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Abstract

Over the past 25 years, the immune system has appeared as a key regulator of adipose tissue 

biology and metabolic homeostasis. In lean animals, adipose-resident leukocytes maintain an anti-

inflammatory environment that preserves the proper functioning of the tissue. Several adipose 

leukocyte classes have been described, each with unique contributions to the tissue 

microenvironment. Here, we describe two populations of innate T cells enriched in adipose tissue, 

iNKT and γδ T cells, and how they serve overlapping and non-redundant roles in controlling 

adipose tissue functions. Both cell types interact with and expand anti-inflammatory leukocytes, 

thereby driving a metabolically beneficial tissue milieu. Surprisingly, we have found that adipose 

iNKT and γδ T cells also promote weight loss and heat production in a process called “non-

shivering thermogenesis.” The data surrounding these two cell types highlight their powerful 

ability to regulate not only other leukocytes, but also tissue-wide processes that affect an entire 

organism.

Introduction: Adipose-resident immune cells influence adipose tissue 

biology and systemic metabolism.

Adipose tissue contains a unique and highly developed immune system that maintains a non-

inflammatory, Th2-biased state to coordinate metabolic responses. Alternatively-activated 

(M2) macrophages, type 2 innate lymphoid cells (ILC2), eosinophils, T regulatory cells 

(Tregs), and other leukocytes all cooperate to prevent inflammation (1). However, during 

chronic overfeeding and obesity, however, changes occur in the adipose tissue that promote 

inflammatory responses, including adipocyte hypertrophy and endoplasmic reticulum stress, 

and ultimately the release of tissue debris and toxic free fatty acids (FFAs) as a consequence 

of adipocyte bursting (2). This is accompanied by a shift in the adipose immune 

compartment towards more inflammatory cell populations. Monocyte-derived M1 

macrophages are recruited to adipose tissue at the onset of obesity (3–5) and are followed by 

CD8+ T cells (6) and proinflammatory B cells (7) at later stages, promoting a positive 

feedback cycle of inflammation. Obesity-associated inflammation disrupts metabolic 

pathways in adipose tissue, resulting in systemic metabolic diseases such as cardiovascular 
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disease and diabetes mellitus. TNF signaling profoundly alters adipocyte biology (8) and 

metabolic deficits have been described in adipocytes exposed to IFNγ (9) and IL-1β (10–

12). In this way, the composite leukocyte composition and cytokine millieu of the adipose 

tissue determine its inflammatory state and metabolic functions. For additional information 

on the effects of inflammation on adipocyte biology, we refer the reader to an extensive 

review (13).

Unlike stereotypical lymphoid organs such as the spleen and lymph nodes, which primarily 

contain adaptive immune cells, adipose tissue is enriched with several types of innate 

leukocytes. Over 60% of the CD45+ cells in lean adipose tissue are macrophages, and this 

proportion increases to over 80% during obesity (14). Moreover, adipose tissue contains 

several subsets of innate lymphoid cells and innate lymphocytes. ILC2s were first identified 

in adipose tissue in 2013, and are a crucial source of the Th2 cytokines IL-5 and IL-13 (15). 

Recently, large populations of natural killer (NK) cells and type 1 innate lymphoid cells 

(ILC1) have been described in lean and obese adipose tissue, although whether these cells 

play a dominant role in limiting or promoting tissue inflammation remains a topic of active 

investigation (16–18). Additionally, mucosal-associated invariant T (MAIT) cells are highly 

expanded in obese human adipose tissue and exhibit a skewed Th-17 profile (19).

Recently several groups including ours have characterized two other classes of innate T 

lymphocytes in adipose tissue: invariant natural killer T (iNKT) and γδ T cells. While these 

cell types are relatively rare in most peripheral organs, they are highly enriched in human 

and murine adipose tissue where they have unique properties and functions. By distinct 

mechanisms, iNKT and γδ T cells maintain adipose tissue homeostasis by regulating the 

numbers and functions of other adipose-resident immune cells. Surprisingly, both iNKT 

cells and innate Vγ6 γδ T cells also regulate thermogenesis, which impacts total body 

metabolism, utilization of lipid substrates, and weight loss. In this review, we describe how 

iNKT cells and innate Vγ6+ γδ T cells play key, non-redundant roles in regulating adipose 

tissue inflammation and thermogenesis.

iNKT and γδ T cells are innate T lymphocytes that mediate host defense 

and regulate a variety of immune responses

iNKT cells, γδ T cells and MAIT cells are members of a family of T lymphocytes that are 

not restricted to major histocompatibility complex (MHC) molecules, but instead recognize 

CD1 and MR1 antigen presenting molecules and other types of cell surface molecules (20). 

These cells uniquely exist in the periphery in a poised state and are capable of rapid immune 

responses, much like NK cells and other innate leukocytes. However, they differ from other 

innate lymphocytes in using their T cell receptor (TCR) as a major sensor for specific 

recognition and activation (21). Here we briefly introduce iNKT and γδ T cells before 

focusing on their biology and function in adipose tissue.

In stark contrast to most MHC-restricted T cells with diverse TCRs, iNKT cells use 

canonical TCRα rearrangements paired with a restricted set of Vβ gene segments. In mice, 

the iNKT TCR is formed from pairing of the Vα14-Jα18 chain with Vβ8.2, Vβ7, or Vβ2, 

whereas in humans this TCR is generated from the Vα24-Jα18 chain paired almost 
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exclusively with the Vβ11 chain (22). The iNKT TCR recognizes predominantly alpha-

anomeric glycolipid antigens presented by CD1d molecules (22). The prototypical antigen 

for the iNKT TCR is alpha-galactosylceramide (αGalCer) (KRN7000), a synthetic 

glycolipid isolated from a marine sponge. Both murine and human iNKT cells produce 

copious amounts of IFNγ and IL-4 immediately upon stimulation with αGalCer bound to 

CD1d on antigen presenting cells (APCs) (23). Furthermore, they can also be activated by a 

combination of TCR stimulation plus signals from innate cytokines such as IL-12 or 

IL-18(24). Their “poised effector state” is driven by expression of the promyelocytic 

leukemia zinc finger protein (PLZF) transcription factor, which is originally expressed 

during positive selection in the thymus and whose expression is maintained in the 

periphery(25, 26). Within hours of pathogen challenge, iNKT cells are activated to produce 

massive amounts of proinflammatory cytokines and transactivate other immune cells to 

initiate immune responses. In fact, iNKT cells largely function by regulating the activities of 

other immune cells since iNKT cell activation results in transactivation of natural killer cells 

and macrophages, via secreted factors or cell-cell interactions (21). In this way, iNKT cells 

serve as cellular adjuvants that govern immune and inflammatory processes. Due to their 

ability to be activated by both TCR signals and cytokines, iNKT cells are protective against 

pathogens that contain iNKT lipid antigens such as S. pneumoniae, B. burgdorferi, and 

Sphingomonas, as well as those that do not contain lipid antigens such as influenza A virus 

or the fungus A. fumigatus (27). In the latter case, TCR signals come in the form of self 

lipids antigens which are upregulated in APCs in response to microbial danger signals (28–

30).

iNKT cells are primarily tissue resident, and in C57BL/6 mice they comprise 1–2% of 

splenic T cells and 20–30% of all liver T cells (31, 32). Analogous to CD4+ T helper cell 

subsets, iNKT cell subsets exist, and these subset have tissue-specific distribution. The 

majority of iNKT cells in C57BL/6 mice are Th1-like (NKT1), reside in the liver and spleen, 

and produce IFNγ upon activation. Th2-like iNKT cells (NKT2) are major drivers of 

allergic diseases, and primarily produce IL-4 and IL-13 in the lungs. iNKT cells producing 

the Th-17 cytokines, IL-17, IL-21, and IL-22 (NKT17), are relatively rare in mice and 

humans, but significantly contribute to immune responses in the skin, lymph nodes, and 

lung(21). The relative contribution of thymic instruction versus local microenvironment to 

iNKT cell phenotype is a subject of active research, iNKT cells in the thymus producing 

discreet Th1, Th2, or Th17 cytokines suggest thymic instruction contributes to specialization 

of these subsets (33, 34).

While some subsets of γδ T cells exhibit TCR junctional diversity suggesting adaptive 

immune functions, several γδ T cell subsets have became associated with innate immunity 

based on their limited TCR diversity, anatomical location and rapid response kinetics (35). 

Unlike αβ T cells that require antigen priming and differentiation cues in secondary 

lymphoid organs, γδ T cells resemble iNKT cells and emerge from the thymus 

developmentally preprogrammed and have acquired innate-effector phenotypes that are 

important for tissue-specific functions. During development, γδ T cells emerge from the 

thymus and undergo TCRγ and TCRδ gene rearrangement in discrete waves. The earliest 

wave begins at embryonic day 13 where Vγ5+ fetal thymocytes become the first T 

lymphocytes to rearrange their TCRs. The population of Vγ5+ thymocytes are positively 
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selected on Skint-1+ thymic stroma, before subsequently homing to the epidermis to mature 

into dendritic epidermal T cells (DETCs) where they limit inflammation, promote wound-

healing responses, and increase barrier functions in response to cutaneous carcinogens (36) 

(Heilig and Tonegawa nomenclature) (37–40).

The next wave of Vγ6+ fetal thymocytes begin to rearrange at embryonic day 15.5 and seed 

the lung, dermis, tongue, epithelium of the uterus, and vaginal tract (41, 42). Vγ6+ cells 

secrete IL-17A and chemokines within 24 hours of bacterial or fungal encounter at mucosal 

sites and in the lung to rapidly mount a response (43–45). Owing to their early development 

and lack of deoxynucleotidyl transferase (TdT) expression (46) at the time of TCR 

rearrangement, these receptors have limited diversity at the variable (V), diversity (D), and 

junction (J) segments and therefore have invariant Vγ5+Vδ1+ and Vγ6+Vδ1+ TCRs (47). 

During the late stages of fetal and well into adult thymic development, however, Vγ7+, 

Vγ4+, and Vγ1+ cells develop with diverse TCRs owing to expression of TdT and seed the 

intestinal epithelium (Vγ7+ IELs), spleen (Vγ4+ and Vγ1+), liver (Vγ1+Vδ6.3+), and 

lymph nodes (Vγ4+ and Vγ1+)(48, 49). Vγ7+ IELs regulate enterocyte differentiation and 

turnover (50), and Vγ1+Vδ6.3+ T cells produce IFNγ and IL-4 within the first couple of 

hours after stimulation in vitro, and help to enhance IgE production by B cells through 

secretion of IL-4 in vivo(49, 51). Vγ4+ cells have been shown to infiltrate inflamed dermis 

during cutaneous infection and provide a continual source of IL-17 (43, 52). More recently, 

IL-17 producing Vγ4+ and Vγ6+ γδ T cells have been shown to either exacerbate or protect 

from autoimmunity or cancer and can modulate tissue pathology during chronic 

inflammation (53–56). Preferential tissue localization and function of Vγ2+ and Vγ3+ T 

cells is not yet known, but these cells exhibit extensive junctional diversity. Thus, γδ T cells 

are capable of engaging a wide variety of effector functions important to tissue immunity 

and homeostasis and their actions depend greatly on the location, extrinsic cues sees in situ, 

and their TCR rearrangement.

Regulating the Regulators in Adipose Tissue: iNKT and γδ T cells drive the 

expansion and function of adipose-resident Tregs and macrophages

Due to their tissue localization and rapid-response kinetics, innate T cells contribute to 

immune responses directly and by modulating the actions of other immune cells. In this 

section, we describe how iNKT and γδ T cells enhance the number and functions of two 

adipose leukocyte subsets: M2 macrophages and Tregs in the case of iNKT cells, and Tregs 

in the case of γδ T cells.

Adipose iNKT cells regulate Tregs and macrophages through production of IL-2 and IL-10, 
respectively

iNKT cells were first described in lean human omental adipose tissue in 2009, where they 

comprise 10–50% of the T cells making it the most iNKT cell-rich organ in the human body 

(57). Adipose iNKT cell numbers were found to be significantly reduced in obese humans 

(57), and this finding was later echoed in several reports in mice (14, 58). While the 

preponderance of iNKT cells in C57BL/6 mice are Th1 skewed and produce high levels of 

proinflammatory cytokines, we and others have found that adipose iNKT cells produce little 
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IFNγ and TNFα after in vivo stimulation with αGalCer (58, 59). Instead, we found that 

adipose iNKT cells produce large amounts of IL-2 and IL-10, regulatory cytokines important 

for adipose tissue homeostasis (59). Other investigators have reported that adipose iNKT 

cells produce high levels of the Th2 cytokines IL-4 and IL-13, both at steady state and after 

activation (14, 58). These data suggest that iNKT cells positively contribute to the anti-

inflammatory environment required for proper adipose tissue function.

Murine iNKT cells have a characteristic transcriptional profile that distinguishes them from 

other T cells (60–62). To determine where adipose iNKT cells fit within the iNKT cell 

compendium, we performed transcriptional comparisons of adipose iNKT cells with splenic 

iNKT cells, a typical proinflammatory iNKT cell subset. We found that iNKT cells in 

adipose tissue differed greatly from splenic iNKT cells. Importantly, adipose iNKT cells 

lack expression of PLZF, the transcription factor previously thought to be characteristic of 

all iNKT cells. Instead of PLZF, adipose iNKT cells express a basic leucine zipper 

transcription factor, E4BP4, that drives their production of IL-10 (59). Additionally, adipose 

iNKT cells appear to be persistently stimulated through their TCRs at steady state as 

evidenced by their high expression of Nr4a1, which encodes the early TCR activation 

protein Nur77. This is further supported by their increased expression of CD69 and their 

high proliferation rate, as measured by intracellular staining for Ki67 (LaMarche and 

Brenner, unpublished observations). Whether this persistent stimulation is critical for 

adipose iNKT cell biology and function remains to be determined.

Because of their relatively low numbers in most organs, iNKT cells typically mediate their 

powerful immunological effects by regulating the activities and numbers of other immune 

cells such as macrophages, dendritic cells, and natural killer cells (21, 27). To determine if 

adipose iNKT cells interact with other immune cells in adipose tissue at steady state, we 

performed whole-mount microscopy of adipose tissue using fluorescently-labeled 

CD1d:αGalCer tetramers. We found that iNKT cells colocalized with macrophages (as 

measured by CD68) and Tregs (as measured by FoxP3), two tissue-resident cells known to 

maintain the anti-inflammatory adipose microenvironment (3–5). Further coculture and 

antibody blocking experiments revealed that adipose iNKT cells, but not splenic iNKT cells, 

induced expansion of M2 macrophages and Tregs, and that this expansion was dependent on 

IL-10 and IL-2, respectively (59).

Importantly, in the absence of iNKT cells adipose Treg numbers are markedly reduced, and 

their functions are significantly impaired. Tregs in iNKT-deficient mice express lower levels 

of KLRG1, a marker of enhanced suppressive function, than their WT counterparts, and they 

produce less IL-10 at steady-state. (59). Similarly, adipose macrophages in Ja18−/− (iNKT 

deficient) mice express higher levels of iNOS and CD11c and lower levels of Arginase, 

CD206, and CD301. The percentage of iNKT cells colocalizing with macrophages increased 

significantly when mice were injected with αGalCer (59). This colocalization was blunted in 

mice with macrophage-specific deletion of CD1d, suggesting that iNKT-macrophage 

interactions in adipose tissue rely on antigen presentation (63). Together, these results 

indicate that the important functions of Tregs and M2 macrophages in adipose tissue 

homeostasis are critically dependent on iNKT cell instruction.
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Adipose γδ T cells: Innate IL-17A producing cells are required for age-related Treg 
expansion in adipose tissue

γδ T cells play important roles in providing early protection against pathogens by rapidly 

producing inflammatory cytokines such as TNF, IFNγ and IL-17A, and chemokines to 

mediate the recruitment of phagocytes like monocytes and neutrophils to the infected tissue. 

Although their function at barrier sites is well appreciated, the role of γδ T cells in adipose 

tissue is only now unfolding. We and others have recently reported an enriched population of 

IL-17A producing γδ T cells in visceral adipose tissue (64–67). Parabiosis experiments 

revealed that γδ T cells are resident in adipose tissue and phenotypic analysis has uncovered 

the presence of two discrete populations of γδ T cells based on CD27 and CD3 expression 

(42, 67, 68). CD3hiCD27neg γδ T cells are more abundant in adipose tissue than their 

CD3loCD27pos counterparts. Furthermore, transcriptional profiling of CD3hiCD27neg γδ T 

cells show that this population expresses PLZF, Sox13, and Rorc, and surface markers such 

as Il1r1, Il23r, Cd44, and Il7r (Cd127), classifying them as innate-IL-17 producing cells. 

Conversely, CD3loCD27pos γδ T cells transcriptionally appear to look more like cytotoxic, 

NK cells. Interestingly, this enriched population of PLZF+ γδ T cells expresses the 

canonical Vγ6Vδ1 T-cell receptor and greatly expands in visceral adipose tissue with age. 

In adipose tissue, there is a large population of innate-IL17A producing γδ T cells that are 

tissue-resident, express PLZF, and become a substantial proportion of innate lymphocytes 

with age (67).

Our group has recently uncovered a role for γδ T cells in the age-related expansion of 

adipose tissue Tregs. Adipose Tregs arrive from the thymus and seed the tissue early in life 

(69). With age, they expand (70), comprising 40–80% of CD4+ T cells in the visceral 

adipose tissue (69, 71) Unlike Tregs elsewhere, adipose Tregs express high levels of CD25, 

ST2, KLRG1, and IL-10 (72). Our group has recently found that PLZF+ γδ T cells are 

important for age-dependent Treg accumulation in adipose tissue. Similar to accumulation 

kinetics of adipose Tregs, timecourse analysis of adipose tissue showed an increase in the 

numbers of PLZF+ innate IL-17A producing γδ T cells and increase in cytokine levels of 

IL-17A with age. Remarkably, the numbers of adipose Tregs in mice lacking γδ T cells or 

IL-17A were also significantly diminished. Moreover, many of the suppressive features of 

adipose Tregs including high expression of IL-10, ST2, and KLRG1 were decreased in older 

mice that lack γδ T cells compared to WT mice. The expansion of γδ T cells and Tregs in 

adipose tissue, inversely correlated with the declining numbers of iNKT cells and ILC2 

numbers, two populations that were previously been shown to also regulate Treg numbers in 

adipose tissue (67).

IL-33 is a critical survival factor for Tregs in adipose tissue owing to their expression of 

ST2, the IL-33 receptor (69, 73, 74). Mice lacking ST2 have severe impairments in adipose 

Treg numbers (69). γδ- and IL17A-deficient mice have decreased protein levels of IL-33 

and administration of recombinant IL-33 rescued the low Treg numbers in situ, suggesting a 

role for both γδ T cells and IL-17A in IL-33 regulation. The source of IL-33 in adipose 

tissue has been characterized by our group and others (69, 75–77). IL-33 expressing 

mesenchymal cells include cadherin-11+ (Cdh11) cells, podoplanin+ fibroblasts, PDGFRα+ 

preadipocytes, and CD31+ endothelial cells (69, 73, 76, 78). Recently, we defined a specific 
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population of Pdpn+PDGFRα-Cdh11+ stromal cells that highly expressed IL-33 in murine 

adipose tissue at steady state (67). Interestingly in vivo, TNF and IL-17A cytokine 

administration acted to expand the numbers of Pdpn+Pdgfrα-Cdh11+ stromal cells in 

adipose tissue, and synergistically induced expression level of IL-33 in PdpnloPDGFRα+ 

preadipocytes. Together, both the increased numbers of IL-33 expressing stromal cells and 

increased transcription of IL-33 by PdpnloPDGFRα+ preadipocytes, work in concert to 

increase IL-33 protein levels in visceral adipose tissue. Together, IL-17A producing γδ T 

cells promote production of IL-33 by adipose stromal cells and appear to be important for 

the age-dependent accumulation of Tregs in adipose tissue (59, 73).

The effects mediated by γδ T cells are intriguing given the defined roles for iNKT cells that 

also regulate Treg numbers and function (59). While iNKT cells regulate Treg homeostasis 

in young mice and via production of IL-2, PLZF+ γδ T cells become a dominant player in 

adult mice when iNKT cell numbers decline and do so via a stromal cell-IL-33 axis. As 

regulators of type 2 immunity, ILC2s and iNKT cells, decline with age, a new wave of 

immune cells composed of γδ T cells and Tregs expand to fill a regulatory niche (Figure 1). 
This temporal regulation of adipose lymphocytes may ensure redundancies in the molecular 

pathways that maintain healthy adipose tissue, which is critical for local and systemic 

metabolic homeostasis at steady state.

Innate Rheostats: iNKT and γδ T cells drive adaptive thermogenesis via 

non-redundant pathways

Innate immunity and adaptive thermogenesis in brown and beige adipose tissue

Non-shivering thermogenesis is a biological process that enables mammals to adapt to 

environmental cold by producing heat in beige and brown adipose tissues (79). This process 

is largely controlled by uncoupling proteins (UCPs) that are induced on the inner 

mitochondrial membrane and facilitate ‘uncoupled respiration’ – proton leak without ATP 

synthesis leading to increases in body temperature (79). UCP1 was the first uncoupling 

protein to be identified and is potently induced upon cold exposure as a strategy to generate 

heat and maintain core body temperature (80). In addition to UCP1, there is emerging 

evidence of other pathways the body utilizes to activate non-shivering thermogenesis (81, 

82).

In recent years, the innate immune system has emerged as an active participant in body 

temperature control in response to cold and β-adrenergic stimulation. ILC2s resident in 

subcutaneous adipose tissue secrete methionine-enkephalin (MetEnk) peptides to boost local 

UCP1 expression and induce beiging (83). In response to cold stimuli, production of a 

skeletal hormone, meteorin-like, and the chemokine, CCL11, recruits and induces, 

respectively, eosinophil production of IL-4 and IL-13 (84, 85). Together, this type 2 immune 

response creates a milieu that is favorable for thermogenesis (85–87). Lastly, brown adipose 

tissue macrophages expressing CX3CR1+ was shown to regulate sympathetic nerve 

innervation (88). Genetic ablation of CX3CR1+ macrophages decreased local norepinephrine 

levels and consequently affected brown adipocyte function at thermoneutrality (88). Here we 
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describe recent insights into the ways in which iNKT cells and γδ T cells modulate non-

shivering thermogenesis, the metabolic adaptation to cold.

iNKT-FGF21 Axis for Thermogenic Responses

Our group has described a mechanism by which activation of adipose iNKT cells induces 

weight loss though non-shivering thermogenesis. In 2012, Lynch and colleagues showed that 

injection of obese mice with αGalCer induced potent weight loss due to a reduction in fat 

mass, not lean mass, in an iNKT cell-dependent manner (14). After injection with αGalCer 

obese mice lost roughly 10% of their body weight in 4 days and increased their body 

temperature by 1° Celsius. Further analysis revealed that these changes were due to 

increased energy expenditure associated with browning of white fat with upregulation of 

UCP1 in visceral and subcutaneous fat depots. The effects of αGalCer occurred in the 

absence of changes in activity level or food consumption (89).

Fibroblast growth factor 21 (FGF21) is an important insulin-sensitizing hormone that acts 

directly and indirectly to regulate thermogenesis. FGF21 can directly influence the central 

nervous system to induce its thermogenic effects (90). Additionally, FGF21 can have 

indirect effects by upregulating CCL11 in white adipose tissue to recruit eosinophils that 

initiate a beiging program in inguinal depots (85). We determined that weight loss after 

αGalCer administration in mice was largely dependent on FGF21 likely produced by 

adipocytes themselves downstream of iNKT cell activation. In separate experiments, we 

found that adipose iNKT cells were activated by liraglutide, a glucagon-like peptide 1 

receptor agonist used to treat metabolic disease in obese humans. Liraglutide induced weight 

loss and browning of white fat in an iNKT and FGF21-dependent manner such that the 

ability of liraglutide to induce weight loss was reduced in iNKT deficient mice (89). While 

the exact mechanism of the iNKT-FGF21 axis is still a topic of active investigation, our 

work suggests that specific activation of adipose iNKT cells could serve as an immune-

based treatment for weight loss. Furthermore, these findings have important implications for 

the treatment of human obesity and diabetes: complementing our mouse models, we found 

that obese patients treated with liraglutide expressed increased serum FGF21 in direct 

proportion to weight loss. Additionally, the blood of obese patients treated with liraglutide 

contained higher levels of iNKT cells than that of control obese patients (89).

γδ-IL17 Axis is Important for Body Temperature Regulation

Similar to γδ T cells in visceral adipose tissue, γδ T cells are also found in subcutaneous 

and brown adipose tissues and robustly produce IL-17A in response to stimulation. Recently, 

we uncovered surprising roles for γδ T cells and IL-17A in body temperature control at 

thermoneutrality and after cold stimulation (67). At steady state, mice that lacked γδ T cells 

and IL-17A showed decreased body temperature and delayed circadian temperature control, 

respectively, compared to WT mice. After cold challenge, γδ-deficient mice dropped body 

temperature more rapidly and correspondingly could not increase energy expenditure 

compared to WT controls. Similarly, at a critical time when mice increase body temperature 

to maintain body temperature in the cold, IL-17A-deficient mice were unable to expend 

energy and had to be rescued within the first 10 hours. In support of both observations, mice 

without γδ T cells or IL-17A were unable to induce a thermogenic program at the molecular 
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level where genes such as Ucp1, Ppargc1a, Dio2, and Cox7a1 were decreased compared to 

WT mice. Histologically, there are increased lipid stores in brown and subcutaneous adipose 

tissues of γδ- and IL-17A-deficient mice and expression of lipolysis enzymes are 

correspondingly impaired (67). Interestingly, of the immune cells present in brown and 

subcutaneous adipose tissue, γδ T cells are the dominant source of IL-17A, further 

bolstering their contribution during thermogenic responses. Together, the data suggest that 

γδ T cells and IL-17A play important regulatory roles at thermoneutrality and are key for 

mobilizing lipid stores for substrate utilization and thermogenic induction after cold.

IL-33 is critical for maintaining body temperature during cold challenge. Mechanistically, 

IL-33 signals for proper UCP1 splicing and mitochondrial function in newborns and adults, 

respectively (91). In addition to regulating IL-33 levels in visceral adipose tissue, γδ T cells 

were shown to affect IL-33 levels in subcutaneous and brown adipose depots (67). Mice 

lacking γδ T cells and IL-17A exhibit decreased IL-33 levels at thermoneutrality and after 

cold challenge in adipose sites important for heat generation. TNF and IL-17A appear to be 

sufficient to upregulate thermogenic genes and IL-33 levels in subcutaneous adipose tissue 

stromal cells, highlighting another γδ-IL17-stromal axis to regulate adipose tissue function, 

this time for body temperature regulation. There are many outstanding questions that remain 

regarding the nature by which γδ T cells sense or get activated in response to temperature 

fluctuations. These questions include the identity of the natural ligands that stimulate γδ T 

cells after cold exposure, and if those ligands activate γδ T cells in a TCR-dependent 

manner. It is intriguing to consider if γδ T cells evolved as an innate cell type to help 

regulate body temperature during cold and induce febrile responses as a protective 

mechanism against pathogens. Moreover, a more detailed understanding of how IL-17A acts 

on local stromal cells and adipocytes in subcutaneous and brown adipose depots to boost 

adaptive thermogenesis is warranted. It is not known if adipocytes or stromal cells in brown 

and subcutaneous depots express IL-17R, or if brown and beige adipocytes are affected in 

IL-17A-deficient mice at steady state of after cold exposure. Nor is the critical IL-33-

expressing cell type in brown and subcutaneous adipose tissue that is important for proper 

UCP1 expression and function known. Despite these mysteries, initial characterizations of 

IL-17A producing γδ T cells pave the way for future work investigating innate T cells in 

body temperature regulation.

Conclusions: Mechanistic roles of iNKT cells and γδ T cells in adipose 

tissue homeostasis

Far from being only a site for fat storage, adipose tissue acts as a dynamic endocrine and 

immune organ, where visceral, subcutaneous, and brown adipose depots are spatially and 

differentially regulated. We now appreciate that each site harbors a unique immune system 

that carries out a wide variety of functions to promote metabolic fitness and tissue 

homeostasis. iNKT cells and γδ cells, two innate T lymphocytes, have emerged as key 

regulators of immune homeostasis in visceral adipose tissue, and rheostats controlling body 

temperature in response to environmental fluctuations in subcutaneous and brown adipose 

depots (Figure 2). iNKT cells control adipose Tregs and macrophage frequencies through 

IL-2 and IL-10 production, respectively, while γδ T cells influence stromal cell expression 
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of IL-33 through IL-17A production, and this in turn affects ST2+ Treg numbers in visceral 

adipose tissue. By producing different sets of cytokines, iNKT and γδ T cells are both able 

to support adipose Tregs at adolescence and with age, respectively. It should be noted that 

some studies found that adipose iNKT cells drive proinflammatory, pathogenic immune 

responses during obesity (92–94). These differences have not yet been reconciled, but 

identifying the mechanisms behind them may reveal further insights into iNKT cell biology 

and how tissue-specific cues can drive different cell phenotypes.

More remarkably, recent data highlights the surprising role of iNKT and γδ T cells in non-

shivering thermogenesis. iNKT cells when activated with αGalCer induce FGF21 

production by adipocytes and promote UCP1-driven increases in body temperature. 

Conversely, γδ T cells that are enriched in subcutaneous and brown adipose tissue make 

IL-17A and are important for maintaining proper body temperature control at 

thermoneutrality and after cold challenge. Together, these studies draw attention to the 

enriched localization and non-redundant roles of both resident innate T cell populations in 

regulating adipose tissue biology, as well as their dynamic and complementary function. 

Future work investigating non-infectious, tissue-specific roles of iNKT and γδ T cells (and 

possibly MAIT cells) is promising for understanding basic adipose tissue biology and 

function and systemic metabolism.
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Figure 1. Cellular changes in adipose tissue in young and aged mice.
Young adipose tissue is highly enriched with iNKT cells, which support M2 macrophage 

and Treg expansion by production of IL-10 and IL-2, respectively. As mice age, iNKT cells 

are gradually replaced by a population of IL-17A-secreting γδ T cells which support Tregs 

by a stromal cell-IL-33 axis.
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Figure 2. Non-redundant actions of iNKT and γδ T cells promote adipose tissue homeostasis.
(Top) Adipose iNKT cells expands Tregs via production of IL-2 and M2 macrophages via 

production of IL-10. Furthermore, activation of adipose iNKT cells induces weight loss and 

thermogenesis through an FGF21-dependent mechanism. (Bottom) IL-17A-producing γδ T 

cells in adipose tissue drive Treg expansion by inducing stromal cells to produce IL-33. 

Additionally, a γδ – IL-17A axis in adipose tissue is critical for maintenance of body 

temperature at thermoneutrality and upon cold challenge.
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