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Abstract Inflammation in the white adipose tissue (WAT)
is considered a major player in the development of insulin
resistance. The role of macrophages accumulating in the
WAT during obesity, promoting WAT inflammation and
insulin resistance is well established. In contrast, less is
known about the role of lymphocytes. Recent studies have
implicated different lymphocyte subsets in WAT inflamma-
tion. For instance, cytotoxic CD8" T cells infiltrating the
WAT may contribute to the recruitment, differentiation and
activation of macrophages. On the other hand, a differential
role for CD4" Th1 and CD4" Th2 cells has been suggested.
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Levels of WAT regulatory T cells decrease during the course
of obesity and may represent a crucial factor for the main-
tenance of insulin sensitivity. Moreover, activation of natu-
ral killer T cells, an innate-like T cell population, which
recognises lipid antigens, promotes insulin resistance and
WAT inflammation. Finally, B cells may infiltrate WAT very
early in response to high-fat feeding and worsen glucose
metabolism through modulation of T cells and the produc-
tion of pathogenic antibodies. These interesting new find-
ings however bear controversies and introduce novel, yet
unanswered, questions. Here, we review and discuss the
impact of the different lymphocyte subsets in obesity-
related WAT inflammation and attempt to identify the open
questions to be answered by future studies.

Keywords Adipose tissue - B cells - Inflammation - Insulin
resistance - Lymphocytes - Obesity - Review - T cells - Tregs

Abbreviations

BAT Brown adipose tissue

CCL C-C motif chemokine ligand

CXCL C-X-C chemokine ligand

CXCR C-X-C chemokine receptor

DIO Diet-induced obesity

FOXP3 Forkhead box P3

HFD High-fat diet

iNOS Inducible nitric oxide synthase

NKT Natural killer T

RANTES Regulated upon activation normal T cell
expressed and secreted

SVF Stromal vascular fraction

TCR T cell receptor

Th cell T-helper cell

Treg Regulatory T cell

WAT White adipose tissue
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Introduction

Obesity is a major epidemic of our time and is linked to diseases
such as the metabolic syndrome, type 2 diabetes and athero-
sclerotic cardiovascular disease. Excessive nutrient intake is the
cause of the hyperplasia and hypertrophy of the adipose tissue
(WAT) and the associated vicious cycle of continuous lipolysis
and lipogenesis. It is recognised that the obese WAT displays an
inflammatory phenotype, which is at least partly responsible for
the metabolic dysfunction and subsequent insulin resistance
that leads to the development of type 2 diabetes. The inflam-
matory phenotype of the obese WAT is mediated by an inter-
play between cells and components of the innate and adaptive
immune systems that may accumulate in the WAT, as well as
factors produced by the WAT itself [1-4].

The WAT, including the adipocyte fraction and the stro-
mal vascular fraction (SVF), produces mediators such as
leptin and adiponectin in response to perturbations of energy
homeostasis. These adipokines orchestrate the expression
and function of a complex network of chemokines and
cytokines that regulate the accumulation of inflammatory
cells in the WAT and, thereby, the development of WAT
inflammation. Leptin levels increase with body mass and
can, for example, stimulate the production of proinflamma-
tory factors, such as TNF-« (also known as TNF), IL-6 and
C-C motif chemokine ligands (CCLs), as well as reactive
oxygen species in macrophages and mediate the activation
of monocytes/macrophages and T cells [5-7]. In contrast,
adiponectin, levels of which are decreased in obese individ-
uals, exerts rather anti-inflammatory activities and amelio-
rates insulin resistance through an increase in NEFA
oxidation and glucose uptake [8].

Several chemokines and chemokine receptors, namely
CCL2, CCL5, CCL7, CCL8, C-C motif chemokine receptor
(CCR)2, C-X-C chemokine ligand (CXCL)12, CXCL14, C-
X-C chemokine receptor (CXCR)2, have been implicated in
the process of WAT inflammation in obesity [1, 8, 9]. The
causal link between obesity and WAT inflammation was
recognised more than a decade ago. Initial findings demon-
strated the presence of TNF-« in adipose tissue and its role
in mediating insulin resistance [10, 11]. The accumulation
of macrophages within the obese WAT [12] was later linked
to insulin resistance [2, 4]. Macrophage accumulation in
WAT can be triggered by several stimuli present in the local
obese WAT microenvironment, including fatty acids, prod-
ucts derived from adipocyte cell death or increased hypoxia
owing to the expansion of the WAT [13]. Other cell types
that mediate innate immune responses such as mast cells or
neutrophils, which may also accumulate in the WAT during
obesity, are associated with the weight gain and insulin
resistance caused by high-fat feeding [14, 15].

Proinflammatory cytokines such as TNF-« and IL-6,
which are derived from inflammatory cells, can interfere
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with insulin signalling in adipocytes, thereby promoting
insulin resistance locally in the WAT as well as systemically
[13, 16]. For example, the inhibitor of kB kinase (IKK) and
c-Jun N-terminal kinase (JNK) pathways that are activated
by such macrophage-derived cytokines can directly impair
insulin signalling in adipocytes and in other tissues, such as
liver or muscle [17—-19]. Distinct roles of different macro-
phage subpopulations in lean and obese WAT have been
defined. Macrophages can be divided into ‘classically acti-
vated” M1 macrophages and ‘alternatively activated” M2
macrophages, with the latter further subdivided into M2a,
M2b and M2c cells [20-24]. M1 macrophages can be gen-
erated as a result of stimulation with lipopolysaccharide or
T helper cell (Th) type 1 cytokines, such as [FN-y (known
also as IFNG). They secrete proinflammatory factors such as
TNF-«, IL-6 and IL-12, and express inducible nitric oxide
synthase (iNOS). In contrast, the alternatively activated M2
macrophages can be induced by Th2 cytokines such as IL-4
and IL-13, and produce arginase rather than iNOS. They
produce IL-10 and act primarily in an anti-inflammatory
fashion, promoting tissue remodelling. Whereas M2a cells
are activated by IL-4/IL-13, M2b cells are stimulated by
immune complexes and Toll-like receptor ligands or IL-1
receptor agonists, and M2c cells are induced in the presence
of IL-10. M2a and M2b cells exhibit immunoregulatory
functions, whereas M2c macrophages exert immuno-
suppressive and tissue remodelling actions [22, 24-26]. It
is important to note that the M1/M2 definitions may repre-
sent an oversimplified view of the diversity of macrophages
present in tissues. In fact, it is likely that the M1-like and
M2-like cell phenotype differs from tissue to tissue and very
much depends on the local tissue microenvironment.
Whereas lean WAT has more anti-inflammatory M2-like
macrophages, during diet-induced obesity (DIO) there is a
change in inflammatory programming in favour of proin-
flammatory M1-like cells, which clearly contribute to the
development of insulin resistance. The proinflammatory
M1-like cells in the WAT can be characterised as F4/
80°CDI1b"CD11c’ or F4/80°CDI1c"MGL1™ (where
MGLI is an abbreviation of macrophage galactose-type
C-type lectin 1) [23, 27, 28]. Interestingly, depletion of
CDI11c" cells by using transgenic mice expressing the
diphtheria toxin receptor under the regulation of the
CDllc gene promoter resulted in decreased WAT in-
flammation and improved insulin sensitivity [29].

The changes in the inflammatory programming of macro-
phages to a rather proinflammatory phenotype in obese
adipose tissue implies that further immune cells, such as
lymphocytes, may also participate in WAT inflammation.
The aim of the remainder of this review is to discuss the
impact of the lymphocyte subsets (see Textbox) in obesity-
related WAT inflammation and to identify the open
questions to be answered by future studies.
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Lymphocyte subsets and their implicated roles in WAT inflammation
Lymphocyte Marker Secreted Classical Function in Refs
subset molecules inflammatory response WAT inflammation
CD8* CD3,CD8 IFN-y Cytotoxic function for Activation of WAT [31, 82]
T cells destruction of virus- macrophages,
infected or cancer cells IFN-y-related WAT
inflammation
Th1 cells CD3,CD4, IFN-y,IL-2 Activate macrophages Promotion of WAT [46, 47, 82, 83]
IL-12R for phagocytosis and inflammation through
pathogen killing IFN-y and RANTES
Th2 cells CD3,CD4 IL-4,IL-5, Stimulation of B cells, Anti-inflammatory [32, 46, 82—84]
IL-4R IL-10,IL-13  promote humoral antibody effects through
responses and eosinophil activation of
activation IL-10-producing
macrophages
Th17 cells CD3,CD4, IL-17A, Protection against Unclear [46, 51, 82, 83]
TGFfR, IL-17F, extracellular bacteria,
IL-6R IL-22 participate in autoimmune
and inflammatory diseases
Tregs CD3, CD4, IL-10, TGFB Immunosuppressive and e [L-10-related [30, 83, 85, 86]
CD25, tolerance-related responses suppressive function
FOXP3 * Distinct TCR profile
in the WAT
NKT cells TCR IL-4, IFN-y, Probable inflammatory and Complex role, parallel [66, 87]
a-chain, IL- IL-17A anti-inflammatory functions  production of Thl
12R and Th2 cytokines
B cells CD19, IFN-vy, IL-6, Antigen presentation, ¢ Interaction with [68, 88]
CD20, 1L-10 T cell activation, T cells and
CD79 antibody production macrophages
* Production of
pathogenic IgG
autoantibodies
IL-4R, IL-4 receptor; IL-12R, IL-12 receptor, TGFBR, TGFp receptor

The crosstalk between T cells and the adipose tissue

T cells have been implicated in obesity-mediated insulin
resistance and the systemic inflammatory response, with
the majority of the reports referring to natural killer T
(NKT) cells. However, experimental evidence that lympho-
cytes are important in obese WAT inflammation is emerging.

In 2009 three independent reports [30—32] demonstrated the
critical role of T cells infiltrating the WAT for the develop-
ment of insulin resistance and the associated inflammatory
phenotype in genetic obese models or DIO. It has previously
been shown that, in obese mice and men, visceral WAT
contains more T cells, and this is likely to be due to in-
creased T cell expansion or recruitment [3, 33, 34]. For
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example, the number of CD3™ T cells in the WAT of human
volunteers is correlated with BMI [33]. Early B cell and T
cell accumulation in the WAT, preceding macrophage infil-
tration and insulin resistance, has been described in DIO.
The lack of lymphocytes in the Rag2 " mice did not seem to
affect the onset of obesity or to alter insulin sensitivity [35],
whereas both RAG1- and RAG2-deficient mice displayed
higher numbers of accumulated M1 macrophages, even
when fed a normal diet [32, 36]. RAG2 deficiency was also
associated with a higher number of NKT cells in obese WAT
[35]. Furthermore, hyperlipidaemic mice expressing domi-
nant-negative transforming growth factor TGF-f3 receptor 11
in their CD4" cells (resulting in the abolishment of the
inhibitory actions of TGF-f3 on T cell activation and in
sustained T cell-dependent inflammation) did not show
signs of exacerbated insulin resistance, except under con-
ditions of exogenous IL-6 administration [37].

The interplay between T cells and adipocytes may be
multi-faceted. Strikingly, a skewed T cell receptor (TCR)
repertoire within the obese visceral WAT of mice has been
observed, indicating that T cell expansion in the WAT may
be driven by adipocyte-specific antigens [32]. Moreover,
multiple cytokines and chemokines may regulate the recruit-
ment of lymphocytes to the WAT. The protein known as
regulated upon activation, normal T cell expressed and
secreted (RANTES), which is secreted by murine and hu-
man adipocytes and by cells of the SVF [3], or CCL20,
which is produced by human adipocytes [33], and CXCL12,
which is mainly secreted by human and murine SVF cells
[38], may promote the accumulation of lymphocytes into
WAT through binding to their receptors CCRS5, CCR6 and
CXCRA4, respectively. Furthermore, the pathway regulated
by the chemokine CXCL10/chemokine IFN-y inducible
protein-10 (IP10), which is expressed by human and murine
adipocytes [39], and its receptor CXCR3, which is present
on T cells, may alter the balance between effector T cells and
regulatory T cells (Tregs) [40] and contribute to the recruit-
ment of T cells into adipose tissue [41]. In turn, lymphocytes
may modulate adipokine secretion by adipocytes via activa-
tion of the CD40-CDA40L pathway [42].

Multiple receptors on T cells mediate activation (e.g. the
co-stimulatory pathways), adhesion (integrins, adhesion
molecules of the immunoglobulin superfamily) or chemo-
taxis (several chemokine receptors). Clearly, many investi-
gations remain to be performed and experimental evidence
to be generated in order to substantiate the role of T cells in
DIO and to understand the mechanisms underlying the
direct or indirect interactions between T cells and adipo-
cytes. Notwithstanding this gap in our knowledge, recent
studies on the role of distinct T cell subtypes in the WAT
have revealed different, in some cases conflicting, functions
of these cells in the course of obesity-related WAT inflam-
mation. These issues will be addressed in more detail below.
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CDS8" Tcells In 2008, two publications reported for the first
time the increased accumulation of cytotoxic CDS" T cells
in the WAT in DIO or in genetically obese mice, suggesting
that this cell type may potentially cooperate with macro-
phages and contribute to the inflammation of the obese WAT
[34, 43]. An elegant study by Nishimura et al [31] showed
that infiltration of CD8" T cells precedes that of macrophages
during high-fat feeding, and that this T cell subset is essential
for macrophage accumulation and activation during WAT in-
flammation [31]. More specifically, they demonstrated that
CD8" T cells are increased in the epididymal WAT of mice
fed a high-fat diet (HFD), whereas CD4" cells and Tregs were
decreased [31]. Genetic or immunological (via anti-CD8 anti-
body), ablation of CD8" T cells reduced macrophage infiltra-
tion, WAT inflammation and insulin resistance in genetically
obese mice and in the model of DIO, whereas adoptive transfer
of CDS" T cells produced the opposite phenotype [31]. Fur-
thermore, co-culture experiments demonstrated that WAT from
obese mice can activate CD8" T cells, which in turn secrete
chemokines able to recruit macrophages. Conversely, CD8"
T cells isolated from obese WAT promoted the differentiation
of peripheral blood monocytes into F4/80'CD11b"CD68"
macrophages and enhanced the number of TNF-producing
macrophages isolated from epididymal WAT [31].

As regards human studies, the presence of mainly CD4"
T cells together with modest levels of CD8" T cells has been
demonstrated in the subcutaneous WAT of type 2 diabetic
patients [44]. Other studies have reported an increase in both
CD8" and CD4" IFN-y-producing T cells in the WAT of
obese individuals, as analysed by flow cytometry [33].
Parallel studies by Koenen et al reported that, in overweight
individuals, visceral adipose tissue contains a higher pro-
portion of CD8" cells than subcutaneous WAT, and the
percentage of CD8" cells in both visceral and subcutaneous
adipose tissue was positively correlated with the activity
levels of caspase-1, a component of the NLR pyrin
domain-containing 3 (NLRP3) inflammasome [45].

Taken together, these results support the hypothesis that, in
obese states, WAT-derived factors can activate CD8" T cells,
which then promote macrophage infiltration, thus perpetuating
the inflammatory response within the WAT. However, future
studies are required to address the molecular mechanisms gov-
erning CD8" T cell recruitment into the WAT and to identify a
way of modulating this process for therapeutic purposes.

CD4" Tcells CD4" T cells can be divided into Tregs and Th
cells. There are three main subsets of Th cells: the Th1 lineage,
which results from stimulation by IL-12 and produces proin-
flammatory cytokines such as I[FN-y; the Th2 lineage, which
is generated in response to stimulation by IL-4 and produces
IL-4,IL-5, IL-10 and IL-13; and the recently identified IL-17-
producing Th17 subpopulation, which differentiates in the
presence of IL-6 and TGF-f and is activated by IL-23 [46].
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The Thl and Th2 subsets are both present in the WAT,
although the number of Th1 cells is increased, whereas the
number of Th2 cells remains stable in visceral WAT of DIO
mice [32]. Furthermore, the increased body weight and
increased insulin resistance of RAG1-deficient mice relative
to wild-type mice were reversed after adoptive transfer of
CD4", but not CD8", T cells. Th2 cells were the predomi-
nant mediators of this metabolic improvement, most likely
through activation of IL-10-producing macrophages, al-
though other potential mechanisms cannot be excluded
[32]. These results indicate that metabolic dysregulation
caused by obesity is modulated by CD4 " cells and that the
disrupted balance between Thl and Th2 cells in the WAT
may represent a pathophysiological component of obesity and
insulin resistance. Previous studies pertinent to Thl-related
cytokines and chemokines such as [FN-y and RANTES are
in keeping with these findings [47]. Briefly, WAT T cells
from obese mice express higher levels of /fn-v than controls
[34], while IFN-y-deficient mice display reduced levels of
TNF- and CCL2 in WAT, lower numbers of infiltrated
immune cells and better insulin sensitivity than wild-type
animals [34].

Consistent with the mouse data, WAT T cells from
obese human individuals have higher levels of IFN-vy
[33, 34, 44, 48], and RANTES expression is elevated in
subcutaneous WAT from obese humans [3]. Moreover,
in obese humans, levels of RANTES, IFN-y, TNF-«
and IL-2 are higher in WAT lymphocytes than in peripheral
blood lymphocytes [33].

The role of the inflammatory Th17 cells in obesity remains
intriguing, since the results of different papers regarding the
impact of IL-17 and Th17 in obesity-associated WAT inflam-
mation are controversial. Zuniga et al reported that 1L-17,
which in the WAT is expressed mainly by y& T cells, inhibits
adipogenesis in mouse 3T3-L1 preadipocytes. Moreover, IL-
17 downregulated glucose uptake in adipocytes, while young
mice deficient in IL-17 displayed better responses to glucose
and insulin tolerance tests. In contrast, IL-17 deficiency
resulted in more weight gain both under high-fat as well as
low-fat feeding conditions [49]. In keeping with these results,
IL-17 inhibits adipogenesis from human mesenchymal stem
cells and enhances /L-6 and IL-8 expression by these cells
[50]. Another study described how Thl7 cell numbers are
increased in the course of obesity. This might be linked to
the faster progress of autoimmunity in murine models of
experimental autoimmune encephalomyelitis and colitis upon
feeding an HFD [51]. It should be stressed that the functions
of IL-17 and Th17 cells do not necessarily overlap, as IL-17
can be produced by additional types of immune cells, such as
neutrophils and y$ T cells besides Th17 cells. Moreover, IL-
17 may affect several cell populations bearing IL-17 receptors,
including adipocytes, neutrophils and endothelial cells [49,
52]. The aforementioned data indicate that the roles of IL-17

and Th17 cells in obesity-related WAT inflammation are com-
plex and require further investigation.

Regulatory T cells Tregs, a small T cell subpopulation with
anti-inflammatory properties, which are characterised as
CD4*/CD25 " /forkhead box P3 (FOXP3)" cells, are consid-
ered to be significant players in obesity-related WAT inflam-
mation. A plethora of studies have reported that in WAT the
number of Tregs is either decreased or remains stable during
the course of obesity, while the number of inflammatory
Th1 cells is increased [30, 32, 53].

A study by Feuerer et al [30] has implicated Tregs in the
pathogenesis of obese WAT inflammation. Depletion of
these cells by engaging mice expressing the diphtheria toxin
receptor under the control of promoter for the gene encoding
FOXP3 aggravated the metabolic function of even normal
mice [30]. Conversely, an increase in the number of Tregs
improved insulin sensitivity in an IL-10 dependent manner
[30]. Another important finding of this study was that Tregs
isolated from WAT showed a gene expression pattern dis-
tinct from that in Tregs from a lymph node or the spleen, and
this was characterised by the overexpression of genes relat-
ed to immune cell recruitment, such as Cer-1, Cer-2, Cer-9,
Cxcl2 and 1I-10 [30]. It is noteworthy that Tregs isolated from
fat had a distinct TCR profile compared with Tregs from the
spleen or a lymph node or conventional T cells. This phenom-
enon suggests that the WAT Treg population may undergo
antigen selection [30]. In agreement with these studies, WAT
Treg numbers are decreased in the WAT of obese mice [53,
54], whereas adoptive transfer of Tregs or their targeted acti-
vation and proliferation improved WAT inflammation and
ameliorated insulin resistance in ob/ob mice [54, 55].

In contrast with the animal data, the results from human
studies are conflicting. Although decreased expression of
FOXP3 in the visceral WAT of obese subjects has been
reported [53], it has also been demonstrated that the number
of Tregs in the same tissue is increased and correlated with
general markers of WAT or systemic inflammation, such as
C-reactive protein, plasma IL-6 and BMI [56]. One possible
explanation for the discrepancies in human studies could be
that FOXP3 expression is variable in human Tregs. This
suggests that additional Treg markers, such as the low
expression of CD127 in these cells, may need to be added
to their analysis [57, 58] to give a true reflection of the levels
of this important T cell subpopulation in human WAT.

Several studies provide evidence of a connection between
leptin and Treg function. Leptin deficiency promotes the gen-
eration and proliferation of Tregs in mice, thereby protecting
against autoimmune diseases and atherosclerosis [59-61]. This
scenario is not only in keeping with the differences between
lean and obese mice as regards their levels of leptin and their
numbers of Tregs, but may also implicate an additional point of
convergence between obesity and autoimmunity.

@ Springer



2588

Diabetologia (2012) 55:2583-2592

NKT cells NKT cells represent a T cell subpopulation with
innate-like characteristics capable of producing both Thl and
Th2 cytokines [62]. Specific NKT cell receptors interact with
CD1d-related lipid and glycolipid antigens, thus providing a
potential link between obesity, autoimmunity and inflammato-
ry diseases [63, 64]. NKT cells could contribute to the devel-
opment of visceral WAT inflammation during obesity, since
HFD-fed NKT-deficient mice ([3,-microglobulin knockout
mice) show lower macrophage accumulation and better glu-
cose tolerance than control mice, with no differences in body
weights [65]. However, it has recently been demonstrated that
the aforementioned effects of NKT cell deletion on metabolism
can only occur in the absence of CD8" T cells [66]. Moreover,
previous studies have reported that adoptive transfer or agonist
activation of NKT cells ameliorate the metabolic dysregulation
of the ob/ob mice [55, 67], suggesting that the role of NKT
cells in obesity-related inflammation may be complex.

Adipose tissue inflammation and B cells

A few studies have reported that B cells infiltrate the WAT
earlier than T cells or macrophages and prior to the appearance
of insulin resistance [35]. B cells were recently shown to
substantially facilitate the induction of insulin resistance, since
mice devoid of B cells (by anti-CD20 administration) dis-
played lower fasting glucose levels and improved glucose
and insulin tolerance tests responses on HFD feeding compared
with control B cell-sufficient mice [68]. In the same study, B
cell-deficient mice (IgM heavy chain knockout mice) had a
reduced number of activated CD8" T cells and macrophages.
However, these effects of B cell deletion were not independent
of T cells. In fact, a process of B cell antigen-presentation to T
cells mediated by MHC I or MHC I appears likely [68].

Strikingly, high-fat feeding leads to the production of
pathogenic IgG autoantibodies, which may promote glucose
intolerance. By comparing the IgG autoantibody profiles
of insulin-resistant and matched insulin-sensitive human
volunteers, Winer et al identified that autoantibodies to golgi
SNAP receptor complex member 1 (GOSR1), Bruton agam-
maglobulinaemia tyrosine kinase (BTK) and glial fibrillary
acidic protein (GFAP) displayed a strong association with
insulin resistance [68]. These findings should trigger further
investigations aiming at clarifying the exact role of adipose-
related antigens as contributors to obese WAT inflammatory
and metabolic responses (Fig. 1).

The impact of leptin on lymphocyte-related WAT
inflammation

Leptin has emerged as a significant factor in both human and
mouse obesity, acting as a regulator of food intake and energy
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expediture. The ob/ob leptin-deficient mice are characterised
by hyperphagia, hyperglycaemia, hyperinsulinaemia and in-
sulin resistance [69]. However, leptin levels are increased in
humans and in other mouse models of obesity, indicating that
leptin resistance is taking place [6]. Besides the unequivocal
metabolic role of leptin, which overall prevents obesity, recent
evidence points to immuno-modulatory actions of this hor-
mone. In fact, in addition to affecting metabolism, leptin and
leptin receptor deficiency (in ob/ob and db/db mice, respec-
tively) also influence aspects of the immune, reproductive and
cardiovascular systems [69].

As previously shown, the leptin receptor is present on
T cells. Thus, leptin can affect T cell activation by stimulating
the development of a Thl (characterised by IFN-y or TNF-«
production) rather than a Th2 phenotype (characterised by the
production of IL-4). Leptin increases IL-2 secretion in conven-
tional T cells and may inhibit T cell apoptosis [6, 19]. Further-
more, the presence of leptin receptor in the thymic
environment is essential for T cell development, as shown in
db/db mice [70]. In addition, leptin may promote delayed-type
hypersensitivity. These effects of leptin on adaptive immunity
could provide a common factor linking obesity to autoimmu-
nity and/or cancer. Intriguingly, ob/ob leptin-deficient mice
have a reduced susceptibility to arthritis, experimental autoim-
mune encephalomyelitis and type 1 diabetes (in the NOD
mouse model) [6, 7, 19]. As already mentioned, this effect
could be attributed to the enhanced proliferation of Tregs in
leptin-deficient mice [59-61]. Interestingly, recent studies have
described a beneficial role of leptin administration in type 1
diabetes. Although this is an apparent contradiction to the
aforementioned reduced susceptibility of leptin-deficient mice
to type 1 diabetes, the studies by Wang et al and Denroche et al
in insulin-deficient and streptozotocin-treated diabetic mice,
respectively [71, 72], have demonstrated that leptin therapy
prevents hyperglycaemia, improves lipid metabolism and
reduces glucagon secretion. According to a recent paper, the
majority of these effects are probably CNS-dependent [73].
Similarly, preliminary data on leptin administration in type 1
diabetic patients are promising [74, 75]; however, additional
and prolonged clinical trials are needed to reveal whether leptin
could be an adjunct therapy for type 1 diabetes in the future.
The impact and therapeutic implications of the described
effects of leptin in different cell types, including immune cells,
in the context of type 1 diabetes remains to be elucidated.

Interestingly, central leptin signalling can influence the
development and maturation of B cells. In particular, the
starvation-induced blockade of B cell maturation could be
reversed by central administration of leptin, suggesting the
orchestrating function of the CNS on immune function in
addition to energy homeostasis [76]. These insights underline
the necessity of further investigation of the interface between
CNS, energy regulation and immunity, and its critical role in
the pathogenesis of obesity and the metabolic syndrome.
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Fig. 1 Macrophage accumulation in WAT can be triggered by several
stimuli, including fatty acids or products derived from adipocyte cell
death. During the course of obesity, macrophages polarise into proin-
flammatory M1-like cells. Macrophage-derived TNF-o and IL-6 inter-
fere with insulin signalling in adipocytes, promoting insulin resistance
(IR) locally in the WAT. Leptin can affect T cell activation by stimu-
lating the development of a Th1-phenotype (characterised by IFN-y or
TNF-« production). Leptin probably inhibits the generation and

In contrast to leptin, studies on the role of adiponectin in
T cell biology are scarce, despite the fact that lymphocytes
express adiponectin receptors and their levels are decreased
in obese individuals [77], suggesting a possible role for
T cell adiponectin receptors in obesity.

Conclusion and future outlook

Emerging evidence indicates that obesity-related WAT inflam-
mation is not strictly a macrophage-dependent phenomenon.
The inflammatory reprogramming from a rather anti-
inflammatory M2-like to a proinflammatory M1-like macro-
phage phenotype in the WAT is undoubtedly a key factor in
insulin resistance. However, recent evidence suggests the crit-
ical contribution of lymphocytes, especially T cells, in the WAT
to the development of insulin resistance. However, many ques-
tions remain unanswered. First and foremost, which T cell
subset is the most important one in driving obese WAT
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proliferation of Tregs; Tregs may, in turn, improve insulin sensitivity
in an IL-10-dependent manner. CD8" T cells, which are activated and
increased in the WAT of HFD-fed mice secrete chemokines that are able
to recruit macrophages. NKT cells, the receptors of which interact with
CD1d-related lipid antigens, may co-operate with CD8" T cells. WAT B
cells, which interact with T cells, may produce pathogenic IgG autoanti-
bodies, promoting insulin resistance. Auto-Abs, autoantibodies; CD1d-
Ags, CDl1d-related antigens; IR, insulin resistance; M®, macrophage

inflammation and insulin resistance? Although existing data
support the hypothesis that CD8" cells are the predominant T
cell subset in the visceral WAT of obese humans and mice [31,
33, 45], CD4" T cells may also regulate insulin sensitivity and
adiposity [32]. In line with this, an increased number of acti-
vated CD4 " cells has been identified in morbidly obese humans
[78]. Second, the mode of action of activated T cells, indepen-
dent of their CD4" or CD8" identity, seems to be through the
induction of proinflammatory cytokines, such as TNF-«,
IFN-y, and chemokines, such as CCL2. Our understanding
of this process has evolved from a strictly macrophage-
oriented phenomenon to a growing recognition of the effect
of T cell activation in obesity, therefore elucidating the specific
contribution of each T cell subset to the pathophysiology of this
disease and the associated insulin resistance including the
cardiovascular sequelae becomes imperative.

A major question that remains unresolved is: what are the
molecular interactions that govern the direct or indirect cross-
talk between the different immune cell subtypes, such as
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CD4" cells, CD8" cells, Treg cells, macrophages or B cells
with each other within the WAT? Moreover, while significant
evidence supports the role of macrophages and their products
in promoting insulin resistance, it is not clear whether lym-
phocytes themselves also have such actions or induce insulin
resistance in an indirect fashion, e.g. by regulating macro-
phage accumulation. In addition, how inflammatory cells may
promote insulin resistance in insulin target tissues other than
the WAT, such as the liver, or even contribute to liver steatosis,
is poorly defined and requires attention. The information on
the role of activated immune cells infiltrating muscle and liver
in the development of tissue-specific insulin resistance therein
is limited. Tissue-specific processes may account for the di-
versity in the degree of liver steatosis and functional impair-
ment among obese individuals, which is strikingly
independent of their adiposity and insulin resistance [79].

Furthermore, studies elaborating on the role of specific
immune processes within the WAT should be performed. The
finding that the TCRs in obese WAT are skewed implicates an
antigen-specific response [21]. Some experimental evidence
suggests that lymphocytes accumulate in the adipose tissue
prior to inflammatory macrophages [35]. Nevertheless, it
remains unclear whether T cell accumulation and activation in
the WAT is the result of alterations in the inflammatory envi-
ronment of the adipose tissue, including inflammatory reprog-
ramming of resident macrophages into a proinflammatory
phenotype, or the result of antigen recognition by T cells within
the WAT. The fact that Tregs from fat have a distinct TCR
profile compared with Tregs from other organs [30] supports
the second hypothesis. This is consistent with data demonstrat-
ing the presence of autoantibodies against WAT antigens [53].
It is also intriguing that NKT cells may react to lipid
antigens in the WAT [48]. Clearly, the importance of specific
pathways, such as different co-stimulatory systems (e.g. the
CD40-CD40L or CD28-B7.1/B7.2 systems) that may me-
diate T cell activation, as well as the function of adhesion
and chemokine receptors critical for recruitment of cells of
the adaptive immune response to the WAT need to be
elucidated in the future. In addition, the interface between
obesity and autoimmunity, which is in parts mediated by
effects of adipose-derived factors, such as leptin, on T cell-
mediated inflammation is an intriguing phenomenon that
requires further investigation.

A further emerging question in the field is whether inflam-
matory cells, particularly T cells, may prevent the activation of
brown adipose tissue (BAT) in the course of obesity and
insulin resistance. Whereas BAT activation by muscle-
derived circulating factors is intimately linked to insulin
sensitivity [80], little is known about the inflammatory
cell infiltration of BAT. Reduced expression of proin-
flammatory cytokines and chemokines in the macro-
phages of BAT, as compared to macrophages of WAT,
has been observed [81], but the role of T cells, including Tregs
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in the BAT in the course of obesity and insulin resistance
remains unclear.

Although the murine models of DIO have proved to be
very important for generating several hypotheses and advanc-
ing our understanding of obesity and obesity-associated WAT
inflammation, many discrepancies between men and mice
have been reported with regards to obesity studies. A major
bias of the murine studies is that most of them are performed
with C57BL/6 mice, a mouse strain that is inherently skewed
towards a Th1 cell response. This limitation should be taken
into account when attempting to extrapolate the findings from
the murine system to humans. In addition, it is not clear to
what degree the experimental murine models (experimental
diets, WAT isolated and studied, etc.) reflect the human situ-
ation. Moreover, the markers of inflammatory cell subtypes
that accumulate in obese WAT may differ substantially
between the mouse and human system, which limits the con-
clusions that can be drawn from the murine system.

Despite the biases, discrepancies and limitations of mu-
rine and human studies, the major question that arises from
the reported experimental data is whether modulation of
adaptive immunity could be used therapeutically for pre-
venting insulin resistance and the development of type 2
diabetes. Preclinical studies in animal models are required to
demonstrate whether it would be useful to test modulation
of adaptive immunity in obesity in future clinical studies.
Nevertheless, it is apparent that we are just at the beginning
of our exciting journey towards understanding the crosstalk
between metabolism and adaptive immunity.
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