secreted by BMDM untreated or DI-pretreated and stimulated with LPS and nigericin (Nig.) or monosodium urate crystals (MSU).

(I) Western blot analysis of NLRP3, pro-IL-1b, and ASC in lysates of BMDM untreated or DI-pretreated and stimulated as in (G). a-tubulin was used as loading

control. Blot shown is representative of two independent experiments.

For (B), (E), (G), and (H), data are shown asmean ± SEM (n = 3). p values were calculated using two-tailed Student’s t test (B and E) or one-way ANOVA compared

to untreated stimulated cells (G and H). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. See also Figure S1.
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To evaluate this hypothesis, we used an in vitro assay that
mimics myocardial infarction injury by subjecting neonatal cardi-
omyocytes to hypoxic insult (Ma et al., 2012). Pretreatment with
DI attenuated the hypoxia-induced increase in ROS generation

(Figure 2I) and conferred dose-dependent protection from hyp-
oxia-induced cell death (Figure 2J).
Therefore, we assessed whether itaconate-mediated Sdh

inhibition influenced mROS generation. Pretreatment with DI

Figure 2. Itaconate Inhibits Sdh Activity In Vitro and In Vivo and Modulates ROS-Mediated Tissue Damage during Ischemia-Reperfusion
Injury
(A) Comparative network showing changes in the magnitude of predicted fluxes between unstimulated macrophages with and without itaconate treatment.

(B) Extracellular acidification rate (ECAR) measured in DI-treated or untreated BMDM. Data are shown as mean ± SEM of 10–15 replicates from one of two

representative experiments.

(C) Chemical structure of succinate, malonate, and itaconate.

(D) Relative succinate levels in resting BMDM treated or not with DI. Data are shown as mean ± SEM (n = 3). p values were calculated using two-tailed Student’s

t test.

(E) Lineweaver-Burk plot (left), Dixon plot (right), and calculated Km and Ki values. Data shown are mean ± SD (L-B plot, n = 3) and mean (Dixon plot, n = 3).

(F) Representative Evans Blue and TTC stained sections of hearts subjected to IR injury, after DI or saline treatment.

(G and H) Quantitation of area-at-risk (AAR) and infarct area (IA) as percent of AAR (G) and left ventricular (LV) myocardium (H) (saline, n = 8; DI, n = 7). p values

were calculated using two-tailed Student’s t test.

(I) Percentage change in ROS (over respective normoxic controls) in neonatal rat cardiacmyocytes (NRCMs) subjected to hypoxia for 24 hr in the presence of DI or

diluent.

(J) Percentage of cell death in NRCMs treated as in (H). For (I) and (J), p values were calculated using post hoc test after one-way ANOVA (n = 8/ condition).

(K) Histograms of mROS expression detected using MitoSox dye in BMDM pretreated or not with DI and activated with LPS (3 hr).

(L) Fold change in mROS mean fluorescence intensity (relative to medium) measured in (K).

Data are shown as mean ± SEM (n = 3, each in duplicates). p value was calculated using two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001. See also

Figure S2.
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aKG supports hypoxic response 

Itaconate is an endogenous PDH inhibitor

Succinate inhibits PDHs, leading to HIF stabilization 
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Itaconate prevents abdominal aortic aneurysm formation through
inhibiting inflammation via activation of Nrf2
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A B S R A C T

Background: Identifying effective drugs to suppress vascular inflammation is a promising strategy to delay
the progression of abdominal aortic aneurysm (AAA). Itaconate has a vital role in regulating inflammatory
activation in various inflammatory diseases. However, the role of itaconate in the progression of AAA is
unknown. In this study, we explored the inhibitory effect of itaconate on AAA formation and its underlying
mechanisms.
Methods: Quantitative PCR, western blotting and immunohistochemistry were used to determine Irg1 and
downstream Nrf2 expression in human and mouse AAA samples. Liquid chromatograph-mass spectrometry
(LC-MS) analysis was performed to measure the abundance of itaconate. OI treatment and Irg1 knockdown
were performed to study the role of OI in AAA formation. Nrf2 intervention in vivo was performed to detect
the critical role of Nrf2 in the beneficial effect of OI on AAA.
Findings: We found that itaconate suppressed the formation of angiotensin II (Ang II)-induced AAA in apoli-
poprotein E-deficient (Apoe!/!) mice, while Irg1 deficiency exerted the opposite effect. Mechanistically, itac-
onate inhibited vascular inflammation by enabling Nrf2 to function as a transcriptional repressor of
downstream inflammatory genes via alkylation of Keap1. Moreover, Nrf2 deficiency significantly aggravated
inflammatory factor expression and promoted AAA formation. In addition, Keap1 overexpression signifi-
cantly promoted Ang II-induced AAA formation, which was inhibited by itaconate.
Interpretation: Itaconate inhibited AAA formation by suppressing vascular inflammation, and therapeutic
approaches to increase itaconate are potentially beneficial for preventing AAA formation.
Funding: National Natural Science Foundations of China and Guangzhou regenerative medicine and Health
Laboratory of Guangdong.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Abdominal aortic aneurysm
Angiotensin II
Inflammation

1. Introduction

Abdominal aortic aneurysm is a chronic inflammatory disease. An
accumulating body of evidence has indicated that regulating the

expression of inflammation-related genes is a promising strategy to
control the progression of abdominal aortic aneurysm (AAA) [1!3].
In various studies, knockout/in of genes or transfection of viruses
such as lentivirus (LV), adeno-associated virus (AAV) and adenovirus
(ADV) have been used to regulate gene expression. These gene edit-
ing tools are widely used to regulate the expression of inflammation-
related genes to inhibit AAA formation by reducing the activation of
inflammatory signaling pathways, such as knockout of interleukin-
1beta (IL-1b) [4], knock-in of SIRT1 [5], LV-mediated microRNA 24
overexpression [6] or AAV9-mediated H19 suppression [7]. In addi-
tion, studies have suggested that injection of monoclonal antibodies
against inflammatory factor receptors [8], such as interleukin-6 (IL-6)
receptors [9], inhibits the formation and progression of aneurysms.
However, these gene editing tools and monoclonal antibodies are

Abbreviations: AAA, abdominal aortic aneurysm; Ang II, angiotensin II; OI, 4-octyl
itaconate; Irg1, immune responsive gene 1; Nrf2, nuclear factor (erythroid-derived 2)-
like 2; MCP1, monocyte chemotactic protein-1; MMP, matrix metalloproteinase;
siRNA, small-interfering RNA; IL-6, interleukin-6; IL-1b, interleukin-1b; IFN-g , inter-
feron-g; Keap1, Kelch-like ECH-associated protein 1
* Corresponding authors at: Department of Cardiology, State Key Laboratory of

Organ Failure Research, Nanfang Hospital, Southern Medical University, 1838 North
Guangzhou Avenue, Guangzhou 510515, China.

E-mail addresses: 598938020@qq.com (L. Zhong), jianpingbin@126.com (J. Bin).
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Abdominal aortic aneurysm (AAA) is a chronic inflammatory 
disease.  

An AAA is a swelling in the aorta, the artery that carries blood 
from the heart to the tummy (abdomen). Most aneurysms do 
not cause any problems, but they can be serious because 
there's a risk they could burst (rupture).

Fig. 1. Itaconate production is increased in human and mouse Ang II (angiotensin II)-induced AAA tissues. (a) PCR analysis of Irg1 in human abdominal aortic aneurysm (AAA) and
adjacent nonaneurysmal aortic (NA) samples. **p<0.01; n=5 per group (parametric paired t test). (b) Western blots (WBs) of the protein levels of Irg1 and Nrf2 in human AAA and
NA samples. **p<0.01; n=5 per group (parametric paired t test). (c) Representative immunohistochemical staining in serial sections showing the expression of Irg1, MAC2 and Nrf2
in human AAA and NA samples (scale bars=200 and 50 mm; n=5 per group). (d) PCR analysis of Irg1 in Raw 264.7 cells, vascular smooth muscle cells (VSMCs) and endothelial cells
(ECs) after stimulation with or without IFN-g (12 h). **p<0.01; n=5 per group (parametric unpaired t test). (e) Representative photographs showing the macroscopic features of the
aortas from Apoe!/! mice treated with Ang II or saline. (f) Relative itaconate abundance in AAA samples from Ang II-induced Apoe!/- mice and NA samples from saline-induced con-
trol Apoe!/! mice. **p<0.01; n=5 per group (parametric unpaired t test). (g) PCR analysis of Irg1 in AAA samples from Ang II-induced Apoe!/- mice and NA samples from saline-
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A B S R A C T

Background: Identifying effective drugs to suppress vascular inflammation is a promising strategy to delay
the progression of abdominal aortic aneurysm (AAA). Itaconate has a vital role in regulating inflammatory
activation in various inflammatory diseases. However, the role of itaconate in the progression of AAA is
unknown. In this study, we explored the inhibitory effect of itaconate on AAA formation and its underlying
mechanisms.
Methods: Quantitative PCR, western blotting and immunohistochemistry were used to determine Irg1 and
downstream Nrf2 expression in human and mouse AAA samples. Liquid chromatograph-mass spectrometry
(LC-MS) analysis was performed to measure the abundance of itaconate. OI treatment and Irg1 knockdown
were performed to study the role of OI in AAA formation. Nrf2 intervention in vivo was performed to detect
the critical role of Nrf2 in the beneficial effect of OI on AAA.
Findings: We found that itaconate suppressed the formation of angiotensin II (Ang II)-induced AAA in apoli-
poprotein E-deficient (Apoe!/!) mice, while Irg1 deficiency exerted the opposite effect. Mechanistically, itac-
onate inhibited vascular inflammation by enabling Nrf2 to function as a transcriptional repressor of
downstream inflammatory genes via alkylation of Keap1. Moreover, Nrf2 deficiency significantly aggravated
inflammatory factor expression and promoted AAA formation. In addition, Keap1 overexpression signifi-
cantly promoted Ang II-induced AAA formation, which was inhibited by itaconate.
Interpretation: Itaconate inhibited AAA formation by suppressing vascular inflammation, and therapeutic
approaches to increase itaconate are potentially beneficial for preventing AAA formation.
Funding: National Natural Science Foundations of China and Guangzhou regenerative medicine and Health
Laboratory of Guangdong.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Abdominal aortic aneurysm is a chronic inflammatory disease. An
accumulating body of evidence has indicated that regulating the

expression of inflammation-related genes is a promising strategy to
control the progression of abdominal aortic aneurysm (AAA) [1!3].
In various studies, knockout/in of genes or transfection of viruses
such as lentivirus (LV), adeno-associated virus (AAV) and adenovirus
(ADV) have been used to regulate gene expression. These gene edit-
ing tools are widely used to regulate the expression of inflammation-
related genes to inhibit AAA formation by reducing the activation of
inflammatory signaling pathways, such as knockout of interleukin-
1beta (IL-1b) [4], knock-in of SIRT1 [5], LV-mediated microRNA 24
overexpression [6] or AAV9-mediated H19 suppression [7]. In addi-
tion, studies have suggested that injection of monoclonal antibodies
against inflammatory factor receptors [8], such as interleukin-6 (IL-6)
receptors [9], inhibits the formation and progression of aneurysms.
However, these gene editing tools and monoclonal antibodies are

Abbreviations: AAA, abdominal aortic aneurysm; Ang II, angiotensin II; OI, 4-octyl
itaconate; Irg1, immune responsive gene 1; Nrf2, nuclear factor (erythroid-derived 2)-
like 2; MCP1, monocyte chemotactic protein-1; MMP, matrix metalloproteinase;
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feron-g; Keap1, Kelch-like ECH-associated protein 1
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not cause any problems, but they can be serious because 
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Fig. 1. Itaconate production is increased in human and mouse Ang II (angiotensin II)-induced AAA tissues. (a) PCR analysis of Irg1 in human abdominal aortic aneurysm (AAA) and
adjacent nonaneurysmal aortic (NA) samples. **p<0.01; n=5 per group (parametric paired t test). (b) Western blots (WBs) of the protein levels of Irg1 and Nrf2 in human AAA and
NA samples. **p<0.01; n=5 per group (parametric paired t test). (c) Representative immunohistochemical staining in serial sections showing the expression of Irg1, MAC2 and Nrf2
in human AAA and NA samples (scale bars=200 and 50 mm; n=5 per group). (d) PCR analysis of Irg1 in Raw 264.7 cells, vascular smooth muscle cells (VSMCs) and endothelial cells
(ECs) after stimulation with or without IFN-g (12 h). **p<0.01; n=5 per group (parametric unpaired t test). (e) Representative photographs showing the macroscopic features of the
aortas from Apoe!/! mice treated with Ang II or saline. (f) Relative itaconate abundance in AAA samples from Ang II-induced Apoe!/- mice and NA samples from saline-induced con-
trol Apoe!/! mice. **p<0.01; n=5 per group (parametric unpaired t test). (g) PCR analysis of Irg1 in AAA samples from Ang II-induced Apoe!/- mice and NA samples from saline-
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Fig. 2. Exogenous addition of the itaconate analogue 4-octyl itaconate (OI) attenuates Ang II-induced AAA formation in Apoe!/! mice. (a) Representative images of the macroscopic fea-
tures of AAA in Ang II-infused Apoe!/! mice. (b) The incidence of Ang II-induced AAA in OI-treated Apoe!/- mice (n=36) compared with those in vehicle-treated Apoe!/- mice (n=36).
**p<0.01 (Fisher’s exact test). The number of mice that developed AAA included deaths caused by abdominal aortic rupture. (c) The survival curve of Ang II-induced AAA in the two groups.
p<0.05; n=36 per group (Log-rank (Mantel-Cox) test). (d) The maximal abdominal aortic diameter in Ang II!infused Apoe!/! mice. **p<0.01; n=12 per group (parametric unpaired t test).
(e and f) Representative staining with elastin and the elastin degradation score in the suprarenal aortas from Ang II-infused mice. The magnified photographs were taken at the location
where the most severe elastin degradation occurred (scale bars=200 and 50 mm; magnified photographs). **p<0.01; n=12 per group (non-parametric ANOVA Kruskal-Wallis test with
post Dunn's multiple comparisons test). (g and h) Representative immunostaining and densitometric analysis of MAC2 in the suprarenal aortic walls (scale bars=200 and 50 mm).
**p<0.01; n=5 per group (parametric unpaired t test). (i and j) Representative immunostaining and densitometric analysis of IL-6 in the suprarenal aortic walls (scale bars, 200 and 50
mm). **p<0.01; n=5 per group (parametric unpaired t test). (k and l) WB analysis of the protein levels of MMP2, MMP9, and MCP1 in the aortas from Ang II!infused Apoe!/! mice.
**p<0.01; n=6 per group (parametric unpaired t test). (m) Plasma IL-6 and IL-1b levels in the Ang II-treated Apoe!/! mice. **p<0.01; n=6 per group (parametric unpaired t test).
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induction leads to a compensatory increase in itaconate 
to restore homeostasis. In the second study, an axis com-
prising the microRNA miR93, IRF9, IRG1 and itaconate 
was identified that boosted M2-like macrophage polar-
ization in a model of ischaemic muscle revasculariza-
tion63. The authors indicated that a decrease in IRG1 and 
itaconate mediated via miR93 was required to allow for 
M2 macro phage polarization. It may be that the lowering 
of itaconate allows for efficient oxidative phosphorylation, 
which is a hallmark of M2 macrophages. Clearly, we have 
more to learn on the role of itaconate in macrophage 
polarization under different circumstances, with a pos-
sible role for IRG1 and itaconate in M2 macrophage 
polarization illustrated in FIG. 5a.

Itaconate and tumour- associated macrophages
A role for itaconate in another macrophage population 
— tumour- associated macrophages, which are thought 
to be somewhat similar to M2 macrophages — has 

recently been described64. In peritoneal tumours, 
involved B16 melanoma cells or ID8 ovarian carcinoma 
cells, an unbiased metabolomic screen identified itaco-
nate as one of the most highly upregulated metabolites in 
the peritoneal tissue- resident macrophages. Knockdown 
of IRG1 significantly reduced peritoneal tumours, indi-
cating that itaconate had a pro- tumour role. The mech-
anism appeared to involve itaconate boosting oxidative 
phosphorylation, which in turn led to increased ROS 
production, which increased tumour growth. The pos-
sible role of itaconate produced by tumour- associated 
macrophages as a pro- tumour metabolite is illustrated 
in FIG. 5b.

This study is consistent with other studies demon-
strating that IRG1 can augment ROS. IRG1 was 
shown to boost A20 expression via ROS production 
to drive an anti- inflammatory effect in macrophages65. 
Furthermore, in macrophage- like cells in zebrafish, 
itaconate was shown to increase fatty acid oxidation to 
drive antibacterial ROS production66. Taken together, 
these studies indicate that itaconate might boost ROS 
production, either to promote tumour growth or have 
an antibacterial effect. The increased ROS might also 
further boost NRF2 and other antioxidant protective 
responses as indicated above.

Itaconate and immune paralysis
The study on IRG1 and A20 indicated that IRG1 might 
be important for a process called sepsis- associated 
immunosuppression or immune paralysis, because IRG1 
and A20 were both elevated in peripheral blood mono-
nuclear cells from patients with sepsis65. This observa-
tion has more recently been confirmed as a possibility. 
Dominguez- Andrés and colleagues demonstrated that 
itaconate can drive innate immune tolerance (mean-
ing a decreased response to inflammatory stimuli) in 
human monocytes67. β- Glucan, a fungal cell wall com-
ponent known to exert long- term upregulation of innate 
immune function in monocytes, counteracted tolerance 
by decreasing the expression of IRG1. β- Glucan also 
increased the expression of SDH, boosting oxidative 
phosphorylation. Importantly, polymorphisms in the 
genes encoding IRG1 and SDH were described that 
modulate the induction of tolerance. Overall, this impor-
tant study provides data in humans that support the 
IRG1–itaconate axis as a key negative regulator of mono-
cyte function, which is consistent with a role for itaco-
nate as an anti- inflammatory metabolite. Furthermore, 
lowering of IRG1 and itaconate could be a strategy to 
relieve the immunosuppression evident in sepsis. A role 
for itaconate in immune paralysis in macrophages is  
shown in FIG. 5c.

Itaconate and vitamin B12

A final and quite unexpected process regulated by 
itaconate has been found in relation to vitamin B12 
metabolism59. This finding was reported in a study of 
citramalyl- CoA lyase (CLYBL), an enzyme that converts 
citramalyl- CoA into acetyl- CoA. It was studied because 
2.7% of humans have a loss of function of this enzyme, 
with the main defect being a decrease in the levels of 
circulating vitamin B12. The authors demonstrated that 

Oxidative phosphorylation
The metabolic pathway that 
occurs at the inner 
mitochondrial membrane and 
uses an electrochemical 
gradient created by the 
oxidation of electron carriers to 
generate ATP.

PPARγ

miR93

OXPHOS

ROS

Peritoneal tumour Peritoneal macrophage

Pro-tumorigenic

a

b

c

↓ Itaconate

↑ M2 macrophage
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β-Glucan: increased
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Fig. 5 | Itaconate, M2 macrophages, tumour- associated 
macrophages and immune- paralysed monocytes. 
Itaconate has been shown to have effects on M2 
macrophages, peritoneal tumours and monocytes in sepsis. 
a | Peroxisome proliferator- activated receptor- γ (PPARγ) 
has been shown to regulate M2 macrophage 
differentiation via downregulation of immune- responsive 
gene 1 protein (IRG1) and itaconate. The microRNA miR93 
has been shown to lower IRG1 and itaconate levels via a 
decrease in interferon regulatory factor 9 (IRF9), leading to 
an M2-like phenotype in ischaemic muscle. b | Peritoneal 
tumours elicit itaconate from macrophages, which, via 
increased oxidative phosphorylation (OXPHOS), will drive 
pro- tumour reactive oxygen species (ROS) production.  
c | Finally, in a model of lipopolysaccharide (LPS)-induced 
immune paralysis (which occurs in sepsis), itaconate limits 
succinate dehydrogenase (SDH; a known inflammatory 
signal). This SDH limitation can be relieved by β- glucan, 
which can decrease IRG1 expression, lowering itaconate 
levels and restoring SDH to boost immunity in sepsis. 
KEAP1, Kelch- like ECH- associated protein 1; NRF2, nuclear 
factor erythroid 2-related factor 2.
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SUMMARY

Innate immune memory is the phenomenon whereby
innate immune cells such as monocytes or macro-
phages undergo functional reprogramming after
exposure to microbial components such as lipopoly-
saccharide (LPS). We apply an integrated epige-
nomic approach to characterize the molecular events
involved in LPS-induced tolerance in a time-depen-
dent manner. Mechanistically, LPS-treated mono-
cytes fail to accumulate active histone marks at
promoter and enhancers of genes in the lipid meta-
bolism and phagocytic pathways. Transcriptional
inactivity in response to a second LPS exposure in to-
lerizedmacrophages is accompanied by failure to de-
posit active histone marks at promoters of tolerized
genes. In contrast, b-glucan partially reverses the
LPS-induced tolerance in vitro. Importantly, ex vivo
b-glucan treatment of monocytes from volunteers
with experimental endotoxemia re-instates their ca-
pacity for cytokine production. Tolerance is reversed
at the level of distal element histone modification
and transcriptional reactivation of otherwise unre-
sponsive genes.

INTRODUCTION

Accumulating evidence suggests thatmonocytes can be reprog-
rammed by exposure to microbe-associated molecular patterns
(MAMPs) during their time in the circulation (Quintin et al., 2014).
In this model, immune tolerance in myeloid cells, be they mono-
cytes in the circulation or macrophages in the tissues (lipopoly-
saccharide macrophages [LPS-Mfs]), represents one extreme

in the spectrum of innate immune memory and can be induced
by high bacterial burden in vivo or lipopolysaccharide (LPS)
exposure in vitro (Netea et al., 2016). On the other hand, trained
immunity can be induced by exposure to certain vaccines,
microbial components, or metabolites, and is a state character-
ized by increased pro-inflammatory response to secondary un-
related infections (Netea et al., 2016). We recently showed that
tolerance (induced by LPS) and trained immunity (induced by
Candida albicans b-glucan [BG]) are both associated with spe-
cific epigenomic states (Cheng et al., 2014; Saeed et al., 2014).
Most notably, the identity of these macrophage subtypes was
specified by differences in primed and active distal element rep-
ertoires (Saeed et al., 2014).
Monocytes and macrophages play an important role in the

pathophysiology of sepsis and inflammation, along with other
innate and adaptive immune cells (Biswas and Lopez-Collazo,
2009). Transcriptome analysis of tolerant monocytes from
sepsis patients (Shalova et al., 2015) and a mouse sepsis model
(Foster et al., 2007) reveals that the tolerized phenotype cannot
be explained purely through failure of specific signaling path-
ways induced by pattern recognition receptors to activate
downstream genes. This implicates a role for local chromatin
architecture and specific transcriptional regulators in control-
ling the expression of tolerized genes (Glass and Natoli,
2016). Further, studies in human cancers have revealed com-
monalities between inflammation and cancer associated toler-
ance, including the role for IDO1 in both (Bessede et al.,
2014). Accordingly, several anti-cancer drugs, such as bromo-
domain and extraterminal domain family (BET) inhibitors and a
topoisomerase inhibitor, have proven efficacious in blocking
inflammation-associated death in mice (Nicodeme et al.,
2010; Rialdi et al., 2016). The specific epigenetic and transcrip-
tional remodeling induced by the initial LPS exposure and the
extent to which it specifies tolerance to future LPS exposure
are unknown.

1354 Cell 167, 1354–1368, November 17, 2016 ª 2016 Elsevier Inc.
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Figure 5. BG Can Reverse Both In Vitro and In Vivo LPS-Induced Tolerance and Reinstate Proper Cytokine Production in Macrophages
(A) The in vitro monocyte tolerance reversal model, with BG added therapeutically after 24 hr of LPS exposure (rescue-Mfs). The histone-mimic and inflammation

blocker IBET was used in a preventative (co-culture with LPS for 24 hr LPS-co-IBET-Mfs) and a therapeutic (added after 24 hr of LPS exposure [LPS + IBET-Mfs])

manner. Following several days of rest, macrophages were re-exposed to LPS and cytokine release measured after 24 hr.

(B) BG re-instates IL-6 release in tolerized macrophages. Data from six donors are shown for naive-Mfs, LPS-Mfs, and rescue-Mfs.

(legend continued on next page)
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Figure 5. BG Can Reverse Both In Vitro and In Vivo LPS-Induced Tolerance and Reinstate Proper Cytokine Production in Macrophages
(A) The in vitro monocyte tolerance reversal model, with BG added therapeutically after 24 hr of LPS exposure (rescue-Mfs). The histone-mimic and inflammation

blocker IBET was used in a preventative (co-culture with LPS for 24 hr LPS-co-IBET-Mfs) and a therapeutic (added after 24 hr of LPS exposure [LPS + IBET-Mfs])

manner. Following several days of rest, macrophages were re-exposed to LPS and cytokine release measured after 24 hr.

(B) BG re-instates IL-6 release in tolerized macrophages. Data from six donors are shown for naive-Mfs, LPS-Mfs, and rescue-Mfs.
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response to infection requires a substantial amount of energy,
and shifts in metabolism and energy production are a whole
mark of macrophage polarization to M1 or M2 subtypes (Ghes-
quière et al., 2014), as well as for establishment of trained immu-
nity (Cheng et al., 2014).
Reversal of tolerance after the initial inflammation phase has

garnered interest because of the limited success of inflamma-
tion-blocking treatments to reduce overall sepsis mortality
(Angus and van der Poll, 2013) and because the majority of
sepsis deaths occur due to secondary hospital infection during
the tolerized phase (Gilroy and Yona, 2015). Our hypothesis
was that BG can reverse LPS-induced tolerance because it
discordantly regulated pathways that LPS also affected. Specif-
ically, LPS fails to activate key regulators of lipid, lysosome, and
metabolism genes, EGR2 and MITF, while BG induces their
expression (Figures 1 and 2). Recently, IFNG was shown to
partially recover metabolic function in tolerized monocytes

from sepsis patients, indicating that reversal of tolerance using
innate immune ‘‘trainers’’ is a viable therapeutic strategy (Cheng
et al., 2016). We show that BG exposure can indeed reverse the
tolerance in macrophages induced by LPS exposure, with
rescue-Mfs showing higher release of cytokines in response to
a second LPS stimulus (Figures 5A–5C). This was in contrast to
the inflammation blocker IBET151, which only prevented toler-
ance when used to block the initial LPS response but could not
reverse it when given to cells after LPS-induced inflammation
(Figure 5). In order to further relate our findings to the in vivo sit-
uation, we used an experimental human endotoxemia model to
induce tolerance in vivo (Draisma et al., 2009; Kox et al., 2014).
In terms of cytokine production, in-vivo-tolerized monocytes
behave similarly to their in-vitro-tolerized counterparts. The to-
lerized state of in vivo LPS-exposed monocytes is similar to
that of ex-vivo-exposed monocytes and, most importantly, can
also be rescued by ex vivo BG exposure (Figures 5D–5F),
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(A) PCA plot of H3K27ac dynamics among monocytes, naive-Mfs, LPS-Mfs, rescue-Mfs, and LPS-co-IBET-Mfs. BG exposure of tolerizedmonocytes results in a

H3K27ac profile more similar to naive macrophages, while co-incubation of monocytes with LPS and IBET does not lead to activation of these regions.

(B) Heatmap showing re-establishment of the naive-Mf H3K27ac signal by BG exposure in tolerized macrophages.

(C) PCA plot of H3K4me1 dynamics among monocytes, naive-Mfs, LPS-Mfs, Rescue Mfs, and LPS-co-IBET-Mfs, the effect is similar to H3K27ac, but to a lesser

extent. (C) H3K27ac tracks at ATP9B (glucose transport) gene enhancer and (D) LPL (lipid metabolism) gene promoter.

See also Figure S7.
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Glutamine Arginine Tryptophan

three of the most well-studied amino acids — namely 
glutamine, arginine and tryptophan — affects the 
immune system.

Glutamine metabolism. Glutamine catabolism regu-
lates numerous aspects of immune cell function and 
has been hypothesized to play an important role in 
immune function in the context of serious illnesses, such 
as sepsis or burns64,65. Adequate supplies of glutamine 
have been found to be required for the induction of 
IL-1 by macrophages in response to LPS stimulation66. 
Glutamine metabolism is also important for the gen-
eration of nitric oxide through feeding into arginine 
synthesis67, demonstrating a role for glutamine in the 
cytotoxic and antimicrobial functions of macrophages. 
Indeed, pharmacological inhibition of glutaminase 
activity or glutamine withdrawal from culture medium 
resulted in decreased nitric oxide production by bacille 
Calmette-Guérin (BCG)-activated macrophages 
in vitro67,68. Interestingly, recent work has shown that 
glutamine is extensively fluxed into the TCA cycle and 

the hexosamine pathway and promotes M2 macro-
phage polarization in response to IL-4 stimulation, 
whereas LPS-stimulated M1 macrophages do not require 
 glutamine for their development25.

T cell and B cell responses are also regulated by glu-
tamine metabolism. Glutamine usage increases mark-
edly upon both T cell and B cell activation, and both 
populations require glutamine to respond to antigen 
receptor stimulation46,69,70. In the T cell setting, hetero-
zygous knockout of glutaminase resulted in increased 
ROS levels that were increased by hypoxia, indicating 
a role for glutamine metabolism in controlling ROS 
stress71. Glutamine metabolism also appears to regulate 
the balance between effector T cells and Treg cells, as the 
genetic loss of the transporter protein ASCT2 (which is 
responsible for the uptake of neutral amino acids such 
as glutamine and leucine) in T cells resulted in impaired 
generation and function of TH1 and TH17 cells, whereas 
Treg cell generation was not altered72. Illustrating the 
key connection between amino acid levels and mTOR 
pathway activity in the immune system, this same study 
found that ASCT2 loss or reduction of glutamine levels 
in culture media brought about a reduction in mTORC1 
activity that coincided with the observed effector 
T cell defects.

Arginine metabolism. Arginine metabolism has been 
found to have a key role in the inflammatory function 
of macrophages73. Macrophages use arginine in two 
distinct metabolic pathways, the nitric oxide synthesis 
pathway and the arginase pathway. The pathway used 
for arginine metabolism in macrophages has profound 
effects on the immune function of the cell. Macrophage 
flux of arginine into the nitric oxide synthesis pathway is 
associated with an inflammatory M1 phenotype. When 
macrophages direct arginine into this pathway, arginine 
(via citrulline) is converted into nitric oxide, a process 
mediated by inducible nitric oxide synthase (iNOS)74. 
It has been known for some time that iNOS expression 
is itself required for inflammatory macrophage func-
tion, as macrophages derived from iNOS-deficient 
mice show defective killing of bacteria and tumour cells 
in vitro. Further pointing to an in vivo role for iNOS 
in mediating inflammatory activity, toxicity from LPS-
induced septic shock was reduced in iNOS-deficient 
mice75. In contrast to the inflammatory involvement 
of arginine metabolism in the nitric oxide synthesis 
pathway, arginine flux through the arginase pathway 
is associated with a more tolerant immune response, 
often associated with wound healing76. Interestingly, 
arginase expression in macrophages limits the inflam-
matory potential of effector T cells77 and is positively 
correlated with the disease severity of both visceral 
leishmaniasis and HIV infection78. Indicating a prob-
able immunoregulatory role for arginine metabolism 
beyond macrophages, arginine has been found to regu-
late the expression of components of the T cell recep-
tor79 and to promote proliferation of human T cells80. 
Similarly to what has been observed in glutamine defi-
ciency, mTORC1 activity in T cells is suppressed in 
 arginine-depleted in vitro cultures81.

Figure 6 | Amino acid metabolism in immunity. Amino acid metabolism plays an 
important role in mediating functionality of the innate and adaptive immune systems. In 
macrophages, the amino acids glutamine and arginine are crucial for immune functions 
including cytokine and nitric oxide production. The fate of arginine in macrophages is a key 
distinction between inflammatory and tolerant cell phenotypes. Tryptophan metabolism by 
macrophages may suppress the activity of the adaptive immune system. In T cells, 
glutamine and arginine promote robust responses to T cell receptor (TCR) stimulation, 
including proliferation and cytokine production. Sufficient availability is necessary for 
proper mechanistic target of rapamycin (mTOR) pathway signalling. Tryptophan has an 
important role in promoting T cell proliferation, and lack of availability may mediate failure 
to respond to infections or tumours. TCA, tricarboxylic acid; Treg, regulatory T.
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Amino acid (AA) metabolism supports 
macrophage functions
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Arginine metabolism for M1 and M2
Arginine metabolism has been found to have a key role in the inflammatory function of 
macrophages. Macrophages use arginine in two distinct metabolic pathways, the 
nitric oxide synthesis pathway and the arginase pathway. 

The pathway used for arginine metabolism in macrophages has profound effects on the 
immune function of the cell.



Macrophage flux of arginine into the nitric oxide synthesis pathway is associated with an 
inflammatory M1 phenotype. When macrophages direct arginine into this pathway, arginine 
(via citrulline) is converted into nitric oxide, a process mediated by inducible nitric oxide 
synthase (iNOS). It has been known for some time that iNOS expression is itself required 
for inflammatory macrophage function.  
In contrast to the inflammatory involvement of arginine metabolism in the nitric oxide 
synthesis pathway, arginine flux through the arginase pathway is associated with a more 
tolerant immune response, often associated with wound healing.

Arginine metabolism for M1 and M2



Arginine metabolism for M1 and M2

Note: forcing one pathway (ex: NOS2 KO) dictates macrophage polarization 
(Palmieri et al, Nat Comm, 2020)



Variety of cell types 
- multiple phenotypes 
- local microenvironments 
- different functions

Immunometabolism across the immune system

Common denominators 
- actionable 
- highly plastic  
- interactive 
- migrate and adapt





Lymphocytes face major metabolic challenges upon activation. They must meet the 
bioenergetic and biosynthetic demands of increased cell proliferation and also adapt to 
changing environmental conditions, in which nutrients and oxygen may be limiting. 

Why T cells adopt specific metabolic programs and the impact that these programs have 
on T cell function and, ultimately, immunological outcome remain unclear. 

๏ Improve response to infections (lower morbidity) 

๏ Tune subtype differentiation 

๏ Improve efficiency of vaccination 

๏ Ameliorate (cure or prevent) auto-immune diseases 

๏ Curtail exhaustion (i.e.: immune evasion by cancer) 

๏ Improve immunotherapy (adaptive: CAR T cells)



Lymphocytes face major metabolic challenges upon activation. They must meet the 
bioenergetic and biosynthetic demands of increased cell proliferation and also adapt to 
changing environmental conditions, in which nutrients and oxygen may be limiting. 

Why T cells adopt specific metabolic programs and the impact that these programs have 
on T cell function and, ultimately, immunological outcome remain unclear. 

๏ Improve response to infections (lower morbidity) 

๏ Tune subtype differentiation 

๏ Improve efficiency of vaccination 

๏ Ameliorate (cure or prevent) auto-immune diseases 

๏ Curtail exhaustion (i.e.: immune evasion by cancer) 

๏ Improve immunotherapy (adaptive: CAR T cells)

…hinge on the ability to activate immunogenic programs (gene expression) and 
generate effector/memory cells (epigenetic rearrangements).



Bioenergetic profiling of T cells has revealed that T cell metabolism changes dynamically with 
activation state. Upon antigen encounter, T cells become activated, undergo extensive proliferation, 
and differentiate into effector T cells (TEFF); upon pathogen clearance, most TEFF cells die, leaving 
behind a small population of long-lived antigen-specific memory T cells (TM). Resting naïve T cells 
maintain low rates of glycolysis and predominantly oxidize glucose-derived pyruvate. Upon activation, 
T cells switch to a program of anabolic growth and biomass accumulation to generate daughter cells, 
which by definition dictates increased demand for ATP and metabolic resources. In this state, T cells 
are considered to be metabolically activated. T cell receptor (TCR) signaling directs the metabolic 
reprogramming of naïve T cells. 

Metabolic rewiring of activated T cells

Fueling Immunity: Insights into
Metabolism and Lymphocyte Function
Erika L. Pearce,1* Maya C. Poffenberger,2,3 Chih-Hao Chang,1 Russell G. Jones2,3*

Lymphocytes face major metabolic challenges upon activation. They must meet the bioenergetic
and biosynthetic demands of increased cell proliferation and also adapt to changing environmental
conditions, in which nutrients and oxygen may be limiting. An emerging theme in immunology
is that metabolic reprogramming and lymphocyte activation are intricately linked. However, why
T cells adopt specific metabolic programs and the impact that these programs have on T cell
function and, ultimately, immunological outcome remain unclear. Research on tumor cell
metabolism has provided valuable insight into metabolic pathways important for cell proliferation
and the influence of metabolites themselves on signal transduction and epigenetic programming.
In this Review, we highlight emerging concepts regarding metabolic reprogramming in
proliferating cells and discuss their potential impact on T cell fate and function.

Theimmune system is comprised of a series
of specialized cells conditioned to respond
rapidly to “danger” signals such as foreign

pathogens or inflammatory stimuli. T lymphocytes,
or T cells, are sentinels of the adaptive immune
system that respond to antigen-specific signals by
blasting, proliferating, and differentiating into ef-
fector subsets tailored to identify and eliminate
threats to the host. Integrated into this program of
activation is the regulation of cellular metabolism.
Upon activation, T cells dramatically alter their
metabolic activity to meet the increased meta-
bolic demands of cell growth, proliferation, and
effector function. Metabolism fundamentally un-
derpins Tcell function; thus, there is great interest
in understanding how metabolic pathways influ-
ence immune responses and ultimately affect
disease progression. It should be noted that “metab-
olism” refers to a complex network of biochemical
reactions involved in energy production and mac-
romolecular biosynthesis, and comprehensive
coverage of such a broad topic is difficult. Several
recent reviews have highlighted the molecular
mechanisms that govern metabolic reprogram-
ming in the immune system (1–3). This Review
will focus on emerging areas in intermediary me-
tabolism in lymphocytes and will discuss their
potential impact on T cell fate, plasticity, and
effector function.

Differential Regulation of T Cell Metabolism

Lymphocyte Metabolism Is
Dynamically Regulated
Maintenance of cellular bioenergetics is an essen-
tial function of all living cells, and lymphocytes
are no exception. In T lymphocytes, glucose is

a critical substrate for adenosine triphosphate
(ATP) production (4). During glycolysis, glucose
is broken down into two molecules of pyruvate.
This process, which does not require oxygen,
yields two reduced nicotinamide adenine di-
nucleotide (NADH) molecules and two net ATP
molecules per molecule of glucose. Pyruvate has
two alternate fates. Most terminally differentiated,

nonproliferating cells can fully oxidize pyruvate
in the tricarboxylic acid (TCA) cycle. This pro-
cess generates NADH and reduced flavin adenine
dinucleotide (FADH2), which the cell can use to
fuel OXPHOS, an oxygen-dependent process that
produces up to 36 molecules of ATP per glucose
molecule. Alternatively, pyruvate can be trans-
formed (or fermented) into lactate, regenerating
NAD+ for subsequent use in glycolysis (5). From
a bioenergetic perspective, engaging OXPHOS
maximizes the amount of ATP that can be de-
rived from glucose.

Bioenergetic profiling of T cells has revealed
that T cell metabolism changes dynamically with
activation state (Fig. 1). Upon antigen encounter,
T cells become activated, undergo extensive pro-
liferation, and differentiate into effector T cells
(TEFF); upon pathogen clearance, most TEFF cells
die, leaving behind a small population of long-lived
antigen-specific memory Tcells (TM). Consistent
with themetabolism of other nonproliferating cells,
resting naïve T cells (T cells that have not yet en-
countered antigen) maintain low rates of glycol-
ysis and predominantly oxidize glucose-derived
pyruvate via OXPHOS or engage fatty acid oxi-
dation (FAO) to make ATP. Upon activation, T
cells switch to a program of anabolic growth and
biomass accumulation to generate daughter cells,
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Fig. 1. T cell metabolism changes over the course of an immune response. T cells display distinct
metabolic profiles depending on their state of activation. Naïve T cells (TN, blue) are metabolically quiescent;
they adopt a basal level of nutrient uptake and use OXPHOS as their primary pathway of ATP production. Upon
immune challenge, TEFF (green) cells shift to a state of metabolic activation characterized by increased nutrient
uptake, elevated glycolytic and glutaminolytic metabolism, biomass accumulation, and reduced mitochondrial
SRC. TEFF cells preferentially use glycolysis over OXPHOS for ATP production. Transition to the TM (orange) stage
is characterized by a quiescent metabolism, with increased reliance on FAO to fuel OXPHOS. Mitochondrial
mass and SRC are elevated in TM cells, suggesting that these cells are metabolically primed to respond upon
reinfection.
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The susceptibility of CD4 T lymphocytes to HIV-1 infection 
is significantly increased following activation by cognate for-
eign antigen or cytokines. On activation, T  cells undergo a 

rapid clonal expansion and it is generally accepted that the intra-
cellular environment associated with cell cycle entry is conducive 
to HIV-1 infection1. Indeed, extensive research has focused on the 
roles of cytokines, chemokines and antigenic signals in promoting 
HIV-1 infection, but more recent data indicate that, at a fundamen-
tal level, cellular metabolism regulates T-cell function together with 
susceptibility to infection.

Glucose and glutamine both fuel cell metabolism, providing car-
bons and nitrogens for ATP production, nucleotide synthesis and 
lipid production. The transport of glucose into cells, facilitated by 
the conserved GLUT family of transporters, is critical for a mul-
titude of cellular functions2–4. Furthermore, glutamine, the most 
abundant circulating amino acid in the body, can be converted into 
α-ketoglutarate (α-KG), directly fuelling the TCA cycle in a process 
known as anaplerosis. Glutamine and glucose metabolism are inter-
related; uptake of glutamine via its transporter SLC1A5/ASCT2 is a 
rate-limiting step in the activation of the mTOR pathway, a key sen-
sor of the cell energy status, which then upregulates GLUT1 (refs. 5–8).  
The interplay between glucose and glutamine metabolism has  
also been shown to play a role at the level of viral infection. For 
instance, replication of Semliki Forest, Sindbis and Dengue viruses 
are dependent on glycolysis, while vaccinia, adenovirus and white 
spot syndrome virus require glutaminolysis for their replication9–13. 
Viruses can also impact the metabolic state of their host cell, as 
observed following cytomegalovirus infection where the nutrient 
requirement of infected cells switches from glucose to glutamine14,15.

In the context of HIV-1, we and others have shown that the 
uptake of glucose by GLUT1 regulates the susceptibility of CD4 
T  cells to infection16–20. Additionally, HIV-1 infection has been 
found to be associated with increased intracellular glutamine lev-
els21. Thus, augmented cell metabolism appears to support HIV-1 
infection in CD4 T lymphocytes. However, glucose and glutamine 
are involved in distinct, as well as overlapping, metabolic path-
ways and the precise contributions of glucose and glutamine to 
infection remain to be identified. Both nutrients can potentially 
be used to generate nucleotides and precursors for the TCA cycle. 
Furthermore, while both GLUT1-mediated glucose uptake22 and 
ASCT2-mediated glutamine uptake23 have been shown to be critical 
for the optimal activation of murine CD4 T cells, the interplay of 
these pathways in conditioning human CD4 T-cell stimulation has 
not yet been elucidated. Here, we demonstrate that naïve and mem-
ory CD4 T  cells upregulate both aerobic glycolysis and oxidative 
phosphorylation (OXPHOS) in response to T-cell receptor (TCR) 
stimulation. However, in both subsets, glutaminolysis is the major 
factor regulating human CD4 T-cell proliferation and early steps 
in HIV-1 infection. Notably though, while exogenous deoxyribo-
nucleosides augment T-cell division in glutamine-deprived condi-
tions, they do not enhance susceptibility to HIV-1 infection. Rather, 
we found that glutamine-derived carbons are the major source of 
TCA cycle intermediates and identified at least one such interme-
diate, α-KG, as a key metabolic regulator of metabolic status and 
infection. Furthermore, conditions promoting carbon allocation to 
the TCA cycle and/or OXPHOS in CD4 T  cells, via provision of 
α-KG or blockade of the pyruvate to lactate conversion, significantly 
increase HIV-1 infection. Finally, CD4 T cells selected on the basis 

Entry of glucose- and glutamine-derived carbons 
into the citric acid cycle supports early steps of 
HIV-1 infection in CD4 T cells
Isabelle Clerc1,6, Daouda Abba Moussa1,6, Zoi Vahlas1,6, Saverio Tardito" "2,3, Leal Oburoglu1, 
Thomas J. Hope4, Marc Sitbon" "1, Valérie Dardalhon1, Cédric Mongellaz" "1,7* and Naomi Taylor" "1,5,7*

The susceptibility of CD4 T cells to human immunodeficiency virus 1 (HIV-1) infection is regulated by glucose and glutamine 
metabolism, but the relative contributions of these nutrients to infection are not known. Here we show that glutaminolysis 
is the major pathway fuelling the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) in T-cell receptor-
stimulated naïve, as well as memory CD4, subsets and is required for optimal HIV-1 infection. Under conditions of attenuated 
glutaminolysis, the α-ketoglutarate (α-KG) TCA rescues early steps in infection; exogenous α-KG promotes HIV-1 reverse tran-
scription, rendering both naïve and memory cells more sensitive to infection. Blocking the glycolytic flux of pyruvate to lactate 
results in altered glucose carbon allocation to TCA and pentose phosphate pathway intermediates, an increase in OXPHOS and 
augmented HIV-1 reverse transcription. Moreover, HIV-1 infection is significantly higher in CD4 T cells selected on the basis of 
high mitochondrial biomass and OXPHOS activity. Therefore, the OXPHOS/aerobic glycolysis balance is a major regulator of 
HIV-1 infection in CD4 T lymphocytes.
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Fig. 1 | TCR stimulation of naïve and memory CD4 T cells results in a rapid induction of glucose and glutamine metabolism that is required for optimal 
T-cell proliferation and HIV-1 infection. a, Non-stimulated and αCD3/αCD28-stimulated human CD4 T cells (48"h) were assessed for cell-surface 
expression of the GLUT1 glucose and ASCT2 glutamine transporters. Control immunofluorescence is shown in grey histograms and specific staining in 
black line histograms (top). Glucose and glutamine uptakes were assessed by incubation with 2-deoxy-D[1-3H]glucose (2"µCi) or L-[3,4-3H(N)]glutamine 
(0.5"µCi), respectively, and uptake is expressed as mean counts per minute (cpm) for triplicate samples, error bars indicate s.e.m. (n"="6 replicates from 
two biologically independent samples). b, OCR and ECAR, measures of OXPHOS and glycolysis, respectively, were monitored following stimulation of 
naïve and memory CD4 T lymphocytes for 0, 2, 6, 18, 24 and 48"h. Mean levels"±"s.e.m. are presented (n"="5 replicates per time point, representative 
experiment of two biologically independent samples). c, Schematic representation of the replication-incompetent HIV-1 vector harbouring the GFP 
transgene downstream of the SFFV (spleen focus-forming virus) promoter. LTR, long terminal repeat; SD, splice donor; SA, splice acceptor; ψ, packaging 
signal; GA-RRE, truncated gag sequence with the rev responsive element; cPPT, central polypurine tract; and LTR-SIN, self-inactivating 3′ LTR (deleted of 
400 bp in the U3 region). d, Naïve (T4N) and memory CD4 T cells (T4M) were activated as above and, at 24"h, cells were infected with these HIV-1 virions 
expressing GFP. Infection was monitored 48"h later as a function of GFP expression. Representative dot plots showing the percentages of infected cells 
are presented (left) as well as a quantification of the means"±"s.e.m. of HIV-GFP+ cells (right; n"="5 biologically independent samples and experiments; 
two-tailed Student’s t-test; P"="0.001). e, Schematic of the protocol used to evaluate HIV-1 infection following TCR stimulation under nutrient deprivation 
conditions. f, Following 19"h of TCR stimulation, T4N and T4M were transferred to complete (Nutr+), glucose-deprived (−GLC) or glutamine-deprived 
(−GLN) media and infection monitored as above. Representative plots (top) and quantification of the mean"±"s.e.m. of HIV-GFP+ cells (bottom) are 
presented (n"="5 biologically independent samples, two-tailed Student’s t-test). *P"<"0.05; ***P"<"0.001; ****P"<"0.0001. All precise P values are presented 
in Supplementary Table 3.
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in GLUT1 transporter levels, and this may have contributed to the 
decreased mTOR signalling detected under these conditions.

The data presented above strongly suggested that changes in 
extracellular glucose and glutamine differentially modulate the 
metabolism of an activated CD4 T cell. Indeed, the relative induction  

of OXPHOS and aerobic glycolysis, measured as a function of OCR 
and ECAR, respectively, were altered in nutrient depletion condi-
tions. In the absence of glucose, there was a significant increase in 
OXPHOS while in the absence of glutamine, OXPHOS was minimal 
but glycolysis was significantly increased (Fig. 3c,d). These changes 
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Fig. 2 | Exogenous nucleosides promote the proliferation of glutamine-deprived CD4 T cells without enhancing HIV-1 infection. a, Proliferation 
of naïve (T4N) and memory CD4 T cells (T4M), activated for 19"h and then transferred into either complete (Nutr+), glucose-deprived (−GLC) or 
glutamine-deprived (−GLN) media, was monitored as a function of VPD450 dilution. Representative data are presented at day 3 post-TCR stimulation. 
The percentages of cells having undergone ≥1 division are indicated in each histogram and quantifications of the mean"±"s.e.m. (right) are presented 
(n"="13 biologically independent samples, two-tailed Student’s t-test). b, CD4 T cells were activated with CD3/CD28 monoclonal antibodies and, at 
19"h postactivation, they were transferred to the indicated nutrient conditions in the absence (Control) or presence of exogenous nucleosides (+Nside). 
The percentages of cells that underwent ≥1 division are indicated in each histogram and quantifications are shown on the right (mean"±"s.e.m., n"="3 
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P values are presented in Supplementary Table 3.
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SUMMARY

It is widely appreciated that T cells increase glyco-
lytic flux during activation, but the role of mitochon-
drial flux is unclear. Here, we have shown that
mitochondrial metabolism in the absence of glucose
metabolism is sufficient to support interleukin-2
(IL-2) induction. Furthermore, we used mice with
reduced mitochondrial reactive oxygen species
(mROS) production in T cells (T-Uqcrfs!/! mice) to
show that mitochondria are required for T cell activa-
tion to produce mROS for activation of nuclear factor
of activated T cells (NFAT) and subsequent IL-2
induction. These mice could not induce antigen-
specific expansion of T cells in vivo, but Uqcrfs1!/!

T cells retained the ability to proliferate in vivo
under lymphopenic conditions. This suggests that
Uqcrfs1!/! T cells were not lacking bioenergetically
but rather lacked specific ROS-dependent signal-
ing events needed for antigen-specific expansion.
Thus, mitochondrial metabolism is a critical compo-
nent of T cell activation through the production of
complex III ROS.

INTRODUCTION

T cells orchestrate the adaptive immune response and are crit-
ical for pathogen-specific defense and immunological memory.
When quiescent naive T cells are stimulated by antigen, they
undergo an activation program that initiates rapid proliferation
and primes them for differentiation to effector subtypes. Activa-
tion requires ligation of both the T cell receptor (TCR) and the
costimulatory molecule CD28. The TCR and CD28 then initiate
integrated phosphorylation-based signaling cascades that result
in the activation of transcription factors, including nuclear factor
of activated T cells (NFAT), activator protein 1 (AP-1), and nuclear
factor of kappa light chain enhancer in B cells (NF-kB), to

promote expression of proteins that drive T cell activation,
such as interleukin 2 (IL-2) (Smith-Garvin et al., 2009).
A central part of the T cell activation program is a change in

cellular metabolism. Proliferating cells have vastly different
metabolic requirements than quiescent cells; although quiescent
cells only need metabolism to support housekeeping functions
and trafficking throughout the body, proliferating cells need to
produce more ATP for enhanced activity, intermediates for
biosynthesis, and signaling molecules to propagate anabolic
metabolism.
The most dramatic change in T cell metabolism upon activa-

tion is a marked increase in glucose metabolism, which appears
to be regulated by the PI3K and Akt pathway and the transcrip-
tion factorsMyc and ERRa (Frauwirth et al., 2002;Michalek et al.,
2011; Wang et al., 2011). Activated T cells take up large amounts
of glucose while simultaneously producing lactate. This has led
to the widespread conceptual idea that activated T cells are
primarily glycolytic despite ample oxygen supply and engage
in a process termed aerobic glycolysis (Jones and Thompson,
2007; Krauss et al., 2001; Pearce, 2010; Wang et al., 1976).
However, although glycolysis might be important as a rapid
source of ATP and as a conduit to the pentose phosphate
pathway to generate NADPH and nucleotides, it is insufficient
to provide the full complement of factors needed for cell prolifer-
ation. Interestingly, T cells also increase glutamine metabolism
upon activation, and glutamine is required for T cell proliferation
(Carr et al., 2010). Glutamine is primarily a mitochondrial sub-
strate in that it can fuel the mitochondrial tricarboxylic acid
(TCA) cycle through conversion to a-ketoglutarate in a process
called glutaminolysis. Glutaminolysis is particularly important in
proliferating cells in which TCA-cycle intermediates are continu-
ally depleted for use in biosynthetic reactions (DeBerardinis
et al., 2007). This suggests that mitochondrial metabolism might
play an important role in T cell activation.
In addition to supporting biosynthesis, mitochondria are major

sources of reactive oxygen species (ROS). Superoxide is gener-
ated at complexes I, II, and III of the mitochondrial electron
transport chain (ETC) (Turrens, 2003). Complexes I and II emit
superoxide into the mitochondrial matrix, where it is converted
to hydrogen peroxide (H2O2) by superoxide dismutase 2
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(SOD2). This H2O2 can then freely diffuse across the mitochon-
drial membranes into the intermembrane space and cytosol.
Of note, complex III emits superoxide into both the matrix and
the intermembrane space; intermembrane-space superoxide
can access the cytosol through voltage-dependent anion chan-
nels without prior conversion to H2O2 (Han et al., 2003; Muller
et al., 2004; Murphy, 2009). We and others have shown that
mitochondrial ROS (mROS), particularly complex III ROS, can
function as signaling intermediates (Byun et al., 2008; Schieke
et al., 2008; Tormos et al., 2011; Weinberg et al., 2010). Interest-
ingly, previous studies have shown that ROS are generated
within 15 min of TCR cross-linking (Devadas et al., 2002) and
that treatment of mice with panantioxidants reduces T cell
expansion (Laniewski and Grayson, 2004; Piganelli et al.,
2002). However, the source of these ROS and whether they
are necessary for T cell activation have not previously been
well defined.

Here, we report a critical role for mitochondrial metabolism in
T cell activation. Mitochondrial oxygen consumption increased
during T cell activation, and fueling mitochondria was sufficient
to support T cell activation. mROS also increased during T cell
activation, and this induction was regulated by calcium influx.
Using mice with T-cell-specific reduction of Rieske iron sulfur
protein (RISP), a subunit of mitochondrial complex III, we

showed that mitochondrial metabolism, specifically mitochon-
drial complex III ROS production, is essential for T cell activation
both in vitro and in vivo.

RESULTS

Mitochondrial Metabolism Can Support CD4+ T Cell
Activation
In accordance with previous reports, we found that CD4+ T cells
increased their extracellular acidification rate (ECAR), a lactic-
acid-secretion measure indicative of the rate of glycolysis,
4-fold after 24 hr of CD3 and CD28 stimulation (Figure 1A).
This phenomenon has historically eclipsed a role for mitochon-
dria in T cell activation, yet we found that the mitochondrial
oxygen consumption rate (mitoOCR) also increased after stimu-
lation (Figure 1B). To determine whether increased glycolysis or
glucosemetabolism is functionally important for T cell activation,
we cultured CD4+ T cells inmediamadewith dialyzed serumwith
10 mM glucose added or omitted. In the absence of glucose,
nearly all unstimulated and CD3- and CD28-stimulated cells
were dead after 24 hr (Figure 1C). Interestingly, cell viability could
be recovered by the addition of sodium pyruvate (Figure 1C),
which bypasses upstream glucosemetabolism and directly fuels
the mitochondrial TCA cycle (Figure S1A, available online). CD4+

Figure 1. Mitochondrial Metabolism Is Sufficient to Support CD4+ T Cell Activation
(A and B) The extracellular acidification rate (ECAR) (A) and mitochondrial oxygen consumption rate (mitoOCR) (B) of freshly isolated CD4+ T cells and 24 hr

CD3- and CD28-stimulated CD4+ T cells (n = 3 ± SEM). *p < 0.05, **p < 0.01.

(C) Cell viability of CD4+ T cells cultured in indicated media with and without CD3 and CD28 stimulation at 24 hr (n = 3 ± SEM).

(D) Surface expression of CD69 and CD25 of CD4+ T cells cultured in indicated media at 24 hr (n = 3 ± SEM).

(E) Relative IL-2 mRNA expression, normalized to ML-19 expression, of CD4+ T cells cultured in indicated media at 24 hr (n = 3 ± SEM). *p < 0.05.

(F) Cell growth (48 hr) and cell proliferation (96 hr) of CD4+ T cells cultured in indicated media (n = 3).
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defect in induction of allergic asthma in the OVA model in these
mice was due to dysfunctional CD4+ T cells, not dysfunction of
a downstream cell type. Together, these experiments suggest
that RISP is required for expansion of antigen-specific CD4+

T cells to promote lung inflammation.

Mitochondrial Complex III ROS Are Required for
Antigen-Specific CD8+ T Cell Expansion In Vivo
Given thatCd4-cre drives expression of Cre recombinase in both
CD4+ and CD8+ T cells during the double-positive phase of T cell
development and that we saw a decrease in numbers of CD8+

T cells in the spleen (Figure 3D), wewanted to determine whether
CD8+ T cells also require RISP for antigen-specific expansion
and function. To do this, we infected T-Uqcrfs1!/! mice with
a sublethal dose of L. monocytogenes expressing OVA (LM-
OVA). Clearance of L. monocytogenes after infection ismediated
by T cells, and CD8+ T cells provide the most substantial contri-
bution to protective immunity (Pamer, 2004). After a primary
infection, antigen-specific H2-M3-restricted T cells reach peak
frequencies 5–6 days later, whereas MHC-class-Ia-restricted
T cells reach peak frequencies 7–8 days after inoculation (Cho
et al., 2011). Thus, we harvested splenic and hepatic leukocytes
7 days after infection and analyzed them by flow cytometry. Like
CD4+ T cells, the Uqcrfs1!/! CD8+ T cells failed to undergo
antigen-specific expansion (Figure 7A). Furthermore, when
splenic and hepatic leukocytes were restimulated in vitro with

OVA peptide257–264 or heat-killed LM, very few Uqcrfs1!/!

CD8+ T cells produced interferon-g (IFN-g) (Figure 7B).
To see whether the Uqcrfs1!/! CD8+ T cells could mount

a memory response, we reinfected mice with LM-OVA 1 month
after primary infection. We saw a robust induction of the OVA-
specific CD8+ T cells in the WT mice after 3 days but few in the
T-Uqcrfs1!/! mice (Figure 7C). Although bacterial burden
following primary infection can be regulated by the innate
immune response, bacterial burden following secondary infec-
tion ismore dependent on thememory T cell response.We noted
that the bacterial burden in the spleen was greatly increased in
the T-Uqcrfs1!/! mice, suggesting ineffective immune response
and clearance of this secondary infection (Figure 7D). Thus, as
for CD4+ T cells, RISP is required for antigen-specific expansion
of CD8+ T cells.

DISCUSSION

Activated T cells have a very different metabolic profile from
naive T cells. Previous studies have highlighted the critical role
of increased glucose metabolism in T cell activation. In contrast,
this study highlights the critical role of increased mitochondrial
metabolism in T cell activation. Our results indicate that glucose
metabolism only becomes important during T cell proliferation.
Prior to proliferation, mitochondrial metabolism is sufficient to
support cell signaling for T cell activation. Importantly, our results

Figure 5. Mitochondrial Complex III ROS Are Required for CD4+ Antigen-Specific CD4+ T Cell Expansion
(A) Cell proliferation on day 4 of CD4+ T cells isolated from Uqcrfsfl/fl or T-Uqcrfs!/! mice and transferred into Rag1-knockout mice (n = 3).

(B) Cell proliferation on day 4 of CD4+ T cells isolated from Uqcrfsfl/fl or T-Uqcrfs!/! mice and cotransferred with Thy1.1 CD4+ T cells into Rag1-knockout

mice (n = 3).

(C) Surface expression of CD62L and CD44 in CD4+ populations from Uqcrfsfl/fl or T-Uqcrfs!/! spleens (n = 5 ± SEM).

(D) Expansion of GP61-specific CD4+ T cells 6 days after immunoprecipitation injection of GP61 peptide in CFA into Uqcrfs1fl/fl or Uqcrfs1fl/fl; Cd4-cre mice

(n = 4 ± SEM). *p < 0.05, **p < 0.01.
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show that mROS specifically derived from complex III are
required for CD4+ T cell activation in vitro and antigen-specific
CD4+ and CD8+ T cell expansion in vivo. We found that
Uqcrfs1!/! T cells, which lack oxidative phosphorylation and
complex III ROS production, did not express IL-2 after CD3
and CD28 stimulation in vitro. Exogenous H2O2 produced by
the addition of GaO andGal rescued IL-2 induction inUqcrfs1!/!

cells, and treatment of WT T cells with a mitochondrial-targeted
antioxidant phenocopied Uqcrfs1!/! T cells, indicating that
mROS, not oxidative phosphorylation, are necessary for T cell
activation in vitro. Moreover, Uqcrfs1!/! T cells did not prolif-

erate upon various antigen stimulations in vivo but retained the
ability to proliferate under lymphopenic conditions. Thus, these
cells do not possess major defects in bioenergetic or biosyn-
thetic pathways in vivo, and we can attribute their inability to
expand upon antigen stimulation in vivo to a lack of mROS for
T cell activation.
Historically, mROS were thought to be primarily cytotoxic by

directly damaging DNA, lipids, and proteins (Finkel and Hol-
brook, 2000). Recent studies have indicated that mROS are
not categorically harmful and that low levels of ROS are impor-
tant for healthy cell function (Sena and Chandel, 2012). This is

Figure 6. Mitochondrial Complex III ROS Are Required for Antigen-Specific CD4+ T Cell-Dependent Inflammation In Vivo
(A–D) Ova-immunized (OVA) or sham-immunized (PBS) Uqcrfs1fl/fl and Uqcrfs1fl/fl; Cd4-cre mice were exposed to OVA by inhalation, and airway inflammation

was assessed (n = 4 ± SEM, representative of two experiments).

(A) Cellular composition of BAL fluid.

(B) Representative histological lung sections stained with hematoxylin and eosin (H&E) or PAS. The scale bars represent 100 mm.

(C) Relative IL-4, IL-5, and IL-13 mRNA expression, normalized to b-actin expression, from homogenized lungs. *p < 0.05, **p < 0.01.

(D) Serum ova-specific IgE-antibody level determined by ELISA. *p < 0.05.

(E) Five micrograms of recombinant mouse IL-4 or PBS was administered intranasally for 3 days, and airway inflammation was assessed. Number of eosinophils

in BAL fluid (n = 5 ± SEM).
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Metabolic rewiring of activated T cells

Fueling Immunity: Insights into
Metabolism and Lymphocyte Function
Erika L. Pearce,1* Maya C. Poffenberger,2,3 Chih-Hao Chang,1 Russell G. Jones2,3*

Lymphocytes face major metabolic challenges upon activation. They must meet the bioenergetic
and biosynthetic demands of increased cell proliferation and also adapt to changing environmental
conditions, in which nutrients and oxygen may be limiting. An emerging theme in immunology
is that metabolic reprogramming and lymphocyte activation are intricately linked. However, why
T cells adopt specific metabolic programs and the impact that these programs have on T cell
function and, ultimately, immunological outcome remain unclear. Research on tumor cell
metabolism has provided valuable insight into metabolic pathways important for cell proliferation
and the influence of metabolites themselves on signal transduction and epigenetic programming.
In this Review, we highlight emerging concepts regarding metabolic reprogramming in
proliferating cells and discuss their potential impact on T cell fate and function.

Theimmune system is comprised of a series
of specialized cells conditioned to respond
rapidly to “danger” signals such as foreign

pathogens or inflammatory stimuli. T lymphocytes,
or T cells, are sentinels of the adaptive immune
system that respond to antigen-specific signals by
blasting, proliferating, and differentiating into ef-
fector subsets tailored to identify and eliminate
threats to the host. Integrated into this program of
activation is the regulation of cellular metabolism.
Upon activation, T cells dramatically alter their
metabolic activity to meet the increased meta-
bolic demands of cell growth, proliferation, and
effector function. Metabolism fundamentally un-
derpins Tcell function; thus, there is great interest
in understanding how metabolic pathways influ-
ence immune responses and ultimately affect
disease progression. It should be noted that “metab-
olism” refers to a complex network of biochemical
reactions involved in energy production and mac-
romolecular biosynthesis, and comprehensive
coverage of such a broad topic is difficult. Several
recent reviews have highlighted the molecular
mechanisms that govern metabolic reprogram-
ming in the immune system (1–3). This Review
will focus on emerging areas in intermediary me-
tabolism in lymphocytes and will discuss their
potential impact on T cell fate, plasticity, and
effector function.

Differential Regulation of T Cell Metabolism

Lymphocyte Metabolism Is
Dynamically Regulated
Maintenance of cellular bioenergetics is an essen-
tial function of all living cells, and lymphocytes
are no exception. In T lymphocytes, glucose is

a critical substrate for adenosine triphosphate
(ATP) production (4). During glycolysis, glucose
is broken down into two molecules of pyruvate.
This process, which does not require oxygen,
yields two reduced nicotinamide adenine di-
nucleotide (NADH) molecules and two net ATP
molecules per molecule of glucose. Pyruvate has
two alternate fates. Most terminally differentiated,

nonproliferating cells can fully oxidize pyruvate
in the tricarboxylic acid (TCA) cycle. This pro-
cess generates NADH and reduced flavin adenine
dinucleotide (FADH2), which the cell can use to
fuel OXPHOS, an oxygen-dependent process that
produces up to 36 molecules of ATP per glucose
molecule. Alternatively, pyruvate can be trans-
formed (or fermented) into lactate, regenerating
NAD+ for subsequent use in glycolysis (5). From
a bioenergetic perspective, engaging OXPHOS
maximizes the amount of ATP that can be de-
rived from glucose.

Bioenergetic profiling of T cells has revealed
that T cell metabolism changes dynamically with
activation state (Fig. 1). Upon antigen encounter,
T cells become activated, undergo extensive pro-
liferation, and differentiate into effector T cells
(TEFF); upon pathogen clearance, most TEFF cells
die, leaving behind a small population of long-lived
antigen-specific memory Tcells (TM). Consistent
with themetabolism of other nonproliferating cells,
resting naïve T cells (T cells that have not yet en-
countered antigen) maintain low rates of glycol-
ysis and predominantly oxidize glucose-derived
pyruvate via OXPHOS or engage fatty acid oxi-
dation (FAO) to make ATP. Upon activation, T
cells switch to a program of anabolic growth and
biomass accumulation to generate daughter cells,
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Fig. 1. T cell metabolism changes over the course of an immune response. T cells display distinct
metabolic profiles depending on their state of activation. Naïve T cells (TN, blue) are metabolically quiescent;
they adopt a basal level of nutrient uptake and use OXPHOS as their primary pathway of ATP production. Upon
immune challenge, TEFF (green) cells shift to a state of metabolic activation characterized by increased nutrient
uptake, elevated glycolytic and glutaminolytic metabolism, biomass accumulation, and reduced mitochondrial
SRC. TEFF cells preferentially use glycolysis over OXPHOS for ATP production. Transition to the TM (orange) stage
is characterized by a quiescent metabolism, with increased reliance on FAO to fuel OXPHOS. Mitochondrial
mass and SRC are elevated in TM cells, suggesting that these cells are metabolically primed to respond upon
reinfection.
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As a quiescent T cell population, TM cells adopt a metabolic profile similar to that of naïve T cells — a 
catabolic metabolism characterized by increased reliance on OXPHOS and lower rates of nutrient 
uptake and biosynthesis relative to TEFF cells. However, TM cells also display a characteristic 
increase in mitochondrial mass, which translates into greater mitochondrial spare respiratory 
capacity (SRC) relative to naïve or TEFF populations. SRC can be viewed as the maximal 
respiratory capacity available to a cell, much like the maximum speed that can be achieved by a car 
engine. Under increased workload, stress, or nutrient limitation, cells en- gage this reserve capacity 
to generate more energy and promote cell viability 
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A characteristic of memory T (TM) cells is their ability to mount
faster and stronger responses to reinfection than naïve T (TN) cells
do in response to an initial infection. However, the mechanisms
that allow this rapid recall are not completely understood. We
found that CD8 TM cells have more mitochondrial mass than CD8
TN cells and, that upon activation, the resulting secondary effector
T (TE) cells proliferate more quickly, produce more cytokines, and
maintain greater ATP levels than primary effector T cells. We also
found that after activation, TM cells increase oxidative phosphor-
ylation and aerobic glycolysis and sustain this increase to a greater
extent than TN cells, suggesting that greater mitochondrial mass in
TM cells not only promotes oxidative capacity, but also glycolytic
capacity. We show that mitochondrial ATP is essential for the rapid
induction of glycolysis in response to activation and the initiation
of proliferation of both TN and TM cells. We also found that fatty
acid oxidation is needed for TM cells to rapidly respond upon
restimulation. Finally, we show that dissociation of the glycolysis
enzyme hexokinase from mitochondria impairs proliferation and
blocks the rapid induction of glycolysis upon T-cell receptor stim-
ulation in TM cells. Our results demonstrate that greater mitochon-
drial mass endows TM cells with a bioenergetic advantage that
underlies their ability to rapidly recall in response to reinfection.

metabolism | lymphocytes

Naïve T (TN) and memory T (TM) cells are quiescent, but
upon T-cell receptor (TCR)-mediated recognition of anti-

gen (Ag) and costimulation, they become activated, undergo
clonal expansion, and acquire effector functions. Although both
TN and TM cells acquire effector functions, a noted characteristic
of TM cells is their ability to respond more rapidly than TN cells
to Ag (1–4). Several factors underlie the accelerated recall re-
sponse of TM cells. For example, Ag-specific TM cells are present
in greater numbers than TN cells. In addition, several intrinsic
aspects of TM cells have been suggested to contribute to their
ability to respond more efficiently, such as increased activity of
proximal TCR signaling components, an “open” chromatin
conformation of cytokine genes, and altered transcriptional
profiles (1, 2, 5–9). However, whether bioenergetic differences
contribute to this process is not clear.
Resting cells like TN and TM cells interchangeably use glucose,

amino acids, and lipids to fuel the tricarboxylic acid (TCA) cycle
and oxidative phosphorylation (OXPHOS) for ATP production
(10–12). However, proliferating cells like activated T cells pro-
mote aerobic glycolysis, which supports cell growth, pro-
liferation, and effector functions (13–16). Although TN and TM
cells both have a similar metabolism, there are metabolic dif-
ferences between these cells (17). TM cells from Listeria mono-
cytogenes-infected mice have more mitochondria than TN cells,
which is consistent with our finding that TM cells but not TN cells
have considerable spare respiratory capacity (SRC) (17). Be-
cause SRC is important for cellular survival and function (17–19)
and TM cells are characterized by their ability to respond vig-
orously to Ag reencounter (20), we investigated whether bio-
energetic differences between TM and TN cells contribute to the

ability of TM cells to rapidly recall in response to reinfection. We
show here that TM cells have more mitochondria and ATP than
TN cells and that, upon activation, secondary TE cells proliferate
faster, produce cytokines more quickly, and maintain more ATP
than primary effector T (TE) cells. In addition, TM cells use both
OXPHOS and glycolysis to a greater and more prolonged degree
after activation than TN cells, suggesting that more mitochondria
in TM cells not only promote OXPHOS, but also glycolysis. We
show that both the rapid proliferation and induction of glycolysis
in TM cells depend on mitochondrial ATP. We also found that
optimal mitochondrial function is predominantly fueled by fatty
acid oxidation (FAO) in TM cells and depends on the association
of hexokinase (HK) with mitochondria. Thus, our data demon-
strate that greater mitochondrial mass underlies the rapid recall
ability of TM cells.

Results
To explore whether bioenergetic differences between TM and TN
cells account for the ability of TM cells to rapidly recall upon
activation, we generated “memory” T cells in vitro by activating
OT-I TN cells with OVA peptide and IL-2 for 3 d and then
differentially cultured cells for 3–4 additional days in IL-15 (17,
21). To determine whether IL-15 TM cells have more mito-
chondria than TN cells, as we have shown for TM cells generated
after infection (17), we stained cells with Mitotracker green and
found that IL-15 TM cells had more mitochondrial mass (Fig. 1 A
and B). Although IL-15 TM cells are slightly bigger than TN cells,
greater size does not necessarily correlate with increased mito-
chondrial content. We have shown that in vitro-generated IL-2–
induced TE (IL-2 TE) cells are much larger than IL-15 TM cells and
actually have less mitochondrial content (17). IL-15 TM cells also
have a significantly higher ratio of mitochondrial DNA/nuclear
DNA (mtDNA/nDNA) than TN cells (Fig. 1C). Together these
data indicate that in vitro-generated IL-15 TM cells, like TM cells
generated after infection (17), have greater mitochondrial mass
than TN cells and provide amodel fromwhich to study bioenergetic
differences between these cells.
To verify that IL-15 TM cells respond faster to stimulation than

TN cells, we measured proliferation of TN and IL-15 TM cells after
activation with anti-CD3/28. Secondary TE cells (derived from
IL-15 TM cells) proliferated faster than primary TE cells (derived
from TN cells; Fig. 2A). We also found that secondary TE cells
produced more IFN-γ (Fig. 2B) and IL-2 (Fig. S1). Together,
these data confirm that IL-15 TM cells proliferate more quickly
and produce more cytokines after activation than TN cells.
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To determine whether differences in mitochondrial content
between TN and IL-15 TM cells result in metabolic differences
after activation, we stained cells with Mitotracker Deep Red,
a dye that localizes to respiring mitochondria. Secondary TE cells
proliferated faster and had more respiring mitochondria than
primary TE cells (Fig. 3A). We also measured O2 consumption
rates (OCR), an indicator of OXPHOS, and extracellular acid-
ification rates (ECAR), an indicator of aerobic glycolysis. Two
days after restimulation, secondary TE had higher OCR and
ECAR than primary TE cells (Fig. 3B), indicating increased
OXPHOS and aerobic glycolysis, respectively, and correlating
with the faster proliferation of these cells (Figs. 2A and 3A). We
measured ATP and found that secondary TE cells have more
ATP than primary TE cells after restimulation and that resting
IL-15 TM cells have more ATP than resting TN cells (Fig. 3 C
and D). Taken together, these data demonstrate that secondary
TE cells have more metabolic activity and ATP than primary
TE cells.
Given our findings that IL-15 TM cells have enhanced mito-

chondrial content and more ATP than TN cells, we next de-
termined their metabolic phenotype in resting conditions. IL-15
TM cells had higher OCR and ECAR than TN cells (Fig. 4A),
indicating that resting IL-15 TM cells are metabolically more
active. Relative utilization of glycolysis and OXPHOS, as in-
dicated by OCR/ECAR ratio, is the same in both cells (Fig. 4A),
suggesting that the IL-15 TM cells revert to a quiescent metabolic
state rather than preferentially using glycolysis over OXPHOS
like activated TE cells. Because TM cells respond to reinfection
more rapidly than TN cells, we measured the bioenergetics of T
cells immediately after activation. We activated TN and IL-15 TM
cells with anti-CD3/28 and found that IL-15 TM cells increased
OCR and ECAR (Fig. 4B). As TN cells minimally responded in
this time frame, we used a stronger stimulus that would also
bypass differences in TCR signaling (6). TN and IL-15 TM cells
rapidly increased OCR after PMA/ionomycin (iono) (Fig. 4 C
and D), which was proportionally similar at the peak, but more
sustained in IL-15 TM cells. Both TN and IL-15 TM cells in-
creased ECAR after PMA/iono; however, this increase was
higher at the peak and sustained longer in IL-15 TM cells,

indicating their greater capacity to promote and sustain glycolysis
upon stimulation (Fig. 4 C and D). Furthermore, unlike TN cells,
mitochondrial activity in IL-15 TM cells remained intact after
PMA/iono, as indicated by increased OCR in response to the
uncoupler carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP), which reveals maximum respiratory capacity, in the
presence of oligomycin (oligo) (blocks ATP synthase), and de-
creased OCR after etomoxir (FAO inhibitor), and rotenone plus
antimycin A (R+A) [electron transport chain (ETC) inhibitors]
(Fig. S2). Together these data indicate that IL-15 TM cells are
bioenergetically different from TN cells and have a greater capacity
to promote and sustain glycolysis and OXPHOS after activation.
We next questioned how having more mitochondrial mass

could contribute to the rapid recall ability and the enhanced
glycolytic capacity of IL-15 TM cells. We activated TN and IL-15
TM cells with anti-CD3/28 and followed proliferation in the ab-
sence or presence of oligo. Similar to our findings in CD4 TN
cells (16), initiation of proliferation of both CD8 TN and IL-15
TM cells was impaired in the presence of low doses of oligo (5–10
nM) (Fig. 5A and Fig. S3). In contrast, even high doses of oligo
(1 μM) did not stop proliferation of actively proliferating T cells
(Fig. 5B), showing that the initiation of proliferation, rather than
the process of active proliferation, requires mitochondrial ATP.
The low doses of oligo that inhibited proliferation (Fig. 5A) also
reduced OCR (Fig. 5C). Together these data indicate that al-
though IL-15 TM cells were previously activated, they have
returned to a resting metabolic state and have the same require-
ments for activation as TN cells. To determine whether mito-
chondrial ATP was required for the greater glycolytic capacity of
IL-15 TM cells, we added oligo together with PMA/iono. The in-
crease in OCR after activation was diminished in IL-15 TM cells
when low doses of oligo were present (Fig. 5D), indicating that
OXPHOS is induced after activation and produces mitochondrial
ATP. The increase in ECAR in IL-15 TM cells after activation was
also inhibited by low doses of oligo (Fig. 5D), suggesting that mi-
tochondrial ATP is needed for the induction of glycolysis and the
rapid proliferation of IL-15 TM cells after activation.
We next measured the bioenergetics of in vivo-generated TM

cells isolated from L. monocytogenes (expressing OVA, LmOva)
infected mice. Anti-CD3/28 stimulation increased OCR and
ECAR in TM cells and, to a lesser extent, ECAR in polyclonal
TN cells (Fig. 6A). Two hours after activation, both cell types
responded to oligo, FCCP, and R+A (Fig. 6B), indicating intact
mitochondrial function. In addition, both TN and TM cells rap-
idly increased ECAR and OCR after PMA/iono, which was
sustained in TM but not TN cells (Fig. 6 C and D). Like IL-15 TM
cells (Fig. S2), TM cells increased OCR when exposed to oligo
plus FCCP 2 h after activation and reduced OCR after R+A,
whereas TN cells did not (Fig. 6C). Together these data indicate
that TM cells sustain glycolysis and OXPHOS after activation
and that their mitochondrial function remains intact after PMA/
iono. TN cells did not lose mitochondrial function when exposed
to media (Fig. S4) or anti-CD3/28 (Fig. 6B), suggesting that this
loss of mitochondrial function is not an intrinsic defect of TN
cells, but rather a result of PMA/iono. We also verified that
resting TM cells had more ATP than TN cells, which was not
due to greater cell size (Fig. 6E). Likewise, secondary TE cells

Fig. 1. IL-15 TM cells have more mitochondrial mass than TN cells. OT-I cells
were activated with OVA peptide for 3 d in IL-2 and cultured in IL-15 for
3–4 d to generate IL-15 TM cells, which were compared with OT-I TN cells. (A)
TN and IL-15 TM cells stained with Mitotracker green (green) and DRAQ5
(blue). (B) Mitotracker green staining was quantified by flow cytometry.
Data are representative of three experiments. (C ) mtDNA/nDNA ratio,
mean ± SEM, from six experiments; *P < 0.05.

Fig. 2. Secondary TE cells proliferate faster and make more
IFN-γ than primary TE cells. Naïve OT-I and IL-15 TM cells were
(re)stimulated with anti-CD3/28 for 3 d. (A) Proliferation by Cell
Trace Violet dilution at indicated time points. Bar graphs rep-
resent difference in mean fluorescence intensity (MFI) at the
indicated time point relative to t = 0. (B) IFN-γ production 2 d
after (re)stimulation; representative of ≥2 experiments.
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Discussion
We propose a model where substantial mitochondrial mass and
ATP enable TM cells to rapidly recall upon restimulation. The
enhanced availability of mitochondrial ATP provides the energy
that is required for the rapid engagement of glycolysis observed
in T cells after activation. The HK-mediated conversion of glu-
cose into glucose-6-phosphate requires ATP, and we show here
that blocking the generation of mitochondrial ATP, and the
dissociation of HK from the mitochondria, impair the rapid in-
duction of glycolysis and hamper the fast proliferation of TM
cells after activation. The proliferation of TN cells after activa-
tion was also impaired when mitochondrial ATP was unavailable,
suggesting that both TN and TM cells have similar requirements
for activation and that quantitative bioenergetic differences un-
derlie the distinct abilities of these cells to respond to Ag.
Qualitative bioenergetic differences may also exist between TN
and TM cells. Although both TN and TM cells increased glycolysis

after anti-CD3/28, and responded to uncoupling and ETC
inhibitors, TN cells lost metabolic activity after PMA/iono, sug-
gesting that after this stimulation, TN cells cannot efficiently fuel
their mitochondria, whereas TM cells can. Several factors could
contribute to this disparity, such as differences in the strength
of activation, the signaling pathways involved, or the acqui-
sition or storage of substrates.
Although quantitative differences in Ag-specific TN and TM

cells can contribute to the superior protection conferred by TM
cells upon reinfection, studies where equal cell numbers were
transferred into mice have shown that these cells respond with
distinct kinetics (1, 3, 5, 29, 30). TM cells enter the cell cycle
earlier and proliferate faster than TN cells after activation (3–5).
Because TM cells are different from TN cells in their ability to
migrate to peripheral tissues (30–32), these experiments do not
exclude the possibility that TM cells respond more quickly be-
cause they encounter Ag before TN cells. Consistent with previous

Fig. 5. Mitochondria-derived ATP is required for
the initiation of proliferation and facilitates glycol-
ysis in IL-15 TM cells after PMA/iono. (A) OT-I TN and
IL-15 TM cells were (re)stimulated with anti-CD3/28
with or without oligo (added at day 0), and pro-
liferation is shown at days 0 and 2; representative of
four experiments. (B) OT-I cells were activated with
OVA peptide and IL-2 for 3 d, then labeled with Cell
Trace Violet and oligo added (day 0). Proliferation
was observed at days 0, 2, and 3; representative of
two experiments. (C) Relative OCR in primary and
secondary TE cells 2 d after anti-CD3/28, ±5 nM
oligo; mean ± SEM, representative of two experi-
ments; *P < 0.0001. (D) IL-15 TM cells were restimu-
lated with PMA/iono, with or without oligo, and
OCR and ECAR were measured. Data are shown as
mean ± SEM, representative of three experiments.

Fig. 6. TM cells have enhanced glycolysis, more
ATP, and proliferate faster than TN cells after acti-
vation. CD8 TN (CD44lo CD62Lhi) and TM (CD44hi

CD62Lhi) cells were isolated from naïve and LmOVA-
infected mice. OCR and ECAR in TN and TM cells
after stimulation with aCD3/28 coated beads (A),
and after subsequent oligo (1 μM), FCCP (1.5 μM),
and rotenone (100 nM) plus antimycin A (1 μM)
injections (B) (data in A and B are from the same
experiment). (C) TN and TM cells were PMA/iono
stimulated, exposed to oligo + FCCP, and R+A, and
OCR and ECAR measured. TN is the same as Fig. S4,
TM is the same as Fig. 8F and Fig. S7. (D) Compiled
and baselined data as shown in C, from two
experiments; peak is first measurement after PMA/
iono, plateau is at 120 min. *P < 0.0005 (Left), and <
0.0001 (Right). Forward scatter and ATP of resting
TN and TM cells (E), and ATP in primary and sec-
ondary TE cells 3 and 24 h after aCD3/28 (F). (G) TN
and TM cells stimulated with aCD3/28 with or with-
out oligo (day 0) and proliferation is shown. TN
control is the same as in Figs. S6B and S12B. TM
control is the same as Fig. 7A and 8E; mean ± SEM,
representative of two (A, B, and E), 3 (C), or one (F
and G) experiment(s).
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Mechanism??



bonobo populationmostly into nonwestern chim-
panzees several hundred thousand years ago. Al-
though we cannot distinguish whether the gene
flow occurred at low levels over a long time or in
discrete pulses, it seems likely that at least two
phases of secondary contact between the two
species took place. This study reveals that our
closest living relatives experienced a history of
admixture similar to that within theHomo clade.
Thus, gene flowmight have beenwidespread dur-
ing the evolution of the great apes and hominins.

REFERENCES AND NOTES

1. S. McBrearty, N. G. Jablonski, Nature 437, 105–108
(2005).

2. C. Hvilsom, F. Carlsen, R. Heller, N. Jaffré, H. R. Siegismund,
Primates 55, 101–112 (2014).

3. I. Lobon et al., Genome Biol. Evol. 8, 2020–2030 (2016).
4. J. L. Caswell et al., PLOS Genet. 4, e1000057 (2008).
5. A. Fischer et al., PLOS ONE 6, e21605 (2011).
6. C. Becquet, N. Patterson, A. C. Stone, M. Przeworski, D. Reich,

PLOS Genet. 3, e66 (2007).
7. T. Fünfstück et al., Am. J. Phys. Anthropol. 156, 181–191 (2015).
8. J. Prado-Martinez et al., Nature 499, 471–475 (2013).
9. H. Vervaecke, L. Van Elsacker, Mammalia 56, 667–669 (1992).
10. Materials and methods are available as supplementary

materials on Science Online.
11. H. Li, R. Durbin, Nature 475, 493–496 (2011).
12. L. Excoffier, I. Dupanloup, E. Huerta-Sánchez, V. C. Sousa,

M. Foll, PLOS Genet. 9, e1003905 (2013).
13. S. K. Wasser et al., Science 349, 84–87 (2015).
14. R. E. Green et al., Science 328, 710–722 (2010).
15. K. Prüfer et al., Nature 505, 43–49 (2014).
16. Q. Fu et al., Nature 524, 216–219 (2015).
17. M. Kuhlwilm et al., Nature 530, 429–433 (2016).
18. K. Prüfer et al., Nature 486, 527–531 (2012).
19. Y.-J. Won, J. Hey, Mol. Biol. Evol. 22, 297–307 (2005).
20. C. Becquet, M. Przeworski, Genome Res. 17, 1505–1519 (2007).
21. G. McVicker, D. Gordon, C. Davis, P. Green, PLOS Genet. 5,

e1000471 (2009).
22. S. Sankararaman et al., Nature 507, 354–357 (2014).
23. B. Vernot et al., Science 352, 235–239 (2016).
24. J. K. Pickrell, J. K. Pritchard, PLOS Genet. 8, e1002967 (2012).
25. M. D. Rasmussen, M. J. Hubisz, I. Gronau, A. Siepel, PLOS

Genet. 10, e1004342 (2014).

ACKNOWLEDGMENTS

All sequence data have been submitted to the European Nucleotide
Archive and are available under accession code PRJEB15086. We
greatly appreciate all the sample providers: Centre de Conservation
pour Chimpanzés, Chimfunshi Wildlife Orphanage Trust, Centre
de Primatologie, Centre International de Recherches Médicales de
Franceville, Jeunes Animaux Confisqués Au Katanga, Ngamba
Island Chimpanzee Sanctuary, Sweetwaters Chimpanzee
Sanctuary, Stichting AAP, Bioparc Valencia, Edinburgh Zoo,
Furuviksparken, Kolmårdens Djurpark, Zoo de Barcelona, Parc le
Pal, Zoo Aquarium de Madrid, Zoo Parc de Beauval, and Zoo
Zürich. We respectfully thank the Agence Nationale des Parcs
Nationaux (Gabon), Centre National de la Recherche Scientifique
(Gabon), Uganda National Council for Science and Technology, and
the Ugandan Wildlife Authority for permission to collect fecal
samples in Gabon and Uganda. We particularly thank K. Prüfer for
advice on technical aspects; M. Meyer and A. Weihmann for helping
with the capture of fecal samples; M. J. Hubisz for advice on
ARGweaver; and J. Bertranpetit, C. Lalueza-Fox, M. Mondal, and
S. Han for reading the manuscript and providing valuable
comments. M.d.M. is supported by a Formació de personal
Investigador fellowship from Generalitat de Catalunya (FI_B01111).
M.K. is supported by a Deutsche Forschungsgemeinschaft
fellowship (KU 3467/1-1). V.C.S., I.D., and L.E. are supported by
Swiss National Science Foundation grants 31003A-143393 and
310030B-16660. T.D. is funded by the Gates Cambridge Trust.
O.L. is supported by a Ramón y Cajal grant from Ministerio de
Economía y Competitividad (MINECO) (RYC-2013-14797) and
MINECO grant BFU2015-68759-P [Fondo Europeo de Desarrollo
Region (FEDER)]. P.H. is supported by Estonian Research Council
grant PUT1036. J.M.S., A.M.A., and S.C. are funded by the Max
Planck Society. J.P.-M., C.T.-S., and Y.X. were supported by The

Wellcome Trust (098051). J.M.H.-G. is supported by the María de
Maeztu Programme (MDM-2014-0370). A.S. is supported by an
Isaac Newton Trust/Wellcome Trust Institutional Strategic Support
Fund Joint Research Grant. J.N. had support from a U.S. NIH
U01CA198933 grant, and B.M.P. is supported by a Swiss National
Science Foundation postdoctoral fellowship. A.N. is supported by
MINECO grant BFU2015-68649-P. The collection of fecal samples
was supported by the Max Planck Society and Krekeler
Foundation’s generous funding for the Pan African Programme.
T.M.-B. thanks ICREA; the European Molecular Biology
Organization Young Investigator Programme 2013; MINECO grants
BFU2014-55090-P (FEDER), BFU2015-7116-ERC, and BFU2015-
6215-ERCU01; U.S. NIH grant MH106874; Fundacio Zoo Barcelona;
and Secretaria d’Universitats i Recerca del Departament

d’Economia i Coneixement de la Generalitat de Catalunya for the
support to his laboratory.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/354/6311/477/suppl/DC1
Materials and Methods
Figs. S1 to S58
Tables S1 to S19
References (26–90)
Data S1

2 June 2016; accepted 9 September 2016
10.1126/science.aag2602

IMMUNOMETABOLISM

Aerobic glycolysis promotes T helper 1
cell differentiation through an
epigenetic mechanism
Min Peng,1* Na Yin,1* Sagar Chhangawala,2,3 Ke Xu,1,4

Christina S. Leslie,2 Ming O. Li1†

Aerobic glycolysis (the Warburg effect) is a metabolic hallmark of activated T cells
and has been implicated in augmenting effector T cell responses, including expression
of the proinflammatory cytokine interferon-g (IFN-g), via 3′ untranslated region
(3′UTR)–mediated mechanisms. Here, we show that lactate dehydrogenase A (LDHA)
is induced in activated T cells to support aerobic glycolysis but promotes IFN-g
expression independently of its 3′UTR. Instead, LDHA maintains high concentrations of
acetyl–coenzyme A to enhance histone acetylation and transcription of Ifng. Ablation
of LDHA in T cells protects mice from immunopathology triggered by excessive IFN-g
expression or deficiency of regulatory T cells. These findings reveal an epigenetic
mechanism by which aerobic glycolysis promotes effector T cell differentiation and
suggest that LDHA may be targeted therapeutically in autoinflammatory diseases.

T
cell activation and differentiation are as-
sociated with metabolic rewiring (1–4). A
metabolic hallmark of activated T cells is
aerobic glycolysis (5), the conversion of glu-
cose to lactate in the presence of oxygen,

but its physiopathological functions remain in-
completely understood (6–8). As themajor carbon
source, glucose plays important roles in T cell
development, proliferation, and function (9–15).
However, the specific contribution of aerobic gly-
colysis to T cell responses has not been well de-
fined. Using galactose as a sugar source, aerobic
glycolysis was proposed to support interferon-g
(IFN-g) expression through3′UTR-mediatedmech-
anisms (12). Although galactose is metabolized at
a slower rate than glucose via the Leloir pathway,

both sugars are converted to lactate (16), rendering
the galactose system unable to model aerobic gly-
colysis deficiency in a definitive manner.
By converting pyruvate to lactate with regenera-

tion of nicotinamide adenine dinucleotide (NAD+)
(17), lactate dehydrogenase (LDH) defines the bio-
chemical reaction of aerobic glycolysis. LDHA and
LDHB form five tetrameric LDH isoenzymes (A4B0,
A3B1, A2B2, A1B3, and A0B4) with distinct kinetic
properties (17). In a zymography assay, activated
CD4+ T cells manifested LDH activity predomi-
nantly in the form of A4B0, similar to that of mus-
cle tissues (fig. S1A). Consistently, LDHA, but not
LDHB,was induced upon T cell activation (fig. S1B),
likely due to hypoxia-inducible factor 1a (HIF-1a)–
and c-Myc–induced transcription of Ldha (10, 11).
To study the definitive function of aerobic gly-

colysis, we deleted LDHA specifically in T cells
(CD4CreLdhafl/fl, designated as knockout, KO)
(fig. S1B) (18). Compared to activated wild-type
(WT) CD4+ T cells, KO T cells barely produced lac-
tate (Fig. 1A). Furthermore, glucose consumption
in KOT cells was reduced to ~30% ofWT amounts
(Fig. 1B), in line with a critical role for LDHA in sus-
taining aerobic glycolysis through regeneration of
NAD+ consumed at the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) step of glycolysis (17).
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Consistent with low Glut1 (13) and LDHA expres-
sion (fig. S1B), naïve CD4+ T cells showed little
activity of glucose metabolism, with negligible
glucose-induced extracellular acidification rate
(ECAR) or oxygen consumption rate (OCR) (Fig. 1,
C and D). Upon activation, ECAR was increased
inWTCD4+ T cells, whichwas largely diminished
in KOT cells (Fig. 1, C, E, and F). In contrast, both
basal and maximal OCR were elevated in KO
T cells (Fig. 1, D, G, and H).

13C-isotope–labeled glucose (13C6-glucose) trac-
ing experiments showed that glycolysis was slowed
down at the GAPDH step in KO T cells (fig. S2).
However, 13C-labeled citrate was increased in the
absence of LDHA (fig. S2). In particular, doubly
(m+2) and quadruply (m+4) 13C-labeled citrate,
readouts of tricarboxylic acid (TCA) cycle activity
through the first and second turns, respectively,
were much increased in KO T cells (fig. S2), in
line with enhanced OCR (Fig. 1, D, G, and H).
Together, these findings reveal that glucose
metabolism in activated CD4+ T cells is shifted
from aerobic glycolysis toward oxidative phos-
phorylation in the absence of LDHA (Fig. 1I).
LDHA deficiency did not affect thymic devel-

opment of conventional or regulatory T (Treg)
cells (fig. S3), or T cell homeostasis in peripheral
(fig. S4). LDHA deficiency also did not alter ex-
pression of activationmarkers, size, or survival of
activated CD4+ T cells (fig. S5, A to D), whereas
proliferation was slightly delayed (fig. S5E). These
phenotypes were distinct from those of Glut1-
deficient T cells (13), suggesting that general glu-
cose metabolism, but not aerobic glycolysis, is
required for T cell development and homeostasis.
Glycolysis promotes expression of effectormol-

ecules including the type 1 cytokine IFN-g (9, 12–15).
Indeed, LDHA deficiency led to diminished
IFN-g expression in T cells differentiated under
T helper 1 (TH1) conditions (Fig. 2, A and B). A
recent study proposed that aerobic glycolysis en-
hanced IFN-g productionby sequesteringGAPDH
away from binding to the Ifng 3′UTR, thereby en-
hancing IFN-g translation (12). To determine
whether such regulation accounted for reduced
IFN-g expression in KO T cells, we used a green
florescent protein (GFP) reporter in which the
GFP open reading frame was fused to the 3′UTR
of Ifng or Gapdh, with the latter not known to
repress mRNA translation (19). As previously
reported (19), GFP expression controlled by the
Ifng 3′UTR showed decreasedmean fluorescence
intensity compared to that regulated by theGapdh
3′UTR inWT T cells (Fig. 2, C to E). GFP expres-
sion under the control of Ifng 3′UTRwas dimin-
ished to a similar extent in KO T cells (Fig. 2, C
to E), suggesting that Ifng 3′UTR is insufficient to
mediate aerobic glycolysis regulation of IFN-g
expression.
To explore the definitive function of 3′UTR in

LDHA control of IFN-g expression,we used an Ifng
reporter allele Yeti (yellow-enhanced transcript for
IFN-g) (20), in which the Ifng 3′UTRwas replaced
by 3′UTR of the bovine growth hormone (BGH)
gene (Fig. 2F). We found that expression of both
IFN-g and yellow fluorescent protein (YFP) driven
by the internal ribosome entry site (IRES) element
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Fig. 1. LDHA dictates aerobic glycolysis in activated CD4+ T cells. (A and B) Naïve CD4+ T cells
isolated fromwild-type (WT) or CD4CreLdhafl/fl (KO)mice were stimulated with anti-CD3 and anti-CD28 in
the presence of IL-2 for 2 days. Cells were replenished with fresh medium, which was harvested 24 hours
later. Lactate production (A) and glucose consumption (B) were determined with triplicates. (C to I) Naïve
WT or KO CD4+ T cells were stimulated as in (A). Extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) weremeasured with a glycolysis stress test kit [(C), (E), and (F)] or a Mito stress
test kit [(D) and (G) to (I)]. Baseline ECAR (E) and stressed ECAR (F) of activated CD4+ T cells were
calculated according to (C). Baseline OCR (G), stressed OCR (H) and baseline OCR/ECAR (I) were
calculated according to (D). Statistics (E) to (I) were from one of two independent experiments each with
eight biological replicates (n = 8); data represent mean ± SD, two-tailed unpaired t test, ***P ≤ 0.001.

Fig. 2. LDHA regulates IFN-g expression independent of its 3′UTR. (A and B) Naïve wild-type (WT)
or CD4CreLdhafl/fl (KO) CD4+ Tcells were differentiated under TH1 conditions for 3 days, and restimulated
with phorbol myristate acetate (PMA) and ionomycin for 4 hours. IFN-g expression was determined by
intracellular staining. Representative plots (A) andmean fluorescence intensity (MFI) (B) are shown. (C to
E) Naïve WTor KO CD4+ Tcells were activated for 2 days and transduced with green fluorescent protein
(GFP) constructs fused with the 3′ untranslated region (3′UTR) of the Ifng or Gapdh gene. GFP expression
wasmeasured 48 hours after transduction. Representative plots (C) andMFI of GFP in GFP+ cells are shown
(D). (E)MFI of GFP from IFN-g 3′UTRwasnormalized to that of GAPDH3′UTRcontrol. (F) Adiagramof IFN-g
mRNA expressed from theWT Ifng or Yeti allele. (G andH) Naïve CD4+ Tcells from Yeti/Yeti or KOYeti/Yeti
mice were differentiated as in (A). The expression of IFN-g and eYFP were determined by flow cytometry.
Representative plots and respective statistical analysis are shown in (G) and (H). Statistics (B), (E), and (H)
were from one of two independent experiments each with three biological replicates (n = 3); data represent
mean ± SD, two-tailed unpaired t test, *P ≤ 0.05; ***P ≤ 0.001; ns, not significant.
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LDHA dictates aerobic glycolysis and supports INFg expression in activated CD4+ T cells.

Consistent with low Glut1 (13) and LDHA expres-
sion (fig. S1B), naïve CD4+ T cells showed little
activity of glucose metabolism, with negligible
glucose-induced extracellular acidification rate
(ECAR) or oxygen consumption rate (OCR) (Fig. 1,
C and D). Upon activation, ECAR was increased
inWTCD4+ T cells, whichwas largely diminished
in KOT cells (Fig. 1, C, E, and F). In contrast, both
basal and maximal OCR were elevated in KO
T cells (Fig. 1, D, G, and H).

13C-isotope–labeled glucose (13C6-glucose) trac-
ing experiments showed that glycolysis was slowed
down at the GAPDH step in KO T cells (fig. S2).
However, 13C-labeled citrate was increased in the
absence of LDHA (fig. S2). In particular, doubly
(m+2) and quadruply (m+4) 13C-labeled citrate,
readouts of tricarboxylic acid (TCA) cycle activity
through the first and second turns, respectively,
were much increased in KO T cells (fig. S2), in
line with enhanced OCR (Fig. 1, D, G, and H).
Together, these findings reveal that glucose
metabolism in activated CD4+ T cells is shifted
from aerobic glycolysis toward oxidative phos-
phorylation in the absence of LDHA (Fig. 1I).
LDHA deficiency did not affect thymic devel-

opment of conventional or regulatory T (Treg)
cells (fig. S3), or T cell homeostasis in peripheral
(fig. S4). LDHA deficiency also did not alter ex-
pression of activationmarkers, size, or survival of
activated CD4+ T cells (fig. S5, A to D), whereas
proliferation was slightly delayed (fig. S5E). These
phenotypes were distinct from those of Glut1-
deficient T cells (13), suggesting that general glu-
cose metabolism, but not aerobic glycolysis, is
required for T cell development and homeostasis.
Glycolysis promotes expression of effectormol-

ecules including the type 1 cytokine IFN-g (9, 12–15).
Indeed, LDHA deficiency led to diminished
IFN-g expression in T cells differentiated under
T helper 1 (TH1) conditions (Fig. 2, A and B). A
recent study proposed that aerobic glycolysis en-
hanced IFN-g productionby sequesteringGAPDH
away from binding to the Ifng 3′UTR, thereby en-
hancing IFN-g translation (12). To determine
whether such regulation accounted for reduced
IFN-g expression in KO T cells, we used a green
florescent protein (GFP) reporter in which the
GFP open reading frame was fused to the 3′UTR
of Ifng or Gapdh, with the latter not known to
repress mRNA translation (19). As previously
reported (19), GFP expression controlled by the
Ifng 3′UTR showed decreasedmean fluorescence
intensity compared to that regulated by theGapdh
3′UTR inWT T cells (Fig. 2, C to E). GFP expres-
sion under the control of Ifng 3′UTRwas dimin-
ished to a similar extent in KO T cells (Fig. 2, C
to E), suggesting that Ifng 3′UTR is insufficient to
mediate aerobic glycolysis regulation of IFN-g
expression.
To explore the definitive function of 3′UTR in

LDHA control of IFN-g expression,we used an Ifng
reporter allele Yeti (yellow-enhanced transcript for
IFN-g) (20), in which the Ifng 3′UTRwas replaced
by 3′UTR of the bovine growth hormone (BGH)
gene (Fig. 2F). We found that expression of both
IFN-g and yellow fluorescent protein (YFP) driven
by the internal ribosome entry site (IRES) element
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Fig. 1. LDHA dictates aerobic glycolysis in activated CD4+ T cells. (A and B) Naïve CD4+ T cells
isolated fromwild-type (WT) or CD4CreLdhafl/fl (KO)mice were stimulated with anti-CD3 and anti-CD28 in
the presence of IL-2 for 2 days. Cells were replenished with fresh medium, which was harvested 24 hours
later. Lactate production (A) and glucose consumption (B) were determined with triplicates. (C to I) Naïve
WT or KO CD4+ T cells were stimulated as in (A). Extracellular acidification rate (ECAR) and oxygen
consumption rate (OCR) weremeasured with a glycolysis stress test kit [(C), (E), and (F)] or a Mito stress
test kit [(D) and (G) to (I)]. Baseline ECAR (E) and stressed ECAR (F) of activated CD4+ T cells were
calculated according to (C). Baseline OCR (G), stressed OCR (H) and baseline OCR/ECAR (I) were
calculated according to (D). Statistics (E) to (I) were from one of two independent experiments each with
eight biological replicates (n = 8); data represent mean ± SD, two-tailed unpaired t test, ***P ≤ 0.001.

Fig. 2. LDHA regulates IFN-g expression independent of its 3′UTR. (A and B) Naïve wild-type (WT)
or CD4CreLdhafl/fl (KO) CD4+ Tcells were differentiated under TH1 conditions for 3 days, and restimulated
with phorbol myristate acetate (PMA) and ionomycin for 4 hours. IFN-g expression was determined by
intracellular staining. Representative plots (A) andmean fluorescence intensity (MFI) (B) are shown. (C to
E) Naïve WTor KO CD4+ Tcells were activated for 2 days and transduced with green fluorescent protein
(GFP) constructs fused with the 3′ untranslated region (3′UTR) of the Ifng or Gapdh gene. GFP expression
wasmeasured 48 hours after transduction. Representative plots (C) andMFI of GFP in GFP+ cells are shown
(D). (E)MFI of GFP from IFN-g 3′UTRwasnormalized to that of GAPDH3′UTRcontrol. (F) Adiagramof IFN-g
mRNA expressed from theWT Ifng or Yeti allele. (G andH) Naïve CD4+ Tcells from Yeti/Yeti or KOYeti/Yeti
mice were differentiated as in (A). The expression of IFN-g and eYFP were determined by flow cytometry.
Representative plots and respective statistical analysis are shown in (G) and (H). Statistics (B), (E), and (H)
were from one of two independent experiments each with three biological replicates (n = 3); data represent
mean ± SD, two-tailed unpaired t test, *P ≤ 0.05; ***P ≤ 0.001; ns, not significant.
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in the reporter allele were proportionally reduced
in the absence of LDHA (Fig. 2, G andH), demon-
strating that Ifng 3′UTR is not required for LDHA
control of IFN-g expression.
To determine whether reduced IFN-g produc-

tion in KO T cells was caused by diminished
transcription, we performed RNA sequencing
experiments. A total of 363 transcripts were dif-
ferentially expressed between WT and KO TH1
cells, amongwhich 220 transcripts, including Ifng,
were down-regulated in KO T cells (figs. S6A and
S7A and table S1). IFN-g transcription in TH1 cells
is induced by T-bet (21). However, T-bet expres-
sion was not affected in KO T cells (fig. S7, B and
C), suggesting that LDHA promotes IFN-g expres-
sion via T-bet–independent mechanisms.
Glucosemetabolism is implicated in the control

of gene expression through epigeneticmechanisms
that include histone acetylation (7, 22). Chroma-
tin immunoprecipitation–sequencing (ChIP-seq)
analysis of histone H3 acetylation at the lysine 9
residue (H3K9Ac), a histonemark associatedwith
active transcription, showed that the differentially
expressed genes between WT and KO TH1 cells
had varying amounts of H3K9Ac (fig. S6B and
tables S2 and S3), which encoded proteins in-
volved in signal transduction, transcription,metab-
olism, and effector functions (fig. S6C). Notably,
86% of down-regulated transcripts that included
Ifng had decreased H3K9Ac in KO T cells (fig.
S6B and table S3), suggesting that LDHA may
promote IFN-g expression by modulating histone
acetylation.
Compared to the constitutively activeCd3e locus,

diminished H3K9Ac was observed in Ifng pro-
moter, gene body, and the conserved noncoding
sequence 22 kilobase pairs upstreamof Ifng (CNS-
22) in KO T cells (Fig. 3, A and B). Acetylation of
histone H3 at lysine 27 (H3K27Ac) was also re-
duced, whereas total histoneH3was comparable
(fig. S8, A and B). Notably, diminished histone
acetylation was associated with reduced RNA
polymerase II (Pol II) recruitment to the Ifng locus
inKOTcells (fig. S8C).Histoneacetylation requires
acetyl–coenzymeA (acetyl-CoA) as a substrate, with
glucose being a critical source. Considering en-
hanced TCA cycle activity in KO T cells (Fig. 1 and
fig. S2), we hypothesized that in the absence of
LDHA, less citrate would be exported from the
mitochondria for acetyl-CoA regeneration. In-
deed, cytosolic acetyl-CoAwasdecreased inLDHA-
deficient TH1 cells (Fig. 3C).
To determine whether reduced cytosolic acetyl-

CoA was sufficient to repress IFN-g expression,
we inhibited adenosine 5′-triphosphate (ATP)–
citrate lyase (ACL), the enzyme converting citrate
to acetyl-CoA, and found that IFN-g expression
was diminished in WT T cells (fig. S9, A to D).
Acetyl-CoA can be generated from acetate by
acetyl-CoA synthetase independent of citrate (23).
Acetate supplementation augmented acetyl-CoA
production (fig. S9E) and corrected IFN-g expres-
sion in KO T cells (Fig. 3, D and E) without affect-
ing T-bet expression (fig. S9F). Instead, enhanced
IFN-g production was associated with normal-
ization ofH3K9Ac in Ifng promoter and enhancer
regions (Fig. 3F). Histone acetylation is a dynamic
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Fig. 3. LDHA promotes IFN-g expression through an epigenetic mechanism. (A) Representative
H3K9 acetylation (H3K9Ac) peaks at the Cd3e or Ifng promoter and enhancer (CNS22) regions from one
of twoChIP-Seq experiments are shown. (B) H3K9Ac at the Ifng promoter andCNS22 enhancer regions in
WTor KOTH1 cellswere assessedbyChIP-qPCR(quantitative polymerase chain reaction). Enrichmentwas
normalized to H3K9Ac at the Cd3e promoter region. (C) Naïve WTor KO CD4+ Tcells were differentiated
under TH1 conditions, and acetyl-CoAconcentrationsweremeasured by an acetyl-CoA assay kit. (D andE)
NaïveWTor KOCD4+Tcells were differentiated under TH1 conditions for 3 days and either left untreated or
supplemented with 20 mM sodium acetate for another 24 hours. Cells were subsequently restimulated
with PMA and ionomycin for 4 hours.The expression of IFN-g protein (D) andmRNA (E) was determined
by flow cytometry and qPCR, respectively. mRNA level of IFN-gwas normalized to that of b-actin. MFIs of
IFN-g are shown in (D). (F) Tcells were cultured as in (D), and H3K9Ac at the Ifng promoter and CNS22
enhancer regions were assessed by ChIP-qPCR. Enrichment was normalized to that of H3K9Ac at the
Cd3e promoter region. Statistics (B), (C), (E), and (F) were from one of three independent experiments
each with three biological replicates (n = 3); data represent mean ± SD, two-tailed unpaired t test, *P ≤
0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, not significant.

Fig. 4. LDHA deficiency in
Tcells protects Yeti/Yetimice
from a lethal autoinflam-
matory disease. (A) The sur-
vival curve of Yeti/Yeti (n = 5)
and CD4CreLdhafl/flYeti/Yeti
(KO Yeti/Yeti) mice (n = 6).
(B) Representative hematoxylin
and eosin staining of liver
sections from wild-type (WT),
CD4CreLdhafl/fl (KO), Yeti/Yeti,
and KO Yeti/Yeti mice. Arrows
indicate the necrotic regions.
(C and D) Splenocytes from mice of the indicated genotypes were stimulated with PMA and iono-
mycin for 4 hours. IFN-g and YFP expression in CD4+ Tcells and NK1.1+TCR– NK cells was determined by
flow cytometry. Representative plots (C) and statistics (D) are shown; data represent mean ± SD, n = 4
to 5 mice per genotype, two-tailed paired t test, ***P ≤ 0.001; ns, not significant.
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in the reporter allele were proportionally reduced
in the absence of LDHA (Fig. 2, G andH), demon-
strating that Ifng 3′UTR is not required for LDHA
control of IFN-g expression.
To determine whether reduced IFN-g produc-

tion in KO T cells was caused by diminished
transcription, we performed RNA sequencing
experiments. A total of 363 transcripts were dif-
ferentially expressed between WT and KO TH1
cells, amongwhich 220 transcripts, including Ifng,
were down-regulated in KO T cells (figs. S6A and
S7A and table S1). IFN-g transcription in TH1 cells
is induced by T-bet (21). However, T-bet expres-
sion was not affected in KO T cells (fig. S7, B and
C), suggesting that LDHA promotes IFN-g expres-
sion via T-bet–independent mechanisms.
Glucosemetabolism is implicated in the control

of gene expression through epigeneticmechanisms
that include histone acetylation (7, 22). Chroma-
tin immunoprecipitation–sequencing (ChIP-seq)
analysis of histone H3 acetylation at the lysine 9
residue (H3K9Ac), a histonemark associatedwith
active transcription, showed that the differentially
expressed genes between WT and KO TH1 cells
had varying amounts of H3K9Ac (fig. S6B and
tables S2 and S3), which encoded proteins in-
volved in signal transduction, transcription,metab-
olism, and effector functions (fig. S6C). Notably,
86% of down-regulated transcripts that included
Ifng had decreased H3K9Ac in KO T cells (fig.
S6B and table S3), suggesting that LDHA may
promote IFN-g expression by modulating histone
acetylation.
Compared to the constitutively activeCd3e locus,

diminished H3K9Ac was observed in Ifng pro-
moter, gene body, and the conserved noncoding
sequence 22 kilobase pairs upstreamof Ifng (CNS-
22) in KO T cells (Fig. 3, A and B). Acetylation of
histone H3 at lysine 27 (H3K27Ac) was also re-
duced, whereas total histoneH3was comparable
(fig. S8, A and B). Notably, diminished histone
acetylation was associated with reduced RNA
polymerase II (Pol II) recruitment to the Ifng locus
inKOTcells (fig. S8C).Histoneacetylation requires
acetyl–coenzymeA (acetyl-CoA) as a substrate, with
glucose being a critical source. Considering en-
hanced TCA cycle activity in KO T cells (Fig. 1 and
fig. S2), we hypothesized that in the absence of
LDHA, less citrate would be exported from the
mitochondria for acetyl-CoA regeneration. In-
deed, cytosolic acetyl-CoAwasdecreased inLDHA-
deficient TH1 cells (Fig. 3C).
To determine whether reduced cytosolic acetyl-

CoA was sufficient to repress IFN-g expression,
we inhibited adenosine 5′-triphosphate (ATP)–
citrate lyase (ACL), the enzyme converting citrate
to acetyl-CoA, and found that IFN-g expression
was diminished in WT T cells (fig. S9, A to D).
Acetyl-CoA can be generated from acetate by
acetyl-CoA synthetase independent of citrate (23).
Acetate supplementation augmented acetyl-CoA
production (fig. S9E) and corrected IFN-g expres-
sion in KO T cells (Fig. 3, D and E) without affect-
ing T-bet expression (fig. S9F). Instead, enhanced
IFN-g production was associated with normal-
ization ofH3K9Ac in Ifng promoter and enhancer
regions (Fig. 3F). Histone acetylation is a dynamic
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Fig. 3. LDHA promotes IFN-g expression through an epigenetic mechanism. (A) Representative
H3K9 acetylation (H3K9Ac) peaks at the Cd3e or Ifng promoter and enhancer (CNS22) regions from one
of twoChIP-Seq experiments are shown. (B) H3K9Ac at the Ifng promoter andCNS22 enhancer regions in
WTor KOTH1 cellswere assessedbyChIP-qPCR(quantitative polymerase chain reaction). Enrichmentwas
normalized to H3K9Ac at the Cd3e promoter region. (C) Naïve WTor KO CD4+ Tcells were differentiated
under TH1 conditions, and acetyl-CoAconcentrationsweremeasured by an acetyl-CoA assay kit. (D andE)
NaïveWTor KOCD4+Tcells were differentiated under TH1 conditions for 3 days and either left untreated or
supplemented with 20 mM sodium acetate for another 24 hours. Cells were subsequently restimulated
with PMA and ionomycin for 4 hours.The expression of IFN-g protein (D) andmRNA (E) was determined
by flow cytometry and qPCR, respectively. mRNA level of IFN-gwas normalized to that of b-actin. MFIs of
IFN-g are shown in (D). (F) Tcells were cultured as in (D), and H3K9Ac at the Ifng promoter and CNS22
enhancer regions were assessed by ChIP-qPCR. Enrichment was normalized to that of H3K9Ac at the
Cd3e promoter region. Statistics (B), (C), (E), and (F) were from one of three independent experiments
each with three biological replicates (n = 3); data represent mean ± SD, two-tailed unpaired t test, *P ≤
0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, not significant.

Fig. 4. LDHA deficiency in
Tcells protects Yeti/Yetimice
from a lethal autoinflam-
matory disease. (A) The sur-
vival curve of Yeti/Yeti (n = 5)
and CD4CreLdhafl/flYeti/Yeti
(KO Yeti/Yeti) mice (n = 6).
(B) Representative hematoxylin
and eosin staining of liver
sections from wild-type (WT),
CD4CreLdhafl/fl (KO), Yeti/Yeti,
and KO Yeti/Yeti mice. Arrows
indicate the necrotic regions.
(C and D) Splenocytes from mice of the indicated genotypes were stimulated with PMA and iono-
mycin for 4 hours. IFN-g and YFP expression in CD4+ Tcells and NK1.1+TCR– NK cells was determined by
flow cytometry. Representative plots (C) and statistics (D) are shown; data represent mean ± SD, n = 4
to 5 mice per genotype, two-tailed paired t test, ***P ≤ 0.001; ns, not significant.
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LDHA promotes INFg expression through acetyl-CoA dependent histone acetylation.



bonobo populationmostly into nonwestern chim-
panzees several hundred thousand years ago. Al-
though we cannot distinguish whether the gene
flow occurred at low levels over a long time or in
discrete pulses, it seems likely that at least two
phases of secondary contact between the two
species took place. This study reveals that our
closest living relatives experienced a history of
admixture similar to that within theHomo clade.
Thus, gene flowmight have beenwidespread dur-
ing the evolution of the great apes and hominins.
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IMMUNOMETABOLISM

Aerobic glycolysis promotes T helper 1
cell differentiation through an
epigenetic mechanism
Min Peng,1* Na Yin,1* Sagar Chhangawala,2,3 Ke Xu,1,4

Christina S. Leslie,2 Ming O. Li1†

Aerobic glycolysis (the Warburg effect) is a metabolic hallmark of activated T cells
and has been implicated in augmenting effector T cell responses, including expression
of the proinflammatory cytokine interferon-g (IFN-g), via 3′ untranslated region
(3′UTR)–mediated mechanisms. Here, we show that lactate dehydrogenase A (LDHA)
is induced in activated T cells to support aerobic glycolysis but promotes IFN-g
expression independently of its 3′UTR. Instead, LDHA maintains high concentrations of
acetyl–coenzyme A to enhance histone acetylation and transcription of Ifng. Ablation
of LDHA in T cells protects mice from immunopathology triggered by excessive IFN-g
expression or deficiency of regulatory T cells. These findings reveal an epigenetic
mechanism by which aerobic glycolysis promotes effector T cell differentiation and
suggest that LDHA may be targeted therapeutically in autoinflammatory diseases.

T
cell activation and differentiation are as-
sociated with metabolic rewiring (1–4). A
metabolic hallmark of activated T cells is
aerobic glycolysis (5), the conversion of glu-
cose to lactate in the presence of oxygen,

but its physiopathological functions remain in-
completely understood (6–8). As themajor carbon
source, glucose plays important roles in T cell
development, proliferation, and function (9–15).
However, the specific contribution of aerobic gly-
colysis to T cell responses has not been well de-
fined. Using galactose as a sugar source, aerobic
glycolysis was proposed to support interferon-g
(IFN-g) expression through3′UTR-mediatedmech-
anisms (12). Although galactose is metabolized at
a slower rate than glucose via the Leloir pathway,

both sugars are converted to lactate (16), rendering
the galactose system unable to model aerobic gly-
colysis deficiency in a definitive manner.
By converting pyruvate to lactate with regenera-

tion of nicotinamide adenine dinucleotide (NAD+)
(17), lactate dehydrogenase (LDH) defines the bio-
chemical reaction of aerobic glycolysis. LDHA and
LDHB form five tetrameric LDH isoenzymes (A4B0,
A3B1, A2B2, A1B3, and A0B4) with distinct kinetic
properties (17). In a zymography assay, activated
CD4+ T cells manifested LDH activity predomi-
nantly in the form of A4B0, similar to that of mus-
cle tissues (fig. S1A). Consistently, LDHA, but not
LDHB,was induced upon T cell activation (fig. S1B),
likely due to hypoxia-inducible factor 1a (HIF-1a)–
and c-Myc–induced transcription of Ldha (10, 11).
To study the definitive function of aerobic gly-

colysis, we deleted LDHA specifically in T cells
(CD4CreLdhafl/fl, designated as knockout, KO)
(fig. S1B) (18). Compared to activated wild-type
(WT) CD4+ T cells, KO T cells barely produced lac-
tate (Fig. 1A). Furthermore, glucose consumption
in KOT cells was reduced to ~30% ofWT amounts
(Fig. 1B), in line with a critical role for LDHA in sus-
taining aerobic glycolysis through regeneration of
NAD+ consumed at the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) step of glycolysis (17).
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LDHA KO ameliorates Th-driven autoimmunity

in the reporter allele were proportionally reduced
in the absence of LDHA (Fig. 2, G andH), demon-
strating that Ifng 3′UTR is not required for LDHA
control of IFN-g expression.
To determine whether reduced IFN-g produc-

tion in KO T cells was caused by diminished
transcription, we performed RNA sequencing
experiments. A total of 363 transcripts were dif-
ferentially expressed between WT and KO TH1
cells, amongwhich 220 transcripts, including Ifng,
were down-regulated in KO T cells (figs. S6A and
S7A and table S1). IFN-g transcription in TH1 cells
is induced by T-bet (21). However, T-bet expres-
sion was not affected in KO T cells (fig. S7, B and
C), suggesting that LDHA promotes IFN-g expres-
sion via T-bet–independent mechanisms.
Glucosemetabolism is implicated in the control

of gene expression through epigeneticmechanisms
that include histone acetylation (7, 22). Chroma-
tin immunoprecipitation–sequencing (ChIP-seq)
analysis of histone H3 acetylation at the lysine 9
residue (H3K9Ac), a histonemark associatedwith
active transcription, showed that the differentially
expressed genes between WT and KO TH1 cells
had varying amounts of H3K9Ac (fig. S6B and
tables S2 and S3), which encoded proteins in-
volved in signal transduction, transcription,metab-
olism, and effector functions (fig. S6C). Notably,
86% of down-regulated transcripts that included
Ifng had decreased H3K9Ac in KO T cells (fig.
S6B and table S3), suggesting that LDHA may
promote IFN-g expression by modulating histone
acetylation.
Compared to the constitutively activeCd3e locus,

diminished H3K9Ac was observed in Ifng pro-
moter, gene body, and the conserved noncoding
sequence 22 kilobase pairs upstreamof Ifng (CNS-
22) in KO T cells (Fig. 3, A and B). Acetylation of
histone H3 at lysine 27 (H3K27Ac) was also re-
duced, whereas total histoneH3was comparable
(fig. S8, A and B). Notably, diminished histone
acetylation was associated with reduced RNA
polymerase II (Pol II) recruitment to the Ifng locus
inKOTcells (fig. S8C).Histoneacetylation requires
acetyl–coenzymeA (acetyl-CoA) as a substrate, with
glucose being a critical source. Considering en-
hanced TCA cycle activity in KO T cells (Fig. 1 and
fig. S2), we hypothesized that in the absence of
LDHA, less citrate would be exported from the
mitochondria for acetyl-CoA regeneration. In-
deed, cytosolic acetyl-CoAwasdecreased inLDHA-
deficient TH1 cells (Fig. 3C).
To determine whether reduced cytosolic acetyl-

CoA was sufficient to repress IFN-g expression,
we inhibited adenosine 5′-triphosphate (ATP)–
citrate lyase (ACL), the enzyme converting citrate
to acetyl-CoA, and found that IFN-g expression
was diminished in WT T cells (fig. S9, A to D).
Acetyl-CoA can be generated from acetate by
acetyl-CoA synthetase independent of citrate (23).
Acetate supplementation augmented acetyl-CoA
production (fig. S9E) and corrected IFN-g expres-
sion in KO T cells (Fig. 3, D and E) without affect-
ing T-bet expression (fig. S9F). Instead, enhanced
IFN-g production was associated with normal-
ization ofH3K9Ac in Ifng promoter and enhancer
regions (Fig. 3F). Histone acetylation is a dynamic
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Fig. 3. LDHA promotes IFN-g expression through an epigenetic mechanism. (A) Representative
H3K9 acetylation (H3K9Ac) peaks at the Cd3e or Ifng promoter and enhancer (CNS22) regions from one
of twoChIP-Seq experiments are shown. (B) H3K9Ac at the Ifng promoter andCNS22 enhancer regions in
WTor KOTH1 cellswere assessedbyChIP-qPCR(quantitative polymerase chain reaction). Enrichmentwas
normalized to H3K9Ac at the Cd3e promoter region. (C) Naïve WTor KO CD4+ Tcells were differentiated
under TH1 conditions, and acetyl-CoAconcentrationsweremeasured by an acetyl-CoA assay kit. (D andE)
NaïveWTor KOCD4+Tcells were differentiated under TH1 conditions for 3 days and either left untreated or
supplemented with 20 mM sodium acetate for another 24 hours. Cells were subsequently restimulated
with PMA and ionomycin for 4 hours.The expression of IFN-g protein (D) andmRNA (E) was determined
by flow cytometry and qPCR, respectively. mRNA level of IFN-gwas normalized to that of b-actin. MFIs of
IFN-g are shown in (D). (F) Tcells were cultured as in (D), and H3K9Ac at the Ifng promoter and CNS22
enhancer regions were assessed by ChIP-qPCR. Enrichment was normalized to that of H3K9Ac at the
Cd3e promoter region. Statistics (B), (C), (E), and (F) were from one of three independent experiments
each with three biological replicates (n = 3); data represent mean ± SD, two-tailed unpaired t test, *P ≤
0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, not significant.

Fig. 4. LDHA deficiency in
Tcells protects Yeti/Yetimice
from a lethal autoinflam-
matory disease. (A) The sur-
vival curve of Yeti/Yeti (n = 5)
and CD4CreLdhafl/flYeti/Yeti
(KO Yeti/Yeti) mice (n = 6).
(B) Representative hematoxylin
and eosin staining of liver
sections from wild-type (WT),
CD4CreLdhafl/fl (KO), Yeti/Yeti,
and KO Yeti/Yeti mice. Arrows
indicate the necrotic regions.
(C and D) Splenocytes from mice of the indicated genotypes were stimulated with PMA and iono-
mycin for 4 hours. IFN-g and YFP expression in CD4+ Tcells and NK1.1+TCR– NK cells was determined by
flow cytometry. Representative plots (C) and statistics (D) are shown; data represent mean ± SD, n = 4
to 5 mice per genotype, two-tailed paired t test, ***P ≤ 0.001; ns, not significant.
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in the reporter allele were proportionally reduced
in the absence of LDHA (Fig. 2, G andH), demon-
strating that Ifng 3′UTR is not required for LDHA
control of IFN-g expression.
To determine whether reduced IFN-g produc-

tion in KO T cells was caused by diminished
transcription, we performed RNA sequencing
experiments. A total of 363 transcripts were dif-
ferentially expressed between WT and KO TH1
cells, amongwhich 220 transcripts, including Ifng,
were down-regulated in KO T cells (figs. S6A and
S7A and table S1). IFN-g transcription in TH1 cells
is induced by T-bet (21). However, T-bet expres-
sion was not affected in KO T cells (fig. S7, B and
C), suggesting that LDHA promotes IFN-g expres-
sion via T-bet–independent mechanisms.
Glucosemetabolism is implicated in the control

of gene expression through epigeneticmechanisms
that include histone acetylation (7, 22). Chroma-
tin immunoprecipitation–sequencing (ChIP-seq)
analysis of histone H3 acetylation at the lysine 9
residue (H3K9Ac), a histonemark associatedwith
active transcription, showed that the differentially
expressed genes between WT and KO TH1 cells
had varying amounts of H3K9Ac (fig. S6B and
tables S2 and S3), which encoded proteins in-
volved in signal transduction, transcription,metab-
olism, and effector functions (fig. S6C). Notably,
86% of down-regulated transcripts that included
Ifng had decreased H3K9Ac in KO T cells (fig.
S6B and table S3), suggesting that LDHA may
promote IFN-g expression by modulating histone
acetylation.
Compared to the constitutively activeCd3e locus,

diminished H3K9Ac was observed in Ifng pro-
moter, gene body, and the conserved noncoding
sequence 22 kilobase pairs upstreamof Ifng (CNS-
22) in KO T cells (Fig. 3, A and B). Acetylation of
histone H3 at lysine 27 (H3K27Ac) was also re-
duced, whereas total histoneH3was comparable
(fig. S8, A and B). Notably, diminished histone
acetylation was associated with reduced RNA
polymerase II (Pol II) recruitment to the Ifng locus
inKOTcells (fig. S8C).Histoneacetylation requires
acetyl–coenzymeA (acetyl-CoA) as a substrate, with
glucose being a critical source. Considering en-
hanced TCA cycle activity in KO T cells (Fig. 1 and
fig. S2), we hypothesized that in the absence of
LDHA, less citrate would be exported from the
mitochondria for acetyl-CoA regeneration. In-
deed, cytosolic acetyl-CoAwasdecreased inLDHA-
deficient TH1 cells (Fig. 3C).
To determine whether reduced cytosolic acetyl-

CoA was sufficient to repress IFN-g expression,
we inhibited adenosine 5′-triphosphate (ATP)–
citrate lyase (ACL), the enzyme converting citrate
to acetyl-CoA, and found that IFN-g expression
was diminished in WT T cells (fig. S9, A to D).
Acetyl-CoA can be generated from acetate by
acetyl-CoA synthetase independent of citrate (23).
Acetate supplementation augmented acetyl-CoA
production (fig. S9E) and corrected IFN-g expres-
sion in KO T cells (Fig. 3, D and E) without affect-
ing T-bet expression (fig. S9F). Instead, enhanced
IFN-g production was associated with normal-
ization ofH3K9Ac in Ifng promoter and enhancer
regions (Fig. 3F). Histone acetylation is a dynamic
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Fig. 3. LDHA promotes IFN-g expression through an epigenetic mechanism. (A) Representative
H3K9 acetylation (H3K9Ac) peaks at the Cd3e or Ifng promoter and enhancer (CNS22) regions from one
of twoChIP-Seq experiments are shown. (B) H3K9Ac at the Ifng promoter andCNS22 enhancer regions in
WTor KOTH1 cellswere assessedbyChIP-qPCR(quantitative polymerase chain reaction). Enrichmentwas
normalized to H3K9Ac at the Cd3e promoter region. (C) Naïve WTor KO CD4+ Tcells were differentiated
under TH1 conditions, and acetyl-CoAconcentrationsweremeasured by an acetyl-CoA assay kit. (D andE)
NaïveWTor KOCD4+Tcells were differentiated under TH1 conditions for 3 days and either left untreated or
supplemented with 20 mM sodium acetate for another 24 hours. Cells were subsequently restimulated
with PMA and ionomycin for 4 hours.The expression of IFN-g protein (D) andmRNA (E) was determined
by flow cytometry and qPCR, respectively. mRNA level of IFN-gwas normalized to that of b-actin. MFIs of
IFN-g are shown in (D). (F) Tcells were cultured as in (D), and H3K9Ac at the Ifng promoter and CNS22
enhancer regions were assessed by ChIP-qPCR. Enrichment was normalized to that of H3K9Ac at the
Cd3e promoter region. Statistics (B), (C), (E), and (F) were from one of three independent experiments
each with three biological replicates (n = 3); data represent mean ± SD, two-tailed unpaired t test, *P ≤
0.05; **P ≤ 0.01; ***P ≤ 0.001; ns, not significant.

Fig. 4. LDHA deficiency in
Tcells protects Yeti/Yetimice
from a lethal autoinflam-
matory disease. (A) The sur-
vival curve of Yeti/Yeti (n = 5)
and CD4CreLdhafl/flYeti/Yeti
(KO Yeti/Yeti) mice (n = 6).
(B) Representative hematoxylin
and eosin staining of liver
sections from wild-type (WT),
CD4CreLdhafl/fl (KO), Yeti/Yeti,
and KO Yeti/Yeti mice. Arrows
indicate the necrotic regions.
(C and D) Splenocytes from mice of the indicated genotypes were stimulated with PMA and iono-
mycin for 4 hours. IFN-g and YFP expression in CD4+ Tcells and NK1.1+TCR– NK cells was determined by
flow cytometry. Representative plots (C) and statistics (D) are shown; data represent mean ± SD, n = 4
to 5 mice per genotype, two-tailed paired t test, ***P ≤ 0.001; ns, not significant.
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Distinct modes of mitochondrial metabolism 
uncouple T cell differentiation and function
Will Bailis1,2,12, Justin A. Shyer1,12, Jun Zhao1,3,4, Juan Carlos Garcia Canaveras5,6,7, Fatimah J. Al Khazal8, Rihao Qu1,3,4,  
Holly R. Steach1, Piotr Bielecki1, Omair Khan1, Ruaidhri Jackson1, Yuval Kluger3,4,9, Louis J. Maher III8, Joshua Rabinowitz5,6,7, 
Joe Craft1,10* & Richard A. Flavell1,11*

Activated CD4 T cells proliferate rapidly and remodel epigenetically 
before exiting the cell cycle and engaging acquired effector 
functions. Metabolic reprogramming from the naive state is 
required throughout these phases of activation1. In CD4 T cells, 
T-cell-receptor ligation—along with co-stimulatory and cytokine 
signals—induces a glycolytic anabolic program that is required for 
biomass generation, rapid proliferation and effector function2. CD4 
T cell differentiation (proliferation and epigenetic remodelling) and 
function are orchestrated coordinately by signal transduction and 
transcriptional remodelling. However, it remains unclear whether 
these processes are regulated independently of one another by 
cellular biochemical composition. Here we demonstrate that distinct 
modes of mitochondrial metabolism support differentiation and 
effector functions of mouse T helper 1 (TH1) cells by biochemically 
uncoupling these two processes. We find that the tricarboxylic 
acid cycle is required for the terminal effector function of TH1 
cells through succinate dehydrogenase (complex II), but that the 
activity of succinate dehydrogenase suppresses TH1 cell proliferation 
and histone acetylation. By contrast, we show that complex I of 
the electron transport chain, the malate–aspartate shuttle and 
mitochondrial citrate export are required to maintain synthesis 
of aspartate, which is necessary for the proliferation of T helper 
cells. Furthermore, we find that mitochondrial citrate export and 
the malate–aspartate shuttle promote histone acetylation, and 
specifically regulate the expression of genes involved in T cell 
activation. Combining genetic, pharmacological and metabolomics 
approaches, we demonstrate that the differentiation and terminal 
effector functions of T helper cells are biochemically uncoupled. 
These findings support a model in which the malate–aspartate 
shuttle, mitochondrial citrate export and complex I supply the 
substrates needed for proliferation and epigenetic remodelling early 
during T cell activation, whereas complex II consumes the substrates 
of these pathways, which antagonizes differentiation and enforces 
terminal effector function. Our data suggest that transcriptional 
programming acts together with a parallel biochemical network to 
enforce cell state.

T cells require mitochondrial metabolism as they exit from the naive 
cell state to become activated, and as they return to being resting memory  
cells; however, the role of mitochondrial metabolism in the differ-
entiation and function of effector T cells is less well-understood3–5. 
Metabolite tracing studies have revealed that, whereas activated T cells 
use glutamine for the anaplerosis of α-ketoglutarate, activated cells 
decrease the rate of pyruvate entry into the mitochondria in favour of 
lactate fermentation5,6. Despite the decreased utilization of glucose- 
derived carbon for mitochondrial metabolism, the tricarboxylic 
acid (TCA) cycle has previously been shown to contribute to IFNγ 

production by increasing cytosolic acetyl-CoA pools via mitochon-
drial citrate export7. Additionally, the TCA cycle can contribute to the 
electron transport chain (ETC) by generating NADH and succinate 
to fuel complex I and complex II, respectively. However, the role of 
the ETC in the later stages of T cell activation is poorly characterized. 
To test the contribution of the TCA cycle to the function of effector 
T cells, we treated cells cultured in TH1 conditions with the TCA-cycle 
inhibitor sodium fluoroacetate8. We titrated sodium fluoroacetate or 
the glycolysis inhibitor 2-deoxy-d-glucose (2DG; an inhibitor of TH1 
cell activation, used as a positive control) at day 1 of T cell culture, 
and assayed cell proliferation at day 3 or the expression of the Ifng-
Katushka reporter at day 5. Although 2DG was a more-potent inhibitor 
than sodium fluoroacetate at lower doses, both inhibitors impaired 
Ifng transcription (Fig. 1a) and T cell proliferation (Fig. 1b) in a dose- 
dependent manner, which suggests that the activity of TCA-cycle 
enzymes is required for optimal TH1 cell activation.

To evaluate which processes downstream of the TCA cycle contribute 
to the role of the TCA cycle in T-helper-cell proliferation and function, 
we treated TH1 cells with inhibitors of the ETC overnight on day 2 
(to evaluate proliferation) or overnight on day 4 (to evaluate cytokine 
production), and analysed cells the following day. Unlike impairing 
glycolysis with 2DG or the TCA cycle with sodium fluoroacetate, which 
resulted in a block of both proliferation and function, we observed a 
dichotomy in the role of the ETC in supporting each of these processes. 
Although the inhibition of complex II did not impair proliferation, 
blocking complex I and complex III resulted in a decrease in the number  
of divided cells; treatment with oligomycin displayed a modest but 
significant effect (Fig. 1c). Importantly, viability was not affected upon 
acute inhibition of ETC complexes (Extended Data Fig. 1a). Consistent 
with this observation, treatment with rotenone or antimycin A on day 
2 resulted in cell-cycle arrest at the G2 or M phase, whereas treatment 
with dimethyl malonate (DMM) or oligomycin did not alter cell-cycle 
status (Extended Data Fig. 1b). Similar to cells cultured in TH1 con-
ditions, cells cultured in TH2 or TH17 conditions displayed defects 
in proliferation and an altered cell cycle when treated with rotenone 
(Extended Data Fig. 2a, b, e, f), which suggests that complex I supports 
cell division regardless of the cytokine environment.

Further illustrating distinct roles for complex I and complex II in 
T-helper-cell proliferation and function, we observed that the ATP 
citrate lysase (ACLY) inhibitor BMS-303141 significantly decreased 
IFNγ production, consistent with previous work7, whereas the effect 
of inhibition of complex I or ATP synthase with rotenone or oligomy-
cin, respectively, was not significant. By contrast, impairing complex II 
activity with DMM, or complex III activity with antimycin A, signifi-
cantly reduced IFNγ production to levels below those observed with 
BMS-303141 (Fig. 1d). Together, these observations suggest that the 
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TCA cycle supports TH1 function by enabling cytosolic acetyl-CoA 
production and by fuelling a succinate-dehydrogenase (SDH)-driven 
ETC. This role for the ETC was specific to the T-helper-cell cytokine 
culture conditions to which the cells were exposed during activation. 
Unlike TH1 cells, inhibiting the ETC had a minimal effect on function 
of TH2 effector cells; inhibition of complex I or complex III resulted in 
a slight, but significant, increase in IL-4 reporter activity (Extended 
Data Fig. 2c). By contrast, TH17 cells displayed sensitivity to inhibi-
tion of both complex I and complex II (Extended Data Fig. 2d). These 
data indicate that the ETC has program-specific roles in regulating the 
effector functions of T helper cells.

To corroborate the effects of DMM on the function of TH1 cells,  
we tested the capacity of three additional inhibitors of complex II— 
thenoyltrifluoroacetone (TTFA), 3-nitropropionic acid (3NP) and 
atpenin A5—to inhibit IFNγ production in TH1 cells. Each drug 
impaired complex II activity, as assayed by cellular succinate accumu-
lation (Extended Data Fig. 3a). Consistent with our results for DMM 
treatment, TH1 cells treated with 3NP, TTFA or atpenin A5 produced 
significantly less IFNγ than control cells (Fig. 2a). In keeping with a 
role for the TCA cycle and complex II in promoting TH1 cell func-
tion, cells cultured overnight with a membrane-permeable form of 
succinate (diethyl succinate) produced more IFNγ (Extended Data 
Fig. 3b). To genetically test the requirement of complex II activity in 
TH1 cells, we generated a retroviral single-guide (sg)RNA expression 
vector (which we named MG-Guide) that is compatible with trans-
duction of mouse T cells (Extended Data Fig. 4a, b). To validate the 
system, we transduced CD4 T cells with sgRNA and observed a rapid 
loss of protein expression when using sgRNAs that targeted Tbx21 or 
Il12rb1, genes that are essential for TH1-cell cytokine production; this 
loss led to a decrease in capacity for IFNγ production (Extended Data 
Fig. 4c–f, Supplementary Table 1). Transduction of TH1 cells with a 
sgRNA targeting Sdha, which encodes the catalytic subunit of complex 
II, impaired capacity for IFNγ production (Extended Data Fig. 3c). To 
provide further genetic evidence that complex II activity is required for 

the function of TH1 cells, we tested the requirement for Sdhc, which 
encodes an essential subunit of complex II. We cultured CD4 T cells 
isolated from Sdhcfl/fl TetO-cre−/+ Rosa26rtTA/+ (hereafter, Sdhc condi-
tional knockout (cKO)) or Sdhc+/+ TetO-cre−/+ Rosa26rtTA/+ control 
(hereafter, wild-type) mice that had been treated in vivo with doxy-
cycline for ten days in TH1 conditions. Unbiased mass-spectrometry 
analysis of metabolites in wild-type and Sdhc cKO TH1 cells revealed 
that Sdhc cKO cells had increased levels of cellular succinate and  
α-ketoglutarate, which confirms the loss of SDH activity (Extended 
Data Fig. 3d, e). Consistent with our drug and sgRNA studies, Sdhc cKO 
cells produced significantly less IFNγ at day 5 post-activation (Fig. 2b). 
However, Sdhc cKO TH1 cells proliferated significantly more than wild-
type controls, which suggests that proliferation and effector function 
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Fig. 1 | The TCA cycle supports proliferation and function of T helper 
cells through distinct mechanisms. a, b, Mean divisions at day 3 (a) and 
Ifng-Katushka (Ifng-Kat) reporter expression after restimulation with 
phorbol myristate acetate (PMA) and ionomycin at day 5 (b) of CD4 
T cells cultured in TH1 conditions with serially diluted 2DG (n = 3) or 
sodium fluoroacetate (NaFlAc) (n = 2 or 3). MFI, mean fluorescence 
intensity. c, d, Proliferation after overnight treatment on day 2 (c) 
and intracellular IFNγ protein expression after overnight treatment 
on day 4 (d) of wild-type CD4 T cells cultured in TH1 conditions 
with dimethylsulfoxide (DMSO), rotenone (rot), DMM, antimycin A  
(ant A), oligomycin (oligo) or BMS-303141 (n = 3). n, number of technical 
replicates. Representative plots and a graph summarizing the results  
of at least two independent experiments are shown. Mean and s.d. of 
replicates are presented on summarized plots and unpaired, two-tailed  
t-test used to determine significance. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. ns, not significant.
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Fig. 2 | Complex II uncouples differentiation and effector function 
of TH1 cells. a, Intracellular IFNγ protein expression in PMA and 
ionomycin-restimulated wild-type CD4 T cells cultured in TH1 conditions 
at day 5 after overnight treatment with DMSO, DMM (10 mM), 3NP 
(1 mM), TTFA (100 µM) or atpenin A5 (1 µM) (n = 3). b, c, Intracellular 
IFNγ protein expression (b) and proliferation of CD4 T cells (c) from 
doxycycline-treated Sdhc cKO or wild-type (WT) mice cultured in TH1 
conditions at day 5. Data combined from 5 independent experiments:  
wild type, n = 13; Sdhc cKO, n = 14 biological replicates. Two-tailed  
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****P < 0.0001.
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Distinct modes of mitochondrial metabolism 
uncouple T cell differentiation and function
Will Bailis1,2,12, Justin A. Shyer1,12, Jun Zhao1,3,4, Juan Carlos Garcia Canaveras5,6,7, Fatimah J. Al Khazal8, Rihao Qu1,3,4,  
Holly R. Steach1, Piotr Bielecki1, Omair Khan1, Ruaidhri Jackson1, Yuval Kluger3,4,9, Louis J. Maher III8, Joshua Rabinowitz5,6,7, 
Joe Craft1,10* & Richard A. Flavell1,11*

Activated CD4 T cells proliferate rapidly and remodel epigenetically 
before exiting the cell cycle and engaging acquired effector 
functions. Metabolic reprogramming from the naive state is 
required throughout these phases of activation1. In CD4 T cells, 
T-cell-receptor ligation—along with co-stimulatory and cytokine 
signals—induces a glycolytic anabolic program that is required for 
biomass generation, rapid proliferation and effector function2. CD4 
T cell differentiation (proliferation and epigenetic remodelling) and 
function are orchestrated coordinately by signal transduction and 
transcriptional remodelling. However, it remains unclear whether 
these processes are regulated independently of one another by 
cellular biochemical composition. Here we demonstrate that distinct 
modes of mitochondrial metabolism support differentiation and 
effector functions of mouse T helper 1 (TH1) cells by biochemically 
uncoupling these two processes. We find that the tricarboxylic 
acid cycle is required for the terminal effector function of TH1 
cells through succinate dehydrogenase (complex II), but that the 
activity of succinate dehydrogenase suppresses TH1 cell proliferation 
and histone acetylation. By contrast, we show that complex I of 
the electron transport chain, the malate–aspartate shuttle and 
mitochondrial citrate export are required to maintain synthesis 
of aspartate, which is necessary for the proliferation of T helper 
cells. Furthermore, we find that mitochondrial citrate export and 
the malate–aspartate shuttle promote histone acetylation, and 
specifically regulate the expression of genes involved in T cell 
activation. Combining genetic, pharmacological and metabolomics 
approaches, we demonstrate that the differentiation and terminal 
effector functions of T helper cells are biochemically uncoupled. 
These findings support a model in which the malate–aspartate 
shuttle, mitochondrial citrate export and complex I supply the 
substrates needed for proliferation and epigenetic remodelling early 
during T cell activation, whereas complex II consumes the substrates 
of these pathways, which antagonizes differentiation and enforces 
terminal effector function. Our data suggest that transcriptional 
programming acts together with a parallel biochemical network to 
enforce cell state.

T cells require mitochondrial metabolism as they exit from the naive 
cell state to become activated, and as they return to being resting memory  
cells; however, the role of mitochondrial metabolism in the differ-
entiation and function of effector T cells is less well-understood3–5. 
Metabolite tracing studies have revealed that, whereas activated T cells 
use glutamine for the anaplerosis of α-ketoglutarate, activated cells 
decrease the rate of pyruvate entry into the mitochondria in favour of 
lactate fermentation5,6. Despite the decreased utilization of glucose- 
derived carbon for mitochondrial metabolism, the tricarboxylic 
acid (TCA) cycle has previously been shown to contribute to IFNγ 

production by increasing cytosolic acetyl-CoA pools via mitochon-
drial citrate export7. Additionally, the TCA cycle can contribute to the 
electron transport chain (ETC) by generating NADH and succinate 
to fuel complex I and complex II, respectively. However, the role of 
the ETC in the later stages of T cell activation is poorly characterized. 
To test the contribution of the TCA cycle to the function of effector 
T cells, we treated cells cultured in TH1 conditions with the TCA-cycle 
inhibitor sodium fluoroacetate8. We titrated sodium fluoroacetate or 
the glycolysis inhibitor 2-deoxy-d-glucose (2DG; an inhibitor of TH1 
cell activation, used as a positive control) at day 1 of T cell culture, 
and assayed cell proliferation at day 3 or the expression of the Ifng-
Katushka reporter at day 5. Although 2DG was a more-potent inhibitor 
than sodium fluoroacetate at lower doses, both inhibitors impaired 
Ifng transcription (Fig. 1a) and T cell proliferation (Fig. 1b) in a dose- 
dependent manner, which suggests that the activity of TCA-cycle 
enzymes is required for optimal TH1 cell activation.

To evaluate which processes downstream of the TCA cycle contribute 
to the role of the TCA cycle in T-helper-cell proliferation and function, 
we treated TH1 cells with inhibitors of the ETC overnight on day 2 
(to evaluate proliferation) or overnight on day 4 (to evaluate cytokine 
production), and analysed cells the following day. Unlike impairing 
glycolysis with 2DG or the TCA cycle with sodium fluoroacetate, which 
resulted in a block of both proliferation and function, we observed a 
dichotomy in the role of the ETC in supporting each of these processes. 
Although the inhibition of complex II did not impair proliferation, 
blocking complex I and complex III resulted in a decrease in the number  
of divided cells; treatment with oligomycin displayed a modest but 
significant effect (Fig. 1c). Importantly, viability was not affected upon 
acute inhibition of ETC complexes (Extended Data Fig. 1a). Consistent 
with this observation, treatment with rotenone or antimycin A on day 
2 resulted in cell-cycle arrest at the G2 or M phase, whereas treatment 
with dimethyl malonate (DMM) or oligomycin did not alter cell-cycle 
status (Extended Data Fig. 1b). Similar to cells cultured in TH1 con-
ditions, cells cultured in TH2 or TH17 conditions displayed defects 
in proliferation and an altered cell cycle when treated with rotenone 
(Extended Data Fig. 2a, b, e, f), which suggests that complex I supports 
cell division regardless of the cytokine environment.

Further illustrating distinct roles for complex I and complex II in 
T-helper-cell proliferation and function, we observed that the ATP 
citrate lysase (ACLY) inhibitor BMS-303141 significantly decreased 
IFNγ production, consistent with previous work7, whereas the effect 
of inhibition of complex I or ATP synthase with rotenone or oligomy-
cin, respectively, was not significant. By contrast, impairing complex II 
activity with DMM, or complex III activity with antimycin A, signifi-
cantly reduced IFNγ production to levels below those observed with 
BMS-303141 (Fig. 1d). Together, these observations suggest that the 

1Department of Immunobiology, Yale School of Medicine, New Haven, CT, USA. 2Department of Pathology, Children’s Hospital of Philadelphia, Philadelphia, PA, USA. 3Department of Pathology,  
Yale School of Medicine, New Haven, CT, USA. 4Program of Computational Biology and Bioinformatics, Yale University, New Haven, CT, USA. 5Lewis-Sigler Institute for Integrative Genomics, 
Princeton University, Princeton, NJ, USA. 6Department of Chemistry, Princeton University, Princeton, NJ, USA. 7Diabetes Research Center, University of Pennsylvania, Philadelphia, PA, USA. 
8Department of Biochemistry and Molecular Biology, Mayo Clinic College of Medicine and Science, Rochester, MN, USA. 9Applied Mathematics Program, Yale University, New Haven, CT, USA. 
10Department of Internal Medicine (Rheumatology), Yale School of Medicine, New Haven, CT, USA. 11Howard Hughes Medical Institute, Chevy Chase, MD, USA. 12These authors contributed equally: 
Will Bailis, Justin A. Shyer. *e-mail: joseph.craft@yale.edu; richard.flavell@yale.edu

Corrected: Author Correction

1 8  J U L Y  2 0 1 9  |  V O L  5 7 1  |  N A T U R E  |  4 0 3

Bailis et al, Nature, 2019

LETTERRESEARCH

TCA cycle supports TH1 function by enabling cytosolic acetyl-CoA 
production and by fuelling a succinate-dehydrogenase (SDH)-driven 
ETC. This role for the ETC was specific to the T-helper-cell cytokine 
culture conditions to which the cells were exposed during activation. 
Unlike TH1 cells, inhibiting the ETC had a minimal effect on function 
of TH2 effector cells; inhibition of complex I or complex III resulted in 
a slight, but significant, increase in IL-4 reporter activity (Extended 
Data Fig. 2c). By contrast, TH17 cells displayed sensitivity to inhibi-
tion of both complex I and complex II (Extended Data Fig. 2d). These 
data indicate that the ETC has program-specific roles in regulating the 
effector functions of T helper cells.

To corroborate the effects of DMM on the function of TH1 cells,  
we tested the capacity of three additional inhibitors of complex II— 
thenoyltrifluoroacetone (TTFA), 3-nitropropionic acid (3NP) and 
atpenin A5—to inhibit IFNγ production in TH1 cells. Each drug 
impaired complex II activity, as assayed by cellular succinate accumu-
lation (Extended Data Fig. 3a). Consistent with our results for DMM 
treatment, TH1 cells treated with 3NP, TTFA or atpenin A5 produced 
significantly less IFNγ than control cells (Fig. 2a). In keeping with a 
role for the TCA cycle and complex II in promoting TH1 cell func-
tion, cells cultured overnight with a membrane-permeable form of 
succinate (diethyl succinate) produced more IFNγ (Extended Data 
Fig. 3b). To genetically test the requirement of complex II activity in 
TH1 cells, we generated a retroviral single-guide (sg)RNA expression 
vector (which we named MG-Guide) that is compatible with trans-
duction of mouse T cells (Extended Data Fig. 4a, b). To validate the 
system, we transduced CD4 T cells with sgRNA and observed a rapid 
loss of protein expression when using sgRNAs that targeted Tbx21 or 
Il12rb1, genes that are essential for TH1-cell cytokine production; this 
loss led to a decrease in capacity for IFNγ production (Extended Data 
Fig. 4c–f, Supplementary Table 1). Transduction of TH1 cells with a 
sgRNA targeting Sdha, which encodes the catalytic subunit of complex 
II, impaired capacity for IFNγ production (Extended Data Fig. 3c). To 
provide further genetic evidence that complex II activity is required for 

the function of TH1 cells, we tested the requirement for Sdhc, which 
encodes an essential subunit of complex II. We cultured CD4 T cells 
isolated from Sdhcfl/fl TetO-cre−/+ Rosa26rtTA/+ (hereafter, Sdhc condi-
tional knockout (cKO)) or Sdhc+/+ TetO-cre−/+ Rosa26rtTA/+ control 
(hereafter, wild-type) mice that had been treated in vivo with doxy-
cycline for ten days in TH1 conditions. Unbiased mass-spectrometry 
analysis of metabolites in wild-type and Sdhc cKO TH1 cells revealed 
that Sdhc cKO cells had increased levels of cellular succinate and  
α-ketoglutarate, which confirms the loss of SDH activity (Extended 
Data Fig. 3d, e). Consistent with our drug and sgRNA studies, Sdhc cKO 
cells produced significantly less IFNγ at day 5 post-activation (Fig. 2b). 
However, Sdhc cKO TH1 cells proliferated significantly more than wild-
type controls, which suggests that proliferation and effector function 
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Fig. 1 | The TCA cycle supports proliferation and function of T helper 
cells through distinct mechanisms. a, b, Mean divisions at day 3 (a) and 
Ifng-Katushka (Ifng-Kat) reporter expression after restimulation with 
phorbol myristate acetate (PMA) and ionomycin at day 5 (b) of CD4 
T cells cultured in TH1 conditions with serially diluted 2DG (n = 3) or 
sodium fluoroacetate (NaFlAc) (n = 2 or 3). MFI, mean fluorescence 
intensity. c, d, Proliferation after overnight treatment on day 2 (c) 
and intracellular IFNγ protein expression after overnight treatment 
on day 4 (d) of wild-type CD4 T cells cultured in TH1 conditions 
with dimethylsulfoxide (DMSO), rotenone (rot), DMM, antimycin A  
(ant A), oligomycin (oligo) or BMS-303141 (n = 3). n, number of technical 
replicates. Representative plots and a graph summarizing the results  
of at least two independent experiments are shown. Mean and s.d. of 
replicates are presented on summarized plots and unpaired, two-tailed  
t-test used to determine significance. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. ns, not significant.
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doxycycline-treated Sdhc cKO or wild-type (WT) mice cultured in TH1 
conditions at day 5. Data combined from 5 independent experiments:  
wild type, n = 13; Sdhc cKO, n = 14 biological replicates. Two-tailed  
t-test. d, Total cellular H3K9 acetylation (H3K9Ac) of wild-type and Sdhc 
cKO cells cultured in TH1 conditions at day 3 (n = 3). Two-sided t-test. 
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Gene Ontology (GO) pathway analysis of genes that are downregulated 
in cKO mice compared to wild-type controls. P < 0.05. g, Heat map of 
gene expression from RNA-seq results for the cytokine production GO 
pathway. n, number of technical replicates, except where noted otherwise. 
Representative plots and a graph summarizing the results of at least two 
independent experiments are shown, except where noted otherwise. Mean 
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two-tailed t-test used to determine significance. **P < 0.01, ***P < 0.001, 
****P < 0.0001.
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TCA cycle supports TH1 function by enabling cytosolic acetyl-CoA 
production and by fuelling a succinate-dehydrogenase (SDH)-driven 
ETC. This role for the ETC was specific to the T-helper-cell cytokine 
culture conditions to which the cells were exposed during activation. 
Unlike TH1 cells, inhibiting the ETC had a minimal effect on function 
of TH2 effector cells; inhibition of complex I or complex III resulted in 
a slight, but significant, increase in IL-4 reporter activity (Extended 
Data Fig. 2c). By contrast, TH17 cells displayed sensitivity to inhibi-
tion of both complex I and complex II (Extended Data Fig. 2d). These 
data indicate that the ETC has program-specific roles in regulating the 
effector functions of T helper cells.

To corroborate the effects of DMM on the function of TH1 cells,  
we tested the capacity of three additional inhibitors of complex II— 
thenoyltrifluoroacetone (TTFA), 3-nitropropionic acid (3NP) and 
atpenin A5—to inhibit IFNγ production in TH1 cells. Each drug 
impaired complex II activity, as assayed by cellular succinate accumu-
lation (Extended Data Fig. 3a). Consistent with our results for DMM 
treatment, TH1 cells treated with 3NP, TTFA or atpenin A5 produced 
significantly less IFNγ than control cells (Fig. 2a). In keeping with a 
role for the TCA cycle and complex II in promoting TH1 cell func-
tion, cells cultured overnight with a membrane-permeable form of 
succinate (diethyl succinate) produced more IFNγ (Extended Data 
Fig. 3b). To genetically test the requirement of complex II activity in 
TH1 cells, we generated a retroviral single-guide (sg)RNA expression 
vector (which we named MG-Guide) that is compatible with trans-
duction of mouse T cells (Extended Data Fig. 4a, b). To validate the 
system, we transduced CD4 T cells with sgRNA and observed a rapid 
loss of protein expression when using sgRNAs that targeted Tbx21 or 
Il12rb1, genes that are essential for TH1-cell cytokine production; this 
loss led to a decrease in capacity for IFNγ production (Extended Data 
Fig. 4c–f, Supplementary Table 1). Transduction of TH1 cells with a 
sgRNA targeting Sdha, which encodes the catalytic subunit of complex 
II, impaired capacity for IFNγ production (Extended Data Fig. 3c). To 
provide further genetic evidence that complex II activity is required for 

the function of TH1 cells, we tested the requirement for Sdhc, which 
encodes an essential subunit of complex II. We cultured CD4 T cells 
isolated from Sdhcfl/fl TetO-cre−/+ Rosa26rtTA/+ (hereafter, Sdhc condi-
tional knockout (cKO)) or Sdhc+/+ TetO-cre−/+ Rosa26rtTA/+ control 
(hereafter, wild-type) mice that had been treated in vivo with doxy-
cycline for ten days in TH1 conditions. Unbiased mass-spectrometry 
analysis of metabolites in wild-type and Sdhc cKO TH1 cells revealed 
that Sdhc cKO cells had increased levels of cellular succinate and  
α-ketoglutarate, which confirms the loss of SDH activity (Extended 
Data Fig. 3d, e). Consistent with our drug and sgRNA studies, Sdhc cKO 
cells produced significantly less IFNγ at day 5 post-activation (Fig. 2b). 
However, Sdhc cKO TH1 cells proliferated significantly more than wild-
type controls, which suggests that proliferation and effector function 
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Fig. 1 | The TCA cycle supports proliferation and function of T helper 
cells through distinct mechanisms. a, b, Mean divisions at day 3 (a) and 
Ifng-Katushka (Ifng-Kat) reporter expression after restimulation with 
phorbol myristate acetate (PMA) and ionomycin at day 5 (b) of CD4 
T cells cultured in TH1 conditions with serially diluted 2DG (n = 3) or 
sodium fluoroacetate (NaFlAc) (n = 2 or 3). MFI, mean fluorescence 
intensity. c, d, Proliferation after overnight treatment on day 2 (c) 
and intracellular IFNγ protein expression after overnight treatment 
on day 4 (d) of wild-type CD4 T cells cultured in TH1 conditions 
with dimethylsulfoxide (DMSO), rotenone (rot), DMM, antimycin A  
(ant A), oligomycin (oligo) or BMS-303141 (n = 3). n, number of technical 
replicates. Representative plots and a graph summarizing the results  
of at least two independent experiments are shown. Mean and s.d. of 
replicates are presented on summarized plots and unpaired, two-tailed  
t-test used to determine significance. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. ns, not significant.
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Fig. 2 | Complex II uncouples differentiation and effector function 
of TH1 cells. a, Intracellular IFNγ protein expression in PMA and 
ionomycin-restimulated wild-type CD4 T cells cultured in TH1 conditions 
at day 5 after overnight treatment with DMSO, DMM (10 mM), 3NP 
(1 mM), TTFA (100 µM) or atpenin A5 (1 µM) (n = 3). b, c, Intracellular 
IFNγ protein expression (b) and proliferation of CD4 T cells (c) from 
doxycycline-treated Sdhc cKO or wild-type (WT) mice cultured in TH1 
conditions at day 5. Data combined from 5 independent experiments:  
wild type, n = 13; Sdhc cKO, n = 14 biological replicates. Two-tailed  
t-test. d, Total cellular H3K9 acetylation (H3K9Ac) of wild-type and Sdhc 
cKO cells cultured in TH1 conditions at day 3 (n = 3). Two-sided t-test. 
e, TBET protein expression of wild-type (n = 4) and Sdhc cKO (n = 3) 
cells cultured in TH1 conditions at day 5. Two-sided t-test. f, DAVID 
Gene Ontology (GO) pathway analysis of genes that are downregulated 
in cKO mice compared to wild-type controls. P < 0.05. g, Heat map of 
gene expression from RNA-seq results for the cytokine production GO 
pathway. n, number of technical replicates, except where noted otherwise. 
Representative plots and a graph summarizing the results of at least two 
independent experiments are shown, except where noted otherwise. Mean 
and s.d. of replicates are presented on summarized plots and unpaired, 
two-tailed t-test used to determine significance. **P < 0.01, ***P < 0.001, 
****P < 0.0001.
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are processes that are uncoupled by complex II activity (Fig. 2c). To 
test whether processes in addition to proliferation that are involved 
in T-helper-cell differentiation were affected, we assayed the effect of 
SDH deficiency on histone acetylation. We found that Sdhc cKO cells 
exhibited increased H3K9 acetylation, and that DMM treatment as 
well as delivery of Sdha-targeting sgRNA increased H3K9 and H3K27 
acetylation; this suggests that complex II antagonizes T-helper-cell 
differentiation by negatively regulating both proliferation and histone 
acetylation (Fig. 2d, Extended Data Fig. 5a–c).

To test the role of complex II in promoting other aspects of the func-
tional program of TH1 cells, we evaluated TBET protein expression in 
Sdhc cKO and wild-type cells on day 5 after activation. Consistent with 
defects in IFNγ production, TH1 cells from Sdhc cKO mice had reduced 
levels of expression of TBET protein (Fig. 2e). To further investigate a 
role for complex II in supporting the functional program of TH1 cells, 
we performed RNA sequencing (RNA-seq) on effector TH1 cells from 
Sdhc cKO and wild-type mice at day 5 after activation. Consistent with a 
decrease in TBET expression, TH1 cells from mice deficient in complex 
II exhibited significantly decreased expression of genes that are key to 
the TH1 cell program and genes that are important during T-helper-cell 
activation. Notably, DAVID (Database for Annotation, Visualization 
and Integrated Discovery) Gene Ontology pathway analysis indicated 
‘cytokine production’ and ‘regulation of lymphocyte proliferation’ as 
the most-dysregulated pathways (Fig. 2f, g, Extended Data Fig. 5d, e, 
Supplementary Table 2). These data indicate that SDH activity is a pri-
mary mechanism through which mitochondrial metabolism supports 
the functional programming of TH1 cells.

We next sought to investigate which aspects of mitochondrial 
metabolism are antagonized by SDH to constrain proliferation. The 
consumption of α-ketoglutarate is known to modulate the activity 

of mitochondrial shuttling systems that are required to maintain the  
cellular redox balance and the production of key cytosolic metabolites9–11.  
The malate–aspartate shuttle and mitochondrial citrate export are two 
such systems; they regulate the oxidation state of nicotinamide ade-
nine dinucleotides (NAD) in the mitochondria and the transport of 
acetyl-CoA from the mitochondria to the cytosol, respectively. On the 
basis of our data that Sdhc cKO TH1 cells exhibit increased proliferation 
(Fig. 2c) and increased cellular α-ketoglutarate levels (Extended Data 
Fig. 3e), we hypothesized that these mitochondrial transport systems 
promote the early stages of TH1 cell proliferation.

To test the requirement of these transport systems for TH1 cell acti-
vation, we designed three sgRNAs per gene of interest and conducted 
individual sgRNA knockout experiments using MG-Guide, measuring 
IFNγ protein (Fig. 3a). We found that, compared to cells transduced 
with an empty MG-Guide vector, cells that express sgRNAs that target  
Mdh1, Mdh2, Slc25a11 or Slc1a3 produced less IFNγ protein— 
comparable to the levels observed with sgRNAs that target the posi-
tive-control Tbx21 gene—as did two of the three sgRNAs designed to 
target Got1 and Got2, which suggests that the malate–aspartate shuttle 
is critical during TH1 cell activation (Fig. 3b). In addition, we observed 
defective IFNγ production in TH1 cells that express sgRNA against Cs, 
Slc25a1 and Acly, which indicates that citrate synthesis and export for 
cytosolic acetyl-CoA production are also required (Fig. 3b).

Previous reports have suggested that ACLY activity is required for 
TH1-cell histone acetylation, and the ETC has previously been shown 
to support epigenetic remodelling7,12. To test the role of both shuttle 
systems during TH1-cell epigenetic remodelling, we evaluated total 
cellular H3K9 and H3K27 acetylation. We found that impairing Acly, 
Slc25a1, Mdh1, Slc25a11 and Slc1a3 results in decreased H3K9 acetyl-
ation, and that acetate supplementation could compensate for these 
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Fig. 3 | The malate–aspartate shuttle and mitochondrial citrate 
export are required for histone acetylation and proliferation in 
differentiating TH1 cells. a, Schematic of the malate–aspartate shuttle and 
mitochondrial citrate export. aKG, α-ketoglutarate; Asp, aspartate; Cit, 
citrate; Glu, glutamate; Mal, malate; OAA, oxaloacetate. b, Intracellular 
IFNγ protein expression in Cas9-expressing CD4 T cells, transduced 
with sgRNAs targeting the indicated enzymes and transporters, cultured 
in TH1 conditions after restimulation at day 5. Graphs show individual 
sgRNAs for each gene as well as the average for all three sgRNAs (n = 2 
or 3 biological replicates). c, d, Total cellular H3K9 acetylation at day 

4 of Cas9-expressing CD4 T cells transduced with sgRNAs against the 
indicated enzymes and transporters, in the absence or presence of 5 nM 
or 20 nM exogenous acetate added 1 day after transduction, cultured in 
TH1 conditions (n = 3 technical replicates). e, f, Heat map summarizing 
downregulated genes determined by RNA-seq for cells expressing Slc25a1-
targeting sgRNA (e) or Slc25a11-targeting sgRNA (f). P < 0.05. EV, empty 
vector; KO, knockout. Representative plots and a graph summarizing the 
results of at least two independent experiments are shown. Mean and s.d. 
of replicates are presented on summarized plots and unpaired, two-sided 
t-test used to determine significance. *P < 0.05, **P < 0.01, ***P < 0.001.
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are processes that are uncoupled by complex II activity (Fig. 2c). To 
test whether processes in addition to proliferation that are involved 
in T-helper-cell differentiation were affected, we assayed the effect of 
SDH deficiency on histone acetylation. We found that Sdhc cKO cells 
exhibited increased H3K9 acetylation, and that DMM treatment as 
well as delivery of Sdha-targeting sgRNA increased H3K9 and H3K27 
acetylation; this suggests that complex II antagonizes T-helper-cell 
differentiation by negatively regulating both proliferation and histone 
acetylation (Fig. 2d, Extended Data Fig. 5a–c).

To test the role of complex II in promoting other aspects of the func-
tional program of TH1 cells, we evaluated TBET protein expression in 
Sdhc cKO and wild-type cells on day 5 after activation. Consistent with 
defects in IFNγ production, TH1 cells from Sdhc cKO mice had reduced 
levels of expression of TBET protein (Fig. 2e). To further investigate a 
role for complex II in supporting the functional program of TH1 cells, 
we performed RNA sequencing (RNA-seq) on effector TH1 cells from 
Sdhc cKO and wild-type mice at day 5 after activation. Consistent with a 
decrease in TBET expression, TH1 cells from mice deficient in complex 
II exhibited significantly decreased expression of genes that are key to 
the TH1 cell program and genes that are important during T-helper-cell 
activation. Notably, DAVID (Database for Annotation, Visualization 
and Integrated Discovery) Gene Ontology pathway analysis indicated 
‘cytokine production’ and ‘regulation of lymphocyte proliferation’ as 
the most-dysregulated pathways (Fig. 2f, g, Extended Data Fig. 5d, e, 
Supplementary Table 2). These data indicate that SDH activity is a pri-
mary mechanism through which mitochondrial metabolism supports 
the functional programming of TH1 cells.

We next sought to investigate which aspects of mitochondrial 
metabolism are antagonized by SDH to constrain proliferation. The 
consumption of α-ketoglutarate is known to modulate the activity 

of mitochondrial shuttling systems that are required to maintain the  
cellular redox balance and the production of key cytosolic metabolites9–11.  
The malate–aspartate shuttle and mitochondrial citrate export are two 
such systems; they regulate the oxidation state of nicotinamide ade-
nine dinucleotides (NAD) in the mitochondria and the transport of 
acetyl-CoA from the mitochondria to the cytosol, respectively. On the 
basis of our data that Sdhc cKO TH1 cells exhibit increased proliferation 
(Fig. 2c) and increased cellular α-ketoglutarate levels (Extended Data 
Fig. 3e), we hypothesized that these mitochondrial transport systems 
promote the early stages of TH1 cell proliferation.

To test the requirement of these transport systems for TH1 cell acti-
vation, we designed three sgRNAs per gene of interest and conducted 
individual sgRNA knockout experiments using MG-Guide, measuring 
IFNγ protein (Fig. 3a). We found that, compared to cells transduced 
with an empty MG-Guide vector, cells that express sgRNAs that target  
Mdh1, Mdh2, Slc25a11 or Slc1a3 produced less IFNγ protein— 
comparable to the levels observed with sgRNAs that target the posi-
tive-control Tbx21 gene—as did two of the three sgRNAs designed to 
target Got1 and Got2, which suggests that the malate–aspartate shuttle 
is critical during TH1 cell activation (Fig. 3b). In addition, we observed 
defective IFNγ production in TH1 cells that express sgRNA against Cs, 
Slc25a1 and Acly, which indicates that citrate synthesis and export for 
cytosolic acetyl-CoA production are also required (Fig. 3b).

Previous reports have suggested that ACLY activity is required for 
TH1-cell histone acetylation, and the ETC has previously been shown 
to support epigenetic remodelling7,12. To test the role of both shuttle 
systems during TH1-cell epigenetic remodelling, we evaluated total 
cellular H3K9 and H3K27 acetylation. We found that impairing Acly, 
Slc25a1, Mdh1, Slc25a11 and Slc1a3 results in decreased H3K9 acetyl-
ation, and that acetate supplementation could compensate for these 
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Fig. 3 | The malate–aspartate shuttle and mitochondrial citrate 
export are required for histone acetylation and proliferation in 
differentiating TH1 cells. a, Schematic of the malate–aspartate shuttle and 
mitochondrial citrate export. aKG, α-ketoglutarate; Asp, aspartate; Cit, 
citrate; Glu, glutamate; Mal, malate; OAA, oxaloacetate. b, Intracellular 
IFNγ protein expression in Cas9-expressing CD4 T cells, transduced 
with sgRNAs targeting the indicated enzymes and transporters, cultured 
in TH1 conditions after restimulation at day 5. Graphs show individual 
sgRNAs for each gene as well as the average for all three sgRNAs (n = 2 
or 3 biological replicates). c, d, Total cellular H3K9 acetylation at day 

4 of Cas9-expressing CD4 T cells transduced with sgRNAs against the 
indicated enzymes and transporters, in the absence or presence of 5 nM 
or 20 nM exogenous acetate added 1 day after transduction, cultured in 
TH1 conditions (n = 3 technical replicates). e, f, Heat map summarizing 
downregulated genes determined by RNA-seq for cells expressing Slc25a1-
targeting sgRNA (e) or Slc25a11-targeting sgRNA (f). P < 0.05. EV, empty 
vector; KO, knockout. Representative plots and a graph summarizing the 
results of at least two independent experiments are shown. Mean and s.d. 
of replicates are presented on summarized plots and unpaired, two-sided 
t-test used to determine significance. *P < 0.05, **P < 0.01, ***P < 0.001.
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Extended Data Fig. 10 | See next page for caption.
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Distinct modes of mitochondrial metabolism 
uncouple T cell differentiation and function
Will Bailis1,2,12, Justin A. Shyer1,12, Jun Zhao1,3,4, Juan Carlos Garcia Canaveras5,6,7, Fatimah J. Al Khazal8, Rihao Qu1,3,4,  
Holly R. Steach1, Piotr Bielecki1, Omair Khan1, Ruaidhri Jackson1, Yuval Kluger3,4,9, Louis J. Maher III8, Joshua Rabinowitz5,6,7, 
Joe Craft1,10* & Richard A. Flavell1,11*

Activated CD4 T cells proliferate rapidly and remodel epigenetically 
before exiting the cell cycle and engaging acquired effector 
functions. Metabolic reprogramming from the naive state is 
required throughout these phases of activation1. In CD4 T cells, 
T-cell-receptor ligation—along with co-stimulatory and cytokine 
signals—induces a glycolytic anabolic program that is required for 
biomass generation, rapid proliferation and effector function2. CD4 
T cell differentiation (proliferation and epigenetic remodelling) and 
function are orchestrated coordinately by signal transduction and 
transcriptional remodelling. However, it remains unclear whether 
these processes are regulated independently of one another by 
cellular biochemical composition. Here we demonstrate that distinct 
modes of mitochondrial metabolism support differentiation and 
effector functions of mouse T helper 1 (TH1) cells by biochemically 
uncoupling these two processes. We find that the tricarboxylic 
acid cycle is required for the terminal effector function of TH1 
cells through succinate dehydrogenase (complex II), but that the 
activity of succinate dehydrogenase suppresses TH1 cell proliferation 
and histone acetylation. By contrast, we show that complex I of 
the electron transport chain, the malate–aspartate shuttle and 
mitochondrial citrate export are required to maintain synthesis 
of aspartate, which is necessary for the proliferation of T helper 
cells. Furthermore, we find that mitochondrial citrate export and 
the malate–aspartate shuttle promote histone acetylation, and 
specifically regulate the expression of genes involved in T cell 
activation. Combining genetic, pharmacological and metabolomics 
approaches, we demonstrate that the differentiation and terminal 
effector functions of T helper cells are biochemically uncoupled. 
These findings support a model in which the malate–aspartate 
shuttle, mitochondrial citrate export and complex I supply the 
substrates needed for proliferation and epigenetic remodelling early 
during T cell activation, whereas complex II consumes the substrates 
of these pathways, which antagonizes differentiation and enforces 
terminal effector function. Our data suggest that transcriptional 
programming acts together with a parallel biochemical network to 
enforce cell state.

T cells require mitochondrial metabolism as they exit from the naive 
cell state to become activated, and as they return to being resting memory  
cells; however, the role of mitochondrial metabolism in the differ-
entiation and function of effector T cells is less well-understood3–5. 
Metabolite tracing studies have revealed that, whereas activated T cells 
use glutamine for the anaplerosis of α-ketoglutarate, activated cells 
decrease the rate of pyruvate entry into the mitochondria in favour of 
lactate fermentation5,6. Despite the decreased utilization of glucose- 
derived carbon for mitochondrial metabolism, the tricarboxylic 
acid (TCA) cycle has previously been shown to contribute to IFNγ 

production by increasing cytosolic acetyl-CoA pools via mitochon-
drial citrate export7. Additionally, the TCA cycle can contribute to the 
electron transport chain (ETC) by generating NADH and succinate 
to fuel complex I and complex II, respectively. However, the role of 
the ETC in the later stages of T cell activation is poorly characterized. 
To test the contribution of the TCA cycle to the function of effector 
T cells, we treated cells cultured in TH1 conditions with the TCA-cycle 
inhibitor sodium fluoroacetate8. We titrated sodium fluoroacetate or 
the glycolysis inhibitor 2-deoxy-d-glucose (2DG; an inhibitor of TH1 
cell activation, used as a positive control) at day 1 of T cell culture, 
and assayed cell proliferation at day 3 or the expression of the Ifng-
Katushka reporter at day 5. Although 2DG was a more-potent inhibitor 
than sodium fluoroacetate at lower doses, both inhibitors impaired 
Ifng transcription (Fig. 1a) and T cell proliferation (Fig. 1b) in a dose- 
dependent manner, which suggests that the activity of TCA-cycle 
enzymes is required for optimal TH1 cell activation.

To evaluate which processes downstream of the TCA cycle contribute 
to the role of the TCA cycle in T-helper-cell proliferation and function, 
we treated TH1 cells with inhibitors of the ETC overnight on day 2 
(to evaluate proliferation) or overnight on day 4 (to evaluate cytokine 
production), and analysed cells the following day. Unlike impairing 
glycolysis with 2DG or the TCA cycle with sodium fluoroacetate, which 
resulted in a block of both proliferation and function, we observed a 
dichotomy in the role of the ETC in supporting each of these processes. 
Although the inhibition of complex II did not impair proliferation, 
blocking complex I and complex III resulted in a decrease in the number  
of divided cells; treatment with oligomycin displayed a modest but 
significant effect (Fig. 1c). Importantly, viability was not affected upon 
acute inhibition of ETC complexes (Extended Data Fig. 1a). Consistent 
with this observation, treatment with rotenone or antimycin A on day 
2 resulted in cell-cycle arrest at the G2 or M phase, whereas treatment 
with dimethyl malonate (DMM) or oligomycin did not alter cell-cycle 
status (Extended Data Fig. 1b). Similar to cells cultured in TH1 con-
ditions, cells cultured in TH2 or TH17 conditions displayed defects 
in proliferation and an altered cell cycle when treated with rotenone 
(Extended Data Fig. 2a, b, e, f), which suggests that complex I supports 
cell division regardless of the cytokine environment.

Further illustrating distinct roles for complex I and complex II in 
T-helper-cell proliferation and function, we observed that the ATP 
citrate lysase (ACLY) inhibitor BMS-303141 significantly decreased 
IFNγ production, consistent with previous work7, whereas the effect 
of inhibition of complex I or ATP synthase with rotenone or oligomy-
cin, respectively, was not significant. By contrast, impairing complex II 
activity with DMM, or complex III activity with antimycin A, signifi-
cantly reduced IFNγ production to levels below those observed with 
BMS-303141 (Fig. 1d). Together, these observations suggest that the 
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(Medzhitov, 2007). Acetylation of cytoplasmic proteins, and in
particular metabolic enzymes, has recently been identified as a
major post-translational modification determining cellular func-
tion (Guan and Xiong, 2011; Mowen and David, 2014; Zhao
et al., 2010). The unanswered question is whether extracellular
abundance of free acetate released in response to metabolic
stress directly affects the acetylation-status of cytoplasmic
enzymes and tunes lymphocyte function. Here we show that
stress-levels of acetate, released in the context of infections,
are critical to optimize memory CD8+ T cell responses.

RESULTS

Acetate Is Transiently Increased during Systemic
Bacterial Infections in Mice
In order to get an estimate of the acetate concentrations human
and murine T cells are exposed to in vivo, we first quantified
acetate in the respective sera. As reported previously (Tollinger
et al., 1979), acetate was abundant in all sera assessed, with
mean concentrations around 1 mM (ranging from 0.1 to 3 mM)
(Figure 1A). Acetate was not detected in any of the cell culture
media also tested (RPMI 1640, DMEM, unbuffered RPMI 1640)
(Figure 1A). Acetate concentrations did not differ between sera
obtained from germ-free and colonized mice, establishing that
systemic acetate does not depend on acetate production via
fermentation by gut bacteria (Arpaia et al., 2013).
To explore whether infection can cause metabolic stress suf-

ficient to modulate systemic acetate concentrations, we next

quantified acetate in the sera of mice acutely infected with Liste-
ria monocytogenes expressing ovalbumin (LmOVA). By 4 hr after
infection, acetate concentrations were above baseline, andwere
further increased by 24 hr post-infection and returning to base-
line levels by day 7 post-infection (Figures 1B and 1C). To assess
whether this increase was specific to LmOVA, we also quantified
acetate in the serum of mice infected with Salmonella typhimu-
rium, another pathogen known to cause severe infection in
mice (Lee et al., 2012). Again, increased systemic acetate
concentrations were observed after infection (Figure 1D). Lastly,
we determined serum acetate concentrations in germ-free
mice challenged intravenously (i.v.) with Escherichia coli. In this
model, acetate began to increase between 3 and 6 hr post-infec-
tion (Figure 1E). The concentrations of acetate reached 2–5 mM
in all infectionmodels. To exclude the challenge-dose of bacteria
as the primary source of increased acetate during infection, we
quantified acetate in the serum of mice infected with E. coli
harboring a mutation in phosphotransacetylase (pta), which re-
duces their capacity to produce acetate by >10-fold (Figure S1A)
(Castaño-Cerezo et al., 2009). As expected from the literature
(Kim et al., 2006), the Dpta strain showed a slight decrease in
systemic survival (Figure S1B). Nonetheless, acetate was simi-
larly increased in wild-type and Dpta-infected mice—indicative
of endogenous acetate production by the host due to the acute
metabolic stress induced by systemic infection (Figure S1C).
Both in the L. monocytogenes and S. typhimurium infection
models, serum acetate concentrations correlated with the bac-
terial burden in the liver (Figure S1D). On the other hand, organ
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B Figure 1. Acetate Is a Systemic Acute Phase
Metabolite
(A) Serum acetate concentrations in germ-free

mice (GF), germ-free mice colonized for 28 days

with E. coli, S. xylosus, and E. faecalis (Triple), mice

harboring a low-complexity microbiota (LCM),

conventional SPF-mice (SPF), healthy human

blood donors (Hum), and acetate concentrations in

standard cell culture medium (RPMI 1640, DMEM,

and unbuffered RPMI 1640, Med) with and without

10% fetal calf serum (FCS). Dashed line represents

lower limit of detection.

(B) Serum acetate concentrations following i.v.

infection with 5,000 CFU Listeria monocytogenes.

(C) Serum acetate concentrations in SPF mice 4 hr

(blue dots) and 24 hr (red triangles) after Listeria

monocytogenes-infection (105 CFU), normalized to

uninfected controls (black circles).

(D) Serum acetate concentrations in germ-free

mice 48 hr after oral infection with 102 CFU Sal-

monella typhimurium UK1 (red triangles), normal-

ized to the mean of uninfected controls (black

circles).

(E) Serum acetate concentrations in germ-free

mice 3 hr (blue dots) and 6 hr (red triangles) after

i.v. infection with 107 E. coli JM83, normalized to

baseline levels before infection (black circles).

Each dot represents one mouse or human, bars

indicate means of pooled data. One-way ANOVA

(B and C), unpaired t test (D), and Friedman test

(E) were used to compare groups. *p < 0.05, ***p <

0.001, ****p < 0.0001. See also Figure S1.
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Figure 3. Acetate Is Taken Up by OT-I Memory T Cells and Contributes to the Cellular Acetyl-CoA Pool
(A) Control (black dots) and 3 day acetate-exposed (blue triangles) OT-I memory T cells were incubated with 3H-acetate or medium control for 6 min, and

b-radioactivity in cell lysates measured by liquid scintillation counting.

(B) Representative OCR (left panel) and ECAR (right panel) measurements after ‘‘in Seahorse’’ injection of 5mMacetate (blue) ormedium control (black), in control

(filled symbols) or 3 day acetate-exposed (open symbols) OT-I memory T cells.

(C) Acetyl-CoA concentration in whole cell lysates of control (black dots), or 24 hr (orange circles) and 3 day (blue triangles) acetate-exposedOT-I memory T cells,

as determined using a fluorimetric assay.

(D) Metabolic tracing analysis of OT-I memory T cells after 6 hr exposure to 13C-glucose (open bars) or unlabeled glucose plus 13C-acetate (blue bars). The x axis

shows the number of 13C per respective metabolite. Depicted are pooled data from two independent experiments with cells from n = 3 mice each.

(E) Percentage of IFN-g positive OT-I memory T cells 4 hr after re-stimulation with medium control (Ctr), 10 mM of the APLs G4 and R7, or OVA peptide, as

determined by ICS. The ATP-citrate lyase inhibitor SB-204990 was added during the 3 day acetate exposure in the indicated concentrations (open symbols).

(legend continued on next page)
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memory CD8+ T cells (Figures S5D and S5E) and was well toler-
ated. However, in vivo acetate treatment resulted in increased
glucose metabolism and IFN-g production upon polyclonal
and cognate re-activation of memory CD8+ T cells (Figures 5E–
5H, and Figure S5F). In agreement with the observation that,
upon bacterial infection, acetate concentrations were selectively
increasing in the blood circulation (Figure 1B and Figures S1E
and S1F), we found that the effect of acetate stress-levels was
confined to the EM CD8+ T cell compartment (Figure 5G). This
was further confirmed in FACS-sorted human EM CD8+ T cells,
treated with 5 mM acetate for 3 days, and re-activated with
anti-CD3/CD28 monoclonal antibody (mAb) (Figure 5I).
Finally, we aimed to elucidatewhether this acetate-augmented

functionality would yield better immune-control in vivo. To inves-
tigate this, we infected mice with LmOVA following adoptive
transfer of acetate-exposed and control OT-I memory T cells.
In linewith the in vitro recall data, at 4 hr post-infection (28 hr after
transferring OT-I memory T cells [5 3 105 cells/mouse]) IFN-g

serum concentrations were significantly increased in mice that
had received acetate-exposed OT-I cells (Figure 5J). IFN-g plays
an important role in Listeria monocytogenes immunological con-
trol (Pamer, 2004). Indeed, transferring as few as 1 3 105 OT-I
memory T cells resulted in better immune control in the livers of
mice that had received acetate-exposed OT-I memory T cells
(Figure 5K, left panel). In the spleen, where the bacterial load is
typically much higher, immune control by acetate-exposed
OT-I memory T cells was also improved, but required the transfer
of five-times more OT-I memory T cells (Figure 5K, right panel).
Together these data established that acetate-augmented
memory T cells were functionally superior to acetate-deprived
counterparts also in vivo.

DISCUSSION

A rapid shift to systemic catabolism is a hallmark of acute infec-
tion (Beisel, 1975). During catabolic stress, several tissues
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Figure 4. Acetate Assimilation Drives Acetylation of GAPDH
(A) Representative Western blot from whole-protein extracts of control (Ctr, black dots) and 3 day acetate-exposed (Ac, blue triangles) OT-I memory T cells,

probed for GAPDH and Actin. GAPDH protein concentration was quantified and normalized to Actin (middle). Gapdh mRNA normalized to 18S and control

memory cells, determined by RT PCR, are shown in the right panel.

(B) GAPDH activity measured in cell lysates of control (Ctr, black dots) and 3 day acetate-exposed (Ac, blue triangles) OT-I memory T cells in the presence (open

symbols) or absence (filled symbols) of 5 mM garcinol for 3 days.

(C) Western blot analysis of whole-protein extracts of control and 3 day acetate-exposed OT-I memory T cells probed for acetylated-lysine. Left panel: repre-

sentative blot; right panel: pooled data (n = 9 independent experiments) (Ctr, black dots; Ac, blue triangles). Bands were quantified and normalized to Actin and

fold-change over control OT-I memory T cells determined.

(D) GAPDH was immunoprecipitated in n = 3 control and n = 3 OT-I memory T cells exposed to acetate for 3 days, each. The figure represents detection of an

acetylated peptide (K217) (green) in GAPDH among acetate-exposed but not control OT-I memory T cells. Yellow indicates coverage.

(E) GAPDH activity in mouse fibroblasts transfected with wild-type (blue triangles) or K/A 217 mutated (black dots) GAPDH for 48–96 hr. To test for overall

acetylation-dependency of GAPDH activity, we treated cell lysates with the bacterial de-acetylase CobB (open symbols) or buffer control (filled symbols) for 1 hr.

Each dot represents data obtained from cells isolated from one mouse, bars indicate means of pooled data. One-way ANOVA (B and E), unpaired t test

(A, protein), and Wilcoxon matched-pairs signed rank test (A, mRNA) and (C) were used to compare groups. **p < 0.01, ****p < 0.0001, ns = not significant. See

also Figure S4.
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and cognate re-activation of memory CD8+ T cells (Figures 5E–
5H, and Figure S5F). In agreement with the observation that,
upon bacterial infection, acetate concentrations were selectively
increasing in the blood circulation (Figure 1B and Figures S1E
and S1F), we found that the effect of acetate stress-levels was
confined to the EM CD8+ T cell compartment (Figure 5G). This
was further confirmed in FACS-sorted human EM CD8+ T cells,
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anti-CD3/CD28 monoclonal antibody (mAb) (Figure 5I).
Finally, we aimed to elucidatewhether this acetate-augmented
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transferring OT-I memory T cells [5 3 105 cells/mouse]) IFN-g
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had received acetate-exposed OT-I cells (Figure 5J). IFN-g plays
an important role in Listeria monocytogenes immunological con-
trol (Pamer, 2004). Indeed, transferring as few as 1 3 105 OT-I
memory T cells resulted in better immune control in the livers of
mice that had received acetate-exposed OT-I memory T cells
(Figure 5K, left panel). In the spleen, where the bacterial load is
typically much higher, immune control by acetate-exposed
OT-I memory T cells was also improved, but required the transfer
of five-times more OT-I memory T cells (Figure 5K, right panel).
Together these data established that acetate-augmented
memory T cells were functionally superior to acetate-deprived
counterparts also in vivo.

DISCUSSION
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(A) Representative Western blot from whole-protein extracts of control (Ctr, black dots) and 3 day acetate-exposed (Ac, blue triangles) OT-I memory T cells,

probed for GAPDH and Actin. GAPDH protein concentration was quantified and normalized to Actin (middle). Gapdh mRNA normalized to 18S and control

memory cells, determined by RT PCR, are shown in the right panel.

(B) GAPDH activity measured in cell lysates of control (Ctr, black dots) and 3 day acetate-exposed (Ac, blue triangles) OT-I memory T cells in the presence (open

symbols) or absence (filled symbols) of 5 mM garcinol for 3 days.

(C) Western blot analysis of whole-protein extracts of control and 3 day acetate-exposed OT-I memory T cells probed for acetylated-lysine. Left panel: repre-

sentative blot; right panel: pooled data (n = 9 independent experiments) (Ctr, black dots; Ac, blue triangles). Bands were quantified and normalized to Actin and

fold-change over control OT-I memory T cells determined.

(D) GAPDH was immunoprecipitated in n = 3 control and n = 3 OT-I memory T cells exposed to acetate for 3 days, each. The figure represents detection of an

acetylated peptide (K217) (green) in GAPDH among acetate-exposed but not control OT-I memory T cells. Yellow indicates coverage.

(E) GAPDH activity in mouse fibroblasts transfected with wild-type (blue triangles) or K/A 217 mutated (black dots) GAPDH for 48–96 hr. To test for overall

acetylation-dependency of GAPDH activity, we treated cell lysates with the bacterial de-acetylase CobB (open symbols) or buffer control (filled symbols) for 1 hr.

Each dot represents data obtained from cells isolated from one mouse, bars indicate means of pooled data. One-way ANOVA (B and E), unpaired t test

(A, protein), and Wilcoxon matched-pairs signed rank test (A, mRNA) and (C) were used to compare groups. **p < 0.01, ****p < 0.0001, ns = not significant. See

also Figure S4.
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performed RNA sequencing (RNA-seq) analysis on T cells after
PMA-ionomycin restimulation. Principal-component analysis
revealed that the most significant changes in gene expression
correlated to the length of time in culture, whereas, by compar-
ison, acetate supplementation had a limited effect on the tran-
scriptional profiles (Figure 3C). Focusing on analysis of different
time points, we found that acetate supplementation substantially
affected the transcriptional landscape of cells cultured in 1 mM
glucose, with 1,109 differentially expressed genes (DEGs) on
day 5 and 461 DEGs on day 9, between the conditions (Fig-
ure 3D). A cohort of 151 DEGs was commonly regulated by
acetate at both time points (Figure 3D). To assess whether
acetate had any transcriptional effect on effector T cell function,
we performed a gene ontology analysis of the DEGs identified
in Figure 3D and concentrated on the top 5 enriched pathways
in each group (Figure 3E). We identified a cohort of restimula-
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Figure 2. Acetate Is Incorporated into His-
tones and Enhances Histone Acetylation in
Glucose-Restricted T Cells
(A) Quantification of [1,2-14C] acetate-derived 14C

incorporation in histones extracted from T cells

cultured in 10 mM glucose medium. Mean ± SEM;

n = 2 independent experiments.

(B) Western blot analysis of global histone acety-

lation (acetylated histones H3 and H4) in T cells

treated as described in Figure 1A. Data are

representative of n = 2 independent experiments.

(C) Western blot analysis of H3K9-14 and H3K27

acetylation in T cells treated as described in Fig-

ure 1A. Data are representative of n = 2 indepen-

dent experiments.

(D) Genome-wide chromatin immunoprecipitation

sequencing (ChIP-seq) analysis of acetylation of

H3K27 in T cells treated as described in Figure 1A.

On the y axis, every line represents the acetylation

profile of a specific gene. Genes were clustered

according to the H3K27 acetylation profile pattern.

Reported on the x axis is the distance from the

transcription start site (TSS) of every gene. The

bars on the side of each graph represent the fold

enrichment, following a color scheme (orange,

high enrichment; blue, low enrichment). n = 2

biological replicates.

(E) Global representation of the data shown in (D)

(day 9) as an enrichment profile. Culture conditions

are reported in the color legend. On the y axis, the

fold enrichment is shown. Reported on the x axis is

the distance from the TSS.

tion-associated genes belonging to im-
mune response-related pathways whose
expression was enhanced by acetate.
Among those, we found genes encoding
for IFN-g, granzymes, tumor necrosis
factor (TNF), and the transcription factor
T-bet (Tbx21), which controls IFN-g
expression (Szabo et al., 2000; Figure 3E).
Of note, acetate increased the expres-
sion of some of these transcripts, such
as Tnf and Tbx21, only at day 9, suggest-

ing that acetate can have additional effects on T cell effector
function after prolonged glucose restriction.

Ex Vivo Acetate Treatment Enhances IFN-g Production
in Exhausted T Cells
Our in vitro culture model allowed us to tightly control glucose
availability. However, we next aimed to obtain more direct in vivo
evidence to support our findings. To this end, we isolated tumor-
infiltrating lymphocytes (TILs) from B16 melanoma tumors
21 days after subcutaneous implantation in mice (Figure 4A)
and treated them with or without supplemental acetate ex vivo.
Based on earlier work (Chang et al., 2015; Ho et al., 2015), we
reasoned that, at this later time point, TILs would have experi-
enced prolonged glucose restriction and shown some hypores-
ponsive phenotypes analogous to T cells cultured in 1 mM
glucose. Indeed, as in T cells cultured under glucose restriction
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TCR activation by inducing cellular membrane  depolarization 
(increased Vm) with subsequent dissipation of the electromotive force 
driving Ca2+ entry. However, we could not detect any changes in 
TCR-induced Ca2+ flux in the presence of isotonic elevations in [K+]e 
(40 mM) (Fig. 2c and Extended Data Fig. 3a). Additionally, elevated 
[K+]e did not affect the phosphorylation of Zap70, Erk1/2 or PLCγ 1,  
or global tyrosine phosphorylation, following TCR ligation (Fig. 2d 
and Extended Data Fig. 3b, c). However, elevated [K+]e did reduce 
TCR-induced phosphorylation of Akt and serine/threonine residues 
targeted by Akt (Fig. 2e–g and Extended Data Fig. 3d), including mTOR 
and the ribosomal protein S6 (Fig. 2f, g and Extended Data Fig. 3d). 
Suppression of Akt–mTOR signalling by elevated [K+]e was noticeable 
at later time points (Extended Data Fig. 3e), was not replicated by other 

osmolytes (Extended Data Fig. 4a) and was apparent in  conditions of 
hypertonic hyperkalaemia (Extended Data Fig. 4b). Consistent with 
a role in limiting Akt–mTOR activity20, elevated [K+]e  inhibited 
TCR-induced nutrient consumption (Extended Data Fig. 4c, d) and 
CD4+ polarization to effector lineages (Extended Data Fig. 4e, f) and 
 promoted the induction of Foxp3+ CD4+ T cells (Extended Data  
Fig. 4g). We therefore conclude that elevated [K+]e limits TCR-driven 
effector function via suppression of the Akt–mTOR pathway.

We next aimed to determine how elevated [K+]e suppresses TCR-
induced Akt–mTOR phosphorylation. First, we hypothesized that 
elevated [K+]e inhibits PI3K activity. However, elevated [K+]e had no 
effect on TCR-induced phosphatidylinositol-3-phosphate (PtdIns3P) 
accumulation (Fig. 2h), indicating that K+-mediated suppression of 
Akt signalling was downstream of PI3K activation. Regulation of Akt 
activity downstream of PI3K is carried out, in part, by serine/threonine 
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Figure 1 | Elevated [K+] within TIF silences the TCR-induced anti-
tumour function of mouse and human T cells. a, b, Ratiometric 
representation of TIF to serum values for the indicated ions from mouse 
(a) and human (b) tumour tissue. c, Linear regression and 95% CI best  
fit line representing the relationship between TIF [K+] and annexin  
V+ cells per g of tumour. Significance calculated by Pearson’s correlation 
coefficient. d, Extracellular concentration of electrolytes following 
induction of cell death as indicated for mouse (left) and human (right) 
tumour cell lines. e–i Anti-CD3 and -CD28 (anti-CD3/CD28)-based 
activation of CD8+ mouse T cells in the indicated conditions with 
representative flow cytometry (e), additional [K+]e equal to 40 mM unless 
otherwise indicated and quantification (f–i). j, Human TILs stimulated in 
the indicated conditions with mutated neo-antigen peptide-pulsed target 
cells (autologous B cells), additional [K+]e =  50 mM. Centre values and 
error bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001; 
* * * * P <  0.0001 between selected relevant comparisons, f, g two-way 
ANOVA; h, i, two-tailed Student’s t-tests. a, c, n =  18 biological replicates; 
b, n =  5 biological replicates; d, n =  4 culture replicates; e–i, n =  3 culture 
replicates per condition; j, n =  3 culture replicates; representative of three 
(e–g) or two (h–j) independent experiments.
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Figure 2 |[K+]e inhibits TCR-induced transcripts and function by 
suppressing Akt–mTOR phosphorylation. a, Pie chart representing 
proportional subpopulations of all transcripts following 2 h re-stimulation 
of purified CD8+ T cells with anti-CD3/CD28. b, Volcano plot of TCR-
induced genes briefly re-stimulated with anti-CD3/CD28 in the indicated 
conditions. c, TCR cross-linking induced calcium flux of CD8+ cells 
as measured by the quotient of Fluo3 and FuraRed fluorescence in the 
indicated conditions. d, Representative phosphoflow cytometry plots 
following TCR cross-linking in the indicated conditions. e, Immunoblot 
analysis of the indicated phospho-residues in CD8+ T cells following  
TCR cross-linking. f, Quantitative phosphoflow analysis of cells activated 
as in c and d with representative flow cytometry in g. h, Quantification of 
the indicated phosphatidylinositol species in CD8+ T cells activated via 
TCR cross-linking in the indicated conditions. Centre values and error 
bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001;  
* * * * P <  0.0001 between selected relevant comparisons, two-way 
ANOVA. c–h, Where noted additional [K+]e =  40 mM. a–c, n =  3 
biological replicates; d, f, n =  3 technical replicates per data point; h, n =  3 
experimental replicates with pooled analysis displayed; d–g, representative 
of at least three independent experiments.
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TCR activation by inducing cellular membrane  depolarization 
(increased Vm) with subsequent dissipation of the electromotive force 
driving Ca2+ entry. However, we could not detect any changes in 
TCR-induced Ca2+ flux in the presence of isotonic elevations in [K+]e 
(40 mM) (Fig. 2c and Extended Data Fig. 3a). Additionally, elevated 
[K+]e did not affect the phosphorylation of Zap70, Erk1/2 or PLCγ 1,  
or global tyrosine phosphorylation, following TCR ligation (Fig. 2d 
and Extended Data Fig. 3b, c). However, elevated [K+]e did reduce 
TCR-induced phosphorylation of Akt and serine/threonine residues 
targeted by Akt (Fig. 2e–g and Extended Data Fig. 3d), including mTOR 
and the ribosomal protein S6 (Fig. 2f, g and Extended Data Fig. 3d). 
Suppression of Akt–mTOR signalling by elevated [K+]e was noticeable 
at later time points (Extended Data Fig. 3e), was not replicated by other 

osmolytes (Extended Data Fig. 4a) and was apparent in  conditions of 
hypertonic hyperkalaemia (Extended Data Fig. 4b). Consistent with 
a role in limiting Akt–mTOR activity20, elevated [K+]e  inhibited 
TCR-induced nutrient consumption (Extended Data Fig. 4c, d) and 
CD4+ polarization to effector lineages (Extended Data Fig. 4e, f) and 
 promoted the induction of Foxp3+ CD4+ T cells (Extended Data  
Fig. 4g). We therefore conclude that elevated [K+]e limits TCR-driven 
effector function via suppression of the Akt–mTOR pathway.

We next aimed to determine how elevated [K+]e suppresses TCR-
induced Akt–mTOR phosphorylation. First, we hypothesized that 
elevated [K+]e inhibits PI3K activity. However, elevated [K+]e had no 
effect on TCR-induced phosphatidylinositol-3-phosphate (PtdIns3P) 
accumulation (Fig. 2h), indicating that K+-mediated suppression of 
Akt signalling was downstream of PI3K activation. Regulation of Akt 
activity downstream of PI3K is carried out, in part, by serine/threonine 
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Figure 1 | Elevated [K+] within TIF silences the TCR-induced anti-
tumour function of mouse and human T cells. a, b, Ratiometric 
representation of TIF to serum values for the indicated ions from mouse 
(a) and human (b) tumour tissue. c, Linear regression and 95% CI best  
fit line representing the relationship between TIF [K+] and annexin  
V+ cells per g of tumour. Significance calculated by Pearson’s correlation 
coefficient. d, Extracellular concentration of electrolytes following 
induction of cell death as indicated for mouse (left) and human (right) 
tumour cell lines. e–i Anti-CD3 and -CD28 (anti-CD3/CD28)-based 
activation of CD8+ mouse T cells in the indicated conditions with 
representative flow cytometry (e), additional [K+]e equal to 40 mM unless 
otherwise indicated and quantification (f–i). j, Human TILs stimulated in 
the indicated conditions with mutated neo-antigen peptide-pulsed target 
cells (autologous B cells), additional [K+]e =  50 mM. Centre values and 
error bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001; 
* * * * P <  0.0001 between selected relevant comparisons, f, g two-way 
ANOVA; h, i, two-tailed Student’s t-tests. a, c, n =  18 biological replicates; 
b, n =  5 biological replicates; d, n =  4 culture replicates; e–i, n =  3 culture 
replicates per condition; j, n =  3 culture replicates; representative of three 
(e–g) or two (h–j) independent experiments.
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Figure 2 |[K+]e inhibits TCR-induced transcripts and function by 
suppressing Akt–mTOR phosphorylation. a, Pie chart representing 
proportional subpopulations of all transcripts following 2 h re-stimulation 
of purified CD8+ T cells with anti-CD3/CD28. b, Volcano plot of TCR-
induced genes briefly re-stimulated with anti-CD3/CD28 in the indicated 
conditions. c, TCR cross-linking induced calcium flux of CD8+ cells 
as measured by the quotient of Fluo3 and FuraRed fluorescence in the 
indicated conditions. d, Representative phosphoflow cytometry plots 
following TCR cross-linking in the indicated conditions. e, Immunoblot 
analysis of the indicated phospho-residues in CD8+ T cells following  
TCR cross-linking. f, Quantitative phosphoflow analysis of cells activated 
as in c and d with representative flow cytometry in g. h, Quantification of 
the indicated phosphatidylinositol species in CD8+ T cells activated via 
TCR cross-linking in the indicated conditions. Centre values and error 
bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001;  
* * * * P <  0.0001 between selected relevant comparisons, two-way 
ANOVA. c–h, Where noted additional [K+]e =  40 mM. a–c, n =  3 
biological replicates; d, f, n =  3 technical replicates per data point; h, n =  3 
experimental replicates with pooled analysis displayed; d–g, representative 
of at least three independent experiments.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Fig. 1. Increased [K+]e limits nutrient
uptake and triggers functional caloric
restriction in Tcells. (A) Experimental
setup for activation of CD8+ Tcells in the
indicated conditions: control (regular media;
5 mM K+) or ↑[K+]e (an additional 40 mM K+).
(B and C) Quantification of glycolysis
metabolites (B) and amino acids (C) by liquid
chromatography and mass spectrometry in
the indicated conditions (data shown are
means ± SEM of six replicates per condition).
(D) 2-NBDG uptake in the indicated
conditions with representative histograms
and quantification. (E) Representative fluorescence-activated cell sorting
(FACS) histogram, quantification, and confocal images showing reduced
BODIPY FLC16 uptake in ↑[K+]e versus control Tcells. In (D) and (E),
values indicate average geometric mean fluorescence intensity; data are
means ± SEM and are representative of two independent experiments.
See fig. S1B for confocal quantifications. (F) Schematic of necrotic tumors (pink)
liberating intracellular potassium into the tumor interstitial fluid.This disrupts
the electrochemical gradient and limits the ability of Tcells to take up nutrients
(blue, purple, and red symbols), resulting in functional caloric restriction.
(G) Left: Heat map shows relative abundance of profiled metabolites in
Tcells under control and ↑[K+]e conditions. Right: Quantifications highlight the

subset of lipid species enriched involving autophagy flux. Data aremeans ±SEM
of six replicates per conditionper condition. (H) Volcano plot representing
decreased glycolysis metabolites (black) and enrichment of Kennedy inter-
mediates (red). Metabolite abundance is represented as relative change
(x axis) versus significance (y axis). (I) Schematic of the molecular pathways
involved in autophagy and the role of Kennedy pathway components in LC3
lipidation for phagophore formation. (J) GSEA of ↑[K+]e versus control
transcriptional profile compared with wild-type versus Atg7 KO datasets
(GSE57047). NES, normalized enrichment score. All metabolomic data are
means ± SEM of six replicates per condition. **P < 0.01, ***P < 0.001,
****P < 0.0001 (two-tailed t tests).
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TCR activation by inducing cellular membrane  depolarization 
(increased Vm) with subsequent dissipation of the electromotive force 
driving Ca2+ entry. However, we could not detect any changes in 
TCR-induced Ca2+ flux in the presence of isotonic elevations in [K+]e 
(40 mM) (Fig. 2c and Extended Data Fig. 3a). Additionally, elevated 
[K+]e did not affect the phosphorylation of Zap70, Erk1/2 or PLCγ 1,  
or global tyrosine phosphorylation, following TCR ligation (Fig. 2d 
and Extended Data Fig. 3b, c). However, elevated [K+]e did reduce 
TCR-induced phosphorylation of Akt and serine/threonine residues 
targeted by Akt (Fig. 2e–g and Extended Data Fig. 3d), including mTOR 
and the ribosomal protein S6 (Fig. 2f, g and Extended Data Fig. 3d). 
Suppression of Akt–mTOR signalling by elevated [K+]e was noticeable 
at later time points (Extended Data Fig. 3e), was not replicated by other 

osmolytes (Extended Data Fig. 4a) and was apparent in  conditions of 
hypertonic hyperkalaemia (Extended Data Fig. 4b). Consistent with 
a role in limiting Akt–mTOR activity20, elevated [K+]e  inhibited 
TCR-induced nutrient consumption (Extended Data Fig. 4c, d) and 
CD4+ polarization to effector lineages (Extended Data Fig. 4e, f) and 
 promoted the induction of Foxp3+ CD4+ T cells (Extended Data  
Fig. 4g). We therefore conclude that elevated [K+]e limits TCR-driven 
effector function via suppression of the Akt–mTOR pathway.

We next aimed to determine how elevated [K+]e suppresses TCR-
induced Akt–mTOR phosphorylation. First, we hypothesized that 
elevated [K+]e inhibits PI3K activity. However, elevated [K+]e had no 
effect on TCR-induced phosphatidylinositol-3-phosphate (PtdIns3P) 
accumulation (Fig. 2h), indicating that K+-mediated suppression of 
Akt signalling was downstream of PI3K activation. Regulation of Akt 
activity downstream of PI3K is carried out, in part, by serine/threonine 
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Figure 1 | Elevated [K+] within TIF silences the TCR-induced anti-
tumour function of mouse and human T cells. a, b, Ratiometric 
representation of TIF to serum values for the indicated ions from mouse 
(a) and human (b) tumour tissue. c, Linear regression and 95% CI best  
fit line representing the relationship between TIF [K+] and annexin  
V+ cells per g of tumour. Significance calculated by Pearson’s correlation 
coefficient. d, Extracellular concentration of electrolytes following 
induction of cell death as indicated for mouse (left) and human (right) 
tumour cell lines. e–i Anti-CD3 and -CD28 (anti-CD3/CD28)-based 
activation of CD8+ mouse T cells in the indicated conditions with 
representative flow cytometry (e), additional [K+]e equal to 40 mM unless 
otherwise indicated and quantification (f–i). j, Human TILs stimulated in 
the indicated conditions with mutated neo-antigen peptide-pulsed target 
cells (autologous B cells), additional [K+]e =  50 mM. Centre values and 
error bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001; 
* * * * P <  0.0001 between selected relevant comparisons, f, g two-way 
ANOVA; h, i, two-tailed Student’s t-tests. a, c, n =  18 biological replicates; 
b, n =  5 biological replicates; d, n =  4 culture replicates; e–i, n =  3 culture 
replicates per condition; j, n =  3 culture replicates; representative of three 
(e–g) or two (h–j) independent experiments.
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Figure 2 |[K+]e inhibits TCR-induced transcripts and function by 
suppressing Akt–mTOR phosphorylation. a, Pie chart representing 
proportional subpopulations of all transcripts following 2 h re-stimulation 
of purified CD8+ T cells with anti-CD3/CD28. b, Volcano plot of TCR-
induced genes briefly re-stimulated with anti-CD3/CD28 in the indicated 
conditions. c, TCR cross-linking induced calcium flux of CD8+ cells 
as measured by the quotient of Fluo3 and FuraRed fluorescence in the 
indicated conditions. d, Representative phosphoflow cytometry plots 
following TCR cross-linking in the indicated conditions. e, Immunoblot 
analysis of the indicated phospho-residues in CD8+ T cells following  
TCR cross-linking. f, Quantitative phosphoflow analysis of cells activated 
as in c and d with representative flow cytometry in g. h, Quantification of 
the indicated phosphatidylinositol species in CD8+ T cells activated via 
TCR cross-linking in the indicated conditions. Centre values and error 
bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001;  
* * * * P <  0.0001 between selected relevant comparisons, two-way 
ANOVA. c–h, Where noted additional [K+]e =  40 mM. a–c, n =  3 
biological replicates; d, f, n =  3 technical replicates per data point; h, n =  3 
experimental replicates with pooled analysis displayed; d–g, representative 
of at least three independent experiments.
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Fig. 1. Increased [K+]e limits nutrient
uptake and triggers functional caloric
restriction in Tcells. (A) Experimental
setup for activation of CD8+ Tcells in the
indicated conditions: control (regular media;
5 mM K+) or ↑[K+]e (an additional 40 mM K+).
(B and C) Quantification of glycolysis
metabolites (B) and amino acids (C) by liquid
chromatography and mass spectrometry in
the indicated conditions (data shown are
means ± SEM of six replicates per condition).
(D) 2-NBDG uptake in the indicated
conditions with representative histograms
and quantification. (E) Representative fluorescence-activated cell sorting
(FACS) histogram, quantification, and confocal images showing reduced
BODIPY FLC16 uptake in ↑[K+]e versus control Tcells. In (D) and (E),
values indicate average geometric mean fluorescence intensity; data are
means ± SEM and are representative of two independent experiments.
See fig. S1B for confocal quantifications. (F) Schematic of necrotic tumors (pink)
liberating intracellular potassium into the tumor interstitial fluid.This disrupts
the electrochemical gradient and limits the ability of Tcells to take up nutrients
(blue, purple, and red symbols), resulting in functional caloric restriction.
(G) Left: Heat map shows relative abundance of profiled metabolites in
Tcells under control and ↑[K+]e conditions. Right: Quantifications highlight the

subset of lipid species enriched involving autophagy flux. Data aremeans ±SEM
of six replicates per conditionper condition. (H) Volcano plot representing
decreased glycolysis metabolites (black) and enrichment of Kennedy inter-
mediates (red). Metabolite abundance is represented as relative change
(x axis) versus significance (y axis). (I) Schematic of the molecular pathways
involved in autophagy and the role of Kennedy pathway components in LC3
lipidation for phagophore formation. (J) GSEA of ↑[K+]e versus control
transcriptional profile compared with wild-type versus Atg7 KO datasets
(GSE57047). NES, normalized enrichment score. All metabolomic data are
means ± SEM of six replicates per condition. **P < 0.01, ***P < 0.001,
****P < 0.0001 (two-tailed t tests).
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TCR activation by inducing cellular membrane  depolarization 
(increased Vm) with subsequent dissipation of the electromotive force 
driving Ca2+ entry. However, we could not detect any changes in 
TCR-induced Ca2+ flux in the presence of isotonic elevations in [K+]e 
(40 mM) (Fig. 2c and Extended Data Fig. 3a). Additionally, elevated 
[K+]e did not affect the phosphorylation of Zap70, Erk1/2 or PLCγ 1,  
or global tyrosine phosphorylation, following TCR ligation (Fig. 2d 
and Extended Data Fig. 3b, c). However, elevated [K+]e did reduce 
TCR-induced phosphorylation of Akt and serine/threonine residues 
targeted by Akt (Fig. 2e–g and Extended Data Fig. 3d), including mTOR 
and the ribosomal protein S6 (Fig. 2f, g and Extended Data Fig. 3d). 
Suppression of Akt–mTOR signalling by elevated [K+]e was noticeable 
at later time points (Extended Data Fig. 3e), was not replicated by other 

osmolytes (Extended Data Fig. 4a) and was apparent in  conditions of 
hypertonic hyperkalaemia (Extended Data Fig. 4b). Consistent with 
a role in limiting Akt–mTOR activity20, elevated [K+]e  inhibited 
TCR-induced nutrient consumption (Extended Data Fig. 4c, d) and 
CD4+ polarization to effector lineages (Extended Data Fig. 4e, f) and 
 promoted the induction of Foxp3+ CD4+ T cells (Extended Data  
Fig. 4g). We therefore conclude that elevated [K+]e limits TCR-driven 
effector function via suppression of the Akt–mTOR pathway.

We next aimed to determine how elevated [K+]e suppresses TCR-
induced Akt–mTOR phosphorylation. First, we hypothesized that 
elevated [K+]e inhibits PI3K activity. However, elevated [K+]e had no 
effect on TCR-induced phosphatidylinositol-3-phosphate (PtdIns3P) 
accumulation (Fig. 2h), indicating that K+-mediated suppression of 
Akt signalling was downstream of PI3K activation. Regulation of Akt 
activity downstream of PI3K is carried out, in part, by serine/threonine 
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Figure 1 | Elevated [K+] within TIF silences the TCR-induced anti-
tumour function of mouse and human T cells. a, b, Ratiometric 
representation of TIF to serum values for the indicated ions from mouse 
(a) and human (b) tumour tissue. c, Linear regression and 95% CI best  
fit line representing the relationship between TIF [K+] and annexin  
V+ cells per g of tumour. Significance calculated by Pearson’s correlation 
coefficient. d, Extracellular concentration of electrolytes following 
induction of cell death as indicated for mouse (left) and human (right) 
tumour cell lines. e–i Anti-CD3 and -CD28 (anti-CD3/CD28)-based 
activation of CD8+ mouse T cells in the indicated conditions with 
representative flow cytometry (e), additional [K+]e equal to 40 mM unless 
otherwise indicated and quantification (f–i). j, Human TILs stimulated in 
the indicated conditions with mutated neo-antigen peptide-pulsed target 
cells (autologous B cells), additional [K+]e =  50 mM. Centre values and 
error bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001; 
* * * * P <  0.0001 between selected relevant comparisons, f, g two-way 
ANOVA; h, i, two-tailed Student’s t-tests. a, c, n =  18 biological replicates; 
b, n =  5 biological replicates; d, n =  4 culture replicates; e–i, n =  3 culture 
replicates per condition; j, n =  3 culture replicates; representative of three 
(e–g) or two (h–j) independent experiments.
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Figure 2 |[K+]e inhibits TCR-induced transcripts and function by 
suppressing Akt–mTOR phosphorylation. a, Pie chart representing 
proportional subpopulations of all transcripts following 2 h re-stimulation 
of purified CD8+ T cells with anti-CD3/CD28. b, Volcano plot of TCR-
induced genes briefly re-stimulated with anti-CD3/CD28 in the indicated 
conditions. c, TCR cross-linking induced calcium flux of CD8+ cells 
as measured by the quotient of Fluo3 and FuraRed fluorescence in the 
indicated conditions. d, Representative phosphoflow cytometry plots 
following TCR cross-linking in the indicated conditions. e, Immunoblot 
analysis of the indicated phospho-residues in CD8+ T cells following  
TCR cross-linking. f, Quantitative phosphoflow analysis of cells activated 
as in c and d with representative flow cytometry in g. h, Quantification of 
the indicated phosphatidylinositol species in CD8+ T cells activated via 
TCR cross-linking in the indicated conditions. Centre values and error 
bars represent mean ±  s.e.m. * P <  0.05; * * P <  0.01; * * * P <  0.001;  
* * * * P <  0.0001 between selected relevant comparisons, two-way 
ANOVA. c–h, Where noted additional [K+]e =  40 mM. a–c, n =  3 
biological replicates; d, f, n =  3 technical replicates per data point; h, n =  3 
experimental replicates with pooled analysis displayed; d–g, representative 
of at least three independent experiments.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Vodnala et al., Science 363, eaau0135 (2019) 29 March 2019 2 of 12

Fig. 1. Increased [K+]e limits nutrient
uptake and triggers functional caloric
restriction in Tcells. (A) Experimental
setup for activation of CD8+ Tcells in the
indicated conditions: control (regular media;
5 mM K+) or ↑[K+]e (an additional 40 mM K+).
(B and C) Quantification of glycolysis
metabolites (B) and amino acids (C) by liquid
chromatography and mass spectrometry in
the indicated conditions (data shown are
means ± SEM of six replicates per condition).
(D) 2-NBDG uptake in the indicated
conditions with representative histograms
and quantification. (E) Representative fluorescence-activated cell sorting
(FACS) histogram, quantification, and confocal images showing reduced
BODIPY FLC16 uptake in ↑[K+]e versus control Tcells. In (D) and (E),
values indicate average geometric mean fluorescence intensity; data are
means ± SEM and are representative of two independent experiments.
See fig. S1B for confocal quantifications. (F) Schematic of necrotic tumors (pink)
liberating intracellular potassium into the tumor interstitial fluid.This disrupts
the electrochemical gradient and limits the ability of Tcells to take up nutrients
(blue, purple, and red symbols), resulting in functional caloric restriction.
(G) Left: Heat map shows relative abundance of profiled metabolites in
Tcells under control and ↑[K+]e conditions. Right: Quantifications highlight the

subset of lipid species enriched involving autophagy flux. Data aremeans ±SEM
of six replicates per conditionper condition. (H) Volcano plot representing
decreased glycolysis metabolites (black) and enrichment of Kennedy inter-
mediates (red). Metabolite abundance is represented as relative change
(x axis) versus significance (y axis). (I) Schematic of the molecular pathways
involved in autophagy and the role of Kennedy pathway components in LC3
lipidation for phagophore formation. (J) GSEA of ↑[K+]e versus control
transcriptional profile compared with wild-type versus Atg7 KO datasets
(GSE57047). NES, normalized enrichment score. All metabolomic data are
means ± SEM of six replicates per condition. **P < 0.01, ***P < 0.001,
****P < 0.0001 (two-tailed t tests).
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values indicate average geometric mean fluorescence intensity; data are
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mediates (red). Metabolite abundance is represented as relative change
(x axis) versus significance (y axis). (I) Schematic of the molecular pathways
involved in autophagy and the role of Kennedy pathway components in LC3
lipidation for phagophore formation. (J) GSEA of ↑[K+]e versus control
transcriptional profile compared with wild-type versus Atg7 KO datasets
(GSE57047). NES, normalized enrichment score. All metabolomic data are
means ± SEM of six replicates per condition. **P < 0.01, ***P < 0.001,
****P < 0.0001 (two-tailed t tests).
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indicated conditions: control (regular media;
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(B and C) Quantification of glycolysis
metabolites (B) and amino acids (C) by liquid
chromatography and mass spectrometry in
the indicated conditions (data shown are
means ± SEM of six replicates per condition).
(D) 2-NBDG uptake in the indicated
conditions with representative histograms
and quantification. (E) Representative fluorescence-activated cell sorting
(FACS) histogram, quantification, and confocal images showing reduced
BODIPY FLC16 uptake in ↑[K+]e versus control Tcells. In (D) and (E),
values indicate average geometric mean fluorescence intensity; data are
means ± SEM and are representative of two independent experiments.
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Fig. 2. Tcells exposed to increased [K+]e recycle nutrients via autophagy
during functional caloric restriction. (A) Schematic for monitoring
autophagy flux using retroviral mCherry-eGFP-LC3 construct. (B) Experimental
setup of in vitro culture conditions for activation of pmel CD8+ Tcells with
gp100, followed by retroviral transduction with mCherry-GFP-LC3 construct
at indicated time points. (C) Representative live-cell confocal images defining
the GFP and mCherry puncta in cells treated under the indicated conditions.
See fig. S2B for quantification of confocal images. (D) Representative flow
cytometry plot and quantification of autophagy flux in the indicated conditions
by measuring the loss of GFP in mCherry populations. Data are means ±
SEM and are representative of two independent experiments. (E and
F) Immunoblotdensitometries andquantificationofmouseorhumanCD8+Tcells

for LC3b-I and LC3b-II in control or ↑[K+]e conditions. Quantification of auto-
phagy flux is represented by ratio of LCb3-II/LC3b-I intensities. Data are means
±SEMof three independentWestern blots. (G andH) Immunoblot densitometry
of CD8+ Tcells obtained frommouse or human for phosphor-S6 (Ser235/236)
in control or ↑[K+]e conditions. (I and J) Representative O2 consumption rates
(OCR) of CD8+ pmel transgenicTcells and CD8+ Tcells obtained from fresh
tumor digest of a melanoma patient cultured in control or ↑[K+]e measured in
real time under basal conditions in response to the mitochondrial inhibitors
oligomycin, FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone],
and R&A (rotenone and antimycin). For all relevant panels here and in later
figures, center values and error bars represent means ± SEM. **P < 0.01,
***P < 0.001, ****P < 0.0001 (two-tailed t tests).
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Fig. 2. Tcells exposed to increased [K+]e recycle nutrients via autophagy
during functional caloric restriction. (A) Schematic for monitoring
autophagy flux using retroviral mCherry-eGFP-LC3 construct. (B) Experimental
setup of in vitro culture conditions for activation of pmel CD8+ Tcells with
gp100, followed by retroviral transduction with mCherry-GFP-LC3 construct
at indicated time points. (C) Representative live-cell confocal images defining
the GFP and mCherry puncta in cells treated under the indicated conditions.
See fig. S2B for quantification of confocal images. (D) Representative flow
cytometry plot and quantification of autophagy flux in the indicated conditions
by measuring the loss of GFP in mCherry populations. Data are means ±
SEM and are representative of two independent experiments. (E and
F) Immunoblotdensitometries andquantificationofmouseorhumanCD8+Tcells

for LC3b-I and LC3b-II in control or ↑[K+]e conditions. Quantification of auto-
phagy flux is represented by ratio of LCb3-II/LC3b-I intensities. Data are means
±SEMof three independentWestern blots. (G andH) Immunoblot densitometry
of CD8+ Tcells obtained frommouse or human for phosphor-S6 (Ser235/236)
in control or ↑[K+]e conditions. (I and J) Representative O2 consumption rates
(OCR) of CD8+ pmel transgenicTcells and CD8+ Tcells obtained from fresh
tumor digest of a melanoma patient cultured in control or ↑[K+]e measured in
real time under basal conditions in response to the mitochondrial inhibitors
oligomycin, FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone],
and R&A (rotenone and antimycin). For all relevant panels here and in later
figures, center values and error bars represent means ± SEM. **P < 0.01,
***P < 0.001, ****P < 0.0001 (two-tailed t tests).
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Fig. 2. Tcells exposed to increased [K+]e recycle nutrients via autophagy
during functional caloric restriction. (A) Schematic for monitoring
autophagy flux using retroviral mCherry-eGFP-LC3 construct. (B) Experimental
setup of in vitro culture conditions for activation of pmel CD8+ Tcells with
gp100, followed by retroviral transduction with mCherry-GFP-LC3 construct
at indicated time points. (C) Representative live-cell confocal images defining
the GFP and mCherry puncta in cells treated under the indicated conditions.
See fig. S2B for quantification of confocal images. (D) Representative flow
cytometry plot and quantification of autophagy flux in the indicated conditions
by measuring the loss of GFP in mCherry populations. Data are means ±
SEM and are representative of two independent experiments. (E and
F) Immunoblotdensitometries andquantificationofmouseorhumanCD8+Tcells

for LC3b-I and LC3b-II in control or ↑[K+]e conditions. Quantification of auto-
phagy flux is represented by ratio of LCb3-II/LC3b-I intensities. Data are means
±SEMof three independentWestern blots. (G andH) Immunoblot densitometry
of CD8+ Tcells obtained frommouse or human for phosphor-S6 (Ser235/236)
in control or ↑[K+]e conditions. (I and J) Representative O2 consumption rates
(OCR) of CD8+ pmel transgenicTcells and CD8+ Tcells obtained from fresh
tumor digest of a melanoma patient cultured in control or ↑[K+]e measured in
real time under basal conditions in response to the mitochondrial inhibitors
oligomycin, FCCP [carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone],
and R&A (rotenone and antimycin). For all relevant panels here and in later
figures, center values and error bars represent means ± SEM. **P < 0.01,
***P < 0.001, ****P < 0.0001 (two-tailed t tests).
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Fig. 3. Elevated [K+]e-
mediated metabolic
programming depletes
cytoplasmic AcCoA to
preserve epigenetic
stemness. (A) Schematic
of the molecular pathways
involving compartmentali-
zation of mitochondrial
and cytoplasmic AcCoA.
Model depicts how reduc-
tion in cytoplasmic AcCoA
inhibits acquisition of effec-
tor functions through epi-
genetic changes. (B and
C) Quantifications of total
cellular AcCoA, cyto-
plasmic citrate, and
nucleocytosolic AcCoA
from cells treated in the
indicated conditions. Data
are means ± SEM and are
representative of two
independent experiments
with at least three culture
replicates. (D) Representa-
tive immunoblot showing
reduced protein acetylation
on Lys residues in the indi-
cated conditions, with
quantification at right. Data
are means ± SEM and are
representative of two
independent experiments.
(E) Drosophila DNA spike-
in normalized quantifica-
tions of H3K9Ac and
H3K27Ac enrichment by
ChIP-PCR at the Ifng locus.
Data are means ± SEM and
are representative of two
independent experiments
with at least three culture
replicates. (F) Representa-
tive genomic alignments of
H3K9Ac ChIP-seq and
RNA-seq measurements
showing reduced deposi-
tion of acetylation or tran-
scripts at the Ifng locus
of CD8+ Tcells treated in
the indicated conditions.
Black bars under the tracks
represent the called com-
mon peaks in ↑[K+]e
and control. Black boxes
are sites of acetylation
at transcription start site
(TSS) and enhancer loci. (G) Representative genomic alignments of H3K9Ac
deposition on the inhibitory receptor gene loci Pdcd1 (CD279), CD244
(2B4), Havcr2 (Tim-3), and Klrg1. (H) Left: Volcano plot depicting a subset
of effector genes and inhibitory receptors with reduced H3K9Ac deposition
in ↑[K+]e relative to control Tcells. Right: GSEA with statistical analysis of
effector genes and gene set associated with loss of stemness (Tim3+ versus
CXCR5+ UP). Abundance is represented as relative change (x axis, calculated

from normalized read counts of the peaks annotated to nearest TSS) versus
significance (y axis). (I) Volcano plots representing reduced H3K9Ac
deposition of effector genes that showed differential chromatin accessibility in
ATAC-seq datasets (GSE86797) of the indicated conditions. Abundance is
represented as relative change (x axis) versus significance (y axis). ChIP-seq
experiments for each condition were performed with two independent
cultures. *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed t tests).
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Because enforced expression of Acss1 resembled
↑[K+]e-conditioned T cells in many respects,
we sought to probe their function in vivo. We
found that CD8+ T cells engineered to express
Acss1 demonstrated markedly improved per-
sistence after viral infection (fig. S13F). Most

important, we found that pmel CD8+ T cells
engineered to express Acss1 mediated improved
tumor treatment and survival of mice bearing
established B16 tumors (Fig. 6I). Taken together,
these data show that the Acss1 protein is en-
riched upon nutrient restriction induced by

↑[K+]e and that enforced expression of Acss1
can metabolically reprogram antitumor T cells
by driving enhanced oxygen utilization and au-
tophagy (Fig. 6J), improving T cell persistence
as well as tumor clearance and survival in tumor-
bearing mice.

Vodnala et al., Science 363, eaau0135 (2019) 29 March 2019 9 of 12
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Variety of cell types 
- multiple phenotypes 
- local microenvironments 
- different functions

Immunometabolism across the immune system

Common denominators 
- actionable 
- highly plastic  
- interactive 
- migrate and adapt
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elucidated!!!!!



5. Metabolic control of the epigenome
Outside phosphorylation, covalent modification of histones
requires metabolites as cofactors or donor substrates (figure 4);
moieties formethylationandacetylation (the twomost abundant
modifications) are solely provided by S-adenosylmethionine
(SAM) and acetyl-coenzyme A (acetyl-CoA), respectively [31].
As their availability fluctuates across developmental stages,
metabolic dependencies of the epigenome might explain
why changes in cellular metabolism are instrumental for
multi-step B cell specification.

SAM is the universal methyl donor. It is the main product
of methionine catabolism and an intermediate in multiple
pathways, including one-carbon metabolism that generates
methyl units from glycolysis (figure 4). SAM levels are main-
tained high in human stem cells, while their decrease poises
cells for differentiation through the reprogramming of the
epigenome at stemness-associated genes [81]. In addition,
methionine availability constrains tumour cells proliferation
and cancer stem cells plasticity [82,83].

Together with methylation, histone acetylation is the most
significant epigenetic mark. It depends on the abundance of
acetyl-CoA, which is a pivotal metabolite and the obligate
acetyl donor for post-translational protein acetylation [84]
(figure 4). Acetyl-CoA is the entry molecule of the TCA
cycle and it is also required for several anabolic reactions

(lipid synthesis, protein glycosylation, and others). Outside
of mitochondria, acetyl-CoA is produced by ATP-citrate
lyase (ACLY), acetate synthetase-2 (ACSS2) and nuclear-
translocated pyruvate dehydrogenase (PDH), that metabolize
different substrates and are preferentially localized in
different sub-cellular compartments [85]. Compelling
evidence demonstrates that acetyl-CoA levels are in equili-
brium with global levels of histone acetylation under both
physiological and pathological conditions [86–89]. For
example, acetyl-CoA sustains elevated levels of histone acety-
lation in pluripotent stem cells while their commitment to
differentiation reprograms central carbon metabolism and
lowers acetyl-CoA abundance [88]. In T cells, increase of
nucleo-cytoplasmic acetyl-CoA promotes differentiation and
effector function inducing acetylation at the Ifnγ locus [90].
Several other acyl-CoA species have been shown to cova-
lently bind histone proteins due to promiscuous activity of
multiple HATs (figure 4); this is often competitive with
histone acetylation [91], although the functional role of
these modifications is not always clear. Propionyl-CoA is a
low abundant metabolite that can derive from the catabolism
of odd-chain fatty acids, ketoacids or the conjugation of
microbiome-derived propionate [92]. Its availability is
decreased during leukemic cell differentiation along with
propionylation of lysine 23 on histone H3 [93]. Although
this observation remains correlative it calls attention on
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In vitro-activated B cells show increased histone acetylation
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Bromodomain inhibition suppresses GC maturation in vitro
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ACLY ablation suppresses GC maturation in vitro
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ACLY ablation hampers GC histone hyperacetylation in vitro
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Adequate and appropriate nutrition is required for all cells to 
function optimally and this includes the cells in the immune system. 

Diet and immune function 
Is cell metabolism involved??

tosis of kwashiorkor (3), would predispose one to pathogen entry and infection.
Experimental animal studies identified the effect of malnutrition on the physical barrier
of the skin. Thinning of the dermis and reduced collagen levels were evident in rats fed
inadequate or poor-quality protein (28). Mice fed insufficient food (marasmus model)
had a thinner epidermis with decreased stratum corneum hydration and reduced
epidermal cell proliferation (29). Malnutrition also has a deleterious influence on wound
healing (30). Rats receiving dietary protein restriction showed delayed wound healing
that included impaired wound contraction, increased numbers of inflammatory cells,
poor collagen deposition, an edematous extracellular matrix, and altered neovascular-
ization (31).

Malnutrition and Hematopoietic and Lymphoid Organs
Malnutrition has multiple effects on the hematopoietic and lymphoid organs. These

are summarized in Fig. 2.
Thymus. The thymus is the primary lymphoid organ where bone marrow-derived

lymphocytes undergo differentiation prior to migration to peripheral lymphoid tissues.
Autopsy studies of malnourished children describe profound thymic atrophy, thymo-
cyte depletion, and an alteration of the extracellular matrix (32). However, many of
these children died from severe infection, itself a cause of acute thymic atrophy (33).
Malnutrition- and infection-related thymocyte depletion is caused by the increased
apoptosis of CD4- and CD8-double-positive (immature), -double-negative, and -single-
positive thymocyte populations (34). Reduced thymocyte proliferation also contributes
to thymic hypocellularity (35). Deficiencies in both dietary protein and zinc lead to
thymocyte apoptosis (36, 37). Thymocyte apoptosis during malnutrition is driven by
elevated levels of circulating glucocorticoids (38) and reduced leptin levels (37). Treat-
ment of protein-deprived rats with leptin abrogated malnutrition-related thymocyte
apoptosis (39). In a model of mild maternal protein deprivation during lactation, thymo-
cytes in the offspring were protected from apoptosis by enhanced leptin activity (37).
Alteration of the thymic microenvironment, including a reduced volume of the thymic
epithelium, expansion of the extracellular matrix, and reduced thymic hormone pro-
duction, is associated with thymocyte depletion (reviewed in reference 40).

Bone marrow. The high rates of cell proliferation and self-renewal make bone
marrow particularly vulnerable to the effects of nutrient deficiencies, especially protein-
energy malnutrition and iron deficiency. Megaloblastic and dysplastic changes with
erythroid-series hypoplasia were found in the bone marrow of children (n ! 34) with
marasmus (28.5%), kwashiorkor (50%), and marasmic kwashiorkor (30%) (41). In mice

FIG 1 Interplay of malnutrition with environmental enteric dysfunction and systemic inflammation. Exposure to
intestinal pathogens and intestinal dysbiosis, as a consequence of poor sanitation and possibly specific nutrient
deficiencies (e.g., zinc, vitamin A, and protein), lead to intestinal inflammation and disruption of intestinal barrier
function. Impaired barrier function allows the translocation of bacteria and bacterial products from the intestine,
which activate innate immune cells in the mesenteric lymph nodes, liver, and systemic circulation to generate
proinflammatory cytokines. The increased systemic inflammation carries a metabolic cost and leads to impaired
host defense. Collectively, these vicious cycles lead to growth faltering and increased mortality.

Ibrahim et al. Clinical Microbiology Reviews

October 2017 Volume 30 Issue 4 cmr.asm.org 924
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fed a protein-deficient diet, bone marrow atrophy with gelatinous degeneration,
expansion of the extracellular matrix, and a loss of markers of cell proliferation was
observed (42). Protein malnutrition suppressed the cell cycle progression of hemato-
poietic progenitor cells, with arrest in the G0/G1 phase (43, 44). This was associated with
reduced levels of cell cycle-inducing proteins and increased levels of inhibitory proteins
(44). The arrest of progenitor cells led to a reduction in myeloid and erythroid lineages
(42). Altered erythropoiesis in protein-deficient mice occurred independently of iron or
erythropoietin deficiency (45). Bone marrow granulocytic cells showed losses at all
developmental stages, blunted maturation, an impaired blastic response to granulocyte
colony-stimulating factor (G-CSF) (46), and reduced mobilization in response to lipo-
polysaccharide (LPS) (47). Lymphoid populations, which are relatively rare in bone
marrow, were also reduced in malnourished mice (48).

Nonhematopoietic stromal cells play a role in the growth and maintenance of
hematopoietic progenitor cells. The stroma of malnourished mice did not sustain
CD34! hematopoietic stem cell growth (42). Bone marrow mesenchymal stem cells in
protein-deficient mice were found to differentiate into adipose cells, leading to an
altered cytokine microenvironment and compromised hematopoiesis (49).

Blood. Malnourished children with bacterial infection showed no difference in total
blood leukocyte counts or numbers of lymphocytes, granulocytes, or monocytes
compared to well-nourished children with bacterial infection (50). Children with severe
acute malnutrition had normal numbers of total mononuclear cells but reduced
numbers of dendritic cells (DCs) in peripheral blood (51). Protein-malnourished mice
were anemic and leukopenic, with reduced numbers of neutrophils, lymphocytes, and
monocytes (49, 52).

Spleen and lymph nodes. The effect of malnutrition on secondary lymphoid tissues
(spleen and lymph nodes) in children is unknown, but animal models suggest signifi-
cant pathological changes. Mice fed a protein-deficient diet had a small, hypocellular
spleen with a thickened capsule. There were reduced numbers of total splenocytes and
splenic mononuclear cells (52, 53). Spleen cells showed reduced proliferation and

FIG 2 Effects of acute malnutrition on lymphoid and hematopoietic organs. The effects of acute
malnutrition on the thymus, lymph nodes, spleen, and bone marrow are shown. Note that observations
for the spleen and lymph node are based largely on data from animal studies. The effect of malnutrition
on the immune and hematopoietic functions of the liver has not been investigated.

Malnutrition and Host Defense Clinical Microbiology Reviews

October 2017 Volume 30 Issue 4 cmr.asm.org 925
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Adequate and appropriate nutrition is required for all cells to 
function optimally and this includes the cells in the immune system. 

Diet and immune function 
Is cell metabolism involved??

tosis of kwashiorkor (3), would predispose one to pathogen entry and infection.
Experimental animal studies identified the effect of malnutrition on the physical barrier
of the skin. Thinning of the dermis and reduced collagen levels were evident in rats fed
inadequate or poor-quality protein (28). Mice fed insufficient food (marasmus model)
had a thinner epidermis with decreased stratum corneum hydration and reduced
epidermal cell proliferation (29). Malnutrition also has a deleterious influence on wound
healing (30). Rats receiving dietary protein restriction showed delayed wound healing
that included impaired wound contraction, increased numbers of inflammatory cells,
poor collagen deposition, an edematous extracellular matrix, and altered neovascular-
ization (31).

Malnutrition and Hematopoietic and Lymphoid Organs
Malnutrition has multiple effects on the hematopoietic and lymphoid organs. These

are summarized in Fig. 2.
Thymus. The thymus is the primary lymphoid organ where bone marrow-derived

lymphocytes undergo differentiation prior to migration to peripheral lymphoid tissues.
Autopsy studies of malnourished children describe profound thymic atrophy, thymo-
cyte depletion, and an alteration of the extracellular matrix (32). However, many of
these children died from severe infection, itself a cause of acute thymic atrophy (33).
Malnutrition- and infection-related thymocyte depletion is caused by the increased
apoptosis of CD4- and CD8-double-positive (immature), -double-negative, and -single-
positive thymocyte populations (34). Reduced thymocyte proliferation also contributes
to thymic hypocellularity (35). Deficiencies in both dietary protein and zinc lead to
thymocyte apoptosis (36, 37). Thymocyte apoptosis during malnutrition is driven by
elevated levels of circulating glucocorticoids (38) and reduced leptin levels (37). Treat-
ment of protein-deprived rats with leptin abrogated malnutrition-related thymocyte
apoptosis (39). In a model of mild maternal protein deprivation during lactation, thymo-
cytes in the offspring were protected from apoptosis by enhanced leptin activity (37).
Alteration of the thymic microenvironment, including a reduced volume of the thymic
epithelium, expansion of the extracellular matrix, and reduced thymic hormone pro-
duction, is associated with thymocyte depletion (reviewed in reference 40).

Bone marrow. The high rates of cell proliferation and self-renewal make bone
marrow particularly vulnerable to the effects of nutrient deficiencies, especially protein-
energy malnutrition and iron deficiency. Megaloblastic and dysplastic changes with
erythroid-series hypoplasia were found in the bone marrow of children (n ! 34) with
marasmus (28.5%), kwashiorkor (50%), and marasmic kwashiorkor (30%) (41). In mice

FIG 1 Interplay of malnutrition with environmental enteric dysfunction and systemic inflammation. Exposure to
intestinal pathogens and intestinal dysbiosis, as a consequence of poor sanitation and possibly specific nutrient
deficiencies (e.g., zinc, vitamin A, and protein), lead to intestinal inflammation and disruption of intestinal barrier
function. Impaired barrier function allows the translocation of bacteria and bacterial products from the intestine,
which activate innate immune cells in the mesenteric lymph nodes, liver, and systemic circulation to generate
proinflammatory cytokines. The increased systemic inflammation carries a metabolic cost and leads to impaired
host defense. Collectively, these vicious cycles lead to growth faltering and increased mortality.

Ibrahim et al. Clinical Microbiology Reviews

October 2017 Volume 30 Issue 4 cmr.asm.org 924
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fed a protein-deficient diet, bone marrow atrophy with gelatinous degeneration,
expansion of the extracellular matrix, and a loss of markers of cell proliferation was
observed (42). Protein malnutrition suppressed the cell cycle progression of hemato-
poietic progenitor cells, with arrest in the G0/G1 phase (43, 44). This was associated with
reduced levels of cell cycle-inducing proteins and increased levels of inhibitory proteins
(44). The arrest of progenitor cells led to a reduction in myeloid and erythroid lineages
(42). Altered erythropoiesis in protein-deficient mice occurred independently of iron or
erythropoietin deficiency (45). Bone marrow granulocytic cells showed losses at all
developmental stages, blunted maturation, an impaired blastic response to granulocyte
colony-stimulating factor (G-CSF) (46), and reduced mobilization in response to lipo-
polysaccharide (LPS) (47). Lymphoid populations, which are relatively rare in bone
marrow, were also reduced in malnourished mice (48).

Nonhematopoietic stromal cells play a role in the growth and maintenance of
hematopoietic progenitor cells. The stroma of malnourished mice did not sustain
CD34! hematopoietic stem cell growth (42). Bone marrow mesenchymal stem cells in
protein-deficient mice were found to differentiate into adipose cells, leading to an
altered cytokine microenvironment and compromised hematopoiesis (49).

Blood. Malnourished children with bacterial infection showed no difference in total
blood leukocyte counts or numbers of lymphocytes, granulocytes, or monocytes
compared to well-nourished children with bacterial infection (50). Children with severe
acute malnutrition had normal numbers of total mononuclear cells but reduced
numbers of dendritic cells (DCs) in peripheral blood (51). Protein-malnourished mice
were anemic and leukopenic, with reduced numbers of neutrophils, lymphocytes, and
monocytes (49, 52).

Spleen and lymph nodes. The effect of malnutrition on secondary lymphoid tissues
(spleen and lymph nodes) in children is unknown, but animal models suggest signifi-
cant pathological changes. Mice fed a protein-deficient diet had a small, hypocellular
spleen with a thickened capsule. There were reduced numbers of total splenocytes and
splenic mononuclear cells (52, 53). Spleen cells showed reduced proliferation and

FIG 2 Effects of acute malnutrition on lymphoid and hematopoietic organs. The effects of acute
malnutrition on the thymus, lymph nodes, spleen, and bone marrow are shown. Note that observations
for the spleen and lymph node are based largely on data from animal studies. The effect of malnutrition
on the immune and hematopoietic functions of the liver has not been investigated.
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Energetically expensive vital functions such as immunological 
responses might have thus evolved to respond accordingly to 
dietary surplus and deficit of macronutrient intake. 



An “activated” immune system further increases the demand for energy during periods of infection, with 
greater basal energy expenditure during fever for example. Thus, optimal nutrition for the best 
immunological outcomes would be nutrition, which supports the functions of immune cells allowing them 
to initiate effective responses against pathogens but also to resolve the response rapidly when 
necessary and to avoid any underlying chronic inflammation.  

The immune system’s demands for energy and nutrients can be met from exogenous 
sources i.e., the diet, or if dietary sources are inadequate, from endogenous sources such 
as body stores. Some micronutrients and dietary components have very specific roles in 
the development and maintenance of an effective immune system throughout the life 
course or in reducing chronic inflammation.  

For example, the amino acid arginine is essential for the generation of nitric oxide by macrophages, and 
the micronutrients vitamin A and zinc regulate cell division and so are essential for a successful 
proliferative response within the immune system. 

tosis of kwashiorkor (3), would predispose one to pathogen entry and infection.
Experimental animal studies identified the effect of malnutrition on the physical barrier
of the skin. Thinning of the dermis and reduced collagen levels were evident in rats fed
inadequate or poor-quality protein (28). Mice fed insufficient food (marasmus model)
had a thinner epidermis with decreased stratum corneum hydration and reduced
epidermal cell proliferation (29). Malnutrition also has a deleterious influence on wound
healing (30). Rats receiving dietary protein restriction showed delayed wound healing
that included impaired wound contraction, increased numbers of inflammatory cells,
poor collagen deposition, an edematous extracellular matrix, and altered neovascular-
ization (31).

Malnutrition and Hematopoietic and Lymphoid Organs
Malnutrition has multiple effects on the hematopoietic and lymphoid organs. These

are summarized in Fig. 2.
Thymus. The thymus is the primary lymphoid organ where bone marrow-derived

lymphocytes undergo differentiation prior to migration to peripheral lymphoid tissues.
Autopsy studies of malnourished children describe profound thymic atrophy, thymo-
cyte depletion, and an alteration of the extracellular matrix (32). However, many of
these children died from severe infection, itself a cause of acute thymic atrophy (33).
Malnutrition- and infection-related thymocyte depletion is caused by the increased
apoptosis of CD4- and CD8-double-positive (immature), -double-negative, and -single-
positive thymocyte populations (34). Reduced thymocyte proliferation also contributes
to thymic hypocellularity (35). Deficiencies in both dietary protein and zinc lead to
thymocyte apoptosis (36, 37). Thymocyte apoptosis during malnutrition is driven by
elevated levels of circulating glucocorticoids (38) and reduced leptin levels (37). Treat-
ment of protein-deprived rats with leptin abrogated malnutrition-related thymocyte
apoptosis (39). In a model of mild maternal protein deprivation during lactation, thymo-
cytes in the offspring were protected from apoptosis by enhanced leptin activity (37).
Alteration of the thymic microenvironment, including a reduced volume of the thymic
epithelium, expansion of the extracellular matrix, and reduced thymic hormone pro-
duction, is associated with thymocyte depletion (reviewed in reference 40).

Bone marrow. The high rates of cell proliferation and self-renewal make bone
marrow particularly vulnerable to the effects of nutrient deficiencies, especially protein-
energy malnutrition and iron deficiency. Megaloblastic and dysplastic changes with
erythroid-series hypoplasia were found in the bone marrow of children (n ! 34) with
marasmus (28.5%), kwashiorkor (50%), and marasmic kwashiorkor (30%) (41). In mice

FIG 1 Interplay of malnutrition with environmental enteric dysfunction and systemic inflammation. Exposure to
intestinal pathogens and intestinal dysbiosis, as a consequence of poor sanitation and possibly specific nutrient
deficiencies (e.g., zinc, vitamin A, and protein), lead to intestinal inflammation and disruption of intestinal barrier
function. Impaired barrier function allows the translocation of bacteria and bacterial products from the intestine,
which activate innate immune cells in the mesenteric lymph nodes, liver, and systemic circulation to generate
proinflammatory cytokines. The increased systemic inflammation carries a metabolic cost and leads to impaired
host defense. Collectively, these vicious cycles lead to growth faltering and increased mortality.

Ibrahim et al. Clinical Microbiology Reviews

October 2017 Volume 30 Issue 4 cmr.asm.org 924
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fed a protein-deficient diet, bone marrow atrophy with gelatinous degeneration,
expansion of the extracellular matrix, and a loss of markers of cell proliferation was
observed (42). Protein malnutrition suppressed the cell cycle progression of hemato-
poietic progenitor cells, with arrest in the G0/G1 phase (43, 44). This was associated with
reduced levels of cell cycle-inducing proteins and increased levels of inhibitory proteins
(44). The arrest of progenitor cells led to a reduction in myeloid and erythroid lineages
(42). Altered erythropoiesis in protein-deficient mice occurred independently of iron or
erythropoietin deficiency (45). Bone marrow granulocytic cells showed losses at all
developmental stages, blunted maturation, an impaired blastic response to granulocyte
colony-stimulating factor (G-CSF) (46), and reduced mobilization in response to lipo-
polysaccharide (LPS) (47). Lymphoid populations, which are relatively rare in bone
marrow, were also reduced in malnourished mice (48).

Nonhematopoietic stromal cells play a role in the growth and maintenance of
hematopoietic progenitor cells. The stroma of malnourished mice did not sustain
CD34! hematopoietic stem cell growth (42). Bone marrow mesenchymal stem cells in
protein-deficient mice were found to differentiate into adipose cells, leading to an
altered cytokine microenvironment and compromised hematopoiesis (49).

Blood. Malnourished children with bacterial infection showed no difference in total
blood leukocyte counts or numbers of lymphocytes, granulocytes, or monocytes
compared to well-nourished children with bacterial infection (50). Children with severe
acute malnutrition had normal numbers of total mononuclear cells but reduced
numbers of dendritic cells (DCs) in peripheral blood (51). Protein-malnourished mice
were anemic and leukopenic, with reduced numbers of neutrophils, lymphocytes, and
monocytes (49, 52).

Spleen and lymph nodes. The effect of malnutrition on secondary lymphoid tissues
(spleen and lymph nodes) in children is unknown, but animal models suggest signifi-
cant pathological changes. Mice fed a protein-deficient diet had a small, hypocellular
spleen with a thickened capsule. There were reduced numbers of total splenocytes and
splenic mononuclear cells (52, 53). Spleen cells showed reduced proliferation and

FIG 2 Effects of acute malnutrition on lymphoid and hematopoietic organs. The effects of acute
malnutrition on the thymus, lymph nodes, spleen, and bone marrow are shown. Note that observations
for the spleen and lymph node are based largely on data from animal studies. The effect of malnutrition
on the immune and hematopoietic functions of the liver has not been investigated.
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As well as nutrition having the potential to effectively treat immune deficiencies 
related to poor intake, there is a great deal of research interest in whether specific 
nutrient interventions can further enhance immune function in sub-clinical situations, 
and so prevent the onset of infections or chronic inflammatory diseases. 



Humans evolved with larger and intensive energetic demands for brain function. Host survival thus 
required mechanisms that balance the energetic costs of essential functions such as successful immune 
response against infections and tissue repair. Accordingly, humans have developed an integrated 
immunometabolic response (IIMR) that involves sensing of nutrient balance by neuronal (sympathetic 
and sensory innervation) and humoral signals (e.g., hormones like insulin, FGF21, GDF15, ghrelin…) 
between the hypothalamus and peripheral tissues to allow the host to prioritize storage and/or utilize 
substrates for tissue growth, maintenance, and immune responses. 

Hence, severe reduction in nutrient and energy intake might cause tradeoffs in non-essential functions. 
Lee & Dixit, Immunity, 2020



In an event of low glucose availability, such as food restriction, the limited glycogen 
reserves in the liver and muscle cannot sustain non-essential metabolic demand. Instead, 
triglycerides undergo fatty acid oxidation, ketogenesis, and ketolysis to support ATP 
production.

Lee & Dixit, Immunity, 2020

Calorie restriction (CR) has typically beneficial effects on the immune system (and 
longevity)

https://www.sciencedirect.com/topics/medicine-and-dentistry/fatty-acid-oxidation
https://www.sciencedirect.com/topics/immunology-and-microbiology/ketogenesis


Modern diets are rich in saturated 
fats and processed carbohydrates, 
such as high fructose corn syrup, 
and are deficient in fiber, vitamins, 
and minerals, while containing high 
levels of salt. These diets are a 
leading cause of the emergence of 
obesity-associated chronic diseases, 
the majority of which are linked to 
chronic inflammation.



Adipose is an immunologic tissue

Trim & Lynch, Nat Rev Immunol, 2022
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Modern diets are rich in saturated 
fats and processed carbohydrates, 
such as high fructose corn syrup, 
and are deficient in fiber, vitamins, 
and minerals, while containing high 
levels of salt. These diets are a 
leading cause of the emergence of 
obesity-associated chronic diseases, 
the majority of which are linked to 
chronic inflammation.

Obesity promotes hyperglycemia and hyperlipidemia



Reilly et al, Nat Rev Cardiol, 2021



clues on how immune functions adapt to systemic metabolic
changes. In addition, novel metabolic features and meta-
bolism-regulated functions in immune cells have recently been
identified and could be targeted therapeutically by modification
of systemic metabolism.

The Crosstalk between Systemic Metabolism and
ImmuneCells: Lessons fromHumanMetabolic Diseases
In humans, hyperlipidemia (both hypercholesterolemia and hy-
pertrygliceridemia), diabetes, obesity, and non-alcoholic fatty-
liver disease (NAFLD), as well as alterations in the gutmicrobiota,
are often associated with metabolism-related impaired immune
functions. Therefore, they provide a powerful ‘‘in vivo’’ working
model for investigating the interplay between systemic and im-
mune cell metabolism (Figure 1).
Hyperlipidemia
Primary (genetic) or acquired hyperlipidemias are characterized
by increased plasma levels of cholesterol and/or triglycerides
(TGs) and of the lipoproteins carrying these lipids. Classically,
hypercholesterolaemia has been associated with cholesterol
accumulation in macrophages and other immune cells and re-
sults in atheroma formation and the development of atheroscle-
rosis. More recently, this event has been associated with direct
activation of pro-inflammatory cascades, including Toll-like re-
ceptor (TLR) (Erridge, 2010) and inflammasome activation
(Sheedy et al., 2013). However, the net effect of this process is
debated, given that binding of TLRs by modified lipoproteins
has been shown to suppress the downstream pro-inflammatory
cytokine response (Kannan et al., 2012).

Do the effects of hyperlipidemia extend beyond the relatively
well-defined immune events in atherogenesis? During infection,
significant changes in lipid and lipoprotein metabolism are
observed: lipopolysaccharides (LPSs) and pro-inflammatory cy-
tokines induce de novo production of free fatty acids, thus favor-
ing a combination of TG synthesis in the liver and a reduction of
TG hydrolysis. This then results in reduced clearance of very-

Figure 1. Systemic to Cellular
Immunometabolic Crosstalk
Systemic metabolism, which is affected by the diet
and gut microbiota, can contribute to immune
system homeostasis by affecting the immune cell
metabolic setup via nutrient availability and active
metabolite-induced signaling, thus regulating their
differentiation (1). Reprogramming of themetabolic
configuration of immune cells can occur via
epigenetic events also influenced by the metabolic
microenvironment (2), thus opening a window of
opportunity for therapeutic manipulation. Alter-
ation of systemic metabolism due to dietetic
overload or genetic defects (3) is associated with
altered immune cell metabolism and the develop-
ment of chronic inflammation and ineffective
immunity (4).

low-density lipoproteins (VLDLs) and
increased TG levels (Wendel et al.,
2007). In addition, the increase in free fatty
acids induces insulin resistance, thus
contributing to increased glucose levels
during systemic inflammation. In contrast,

levels of high-density lipoprotein cholesterol (HDL-C) and low-
density lipoprotein cholesterol (LDL-C) decrease during sepsis
mainly as a consequence of lipoprotein removal from the liver,
which is implicated in the clearance of lipids from pathogens (Pi-
rillo et al., 2015). Studies in animal models and in humans have
shown that conditions leading to reduced lipoprotein removal
and hypercholesterolaemia are associated with deteriorated
septic shock outcome (Walley et al., 2014). Similarly, a low
plasma HDL-C level (associated with a low plasma apoA-I level)
is a poor prognostic factor for severe sepsis, given that it is asso-
ciated with increased mortality and adverse clinical outcomes
(Chien et al., 2005).
In turn, bacterial infections affect lipid and lipoprotein meta-

bolism as a result of reduced reverse cholesterol transport and
excretion (Castrillo et al., 2003; Gillespie et al., 2015). Under
these conditions, the balance between systemic and cellular
lipid homeostasis is tightly controlled at the cellular level by
different key transcription factors, such as sterol regulatory
element binding protein (SREBP), liver X receptor (LXR), and
peroxisome proliferator-activated receptors (PPARs), which
modulate genes that affect lipid biosynthesis or intake, cellular
lipid excretion, and lipoprotein synthesis and catabolism and
thus represent important targets for immunometabolic regula-
tion (see below).
In humans, although hyperlipidemia has no effect on Treg cells

(Ammirati et al., 2010), it is associated with increased T effector
cell memory polarization (Ammirati et al., 2012). Genetically
determined conditions with low HDL-C levels and impaired
cholesterol efflux in humans are associated with increased clas-
sical CD14+CD16! monocytes (Sala et al., 2013). In addition,
hyperlipidemia can affect the immune system through an
enhanced bone marrow and extramedullary myelopoiesis. For
instance, the increased cholesterol content in the plasma mem-
brane upholds the expression and function of the receptors to
IL-3, IL-5, and GM-CSF, thus favoring the proliferative response
of hematopoietic stem cells (Yvan-Charvet et al., 2010).

422 Immunity 43, September 15, 2015 ª2015 Elsevier Inc.

Immunity

Review

Norata et al, Immunity, 2015

Some metabolite bypass 
homeostatic control at 
the systemic (or tissue) 
level and can impact 
immune cell 
differentiation and/or 
effector function

Dietary components can affect immunity

Mechanisms: 

• Lack of feedback regulation 

• Feedforward regulation 

• Microbiome processing



Hypercholesterolaemia 

Excessive lipid intake leads to 
hypercholesterolemia (including 
elevated ox-LDL)



Hypercholesterolaemia 

Excessive lipid intake leads to 
hypercholesterolemia (including 
elevated ox-LDL)

Hypercholesterolemia induces cholesterol 
accumulation within immune cells



Exogenous cholesterol promotes immunosuppression 
(highly heterogeneous effects) 

Saad et al, Curr Nutr Rep, 2024
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SUMMARY

Tumor-infiltrating T cells often lose their effector
function; however, the mechanisms are incom-
pletely understood. We report that cholesterol in
the tumor microenvironment induces CD8+ T cell
expression of immune checkpoints and exhaus-
tion. Tumor tissues enriched with cholesterol and
cholesterol content in tumor-infiltrating CD8+

T cells were positively and progressively associ-
ated with upregulated T cell expression of PD-1,
2B4, TIM-3, and LAG-3. Adoptively transferred
CD8+ T cells acquired cholesterol, expressed high
levels of immune checkpoints, and became ex-
hausted upon entering a tumor. Tumor culture
supernatant or cholesterol induced immune check-
point expression by increasing endoplasmic reticu-
lum (ER) stress in CD8+ T cells. Consequently, the
ER stress sensor XBP1 was activated and regu-
lated PD-1 and 2B4 transcription. Inhibiting XBP1
or reducing cholesterol in CD8+ T cells effectively
restored antitumor activity. This study reveals a
mechanism underlying T cell exhaustion and sug-
gests a new strategy for restoring T cell function
by reducing cholesterol to enhance T cell-based
immunotherapy.

INTRODUCTION

Tumor-infiltrating CD8+ T cells are associated with a progressive
loss of effector function due to prolonged antigen exposure and
a suppressive tumor microenvironment (Wherry, 2011). The
dysfunctional state of CD8+ T cells is known as exhaustion,
and exhausted CD8+ T cells have high expression of inhibitory
receptors such as PD-1, LAG-3, TIM-3, 2B4, and CTLA-4
(Wherry, 2011). Unprecedented clinical success in a variety of
cancers has been achieved by using antibodies to target im-
mune checkpoints on CD8+ T cells, particularly PD-1 antibodies
(Callahan et al., 2016; Ribas and Wolchok, 2018). However, the
limited response rate, toxicities, and potential for relapse (Calla-
han et al., 2016; Dyck andMills, 2017) emphasize the importance
of elucidating mechanisms underlying the regulation of immune
checkpoint expression and identifying new strategies to target
immune checkpoints.
Genetic and epigenetic mechanisms have been reported to

regulate immune checkpoint expression. T cell receptor activa-
tion (Boussiotis, 2016); a myriad of transcription factors, such
as STAT3, STAT4, NFATc1, T-bet, and Blimp-1 (Austin et al.,
2014; Kao et al., 2011; Lu et al., 2014a); and epigenetic compo-
nents, including DNAmethylation and histonemodification (Bally
et al., 2016; Stephen et al., 2017), were reported to regulate PD-1
expression. Moreover, T-bet, AP-1, and c-Jun were reported to
regulate the expression of TIM-3 (Anderson et al., 2010; Yun
et al., 2016). While these findings are important for understand-
ing how expression of T cell exhaustion-associated immune

Context and Significance

Although T lymphocytes in the body can attack tumors, the latter often present a highly reactive microenvironment that
shuts down the killing abilities of T cells. Addressing this challenge will be key to boosting T cell-based immunotherapy
in the clinic. Researchers from the Houston Methodist Cancer Center in Texas report that cholesterol in the tumor microen-
vironment plays an active role in inducing T cell exhaustion by modulating cellular endoplasmic reticulum (ER) stress path-
ways. Inhibiting the specific ER stress branch or reducing cholesterol in CD8+ T cells effectively restored antitumor activity,
highlighting a novel path to improve T cell-based immunotherapy.

Cell Metabolism 30, 143–156, July 2, 2019 ª 2019 Elsevier Inc. 143

A B

C D

E F

G H

I J

Figure 1. The Expression of CD8+ T Cell Immune Checkpoints Is Positively Associated with Increasing Cholesterol Accumulation
(A–C) B6 mice were injected intravenously (i.v.) with 13 105 B16 cells. Tumor-infiltrating (A), lymph node (B), and spleen (C) CD8+ T cells were analyzed for PD-1

and 2B4 expression and for cholesterol content on day 16 after tumor transfer.

(D–F) B6 mice were injected i.v. with 13 105 B16 cells. Tumor-infiltrating CD8+ T cells were analyzed for the expression of PD-1, 2B4, and LAG-3 (D); TIM-3 (E);

and annexin V (F) on day 16 after tumor transfer.

(legend continued on next page)
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Figure 3. Cholesterol within the Tumor Tissues Induces CD8+ T Cell Immune Checkpoint Expression
(A) Cholesterol content of tumor, spleen, and lymph node was measured in four different tumor models: lung metastatic B16, s.c. grown B16, s.c. grown LL2, and

s.c. grownMC38 tumor models. Experiments were performed with at least 10 biological replicates and are representative of at least 2 independent experiments.

(legend continued on next page)
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Elevated cholesterol at immunosuppressed T cells

Cholesterol supplementation induces 
immune checkpoints



CHOLESTEROL: MUCH MORE THAN AN INHERT 
MOLECULE

Cholesterol supports signaling
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Cholesterol and metabolite regulate T cell receptor clustering. Cholesterol can directly bind to 
the transmembrane domain of TCR-β chain to mediate TCR clustering on T cell surface, 
which can increase the avidity of TCR to foreign antigens and therefore augment TCR 
signaling.

Bietz et al, Front Immunol, 2017



Intake of carbohydrates is elevated in WD 

Novel nutritional concepts promote a restriction of carbohydrates in favor of fat to ameliorate 
detrimental low-grade inflammation (Paoli et al, 2015; Bosco et al, 2018; Myette-Coté et al, 2018) 
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Very-low-carbohydrate diet enhances human
T-cell immunity through immunometabolic
reprogramming
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Abstract

Very-low-carbohydrate diet triggers the endogenous production of
ketone bodies as alternative energy substrates. There are as yet
unproven assumptions that ketone bodies positively affect human
immunity. We have investigated this topic in an in vitro model
using primary human T cells and in an immuno-nutritional inter-
vention study enrolling healthy volunteers. We show that ketone
bodies profoundly impact human T-cell responses. CD4+, CD8+, and
regulatory T-cell capacity were markedly enhanced, and T memory
cell formation was augmented. RNAseq and functional metabolic
analyses revealed a fundamental immunometabolic reprogram-
ming in response to ketones favoring mitochondrial oxidative
metabolism. This confers superior respiratory reserve, cellular
energy supply, and reactive oxygen species signaling. Our data
suggest a very-low-carbohydrate diet as a clinical tool to improve
human T-cell immunity. Rethinking the value of nutrition and
dietary interventions in modern medicine is required.

Keywords immunometabolism; ketogenic diet; metabolic therapy; nutritional

intervention; T-cell immunity
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Introduction

Western diet is increasingly seen as being at the root of many

diseases, such as metabolic syndrome, autoimmune disorders, and

cancer, and thus is suspected to limit life expectancy during the 21st

century (Olshansky et al, 2005; Christ & Latz, 2019). It impairs cellu-

lar immunity and evokes systemic low-grade inflammation not only

by causing obesity but also by direct reprogramming of immune

cells toward a proinflammatory phenotype (Hotamisligil et al, 1993;

Visser et al, 1999; Weisberg et al, 2003; Mathis, 2013; Guo et al,

2015; de Torre-Minguela et al, 2017; Dror et al, 2017; Christ et al,

2018). Nutritional interventions may hold promise as a tool to

prevent and even to treat disease. Unfortunately, most recommen-

dations on food intake and dietary guidelines yet lack substantiated

scientific background (Archer et al, 2018; Ioannidis, 2018; Archer &

Lavie, 2019; Ludwig et al, 2019). Novel nutritional concepts

promote a restriction of carbohydrates in favor of fat to ameliorate

detrimental low-grade inflammation (Paoli et al, 2015; Bosco et al,

2018; Myette-Côt"e et al, 2018). However, large observational studies

investigating this approach are highly controversial (Dehghan et al,

2018; Seidelmann et al, 2018), and molecular data in humans are

scarce.

In this regard, the high-fat low-carbohydrate ketogenic diet (KD)

is one highly discussed approach (Bolla et al, 2019; Ruiz Herrero

et al, 2020). Restriction of carbohydrate intake leads to the endoge-

nous production of ketone bodies such as beta-hydroxybutyrate

(BHB) as evolutionary conserved alternative metabolic substrates,

which can be utilized via mitochondrial oxidative phosphorylation

(Puchalska & Crawford, 2017). In animal models, BHB has been

shown to dampen inappropriate innate immune responses via

suppression of the NLRP3 inflammasome, thus ameliorating chronic

low-grade inflammation and associated diseases (Youm et al, 2015;

Goldberg et al, 2017; Newman et al, 2017). Human adaptive immu-

nity, however, has not yet been addressed (Stubbs et al, 2020).

Here, we present the first study investigating the influence of KD

on human immune responses in vitro and in a cohort of healthy

subjects. Our results reveal profound beneficial effects of ketone
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Discussion

Western diet is increasingly recognized as a true endangerment to

public health. It accounts for a rapid increase in obesity, diabetes,

cardio- and neurovascular diseases, and even cancer (Mattson et al,

2014; Cohen et al, 2015; Ludwig, 2016; Hotamisligil, 2017). Chronic

low-grade inflammation induced by both adipose tissue and forced

dietary uptake of carbohydrates is considered a main driver of these

conditions. The resulting unspecific activation of the innate immune

system is not only harmful in itself, but also strongly impairs adap-

tive immune responses and hampers the ability to create

immunological memory (Neidich et al, 2017; Napier et al, 2019;

Ritter et al, 2020).

Modern medicine has to establish new strategies to enable immu-

nometabolic reprogramming to prevent and even treat these damag-

ing conditions. At this point, nutritional interventions as a clinical

tool enter the stage. One current and highly discussed approach is

KD, a high-fat low-carbohydrate KD. Ketosis represents an evolu-

tionary conserved physiological state characterized by reduced

carbohydrate uptake leading to moderate hepatic production of

ketone bodies (“ketosis”, 0.5–5 mM BHB) (Krebs, 1966). KD is

considered a tool to control body weight and has been shown to
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Figure 5. Ketogenic diet enhances human T-cell immune capacity in vivo.

Healthy volunteers conducted a 3-week KD with a limited carbohydrate consumption of < 30 g/day. Blood was taken and analyzed prior to (T0) and post-KD (T1). PBMCs
were isolated. T-cell stimulation was performed through CD3/CD28 Dynabeads at a bead:cell ratio of 1:8. CD4+/CD8+ T cells were separated via magnetic cell labeling.
A IL2, IL4, and CTLA4 mRNA expression in stimulated CD4+ T cells, n = 17/18/17 individual human subjects.
B Tbet and GATA3 mRNA expression in CD4+ T cells, n = 7 individual human subjects.
C Flow cytometric quantification of Th1/Th2 cells and respective ratio of Th1/Th2 cells, n = 7 individual human subjects.
D IL10 mRNA expression and flow cytometric quantification of CD4+CD25+Foxp3+ regulatory T cells (Treg), n = 19/9 individual human subjects.
E IFNc GZMB, PRF1, and CTLA4 mRNA expression in CD8+ T cells, n = 16/18/17/17 individual human subjects.
F Relative CD8+ cell lysis activity as measured by calcein fluorescence of isolated T cells, n = 4 individual experiments.

Data information: Data depicted as box plots with median, 25th and 75th percentiles and range. Dots indicating individual values. *P < 0.05, paired t-test/Wilcoxon
matched-pairs signed rank test, as appropriate.
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Abstract

Very-low-carbohydrate diet triggers the endogenous production of
ketone bodies as alternative energy substrates. There are as yet
unproven assumptions that ketone bodies positively affect human
immunity. We have investigated this topic in an in vitro model
using primary human T cells and in an immuno-nutritional inter-
vention study enrolling healthy volunteers. We show that ketone
bodies profoundly impact human T-cell responses. CD4+, CD8+, and
regulatory T-cell capacity were markedly enhanced, and T memory
cell formation was augmented. RNAseq and functional metabolic
analyses revealed a fundamental immunometabolic reprogram-
ming in response to ketones favoring mitochondrial oxidative
metabolism. This confers superior respiratory reserve, cellular
energy supply, and reactive oxygen species signaling. Our data
suggest a very-low-carbohydrate diet as a clinical tool to improve
human T-cell immunity. Rethinking the value of nutrition and
dietary interventions in modern medicine is required.
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Introduction

Western diet is increasingly seen as being at the root of many

diseases, such as metabolic syndrome, autoimmune disorders, and

cancer, and thus is suspected to limit life expectancy during the 21st

century (Olshansky et al, 2005; Christ & Latz, 2019). It impairs cellu-

lar immunity and evokes systemic low-grade inflammation not only

by causing obesity but also by direct reprogramming of immune

cells toward a proinflammatory phenotype (Hotamisligil et al, 1993;

Visser et al, 1999; Weisberg et al, 2003; Mathis, 2013; Guo et al,

2015; de Torre-Minguela et al, 2017; Dror et al, 2017; Christ et al,

2018). Nutritional interventions may hold promise as a tool to

prevent and even to treat disease. Unfortunately, most recommen-

dations on food intake and dietary guidelines yet lack substantiated

scientific background (Archer et al, 2018; Ioannidis, 2018; Archer &

Lavie, 2019; Ludwig et al, 2019). Novel nutritional concepts

promote a restriction of carbohydrates in favor of fat to ameliorate

detrimental low-grade inflammation (Paoli et al, 2015; Bosco et al,

2018; Myette-Côt"e et al, 2018). However, large observational studies

investigating this approach are highly controversial (Dehghan et al,

2018; Seidelmann et al, 2018), and molecular data in humans are

scarce.

In this regard, the high-fat low-carbohydrate ketogenic diet (KD)

is one highly discussed approach (Bolla et al, 2019; Ruiz Herrero

et al, 2020). Restriction of carbohydrate intake leads to the endoge-

nous production of ketone bodies such as beta-hydroxybutyrate

(BHB) as evolutionary conserved alternative metabolic substrates,

which can be utilized via mitochondrial oxidative phosphorylation

(Puchalska & Crawford, 2017). In animal models, BHB has been

shown to dampen inappropriate innate immune responses via

suppression of the NLRP3 inflammasome, thus ameliorating chronic

low-grade inflammation and associated diseases (Youm et al, 2015;

Goldberg et al, 2017; Newman et al, 2017). Human adaptive immu-

nity, however, has not yet been addressed (Stubbs et al, 2020).

Here, we present the first study investigating the influence of KD

on human immune responses in vitro and in a cohort of healthy

subjects. Our results reveal profound beneficial effects of ketone
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Abstract

Very-low-carbohydrate diet triggers the endogenous production of
ketone bodies as alternative energy substrates. There are as yet
unproven assumptions that ketone bodies positively affect human
immunity. We have investigated this topic in an in vitro model
using primary human T cells and in an immuno-nutritional inter-
vention study enrolling healthy volunteers. We show that ketone
bodies profoundly impact human T-cell responses. CD4+, CD8+, and
regulatory T-cell capacity were markedly enhanced, and T memory
cell formation was augmented. RNAseq and functional metabolic
analyses revealed a fundamental immunometabolic reprogram-
ming in response to ketones favoring mitochondrial oxidative
metabolism. This confers superior respiratory reserve, cellular
energy supply, and reactive oxygen species signaling. Our data
suggest a very-low-carbohydrate diet as a clinical tool to improve
human T-cell immunity. Rethinking the value of nutrition and
dietary interventions in modern medicine is required.

Keywords immunometabolism; ketogenic diet; metabolic therapy; nutritional

intervention; T-cell immunity

Subject Categories Immunology; Metabolism

DOI 10.15252/emmm.202114323 | Received 24 March 2021 | Revised 1 June

2021 | Accepted 2 June 2021 | Published online 21 June 2021

EMBO Mol Med (2021) 13: e14323

Introduction

Western diet is increasingly seen as being at the root of many

diseases, such as metabolic syndrome, autoimmune disorders, and

cancer, and thus is suspected to limit life expectancy during the 21st

century (Olshansky et al, 2005; Christ & Latz, 2019). It impairs cellu-

lar immunity and evokes systemic low-grade inflammation not only

by causing obesity but also by direct reprogramming of immune

cells toward a proinflammatory phenotype (Hotamisligil et al, 1993;

Visser et al, 1999; Weisberg et al, 2003; Mathis, 2013; Guo et al,

2015; de Torre-Minguela et al, 2017; Dror et al, 2017; Christ et al,

2018). Nutritional interventions may hold promise as a tool to

prevent and even to treat disease. Unfortunately, most recommen-

dations on food intake and dietary guidelines yet lack substantiated

scientific background (Archer et al, 2018; Ioannidis, 2018; Archer &

Lavie, 2019; Ludwig et al, 2019). Novel nutritional concepts

promote a restriction of carbohydrates in favor of fat to ameliorate

detrimental low-grade inflammation (Paoli et al, 2015; Bosco et al,

2018; Myette-Côt"e et al, 2018). However, large observational studies

investigating this approach are highly controversial (Dehghan et al,

2018; Seidelmann et al, 2018), and molecular data in humans are

scarce.

In this regard, the high-fat low-carbohydrate ketogenic diet (KD)

is one highly discussed approach (Bolla et al, 2019; Ruiz Herrero

et al, 2020). Restriction of carbohydrate intake leads to the endoge-

nous production of ketone bodies such as beta-hydroxybutyrate

(BHB) as evolutionary conserved alternative metabolic substrates,

which can be utilized via mitochondrial oxidative phosphorylation

(Puchalska & Crawford, 2017). In animal models, BHB has been

shown to dampen inappropriate innate immune responses via

suppression of the NLRP3 inflammasome, thus ameliorating chronic

low-grade inflammation and associated diseases (Youm et al, 2015;

Goldberg et al, 2017; Newman et al, 2017). Human adaptive immu-

nity, however, has not yet been addressed (Stubbs et al, 2020).

Here, we present the first study investigating the influence of KD

on human immune responses in vitro and in a cohort of healthy

subjects. Our results reveal profound beneficial effects of ketone
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of mitochondrial superoxide were found (Figs 3B and EV2E). These

changes were limited to activated T cells (Fig EV2A and B).

Increased mROS may be the result of amplified oxidative phos-

phorylation. Indeed, we observed increased mitochondrial mass in

BHB+ CD4+ and CD8+ T cells (Figs 3C and D, and EV2F), and Western

blot analysis revealed enhanced expression of ETC complexes in

BHB+ primary human T cells and CD4+/CD8+ T-cell subsets (Figs 3E

and EV2G). With respect to hormesis, elevated (mitochondrial) ROS

have also been associated with mitochondrial and cellular damage

(Zorov et al, 2014). However, an increase in GSH levels shows that

protective antioxidative capacity also improved in BHB+ CD4+ and

CD8+ T cells (Fig 3F). To further exclude structural impairment of

mitochondria evoked by ketogenic conditions, we assessed the mito-

chondrial integrity of these cells. As depicted in Fig 3G, BHB did not

alter mitochondrial membrane potential of primary human T cells,

neither in CD4+ nor in CD8+ T-cell subsets. Hence, ketone metabo-

lism does not compromise mitochondrial integrity.

Collectively, we have shown an increase in mitochondrial mass,

ROS production, and aerobic oxidative metabolism through

enhanced respiratory chain activity in BHB+ human T cells. This

might result in an augmentation of memory T cell (Tmem) formation

as they primarily rely on OXPHOS, and increased spare respiratory

capacity has been viewed as a hallmark of their immunometabolism

(van der Windt et al, 2012; O’Sullivan et al, 2014). Supporting this

hypothesis, BHB-cultivated cells expressed elevated levels of Tmem

differentiation factor IL15 (Fig 3H). We applied a Tmem differentia-

tion protocol to further investigate the impact of ketone bodies on

Tmem development (Fig 3I). As shown in Fig 3J, BHB+ CD4+ and

CD8+ T cells displayed higher expression of IL7R and IL15 after dif-

ferentiation. CD4+ and CD8+ central and effector memory T-cell

(Tcm/Tem) subset analysis revealed a significant increase in

CCR7!CD45RA!CD45RO+CD8+ Tem (Fig 3K). In summary, an

enhanced aerobic mitochondrial metabolism in response to BHB

directs human T cells toward Tmem differentiation.
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Figure 2. Ketone bodies shift T-cell metabolism to oxidative phosphorylation.

Human PBMCs were cultivated for 48 h in RPMI containing 80 mg/dl glucose (NC) and supplemented with 10 mM beta-hydroxybutyrate (BHB). T-cell stimulation was
performed through CD3/CD28 Dynabeads at a bead:cell ratio of 1:8. Pan T cells and CD4+ and CD8+ T cells were isolated through magnetic cell separation. Mitochondrial
metabolism was analyzed for each subpopulation using a Seahorse XF96 Analyzer.
A–C OCR, maximum respiration, spare respiratory capacity, and basal respiration were measured in (A) pan T cells, (B) CD4+ T cells, and (C) CD8+ T cells, n = 9 (pan T),

n = 3/4 (CD4 unstimulated), n = 7/8/9 (CD4 stimulated), n = 5 (CD8 unstimulated), and n = 8/7/7 (CD8 stimulated) individual experiments. Data depicted as
mean " SEM (OCR) and box plots with median, 25th and 75th percentiles and range (all other). Dots indicating individual values. *P < 0.05, **P < 0.01, paired t-
test/Wilcoxon matched-pairs signed rank test, as appropriate.
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Differential peripheral immune signatures 
elicited by vegan versus ketogenic diets in 
humans

Verena M. Link    1,2  , Poorani Subramanian3, Foo Cheung2, Kyu Lee Han2,4, 
Apollo Stacy1,5, Liang Chi1, Brian A. Sellers2, Galina Koroleva2, 
Amber B. Courville    6, Shreni Mistry7, Andrew Burns7, Richard Apps2, 
Kevin D. Hall    6   & Yasmine Belkaid    1,2 

Nutrition has broad impacts on all physiological processes. However, 
how nutrition affects human immunity remains largely unknown. Here we 
explored the impact of a dietary intervention on both immunity and the 
microbiota by performing a post hoc analysis of a clinical trial in which 
each of the 20 participants sequentially consumed vegan or ketogenic 
diets for 2 weeks (NCT03878108). Using a multiomics approach including 
multidimensional flow cytometry, transcriptomic, proteomic, metabolomic 
and metagenomic datasets, we assessed the impact of each diet, and dietary 
switch, on host immunity and the microbiota. Our data revealed that overall, 
a ketogenic diet was associated with a significant upregulation of pathways 
and enrichment in cells associated with the adaptive immune system. In 
contrast, a vegan diet had a significant impact on the innate immune system, 
including upregulation of pathways associated with antiviral immunity. 
Both diets significantly and differentially impacted the microbiome and 
host-associated amino acid metabolism, with a strong downregulation of 
most microbial pathways following ketogenic diet compared with baseline 
and vegan diet. Despite the diversity of participants, we also observed 
a tightly connected network between datasets driven by compounds 
associated with amino acids, lipids and the immune system. Collectively, 
this work demonstrates that in diverse participants 2 weeks of controlled 
dietary intervention is sufficient to significantly and divergently impact 
host immunity, which could have implications for precision nutritional 
interventions. ClinicalTrials.gov registration: NCT03878108.

Nutrition affects all physiological processes, including those that 
regulate our immune system1. The link between nutrition and host 
immunity represents an important opportunity to develop therapeu-
tic nutritional interventions in the context of various disease states, 
such as cancer or chronic inflammatory disorders. In support of a link 
between diet and disease state, a low-fat vegan or vegetarian diet has 

been previously associated with decreased inflammation, reduced 
risk for cardiovascular diseases and reduction in overall mortality2–4. 
On the other hand, high-fat, very low-carbohydrate diets (commonly 
referred to as ketogenic diets) have been associated with reduced 
symptoms in defined types of epilepsy and reduced neuroinflamma-
tion5–14. However, despite the preventive and therapeutic potential of 
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Fig. 3b). As expected, most variations resulted from interindividual 
differences; however, diet also had a significant impact on whole blood 
transcriptome.

We next assessed functional trajectories associated with each 
diet. To this end, we performed blood transcription module27 (BTM) 
analysis as well as Hallmark analysis of all genes differentially expressed 
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Differential peripheral immune signatures 
elicited by vegan versus ketogenic diets in 
humans

Verena M. Link    1,2  , Poorani Subramanian3, Foo Cheung2, Kyu Lee Han2,4, 
Apollo Stacy1,5, Liang Chi1, Brian A. Sellers2, Galina Koroleva2, 
Amber B. Courville    6, Shreni Mistry7, Andrew Burns7, Richard Apps2, 
Kevin D. Hall    6   & Yasmine Belkaid    1,2 

Nutrition has broad impacts on all physiological processes. However, 
how nutrition affects human immunity remains largely unknown. Here we 
explored the impact of a dietary intervention on both immunity and the 
microbiota by performing a post hoc analysis of a clinical trial in which 
each of the 20 participants sequentially consumed vegan or ketogenic 
diets for 2 weeks (NCT03878108). Using a multiomics approach including 
multidimensional flow cytometry, transcriptomic, proteomic, metabolomic 
and metagenomic datasets, we assessed the impact of each diet, and dietary 
switch, on host immunity and the microbiota. Our data revealed that overall, 
a ketogenic diet was associated with a significant upregulation of pathways 
and enrichment in cells associated with the adaptive immune system. In 
contrast, a vegan diet had a significant impact on the innate immune system, 
including upregulation of pathways associated with antiviral immunity. 
Both diets significantly and differentially impacted the microbiome and 
host-associated amino acid metabolism, with a strong downregulation of 
most microbial pathways following ketogenic diet compared with baseline 
and vegan diet. Despite the diversity of participants, we also observed 
a tightly connected network between datasets driven by compounds 
associated with amino acids, lipids and the immune system. Collectively, 
this work demonstrates that in diverse participants 2 weeks of controlled 
dietary intervention is sufficient to significantly and divergently impact 
host immunity, which could have implications for precision nutritional 
interventions. ClinicalTrials.gov registration: NCT03878108.

Nutrition affects all physiological processes, including those that 
regulate our immune system1. The link between nutrition and host 
immunity represents an important opportunity to develop therapeu-
tic nutritional interventions in the context of various disease states, 
such as cancer or chronic inflammatory disorders. In support of a link 
between diet and disease state, a low-fat vegan or vegetarian diet has 

been previously associated with decreased inflammation, reduced 
risk for cardiovascular diseases and reduction in overall mortality2–4. 
On the other hand, high-fat, very low-carbohydrate diets (commonly 
referred to as ketogenic diets) have been associated with reduced 
symptoms in defined types of epilepsy and reduced neuroinflamma-
tion5–14. However, despite the preventive and therapeutic potential of 
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Fig. 3b). As expected, most variations resulted from interindividual 
differences; however, diet also had a significant impact on whole blood 
transcriptome.

We next assessed functional trajectories associated with each 
diet. To this end, we performed blood transcription module27 (BTM) 
analysis as well as Hallmark analysis of all genes differentially expressed 
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A ketogenic diet was associated with a significant upregulation of pathways and 
enrichment in cells associated with the adaptive immune system.  

In contrast, a vegan diet had a significant impact on the innate immune system, including 
upregulation of pathways associated with antiviral immunity. 
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Fructose utilization has increased dramatically

Source: USDA reports
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Abstract

Objectives. During gastrointestinal infection, dysbiosis can result
in decreased production of microbially derived short-chain fatty
acids (SCFAs). In response to the presence of intestinal pathogens,
we examined whether an engineered acetate- or butyrate-
releasing diet can rectify the deficiency of SCFAs and lead to the
resolution of enteric infection. Methods. We tested whether a
high acetate- or butyrate-producing diet (HAMSA or HAMSB,
respectively) condition Citrobacter rodentium infection in mice
and assess its impact on host-microbiota interactions. We analysed
the adaptive and innate immune responses, changes in gut
microbiome function, epithelial barrier function and the molecular
mechanism via metabolite sensing G protein-coupled receptor 43
(GPR43) and IL-22 expression. Results. HAMSA diet rectified the
deficiency in acetate production and protected against enteric
infection. Increased SCFAs affect the expression of pathogen
virulence genes. HAMSA diet promoted compositional and
functional changes in the gut microbiota during infection similar
to healthy microbiota from non-infected mice. Bacterial changes
were evidenced by the production of proteins involved in acetate
utilisation, starch and sugar degradation, amino acid biosynthesis,
carbohydrate transport and metabolism. HAMSA diet also induced
changes in host proteins critical in glycolysis, wound healing such
as GPX1 and epithelial architecture such as EZR1 and PFN1. Dietary
acetate assisted in rapid epithelial repair, as shown by increased
colonic Muc-2, Il-22, and anti-microbial peptides. We found that
acetate increased numbers of colonic IL-22 producing
TCRab+CD8ab+ and TCRcd+CD8aa+ intraepithelial lymphocytes
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Figure 1. Restored concentrations of SCFA acetate by HAMSA diet is associated with reduced susceptibility to C. rodentium infection. (a) Acetate and

butyrate concentrations in the faeces of C57Bl/6J mice fed high amylose starch (HAMS), acetylated HAMS (HAMSA) or butyrylated HAMS (HAMSB)

supplement adlibitum from pre-infection (3 weeks, white bars) and post-infection (2 weeks, black bars) with C. rodentium. Pre-infection faecal SCFA

concentrations determined at day 0 of C. rodentium infection model, and 14 DPI (n = 5 per group). (b) Body weight changes and (c) stool scores in

faeces (0 = normal stool; 1 = soft stool; 2 = diarrhoea; 3 = diarrhoea and anal bleeding) from C57Bl/6J mice fed HAMS, HAMSA or HAMSB diets at

14 DPI (n = 9 or 13). (d) Bacterial load of C. rodentium in faeces from mice at day 14 DPI. Histological colitis scores showing (e) inflammatory infiltrate

and (f) epithelial damage of the distal colon as mean ! SEM (n > 4). The scoring system is described in the Methods. Uninfected mice (not

represented) scored 0 in all categories (n = 4 or 5 mice per group). (g) Representative H&E slides from distal colon sections at 14 DPI. Single-headed

arrows indicate the degree of immune cell infiltration within the base of the mucosa, which appears to be greater in infected mice than uninfected

mice. Double-headed arrows indicate mucosal thickness, ▼ highlights noticeable tattering and erosion on the epithelial surface. Scale bar = 100 µm,

(n = 5). Data are expressed as mean ! S.E.M. P-values determined by one-way ANOVA (a, d, e, f) or two-way ANOVA (b, c) with Bonferroni’s

correction. (b) *uninfected vs HAMS; #uninfected vs HAMSB. (c) *HAMSA vs HAMS (day 8, 12); #HAMSB vs HAMS. Graphs and disease incidence are

representative of 2 independent experiments. ns = not significant. * or #P < 0.05, ** or ##P < 0.01, *** or ###P < 0.001, **** or ####P < 0.0001.
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Figure 2. Increased regulatory IELs induced by HAMSA are associated with protection against C. rodentium. Frequency and numbers of

(a) CD45+Ly6G+ neutrophils; (b) IL-22+RORct+ILC3s; (c) IL-22+CD4+ T cells; (d) RORct+CD4+ T cells; (e) IL-17+CD4+ T cells; (f) IL-17+RORct+ILC3s;
(g) CD4+FoxP3+ Tregs; (h) number of total IELs; (i) TCRab+CD8ab+CD103+ and TCRcd+CD8aa+CD103+ IELs and (j) CD19+IgA+ B cells analysed by flow

cytometry. Data are expressed as mean ! S.E.M. P-values were determined by one-way ANOVA with Bonferroni’s correction. Each symbol represents

data from an individual mouse. Graphs are representative of 2 or 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs HAMS.

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
Australian and New Zealand Society for Immunology, Inc.

2021 | Vol. 10 | e1233
Page 5

YA Yap et al. The role of short-chain fatty acids and intraepithelial lymphocytes in infection

 20500068, 2021, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cti2.1233 by U

N
IV

ERSITA
 D

I PA
D

O
V

A
 C

entro di A
teneo per le Bib Ca, W

iley O
nline Library on [05/06/2024]. See the Term

s and Conditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative Com

m
ons License

Increased regulatory 
intraepithelial 
lymphocytes (IELs) 
induced by HAMSA are 
associated with 
protection against C. 
rodentium. 



Ma et al, Cell, 2020

Calorie restriction is beneficial for health



Although the mechanisms of CR are not completely understood, protein quality and 
amino acid composition of diet have been more strongly associated with metabolic 
and age-associated health.

One of the pathways that are induced with protein 
and amino acid restriction, is the transsulfuration 
pathway (TSP). The TSP involves the catabolism 
of methionine to generate intermediates such as 
the methyl donor S-adenosylmethionine (SAM), 
S-adenosylhomocysteine (SAH), homocysteine, 
and cystathionine. The TSP also allows for the 
generation of cysteine through the action of 
cystathionine-γ lyase (CSE), which can further 
provide important metabolites and byproducts 
such as glutathione, pyruvate, and hydrogen 
sulfide (H2S).  
Some TSP metabolites such as SAM and 
homocysteine are increased with obesity and 
aging and have been implicated with 
inflammation and disease risk.

Calorie restriction is beneficial for health

Lee & Dixit, Immunity, 2020
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