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Introduction
Two of the most fundamental ways in which cells and animals interact with their
environment are through obtaining nutrients sufficient to sustain life and defending against
attack of potentially pathogenic organisms. It is not surprising with some reflection,
therefore, that immune cell metabolism and function are linked and that the immune system
as a whole is connected and closely interacts with basic metabolic tissues and processes.
This basic premise is now well accepted, but, until recently, was overlooked in both studies
of the immune system and in studies of nutrition and metabolism. It had been apparent
nearly one hundred years ago, however, that nutrition and immunological state could be
associated, as malnutrition was clearly defined as an immunosuppressive condition, with
increased infections in poorly fed populations (1, 2). Evolutionarily, it appears that the
highly energy-dependent process of immune protection was simply selected as a system to
be quickly sacrificed in times of famine, so as to maintain enough energy for immediately
vital functions, such as neuronal and cardiovascular systems.

This nutrition and immunity association now provides context for the rise of
immunometabolism as a field. Current thinking acknowledges that the links between
immunity and metabolism are not limited to malnutrition and include basic cellular
processes as well as close interactions between immune cells and metabolic tissues. In
particular, immune responses are highly energy dependent, and how lymphocytes obtain
their energy offers a new approach to modify immunity and define specific immune
functions. Metabolic stress response pathways, such as autophagy, are also intimately tied to
immunity, to activate the innate immune response, to allow adaptive immunity, as well as to
directly eliminate some pathogens. In addition, the growing incidence of obesity and the
metabolic syndrome in the western world are now known to have inflammation and
overactive immunity as a root source of pathology. As recognition of the importance of
these areas grows, the field of immunometabolism is now of broad importance in basic
biologic understanding of immunity as well as in a variety of pathological settings. This
volume includes reviews to discuss current literature and thought on each of these topics and
to point toward future directions how metabolic links with immunity ultimately may be
exploited to treat a wide array of metabolic and immunologic diseases.
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Metabolic reprogramming in lymphocytes themselves
One of the first criteria for proper immunity is that the immunologic cells themselves must
have appropriate and sufficient energy to support their demands. The study of regulation of
cell metabolism in the immune system was of great interest in the past and has re-emerged
in recent years to better understand basic biology of immunity as well as transformation.
One of the earliest pioneers of this work on leukocyte metabolism, not surprisingly, was the
noted Otto Warburg. Warburg showed that glycolysis rather than oxidative metabolism is
the favored metabolic program for stimulated leukocytes (3). This study followed a series of
seminal papers by Warburg starting in the 1920s that showed cancer metabolism was highly
characterized by a transition from an aerobic oxidative metabolism to glycolysis, even in the
presence of oxygen. This metabolic program is now found in a wide range of cancers and is
termed aerobic glycolysis (4). Warburg’s essential finding, therefore, was that stimulated
leukocytes are metabolically similar to cancer cells and favor glycolysis over mitochondrial
oxidative pathways. Others soon followed to also measure how leukocyte activation
increased anaerobic glucose metabolism (5, 6), including detailed NMR flux analyses of T-
cell activation that showed increased glycolysis as well as glutamine oxidation (7). It has
been evident, therefore, that lymphocyte activation leads to a metabolic reprogramming
similar to cancer cells as far back as the 1950s and 1960s.

The driving force behind the transition of a resting lymphocyte from an oxidative to a highly
glycolytic metabolism is to support the change in cellular metabolic demands to support
immunity. Cell metabolism must fundamentally meet the functional requirements of the cell.
Resting cells are quiescent and require primarily adenosine triphosphate (ATP) for basal cell
functions and energy-demanding process of chemotaxis in immune surveillance. Upon
stimulation, however, lymphocytes enter the cell cycle and can divide as often as every 4–6
h (8, 9). In this state, lymphocytes require both ATP and tremendous quantities of
biosynthetic precursors to support rapid growth. Oxidative metabolism is highly efficient at
generating energy, but converting carbon sources to carbon dioxide for ATP production
leaves little capacity for macromolecular synthesis. Glycolysis coupled with glutamine
metabolism, however, can provide both ATP and intermediates for nucleotide, lipid, and
amino acid synthesis (10). At the end of an immune response, T cells no longer require rapid
growth and decrease glycolytic metabolism as cells are selected for long-term
immunological memory. Memory T cells have been shown to revert to oxidation of lipids as
primary energy source (11, 12). The transition of T cells from oxidative to glycolytic and
back to oxidative metabolism is reviewed by Van Der Windt and Pearce (13). Ultimately,
the ability of cells to undergo these metabolic transitions may link tightly to cell survival and
the ability of antigen-specific T-cell clones to rapidly expand to allow competitive selection
of high-affinity clones (14–16) and is reviewed by Wensveen et al. (17).

The details of this metabolic transition are now becoming apparent and may provide new
directions to modulate immunity (Fig. 1). With similar metabolic demands to maximally
support cell growth of both cancer cells and stimulated lymphocytes, the field of cancer
metabolism has provided important metabolic clues to understand immune function. Also,
because the key signaling pathways that stimulate an immune response are often oncogenic
when constitutively active, it is now apparent that the molecular signals that promote aerobic
glycolysis are shared between these otherwise potentially quite disparate populations. In
normal cells, signals to promote metabolism are initiated by cell extrinsic stimuli, such as
cytokines or antigen receptor stimulation. Indeed, even resting T cells require cell extrinsic
signals to maintain basal rates of metabolism (18). Of these signals in resting cells,
conditional deletion of the interleukin-7 (IL-7) receptor showed this pathway to be essential
to maintain basal glucose metabolism in vivo (19). T-cell receptor and CD28 costimulation
can then lead to a rapid and dramatic increase in metabolism and transition to aerobic
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glycolysis (20). The molecular and metabolic details of this switch in acute T-cell activation
are now becoming apparent and are reviewed by Wang and Green (21). Chronic T-cell
activation, such as in autoimmunity or in graft versus host disease, may lead to a different
metabolic phenotype, with T cells reverting from aerobic glycolysis back to favor a more
oxidative metabolism (22). Wahl et al. (23) review these metabolic changes and the potential
of specifically targeting the oxidative metabolism of chronically stimulated T cells in
inflammatory diseases.

Three main signaling mechanisms have been identified to drive aerobic glycolysis in T-cell
activation. In each case, pathway activation frequently occurs in cancer due to oncogenic
mutations or as a result of cell receptor signals in T cells. The phosphatidylinositol-3 kinase
(PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway is activated in a wide range
of cancers and in T-cell activation and is reviewed by Waickman and Powell (24). This
pathway plays a major role to promote anabolic metabolism. Activation of the PI3K/Akt/
mTOR pathway promotes Glut1 trafficking to the cell surface (25) to drive glucose uptake
and glycolysis and also leads to increased protein translation and induction of the
transcription factor SREBP1 that stimulates lipid synthesis (26). If mTOR complex 1
(mTORC1) is inhibited, T cells fail to switch to aerobic glycolysis or grow and instead
become tolerized or anergic. Interestingly, anergic T cells remain metabolically oxidative
and blocking aerobic glycolysis itself appears sufficient to drive, in turn, T-cell anergy (27).
Upstream of mTORC1, PI3K produces phosphatidylinositol-3 phosphate that activates
phosphoinositide-dependent kinase 1 (PDK1), which then phosphorylates Akt to promote
activation of this kinase. This signaling pathway is not entirely linear, however, as PDK1
may also have roles to regulate glucose metabolism in mechanisms both dependent and
independent of Akt (28).

Opposing the PI3K/Akt/mTOR pathway is 5′AMP-activated protein kinase (AMPK), which
inhibits mTORC1 and stimulates catabolic rather than anabolic metabolic pathways to
promote glucose and lipid oxidation (29). AMPK is activated by elevated ratio of AMP or
ADP to ATP and by tumor suppressor LKB1 or CamKKβ. The roles of LKB1 and AMPK in
immunity are complex, but appear to both play roles in survival and maintaining immune
homeostasis (30–32). Given the prevalence of AMPK activating drugs, such as metformin,
as treatments in obesity and Type II diabetes, it is important to better understand the role of
this kinase in T-cell metabolism and function. It is possible that some or even many of the
symptoms of the metabolic syndrome that are relieved by these drugs are mediated through
direct modulation of immune cell metabolism rather than indirectly through generally
improved metabolic health and this topic is reviewed in Blagih et al. (33).

A second key pathway that promotes aerobic glycolysis in lymphocytes is through induction
of the oncogenic transcription factor, c-Myc. c-Myc is highly associated with a wide variety
of cancers and has been shown to induce both glycolytic genes as well as genes essential for
glutamine metabolism (34). c-Myc is also rapidly upregulated upon T-cell activation.
Recently, conditional c-Myc deletion in T cells showed this factor essential for increased
expression of nearly all genes involved in glycolysis, and glutaminolysis, and other
pathways, including the polyamine pathway (35). As a consequence of this prominent
regulatory role, c-Myc-deficient T cells failed to grow and were unable to proliferate. As
reviewed by Wang and Green (21), it is critical that dividing cells have appropriate
metabolic support, and there is a growing appreciation that c-Myc plays a central role to
promote metabolic pathways to meet the needs of proliferative cells. Stimulation of the
glutamine oxidative pathway may be a particularly important for c-Myc, as glutamine is
essential to maintain anapleurotic flux through the tri-carboxylic cycle (TCA) in rapidly
growing cells. By stimulating this pathway, however, c-Myc can render cells glutamine
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dependent (34), a finding that may be exploited in cancer therapies and could also have
impact in immunosuppression.

A third class of proteins shown to regulate T-cell metabolism are nuclear hormone receptors.
As reviewed by Kidani and Bensinger (36), the liver X receptor (LXR), peroxisome
proliferator-activated receptors (PPARs), and estrogen-related receptor-α (ERRα) can play
key roles in lymphocyte metabolic regulation. Most strikingly, LXR-deficient T cells have
increased activation, leading to elevated proliferation and production of inflammatory
cytokines (37). LXR normal opposes SREBP action and promotes the efflux of cholesterol,
whereas SREBP promotes lipid and cholesterol synthesis. LXR-deficient T cells, therefore,
have excess cholesterol and sterol generation and accumulation that can drive T-cell
inflammatory function. PPARs (PPARα, β/δ, γ) promote lipid metabolic pathways and lipid
oxidation by inducing genes such as carnitine palmitoyl transferase 1a (CPT1a), a rate-
limiting component of lipid oxidation. CPT1a is also upregulated as CD8+ T cells switch
from proliferating effectors using glycolysis to memory cells dependent on lipid oxidation
(38). Consistent with promoting oxidation of lipids rather than lipid synthesis for cell
growth, synthetic PPAR ligands have been used to treat metabolic disease and have
immunosuppressive properties. Lastly, ERRα is well known to promote a variety of
metabolic pathways, including the TCA cycle and mitochondrial electron transport (39), and
is upregulated in T-cell activation (40) and macrophage function (41). ERRα expression is
associated with poor prognosis in a variety of cancers (42) and has also been shown to be
important for carbohydrate metabolism in developing Drosophila (43). ERRα is essential for
macrophage metabolism and protection against Listeria monocytogenes (41), and our
laboratory recently showed a key role for ERRα to coordinate mitochondrial and glucose
metabolism in proliferating lymphocytes. Inhibition of this pathway can suppress immunity
and an experimental autoimmune encephalomyelitis (EAE) response (40).

Differentiation of effector and regulatory T cells
Because metabolism must match cell function, it is not surprising that T cells with distinct
immunological roles utilize specific metabolic programs (9). A key clue to define these
pathways was the finding that conditional deletion of mTOR in mature CD4+ T cells
allowed only the generation of regulatory T cells (Tregs) (44). Further studies to specifically
modify the mTORC1 and mTORC2 pathways also led to selective generation of T-cell
subsets, with mTORC1 essential for Th1 and Th17 cells while mTORC2 was essential for
Th2 (45, 46). This topic is reviewed in detail by Waickman and Powell (24). Given the clear
role for mTOR to promote glucose uptake and glycolysis (26), we reasoned that Tregs and
effector [T-helper 1 (Th1), Th2, Th17] CD4+ T cells may differ metabolically. Indeed, while
all stimulated CD4+ T cells are more metabolically active than resting cells, Tregs are reliant
on lipid oxidation for a primary metabolic fuel, whereas effectors utilize glucose and
glutamine oxidation (47). Consistent with a role for AMPK to promote oxidative
metabolism and antagonize mTORC1, phospho-AMPK levels were elevated in both induced
and natural Treg and in vivo stimulation of AMPK could both decrease glucose metabolism
and increase Tregs in a model of murine asthma (47). Furthermore, targeting metabolic
pathways could shift T-cell differentiation, as inhibition of glucose metabolism with 2-
deoxyglucose blocked generation of Th1 and Th17 cells, but favored production of Treg
both in vitro and in vivo (47, 48) and is reviewed by Wang and Green (21).

In addition to mTOR and AMPK, the hypoxia inducible factor 1α (HIF1α) has been found
to play a key role in generation of CD4+ T-cell subsets, but in this case, specifically Th17
cells. HIF1α is a transcription factor that is tightly regulated by oxygen availability and has
a role to upregulate glycolytic genes and promote anaerobic metabolism (49, 50).
Interestingly, HIF1α is highly expressed in Th17 cells but not in other CD4 lineages (48,
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51). Although HIF1α deficiency does not disrupt normal T-cell activation and metabolic
reprogramming in the first day or two of activation (35), HIF1αnull T cells ultimately fail to
become Th17 cells even under optimal conditions (48, 51). The mechanisms by which
HIF1α to promote Th17 fate is not certain and may involve increased glycolysis (48) or
potentially direct biochemical regulation of the Th17 transcription factor RORγT (51). This
topic is reviewed in Wang and Green (21) and may have significant implications for
modulating the balance of inflammatory Th17 and suppressive Treg cells in immunity.

Amino acid metabolism is also critical for lymphocyte proliferation and differentiation of T
cells into effector or Treg lineages and is reviewed by McGaha et al. (52). Amino acid
pathways are linked to mTOR, as mTOR is sensitive to amino acid levels and decreased
amino acids suppress mTOR activation. Beyond mTOR signaling, however, availability of
essential amino acids is critical for immune function through uncharged tRNA stress and
other metabolic intermediates. Tryptophan catabolism, in particular, is induced through
upregulation of indoleamine 2,3 dioxygenase (IDO1, IDO2) in response to inflammatory
cytokines. IDO1 can promote tryptophan metabolism that can have both cell intrinsic and
extrinsic effects on T cells and can both deplete tryptophan and generate metabolites with
signaling properties that suppress inflammation and immunity and instead promote Treg
generation. Conversely, IDO1 inhibition can increase tryptophan availability and promote
immunity (53, 54).

Autophagy in metabolism and immunity
Nutrient limitation in the microenvironment is a concern of cells throughout evolution, and
the process of autophagy is one of the primary responses to this stress. Autophagy involves a
series of ubiquitination-like protein modifications that ultimately lead to the engulfment of
cytosolic contents into double membrane lipid vesicles for transport into lysosomes. Upon
fusion with lysosomes, then termed autophagolysosomes, the contents are degraded, and
small molecules constituents are released into the cytosol. This has the benefit of potentially
clearing unneeded cytosolic contents as well as to generate an intracellular source of
nutrients (55, 56). This process is reviewed in detail in McLeod et al. (57). The metabolic
role for autophagy was clearly shown in response to growth factor deprivation of apoptosis-
deficient cells (58), and we have since shown that hematopoietic cells rely on autophagy to
provide a source of lipids for oxidative metabolism when glycolysis decreases (59).
Autophagy has numerous other functions as well, however, and acts as a means to dispose
and recycle a variety of intracellular components, including bulk cytosolic material, protein
aggregates, and full organelles.

Autophagy is regulated via AMPK and mTORC1 phosphorylation of the serine/threonine
kinases Ulk1/2. In nutrient-rich conditions, Ulk1 and Ulk2 are phosphorylated and inhibited
by mTORC1. When nutrients become limiting, however, such as with reduced amino acid
levels or decreased ratios of ATP to ADP or AMP that lead to AMPK activation, mTORC1
activity decreases to reduce Ulk1/2 inhibitory phosphorylation, and AMPK can directly
phosphorylate and activate Ulk1/2 (60). Activated Ulk1/2 then initiates autophagy, including
processes such as mitochondrial degradation, or mitophagy (61). This may play a key role to
provide an alternate cell-intrinsic source of nutrients to help promote the survival of tumor
cells under metabolic stress. There is a strong interest, therefore, in inhibiting autophagy to
eliminate cancer cells. This approach, however, may have some unintended consequences
on immune cells and also inhibit any potential anti-tumor immune response or other immune
responses, as reviewed by Townsend et al. (62).

It is now clear from studies that have directly targeted autophagy in immune cells that this
process plays multiple roles in immunity. These functions include and go beyond providing
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a source of nutrients to metabolically stressed cells. Autophagy appears not only to be an
important source of nutrients to support metabolism of nutrient-deprived leukocytes (59) but
also to play a prominent role in initiating and supporting immune responses. Because the
autophagic response is essentially a means to direct cytosolic components to the lysosome,
this process is used to rid the cell of intracellular pathogens. Mycobacteria, for example, are
targeted in macrophages to autophagolysosomes for destruction and inhibition of autophagy
can exacerbate infection (63). Furthermore, it is now clear that this metabolic stress pathway
is exploited broadly in innate immunity as a means to recognize danger signals and initiate
the inflammatory innate immune response. Both damage-associated molecular patterns and
pathogen-associated molecular patterns are recognized in autophagolysosomes and are
essential for normal immune protection in tissue damage or infection, as reviewed by Tang
et al. (64).

Autophagy plays a key role in lymphocyte development and activation. The precise
mechanism of this reliance is not clear, but autophagy-incompetent B and T cells fail to
develop properly (65, 66). Further lymphocyte homeostasis and activation are defective.
This may be in part due to a partial reliance of lymphocytes on autophagy as a metabolic
source in the initial phase of activation, when the rapid increase in metabolic demand may
outpace the upregulation of aerobic glycolysis and glutaminolysis. In addition, autophagy
may play key roles in regulation of signaling and clearance of excess mitochondria as
reviewed by Mcleod et al. (57). In particular, developing thymocytes have more
mitochondria than mature peripheral lymphocytes and autophagy appears to play a key role
to eliminate excess mitochondria that otherwise appear to sensitize cells to death (66).

In addition to autophagy, metabolic stress can ultimately lead to apoptosis or necrosis (67).
The process of necroptosis, however, has features of both necrosis and apoptosis and is
reviewed by Lu and Walsh (68). Necroptosis is induced through activation of RIP1 and
RIP3 kinases downstream of death receptor activation. Caspase activation can override this
process to induce apoptosis, and necroptosis is most clearly evident in cells with caspase
inhibition. As many pathogens can suppress caspase activity, this process may have
important implication in host defense. In addition, reactive oxygen species (ROS) that can
vary based on cell metabolism have become apparent as a key initiator of necroptosis. The
precise link between necroptosis and autophagy is not understood, but caspase inhibition
that leads to necroptosis also can promote autophagy. Inhibition of necroptosis, in turn,
decreases autophagy. The mechanisms and role of necroptosis remains uncertain, but
regulation of autophagy and the influence of ROS on necroptosis show clear connections to
metabolism.

Nutrition in immunity and immunity in metabolic diseases
Beyond cell-intrinsic metabolism in the immune system, associations between systemic
nutritional status and immunity are becoming increasingly apparent. In particular, this topic
has become of great interest as the rates of obesity and metabolic syndrome increase and a
low level systemic inflammation has been shown to be a driving force in much of the
associated pathology (69). Why nutrition and immunity are so closely linked is unclear, but
just as undernutrition leads to immune suppression, overnutrition leads to dysfunctional
immune responses and chronic inflammation. It may be that the evolutionary need to
conserve energy in times of food scarcity has linked energy-expensive immune responses to
nutritional status to balance the energy cost of immunity with needs to support necessary
physiological processes (70). Obesity links systemic metabolism to the immune system
through hormones and adipocyte-derived cytokines, or adipokines, that can modulate
immunity to promote inflammation and metabolic syndrome (71). Importantly, these links
affect nearly all cells in the immune system and are reviewed by Nikolajczyk et al. (72). The
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role of lymphocytes, in particular, as initiators of many of the inflammatory phenotypes of
obesity is being supported by findings that Tregs accumulate in lean visceral fat but are
decreased in obesity, as Th1 and inflammatory T-cell subsets become favored (73, 74).
Furthermore, CD8+ T cells may play a key role to recruit inflammatory macrophages and T-
cell immunotherapy can suppress adipose inflammation. T-cell activation and inflammation,
therefore, may be among the first drivers of adipose inflammation and the metabolic
syndrome (73, 75, 76).

A major adipokine with critical roles in both nutrition and immune regulation that
contributes to T-cell function and inflammation is leptin (77). Adipocytes produce leptin,
which can promote satiety and act to reduce food intake. In obesity, adipocytes continue to
produce leptin, and leptin levels are raised. The effects of elevated levels of this adipokine
have been most apparent in patients with congenital leptin deficiency and in mutant mice
that lack either leptin (Ob/Ob) or the leptin receptor (Db/Db). In each of these cases, leptin
deficiency leads to metabolic dysfunction (78), with increased appetite and excessive eating
leading to obesity, and also immune deficiencies. Conversely, lipodystrophy results in very
low leptin levels and metabolic dysfunction that can be restored with leptin replacement
(79). Although all branches of the immune system are affected by leptin, macrophages and T
cells in particular stand out. In particular, leptin is known not only in metabolic regulation
but also as an inflammatory cytokine, promoting Th1 and suppressing Th2 CD4+ T-cell
subsets (77). Tregs are also highly impacted by leptin, which can suppress their
proliferation. Matarese et al. (80) review the interaction of leptin with T cells in the immune
system. Thus, increased adipocyte mass and adipokine secretion has direct impact on T-cell
subsets and function as a mechanism to link nutrition to immunity. Conversely, malnutrition
decreases leptin, which leads to lower T-cell numbers and the potential of increased Treg
function (77, 81) that may contribute to immune suppression.

In addition to lymphocytes, macrophages are key effectors of obesity-related inflammation.
Like T-cell subsets, macrophages can be associated with multiple phenotypes. While these
phenotypes are somewhat plastic and macrophages can reprogram from one mode to
another, the classic inflammatory macrophage is termed M1, whereas M2 macrophages are
immune regulatory and immune suppressive. M2 macrophages dominant in adipose tissues
of lean individuals and produce anti-inflammatory cytokines, such as IL-10, to maintain
metabolic homeostasis through active insulin signaling. Lipid accumulation in obesity,
however, leads to a polarization of M2 macrophages to the M1 phenotype, with production
of inflammatory cytokines, such as TNF-α and IL-1β. The signals that cause this switch
from M2 to M1 are complex, but fatty acids themselves can promote Toll-like receptor 4
signaling (82) and NLRP3 inflammasome-mediated processing of IL-1β (83). Parallel to the
glycolytic phenotype of effector T cells and oxidative phenotype of Tregs, M1 macrophages
are glycolytic, whereas M2 rely on AMPK and are oxidative (84). Johnson et al. (85) review
signals and metabolic processes that regulate M1 and M2 macrophage metabolism and their
roles in insulin resistance. The M1 macrophages and production of inflammatory cytokines
can then promote insulin resistance in adipocytes, to perpetuate the pro-inflammatory
response and metabolic dysregulation through multiple cytokines, such as IL-1β, which may
have a particularly important role in this process (86), as reviewed by Tack et al. (87).

In addition to the direct activation of inflammation by lipids signaling mechanisms, changes
in nutrient availability for lymphocytes and macrophages may also influence inflammation.
Indeed, changes in fuel availability can influence in vitro differentiation of effector and Treg
cells, with increased palmitate/oleate levels suppressing effector T cells while stimulating
Treg (47). In vivo, nutrient changes are more complex, and obesity and diabetes-related
hyperlipidemia and hyperglycemia may instead promote effector inflammatory T cells.
Changes in lipid composition and oxidation may also be important. This apparent reversal in

Rathmell Page 7

Immunol Rev. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the role of lipids to stimulate Treg in the normal state to suppression of Treg in obesity and
diabetes shows that metabolic disease has multiple and complex regulation of immune cells.
Indeed, the accumulation of Tregs in lean visceral adipose tissue is reversed with obesity
and diabetes (73), demonstrating an in vivo switch that may be a key event in the pathology
of obesity-related inflammation and the metabolic syndrome.

Targeting metabolism in immunological diseases and immunity in
metabolic disease

Recognition of the role of metabolism in immunity and that immune cells play critical roles
to drive the pathology of metabolic diseases has raised a number of important questions and
opportunities. The tight association of immunity and metabolism works at numerous levels.
On the most basic level, lymphocytes and innate immune cells need energy to function. How
these pathways are regulated and impact T-cell function are still not clear, but blocking
glucose or glutamine metabolism can potently inhibit lymphocyte activation and
proliferation (35, 47, 88, 89). Pharmacologically targeting these metabolic pathways,
therefore, may provide a new direction in immunosuppression. Furthermore, with the
distinct metabolic phenotypes of effector T cells and Tregs (47, 48, 51) and parallel patterns
for M1 and M2 macrophages, it may be possible to tailor immune responses by modifying
select metabolic programs. Initial data show that each T-cell subset requires its specific
metabolic program and increasing or decreasing this program can enhance or suppress,
respectively, these cell functions. For example, addition of lipids increased Treg generation
by fueling lipid oxidation, whereas overexpression of Glut1 to increase glucose uptake can
increase effector T-cell proliferation (47, 89). Likewise, CD8+ memory T cells utilize lipid
oxidation (12), and enhancing or repressing this pathway by modulation of the
mitochondrial lipid transporter CPT1a can directly impact memory cell formation and
survival (12, 38).

Targeting the metabolism of immune cells to suppress inflammation is a challenge. Blocking
basic pathways, such as glycolysis, may or may not be feasible. Certainly, treatment with the
glycolytic inhibitor 2-deoxyglucose has been shown to suppress EAE (48). Given the
potentially narrow therapeutic window for a potent direct glycolytic inhibitor, however, the
impact of this approach is not clear in the long term. The selective reliance of chronically
stimulated cells on oxidative metabolism may allow drugs that inhibit aspects of this
pathway to reduce the function of autoreactive lymphocytes. The drug Bz-423, for example,
binds the F1F0ATPase of mitochondria and increases ROS generation and seems to be
selectively toxic to chronically stimulated lymphocytes (22). Normal and resting cells
appear to survive this drug, potentially due to their ability to handle ROS stress or ability to
adapt metabolically and use alternate pathways. This approach is reviewed by Wahl et al.
(23) and supports the notion that selective inhibition of even basic metabolic components or
pathways, that would appear to be fundamental to all cells, can still provide some selectivity.
This may depend on the degree of reliance of cells on those pathways but nevertheless may
provide a therapeutic opportunity. Alternatively, targeting regulators of metabolism that
promote specific metabolic pathways can provide an indirect means to target metabolism.
We have shown, for example, that metformin can lead to AMPK activation and reduce T-
cell responses in vivo while maintaining Tregs (40). Also, nuclear hormone receptors, such
as PPARs and ERRα, are excellent drug targets that may act in part through modulation of
lymphocyte metabolism. Together, these topics are reviewed by Townsend et al. (62) and
Kidani and Bensinger (36).

Much of the pathology of the metabolic syndrome is now clearly mediated by inflammation.
This topic is reviewed by Nikolajczyk et al. (72), Johnson et al. (85), and Tack et al. (87).
Directly suppressing inflammatory pathways, therefore, are promising new approaches to
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treat obesity-related diseases. In addition, approaches to reduce the metabolic stress of
adipocytes and other metabolic tissues can reduce inflammation. Given that metabolic
therapies in obesity and diabetes generally strive to increase lipid oxidation, it is tempting to
speculate that at least a part of the effects of increased lipid oxidation may be by directly
promoting oxidative metabolism in immune cells because both M2 and Treg cells prefer
lipid oxidation when compared to inflammatory M1 macrophages and effector T cells.
Indeed, metformin is a very commonly prescribed drug that promotes AMPK activation and
can relieve some symptoms of metabolic syndrome. We have shown that AMPK activation
drive the balance of T cells away from effectors and toward Tregs (47), and this may be a
component of the success of metformin treatment that complements general improvements
in metabolic health.

The field of immunometabolism has been growing leaps and bounds in the past years. It is
not, however, an entirely new field. The links between nutrition and immune status have
been appreciated for many years. The newfound molecular links between metabolic tissues
and immune signaling pathways as well as increased understanding and appreciation of
direct metabolic pathways of the immune cells themselves offers a new and exciting
direction to understand both normal immunity as well as immunity in metabolic disease.
Recent studies that address direct changes in lymphocyte metabolism in immunity have
much to owe to the cancer metabolism field, as activated lymphocytes and cancer cells can
be very similar metabolically. In this light, it is appropriate that the father of cancer
metabolism, Otto Warburg (4), was also one of the first to investigate the activation of
glycolysis in leukocyte activation (3). There are many questions that remain, chief of which
will be to improve our understanding of metabolic pathways in immune cells and how
immunological cells interact with cells in traditional metabolic tissues. It now is clear,
however, that addressing these questions has the potential to impact a wide range of
diseases.
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Fig. 1. Links between metabolism and immunity
Resting lymphocytes use an oxidative metabolism for maximal energy generation. Upon
stimulation, the Akt/mammalian target of rapamycin (mTOR), c-Myc, and estrogen related
receptor-α pathways promote effector T cells to switch to a glycolytic metabolism that
promotes cell growth for rapid proliferation. Classical M1 macrophages are also highly
glycolytic and inflammatory. If AMP-activated protein kinase is stimulated, however, to
suppress mTOR and promote lipid oxidation, regulatory T cells (Tregs) are favored.
Suppressive M2 macrophages are also oxidative. Autophagy, apoptosis, and necroptosis
pathways can also be metabolically regulated and can shape the immune response.
Lymphocytes and macrophages are also closely tuned to adipose tissue through lipid
signaling mechanisms and adipokines. T cells and macrophages then can play key roles to
regulate insulin resistance and the metabolic syndrome.
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