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Regulation of metabolic health and adipose tissue function by 
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Abstract

Adipose tissue (AT) is home to an abundance of immune cells. With chronic obesity, inflammatory 

immune cells accumulate and promote insulin resistance and the progression to type 2 diabetes 

mellitus (T2DM). In contrast, recent studies have highlighted the regulation and function of 

immune cells in lean, healthy adipose tissue, including those associated with type 2 or “allergic” 

immunity. Although traditionally activated by infection with multicellular helminthes, AT type 2 

immunity is active independently of infection, and promotes tissue homeostasis, adipose tissue 

“browning”, and systemic insulin sensitivity, protecting against obesity-induced metabolic 

dysfunction and T2DM. In particular, group 2 innate lymphoid cells (ILC2s) are integral 

regulators of AT type 2 immunity, producing the cytokines IL-5 and IL-13, promoting eosinophils 

and alternatively activated macrophages, and cooperating with and promoting AT regulatory T 

(Treg) cells. In this review, we focus on the recent developments in our understanding of ILC2 

cells and type 2 immunity in adipose tissue metabolism and homeostasis.
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Introduction

Over the past several decades there has been a remarkable population shift in body habitus, 

with over one third of individuals in many high-income countries classified as obese, and 

rates of overweight and obese individuals rising worldwide [1]. Obesity predisposes to 

certain types of cancer, cardiovascular disease, liver disease, infertility, sleep apnea, and 

metabolic diseases such as insulin resistance and type 2 diabetes mellitus (T2DM). T2DM is 

a particularly devastating consequence of chronic obesity, resulting in persistently elevated 

blood glucose and damage to the eyes, kidneys, nerves, and vascular system. Interventions 

aimed at restricting food consumption or increasing exercise have achieved limited success 
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in preventing T2DM, indicating that novel approaches will be required to counteract obesity 

and diabetes.

With obesity, adipose tissue (AT) expands, initially retaining relatively normal metabolic and 

vascular function and modest levels of immune cell activation [2, 3]. Elements of this early 

AT inflammatory response may be beneficial during aging [4] and normal AT remodeling 

during periods of feeding and fasting [5]. However, with chronic obesity, AT expansion 

becomes dysregulated, leading to adipocyte hypoxia and death, enhanced cytokine and 

chemokine secretion, dysregulation in fatty acid fluxes, and pronounced alterations in 

adipose immune cells [6]. This AT dysfunction is accompanied by ectopic lipid deposition 

and chronic low-grade inflammation in many tissues, including liver, pancreas, brain and 

skeletal muscle, eventually promoting systemic insulin resistance and the progression to 

T2DM [7, 8]. The first association between obesity and inflammation was described over 20 

years ago [9], linking the production of tumor necrosis factor-α (TNF-α) by AT to insulin 

resistance and diabetes in multiple experimental models of rodent obesity. Since that seminal 

work, numerous studies have implicated the coordinate regulation of inflammatory cytokines 

(IL-1β, TNF-α, IL-6, INF-γ), signaling cascades (NF-κB, JNK, inflammasome) and 

leukocytes (macrophages, T cells, NK cells, neutrophils, mast cells) to mediate “metabo-

inflammation”, a form of chronic, low-grade inflammation [3, 10–13]. Ultimately, systemic 

inflammatory cytokines have been shown to blunt insulin signaling in target tissues such as 

liver and muscle [7], leading to insulin resistance and the progression towards T2DM.

In contrast, the immune cells present in healthy AT are less well understood. These AT-

resident leukocytes are also surprisingly abundant, and recent studies have described their 

metabolically beneficial roles, protecting against obesity-driven metabolic disease [13, 14]. 

In visceral AT, which surrounds the intestines and peritoneal cavity, there is a particularly 

numerous type of innate lymphoid cell (ILC) that produces the cytokines IL-5 and IL-13, 

hallmarks of a type 2 or “allergic” immune response. These group 2 innate lymphoid cells 

(ILC2s) are early mediators of protective type 2 immune responses during parasitic helminth 

infection, as well as pathologic allergic immune responses in the settings of asthma and 

atopic dermatitis [15]. However, ILCs can also promote tissue repair and homeostasis, 

including basal adipose tissue health and function [16]. Here we review our current 

understanding of the regulation and metabolic impact of AT ILC2s and associated type 2 

immune responses.

Group 2 innate lymphoid cells

Innate lymphoid cells (ILCs) represent a growing family of immune cells with roles in tissue 

homeostasis and the initiation of inflammatory responses. ILCs are morphologically similar 

to B lymphocytes and T lymphocytes, but lack recombination activating gene (RAG)-

dependent antigen receptors and do not express common cell lineage markers, including 

CD3, CD4, CD8, B220, CD11b, CD11c, and Gr1 [17]. In contrast to most T lymphocytes, 

ILCs are developmentally deployed to tissues, reacting to a wide array of stimuli to secrete 

effector cytokines. These properties allow ILCs and other innate-like lymphocytes (i.e. NKT, 

γδ T cells, B1 B cells) to play fundamental roles in early inflammatory responses during 

infection, but perhaps more importantly to coordinate with tissue macrophages and regulate 
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the “physiologic inflammation” that occurs during normal tissue development, function, and 

remodeling [18]. The ILC family is divided into three groups: group 1 (ILC1 and NK cells), 

group 2 (ILC2) and group 3 (ILC3, LTi) based both on the phenotypical characteristics and 

the functional resemblance of their cytokine-secretion profile to that of their analogous T 

helper cell subsets (Th1, Th2, Th17) [19–21]. In this review we focus on the metabolic 

impact of ILC2s and type 2 immune cells in AT, although the potential roles of innate 

immune cells in other metabolic organs could also be significant and are currently poorly 

understood.

In 2001, a population of non-B, non-T cells was described that secrete type-2 cytokines in 

response to IL-25 [22]. In 2010, multiple groups further characterized these cells in mice 

[23–25] and humans [26], initially calling these cells innate type 2 helper cells, natural 

helper cells, or nuocytes, but by consensus now named group 2 innate lymphoid cells 

(ILC2). ILC2s express high levels of the transcription factor GATA-binding protein-3 

(GATA3) and the retinoic acid receptor-related orphan receptor alpha (RORα) and require 

IL-7 for their development. ILC2s produce key T helper 2 (Th2) cell-associated cytokines, 

including IL-5, IL-9 and IL-13, as well as amphiregulin (Areg), a ligand for the epidermal 

growth factor receptor (EGFR). ILC2s are distributed developmentally throughout mucosal 

(skin, lung, gastrointestinal tract) and non-mucosal tissues (adipose tissues, liver, female 

reproductive tract, mesenteric lymph node) and locally replicate at these sites [27, 28]. 

ILC2s respond to epithelial signals such as IL-25, IL-33, thymic stromal lymphopoeitin 

(TSLP), as well as the lymphokines IL-2 and IL-7, lipid mediators, nutrients, and hormones. 

ILC2s coordinate innate type 2 immune responses through the production of type 2 

cytokines IL-5 and IL-13, which are required for accumulation of eosinophils and the 

maintenance of alternatively activated macrophages (AAMs) [29]. During adaptive immune 

responses, such as those directed against helminth infections and certain allergens, ILC2 

cooperate with CD4+ T helper 2 (Th2) cells, together producing type 2 cytokines that 

regulate AAM, eosinophilia, goblet cell hyperplasia and smooth muscle contractility. While 

these type 2 immune responses are critical to restricting helminth infections and neutralizing 

toxins, dysregulation of ILC2 and type 2 immunity promotes a wide spectrum of pathologic 

allergic disorders, including asthma, allergy, and atopic dermatitis [29].

ILC2s and type 2 immunity in tissue homeostasis and repair

ILC2s can also promote tissue remodeling and repair. For example, in a mouse model of 

H1N1 influenza virus-induced lung damage, lung-resident ILC2s restore lung epithelial 

barrier integrity and airway repair through the production of Areg [30]. In a mouse model of 

intestinal damage and inflammation, the epithelial cytokine IL-33 can promote ILC2 Areg 

production, leading to the resolution of colitis and promoting epithelial repair [31]. Indeed, 

type 2 immune responses are known to promote wound repair and tissue regeneration 

following infection or injury [32], suggesting that ILC2s may be key organizers of these 

beneficial tissue responses. Recent data suggest that ILC2s are distributed throughout 

adipose depots, including in fat-associated lymphoid clusters (FALCs) [23], and are 

important modulators of AT immune composition and adipocyte function [33, 34], including 

the balance of white and beige adipocytes [14]. Many of these “non-canonical” ILC2 

functions are shared with tissue Treg cells, including Areg production and the ability to 
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modulate AT homeostasis [35, 36]. To understand the metabolic impact of AT ILC2s, we 

first review the structure and function of AT.

Adipose Tissues: White, Brown, and Beige

Metabolism is regulated by the coordinate actions of the small intestine, pancreas, liver, 

muscle, brain, and AT, which together regulate energy uptake and storage and communicate 

fuel availability [37]. AT is present in discrete locations in the body, including under the skin 

(subcutaneous), surrounding deep organs (visceral), and in the bone marrow [38–40], 

accounting for 15–20% of body mass in lean healthy humans. Excess visceral AT is 

particularly associated with obesity-induced metabolic dysfunction [3]. AT is composed of 

lipid-laden adipocytes supported in a framework of collagen fibers and other extracellular 

matrix (ECM) proteins. Adipocyte precursors, fibroblasts, endothelial cells, and nerves 

contribute to AT growth and remodeling in response to feasting and famine, hormonal 

milieu, and aging [41]. AT is also a robust endocrine organ, releasing a wide range of 

signaling hormones or “adipokines”, including leptin and adiponectin, which modulate the 

metabolic responses of liver, muscle, brain, and pancreas, and which may directly impact 

immune cell function [42, 43].

Based on histological criteria, two types of AT are recognized: white adipose tissue (WAT) 

and brown adipose tissue (BAT). Althought both AT classes are involved in energy balance, 

they are functionally distinct, with unique developmental origins and opposing roles in body 

energetics [39, 40, 44, 45]. WAT stores excess energy as triglycerides whereas BAT 

expresses uncoupling protein 1 (UCP1) and is specialized in the dissipation of energy 

through the production of heat. WAT is the most abundant type of AT in adult mammals, 

while BAT is typically located in the interscapular and paraspinal regions in infants and 

small mammals [46]. Studies have identified functional BAT in a substantial proportion of 

adult humans, with high quantities of adult BAT associated with lower body weight; with 

increasing age, BAT decreases and body weight and insulin resistance increases [47]. There 

is a recently described third type of AT, composed of “beige” or “brite” (brown-in-white) 

adipocytes, a brown-like adipocyte that has been shown to increase in number with 

prolonged exposure to cold, and is interspersed within the subcutaneous WAT depots of 

rodents [48–50]. Beige AT expressing UCP1 can be induced to generate heat [51] and 

perform other beneficial metabolic functions, including the secretion of adipokines and the 

disposal of pathogenic lipids [52]. Recent studies have found that BAT present in adult 

humans most strongly resembles beige AT in mice [52, 53]. Increasing the quantity and 

function of beige AT in mice and humans protects against insulin resistance and type 2 

diabetes [52], suggesting that pathways and cells that activate AT “browning” may be 

powerful tools to combat metabolic dysfunction.

Type 2 immune cells in healthy fat

Immune cells associated with type 2 immunity are prevalent in lean AT. In this section, we 

review the cells and cytokines that orchestrate this type 2 immune “module”. Macrophages 

are readily identified in lean AT and include a subset of anti-inflammatory “M2” or 

alternatively activated macrophages (AAMs), characterized by IL-10 secretion, arginase 1 
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and CD206 (mannose receptor) expression [54]. Siamon Gordon and colleagues originally 

defined AAMs as macrophages generated by IL-4 or IL-13 signaling, contrasting them with 

classically activated or “M1” macrophages, which are primed by IFN-γ or TLR signaling 

and are associated with anti-viral and anti-bacterial responses [55]. AAMs are vital 

components of immune responses against helminthes, as well as fibrotic immune responses 

associated with allergic pathology. The term AAM has been more broadly applied to 

macrophages polarized by other alternative signals, including immune complexes and IL-10. 

In reality, macrophages are heterogeneous with a range of tissue functions, although the 

concept of the AAM is useful to describe one end of this functional spectrum [56]. In mouse 

models, reduction of AAM numbers in the AT, either via genetic manipulation [57] or as a 

naturally occurring phenomenon of obesity [58], has been shown to promote insulin 

resistance, suggesting that AAMs can be protective against metabolic disease. AT AAMs 

appear to be involved in AT remodeling, restricting classical inflammation, and promoting 

AT browning [59]. Although these studies indicate the involvement of AAMs in several 

metabolic processes, the precise in vivo function(s) of AAM require further study.

ILC2s and eosinophils are also enriched in lean AT, collectively producing IL-4 and IL-13, 

suggesting that these cells are “upstream” regulators of AT AAMs (Figure 1). IL-4 

competent eosinophils are conspicuous in AT, and both IL-4/IL-13 and eosinophils are 

required for optimal AT AAM maintenance [60]. ILC2-derived IL-5 supports the 

accumulation and maintenance of AT-resident eosinophils, and loss of eosinophils or IL-5 

has been shown to exacerbate insulin resistance in mouse models of obesity [33, 60] (Figure 

1). Natural killer T (NKT) cells can also be activated to produce IL-4/IL-13 in certain 

circumstances, and may augment ILC2s and eosinophils to support AAMs and Treg cells, 

protecting against obesity-induced insulin resistant and diabetes [61, 62]. Although rare in 

resting AT, CD4+ Th2 cells have been shown to accumulate in AT after helminth infection or 

with aging, and may be a further source of type 2 cytokines in these contexts [63, 64]. ILC2s 

and eosinophils can also induce AT browning, in part independently of AAMs, suggesting 

that these cells may perform other AAM-independent functions in AT. Together, ILC2 are 

the dominant in vivo source of murine IL-5 and IL-13 [33, 60], cytokines that are essential 

to the maintenance of tissue AAMs and eosinophils. These findings position ILC2s as key 

orchestrators of type 2 immune responses in AT and elsewhere.

Signals that regulate AT ILC2s and type 2 immunity

In this section, we review the signals that promote ILC2 residence in the AT and their 

activation (Figure 2). We focus on Interleukin-33 (IL-33), a major AT cytokine that regulates 

ILC2s to impact AT metabolic function [65–67]. IL-33 is a member of the IL-1 cytokine 

family, and is produced and stored in the nucleus of diverse non-hematopoietic cells. Upon 

release, IL-33 binds the heterodimeric receptor T1/ST2 (IL1RL1) and IL1RAP on target 

cells, activating down-stream canonical NF-κB signaling pathways [68]. Resting AT 

contains ample IL-33, which is expressed in this tissue by subsets of endothelial cells, 

fibroblast-like cells, and possibly other sources [65, 69]. Under normal or HFD feeding, 

mice deficient in IL-33 or the IL-33 receptor ST2 gain more weight, have increased whole-

body adiposity and display impaired insulin secretion and glucose homeostasis [67, 70, 71]. 

Furthermore, mice lacking either IL-33 or ST2 are characterized by diminished ILC2 
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activation and decreased numbers of eosinophils, AAMs, and Treg cells in AT [33, 63, 70, 

71]. Conversely, administration of IL-33 is metabolically beneficial, reducing adiposity, AT 

inflammation, and fasting glucose levels and improving glucose and insulin tolerance in 

obese mice [67, 70–72]. IL-33 drives the accumulation and activation of AT Treg cells and 

ILC2s [69–72], promoting the accumulation of eosinophils and AAMs [33, 65] (Figure 1, 

Figure 2). Nevertheless, many questions remain, including the relevant cellular sources of 

AT IL-33, the direct and indirect targets of IL-33, and the physiologic stimuli that trigger 

IL-33 production, release, and cleavage.

AT-resident ILC2s are present in mice lacking IL-33 signaling, suggesting that the residence 

of ILC2s in AT is regulated by other cytokines and factors [63]. AT ILC2s also express 

CD25 (IL-2Rα), CD127 (IL-7Rα), as well as receptors for IL-9, IL-25 and TSLP [73]. Both 

IL-7 and TSLP are abundant in AT [74, 75] and can cooperate with IL-33 to support ILC2 

survival and function in vitro [76] (Figure 2). Adipose NKT cells have been shown to 

produce IL-2 [61], a cytokine that promotes ILC2 and Treg-cell proliferation and cytokine 

release [77, 78]. Furthermore, IL-33 induces the upregulation of CD25 on ILC2s, which may 

help ILC2s become more sensitive to T-cell-derived IL-2, suggesting the possibility of 

cooperation between IL-2 and IL-33 in promoting ILC2s in the AT [63]. Besides cytokines, 

AT ILC2s may also be regulated by lipid mediators. For example, lung ILC2s express 

receptors for cysteinyl leukotrienes and prostaglandins, both of which can regulate ILC2 

function [79, 80]. ILC2s also express a number of chemokines and integrins, including 

α4β7, CCL1, CCR4, and CCR8. Little is known about the precise signals that permit ILC2 

trafficking to AT, or elsewhere, during development. AT ILC2s express receptors for type 1 

(IFN-α, IFN-β) and type 2 interferons (IFN-γ) and IL-27, all of which can potently repress 

ILC2 function and proliferation [63, 81], although their precise function(s) in AT 

metabolism are unclear.

The “regulated” type 2 immune response in AT

AT displays a confluence of innate type 2 immune cells with Treg cells [33, 57, 60, 71, 82–

84]. Although this cellular combination is particularly active in AT, similar “regulated” type 

2 immune responses are associated with chronic helminth infection, as well as tissue damage 

and repair, suggesting a coordinated regulation and interaction. In this section, we review the 

role of AT Treg cells and their interaction with type 2 immunity.

Treg cells are abundant in the visceral AT of lean mice, where they have a distinct 

transcriptome and antigen-receptor repertoire [82, 83]. Similar to ILC2s, Treg cells rapidly 

populate AT after birth, replicating locally [69]. AT Treg cells express high levels of CD25 

and IL-10, as well as the transcription factors GATA3 and PPARγ, and the IL-33 receptor. 

They uniquely depend on these molecules, as mice lacking IL-33, IL-33R, or Treg-cell 

PPARγ expression have a profound loss of Treg cells specifically within the AT, and 

evidence of increased AT inflammation [69, 71, 85]. IL-33-driven expansion of ILC2s 

and/or Treg cells has been shown to revert the chronic inflammatory processes that drive 

obesity and improve insulin resistance in mouse models [71, 72]. Moreover, IL-2 

administration expands both Treg cells and ILC2s, and both are augmented by endogenous 

tissue IL-33 [63, 78]. Together, these data suggest that AT-Treg cells share many features 
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with ILC2s, including responding to similar cytokines (IL-2, IL-33), expressing similar 

transcriptional programs (GATA3, PPARγ), producing shared signaling molecules (Areg), 

and residing in similar perivascular locations [63, 78], and may cooperate with type 2 

immune responses to maintain AT metabolic homeostasis as well as tissue homeostasis and 

repair at other sites.

During aging, AT undergoes physiological remodeling which can be accompanied by 

adiposity and metabolic dysregulation. In mice, AT Treg cells accumulate until 6–9 months 

of age, but decline again as the animal ages further [63, 86]. Recently, Bapat et al. [4] 

analyzed AT Treg cells in aging mice and showed that their accumulation paradoxically 

promoted AT insulin resistance. Mice deficient in Treg cells within the AT, accomplished by 

the deletion of PPARγ from FoxP3+ Treg cells, were leaner with age and more insulin 

sensitive [4]. Although this report did not determine the precise mechanism by which AT 

Treg cells promote age-related insulin resistance in mice, and indeed some of their results 

contrast with previous observations [82], the authors suggest that excess AT Treg cells could 

suppress local "healthy" AT inflammation, leading to a failure of tissue remodeling [4]. This 

work did not analyze AT ILC2s, but indicates that immune cells within the AT can interact 

in context-dependent manners to impact metabolic health, suggesting appropriate immune 

balance may be key to AT health and function.

ILC2 function in the context of type 2 immunity in AT homeostasis

Despite the evidence supporting an impact of ILC2s and regulated type 2 immunity in AT 

and whole animal metabolism, the precise mechanisms are only beginning to be explored. 

Possible models for ILC2s and related type 2 immune cells impacting AT metabolic function 

include: 1) supporting AT browning 2) promoting adipose tissue remodeling or 3) limiting 

excessive “type 1” inflammatory responses. In this section, we will address each of these 

hypotheses (Figure 2, bottom).

Eosinophils, AAMs, and ILC2s have all been implicated in cold-induced AT browning in 

mice [84, 87, 88] (Figure 2). AAMs were initially shown to promote adaptive thermogenesis 

in BAT, where macrophage catecholamine production (norepinephrine) in response to IL-4/

IL-13 signaling was shown to be required for this response [88]. Optimal cold-induced 

subcutaneous AT browning required the type 2 cytokines IL-4/IL-13, AAM catecholamine 

production, and eosinophils, and exogenous administration of stabilized IL-4 was also 

shown to promote AT browning [84]. In parallel, another study implicated Meteorin-like, an 

exercise-induced muscle-derived “myokine”, which acts via eosinophils to induce AT 

browning [84, 87]. Most recently, administration of IL-33 has been shown to promote AT-

resident ILC2s activation, WAT browning and increased caloric expenditure in mice [66, 70]. 

Adoptive transfer of ILC2s from IL-33-treated mice into wildtype or ILC2-deficient Rag2−/

− γc−/− mice also induce browning of WAT, demonstrating a central role for IL-33 and 

ILC2 in this phenomena [70]. One study found that ILC2s express both proprotein 

convertase subtilisin/kexin type 1 (Pcsk1), an endopeptidase involved in processing 

prohormones into an active form, as well as its target proenkephalin A (Penk) [70]. One 

product of Penk processing is the opioid-like peptide methionine-enkephalin (Met-Enk), 

which can be produced by ILC2s and is increased after IL-33 stimulation (Figure 1). 
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Administering Met-Enk led to increased numbers of UCP1+ beige adipocytes and increased 

energy consumption [70]. However, studies definitively identifying ILC2 as the relevant 

source of AT Met-Enk are required. In a second study, IL-33 administration led to ILC2-

derived IL-13 production, which acted on PDGFRα+ adipose precursors to promote their 

proliferation and commitment to a beige fate [66]. Further, adipose precursor-specific 

deletion of IL-4Rα, the co-receptor for IL-4 and IL-13, showed that IL-33 induced IL-4/

IL-13 acts directly on PDGFRα+ adipose precursor, bypassing the eosinophil-AAM-

norepinephrine axis [66]. A possible unified model is one in which type 2 immunity 

regulates adipose browning by first generating and priming adipocyte precursors via 

IL-4/-13 stimulation, then possibly promoting their differentiation through Met-Enk 

signaling, and finally supporting thermogenic activation through macrophage-derived 

catecholamine production (Figure 1). As AT browning is regulated by multiple direct and 

indirect pathways [89], the precise mechanisms and metabolic relevance of type 2 immunity-

directed browning in both rodent models and humans are fundamental and unanswered 

questions.

AT remodeling is a crucial and dynamic process during the life of a human. With abundant 

food supply, AT rapidly grows, requiring the formation of extracellular matrix (ECM) and 

angiogenesis, two processes known to facilitate adipogenesis and healthy AT expansion [6]. 

During extended fasting, AT must be able to contract and release lipids, likely activating 

similar processes. At other tissue sites, eosinophils and AAMs are intimately involved in 

tissue development and remodeling, as they produce matrix metalloproteinases (MMPs), 

which cleave ECM components, thereby regulating ECM abundance, composition and 

structure [90]. AAMs secrete vascular endothelial factor (VEGF) which promote 

angiogenesis and vascular remodeling [91]. Engulfing and removal of damaged adipocytes 

by AT macrophages is also required for tissue remodeling and differentiation of new 

adipocytes at sites of adipocyte loss [92]. As the dominant upstream regulators of AAMs and 

eosinophils in AT [33], ILC2s may also control AT tissue remodeling. In line with this 

possible role, ILC2-derived IL-13 acts on PDGFRα+ adipose progenitors, promoting their 

proliferation [66]. Interestingly, during high-fat feeding in adult mice, PDGFRα+ adipose 

progenitors have been shown to interact with AT macrophages, forming an adipogenic cell 

niche, which appears to be critical to the generation of new adipocytes and remodeling in 

adult AT [93]. As “healthy” classical inflammation has also been implicated in AT 

remodeling [94] future studies are required to delineate the precise cellular and molecular 

contributes of AT immune cells to tissue remodeling.

Excess AT inflammation during obesity contributes to insulin resistance, suggesting that 

cells and signals restricting classical inflammation could promote metabolic benefit. 

Therefore, the regulated type 2 immune response in AT may also impact metabolic function 

via limiting excess classical inflammation. In support of this model, activation of AT-

regulated type 2 immunity via the administration of IL-33 in obese mice was shown to 

almost completely reduce classically activated or “M1” macrophages accumulation and 

inflammatory cytokine production in visceral AT [67, 72]. Mice deficient in AAMs display 

increased evidence of AT inflammatory cytokines [57]. Similarly, eliminating AT Treg cells 

led to increased evidence of visceral AT inflammation and insulin resistance in mice [83, 

95]. Nevertheless, further definitive studies are required in mice and humans.
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Interactions of ILC2s and other immune cells within AT

There is an intricate crosstalk between ILC2s, Treg cells, mast cells, and Th2 cells during 

type 2 immune responses to helminths, as well as those associated with tissue homeostasis 

and repair. IL-33 is one signal that coordinates these interactions, although ILC2 MHC class 

II expression, cytokines (IL-2, IL-4, IL-9, IL-13), or unknown signals could also participate 

in these interactions [65]. In this section we focus on the interactions between ILC2, Treg 

and Th2 cells, the most abundant type 2-associated immune lymphocytes in AT [63]. ILC2s 

and Treg cells have been shown to localize to similar perivascular areas of the AT under 

resting conditions [61, 63] and in multiple tissues after induction by IL-33 or helminth 

infection (Figure 2) [63], suggesting these cells may interact in vivo. The costimulatory 

protein ICOS is highly expressed in AT Treg cells, whereas ICOS ligand (ICOSL) is 

expressed in AT ILC2s [63]. After administration of IL-33 or infection with N. brasiliensis, 

in mice, ICOSL+ ILC2s and ICOShi Treg cells have been shown to accumulate in tissues and 

persist for prolonged periods [63]. In these scenarios, ILC2-intrinsic IL-33 signaling and 

ICOSL expression promoted Treg-cell accumulation via ICOSL-ICOS interactions and other 

unknown pathways. Together, these findings suggest that AT ILC2s are required for optimal 

Treg-cell maintenance. In mice treated with α-galactosylceramide, activated AT-resident 

NKT cells have also been shown to support AT Treg cells expansion and suppressor activity 

via production of IL-2 [61], likely providing additional support. Whether AT Treg cells exert 

a repressive effect on ILC2s within the AT is not known, although a recent study in a mouse 

model of allergic lung inflammation suggest that Treg cells can dampen IL-5 and IL-13 

production by lung-resident ILC2 after allergen challenge, promoting rapid resolution of 

inflammation [96]. One possibility is that AT Treg cells compete with ILC2s for signals, 

such as IL-2 or IL-33, as similar competitive interactions have been described for NK cells 

and Treg cells [97]. Further studies examining the precise relationships between ILC2s and 

tissue Treg cells are warranted.

ILC2s and Th2 cells are also intricately coordinated during type 2 immune responses. As the 

number of Th2 cells increases dramatically in AT after helminth infections, these 

interactions may be important to the metabolic effects of type 2 immunity. Tissue Th2 cells 

can display innate-like function, responding directly to activating IL-33 [98], suggesting 

these cells may be able to functionally complement ILC2 activities in AT. Conversely, the 

cells and signals that might restrict AT ILC2s and Th2 cells are poorly defined. One 

candidate is NK cells, which along with ILC2s are the dominant innate lymphoid population 

present in resting AT. NK cells contribute to the early stages of obesity-induced AT 

inflammation, producing IFN-γ to help polarize macrophages to an inflammatory M1 

phenotype [3, 99]. IFN-γ has been shown to directly repress ILC2 activation and 

proliferation [63], and regulated type 2 immune responses within the AT have been shown to 

decline during states of chronic obesity, suggesting a possible NK-cell-mediated inhibition 

of ILC2s in AT. Further studies are warranted to determine the biologic significance of these 

complex cellular interactions and overlapping functions.
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Helminth infections and type 2 immunity

Type 2 immunity in the AT is active in young mice, but appears to wane with obesity or 

extended age [63]. Although human AT is less well described, ILC2s and Treg cells are both 

present and their cellular numbers decline with obesity [14]. Therefore, loss of the 

homeostatic AT immune responses could contribute to the development of obesity and 

T2DM. Approaches to amplify existing AT type 2 immunity may be viable therapeutic 

approaches to target obesity and T2DM [64]. In this section, we review how helminths, 

potent natural inducers of regulated type 2 immune responses, alter AT and whole animal 

metabolism.

Helminths can invade and damage epithelial and endothelial barriers at target tissues, such as 

skin, lung, and intestine. Damaged cells initiate innate anti-parasite type 2 immune 

responses, including activation of ILC2s [32, 100]. Eventually, antigen-presenting cells 

engage adaptive immune responses in lymphoid tissues, generating Th2 cells and elevated 

IgE. Treg cells, Breg cells, and other regulatory processes are also induced by helminths and 

can limit excessive immune responses in models of infection, inflammation, and 

autoimmunity [32, 101]. As such, immune responses to helminths have a striking 

resemblance to endogenous immune activation in homeostatic AT. Epidemiologic data 

suggest decreasing exposure to gastrointestinal helminths and Schistosoma species 

correlates with increasing prevalence of inflammatory diseases, including the incidence of 

T2DM [102–104], suggesting activation of type 2 immunity by helminths may be 

metabolically beneficial in humans.

In mice, transient helminth infections have both therapeutic and preventative effects against 

obesity and diabetes. These effects can be partially reproduced with the intra-peritoneal 

injection of helminth-derived products such as S. mansoni-soluble egg antigens [105], and 

are associated with the prolonged induction of type 2 immune response in the AT in mice 

[60, 105, 106]. After infection with the parasite N. brasiliensis, AT ILC2s, Th2 cells and 

eosinophils have been shown to increase and remain elevated for many months after 

helminth expulsion [33, 60, 63]. These findings are particularly striking as helminthes such 

as N. brasiliensis do not directly contact adipose tissue, suggesting indirect effects on AT 

type 2 immune cell trafficking or expansion. These findings suggest AT retains a prolonged 

“metabolic memory” of prior infections which may lead to lasting metabolic alterations for 

the organism. However, helminth infection promotes type 2 immune responses not only in 

AT but in several tissues, including the liver and intestine. Recent studies have highlighted 

the intricate relationship between helminth infection, altered intestinal microbiome, and type 

2 immunity [107], and further studies are required to understand the specific metabolic 

contributions of helminth-induced AT, liver, or intestinal alterations.

ILCs in other metabolic tissues

In addition to visceral and subcutaneous AT, ILC2s and type 2 immune responses are 

distributed through many metabolically relevant tissues in mice. In particular, the intestine 

supports an abundant population of ILC2s and eosinophils. Intestinal ILC2s co-express IL-5 

and IL-13 and this is enhanced after feeding in mice [27]. IL-13 and IL-5 production by 
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ILC2s was shown to be suppressed following fasting, and is regulated in part by the 

circadian clock through vasoactive intestinal peptide (VIP) and its receptor VPAC2 on ILC2s 

[27]. Malnutrition elicited by vitamin A deficiency in mice is associated with an imbalance 

in the proportion and response of intestinal ILC2s and ILC3s, which resulted in defective 

ILC3-dependent antibacterial immunity [108] and expansion of interleukin-13 (IL-13)–

producing ILC2s that promoted enhanced resistance to nematode infection in mice [108]. 

ILC2s in the intestine require IL-25 from intestinal epithelial tuft cells for basal cytokine 

secretion and optimal activation during helminth infection [100]. In turn, ILC2s produce 

IL-13 that support tuft cell differentiation, IL-25 production, and goblet cell expansion 

[100]. These findings reinforce the concept of ILC2s intimately interacting with tissue-

resident progenitor cells to impact tissue function, although the metabolic impact of this 

intestinal type 2 circuit is currently unknown.

Activated ILC2s can also have either beneficial or detrimental effects on liver homeostasis. 

In mouse models of adenovirus-induced hepatitis, ILC2s have been shown to promote liver 

protection, possibly through the ability of IL-33-dependent ILC2s to limit TNF-α 
production from hepatic T cells and macrophages [109]. In contrast, in mouse models of 

liver fibrosis, the expansion of liver-resident ILC2s by IL-33 induces a pro-fibrotic response 

via IL-13, which triggers activation and trans-differentiation of hepatic stellate cells via the 

IL-4Rα/STAT6 signaling pathway [110]. The metabolic effects of ILC2s and type 2 

immunity in the liver, the primary site of glucose formation (gluconeogenesis), require 

further studies.

ILC2 are also abundant in lung tissue and can promote murine models of asthma [29]. 

Counterintuitively, ILC2 and the “regulated” type 2 immune module are repressed in obese 

AT, whereas obesity is associated with increased asthma risk and severity [111]. The precise 

etiologies of obesity-related asthma are unclear and likely multifactorial, but one possibility 

is that non-allergic immunity is increased with obesity. Indeed, lung IL-17+ ILC3 are 

increased in murine models of obesity-related asthma and may contribute to this link [112].

Conclusions

Originally described in the context of anti-helminth immunity, ILC2s now appear to have a 

role in the control of tissue homeostasis, including AT and whole body metabolism. ILC2s 

are present in metabolic tissues, particularly AT in both humans and mice, and impaired 

ILC2 response are associated with metabolic disturbances in obese individuals and mice. 

Restoration of ILC2 responses in the AT promotes whole-body insulin sensitivity, and 

glucose and lipid homeostasis. Rather than acting in isolation, ILC2s detect signals such as 

IL-33 and coordinate a response with Treg cells, AAMs, and eosinophils. One intriguing 

result of activation of this AT type 2 immune module is AT browning, a process strongly 

associated with metabolic benefit in the setting of obesity and T2DM. However, as type 2 

immune responses are involved in tissue development and remodeling, it is likely that 

remodeling pathways also account for some of the metabolic effects of ILC2s, and remain 

poorly explored. Stimulating AT ILC2s and type 2 immune processes with activating 

signals, such as IL-33, or with helminth/helminth-derived products may offer therapeutic 

avenues for metabolic disorders, although careful consideration is warranted. Further studies 
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are required, particularly in humans, to confirm findings in rodents and test the applicability 

to therapeutics that target obesity and type 2 diabetes.
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Figure 1. Model of the interaction of type 2 immunity and healthy adipose tissue
Adipose tissue ILC2s produce IL-5 and IL-13, whereas Treg cells produce IL-10, and 

together these cells and cytokines coordinate recruitment and maintenance of eosinophils 

and AAMs right). ILC2s and NKT cells are required for Treg-cell maintenance in the AT, 

and NKT cells may be an additional source of IL-4 and IL-13. Eosinophis can produce IL-4 

and are required for optimal AAM maintenance. Together, this “regulated” type 2 immune 

response (right) acts coordinately on the adipose tissue to promote browning and other 

adipose tissue remodeling (left). IL-4 and/or IL-13 promote adipocyte precursors to replicate 

and undergo beige differentiation. Met-Enk and AAM-derived norepinephrine (NE) further 

support beige adipocytes, as well as free fatty acid release from white adipocytes. In turn, 

adipose endothelium and supporting cells release IL-33, and other unknown chemokines and 

cytokines, that support the numbers and function of ILC2s and Treg cells. ILC2: group 2 

innate lymphoid cells; Treg: regulatory T cell; AAM: alternatively activated macrophage; 

NE: norepinephrine; FFA: free fatty acids; Met-Enk: methionine encephalin.
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Figure 2. Model of regulators of adipose tissue homeostatic immune cells
Positive signals enhancing numbers or function of “regulated” type 2 immunity within the 

AT are depicted in blue. IL-33 directly activates and supports ILC2 and Treg cells. 

Helminths and cold enhance responses through currently unknown mechanisms. IL-2, IL-7, 

and TSLP are speculated to be positive signals in AT. Signals that restrict this AT immune 

module are noted in red. Obesity-associated IFN-γ directly represses ILC2 and possibly 

other cells noted, including Treg cells. On bottom, three possible mechanisms by which type 

2 immunity could impact AT function are illustrated: 1) promoting AT browning 2) 
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promoting AT physiologic remodeling or 3) restricting excess or maladaptive “type 1 

inflammation”. NK: nature killer cells; M1 Mac: M1 macrophage; ECM: extracellular 

matrix.
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