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ABSTRACT

Obesity is associated with metabolic disturbances that cause tissue stress and dysfunction. Obese individuals are at a greater risk for chronic

disease and often present with clinical parameters of metabolic syndrome (MetS), insulin resistance, and systemic markers of chronic

low-grade inflammation. It has been well established that cells of the immune system play an important role in the pathogenesis of obesity- and

MetS-related chronic diseases, as evidenced by leukocyte activation and dysfunction in metabolic tissues such as adipose tissue, liver, pancreas,

and the vasculature. However, recent findings have highlighted the substantial impact that obesity and MetS parameters have on immunity

and pathogen defense, including the disruption of lymphoid tissue integrity; alterations in leukocyte development, phenotypes, and activity; and

the coordination of innate and adaptive immune responses. These changes are associated with an overall negative impact on chronic

disease progression, immunity from infection, and vaccine efficacy. This review presents an overview of the impact that obesity and MetS

parameters have on immune system function. Adv Nutr 2016;7:66–75.

Introduction
Obesity and metabolic syndrome are significant public
health concerns because of their high global prevalence and
association with an increased risk for developing chronic dis-
eases (1–3). The prevalence of obesity has increased over the
past few decades. More than one-third of adults and 17% of
children and adolescents in the United States are now obese
(4). Obesity has been deemed the leading cause of preventable
death (5) and has become a global economic and health
burden (6, 7).

Obesity is the result of a disruption of energy balance
that leads to weight gain and metabolic disturbances that
cause tissue stress and dysfunction (8). Clinical manifestation
of these underlying disturbances often present as the param-
eters of metabolic syndrome (MetS),5 a condition characterized
by a clustering of 3 or more of the following components:
central adiposity, elevated blood glucose, plasma TGs, blood
pressure, and low plasma HDL-cholesterol (2). In addition
to these qualifying parameters, obesity andMetS are associated
with endothelial dysfunction, atherogenic dyslipidemia,
insulin resistance, and chronic low-grade inflammation (9).

In line with national obesity trends in the United States, it
has been estimated that ~34% of adults have MetS (10, 11).
The high prevalence of MetS is significant, as classifica-
tion with MetS increases an individual’s risk of cardiovas-
cular disease and type 2 diabetes mellitus by 2- and 5-fold,
respectively (2).

Researchers have elucidated an important role for im-
mune cells in the physiological dysfunction associated with
obesity and MetS, in addition to the pathogenesis and devel-
opment of subsequent chronic diseases (8, 12). Metabolic
disturbances lead to immune activation in tissues such as
adipose tissue, liver, pancreas, and the vasculature, and in-
dividuals often present with elevated plasma markers of
chronic low-grade inflammation (8, 13–15). In addition to
immune cells playing a role in the perpetuation of chronic
disease, it has further been established that obesity nega-
tively affects immunity, as evidenced by higher rates of vac-
cine failure and complications from infection (16, 17). The
detrimental effects of obesity on immunity are associated
with alterations in lymphoid tissue architecture and integ-
rity and shifts in leukocyte populations and inflammatory
phenotypes (12, 18, 19). These effects may not only compli-
cate and further perpetuate immune-mediated metabolic
dysfunction and disease risk, but may also increase the risk
for other infectious and chronic diseases (13, 17, 20, 21).
An overview of the relation between obesity, metabolic

5 Abbreviations used: MetS, metabolic syndrome; TH1, 2, and 17, T helper cells 1, 2, and 17,

respectively; WBC, white blood cell.
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syndrome, and immunity is depicted in Figure 1. Because the
role of immune cells in the pathogenesis of metabolic disease
has been extensively studied, this review focuses on the effects
of obesity and MetS parameters on lymphoid tissues, the dis-
tribution of leukocyte subsets and phenotypes, and immunity
against foreign pathogens.

Coordination of Innate and Adaptive Immune
Responses
The immune system is made up of 2 distinct arms—the in-
nate and adaptive immune systems. Proper function and de-
fense conferred by these systems depends on sophisticated
developmental and maturation processes in lymphoid tis-
sues, including the bone marrow, thymus, spleen, and lymph
nodes (22, 23), and the intricate coordination of innate and
adaptive immune responses—from appropriately initiating
immune activation to resolving inflammatory responses
(24, 25).

The innate immune system is made up of cells from my-
eloid lineages, including monocytes, macrophages, dendritic
cells, mast cells, natural killer cells, and the granulocytes: baso-
phils, eosinophils, and neutrophils (26). The innate immune

system serves as the body’s first line of defense in response to
injury or pathogens. The presence of pattern recognition recep-
tors allows for proinflammatory activation to general, nonspe-
cific stimuli but does not allow for long-term immunological
memory (24). Conversely, the adaptive immune system com-
prises B and T lymphocytes, which enable immunological
memory after the exposure and activation by a specific antigen
(27–29). The activation of adaptive immune responses depends
upon critical interactions with innate immune cells that involve
antigen presentation and receptor-mediated activation, result-
ing in the adaptive immune system having greater lag times
between the time of exposure to response (24, 27, 30). The
coordinated efforts of innate and adaptive immune systems al-
low for the targeted elimination of pathogens via proinflamma-
tory mechanisms (24, 31).

Given the inflammatory nature of innate and adaptive
immune responses, it is essential that all stages of immune
activity are carefully regulated. Immune cells must be ready
to respond to any potential damaging pathogenic stimuli
that may be encountered throughout the lifetime while
also being able to carefully distinguish between “pathogen”
and “self,” thereby preventing the incidence of autoimmune
disorders (27, 32). It is similarly important to ensure that in-
flammatory immune responses—which are typically acute
in nature—undergo resolution in an effective and timely
manner after the pathogenic factor is eliminated. Resolution
involves suppressing inflammatory mediators, promoting
tissue repair, and returning to normal, healthy tissue ho-
meostasis (25, 33). Failure to properly restore tissue health
may lead to further tissue stress and chronic inflammation,
resulting in a shift in homeostatic set points to perpetuate a
maladaptive state with no defined marker of resolution (34).

The shared leukocyte-mediated processes and molecular
signaling that underlie acute and chronic inflammation al-
lows for inflammatory crosstalk, which has been implicated
in the pathogenesis of chronic disease and immune dysfunc-
tion (12, 35). Improper resolution of acute immune responses
has been implicated in perpetuating obesity-associated inflam-
mation and tissue dysfunction (36), whereas the dysfunctional
physiological milieu of obesity and MetS has been associated
with altered lymphoid tissue architecture and integrity, shifts
in leukocyte populations and inflammatory phenotypes, and
impaired resolution and pathogen defense (12, 18, 19, 37,
38) (Table 1). The following section presents an overview
of metabolic dysfunction observed in obesity and MetS and
highlights the mechanisms by which these conditions can af-
fect the immune system.

Adipose Dysfunction Underlies Systemic
Chronic Inflammation and Metabolic Distur-
bances in Obesity and MetS
Chronic inflammation is a common feature of obesity and
MetS and predominantly results frommetabolic tissue stress
caused by weight gain and adipose tissue dysfunction (8, 14).
Excess nutrient intake requires adipose tissue expansion to
accommodate the increased influx of nutrients—a process
that depends upon insulin-mediated energy storage (8). In

FIGURE 1 The impact of obesity and MetS on immune system
function. Obesity and MetS are associated with stress and
dysfunction of metabolic tissues, including adipose tissue, liver,
skeletal muscle, and pancreas. Systemic physiological
dysfunction that arises from obesity-related complications leads
to fat accumulation in primary lymphoid organs (bone marrow
and thymus), resulting in a breakdown of tissue architecture and
integrity. Obesity-induced changes in lymphoid tissues are
further associated with an altered distribution of leukocyte
subsets and populations and greater numbers of leukocytes
with proinflammatory phenotypes. Obesity-induced disruptions
in the immune system impair immunity and contribute to the
progression of metabolic dysfunction and chronic disease.
Chronic disease can further perpetuate dysfunction throughout
the immune system. MetS, metabolic syndrome.
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adults, adipose tissue expansion occurs primarily through adi-
pocyte hypertrophy rather than adipocyte hyperplasia, which
predominates in early age (76). However, lipid-engorged, hy-
pertrophic adipocytes are more prone to activating endo-
plasmic reticulum and mitochondrial stress responses, in
addition to inducing shear mechanical stress on the extra-
cellular environment. Together, these factors promote the

activation of a chronic, proinflammatory state within adi-
pose tissue (8, 77).

Persistent stress and inflammation within adipose tissue
can lead to adipocyte apoptosis and the release of chemotac-
tic mediators, resulting in inflammatory leukocyte infil-
tration (78). Whereas macrophages represent ~5–10% of
cells in healthy adipose tissue, they can represent up to

TABLE 1 Effects of obesity and MetS on the immune system1

Immune system parameter Model/condition Effect on immune system Reference

Bone marrow characteristics Obese men and women Bone marrow adiposity (39)
Wistar rats fed HFD [ Proinflammatory gene expression of bone

marrow MSCs
(40)

Thymus characteristics C56BL/6 mice fed HFD [ Thymic involution and adiposity (18)
Diabetic rats, streptozotocin-induced [ Thymic involution (41)
Diabetic mice, alloxan-induced [ Thymic involution (42)
Leptin deficiency (ob/ob mice) Y Thymus size and cellularity, [ thymocyte apoptosis (43)

Spleen characteristics C56BL/6 mice fed HFD [ Effector/memory T cell, Y TCR diversity (18)
Lymph node characteristics Diet-induced obese mice Y Inguinal lymph node size, Y T cell numbers (44)

Impaired lymphatic fluid transport, DC migration (44)
Leukocyte development Adipocyte-rich BM in C57BL/6J mice Y Hematopoeisis (45)

Leptin receptor deficiency (db/db mice) Y Hematopoeisis (46)
Low HDL, Abca12/2 Abcg12/2 BM mice Y BM HSC and myeloid progenitor proliferation (47)
C56BL/6 mice fed HFD [ Myeloid progenitor cells, Y lymphoid progenitors (18)

Y Thymic output of naïve T cells (18)
Obese and insulin resistant patients Y Thymic output of naïve T cells (18)

Clinical leukocyte profiles MetS populations [ WBC counts (48–50)
Healthy men, MELANY cohort [ 7.6% T2DM risk for every 1000 cells/mm3

increase in WBCs
(51)

Weight loss, overweight, and obese subjects Y WBC counts (52)
Leukocyte inflammation Obese mouse models [ M1 macrophages, Y M2 macrophages in adipose (53–55)

[ T cell infiltration in adipose (13)
[ TH1 cells, Y Treg cells in adipose (13, 20)

Obese human subjects [CD4+ T cells, Y CD8+ peripheral T cells (56)
[ NF-kB activation in PBMCs (19)
[ MIF, IL-6, TNF-a, MMP-9 mRNA expression

in PBMCs
(19)

Morbidly obese human subjects [ Peripheral TH2 and Treg cells (57)
[ CD4+ and CD8+ T cell proliferation (57)

Weight loss, obese women Y PBMC proinflammatory gene expression (58)
Weight loss, obese women 4 CD4+ and CD8+ ratios (59)
Abcg12/2 mice [ T cell lipid rafts and proliferation (60)

Pathogen defense HDL infusion in C57BL6/CBA mice [ Survival from lethal dose of LPS (61)
Lipoprotein-bound LPS, septic patients Y LPS bioactivity (62)
HFD-fed and ob/ob mice [ Mortality from S. aureus-induced sepsis (63)
Diabetic tuberculosis patients [ CD4+ TH1 and TH17 cytokines in plasma (64)
Adiponectin-deficient mice [ Risk of sepsis-related mortality (65)

Immunity Leptin deficiency (ob/ob mice) Y Cell-mediated immunity (66)
Diet-induced obese mice Y DC antigen presentation (67)
Type 2 diabetic patients Y Phagocytic activity of PBMCs (68)
Obese and diabetic mice [ Lung cancer metastasis, Y NK cell function

at early cancer stages
(69)

Diet-induced obese mice Y Maintenance of influenza-specific CD8+

memory T cells
(37)

Obese, glucose intolerant rats Y Immunological memory after hepatitis B vaccine (70)
Type 2 diabetic hemodialysis patients [ Risk of hepatitis B vaccine failure (71)
Overweight children [ Risk of tetanus vaccine failure (72)
Obese human subjects [ Risk of influenza vaccine failure (17)
Diabetic patients [ Risk of influenza-related complications and

hospitalizations
(73, 74)

Communities with high obesity prevalence [ Risk of influenza-related hospitalizations (74)
Child obesity, NHANES 2005–2006 [ Allergic disease (75)

1Abca12/2 , ATP-binding cassette transporter A1; Abcg12/2 , ATP-binding cassette transporter G1; BM, bone marrow; DC, dendritic cell; HFD, high-fat diet; HSC, hematopoietic
stem cell; MELANY, Metabolic, Life-Style and Nutrition Assessment in Young Adults; MetS, metabolic syndrome; MIF, migration inhibition factor; MMP-9, matrix metalloprotei-
nase 9; MSC, mesenchymal stem cell; NK, natural killer; PBMC, peripheral blood mononuclear cell; T2DM, type 2 diabetes mellitus; TCR, T cell receptor; TH1, TH2, and TH17,
T helper cells 1, 2, and 17, respectively; Treg, regulatory T; WBC, white blood cell; [, increase; Y decrease; 4, no change.
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50% of all cell types within the hypertrophic obese adipose
tissue of mice and humans (79, 80), often taking on a proin-
flammatory phenotype (53, 81). Inflammatory leukocytes
within adipose tissue further perpetuate the dysfunctional
state brought on by adipocyte hypertrophy by producing re-
sistin and IL-1b, whereas both hypertrophic adipocytes and
macrophages increase the secretion of TNF-a, IL-6, and
monocyte chemoattractant protein-1 (82). The degree of
adipose tissue stress and inflammation can often be mea-
sured systemically in human populations. Compared with
healthy controls, subjects with MetS have greater levels of in-
flammatory cytokines in plasma and subcutaneous adipose
tissue and greater macrophage infiltration and crown-like
structures (14)—a marker for apoptotic adipocytes (83).

The abundance of proinflammatory mediators in adipose
tissue promotes further dysfunction related to obesity and
MetS, including hyperlipidemia, hyperglycemia, and insulin
resistance (9). High levels of TNF-a counteract insulin-
mediated nutrient uptake by inhibiting glucose transporter
type 4 translocation to the surface of skeletal muscle cells, in
addition to impairing perilipin-mediated lipid droplet for-
mation and PPAR-g-mediated TG synthesis for free fatty
acid adipocyte storage (8, 84–86). Together, these effects are
associated with increased free fatty acid mobilization from ad-
ipose into the circulation, as discussed in the following para-
graphs (87). Retinol-binding protein 4, an adipokine derived
from hypertrophic adipocytes, is also known to impair insulin
signaling by reducing phosphatidylinositol-3 kinase signaling
in muscle, while concomitantly increasing hepatic gluconeo-
genic enzyme expression (88, 89).

Proinflammatory mediators also block the production of
anti-inflammatory and insulin-sensitizing adipokines such
as adiponectin (8). Adiponectin is known to inhibit sterol
regulatory element-binding protein-1c-induced lipogenesis
and NF-kB-mediated proinflammatory gene transcription,
and promotes PPAR-a and -g transcriptional activity to in-
crease b-oxidation and glucose transporter type 4 transloca-
tion (90). Adipocyte-derived leptin also stimulates fatty
acid oxidation; however, high circulating levels found in
obesity typically indicate leptin resistance (91). Therefore,
hypertrophic stress prevents adequate contribution of anti-
inflammatory, antihyperlipidemic, and insulin-sensitizing
adipocyte mediators.

As a consequence of hypertrophy-induced inflammation
and leukocyte infiltration, the dysfunctional adipose tissue
observed in obesity and MetS loses insulin sensitivity, result-
ing in increased lipolysis and impaired lipid storage (8). Free
fatty acids and TGs are mobilized to the circulation, leading to
the accumulation of lipid derivatives in the skeletal muscle,
liver, and pancreatic b-cells and resulting in impaired tissue
functioning and systemic insulin resistance. These underly-
ing disturbances often present as the clinical parameters of
MetS and elevated plasma levels of proinflammatory cyto-
kines and acute-phase proteins such as C-reactive protein
(14). Prolonged maintenance or worsening of this metaboli-
cally dysfunctional state further perpetuates the dysregulation
of lipid metabolism and immune responses, thereby increasing

an individual’s risk for developing a wide range of chronic
diseases (8).

Obesity Impairs Lymphoid Tissue Architecture
and Function
As described previously, the physiological dysfunction that
underlies obesity leads to ectopic lipid accumulation in non-
adipose tissue (8). Interestingly, this phenomenon is not re-
stricted to metabolic tissues, as obesity has been shown to
increase fat deposition in tissues of the immune system, in-
cluding the bone marrow and thymus (12). These changes
lead to alterations in the distribution of leukocyte popula-
tions, lymphocyte activity, and overall immune defenses
(12, 18, 37, 92–95).

Throughout the human lifespan, bone marrow-derived
pluripotent hematopoietic stem cells continuously replenish
multipotent and committed progenitor populations, which
ultimately give rise to blood cells of both lymphoid (T and
B lymphocytes and natural killer cells) and myeloid (mono-
cytes, macrophages, dendritic cells, granulocytes, erythro-
cytes, megakaryocytes, and mast cells) lineages (22). The
generation of mature T lymphocytes requires further devel-
opmental stages in the thymus, which is considered to be a
primary lymphoid organ along with bone marrow (12, 96).
Mature lymphocytes then take up residence in secondary
lymphoid tissues, including spleen, lymph nodes, and
mucosa-associated lymphoid tissue, to perform immune sur-
veillance and await activation in response to pathogens (97).

The integrity of immune tissue architecture is essential to
proper leukocyte generation and maturation because the
cells within these tissues provide critical interactions with
developing leukocytes to ensure functionality (23). Interest-
ingly, obesity has been shown to increase the adipose content
of primary lymphoid tissues, thereby altering the cellular mil-
ieu by disrupting tissue integrity (12, 18). High-fat feeding has
also been shown to increase the inflammatory gene expres-
sion of bone marrow mesenchymal stem cells in Wistar rats
(40), which may affect hematopoietic niches and develop-
mental environments (98). As such, adipocytes in bone mar-
row have been shown to suppress hematopoiesis (45).
Obesity also disproportionately affects the ratios of progen-
itor lineages generated in bone marrow. In C57BL/6 mice,
diet-induced obesity from high-fat feeding (60% of energy)
has been shown to skew the ratios of leukocyte progenitor
populations to increase the number of myeloid progenitor
cells while reducing lymphoid progenitors (18). Interest-
ingly, bone marrow fat content has been associated with sev-
eral parameters related to obesity and MetS. For example,
Bredella et al. (39) reported that bone marrow fat was pos-
itively correlated with serum TGs and inversely correlated
with plasma HDL-cholesterol levels in obese men and
women (39).

The accumulation of fat tissue in lymphoid organs is not
a novel phenomenon, as it is known to naturally occur with
age (96, 99). However, this change adversely affects immu-
nity in older individuals (96, 100). Interestingly, caloric re-
striction is known to impede this process and is associated
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with greater immunity and a longer lifespan in various ani-
mal models, including rodents and nonhuman primates (94,
101). Therefore, obesity is thought to promote premature
“aging” of the immune system (96, 99).

Obesity-induced changes in lymphoid tissue have similarly
been observed in the thymus. In C57BL/6 mice, diet-induced
obesity from high-fat feeding (60% of energy) resulted in al-
terations in thymic architecture (18), resembling the process
of thymic involution that occurs with age (96). These changes
included increased perithymic adiposity, loss of corticome-
dullary junctions, and reductions in lymphocyte precursor
populations (18). Thymic tissue structure is critical for proper
T cell development and maturation, as it provides key cell-cell
interactions that ensure appropriate T cell receptor signaling,
thereby preventing the output of dysfunctional and autoreac-
tive T cells (23). High-fat diet-induced changes in thymic
architecture were further associated with reduced thymic
output of naive T cells, which may negatively affect immune
surveillance (18). Interestingly, obesity and insulin resistance
are associated with reduced thymic output in humans (18).
Accelerated thymic involution has also been demonstrated
in streptozotocin-induced diabetic rats (41) and alloxan-
induced diabetic mice (42).

Obesity has also been shown to adversely affect the dy-
namics of secondary lymphoid tissues. In murine spleens,
high-fat feeding is associated with more effector/memory
T cells compared with chow-fed controls and an overall re-
striction in T cell receptor diversity (18). These findings sug-
gest that obesity reduces the repertoire of circulating T cells,
thus limiting the range of pathogenic antigens to which they
can respond (12, 93). Obesity has also been shown to de-
crease inguinal lymph node size, impair lymphatic fluid
transport and dendritic cell migration to peripheral lymph
nodes, and reduce lymph node T lymphocyte numbers (44).
Overall, obesity disrupts immune system integrity and leads
to alterations in leukocyte development, migration, and
diversity.

The Impact of Obesity and MetS Parameters on
Leukocyte Activation and the Coordination of
Immune Responses
As described previously, it is clear that physiological compli-
cations of obesity perpetuate dysfunction in the immune
system, partly because of adipose deposition in primary
lymphoid tissues (12, 18). However, another important ele-
ment that disrupts immune function is the interaction of
leukocytes with systemic markers of insulin resistance,
chronic inflammation, and MetS.

Research has highlighted a growing role for HDL in mod-
ulating immune function (102). Low plasmaHDL-cholesterol
is among the qualifying parameters of MetS (2), indicating
that the pool of HDL particles is reduced in number and/or
size (103). Low HDL may have significant effects on immu-
nity because HDL possesses various anti-inflammatory and
immunoregulatory properties (104). This is because HDL
serves as a carrier for a variety of oxidized lipid-neutralizing
enzymes and bioactive lipid species, including paraoxonase 1,

platelet-activating factor acetylhydrolase, lecithin-cholesterol
acyltransferase, and sphingosine-1-phosphate (105). HDL also
acts as an acceptor of leukocyte cholesterol via ATP-binding
cassette transporter A1 and ATP-binding cassette transporter
G1 (106, 107), which can have profound effects on leukocyte
activity and proliferative capacity. Low plasma HDL can also
contribute to excess accumulation of cellular cholesterol, re-
sulting in greater lipid raft formation and responsiveness to
proliferative cues, whereas elevated HDL levels have been
shown to suppress proliferation of bone marrow-derived
hematopoietic stem cells and myeloid progenitors (47, 60,
108, 109).

In addition to these functions, HDL may alter inflamma-
tory responses by neutralizing LPS—an immunostimulatory
glycolipid located on the outer membrane of Gram-negative
bacteria that activates innate immune responses via pattern
recognition receptors (110, 111). All lipoproteins are capable
of binding the bioactive lipid A portion of LPS within their
phospholipid-rich surfaces, thereby preventing it from in-
teracting with receptor molecules on LPS-responsive cells
(62, 112); however, LPS seems to preferentially bind to
HDL in plasma (62, 113). Some studies suggest that the
binding of LPS to HDL has profound effects in protecting
against endotoxin-induced inflammation and shock. In
C57BL6/CBA mice, Levine et al. (61) found that doubling
the plasma HDL level by human apoA-I transgenic expres-
sion or infusion of reconstituted HDL resulted in a 3- to
4-fold increase in survival from a lethal dose of LPS (61).
Lipoprotein-bound LPS has also been shown to lose its bio-
activity in septic patients (62). The LPS-neutralizing proper-
ties of HDL may be particularly important in obesity and
MetS, where blood LPS levels are often found to be elevated
(114, 115). This phenomenon is likely attributable to the al-
tered composition of microbiota in obesity, where relatively
higher amounts of Gram-negative bacteria are observed, in
addition to increased uptake into the circulation via chylo-
micron-mediated transport and abnormal gut permeability
(116–119). Thus, the low levels and dysfunctional nature
of HDL in obese and MetS populations may fail to effectively
sequester LPS, thereby further exacerbating metabolic dis-
ease progression and immune cell activation (31, 115, 120).

Additional parameters associated with MetS have been
shown to exert immunomodulatory functions, including el-
evated blood glucose and insulin resistance. Whereas resting
T cells have low energy needs, T cell activation triggers large
increases in insulin receptor expression and glucose trans-
porter type 1-mediated glucose uptake. However, the pres-
ence of insulin resistance in obesity and MetS may suppress
insulin signaling, leading to insufficient T cell activation in re-
sponse to pathogens (121). Insulin resistance may inhibit
T cell-mediated resolution of inflammation, as insulin has
been shown to promote anti-inflammatory T helper cell
2 (TH2) differentiation (122). Conversely, excessive glucose
uptake can lead to hyperactive immune responses, which
have been linked to cancer and autoimmunity (121).

Adipose-derived adipokines associated with obesity and
MetS have also been shown to exert effects on immune activity.
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Leptin is among the most well characterized of these adipo-
kines and plays important roles in metabolism and immunity
(123). Under healthy conditions, leptin acts as a satiety hor-
mone to reduce energy intake and increase energy expenditure;
however, the metabolic dysfunction that underlies obesity
and MetS often leads to systemic leptin resistance (124).
Leptin deficiency is associated with reduced hematopoiesis,
T cell production, and impaired immunity (46, 66, 121,
125), as leptin plays a regulatory role in bone marrow hema-
topoiesis (46) while also exerting T cell generation and de-
velopment in the thymus and determining T cell subsets
in lymph nodes (43, 123).

Similar to leptin, the adipokine adiponectin has in addi-
tion been shown to affect immunity. Adiponectin has both
anti-inflammatory and insulin-sensitizing properties and is
often decreased in obesity and MetS (126). Whereas leptin
plays a more significant role in preparing and initiating im-
mune responses, adiponectin is essential for inflammatory
resolution. Teoh et al. (65) demonstrated that adiponectin-
deficient mice had an 8-fold greater risk of sepsis-related
mortality than wild-type controls and that the loss of adipo-
nectin increased endothelial activation and inflammation
(65). Interestingly, elevated blood levels of adiponectin are
commonly observed in patients with immune-mediated in-
flammatory diseases such as autoimmune disorders, pulmo-
nary conditions, and heart failure—the mechanisms and
consequences of which are unknown (127). Although this
trend may be a physiological attempt to combat inflamma-
tion, these findings indicate that the role of adiponectin
in immunity and inflammatory diseases requires further
elucidation.

Obesity and MetS Alter Leukocyte Profiles in
Peripheral Blood and Adipose Tissue
In addition to affecting immune system tissue architecture
and leukocyte development, obesity and MetS alter the dis-
tribution of leukocyte subsets, their inflammatory pheno-
types, and total leukocyte numbers (12). Elevation in the
standard clinical white blood cell (WBC) measure has
been used as a marker of leukocyte inflammation and acti-
vation, particularly within the context of MetS. According
to Japanese MetS criteria, WBC counts serve as a positive
predictor of MetS (48). In addition to MetS being associated
with higher WBC counts in Japanese populations (49), MetS
components are typically worsened in higher WBC quar-
tiles. Similarly, in a Swedish population aged 75 y, WBC
counts were found to be positively associated with parame-
ters of MetS; however, this was more prevalent in women
(50). Conversely, long-term, moderate weight loss (5.4%
of body weight over 3 y) has been shown to reduce WBC
counts and serum inflammatory markers (IL-1b, IL-6, and
urinary isoprostanes) (52). Interestingly, in the Metabolic,
Life-Style, and Nutrition Assessment in Young Adults co-
hort of 24,897 healthy men, WBC counts were found to be
an independent risk factor for developing type 2 diabetes,
with a 7.6% increase in incident type 2 diabetes for every
1000 cells/mm3 (51).

Alterations in leukocyte subsets are also observed in obe-
sity and MetS, with implications for both chronic disease
progression and immunity. Pulse-labeling studies conducted
in vivo have demonstrated that the macrophages recruited
into adipose tissue at the onset of obesity are highly proin-
flammatory, classically activated M1 macrophages. In con-
trast, resident macrophages in lean adipose are typically
alternatively activated, anti-inflammatory M2 macrophages
(53–55). Increased T cell infiltration is also observed in
obese adipose tissue, and some evidence suggests that these
lymphocytes may become activated in response to unique
antigens generated in obese adipose tissue during high-fat
feeding (13). In addition, greater levels of proinflammatory
TH1 cells have been observed in obese adipose, whereas
levels of anti-inflammatory regulatory T cells are reduced,
corresponding to greater impairments in insulin sensitivity
(13, 20). Obese patients have also been shown to have a
greater frequency of CD4+ T cells and reduced CD8+ T cells
(56); however, ratios of CD4+ and CD8+ T cells were not
shown to change in women who underwent weight loss
from gastric banding or gastric bypass (59).

Similar to what has been observed in metabolic tissues,
blood leukocytes from obese subjects often reside in an ele-
vated basal proinflammatory state. Peripheral blood mono-
nuclear cells from obese subjects display greater NF-kB
activation, as evidenced by increased p50 and p65 DNA
binding compared with healthy, normal-weight control
subjects. Obese subjects similarly exhibited increased mRNA
expression of NF-kB target genes, including migration inhibi-
tion factor, IL-6, TNF-a, and matrix metalloproteinase 9 (19).
Proinflammatory peripheral blood mononuclear cell markers
can also be reduced with a 5% weight loss (58). Interestingly,
a recent study (57) conducted in morbidly obese subjects
found that peripheral CD4+ T cell numbers were 2-folds higher
than lean controls, with greater levels of anti-inflammatory
TH2 and Treg cells observed. CD4

+ T cell numbers positively
correlated with plasma levels of fasting insulin, IL-7, and che-
mokine (C-C motif) ligand 5, whereas the elevation in T cell
subsets were attributed to increased T cell proliferation (57).
Although the elevated leukocyte counts observed corresponds
with previous studies (49, 50), these findings contradict previ-
ous reports of elevated proinflammatory T cell populations in
the peripheral blood and adipose in obesity (19, 58). These
findings may be indicative of an adaptive shift in the anti-
inflammatory T cell set point as a means of combating dys-
function in obesity; however, it is important to note that the
subjects (n = 13) were relatively healthy, in that they were
nondiabetic and did not exhibit elevated levels of plasma
TNF-a or IL-6 (57), as was commonly observed in obese
and MetS populations (14). However, these results may also
suggest that immune parameters can be differentially affected
by the degree of obesity (i.e., obese compared with morbidly
obese), which warrants further investigation.

Obesity Alters Immunity and Pathogen Defense
Despite having increased basal levels of inflammatory leuko-
cytes, obesity is associated with impaired immune responses.
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Both high-fat diet-fed and ob/ob obese mice experience in-
creased mortality in response to Staphylococcus aureus-
induced sepsis, which corresponds with several impaired
innate immune functions (63). As mentioned previously,
obesity has also been associated with impaired T cell-mediated
immune surveillance by promoting reductions in thymopoiesis
and constricting T cell receptor diversity (18). The reduction in
certain lymphocyte subsets may coincide with concomitant in-
creases in T cells that respond to antigens unique to dysfunc-
tional adipose and lymphocytes that favor metabolic tissue
infiltration and proinflammatory responses (13, 20). These
patterns are known to induce insulin resistance (13, 20),
which is also associated with altered immune responses to
pathogen exposure. In diabetics diagnosed with tuberculo-
sis, ex vivo stimulation of whole blood with aMycobacterium
tuberculosis antigen increased CD4+ TH1 and TH17 cell
numbers and was associated with greater levels of proin-
flammatory TH1 and TH17 cytokines in plasma (64).

Several studies have further demonstrated the complica-
tions of obesity after influenza exposure. Diet-induced obesity
has been shown to impair memory CD8+ T cell responses to
an influenza virus infection, resulting in increased mortality,
viral titers in lung, and worsened lung pathology (37). These
adverse effects were associated with an obesity-induced failure
to maintain influenza-specific CD8+ memory T cells, which
are essential in ensuring vaccine efficacy (37). Accordingly,
obesity has been shown to increase the risk of vaccine failure,
including the vaccines for hepatitis B (70), tetanus (72), and
influenza (17). Obesity is also associated with a greater risk of
influenza-related complications and hospitalizations (73, 74).

The impact of obesity on immunity further extends to
other chronic conditions. In the NHANES 2005–2006 co-
hort, obesity was associated with an increased prevalence
of allergic disease in children that was primarily driven by
allergic sensitization to food (75). Individuals who are obese
are also at an increased risk of developing different types of
cancers, including colon, breast, liver, pancreatic, and leuke-
mia. Obesity is also associated with poorer cancer treatment
efficacy and greater cancer-related mortality (128). Given
the important role of the immune system in cancer surveil-
lance (129), it is likely that obesity-related impairments in
immunity may contribute to the increased risk of developing
cancer. Accordingly, it has been demonstrated that obesity
and diabetes promote lung cancer metastasis in mice, corre-
sponding to decreased natural killer cell function in early
stages (69). Together, these findings suggest that obesity
impairs normal immune functioning and may further per-
petuate chronic disease development and metabolic disease
complications.

Conclusions
The findings presented in this review highlight the signifi-
cant impact that obesity and MetS have on the immune
system. Obesity-induced disruptions affect the integrity
of lymphoid tissues and the distribution of leukocyte sub-
sets and phenotypes, and thus, in turn, the development of
chronic diseases and immunity (12). This is a significant

public health concern, as rising levels of obesity through-
out the world predispose individuals to an increased risk
of both metabolic and infectious diseases. As research con-
tinues to elucidate the mechanisms that underlie obesity-
and MetS-related immune dysfunction, the potential for
developing therapeutic lifestyle, dietary, and pharmaceuti-
cal therapies will likely expand in an effort to combat the
detrimental effects of obesity on immunity.
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