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a b s t r a c t

The increasing incidence of obesity and its socio-economical impact is a global health issue due to its

associated co-morbidities, namely diabetes and cardiovascular disease [1e5]. Obesity is characterized by

an increase in adipose tissue, which promotes the recruitment of immune cells resulting in low-grade

inflammation and dysfunctional metabolism. Macrophages are the most abundant immune cells in the

adipose tissue of mice and humans. The adipose tissue also contains other myeloid cells (dendritic cells

(DC) and neutrophils) and to a lesser extent lymphocyte populations, including T cells, B cells, Natural

Killer (NK) and Natural Killer T (NKT) cells. While the majority of studies have linked adipose tissue

macrophages (ATM) to the development of low-grade inflammation and co-morbidities associated with

obesity, emerging evidence suggests for a role of other immune cells within the adipose tissue that may

act in part by supporting macrophage homeostasis. In this review, we summarize the current knowledge

of the functions ATMs, DCs and B cells possess during steady-state and obesity.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Phagocytes were first described by Metchnikoff in the 19th

century. Among phagocytes, macrophages are the first line of host

defense against pathogens, and interest in their functions and

ontogeny has since grown tremendously. Recent studies using ge-

netic fate-mapping techniques, show that the pool of tissue resi-

dent macrophages is established during embryonic development

[6e9]. During adulthood, this population of tissue resident mac-

rophages self-renew via proliferation, independently from circu-

lating blood monocytes [10,11]. However, in the context of

inflammation or injury, monocytes infiltrate peripheral tissues and

give rise to tissue macrophages [10,12,13]. When these monocyte-

derived macrophages (often referred to as “recruited” or “inflam-

matory” macrophages) are under the influence of their local tissue

environment, they can express surface markers typically found on

tissue resident macrophages, making it difficult to distinguish be-

tween each other.

Although the adipose tissue had long been considered as a stor-

age organ, this view dramatically changed after Spiegelman's group

revealed that the adipose tissue was in fact an endocrine organ,

capable of secreting inflammatory factors impacting co-morbidities

such as insulin resistance [14]. It took almost a decade for the sci-

entific community to gain interest into whether and how the im-

mune system could communicate with adipocytes to promote low-

grade inflammation observed in obesity. The first observation of

macrophages in the adipose tissue (ATMs) was discovered in the

early 2000s [15e17] and was followed 5 years later by the identifi-

cation of the presence of lymphocytes [18,19]. ATMs are present in

the adipose tissue of many vertebrate species, and not exclusively in

rodents, primates and humans, even though their numbers vary

between different adipose tissue depots [20,21]. Since then the

presence of a large diversity of immune cells, including, among

others, DCs and B cells, was reported and the field has become an

area of intense investigation, and concepts discovered in the

immunology field have been tested directly at the level of the adi-

pose tissue, creating what is now known as ‘immunometabolism’.

In this review, we discuss the recent advances made on adipose

tissue immune cell homeostasis with a macrophage centric view

since these cells are the most abundant population of immune cells

in the adipose tissue of mice and humans [22,23].
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2. Homeostatic and pathological maintenance of adipose

tissue resident macrophages

2.1. The diversity and complexity of adipose tissue macrophage

origin

The original observation that macrophage infiltration into the

white adipose tissue is increased during obesity led to the hy-

pothesis that ATMs originated from bone marrow stem cells

[16,17]. However, recent studies argue that ATMs are derived

predominantly from primitive yolk-sac progenitors and self-

renew via proliferation under homeostatic conditions [24].

Therefore, the relative contribution of embryonic and monocyte-

derived macrophages to the total pool of ATMs may vary

depending on the local environment. Intriguingly, in other tis-

sues, aging is associated with progressive replacement of em-

bryonic macrophages by monocyte-derived cells and this could

also hold true in the adipose tissue since epigenomic alterations

control ATM function [25] and that the adipose tissue is known

to expand with age. Of note, one of the caveats is the phenotypic

distinction between macrophages, monocytes or even dendritic

cells (DCs) that remain a technical challenge due to the overlap of

cell surface markers. Nevertheless, it appears that embryonic and

monocyte-derived macrophages have distinguishable tran-

scriptomic signatures [26]. These findings suggest that it may be

possible to identify novel specific markers based on unique

functions and mechanisms of regulation of each population.

Indeed, such a core transcriptomic signature between tissue

resident macrophages, monocytes and DCs in multiple organs

[27,28] has led to the identification of more specific markers (i.e.

CD64 and MerTK) allowing for the separation of macrophages

from monocytes and DCs, helping to develop more robust stra-

tegies to analyze the phenotype and function of these cells (Fig. 1

and Table 1). However, this gating strategy still does not distin-

guish tissues resident macrophages from recruited or monocyte-

derived macrophages. Previous studies used a combination of

CD11b, F4/80 and CD11c markers to identify ATM subsets [29,30].

This documented 3 distinct populations of ATMs [30], which may

not necessarily reflect pure ATMs. However, the current

consensus is that CD11cþF4/80þ macrophages are likely the more

‘inflammatory’ subset [31]. The complication in identifying these

cells is that recent reports have demonstrated that F4/80

expression is not only restricted to macrophages but also to

conventional CD11bþ DCs and that the Emr1 gene coding for F4/

80 is found in eosinophils ([32] and Immgen.org). Additionally,

the developmental origin of each subset remains currently

unknown and requires further investigation. Nevertheless, these

pioneering works provide exciting insights into the diversity of

ATMs and suggest a potential role during obesity, elaborating

new strategies that could be helpful to analyze ATM subsets

during steady-state and obesity. So far, studies on the lifespan

and origin of ATMs are limited in number. The use of already

established models of fate mapping and parabiosis will certainly

shed light on the developmental origin and homeostatic main-

tenance of these cells.

2.2. Differentiation and survival of adipose tissue macrophages

Macrophage colony stimulating factor (M-CSF) binds to its

receptor CSF-1R and stimulates the differentiation and survival of

macrophages in multiple tissues. The op mutation, a nucleotide

insertion disrupting the coding region of the M-CSF gene, pro-

vides a genetic model to test the importance of M-CSF signaling

for macrophage development and function [33]. Op/op mice have

about 70% decrease in the number of F4/80þ cells in the adipose

tissue. This demonstrates that compared to other tissues, resident

macrophages of the adipose tissue do not entirely rely on M-CSF

for their maintenance [16], or perhaps this remaining 30% of F4/

80þ cells in the adipose tissue are not macrophages. However,

given the fact that op/op mice lack macrophages in different tis-

sues, it is challenging to analyze these mice in the context of a

high fat diet (HFD)- induced obesity. The use of op/WT hap-

lodeficient mice did not reveal any remarkable difference

compared to control mice in terms of weight gain, although the

level of M-CSF was reduced in the adipose tissue under HFD [34].

Recently, the cytokine interleukin (IL)-34 was identified as

another ligand for CSF-1R [35,36]. It is known that IL-34 plays a

critical role in the maintenance of microglia. IL-34 also controls

the induction of macrophages in amphibians [37]. Interestingly,

obesity is associated with increased IL-34 serum concentration

and mRNA expression in the adipose tissue [38]. ATMs are not

completely missing in op/op mice, thus it will be interesting to

test whether IL-34 is required for the maintenance of these cells

under homeostatic and obese conditions.

2.3. Tuned balance between monocyte recruitment and

macrophage proliferation/polarization

The chemokine Mcp1 (CCL2) was originally identified as the key

soluble mediator for macrophage infiltration into white adipose

tissue during obesity [16]. Consistently, serum CCL2 concentrations

are increased in mice fed a HFD [39]. However, CCL2 is equally a

critical regulator of monocyte egress from the bone marrow to the

blood, preceding their infiltration into peripheral tissues [40].

Additionally, CCL2 was recently shown to control the homeostatic

maintenance and proliferation of ATMs [41]. Therefore, because of

the multiple effects of this chemokine, it remains challenging to

know whether increased ATMs during obesity is a consequence of

enhancedmonocyte mobilization from the bonemarrow, increased

monocyte recruitment or whether it is due to direct CCL2 function

on local proliferation of ATMs.

Similarly, the integrin CD11b regulates the recruitment of

monocytes to adipose tissue during obesity as CD11b deficient mice

have reduced ATM content [42]. In contrast to CCL2, ATMs lacking

CD11b favor ‘alternatively’ activated macrophage, and have

enhanced proliferation due to activation of STAT6, downstream of

IL-4 signaling [42]. Indeed, Th2 cytokines IL-4 and IL-13 (known to

promote the proliferation of peritoneal macrophages [11]) also

control the proliferation of ATMs in a mechanism that requires IL-6

[43]. Another illustration of the involvement of STAT6 signaling in

ATM homeostasis is reported with the appetite-reducing
Fig. 1. Topological distribution of macrophages, dendritic cells, monocytes and B cells

in the adipose tissue.
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neuropeptide FF (NPFF) known to promote the proliferation of

ATMs after binding to its receptor NPFFR2 along with their alter-

natively activated state. The underlying mechanism relies on the

regulation of STAT6 through its stabilization and the prevention of

pSTAT6 degradation [44].

In a healthy and obese adipose tissue, the regulation of ATM pool

is currently inexplicable. Adipose tissue expansion is correlated

with increased number of ATMs. Whether this increase is due to

local proliferation of resident ATMs or recruitment of monocytes

from the blood circulation is unclear. Monocyte recruitment to

adipose tissue may be a consequence of insufficient proliferation of

resident ATMs and an urgent need to fill the empty niche. An

alternative explanation could be that monocyte recruitment to

adipose tissue prevents resident ATM proliferation. Since CCL2-

CCR2 axis controls both monocyte egress from bone marrow and

ATM proliferation in the adipose tissue it seems that proliferation

and recruitment are interconnected [40,41]. The same scenario is

observed in atherosclerosis where monocyte recruitment and

macrophage proliferation in the plaque both contribute to disease

progression [45,46]. A better understanding of these mechanisms

may offer alternative therapeutic opportunities. Indeed, develop-

ment of obesity is tightly associated with a switch in the polari-

zation of adipose tissue macrophages towards an M1 phenotype

(classically activated macrophages), which is correlated with

increased tissue inflammation and damage [29,47]. The current

view postulates that M1 macrophages are inflammatory compared

to alternatively activated M2 macrophages (anti-inflammatory)

that have been implicated in tissue repair and wound healing.

However, excessive alternative activation of macrophages may lead

to a pro-fibrotic phenotype of the adipose tissue and induce its

dysregulation by limiting expansion [48].

As discussed above, the mechanisms controlling the size of the

pool of ATMs are still not clearly established. Recently, Boulenouar

and colleagues added another layer to ATM pool size control by

showing that adipose tissue residing type1 innate lymphoid cells

(AT1-ILCs) are critical regulators of ATMs [49]. AT1-ILCs eliminate

ATMs (preferentially phenotypic M2s) during homeostatic condi-

tions. This mechanism relies on the expression of perforin by AT1-

ILCs. During obesity this interaction is impaired and the pool of

ATMs expand [49].

2.4. Control of macrophage polarization by environmental cues:

role of insulin signaling

Obesity is associated with alteration of the host metabolism and

often results in insulin resistance. Insulin is naturally produced by

pancreatic beta cells to help the absorption of glucose from the

blood and, in the adipose tissue, glucose is in turn converted into

triglycerides for storage. Pioneering studies have shown that in-

sulin also binds to its receptor on macrophages to induce a

signaling cascade that limits fatty acid-induced foam cell formation

[50] and endoplasmic reticulum (ER)-stress induced apoptosis [51].

We will not discuss the role of the insulin signaling pathway in

macrophages in depth since excellent reviews have been published

on this topic [52,53]. However, emerging evidence suggests that

insulin and insulin-like receptor signaling may also have a central

role in the metabolic reprograming of macrophages to promote

their activation [54,55]. In the context of obesity, it was recently

demonstrated, using a mouse model of ablation of insulin-like re-

ceptor in macrophages, that Igf1 signaling promotes alternative M2

macrophage polarization. Igfr1 deficient mice develop increased

body weight and fat pads in comparison to control animals [56].

This is mirrored by accumulation of pro-inflammatory macro-

phages in the adipose tissue under conditions of high fat diet (HFD)

[56]. Similar observations are reported using myeloid cell specific

deletion of Sirtuin 6. These mice have higher macrophage recruit-

ment in the adipose tissue paralleled by M1 polarization [57]. Sir-

tuin 6 is known to control insulin sensitivity but it remains to be

determined whether the effects observed in Sirtuin 6 deficient

macrophages rely on modulation of the insulin signaling pathway.

The contribution of macrophage ER stress to metabolic disease

progressionwas recently addressed by Bo Shan and colleagues [58].

Macrophage specific deletion of the innate sensor IRE1a, a central

player during ER-stress, induces adipose tissue macrophage M2

polarization and rescues HFD-induced obesity and insulin resis-

tance [58].

Lipolysis in the adipose tissue generate fatty acids (FAs) and

ATMs are constantly exposed to these FAs that have been released.

Metabolic analysis of macrophages revealed that pro-inflammatory

M1 macrophages preferentially use glycolysis in comparison to M2

macrophages that utilize both glucose and FAs for oxidative

Table 1

Markers used to define macrophage pattern in lean and obese fat.

Markers Notes

Adipose tissue macrophages MerTk General ATM markers

CD64

F4/80

Anti-inflammatory (M2) Arg1 ATMs predominantly express M2 markers in lean adipose tissue

CD163

CD206

CD301

Chi3L3

PD-L2

Relm-a

IL-4Ra

IL-10

Pro-inflammatory (M1) iNOS ATMs switch to pro-inflammatory phenotype in obese adipose tissue

CD11c

CD86

CCR2

Marco

TLR4

IL-1b

IL-6

IL-12

TNFa
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phosphorylation [59]. Macrophages utilize the membrane receptor

CD36 to internalize substrates that are further degraded via the

lysosomal acid lipase (LAL) to fuel fatty acid oxidation. In the lean

fat, ATMs have an M2 phenotype (Table 1) which might suggest

that these cells rely on fatty acid oxidation for their metabolic de-

mands. During obesity, ATMs progressive switch to an M1 pheno-

type is accompanied by high intracellular lipid content suggesting

that lipotoxicity is a key player in the generation of adipose tissue

inflammation [60]. However, it remains unknown as towhether the

excess accumulation of lipids in ATMs is a key event at the origin of

M1 polarization or that M1 ATMs do not have the capacity to utilize

lipids as energetic substrates and therefore accumulate in excess.

3. Function of ATMs during obesity

3.1. Diversity of adipose tissue depots

Twomajor classes of adipocytes are described: white and brown

adipocytes. These cells have distinct progenitors and functions. The

main role of white adipose tissue is to store fatty acids, which is

typically expanded during obesity. In contrast, brown adipocytes

burn substrates in order to generate heat and play a key role during

adaptive thermogenesis. The brown fat is located on the back of the

mice, in the interscapular region. Recently, a third type of adipo-

cytes sharing characteristics of both white and brown adipocytes

was found. These cells are named beige adipocytes and their

presence was observed in subcutaneous adipose tissue of humans.

In rodents, visceral adipose tissue is mainly composed of white

adipocytes while subcutaneous fat contains both beige and white

adipocytes. The cellular composition varies between adipose tissue

depots and their function and regulation during obesity is differ-

ential [61].

3.2. Role of visceral ATMs during obesity

The adipose tissue can respond to nutrient fluctuations by

expanding or contracting in order to adapt to modifications of en-

ergy intake and demand. Visceral ATMs play a key role during

obesity to amplify inflammation [62]. Althoughmost of the original

studies have focused on the contribution of local cytokine secretion

by macrophages to the low-grade inflammation in obesity,

following works have established an association between this

systemic inflammation and the degree of insulin resistance [16,63].

These works have been extensively reviewed elsewhere [64e70].

Nevertheless, a study has pushed the concept forward by showing

that activation of TLR4 on macrophages leads to NLRP3 inflam-

masome dependent release of IL-1b and this is at the origin of

enhanced monocyte and neutrophil production/mobilization from

the bone marrow [31]. Increased circulating monocyte counts are

associated with obesity and diabetes [71], along with accelerated

atherosclerosis both in mice [72,73] and in humans [74,75].

Therefore, it is tempting to develop strategies to reduce adipose

tissue monocyte recruitment to abolish inflammation and improve

cardiometabolic complications. Indeed, mice deficient for the

chemokine receptor CCR2 and its ligand CCL2 or CD11b all exhibit

reduced adipose tissue inflammation and this is associated with

better insulin sensitivity and reduced adipose tissue inflammation

[76,77].

3.3. Role of subcutaneous and brown ATMs in thermogenesis

Importantly, ATMs play a critical role in the induction of adap-

tive thermogenesis [78]. Adaptive thermogenesis, characterized by

Ucp1 (uncoupling protein 1) increase in adipocytes, is induced by

cold environmental temperature and is dependent on the secretion

of the cytokines IL-4 and IL-13 by innate lymphoid cells and eo-

sinophils [79]. These cytokines promote M2 polarization of ATMs

[79,80]. The central role of ATMs in this mechanism was demon-

strated through clodronate liposome depletion of macrophages and

genetic deletion of IL-4Ra (common receptor for IL-4 and IL-13)

specifically in myeloid cells (Lyz2 x IL4ra flox mouse) completely

blunted adipocyte Ucp1 expression and heat generation [58,79,81].

Surprisingly, M2 macrophages participated in this mechanism by

secreting norepinephrine [81] (Fig. 2). This finding revealed an

intriguing and novel function of ATMs and suggested their ability to

control non-shivering thermogenesis in the context of cold expo-

sure. Given the well-established beneficial effect of adaptive ther-

mogenesis on host metabolism, this provides a new pathway to

consider for the development of pharmaceutical approaches aimed

at preventing obesity and its related complications. However, this

concept was recently challenged by Christoph Buettner's group

[82]. Using tyrosine hydroxylase (Th) (the rate limiting enzyme for

the synthesis of catecholamines, including among others norepi-

nephrine) reporter mice (ThCre: r26-tdTomato), the authors

demonstrated that Th is not expressed in ATMs. Additionally, while

Th is detected in neurons, its expression is completely absent in

brown ATMs after cold exposure, a condition that requires brown

adipose activation via catecholamines production [82]. Incubation

of primary adipocytes with conditioned medium of IL-4 stimulated

macrophages failed to induce Ucp1 protein expression. 2-Photon

microscopy analysis of brown adipose tissue in ThCre: r26-

tdTomato (visualization of neurons) crossed with CX3CR1gfp mice

(visualization of macrophages) further revealed that some brown

ATMs are intimately associated with neurons [83]. Although the

factors required for this interaction remain to be elucidated, it

seems to be critical for brown adipose tissue innervation. Selective

deletion of the nuclear transcription factor Mecp2 (methyl-CpG-

binding protein 2) in macrophages, a murine model of Rett syn-

drome, resulted in decreased Th mRNA expression in brown adi-

pose tissue and generally impaired innervation of this tissue [83].

This led to spontaneous obesity in mice lacking macrophageMecp2

compared to control animals. Mechanistically, Mecp2-deficient

mice showed decreased heat production and decreased Ucp1

expression. Additionally, adipose tissue macrophages possess a set

of genes that control norepinephrine levels by regulating its

degradation [84]. Similar findings are reported in a population of

macrophages associated with sympathetic neurons and by con-

trolling norepinephrine degradation influences adipose tissue

Fig. 2. Mechanisms leading to adipose tissue beiging and thermogenesis.
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thermogenesis [85].

As discussed above, obesity is associated with increased

macrophage ER stress [58]. Modulation of macrophage polarization

in mice lacking IRE1a also correlated with increased brown and

beige fat activation and higher energy expenditure. Indeed, both Th

and Ucp1 expression are increased in the brown adipose tissue of

IRE1a dεficiεnt mice [58]. How insulin signaling and altered ER

stress are linked to increased activation of beige and brown adipose

tissue remains unknown. One could imagine that soluble factors

are altered and would eventually lead to pronounced norepi-

nephrine secretion. Alternatively, cell contact might also be

involved in the control of adipocyte expansion and/or the induction

of beiging program. Indeed, the interactions between ATMs and

adipocytes via VCAM1 and its ligand the integrin a4 (Itga4) controls

the expression of Ucp1 in adipocytes [86] (Fig. 2). Using inducible

deletion of Itga4 in hematopoietic cells revealed that this integrin

controls the accumulation of macrophages in visceral and subcu-

taneous adipose tissue depots. Interestingly, while the population

of M2macrophages defined by the expression of the marker CD206

is not affected, adipose tissue M1 macrophages (CD206- iNOSþ) are

dramatically reduced when integrin a4 is deficient. The absence of

this contact-interaction between ATMs and adipocytes increases

Ucp1 expression in adipocytes [86].

4. Heterogeneity of adipose tissue dendritic cells: is there a

role for DCs in obesity?

4.1. Dendritic cell nomenclature

Discovered in the early 1970s by Ralph Steinman [87e89], DCs

have traditionally been known for their function for antigen pre-

sentation and initiation of T cell response [90]. Two different types

of DCs have been further identified: myeloid DC (mDC) and plas-

macytoid DC (pDC). These two DC populations have distinct cell

morphology as demonstrated by electron microscopy, and express

specific cell markers allowing for their specific identification and

analysis. Indeed, mDCs are characterized by a large cytoplasm and a

number of dendrites, while pDCs are smaller and round shaped.

Additionally, mDCs are characterized by high expression of the

integrin CD11c and the major histocompatibility complex II (MHC

II). On the other hand, pDCs express lower levels of MHC II and

possess membrane molecules, B220 and siglec H, which can be

selectively deleted in BDCA2-DTR mice following administration of

diphtheria toxin (reviewed in Ref. [91]). Upon stimulation, pe-

ripheral mDCs are mobilized and migrated to their corresponding

draining lymph nodes to activate the T cell compartment. This

migration relies on their expression of the chemokine receptor

CCR7 [92] and its interaction with the chemokine CCL21 expressed

by lymphatic endothelial cells. Interestingly, CCR7 expression en-

ables the separation of DCs from macrophages as they do not ex-

press this receptor and are therefore unable to migrate via the

lymphatic vasculature. Two major subsets of mDCs according to

their cell surface expression of the molecules CD8, CD11b, CD24,

CD103 and Sirpa were defined (reviewed in Ref. [93]). Indeed,

CD11bþ CD103- (here referred to as CD11bþ DCs) and

CD103þCD11b� (CD103þ DCs) have been identified in peripheral

tissues. The gut, where a population of CD11bþCD103þ have been

described, makes an exception [94,95]. The transcription factors

controlling the development of both subsets were defined as well.

IRF8 (Interferon Regulatory Factor 8) and BATF3 (Basic leucine

zipper transcriptional factor ATF-like 3) control the development of

the CD8þ and CD103þ DC, whereas mice deficient for this tran-

scription factor are devoid of this population [96e98]. Concerning

the transcriptional control of CD11bþ DCs, the transcription factor

IRF4 emerged as an indispensable player for their development in

multiple tissues [99e103]. However, heterogeneity exists in IRF4-

dependent DCs and subsets have been identified according to

their Notch2 or Klf4 (Kruppel-like factor 4) dependency. These two

subsets of CD11bþ DCs play a critical role in the control of bacterial

intestinal and helminth infections, respectively [104e106].

4.2. Specific adipose tissue dendritic cell signature

The majority of adipose tissue DCs (80e90%) express CD11b

[107,108]. Adipose tissue DCs also express CD11c, MHC II and the co-

stimulatory molecules CD40 and CD80 [108]. However, adipose

tissue DCs do not express CD64 and MerTK, allowing for the sep-

aration from ATMs [107,108]. Using the CD11ccre x Irf4fl/fl mice,

CD11bþ DCs are ablated to various degrees in various tissues

[99e103], but are almost completely ablated in the adipose tissue

[107]. Interestingly, when we analyzed data generated by the

Immgen consortium we found that the few adipose tissue CD103þ

DCs express XCR1 and IRF8 but low BATF3 expression in compari-

son to CD11bþ DCs (Fig. 3A). The population of CD11bþ adipose

tissue DCs expresses IRF4 and Sirpa but have low Notch2 expres-

sion compared to CD103þ adipose tissue DCs (Fig. 3A). Whether

DCs extracted from different adipose tissue depots (visceral versus

subcutaneous) may have different signatures and properties, is

currently unknown. One major difference between subcutaneous

and perigonadal fat is the absence of lymph nodes in the latter one.

In subcutaneous adipose tissue, DCs detect the lymphatic content

that leaks out due to inherent permeability of lymphatic collector

vessels and initiate a T cell response [109]. Yet to our knowledge,

lymphatic collector vessels are not reported in the perigonadal fat,

and thus the function of the resident DC is enigmatic as is the na-

ture (if any) of the antigen they sample.

4.3. Adipose tissue dendritic cells and obesity

A role for adipose tissue DCs has been recently proposed in the

context of obesity, noted by their prominent expansion [110e112].

The recruitment of adipose tissue DCs, particularly the CD11bþ

subset to the adipose tissue during HFD induced obesity requires

the chemokine CCR7 and to a lesser degree CCR2 [108]. Even

though CCR7-deficient mice are protected against obesity and in-

sulin resistance, it remains unclear whether this is due to defective

DC recruitment or to a modification in T and B cell subsets, known

to also express CCR7 [108,111]. Thus, whether and how adipose

tissue DCs contribute to inflammation in the context of obesity

remains incompletely understood. Recent evidence suggests that

adipose tissue DCs could be involved in the induction of TH17

response via their production of the cytokines IL-1b, IL-6 and IL-23

[113,114]. However, future experiments will be required to address

Fig. 3. Comparative analysis of adipose tissue dendritic cell subsets. Data were

downloaded from the Immgen consortium database.
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whether this effect is truly DC dependent and if so, which DC

subsets are involved. Indeed, gating strategies of adipose tissue DCs

(DC are identified as CD11cþ F4/80- cells) could lead to contami-

nation by NK cells that express CD11c and the particular signature

of the minor subset of CD103þ DC could be masked in studies

analyzing all DC subsets since CD11bþ DCs account for 80e90% of

adipose tissue DCs. Indeed, when we interrogated the data from

Immgen, we found that at the transcriptomic level CD11bþ DC

expressed more IL-1b, IL-6 and IL-23 mRNA (Fig. 3B), which could

also influence TH17 maturation. Intriguingly, Th1 polarizing cyto-

kines (IL-12 and IL-18) were predominantly found in CD103þ DCs

(Fig. 3B). Even though this subset is present at low frequencies at

steady state, its regulation in the course of obesity is not addressed.

Obesity is characterized by Th1 inflammation and therefore it will

be of interest to use BATF3-deficient mice to analyze the disease in

the absence of CD103þ DCs. Moreover, this subset of DC is already a

well-established player for the development of diabetes [115] and

could be at the origin of obesity induced inflammation.

5. Emerging role of adipose tissue B cells

B-cell subsets are intricate regulators of immune response. They

directly shape T-cell repertoire via antigen presentation but also

indirectly via immunoglobulin (Ig) secretion and their targeting to

DCs and macrophages in the form of immune complexes. Further, B

cells play a critical role in setting up normal intestinal microbiotic

flora and by doing so impact integrity and metabolic capacity of

epitheliums [116]. Therefore, and not surprisingly, B-cell role dur-

ing obesity is complex and is only starting to get appreciated.

B cells can be developmentally and functionally separated into

B-1 and conventional B-2 B cells. Like tissue resident macrophages,

B-1 but not B-2 cell precursors are found in the yolk sac and are

maintained predominantly in the adult pleural and peritoneal

cavities via self-renewal, as opposed to BM precursor dependent

replenishment of B-2 cells [117]. B-1 cells are known for their role in

participating in early immunoglobulin production following path-

ogen encounter, but they are responsible for the stable secretion of

natural IgM that are present in germ freemice and in the absence of

immunization. B-2 cells are the main players of germinal center

reaction and IgG production while both populations participate in

microbiota driven IgA production.

5.1. Adipose tissue B cells and obesity

Diet-induced obesity leads to a significant accumulation of B

cells in the visceral adipose tissue while B-cell overall mRNA core

signature decreases due to over representation of macrophages

(Fig. 4). This accumulation mostly concerns B2-cells and isotype

switched B cells. While a precise phenotyping of AT B cells is still

missing, AT B2 cells are characterized by elevated leukotriene B4

receptor 1 (LTB4R1) expression that participates in their local

recruitment to adipose tissue [118]. Further described B-cell

changes during diet induced obesity include IgM and IgG2c sys-

temic and local increase and a gradual loss of IL-10þ B cells as well

as their lower IL-10 production.

B-cell role in IR is supported by the analysis of m heavy-chain

knockout mice (deficient for B cells) and of CD20 treated mice

(depleted mostly of B2 cells) that both show protection against diet

induced obesity and manifested strong decrease in inflammatory

cytokines production (IFNg and TNFa) and improved ability to

handle glucose [119].

5.2. Local role of adipose tissue B cells in obesity

The ability of adipose tissue B cells to locally produce IL-10, as

well as their frequency, decrease rapidly during the course of

obesity. Interestingly, specific deletion of IL-10 production in these

cells led to amplified inflammation during HFD and increased

metabolic disorder [120]. These findings provided evidence of a

local role of B cells in obesity and associated metabolic disorders.

Mechanistically, the authors show that adoptive transfer of IL-10

sufficient, but not IL-10 deficient B cells, significantly decreased

the production of pro-inflammatory cytokines (TNFa, CCL2) and the

activation of T cells (CD44 expression and IFNg production) in diet

induced obesity [120]. This situation is unique because in other

tissues, such as the intestine, IL-10 is produced mainly by tissue

resident macrophages. For example, macrophage specific deletion

of IL-10 or its receptor (IL-10Ra) leads to gut permeability and

spontaneous colitis [121].

5.3. Systemic role of adipose tissue B cells in obesity

These data suggest that the local production of IL-10 by adipose

tissue B cells may play a protective role during obesity. Further, lack

of MHC-I and II in B cells is necessary for B-cell induction of insulin

resistance and suggested that a direct presentation to T cells was

necessary for B-cell negative impact. Alternatively, lack of T-cell

help also blunts IgG production and therefore it remains possible

that B-cell negative role during obesity is mediated via secreted Igs.

Indeed, it was shown that IgG2c and IgM were increased during

diet-induced obesity. IgG2c production has previously been shown

to rely on B-cell autonomous sensing of TLR agonist while during

obesity, IgM increase was shown to depend on TLR signaling [122].

As dissected in atherosclerosis models, B cell production of

pathologic IgG is associated with diet-induced obesity, glucose

intolerance and inflammation [119]. Importantly IgG negative

impact is transferable and Fc-dependent echoes the negative

impact of activating Fcg receptor during obesity [123]. At the mo-

lecular level, the Fc portion of IgG binds to Fcg receptors expressed

on macrophages to induce the secretion of pro-inflammatory TNFa

[119], IgG and FcgR also regulates antigen presentation by DCs

[124]. Also, IgG negative role could be restricted to antigen binding

part of immunoglobulins and independent from FcgR according to

yet to be described modalities [125].

The impact of IgM induction during obesity merits specific

comments. It was originally shown that B-1 cells could protect from

diet-induced obesity via IgM production [126]. However, these

findings have been recently debated as IgM transfer did not influ-

ence obesity outcome [119]. Interestingly, IgM levels are strongly

correlated in both humans and mice with CD5L (AIM); produced

mainly by macrophages [127]. During obesity both serum IgM and

AIM levels increase, and it has been shown that IgM associates itself

Fig. 4. Fluctuation of CD19, Emr1 and IL-10 mRNA expression in adipose tissue ac-

cording to modulation of body mass index.
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with AIM to stabilize and prevent its degradation [128]. Such effect

may have metabolic consequences since AIM is produced by ATMs

and binds to CD36 on adipocytes where it induces lipolysis [129].

Besides stability, IgM and AIM might be handled differently when

isolated or associated together. Thus, AIM bound to IgM inhibits Fc

dependent IgM internalization by follicular dendritic cells in

lymphoid organs [127]. However, it is currently unknown whether

and how IgM affects AIM dependent lipolysis. The established

ability of IgM to recognize oxidized lipids could be the regulator of

this process. Is it surprising to find this dual function of IgG and IgM

in obesity? Perhaps not, as one can legitimately draw a comparison

between the role of B cells in atherosclerotic cardiovascular disease.

The role of B cells during atherosclerosis is subset dependent. B-

1 cells are atheroprotective and this effect is due to the production

of natural IgMs [130,131]. By contrast, B2 cells play an atherogenic

role via the production of pathogenic IgGs [132]. Therefore, better

characterization of the role of each subset of B cells during obesity

will help to understand their respective contribution to the overall

pathology.

In summary, adipose tissue B cells control the local environment

by secreting soluble factors (such as IL-10), but also contributing to

systemic inflammation via their production of IgGs and potentially

IgM.

6. Concluding remarks

Despite recent progress in dissecting the contribution of

inflammation during obesity, we still lack many pieces of the

puzzle. Many studies have addressed the role of ATMs, DCs and B

cells, in the context of obesity and provided considerable insights

about their functions and the production of specific soluble medi-

ators. However, all these cell types co-exist and constantly interact

in the adipose tissue, contributing both separately and coopera-

tively to maintain tissue homeostasis and prevent disease. The

current challenge is to develop an integrative approach to predict

how a deletion/modulation of a unique cell type, pathway or gene

will affect the other cell partners and adipose tissue as a whole.

Therefore, better understanding of their origin, development and

functionwill be of huge importance for the successful development

of therapeutic approaches.
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