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Summary

Foxp3+ CD4+ regulatory T (Treg) cells, recognized to be one of the most

important defences of the human body against an inappropriate immune

response, have recently gained attention from those outside immunology

thanks to the compelling evidence for their capability to exert non-canon-

ical immune functions in a variety of tissues in health and disease. The

recent discovery of the differences between tissue-resident Treg cells and

those derived from lymphoid organs is affecting the mindset of many

investigators now questioning the broad applicability of observations orig-

inally based on peripheral blood/lymphoid organ cells. So far, the best

characterized ‘Treg flavour’ comes from studies focused on their role in

suppressing adipose tissue inflammation and obesity-driven insulin resis-

tance. Adipose tissue derived Treg cells are distinct from their counter-

parts in lymphoid organs based on their transcriptional profile, T-cell

receptor repertoire, and cytokine and chemokine receptor expression pat-

tern. These cells are abundant in visceral adipose tissue of lean mice but

their number is greatly reduced in insulin-resistant animal models of

obesity. Interestingly, peroxisome-proliferator-activated receptor c expres-

sion by visceral adipose tissue Treg cells is crucial for their accumulation,

phenotype and function in the fat and surprisingly necessary for complete

restoration of insulin sensitivity in obese mice by the anti-diabetic drug

Pioglitazone. This review surveys recent findings relating to the unique

phenotype and function of adipose tissue-resident Treg cells, speculates

on the nature of their dynamics in lean and obese mouse models, and

analyses their potential therapeutic application in the treatment of type 2

diabetes.
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Introduction

Over the last two decades, obesity, type 2 diabetes and

other elements of the metabolic syndrome have increased

dramatically. Accordingly to the latest estimate from the

Centers for Disease Control, more than one-third of US

adults (35�7%) are obese.1 At present, it is recognized that

obese adipose tissue displays an inflammatory phenotype,

which is in part responsible for the metabolic dysfunction

and insulin resistance that leads to the development of

type 2 diabetes.2–4 The overload of nutrients, and the

subsequent increase in adipose mass, triggers hypoxia,

oxidative stress, and endoplasmic reticulum stress, which

ultimately results in adipocyte dysfunction and induction

of pro-inflammatory mediators such as tumour necrosis

factor-a, interleukin-6 (IL-6) and leptin.5–10 The initial

finding demonstrating that adipose tissue functions as an

endocrine organ and mediates insulin resistance by pro-

ducing tumour necrosis factor-a was an inspiration for

later studies highlighting the contribution of macrophage

accumulation to the amplification of adipose tissue

inflammation.6,11–14 However, such an adipo/macro-cen-

tric view has been challenged recently following four

independent studies that unravelled the role of mast

cells15 and three different populations of T cells [CD4,

CD8 and regulatory T (Treg) cells]16–18 which reside in
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adipose tissue at the onset of insulin resistance secondary

to obesity. These studies initiated a new field of study

defined ‘Immunometabolism’, which has been rapidly

enriched by many other reports dissecting the contribu-

tion of several other immune cell types (B cells,

neutrophils, eosinophils, type 2 innate lymphoid cells,

CD4� CD8� cd T cells and natural killer T cells) to the

establishment and perpetuation of adipose tissue inflam-

mation.19–28 The resulting conceptual framework is intri-

cate and not easy to consolidate in one picture but

certainly offers a deeper representation of the complex

biology sustaining adipose tissue inflammation.

Among these emerging players, adipose-tissue-resident

Treg cells, represent an attractive target to modulate for

therapeutic purposes. Treg cells, making up approxi-

mately 5–20% of the CD4+ T-cell compartment, have

been defined as one of the immune system’s main guard-

ians against inappropriate and over-reactive responses.

They are involved in the control of autoimmunity, aller-

gic responses, inflammation, and responses to infections

and tumors.29

The majority of the published Treg cell studies from

the past decade described Treg cells residing in the spleen

or lymph nodes. However, the discovery that Treg cells

are functionally diverse because of their capability for

adapting to the phenotype of the target cell type under

regulation, expanded the focus of more recent studies

beyond the ‘average’ lymphoid organ-derived Treg

cells.30–34 The paradigm of Treg cell heterogeneity has

been offered by recent reports investigating their pheno-

typic diversity in non-lymphoid tissues. It turns out that

Treg cells, traditionally thought to exclusively regulate the

activities of other T cells, can also exert their regulatory

functions on innate immune system cells,35–37 and appear

to play a functional role in the pathogenesis of cancer, in

the normalization of obesity-induced insulin resistance

and, very recently, in the regeneration of injured skeletal

muscles.18,38–47

This review focuses on studies characterizing the phe-

notype and function of Treg cells residing in adipose tis-

sue, and their dynamics in lean and obese animal models;

it evaluates the therapeutic potential of targeting Treg

cells in the treatment of type 2 diabetes.

Regulatory T cells: phenotypic and functional
specialization

A decade has passed since the discovery of the forkhead

transcription factor Foxp3 as a master regulator of

CD4+ CD25+ Treg cell differentiation.48 While Foxp3 is a

necessary orchestrator of the Treg cell phenotype, alone,

it is not sufficient to recapitulate either their canonical

gene signature49–51 or their functional specializations.30–32

The existence of a specialized population of Treg cells

was documented for the first time in 2009 by parallel

studies describing subtypes of Treg cells capable of further

differentiation in response to distinct inflammatory

signals.30–32 It has been proposed that Treg cells control

polarized environments by up-regulating specific tran-

scription factors previously associated with effector

T-cell lineages. That is to say, depending on the character

of the inflammation they respond to, the Treg cells

have been found to adopt specific phenotypes related to

that particular inflammatory environment. For example,

Treg cells, are capable of expressing interferon regula-

tory factor 4, a transcription factor that is crucial for

T helper type 2 (Th2) differentiation and function in

sites of inflammation promoted by Th2 cells; mean-

while, they express T-box 21 and chemokine C-X-C

motif receptor 3 (CXCR3) to control type 1 inflamma-

tion, or up-regulate signal transducer and activator of

transcription 3 in settings where Th17 cells are the tar-

get of regulation.30–32 These findings initiated the idea

that the regulators arm themselves with features similar

to their targets to favour their homing and survival in

specific locations.

The concept of specialized Treg cells was further

established by later reports describing distinct Treg pop-

ulations in non-lymphoid sites such as adipose tissue,

atherosclerotic plaques, intestinal mucosa, placenta, skin,

lung, liver, tumours, infected tissues and injured mus-

cles.18,38–47,51–57 Moreover, Treg numbers and frequency

in tissues have been reported to change considerably

between healthy and diseased tissues. Under normal

conditions, the tissue-Treg percentage is usually < 15%

of the CD4 fraction.18 However, in certain tumours,

half of infiltrating CD4+ T cells may be Treg cells.45 A

similar scenario has played out in other disease states

such as muscle injury, skin inflammation or infec-

tion.47,53,58–60 On the other hand, the dramatic decrease

of Treg cells in an obese animal model as well as in

atherosclerotic plaques serves as a reminder that there is

not one common Treg cell dynamic in health versus

disease. For the majority of these tissues, microarray or

RNAseq-based gene-expression profiling of resident Treg

cells is still lacking and the diversity of tissue versus

lymphoid-derived Treg cells has been mainly described

only on the basis of increased expression of markers

such as cytotoxic T-lymphocyte antigen 4, CD103, glu-

cocorticoid-induced tumour necrosis factor receptor

family-related gene, IL-10, transforming growth factor-b
and a combination of chemokine receptors.61 Because of

the different methods used to purify Treg cells from

tissues (single versus double cell sorting, different

enzymatic or mechanical tissue digestion protocols) and

to perform phenotypic analysis (gene expression profil-

ing, flow cytometry, immunohistochemistry), it is

difficult to understand to which extent they share

similar features beside a common activated/memory

phenotype.62–64
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‘Fat’ regulatory T cells

The deepest knowledge of the dynamics, phenotype and

function of tissue-resident Treg cells has been offered by

several reports discussing the unique properties of Treg

cells in adipose tissue. This is based on the analysis of

specific gene expression signatures, transcription factors,

distinct chemokine receptor patterns, T-cell receptor

(TCR) repertoire, and ‘unconventional’ mechanism of

action and cellular targets.

Regulatory T cells resident in visceral adipose tissue,

also known as ‘Fat Tregs’, have been suggested to be

involved in controlling metabolic parameters in disorders

such as atherosclerosis, obesity and type 2 diabetes.18,40–

42,46,65 They have been found to accumulate in visceral

fat, but not in spleen, of male mice between 5 and

25 weeks of age (ref. 18 and D. Cipolletta, C. Benoist and

D. Mathis, unpublished results). In normal adult male

mice, visceral adipose tissue (VAT) -resident Treg cells

account for a much larger fraction (50–70%) of CD4+ T

cells, compared with their counterparts in the spleen,

lymph nodes, other fat depots (subcutaneous and peri-

renal) and non-lymphoid tissues, such as lung, liver, skin

and muscle.18,40 However, it has been observed that VAT,

but not spleen, Treg representation decreases in mice

older than 40 weeks, which are affected by a decline in

insulin sensitivity (D. Cipolletta, C. Benoist and D.

Mathis, unpublished results). Interestingly, visceral adi-

pose inflammation and insulin resistance have been asso-

ciated with a dramatic reduction of VAT Treg cells in

several animal models of obesity such as leptin-deficient

mice (Lepob/ob), mice heterozygous for the yellow sponta-

neous mutation and male mice chronically fed a high-fat

diet (HFD).18,40,66–68 In contrast, in female mice, which

are protected from HFD-induced metabolic disorders, the

expanded VAT displays a non-inflammatory nature that

positively correlates with an increase in VAT Treg cells in

response to the HFD feeding.69 Although the cause of

gender differences in the susceptibility of type 2 diabetes

are not clear, it has been speculated that oestrogens play

a protective role in the development of the metabolic

syndrome as suggested by increased cases of diabetes seen

in postmenopausal women.70

A more direct indication of a negative correlation

between VAT Treg abundance and insulin resistance

comes from Treg gain- and loss-of-function studies. In

vivo induction of Treg cells by using IL-2/anti-IL-2 com-

plexes has been found to significantly improve insulin

sensitivity in obese mice.18,71 Similarly, adoptive transfer

of CD4+ T cells expressing GATA binding protein 3

(GATA3) has been demonstrated to normalize insulin

resistance, which might be an effect entirely due to the

Treg cell fraction because they are the only CD4 subset

expressing GATA3 in VAT (refs 16,40 and D. Cipolletta,

C. Benoist and D. Mathis, unpublished results). Con-

versely, Treg depletion by diphtheria toxin in a mouse

model where Foxp3 promoter/enhancer elements diphthe-

ria toxin receptor72 leads to spontaneous impairment of

insulin signalling in adipose tissue, muscle and liver.18

Interestingly, microarray-based gene expression profil-

ing revealed that VAT Treg cells are the epitome of spe-

cialized Treg cells. While maintaining approximately 60%

of the canonical Treg signature, VAT Treg cells differen-

tially express many genes in comparison with their coun-

terpart Treg cells in lymphoid organs. The differentially

expressed genes are mainly associated with lymphocyte

migration, extravasation and lipid metabolism.18,40 Of

note, the VAT Treg gene signature is less represented in

the few VAT Treg cells extracted from old (> 40 weeks)

mice fed normal chow and obese individuals (refs 18,40

and D. Cipolletta, C. Benoist and D. Mathis, unpublished

results). Although these data are only correlative and not

capable of clearly demonstrating whether the loss of the

lean signature is responsible for the dynamics of VAT

Treg cells in aging or obesity, it represents another case

of Treg cell plasticity in response to diverse environmen-

tal cues, in health and disease.

To date, the origin of VAT Treg cells, as well as the

nature of their population fluctuations in lean (increased)

and in obese (decreased) states has not been completely

addressed. Several distinct mechanisms might explain

their dynamics in the VAT: response to adipokines, VAT-

restricted antigen(s), conversion from CD4+ conventional

T cells, recruitment and/or retention via chemokine/

chemokine receptors, response to an unfavourable envi-

ronment (death, inhibited influx, or premature efflux of

T cells from adipose tissue), or expression of specific

transcription factors.

VAT Treg cells: thymic or peripherally induced?

Regulatory T cells can have a dual origin. Natural Treg

cells migrate from the thymus to the periphery after posi-

tive selection by high-avidity interactions with self anti-

gens.73 Alternatively, upon antigen stimulation and in the

presence of transforming growth factor-b,74,75 IL-276 or

retinoic acid,77 conventional CD4+ T cells can acquire

Foxp3 expression in the periphery, becoming peripheral

Treg cells, which (in mouse, but not in human78) retain

suppressive functions. Alternatively, migration of Treg cell

precursors in tissues could occur during fetal life, in a

similar way to what has been described for macrophages,

although this remains controversial.79

It has also been proposed that the Treg TCR repertoire

is shaped toward the recognition of self antigens,29 a fea-

ture that in theory would promote their localization in

non-lymphoid tissues to keep autoimmune and inflam-

matory responses in check. On the other hand, the speci-

ficity of antigen recognition by the TCR might result not

only in lineage commitment but potentially in the activa-

ª 2014 John Wiley & Sons Ltd, Immunology, 142, 517–525 519

Adipose tissue-resident regulatory T cells



tion and retention of Treg cells at peripheral tissue sites.

The analysis of the TCR repertoire has been used by

Feuerer et al.18 to understand whether VAT T cells are

similar to lymphoid organ T cells or if they are in situ

expanded cells, or conventional T cells cytokine-converted

into Treg cells. This analysis revealed that there is very

little overlap between the TCR repertoire of VAT Treg cells

and the one displayed by lymphoid-organ Treg cells, sug-

gesting that the former might not derive from their circu-

lating counterparts. Furthermore, the VAT-derived Treg

cell and conventional T cell TCR repertoires are markedly

distinct, making it very unlikely that the accumulation of

VAT Treg cells results from a local conversion of conven-

tional T cells.18 Rather, the presence of repeated VAT

Treg TCR clones suggests the existence of specific antigen

(s) that might be responsible for their accumulation in

adipose tissue.18 To date, the VAT-restricted antigens for

VAT Treg cell recognition, accumulation and retention

remain undiscovered. Although challenging, it might be

necessary to first confirm the published TCR sequencing

performed on the ‘Limited’ mouse line,80 wherein the

restricted TCR diversity is confined to the complementar-

ity-determining region (CDR) 3a, on a wild-type mouse

to exclude the loss of any fat-specific TCR recombination

due to a restricted repertoire. It will also be useful to

extend this analysis on VAT Treg cells derived from mice

at different ages and on different diets (normal chow ver-

sus HFD) to verify any correlation between the TCR bias

and VAT Treg cell dynamics and the disease. Lastly,

because VAT Treg cells are enriched in VAT but not in

subcutaneous and peri-renal fat, the analysis of their TCR

repertoires might help in understanding the origin of

their divergent distribution between fat depots.

Chemokine receptor-mediated Treg cell recruitment
in adipose tissue

It is feasible that the recruitment and retention of Treg

cells in adipose tissue is mediated by a combination of

VAT-specific antigen(s) recognition and expression of

specific chemokine receptors.

Several studies have demonstrated that different profiles

of chemokine receptors can determine selective Treg cell

accumulation in tissue.81 For example, in non-inflamed

skin, lung and liver there is an enrichment of Treg cells

that are chemokine C-C motif receptor (CCR)

4+ CD103+ whereas inflamed human liver is populated

by CXCR3+ CCR10+ Treg cells.38,81,82 However, the

expression of specific patterns of chemokine receptors

might be influenced by the type of T-cell response (Th1,

Th2 and Th17) within the tissue in question.81 VAT Treg

cells offer a great example of this concept.

Regulatory T cells residing in adipose tissue display a

distinct chemokine receptor pattern that might be respon-

sible for their specific accumulation in lean VAT: CCR1,

CCR2, CCR3, CCR5, CCR9 and CXCR6 are over-

expressed while CCR6, CCR7 and CXCR3, are under-rep-

resented in VAT Treg cells.18 Interestingly, in obese adi-

pose tissue, Treg cells show a decrease in CCR1, CCR2

and CXCR6 expression and conversely an up-regulation

of CXCR3, as expected during an ongoing Th1 immune

response (D. Cipolletta, C. Benoist and D. Mathis,

unpublished results). However, the acquisition of differ-

ent chemokine receptors offers an important alternative

interpretation of the VAT Treg dynamics in obesity: does

the lack of the ‘lean’ chemokine receptor pattern compro-

mise Treg accumulation and retention in adipose tissue?

Additional studies focused on the identification of

chemokine receptors retained by Treg cells resident in

adipose tissue other than visceral adipose tissue would be

useful to understand their net contribution to Treg cell

dynamics in the fat.

Adipokine-mediated Treg cell modulation in adipose
tissue

An interesting model explaining the dramatic reduction

in VAT Treg cells in obese states has been proposed by

Matarese et al.,83 who described the inhibitory effect of

leptin on Treg cell proliferation.84 The elevated levels of

leptin, which increase with obesity, could impair Treg cell

proliferation and perhaps explain their decreased num-

bers. However, this speculation is difficult to reconcile

with the striking loss of VAT Treg cells in the leptin-defi-

cient mouse model.18 In fact, in Lepob/ob mice, the VAT

Treg cell percentages and numbers, after an initial expan-

sion, significantly decrease at 14 weeks. The observed

VAT Treg cell kinetics and the strong representation of

the VAT Treg-cell-specific gene signatures in cells

extracted from 3- to 5-week-old Lepob/ob mice (before any

development of severe insulin resistance) serve as further

confirmation that leptin deficiency does not impact the

VAT Treg cell phenotype or their accumulation in the fat

(D. Cipolletta, C. Benoist and D. Mathis, unpublished

results).

In contrast to leptin, adiponectin, an anti-inflammatory

adipokine, retains insulin-sensitizing properties and nega-

tively correlates with body mass index while positively

correlating with Treg cell representation in VAT.85

Although adiponectin’s direct effect on VAT Treg cells

has not been demonstrated, it has been reported to

induce the synthesis of the anti-inflammatory cytokine

IL-10 in macrophages in an in vitro setting.86 Interest-

ingly, Treg cells in VAT express a much higher level of

IL-10 (136-fold augmentation of IL-10 transcripts) in

comparison with lymph node Treg cells.18 Interleukin-10

represents one of the main cytokines produced by Treg

cells to exert their regulatory function on effector cells.87

However, in an adipocyte model that recapitulates induc-

tion of insulin resistance by treatment with tumour
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necrosis factor-a, IL-10 could also act directly on adipo-

cytes by suppressing markers of inflammation and

restoring the translocation of the membrane transporter

for glucose, GLUT4.18 In addition, it has been demon-

strated that adiponectin-treated dendritic cells can pro-

mote Treg cell expansion via the programmed death-1/

programmed death-1 ligand pathway.88 The effect of

adiponectin and other adipokines on immune cells is

worth exploring to understand whether their differential

expression in diverse fat depots might contribute to the

accumulation of Treg cells or other immune cells prefer-

entially in VAT.

Peroxisome-proliferator-activated receptor c
contribution to the generation and maintenance
of VAT Treg phenotype

Peroxisome-proliferator-activated receptor c (PPARc) is a
nuclear receptor superfamily member generally accepted to

be the master regulator of adipocyte differentiation and

function. It is also known for its anti-inflammatory proper-

ties, mediated by its direct interaction with nuclear factor-

jB.4,89 PPARc has been recently described as the major

orchestrator of VAT Treg cell accumulation, phenotypes

and function.40 The specific and enriched expression of

PPARc in VAT Treg cells was identified by comparing the

gene expression profiles of visceral fat and lymphoid organ

T-cell subsets.40 Interestingly, PPARc positively and nega-

tively correlates with the most strongly up- or down-regu-

lated genes, in the comparison of VAT Treg cells with

lymphoid organ Treg cells, respectively. This was also

directly demonstrated by the induction of a VAT Treg cell

profile via ectopic co-expression of FOXP3 and PPARc in

conventional T cells.40 Specifically, VAT Treg cells express

both PPARc isoforms 1 and 2 with preference for the for-

mer. The biological relevance of these two isoforms in VAT

Treg cells, and in adipocytes, is still not clear, although it

has been reported that both are capable, in in vitro experi-

ments, of interacting with FOXP3 to induce most of the

VAT Treg over-expressed genes. However, a distinction

between the two protein variants must exist because only

the PPARc isoform 1 induces repression of genes that are

under-represented in the VAT Treg cells.40 Furthermore,

PPARc expression in VAT Treg cells is crucial for VAT

Treg cell accumulation in adipose tissue. Mice lacking

PPARc specifically in Treg cells have very few Treg cells in

the visceral adipose tissue while maintaining normal num-

bers in other lymphoid and non-lymphoid organs. Nota-

bly, PPARc-deficient Treg cells down-regulate the specific

VAT Treg gene expression signature.40

Peroxisome-proliferator-activated receptor c is also

important for the maintenance of the unique VAT Treg

phenotype, as demonstrated by the effect of the PPARc
inhibitor, GW9662. Treatment of wild-type mice with

GW9662 down-regulates GATA3 expression in VAT Treg

cells, resembling the Treg phenotype of the PPARc
mutant mouse.40 Another unique feature of VAT Treg

cells, depending on PPARc-induced CD36 expression, is

their capacity to uptake lipids,40 a feature that is not

present in the PPARc mutant VAT Treg cells.

Further demonstration of the crucial role of PPARc in

the biology of VAT Treg cells in mice, has been provided

by their modulation upon treatment with pioglitazone, an

anti-diabetic drug of the class of thiazolidinediones. An

impressive enrichment of Treg cells was observed only in

adipose tissue from Pioglitazone-treated mice, whether on

a normal chow or HFD regimen, and in the latter, it pos-

itively correlated with an improvement of insulin resis-

tance.40

When and how Treg cells up-regulate PPARc is still a

matter of discussion, which may require the engineering

of a lineage traceable PPARc mouse model to address this

question. However, considering that PPARc is activated

by free fatty acids and their metabolites, it is possible that

non-fat-derived Treg cells adopt their ‘Fat phenotype’ by

sensing them and, as a result, migrating to the VAT.

Alternatively, Treg cells might be first recruited to the fat

by specific antigen recognition and/or chemokine attrac-

tion, and then express PPARc in response to local cues.

Another open question is why Treg cells need PPARc to

survive in VAT. A plausible explanation comes from the

theory that Treg cells acquire the phenotype of the cells

that they want to control. According to this notion, Treg

cells resident in adipose tissue might express PPARc to

match their phenotype with resident monocytes, macro-

phages and/or adipocytes. The observation that Pioglitaz-

one treatment of obese Treg-PPARc mutants is less

effective in reducing the infiltration/conversion of pro-

inflammatory monocytes and macrophages, and that lean

Treg-PPARc mutants shows increased macrophage accu-

mulation in VAT, clearly support this theory.

The relationship between adiposity and Treg cells is,

however, controversial, because only one report claims a

significantly decreased adipocyte size following adoptive

Treg cell transfer in mouse models of obesity,67 while

several other studies never reported any impact of the

increase in VAT Treg cell representation on body weight

and/or adipocyte numbers and sizes.16,18,40,66

PPARc post-transcriptional modulation in VAT Treg
cells

The specific VAT Treg phenotype (i.e. GATA3+, CCR2+,

KLRG1+, CD103�) is under-represented in obese mice

(D. Cipolletta, C. Benoist and D. Mathis, unpublished

results). Surprisingly, this was not associated with a

reduced expression of PPARc or with impaired function,

because treatment with Pioglitazone can rescue the ‘lean’

signature in VAT Treg cells.40 The discovery that anti-dia-

betic PPARc ligands inhibit the obesity-induced phos-
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phorylation of PPARc on serine 273, and this modifica-

tion leads to dysregulation of many PPARc target

genes,90,91 may offer an intriguing clue to this apparent

paradox. PPARc phosphorylation results from the activa-

tion of the cyclin-dependent kinase 5, consequent to

obesity-driven pro-inflammatory cytokine induction from

both adipocytes and immune cells residing in adipose tis-

sue.92 Therefore, it is likely that obesity-induced post-

transcriptional modifications of PPARc affect the VAT

Treg phenotype and, consequently, accumulation. Future

studies are needed to confirm or identify PPARc modifi-

cations and underlying mechanisms leading to decreases

in VAT Treg numbers.

The therapeutic potential of modulating VAT
Treg cells in metabolic disease

The current approaches for the treatment of type 2 diabe-

tes have been focused on sulphonylureas, biguanides and

thiazolidinediones. Recently, however, researchers have

started exploring the effects of these drugs on immune

cells and their contribution to therapeutic outcome. For

example, Pioglitazone has been found to boost the accu-

mulation of Treg cells in VAT, but not other tissues, in

lean and obese mice.40 Strikingly, lean mice with a spe-

cific deficiency of PPARc in Treg cells did not accumulate

VAT Treg cells whereas obese individuals, carrying the

same mutation, respond only partially to Pioglitazone

treatment.40 This unexpected finding suggests that the

restoration of metabolic indices induced by Pioglitazone

occurs in part by acting on VAT Treg cells, and provides

proof of principle that this subset of immune cells is

capable of impacting metabolic parameters.40 Similarly,

Metformin, belonging to the class of biguanides, increases

the number and fraction of VAT Treg cells in obese mice

fed an HFD.93 However, the authors of this work do not

address whether metformin acts on Treg cells exclusively

resident in VAT or whether other molecular mechanisms

mediate the effect93 (Fig. 1).

Moreover, treatment with an anti-CD3 monoclonal

antibody (mAb), which has been shown to globally

deplete effector T cells and concomitantly enhance the

representation of Treg cells, has been evaluated in the

context of immunotherapy of type 2 diabetes by two dif-

ferent groups. By administering the non-mitogenic F

(ab’)2 fragment of anti-CD3 for only 5 days, Winer et al.

achieved a long-term normalizing effect on insulin resis-

tance and glucose tolerance in HFD-fed mice.16 They

documented a correlation between the improved meta-

bolic indices and the increase in numbers of adipose

tissue Treg cells and anti-inflammatory macrophages16

(Fig. 1). In contrast, a study conducted by Ilan et al.66,

explored the effect of oral administration of an anti-CD3

mAb in combination with b-glucosylceramide, an inter-

mediate of glycosphingolipid metabolism reported to

ameliorate the metabolic syndrome in Lepob/ob mice by

reducing the numbers of hepatic natural killer T cells.

This combinatorial approach was tested on Lepob/ob mice

and was found to induce CD4+ transforming growth fac-

tor-b1 latency-associated peptide (LAP) T cells, and con-

comitantly reduce natural killer T cells in the mesenteric

lymph nodes, blood and spleen.66 Surprisingly, only in

adipose tissue, did Treg cells, and not CD4+ LAP+ T cells,

increase during the combination treatment. However, this

result and none of the effects on the metabolic and

pathological abnormalities could be recapitulated when

Lepob/ob mice were treated with either anti-CD3 or

b-glucosylceramide alone.66 The contradictory outcomes

between the two different anti-CD3 mAb used may be

easily reconcilable if the latter study was supported by

commonly accepted measures of insulin resistance, such

as insulin blood levels, glucose and insulin tolerance test,

HOMA-IR (Homeostatic Model Insulin Resistance), and

evaluation of insulin receptor signalling.

Another intriguing way to increase the Treg cells is by

administration of IL-2 and an IL-2-specific mAb com-

plex.71,94 Indeed, intraperitoneal injection of this complex

for 6 days improved glucose tolerance and insulin sensi-

tivity in HFD-fed mice by increasing the fraction of Treg

cells in the spleen and abdominal fat18 (Fig. 1).

All of the studies mentioned here have generated a strong

motivation and interest to verify whether these findings

might be translatable to human biology. However, to date,

the phenotype, dynamics and role of VAT Treg cells in

human obesity and metabolic disorders is still unknown.

Three independent studies reported a body mass index-

dependent decreased FOXP3 expression in the omentum of

obese humans;16,18,68 whereas a conflicting report from

Zeyda et al.95 showed that FOXP3 transcripts were increased

in VAT from obese humans. These contradictory results might

be explained by the fact that in humans, FOXP3 might be

transiently expressed by activated CD4+ effector T cells in

addition to Treg cells.96 Alternatively, this discrepancy

might be explained by the enrolment of more females than

males (16 : 4) in this study, which would agree with the

previous observation of increased Treg populations in adi-

pose tissue of obese female, but not male, mice69 (Fig. 1).

Finally, several studies with contrasting findings have

focused on the analysis of Treg representation in the

peripheral blood of obese and lean donors. Whereas some

reports claim a decrease in circulating Treg cells from

obese donors,97,98 another study shows that morbidly

obese subjects have selective increases in naive, memory,

Treg and Th2 cells.99 Although we do not yet know

whether the mouse biology of VAT Treg cells will trans-

late to humans, it might be worthwhile to study the phe-

notype of omental Treg cells coming from lean and obese

mice before assuming that circulating Treg cells could

recapitulate and represent their biology. From the emerg-

ing evidence, it also seems necessary to keep the analysis
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of immune resident cells from female and male donors

separate so as to identify the possible contribution of sex

hormones to the immune and metabolic systems.

Concluding remarks and future prospects

The dramatic reduction in Treg cells in the adipose tissue

of obese mice and their increased representation in lean

rodents upon treatment with anti-diabetic drugs, indi-

cates that these cells might influence metabolic indices

(Fig. 1). The recent finding that PPARc is a crucial

molecular orchestrator of VAT Treg cell accumulation,

phenotype and function and that its expression in these

cells is necessary for complete restoration of insulin sensi-

tivity in obese mice by the anti-diabetic drug Pioglitaz-

one, has unravelled a previously unknown cellular

mechanism involved in the pathogenesis of insulin resis-

tance, and provided proof-of-principle that discrete popu-

lations of Treg cells with unique functions can be

precisely targeted to therapeutic ends. Still, many ques-

tions remain to be addressed: What is the origin of VAT

Treg cells? What are their antigen(s)? Why are they

diminished from VAT during obesity? What are the dif-

ferences between VAT Treg cells in female mice (pro-

tected from HFD-induced type 2 diabetes) and male mice

(susceptible to type 2 diabetes) and what determines their

increase in the former and/or decrease in the latter?

Lastly, whereas in mice it has been demonstrated that

Treg cells come in ‘different flavours’ based on their

anatomic location and are able to exert ‘non-immuno-

logical functions’ (such as the control metabolic param-

eters), in humans, the study of immune responses

has been confined to analyses of peripheral blood cells

that might not have the same properties of the cellular

pool in the tissues. Hence, can we find specialized,

unique Treg cells in human adipose tissue and do they

play a role in type 2 diabetes as well? What precise

functions do they perform in the adipose tissue? Can

they be specifically targeted? Does anti-diabetic drug

treatment increase Treg cell representation in human

fat? What is the effect of drug-free treatment of type 2

diabetes such as, caloric restriction and/or bariatric

Lean

Mouse

Insulin

VAT Treg

M1 Mφ M2 Mφ

Resistance

Models

Obese

Obese
Obese Obese

Bariatric
surgery

Under
FemaleObese

w/o PPARγ+
VAT Tregs+

TZD

Pioglitazone
Metformin

IL2 complex
anti-

CD3mAb
Restriction
Caloric

Figure 1. Cellular and metabolic balance in adipose tissue. In lean mice, visceral adipose tissue (VAT) is enriched by anti-inflammatory

macrophages (M2 MΦ), and regulatory T (Treg) cells. In contrast, in obese mice, there is a switch in cellular equilibrium: fewer Treg cells and a

predominance of pro-inflammatory macrophages (M1 MΦ). The anti-diabetic drug, Pioglitazone, which is a synthetic Peroxisome-proliferator-

activated receptor c (PPARc) ligand, and anti-CD3-monoclonal antibody treatment boost the accumulation of Treg cells and reduces the infiltra-

tion of M1 MΦ in VAT of obese mice. Similarly, obese mouse treatment with either Metformin, or interleukin-2 (IL-2) complexes, increases

VAT Treg cells although their effect on the modulation of M1 MΦ remains uncharacterized. Strikingly, obese mice, carrying the specific

deficiency of PPARc in Treg cells do not accumulate VAT Treg cells and consequently respond only partially to Pioglitazone treatment. Obese

female mice, which are historically known to be protected from high-fat diet-induced insulin resistance, are enriched by M2 MΦ and Treg cells.

Early stages of weight loss and fasting are marked by a rapid recruitment of anti-inflammatory macrophages to VAT in response to lipolysis.100

Macrophage infiltration is instead reduced in VAT of patients which have undergone gastric bypass surgery for weight loss. However, this obser-

vation was made 3 months after bariatric surgery and provides only a late snapshot of MΦ phenotypes in VAT.100 The effect of caloric restriction

and/or bariatric surgery on Treg dynamics in adipose tissue remains to be addressed and represents an interesting opportunity to verify the

inverse correlation between Treg cell numbers and insulin resistance.
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surgery on Treg cell dynamics in adipose tissue

(Fig. 1)?100

Studies aimed to address these questions ultimately

may result in the identification of novel targets based on

the modulation of these immune cells in the context of

obesity-driven type 2 diabetes.
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