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T cells are highly influenced by nutrient uptake from their environment, and changes
in overall nutritional status, such as malnutrition or obesity, can result in altered T-cell
metabolism and behavior. In states of severe malnutrition or starvation, T-cell survival,
proliferation, and inflammatory cytokine production are all decreased, as is T-cell glucose
uptake and metabolism. The altered T-cell function and metabolism seen in malnutrition
is associated with altered adipokine levels, most particularly decreased leptin. Circulat-
ing leptin levels are low in malnutrition, and leptin has been shown to be a key link
between nutrition and immunity. The current view is that leptin signaling is required
to upregulate activated T-cell glucose metabolism and thereby fuel T-cell activation.
In the setting of obesity, T cells have been found to have a key role in promoting the
recruitment of inflammatory macrophages to adipose depots along with the production
of inflammatory cytokines that promote the development of insulin resistance leading
to diabetes. Deletion of T cells, key T-cell transcription factors, or pro-inflammatory T-
cell cytokines prevents insulin resistance in obesity and underscores the importance of
T cells in obesity-associated inflammation and metabolic disease. Altogether, T cells have
a critical role in nutritional immunometabolism.
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Introduction

The ability to use and store nutrients for catabolic and anabolic
processes is a fundamental requirement for the life of an organ-
ism. Therefore, any imbalance in nutrient consumption and nutri-
tional state can lead to detrimental consequences. Severe under-
nutrition or starvation can lead to gradual weight loss, reduction
of energy expenditure and metabolic rate, and diminished sur-
vival, along with an increased risk of morbidity and mortality from
infection. On the other hand, chronic over-nutrition, characterized
by a prolonged positive energy imbalance that facilitates obesity,
is associated with the development of multiple health problems
such as heart disease and diabetes, which contribute directly to
increased health cost, morbidity, and mortality.
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Over the past few decades, the access to and availability of
food sources, education level, and socioeconomic status as well
as inherited genetic traits, behavioral, physical, or psychologi-
cal factors have caused obesity to reach epidemic proportions in
the United States. Consistently, the number of obese individuals
worldwide has doubled over the past two decades, and prevalence
is expected to continue to rise over the coming years [1]. Con-
versely, while malnutrition is less common in developed countries,
the World Health Organization cites malnutrition as the greatest
single threat to the world’s public health, and approximately 800
million people are chronically undernourished worldwide [2].

Nutrition and immunity are closely linked. Relative to its size,
the immune system is one of the most energy consuming cell
systems in the body and, therefore, is strongly affected by nutri-
ent imbalance. One significant player in this context is adipose
tissue, which takes on an important intermediate role between
nutrient availability and immune cell activation. Under healthy
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body weight conditions, adipocytes, in concert with a plethora of
immune cells, regulate tissue homeostasis and prevent inflamma-
tion. However, prolonged nutrient overload which leads to obesity
results in accumulation of adiposities that negatively impact the
immune function and host defense [3]. Adipose tissue produces
many secretory bioactive substances, also known as adipokines (or
adipocytokines), which have been found to directly affect immune
cells in a pro- or anti-inflammatory manner. Adipokines such as
leptin, resistin, and visfatin are increased in obesity and promote
inflammation, whereas the adipokine adiponectin is decreased
in obesity and suppresses inflammatory response [4-7]. Nutri-
ent shortage or depletion of fat stores as a result of starvation or
malnutrition leads to insufficient total energy availability and can
also modify the secretion of adipokines, thus impairing immune
cell activation [8].

Nutritional status can influence both the innate and the adap-
tive immune systems. Indeed, numerous studies have identified
a link between nutrition and macrophages. Obesity leads to an
accumulation of pro-inflammatory macrophages into visceral adi-
pose tissue (VAT) in both mouse and human; these inflammatory
macrophages comprise 40-60% of adipose tissue-resident immune
cells in obesity and produce pro-inflammatory cytokines that drive
inflammation [9]. Likewise, pro-inflammatory neutrophils and
mast cells are increased in obesity in mice and produce pro-
inflammatory cytokines as well [10]. Conversely, Natural Killer
T cells (NKT cells), ILC2 cells, and eosinophils have an impor-
tant role in modulating immune response in adipose tissue by
producing anti-inflammatory cytokines, are decreased in obese
individuals, and are suggested to have a protective role against
diet-induced obesity [11].

In addition to innate immune cells, adaptive immune cells
(Iymphocytes) also play a role in nutritional immunology, and
both T lymphocytes (T cells) and B lymphocytes (B cells) are
altered in response to nutritional status [12, 13]. Indeed, sev-
eral recent studies have uncovered the role of T-cell function and
metabolism in response to both under- and over-nutrition. In this
review we will focus on the effect of both obesity and malnutri-
tion on T cells. Particularly, we will highlight recent advances in
our understanding of T-cell immunometabolism and the mecha-
nisms linking nutrient availability and leptin secretion with T-cell
activation and function.

Malnutrition-associated immunodeficiency

Nutrient deprivation caused by severe malnutrition or starvation
is a major cause of mortality affecting almost 800 million peo-
ple worldwide [2]. In addition to chronic malnutrition from food
scarcity, malnutrition can also influence immune function in other
clinical settings such as in critically-ill hospitalized patients and in
patients suffering from cancer or AIDS-related cachexia. In fact,
the U.S. National Cancer Institute has estimated that up to 40%
of cancer deaths result from infections related to malnutrition. It
is therefore clear that malnutrition-induced immune suppression
is a major concern in multiple susceptible patient populations.
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The physiological response to prolonged starvation can be
divided into three stages. The first stage starts after several hours
of fasting. It is characterized by hepatic glycogenolysis and adipose
lipolysis to maintain blood glucose and fatty acid levels, respec-
tively. The second stage, which can last for several weeks, is caused
by depletion of glycogen depots and results in gradual weight loss.
In this stage the body switches almost completely to B-oxidation
of fatty acids, which generate glycerol as a substrate for gluconeo-
genesis to sustain energy needs. This process generates high blood
levels of ketone bodies such as p-hydroxybutyrate, which can be
used directly as a fuel source by many tissues, including the brain.
The final stage of starvation starts when fat depots are depleted
and skeletal muscle is degraded by proteolysis to gain amino acids
as a substrate for gluconeogenesis in the liver. This stage is char-
acterized by a rapid loss of body mass and cannot be sustained for
a long period of time. It is accompanied by reduction in energy
expenditure, body temperature, and metabolic rate that dramat-
ically reduces locomotor activity, reproduction, and immune cell
function and eventually results in death [14].

In a vicious cycle, malnutrition increases susceptibility to infec-
tion, while infections simultaneously aggravate malnutrition by
decreasing appetite and increasing demand for nutrients. Since
immune cells do not possess significant energy stores such as
glycogen, and are mostly dependent on uptake of nutrients from
their environment to fulfill their energetic needs, these cells are
particularly sensitive to the nutrient deprivation seen in malnu-
trition. Indeed, several studies have demonstrated a significant
and rapid decrease in the number of thymocytes, splenocytes, and
lymphocytes (particularly T cells) in fasted mice [15-18].

Furthermore, adipose tissue stores have also been shown to
affect the size and function of the immune system. In human stud-
ies, reduction of fat stores as a result of starvation reduced immune
cell function and increased the risk of infectious disease [19]. Adi-
pose tissue-secreted factors (adipokines), which mediate commu-
nication between adipose tissue and the immune system, appear
to play a key role. Under lean conditions, adipocytes produce high
amounts of adiponectin which regulates local inflammation and
influences systemic energy homeostasis and insulin sensitivity at
a distance. In contrast to adiponectin, leptin is secreted in direct
proportion to adipocyte mass [20], and therefore, circulating lep-
tin levels are low in states of malnutrition such as starvation or
prolonged fasting. Reduced leptin signaling in the hypothalamus
results in adaptations which include decreased body temperature,
suppression of reproductive and thyroid function, and stimula-
tion of the hypothalamus-pituitary-adrenal (HPA) axis [21]. These
adaptive mechanisms promote survival and limit procreation dur-
ing malnutrition. Multiple lines of evidence point to leptin as a
key link between nutrition and immune cell biology in states of
malnutrition. Many immune cells are also responsive to leptin,
including T cells (Fig. 1). In fact, expression of the leptin recep-
tor is upregulated following T-cell activation [22]. Here we will
review findings that demonstrate leptin signaling is required to
metabolically license pro-inflammatory/effector T cells for activa-
tion, and that changes in adipokine levels mediate communication
between nutritional status and T-cell immunity.
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Figure 1. The role of leptin in Teff-cell-mediated inflammation. Lep-
tin receptor expression is upregulated following T-cell activation, and
T-cell leptin signaling leads to increased expression of the glucose
transporter Glutl. Increased Glutl expression, in turn, promotes glu-
cose uptake and glycolysis, and thereby fuels Teff (Th1 and Th17)-cell
differentiation and pro-inflammatory cytokine production, leading to
inflammation.

T-cell dysfunction in malnutrition

Malnutrition has been linked to immune dysfunction in settings
of starvation and cachexia in both human and animal stud-
ies [19, 23-25]. Numerous groups have specifically examined
the effect of malnutrition on T cells. Severe malnutrition or
starvation has been found to alter T-cell number by influencing
both T-cell survival and proliferation. For example, mice fasted for
48 hours have significantly decreased thymocyte and splenocyte
counts compared to ad libitum-fed control mice [16-18]. In an
alternative model of malnutrition, mice fed a protein-deficient
diet had atrophic spleens and decreased T-cell numbers compared
to control fed mice [26, 27]. Similar findings were seen in studies
of malnourished humans. For example, both CD4" and CD8"
T-cell counts were decreased in blood samples from malnourished
children in comparison to T-cell counts from normal weight
controls [28].

Many studies have also described the effect of malnutrition on
decreased T-cell cytokine production as well as decreased capac-
ity to respond appropriately to stimulation or cytokines [29, 30].
In a rat model, protein energy malnutrition impaired the abil-
ity of T cells to proliferate and produce the Type 1 T helper cell
(Th1)-associated cytokine interferon (IFN)-y [31]. Similarly, acti-
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vated T cells from fasted mice had greatly decreased production of
the pro-inflammatory cytokines interleukin (IL)-2 and IFN-y com-
pared to T cells from ad libitum fed control mice [18]. Similar
results have been observed in humans studies: malnourished chil-
dren were found to have decreased levels of cytokines which pro-
mote differentiation of CD4" T helper cells into pro-inflammatory
Th1 cells: IL-12, IL-18, and IL-21; decreased levels of cytokines
produced by Th1 cells: IFN-y and IL-2; as well as impaired Th1-
cell proliferation [32, 33]. The same group also observed that
malnourished children showed an increase in the relative expres-
sion of the Type 2 T helper cell (Th2) cytokine IL-4 and the anti-
inflammatory cytokine IL-10 [33]. More recent studies have com-
pared the effect of malnutrition/fasting on effector CD4" T cells
(Teff, such as Th17 cells) and regulatory T (Treg) cells and found
that fasted mice had a more significant drop in Teff-cell number
(particularly Th17) than in Treg cells [34]. Overall, these stud-
ies demonstrate that malnutrition leads to a shift in the balance
of T-cell subsets and cytokines in favor of an anti-inflammatory
response and immune tolerance (Fig. 2). Consequently, malnutri-
tion can increase susceptibility to infection, but may also offer pro-
tection against autoimmune disease. This has been demonstrated
in mouse models of systemic lupus erythematosus (SLE) [35, 36]
and experimental autoimmune encephalomyelitis (EAE) [34, 37—
40], among others. The results of these studies suggest that
calorie-restriction and fasting prevent autoimmunity by decreas-
ing T-cell responses and inflammatory cytokine production.

As mentioned previously, adipokines have been shown to influ-
ence immunity and infection response in states of malnutrition,
and many studies have demonstrated that adiponectin and leptin
play opposite roles in inflammation and immunity [41]. Low levels
of leptin are associated with high rates of death from infectious
diseases [16, 21, 42]. In a 2014 study of malnourished Ugandan
infants, low circulating leptin levels were found to be the single
most important biomarker to predict mortality [43]. It is now clear
that both genetic leptin deficiency and starvation/fasting-induced
hypoleptinemia have dramatic effects on T cells, including reduced
T-cell numbers, decreased Teff cells, increased proportion of
Treg cells, and protection against certain forms of autoimmune
disease (Fig. 2) [15, 17, 18, 44-47]. Initial studies of exogenous
administration of leptin during starvation demonstrated that
leptin-treated mice were protected from lymphoid atrophy,
indicating a role for leptin in the immune dysfunction of starva-
tion [16]. Treatment of fasted animals with leptin also rescued
impaired T-cell proliferation and inflammatory cytokine produc-
tion, and did so when leptin was delivered either in vivo to fasted
animals or in vitro to T cells isolated from fasted mice [18, 34].

Leptin deficiency in both mouse (ob™~ leptin mutant mice)
and human was shown to result in decreased total T-cell
number, decreased CD4" T helper cell number, decreased
pro-inflammatory cytokine production, and reduced sensitivity of
T cells to activating stimuli, resulting in increased susceptibility to
intracellular infections as well as protection against several forms
of autoimmunity [16, 48-51]. Importantly, these immune defects
were reversed following treatment with recombinant leptin pro-
tein [52-55]. Similar immune defects were also seen in studies
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of leptin receptor mutant mice (db~~ mice): activated CD4"
T cells from db~~ mice had decreased T-cell cytokine production
and decreased proliferation compared to T cells from wild-type
controls [18, 56]. And consistent with findings reported in mal-
nourished animals and humans, either neutralization of leptin in
wild-type mice or genetic leptin deficiency increased susceptibility
to intracellular infections and decreased susceptibility to multiple
autoimmune diseases: EAE, glomerulonephritis, colitis, and
hepatitis [57].

It must be noted, however, that leptin is a pleiotropic hor-
mone, and as such, there has been some debate as to whether the
effects of leptin on T-cell immunity are mediated through direct
effects on T cells or through indirect, cell-extrinsic mechanisms.
At present, there is evidence for both. Many studies have demon-
strated a direct effect of leptin on T cells in vitro [15, 58-60],
whereas others have shown that leptin can influence T cells indi-
rectly [61-63]. Additionally, some reports suggest leptin may also
mediate its effects on immune cell populations via central sig-
naling; for example, intracerebroventricular injections of leptin
were sufficient to rescue lymphocyte numbers in fasted mice [64].
Recent studies have confirmed a direct role for leptin in Teff-cell
function and differentiation. T cell-specific leptin receptor knock-
out mice have now been shown by two groups to be critical for
T-cell polarization into pro-inflammatory Th1l and Th17 subsets
which secrete inflammatory cytokines IFN-y and IL-17, respec-
tively [34, 45]. Indeed, Gerriets et al. demonstrated that both
malnutrition-associated hypoleptinemia and T cell-specific leptin
receptor knockout suppressed Th1 or Th17-cell number and func-
tion [34]. Moreover, both Reis et al. and Gerriets et al. demon-
strated the importance of T-cell leptin-signaling in autoimmune
disease, and found leptin signaling critical for Teff-cell function in
mouse models of EAE and colitis [34, 45].
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and impaired Teff-cell function. Con-
versely, obesity, which is associated with
elevated circulating leptin as well as other
pro-inflammatory cytokines (e.g. IL-6,
TNF-a, CRP), is associated with increased
numbers of Th1, Th17, and CD8" T cells,
B cells, and M1 (classically activated)
macrophages, leading to increased pro-
duction of pro-inflammatory cytokines in
both circulation and in adipose tissue,
thereby accelerating inflammation.

Adiponectin also plays a critical role in controlling inflamma-
tion and immunity. While less than 10% of human peripheral
blood T cells express the adiponectin receptor on their surface,
most T cells store adiponectin receptors intracellularly and upreg-
ulate expression following stimulation. Adiponectin signaling in
T cells leads to apoptosis, decreased proliferation, and decreased
cytokine production in response to antigen stimulation [65].
Specifically, adiponectin signaling has been shown to upregulate
sirtuin 1 (SIRT1) and peroxisome proliferator-activated receptor
y (PPARY) to inhibit expression of the Th17-associated transcrip-
tion factor, RORyt [66]. Additionally, adiponectin has been found
to be required to promote Treg-cell number in a mouse model of
EAE [67]. Collectively these studies show that adiponectin plays
a protective role in inflammatory and autoimmune diseases by
negatively regulating antigen-specific T cells, inhibiting Teff-cell
differentiation, and modulating Treg-cell homeostasis.

Altered T-cell metabolism in malnutrition

Numerous studies have shown that the cellular metabolism of
T cells varies under conditions of rest, activation, and memory gen-
eration [68-70], and we have reviewed this topic previously [71].
Non-proliferating quiescent lymphocytes (such as naive and
memory T cells) utilize a mixed fuel metabolism of glucose,
lipids, and amino acids via oxidative phosphorylation to generate
energy for immune surveillance and maintenance of memory.
In contrast, Teff-cell activation results in a metabolic switch to
anabolic metabolism and glycolysis as the primary metabolic pro-
gram, although glutamine metabolism also plays a role [72, 73].
This switch to anabolic metabolism enables the use of nutrients
not only for generating energy but also for the construction of
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the molecular building blocks that are incorporated into cellular
biomass to support activated T-cell growth, proliferation, and
cytokine production [74]. Moreover, metabolic pathways also
have a role in the differentiation of CD4" T cells. Teff cells such
as Thl cells, Th2 cells, and Th17 cells express high amounts
of the glucose transporter Glutl, and utilize a largely glycolytic
metabolism; Treg cells, on the other hand, which suppress T-cell
responses and maintain homeostasis, express low concentrations
of Glutl and require oxidative metabolism to generate energy for
their survival and suppressive function [68, 75, 76], but when cul-
tured in vitro, Treg cells were shown to engage in both glycolysis
and fatty acid oxidation to enhance proliferation [77]. Moreover,
conditions such as acute infection or inflammation have been
shown to provide signals that increase glycolysis and expression of
Glutl levels in Treg cells [78]. These metabolic changes directly
modify Treg-cell function to down-regulate the transcription
factor Foxp3 and to become more proliferative and less suppres-
sive. As inflammatory signals resolve, Foxp3 levels were shown
to increase and downregulate Glutl, thereby favoring mito-
chondrial oxidative pathways and Treg-cell suppressive capacity
[78].

We now appreciate that T-cell function and metabolism are
intimately linked, and alterations in the cellular metabolic state
can lead to changes in T-cell function [71]. Because activated
Teff cells are largely dependent on glycolysis to fulfill their energy
requirements for proliferation and function, these cells are partic-
ularly sensitive to low nutrient levels observed during starvation or
malnutrition. Indeed, low glucose levels found in starved or fasted
mice may contribute to the differentiation of T cells into Treg
over Teff cells [79]. In a study by Saucillo et al., activated CD4™
T cells from fasted animals had decreased glucose uptake and gly-
colysis [18]. However, when the fasted animals were treated with
leptin, T-cell glucose metabolism returned to levels seen in the ad
libitum fed control group [18]. Using the db~~ model, this study
went on to show that leptin signaling is required for T-cell Glutl
expression and glucose metabolism following activation (Fig. 1),
and that db~~ mice have decreased production of lactate and
decreased mitochondrial oxidation, as measured by extracellular
flux analysis [18]. These findings were only observed in activated
cells, as naive/resting T cells, which are less glycolytic at baseline,
were not shown to have altered glucose metabolism in db~~
mice.

The same group used a T cell-specific leptin receptor condi-
tional knockout model to confirm that these effects of leptin on
T-cell metabolism were direct and mediated through the leptin
receptor. Indeed, activated T cells from leptin receptor condi-
tional knockout mice were found to have decreased inflammatory
cytokine production and decreased glucose metabolism, similar
to activated T cells from db~~ mice [18]. Moreover, comparison
of cellular metabolism of in vitro differentiated Teff (Thl and
Th17) and Treg cells from leptin receptor conditional knockout
mice versus littermate controls found that the differentiated Th1
and Th17 cells from T cell-specific leptin receptor conditional
knockout mice had decreased glucose uptake, glycolysis, lactate
production, and mitochondrial respiration compared to Teff cells
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from control mice. However, Treg-cell glucose metabolism, which
is lower at baseline, was unchanged by the presence or absence
of T cell-specific leptin signaling [34]. Altogether, these reports
suggest that leptin is a central regulator of the pro-inflammatory
response and can link nutritional status and immunity by directly
promoting T-cell glucose metabolism and thereby enhancing
the differentiation, proliferation and functionality of Teff cells
(Fig. 1).

Key signaling molecules mediating
nutritional effects on T-cell immunity

Nutrient deficiencies may influence T-cell metabolism via cyto-
plasmic nutrient sensors including AMP-activated protein kinase
(AMPK) and the mammalian target of rapamycin (mTOR) [80].
AMPK is activated during fasting and starvation and has a role in
restoring energy homeostasis. Cellular stress, such as that caused
by nutrient starvation, leads to an increased AMP/ATP ratio, which
in turn promotes the phosphorylation and activation of AMPK.
Activation of AMPK promotes glucose uptake and glycolysis, fatty
acid uptake and fatty acid oxidation, as well as autophagy [81].
In addition, and in order to maintain energy, AMPK inhibits large
molecule synthesis and blocks anabolic pathways, such as glu-
coneogenesis and synthesis of glycogen, fatty acids and triglyc-
erides [81]. In T cells, AMPK is required for activation of lipid
oxidation and Treg-cell function [68].

mTOR directly impacts T-cell differentiation and proliferation
by integrating environmental signals (nutrients, energy stores,
and growth factors) and coordinating the metabolism of the cell
according to its need to proliferate or functionally differenti-
ate [82, 83]. However, when nutrient availability is limited, such
as in starvation, mTOR activity is impaired, resulting in inhibition
in the proliferation of Teff cells [17]. Reduced mTOR activation
has been found to be partly mediated through the activation of
AMPK; this was first shown using a proteomic and bioinformatics
analysis of mouse embryonic fibroblasts [84]. Moreover, the
mTOR pathway behaves differently in Teff versus Treg cells; in
mouse Treg cells, mTOR inhibition following starvation leads to
elevation in the expression of Foxp3 and results in preferential dif-
ferentiation and proliferation [85, 86]. Recent studies have further
defined the role of mTOR signaling in Treg cells: Treg cells were
found to have relatively high mTORC1 activity [87], and deletion
of tuberous sclerosis 1 (TSC1), a negative regulator of mTOR, in
mouse Treg cells impaired expression of Foxp3 as well as Treg-cell
suppressive capacity [88]. Likewise, treatment of induced Treg
cells with Toll-like receptor (TLR) agonists led to increased mTOR
signaling and resulted in impaired Treg-cell suppressive capacity
[78].

mTOR activity and leptin influence one another in both
the hypothalamus and the peripheral immune system. In the
hypothalamus, mTOR is activated in response to leptin and the
effect of leptin on food intake is mTOR-dependent. In addition,
mice treated with the mTOR inhibitor rapamycin had reduced
body weight and decreased epididymal fat pads (visceral adipose
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depots). Those mice also reduced daily food efficiency and had
lower serum leptin and insulin levels compared to control mice
fed a high-fat diet [89]. In lymphocytes, the leptin-mTOR axis has
been shown to control the survival and proliferation of autore-
active T cells and the responsiveness of Treg cells in ob~~ and
db~'~ mice [86], although these results may be a consequence
of indirect effects, as T cells from T cell-specific leptin receptor
conditional knockout mice did not display any changes in mTOR
activation [34], suggesting that other downstream signaling
pathways may be involved in leptin-mediated metabolic changes
in T cells. One such candidate signaling protein is hypoxia-
inducible factor-la (HIF-la) protein. HIF-1la is a transcription
factor that is upregulated in settings of decreased oxygen tension.
It has also been shown to have a critical role in promoting both
Th17-cell differentiation and T-cell glycolytic metabolism [90].
Upon activation, HIF-la promotes the expression of several
glycolysis-related genes, such as Glutl and 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase3 (PFKFB3) [91]. HIF-1a can
also increase glucose uptake and glycolysis, and reduce oxidative
phosphorylation and oxygen consumption in T cells [92]. Both
Reis et al. and Gerriets et al. have demonstrated a direct role for
leptin in promoting HIF-1a expression in Teff cells [34, 45].

Immune adaptation to obesity

On the other end of the nutritional spectrum, obesity is a growing
epidemic in the United States with over 30% of Americans cur-
rently classified as obese, and another one third overweight [1].
A similar trend has been observed in many developed countries
worldwide. The obesity epidemic is accompanied by numerous
associated health risks, including insulin resistance leading to type
2 diabetes mellitus, and hyperlipidemia and hypertension leading
to increased cardiovascular and renal disease [93]. At the same
time, obesity increases the risk of multiple forms of autoimmunity
such as multiple sclerosis, thyroid autoimmunity, and type 1 dia-
betes [94-96], and obesity increases susceptibility to select infec-
tions due to impaired host defense [97]. Indeed, obesity is now
known to be an independent risk factor for both seasonal flu and
pandemic HIN1 influenza infections [98-100]. Moreover, obese
patients are at increased risk of developing complications such
as sepsis, pneumonia, and bacteremia following surgical proce-
dures [101], are more prone to Helicobacter pylori infection [102],
and obese children were found to have three times greater
risk of being asymptomatic carriers of Neisseria meningitides
[103].

Obesity leads to immune cell changes characterized by a
low-grade chronic inflammatory state, with increased circulating
pro-inflammatory cytokines such as tumor necrosis factor (TNF),
IL-6 and C-reactive protein (CRP), the expression of which are
mediated by signaling molecules such as nuclear factor-kappa
B (NF-«B) and phosphoinositide 3-kinase (PI3K), by glucocor-
ticoids, and by catecholamines [104]. This change in cytokine
milieu is associated with both a change in the number and
proportion of circulating immune cells as well as an influx of
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pro-inflammatory immune cells into the visceral adipose tissue.
Many studies have implicated macrophages as a key player in
the development of obesity-associated metabolic disease, and
inhibition or deletion of macrophages from VAT has been found
to inhibit the development of insulin resistance in mouse models
of obesity (reviewed in [105]). Likewise, neutrophils and mast
cells are also increased in obesity and produce pro-inflammatory
cytokines [10]. Conversely, Natural Killer T cells (NKT cells), ILC2
cells, and eosinophils, which have a protective anti-inflammatory
effect, are decreased in obese individuals [11].

More recently, lymphocytes have also been highlighted as key
players in the development of obesity-associated inflammation. In
diet-induced mouse models of obesity and in obese human VAT,
there is an influx of effector B and T cells (particularly Th1 and
CD8" T cells) along with a decreased proportion of Treg cells
(Fig. 2) [79, 106-108]. The increase in pro-inflammatory T cells
leads to increased secretion of cytokines that can directly impair
insulin action in target tissues. In this regard, secretion of IFN-y
by VAT Th1 cells and CD8" T cells was shown in high fat diet-
induced obese mice to promote insulin resistance through direct
effects on adipocyte metabolism and by polarizing, activating
and stimulating VAT pro-inflammatory (classically activated/M1)
macrophages [106]. In addition, TNF secretion by activated T cells
directly impaired insulin-mediated glucose uptake via stimulation
of inhibitor of NF-kB kinase subunit beta (IKKB) and c-Jun amino-
terminal kinase (JNK) [109].

These changes are critical in obesity-associated pathologies,
as animal models featuring knockout or disabled T- or B-cell
responses in obesity both prevent the accumulation of inflam-
matory cytokines and improve insulin sensitivity [110-115].
Immunotherapy aimed at blunting Thl cells using CD3-specific
antibody (or its F(ab’) fragment) or by depleting adipose tissue of
T cells was shown to control adipose inflammation and insulin sen-
sitivity in mice [107]. Similarly, depletion of CD8" T cells with an
anti-CD8 antibody significantly reduced local VAT inflammation,
glucose intolerance, and insulin resistance, whereas transfer of
CD8* T cells into CD8-deficient mice increased pro-inflammatory
gene expression, glucose intolerance, and insulin resistance [106].

T cells can also play a role in modulating insulin resistance.
Treg-cell numbers are reduced in obesity [116], and Treg cells
have been shown to alter macrophage polarization and improve
insulin sensitivity [79, 105]. Consistently, depletion of Treg
cells resulted in an increase in systemic insulin resistance [117],
whereas expansion of Treg cells led to improvement in glucose
tolerance and insulin sensitivity in high fat diet-induced obese
mice [79, 117]. There may also be a role for insulin in regulating
Treg-cell function directly [118]. A study by Han et al. showed
that insulin receptors are expressed on Treg cells, and that insulin
signaling directly influences Treg-cell function by decreasing
IL-10 production via AKT/mTOR [118]. Moreover, Treg cells from
obese VAT were shown to produce less IL-10 and more IFN-y than
Treg cells from lean animals [118]. These findings suggest that
obesity-associated hyperinsulinemia can promote inflammation
by directly reducing Treg-cell suppression and thereby driving
inflammation.
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T-cell metabolism and adipokines in obesity

Given the broad list of obesity-associated complications that may
result from impaired immunity, it is critically important that we
work to understand the mechanisms by which obesity causes
immune dysregulation to promote disease. As discussed previ-
ously, the regulation of nutrient uptake and utilization is criti-
cally important for the control of lymphocyte differentiation and
function [71], and the pathways that control lymphocyte function
and metabolism are intimately linked. Lymphocyte metabolism in
effector, regulatory, or memory cells may be altered in obesity
and/or obesity-associated type 2 diabetes in which the metabolic
environment is altered. As immune cells require extracellular
nutrient uptake for their survival, they are extremely sensitive
to these changes in the lymphocyte microenvironment. It is there-
fore likely that an excessive level of nutrients in obesity and/or
obesity-associated type 2 diabetes is likely to have a significant
impact on T-cell immunometabolism in addition to function.
Similar to glucose, fatty acids are important in fueling an
immune response, as they are a readily available source of abun-
dant energy. The impact of excess circulating non-essential fatty
acids, a hallmark of obesity [119], on immune cells has not been
fully characterized. However, it is clear that elevated intake of
saturated fatty acids (such as palmitate and stearate) is associ-
ated with inflammation and increased metabolic disease, whereas
unsaturated fatty acids may prevent or decrease inflammation
[120]. One recent study showed that adipocyte-released fatty
acids increased human CD4" T-cell proliferation towards Th17
cells in vitro and led to increased secretion of the pro-inflammatory
cytokines IFN-y and IL-17 [121]. Additionally, increasing levels of
the saturated fatty acid palmitate, but not of unsaturated fatty
acids, were shown to be important for the activation of human
T cells and led to dose-dependent increases in cytokine production,
increased generation of reactive oxygen species, and increased
lipid peroxidation in vitro [122]. Similarly, short chain fatty acids
have been shown to enhance Teff-cell differentiation and cytokine
production, via activation of mTOR, in a context-dependent man-
ner [123]. Conversely, the polyunsaturated fatty acids docosahex-
aenoic acid (DHA) and alpha-linoleic acid have been shown to
increase secretion of the anti-inflammatory T-cell cytokine IL-10,
decrease pro-inflammatory cytokine production, and impair T-cell
proliferation [120]. The exact mechanism by which fatty acids reg-
ulate T-cell metabolism in obesity requires further investigation.
Another mechanism by which obesity may influence immune
response is through adipocyte-secreted hormones (adipokines),
such as the hormones leptin, resistin, and visfatin. As we already
discussed, circulating leptin concentrations increase in proportion
to adipose mass, and leptin has a key role in the activation of
T cells. Leptin has been shown in both mouse and human to pro-
mote effector Th1 and Th17-cell number, and leptin is required to
upregulate the glucose transporter Glut1 to allow metabolic repro-
graming of activated effector T cells and fuel T-cell proliferation
and cytokine production [18]. This suggests a pathway by which
obesity-associated hyperleptinemia alters lymphocyte metabolism,
thereby promoting the chronic low-grade T-cell inflammation seen
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in obesity. Similar to leptin, resistin levels are increased markedly
in animal models of both genetic and diet-induced obesity and
reduced by fasting [124]. In human studies the correlation of
resistin and nutritional status is less clear, but increased resistin
expression has been correlated with inflammatory markers, coro-
nary artery disease, cardiovascular disease, asthma, and rheuma-
toid arthritis [125, 126]. Numerous studies have demonstrated
that resistin is a pathogenic factor with a role both in inflamma-
tion and metabolism.

Last, nutritional signals in obesity are integrated by T cells
via AMPK and mTOR, which may be altered in the obese state
and appear to play a role in obesity-associated inflammation.
In the case of AMPK signaling, Gauthier at el. have shown that
AMPK levels are low in adipose tissue from obese/insulin resistant
subjects compared with those from obese/insulin sensitive sub-
jects [127]. This finding suggests that AMPK keeps inflammation
and metabolic disease restrained in obesity. On the other hand, in
response to nutrient availability, T cells may become activated and
trigger the mTOR pathway to up-regulate Glut1 surface expression
and shift these cells toward the use of glycolysis and glutaminol-
ysis to fulfil energetic and anabolic needs. The mTOR pathway
also contributes to the differentiation of CD4" T cells into Teff
cells (such as Thl and Th17) and inhibits Treg-cell differentia-
tion [83, 85]. Moreover, T-cell metabolism is also mediated by
AKT signaling which increases utilization of glucose and amino
acids and promotes the mTOR pathway and glycolysis, thus sup-
porting effector T-cell differentiation, growth, and function [17].

Conclusion

Overall, there is growing evidence that adipocytes and immune
cells coordinate nutritional status and immunity. One mechanism
for this interaction is through secretion of adipokines, such as lep-
tin, that can directly convey the state of nutrient availability to
peripheral lymphocytes and other immune cells. This communi-
cation of nutritional status to immune cells is critical to maintain
energy balance in immunological defense, as activated effector
lymphocytes have a very high metabolic demand which is essential
for growth, proliferation, and the production of proteins required
for a successful immune response. In states of limited nutrients,
such as starvation or fasting, T-cell number is low and activated
T cells are unable to upregulate glucose metabolism to fuel effec-
tor T-cell function, i.e. proliferation and inflammatory cytokine
production. This malnutrition-associated immunodeficiency can
lead to increased susceptibility to infection while simultaneously
offering protection against several forms of autoimmune disease.
Conversely, immunometabolic changes in obesity may promote
effector T-cell differentiation and inflammatory cytokine produc-
tion and thereby increase the risk of obesity-associated metabolic
diseases. Understanding the relevant cytokines, hormones, sig-
naling pathways, and mechanisms by which nutritional status and
adipose tissue communicate to immune cells will hopefully inform
treatment of both malnutrition-associated immunodeficiency and
obesity-associated inflammation.
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