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Abstract

Objective—This review will focus on the immunological aspects of adipose tissue and its 

potential role in development of chronic inflammation that instigates obesity-associated co-

morbidities.

Design and Methods—The review utilized PubMed searches of current literature to examine 

adipose tissue leukocytosis.

Results—The adipose tissue of obese subjects becomes inflamed and contributes to the 

development of insulin resistance, type 2 diabetes and metabolic syndrome. Numerous immune 

cells including B cells, T cells, macrophages and neutrophils have been identified in adipose 

tissue, and obesity influences both the quantity and the nature of immune cell subtypes which 

emerges as an active immunological organ capable of modifying whole body metabolism through 

paracrine and endocrine mechanisms.

Conclusion—Adipose tissue is a large immunologically active organ during obesity that 

displays hallmarks of both and innate and adaptive immune response. Despite the presence of 

hematopoietic lineage cells in adipose tissue, it is presently unclear whether the adipose 

compartment has a direct role in immune-surveillance or host defense. Understanding the 

interactions between leukocytes and adipocytes may reveal the clinically relevant pathways that 

control adipose tissue inflammation and is likely to reveal mechanism by which obesity 

contributes to increased susceptibility to both metabolic and certain infectious disease.
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Introduction

Rising incidence of overweight and obesity has contributed to accelerating rates of type 2 

diabetes and metabolic syndrome, which have large implications for global health. 

Epidemiological evidence indicates that obesity accounts for ~18% of all deaths for persons 
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between 40 and 85 years of age in the United States (1). Thus, the development of safe and 

effective treatments for obesity and its co-morbidities, especially type 2 diabetes, is needed. 

The recognition that chronic low-grade inflammation contributes to obesity associated co-

morbidities and that adipose tissue is a major immunologically active organ that contributes 

to this inflammation is growing.

It is established that adipose tissue is an active metabolic tissue that can secrete a variety of 

adipokines as well as pro- and anti-inflammatory proteins (e.g. tumor necrosis factor (TNF), 

interleukin-1β (IL-1β and adiponectin and IL-10 respectively) capable of modifying insulin 

sensitivity locally within adipose tissue and systemically. Enzymatic digestion of adipose 

tissue has been used to isolate an adipocyte fraction and a stromal vascular fraction, which 

consists of immune cells, pre-adipocytes, endothelial cells etc. Studies of different adipose 

depots have revealed that immune cells represent approximately two thirds of the stromal 

vascular fraction, which contains approximately 2 to 5 million cells/g of tissue (2). In 

morbidly obese subjects, adipose tissue can account for up to 50% of total body mass and 

represents a major compartment of the immune system capable of influencing systemic 

inflammation. Thus, the extensive expansion of adipose tissue during obesity increases its 

ability to act as an immunological tissue and control systemic inflammation and metabolism. 

However, some obese humans are not affected by obesity associated co-morbidities 

indicating that there is biological variation in response to excessive calories. This review 

article will focus on adipose tissue inflammation first by examining metabolically healthy 

and unhealthy obesity and then understanding adipose tissue leukocytosis by focusing on 

adipocyte damage and specific immune cell populations in order to understand the 

implications of adipose tissue inflammation on metabolic health and obesity associated co-

morbidities.

Results

Inflammation and metabolically healthy and unhealthy obesity

Overwhelming evidence suggests that prolonged adipose tissue remodeling in response to 

caloric excess leads to chronic inflammation at the expense of reduced insulin-sensitivity. 

Clinically, chronic insulin resistance and pre-diabetes are linked to the development of type 

2 diabetes, and lifestyle modifications and metformin treatment can reduce the risk of 

progression to diabetes (3). Interestingly, some obese subjects are metabolically healthy and 

relatively unaffected by obesity associated co-morbidities (4). Recent studies have begun 

addressing what separates metabolically healthy and unhealthy obese populations. Most 

definitions of metabolically healthy obesity include normal range measures of blood 

pressure, blood lipids (triglycerides, low-density lipoproteins, high-density lipoproteins, 

total cholesterol) and glucose homeostasis (fasting blood glucose, homeostatic model 

assessment). Some include inflammatory markers as criteria, and inflammation appears to 

separate both metabolically healthy lean and obese individuals from their metabolically 

unhealthy counter parts. The metabolically unhealthy populations have higher 

concentrations of complement C3, C-reactive protein and IL-6, and decreased adiponectin 

compared to matched metabolically healthy individuals (5). However, there is variation 

between studies, with some studies confirming differences in C-reactive protein (6) while 
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others have not (7). Plasma concentrations of interferon-γ and TNF are also increased in 

metabolically unhealthy obese subjects (7). Interestingly, adipose tissue of the same subjects 

had increased expression of the macrophage marker cluster of differentiation 68 (CD68), 

and reduced tensile strength, which may be indicative of fibrosis (7). These studies add to 

other clinical data suggesting obesity associated co-morbidities are regulated by 

inflammation.

Although metabolically healthy obese individuals seem to be protected from obesity-

associated disease, it stands to reason that the development of inflammation and insulin-

resistance during obesity could be an adaptive mechanism to control organ dysfunction 

associated with the storage of excess energy. For example, over the last two decades there is 

strong evidence from studies in Pima Indians and other populations that lower rates of 

glucose:lipid oxidation or a low respiratory quotient is associated with a reduced rate of 

weight gain (8, 9, 10). From these early studies, it was hypothesized that a low rate of 

glucose oxidation leads to a concomitant reduction in glucose disposal, and insulin-

resistance could be a biological adaptation to lower weight gain by reduced energy storage 

in adipose tissue.

Insulin resistance may reduce weight gain; however elevated glucose levels come at a price 

and contribute to inflammation. Increased glucose utilization by immune cells can control 

activation and polarization to more pro-inflammatory phenotypes. For example, T-helper 17 

(Th17) cells are reliant on glycolysis, and inhibition of glycolysis switches T cell 

differentiation from a pro-inflammatory Th17 cells to the more anti-inflammatory regulatory 

T cells (11). Additionally, macrophage glucose metabolism is required for the secretion of 

IL-1β (12). Thus, a corollary would be that inflammation associated insulin resistance may 

be an early adaptive response to lower glycolytic rates in response to overnutrition. 

However, during chronic overnutrition the early inflammatory processes are not resolved 

and become maladaptive leading to pathological changes in organs and tissues that 

eventually lead to the development of diabetes and its complications. It is currently unclear 

whether inhibition of specific pro-inflammatory pathways will fully relieve obesity-

associated tissue dysfunction, but come at the expense of continued energy storage in 

adipose as a result of increased insulin-sensitivity. Whether such adipocyte insulin 

sensitivity in response to energy excess leads to metabolically healthy obesity and continued 

weight gain remains to be fully established. Clearly, additional investigation linking 

inflammation to metabolic disease is warranted.

Adipose tissue leukocytosis

An understanding of adipose tissue leukocytosis began with the identification of 

macrophages in adipose tissue. Seminal findings by Weisberg et al. and Xu et al. 

demonstrated that macrophages are increased in adipose tissue during obesity and that 

macrophages are the primary source of TNF (13, 14). In addition to macrophages, other 

immune cells have been identified including: B cells (15), T cells (16), neutrophils (17, 18), 

eosinophils (19), and mast cells (20, 21). The cellular composition of adipose tissue is 

plastic and regulated by both acute and chronic stimuli including diet (13, 14, 18), body 

weight status (13, 14), cold exposure (22), feeding and fasting (23). The exact course of 
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events leading to changes in the cellular composition of adipose tissue in response to high-

fat diet is yet to be defined. However, it is known that neutrophils are recruited to adipose 

tissue within 3 days, macrophages within 2 weeks, and B cells and T cells are increased 

within 4 weeks of high-fat diet in mice (15, 18).

The total number of each cell type is important, however there are also changes in the 

quality of these cell populations. Obesity and insulin resistance have the capacity to skew 

immune cells from anti-inflammatory subtypes towards more pro-inflammatory subtypes. 

This includes a switching of macrophage polarization from M2-like cells to more pro-

inflammatory M1-like cells (24) and the loss of regulatory T cells in adipose tissue (25). The 

local effects of these compositional changes during obesity drive adipose tissue 

inflammation and influence the capacity of adipocytes to store lipid, adipocyte insulin 

sensitivity, systemic glucose metabolism, and metabolic homeostasis. The underlying 

factors and cell types that drive adipose tissue inflammation is a very active field of 

research, yet there are still many unknown factors in the etiology of obesity-mediated 

disease.

Adipocyte stress and damage associate molecular patterns

In response to excess energy, adipocytes undergo hypertrophy and/or hyperplasia. 

Adipocyte size is correlated with insulin sensitivity in humans and those with smaller 

adipocytes have lower markers of inflammation (26, 27), however rodent models indicate 

that during the absence of certain proteins adipocytes can be large while the animal 

maintains insulin sensitivity (28). Histological analysis of adipose tissue reveals the 

presence of crown-like structures which consist of immune cells surrounding dead 

adipocytes that stain perilipin negative around their lipid droplets (29). The appearance of 

crown-like structures and adipocyte death follow a time course whereby there is increasing 

incidence from the onset of high fat-feeding to week 16. By week 20 crown-like structures 

are decreased compared to week 16, although compared to lean control animals the number 

is still elevated and the mice remain insulin resistant though to a lesser degree than at the 

peak of crown-like structure incidence (29). This indicates that remodeling of adipose tissue 

is an adaptive response, but cannot fully compensate for nutrient excess and eventually 

limits lipid storage leading to tissue dysfunction.

The precise way adipocytes die is unclear, however recent studies indicate that adipocyte 

death may proceed through pyroptosis (30). Pyroptosis is a specialized form of caspase-1 

dependent cell death that involves the leaking of cytosolic constituents into the extracellular 

space. Leaking of the cytosolic constituents and exposure of the lipid droplet in the tissue 

causes the release of danger associated molecular patterns (DAMPs) that can be sensed by 

pattern recognition receptors (Figure 1). Metabolic DAMPs include free fatty acids (31), 

high glucose concentrations (32), ATP (33), ceramides (34) and other sphingolipids, and 

cholesterol (35, 36) and urate crystals. Recently, adipocytes have been shown to synthesize 

uric acid, and adipose tissue uric acid production increases during obesity (37). These 

metabolic DAMPs are capable of causing activation of macrophages and initiating adipose 

tissue inflammation.
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Macrophage sensing of adipose tissue DAMPs and antigen presentation

Metabolic DAMPs and pathogen associated molecular patterns (PAMPs) are sensed by 

innate immune cells and lead to the activation of inflammatory pathways through pattern 

recognition receptors such as the toll-like and nucleotide-binding oligomerization domain 

containing protein-like receptor families (TLR and NLR). Analysis of the distribution of 

these receptors as well as macrophage markers has been difficult due to the enzymatic 

dispersion of adipose tissue. Enzymatic dispersion of adipose tissue separates adipose tissue 

into a buoyant adipocyte fraction and a stromal vascular pellet, however it is limited because 

of tight associations between adipocytes and macrophages and the presence of free floating 

macrophages in the adipocyte fraction (38).

All members of the TLR family (TLR 1–9) are expressed in adipose tissue to varied degrees 

of within the stromal vascular and the adipocyte fractions (39). In regards to adipose tissue 

inflammation, TLR4 has received the most attention. The interaction of TLR4 and fatty 

acids has been linked to the protein fetuin A (40). Fetuin A has been identified to be an 

endogenous ligand of TLR4 and is produced in large amounts by adipose tissue (40). In co-

culture systems, fetuin A is released by adipocytes after exposure to free fatty acids and is 

able to polarize macrophages from an M2-like phenotype to an M1-like phenotype, similar 

to the change that occurs in adipose tissue during the development of obesity (40). In 

addition to its polarizing activities, fetuin A also serves as a chemoattractant for 

macrophages resulting in increased traffic to the tissue (40). Ablation of TLR4 reduces 

adipose tissue inflammation, yet its effects on whole body insulin sensitivity have not been 

consistent across studies with some showing increased insulin sensitivity (41, 42) while 

other show no change (42).

In addition to the toll-like receptors, NLRs are a family of cytosolic pattern recognition 

receptors that influence obesity. The NLR family, pyrin domain contain 3 (NLRP3) 

inflammasome in particular appears to promote adipose tissue inflammation and is 

responsive to a broad array of metabolic DAMPs. The NLRP3 inflammasome is a multi-

protein scaffolding complex that oligomerizes upon exposure to DAMPs, through 

homotypic protein-protein interactions of NLRP3, apoptosis-associated speck-like protein 

containing a card, and pro-caspase-1 (43). Activation of the NLRP3 inflammasome results 

in the cleaving of the pro-caspase-1 zymogen to active caspase-1. Unlike the toll-like 

receptors whose primary effects on cytokine expression are mediated transcriptionally 

through nuclear factor kappa B, caspase-1 acts post-transcriptionally as a cysteine protease 

that cleaves pro-IL1β and pro-IL18 into their active forms, leading to their secretion. The 

NLRP3 inflammasome is able to sense free fatty acids (31), ATP (33), ceramides (34), 

glucotoxicity (32), cholesterol (35), amyloid-β (44, 45) and urate crystals (46). Interestingly, 

the active inflammasome complex is secreted or released during pyroptosis and functional in 

the extracellular space, producing IL-1β (47, 48). The secreted complex is also a danger 

signal, being engulfed by macrophages, transported to the lysosome and degraded slowly 

over time (47, 48). The exact mechanism of inflammasome activation is an active area of 

research, and it appears that in response to many DAMPs activation occurs in a K+ efflux 

dependent manner (49). Some of the DAMPs proceed through lysosome dependent 

processes, e.g. amyloid β, and require the fatty acid transport protein CD36 for import and 
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inflammasome activation (50). Omega-3 fatty acids reduce inflammasome activation 

through G protein-coupled receptor 120 and 40 signaling and it will be interesting to see if 

other dietary constituents modulate inflammasome activation in the future (51). Most rodent 

studies indicate that ablating components of the inflammasome complex improve insulin 

sensitivity and glucose tolerance (31, 32, 34, 52), and human studies indicate that the 

inflammasome complex is active in type 2 diabetes and its activity is decreased by 

metformin (53). However, studies in rodents have also revealed that the NLRP3 

inflammasome can cause dysbiosis, and in these animals this is linked to greater weight 

gain, inflammation and non-alcoholic fatty liver disease (54). These studies indicate that the 

NLRP3 inflammasome is a good target for drug development, but highlight the need to 

consider interactions with gut microbiota on clinical outcomes.

In lean animals, the balance of immune cells in adipose tissue is skewed to more anti-

inflammatory phenotypes including M2-like macrophage and regulatory T-cells which are 

known to secrete the anti-inflammatory cytokines such as IL-10 (24). Over the course of 

obesity development, exposure of macrophages to DAMPs and PAMPs and recruitment of 

monocytes leads to increased polarization of macrophages to an M1-like phenotype and 

macrophage activation along with the expression of TNF and IL-1β. Interestingly, activation 

of nuclear factor kappa B in macrophages polarizes cells towards glycolysis, and this is 

required for transcription of pro-IL-1β (12). Alternatively, M2 macrophages rely on fatty 

acid oxidation and have a remodeling and reparative phenotype (55). Because diabetes is a 

state characterized by hyperglycemia and increased danger associated molecular patterns, 

this would appear to set the stage for uncontrolled inflammation. During the dynamic phase 

of weight loss in humans by very low calorie diet adipose tissue macrophages populations 

are not altered, however after 2 months of weight stabilization reductions in the total number 

of macrophages present in adipose tissue are apparent (56). In a more extreme case, 3 

months after bariatric surgery markers of total macrophages and M1 like macrophages were 

decreased while M2-like macrophages markers were increased (57). Thus in both rodents 

and humans, macrophage phenotype varies with body composition and is modified by 

weight loss, but only when a steady state has been achieved indicating that macrophage 

populations are of functional importance during the active remodeling process during 

adipose tissue contraction and expansion.

Adipose tissue macrophages bridge innate and adaptive immunity through secretion of pro-

inflammatory cytokines in response to DAMPs and PAMPs, but also by being the primary 

antigen presenting cells in adipose tissue and driving T cell proliferation. Adipose tissue 

macrophages are the primary cell type able to phagocytose antigens (OVA and Zymosan) in 

vitro and in vivo (58). Adipose tissue macrophages are capable of driving T cell proliferation 

in vitro, in an antigen dependent manner. Not only do they drive CD4+ T cell proliferation, 

but they also skew them towards a Th1 polarization, consistent with increased interferon-γ 

secretion from obese adipose tissue and increased plasma levels as well (Figure 1) (58). In 

addition to macrophages (58), B cell (15) and adipocytes (59) have also been demonstrated 

to present antigens. The relative contributions of these populations to antigen presentation 

during obesity needs further study. However, it appears that the macrophages and dendritic 

cells are the major cell type that participate in antigen processing and presentation. Thus, 
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macrophages are necessary for the remodeling of adipose tissue, mediate adipose tissue 

inflammation through the production of pro-inflammatory cytokines and influence the 

adaptive immune response through antigen presentation. Future research is needed to 

determine the antigens that are presented.

T cell subsets, expansion and contraction of populations

Obesity is associated with significant changes to local T cell populations in adipose tissue. 

Adipose tissue from lean animals is enriched with a unique population of 

CD4+CD25+Foxp3+ regulatory T cells, which are reduce by high-fat feeding (25). These 

regulatory T cells are unique, having high expression of the adipogenic transcription factor 

peroxisome proliferator-activated receptor γ (60). Regulatory T cells are known to express 

the anti-inflammatory cytokine IL-10 (25) and restrain immune responses by reducing the 

proliferation and activation of T cells. IL-10 reduces inflammatory signaling in adipocytes, 

so the function of these cells in adipose tissue is likely multi-factorial (61). Interestingly, the 

insulin sensitizing effects of the thiazolidinedione class of drugs that activate peroxisome 

proliferator-activated receptor γ may be due in large part to their effects on regulatory T 

cells (60). Although regulatory T cells are lost, during obesity there is an overall increase in 

total T cells in adipose tissue. These adipose tissue T cells are predominately memory T 

cells with a restricted T cell receptor repertoire (16, 62). Alterations of adipose tissue T cell 

populations during obesity are indicative of an active adaptive immune response and local 

proliferation of T cells. Ablation of T cells through genetic or antibody depletion leads to 

improvements in insulin signaling although the overall effects on glucose tolerance are 

variable (16, 62). T cell mediated inflammation is regulated by IL-6, and ablation of signal 

transducer and activator of transcription 3 signaling in T cells results in enhanced insulin 

sensitivity and increased markers of regulatory T cells in visceral adipose tissue during diet-

induced obesity (63). In addition to cells of the innate immune system, the adaptive immune 

system appears to influence metabolic homeostasis, however the local adipose derived 

antigens driving this process have not been identified.

B cell contribution to adipose tissue inflammation and insulin resistance

B cells like macrophages express TLRs, however B cell expression of the NLRP3 

inflammasome is very low (64). In addition, like macrophages B cells express major 

histocompatibility complex II (MHCII) and have the ability to present antigens to T cells. 

Adoptive transfer of MHCII null B cells to mice that lack B cells results in increased insulin 

sensitivity compared to transfer of wild type B cells, while MHCI null B cells were not 

different (Figure 1) (15). This indicates B cell antigen presentation to CD4+ T cells is a 

contributor to adipose tissue inflammation and systemic insulin resistance. Immunoglobulin 

G (IgG) produced by B cells has been shown to mediate insulin resistance during diet-

induced obesity, but the exact mechanism involved here are unclear, and further research is 

needed to identify the targeted proteins and mechanisms by which this takes place (15). The 

contribution of adipose tissue and peripheral B cells to insulin resistance has received little 

attention. Animals that lack B cells have improved insulin sensitivity, and B cells appear to 

mediate their effects through interactions that promote Th17 polarization in T cells and a 

reduction in the regulatory T cell population (65). However, populations of IL-10 producing 

B cells have also been found in adipose tissue and appear to protect from insulin resistance 
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(66). Although B cells mediate inflammation during obesity, the mechanisms of B cell 

infiltration and contribution to adipose tissue inflammation need to be substantiated 

including the relative contribution to adipose antigen presentation, production of pathogenic 

IgG and the production of cytokines.

Immunological structures of adipose tissues

Adipose tissue is not uniform in its distribution and has regionality based on immune 

structures including crown-like structures, fat associated lymphoid clusters, milky spots, but 

also on the occurrence of brite/beige adipocytes. However, the influence of adipose tissue 

regionality on adipose function is not well understood. Some adipose tissue depots, 

including the inguinal depot in rodents and many small depots in human and other 

mammals, contain lymph nodes (67). Initial studies on guinea pig adipose tissue depots 

demonstrated that adipose tissue explants located near lymph nodes compared to adipose 

tissue not adjacent to lymph nodes had enhanced capacity to suppress mitogen-stimulated 

proliferation of a mixed lymph node leukocyte preparation (67). Interestingly, the effects on 

proliferation were reversed by treatment with insulin. These findings indicate that the 

secreted products of adipose tissue near lymph nodes have immunosuppressive capacity, 

however the mechanism behind this is not known. These studies used intact adipose tissue 

explants, so it is unclear whether secreted products of adipocytes or immune cells were 

having the biological effects.

In addition to lymph nodes, adipose tissue can contain other structures including fat –

associated lymphoid structures (FALCs) and milky spots. The function of these structures 

has not been determined, but they have characteristics of secondary lymphoid organs and are 

able to support both B and T-cell responses to antigens in the absence of conventional 

lymphoid organs (68). Interestingly, tertiary lymphoid organs have been identified with 

inflammatory disease including arthritis and atherosclerosis, and seem to arise during 

chronic inflammatory states (69). Whether these adipose tissue lymphoid structures are 

tertiary lymphoid structures has not been determined, but they do allow the coupling of 

innate and adaptive immune response (68). Interestingly, adipose tissue FALCs have been 

shown to harbor unique Lin−cKIT+SCA-1+ cells which have increased expression of the 

Th2 cytokines IL-5 and IL-13(70). Type 2 cytokines have been linked with cold-induced 

thermogenesis and the beiging of white adipose tissue, however it is unknown whether 

FALCs contributes to this process (71). Additionally, FALCs have also been shown to be 

capable of mediating secondary antibody responses and the Lin−cKIT+SCA-1+ cells 

promote B1 cell proliferation (70). These data imply that FALCs and milky spots provide 

adipose tissue niches capable of facilitating the adaptive immune response. However, it is 

not known what the physiological contribution of these adipose tissue structures is to local 

and/or systemic inflammation, whether they are able to respond to acute stimuli such as cold 

and if they are a main site for antigen presentation in the adipose tissue depot.

Obesity-associated inflammation and the response to pathogens

Obesity is associated with numerous diseases including: type 2 diabetes, gout, arthritis, 

atherosclerosis, liver disease, and increased susceptibility to certain pathogens. Both 

metabolic and inflammatory changes in adipose tissue drive obesity associated pathology. 
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TNF, IL-1β and IL-6 have the ability to impair insulin action and glucose uptake in 

peripheral tissue. Although elevation in systemic IL-6 concentrations is commonly seen, 

changes in systemic IL-1β and TNF are harder to detect because of the low circulating 

amounts of these cytokines. Locally, these cytokines in adipose tissue have the ability to 

modulate adipocyte lipolysis and differentiation. Thus, these cytokines have the ability to 

limit fat storage in adipose tissue and redistribute this fat to other tissues producing ectopic 

fat.

Obesity is also associated with impairments in response to pathogens. This is of vital 

importance because of the concern about pandemic outbreaks of pathogens such as influenza 

virus. Indeed, during the 2009 worldwide H1N1 influenza pandemic, the obese individuals 

were at increased risk for morbidity and mortality. Similarly, rodent models indicate that 

diet-induced obesity increases mortality in response to challenge with influenza (72). 

Contributing mechanisms appear to be defects in CD8+ T cells including an impaired 

memory T cell response (73, 74), impaired lung wound healing (75) and increased leptin 

concentrations (76). Furthermore, new evidence suggests that obese mice infected with 

influenza develop greater lung inflammation and damage due to dysfunctional regulatory T 

cell response and alterations in cytotoxic CD8+ T cells (73, 77). Obesity has been shown to 

cause central defects in T cell development that are associated with reduced production of 

naïve T cells by the thymus, which leads to reduced T cell receptor diversity, a mechanism 

associated with reduced immune surveillance (62). In addition, the response to vaccines is 

also impaired by obesity, as is heterologous immunity (78), thus limiting the protection 

provided by vaccines. With a growing obese population worldwide, developing therapeutic 

strategies to limit obesity-related influenza morbidity and mortality is needed.

Conclusions

There is a growing literature that demonstrates adipose tissue has several features of an 

immunological organ. The leukocyte subsets in adipose tissue have been shown to play 

important role in restoration of homeostasis as well as in pathogenesis of several obesity-

associated chronic diseases that stem from inflammation. Whether adipose tissue 

participates in classical immunological function such as host defense against pathogens is 

not known. Furthermore, if obesity associated expansion of immune cell populations in 

adipose tissue contribute to systemic disturbances in immune-surveillance that are linked to 

risk of certain infections and cancers in obese individuals is also unclear. Yet, initial studies 

in the Pima Indians led to the hypothesis that insulin-resistance is an adaptive mechanism to 

control weight gain (8). Emerging studies also suggest that certain macrophage subsets can 

directly control lipid homeostasis and energy expenditure through production of 

catecholamines (22). Thus, a deeper understanding of how adipose tissue immune cells 

contribute to maintenance of homeostasis and development of chronic inflammation will be 

important in understanding mechanisms of obesity associated complications. It is interesting 

that distinct metabolically healthy and unhealthy individuals occur in both lean and obese 

populations. For the metabolically unhealthy individuals, it will be important to determine if 

inflammation influences the development of metabolic disease and also affects their 

response to pathogens irrespective of body mass. Though there are many drugs currently 

targeted to improve glucose utilization, many of which have additional anti-inflammatory 
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effects, it is still unclear if drugs specifically targeting inflammatory signaling pathways will 

reverse existing pathology or provide additional benefits in combination with drugs that 

regulate classical metabolic pathways. Future research into how energy substrates modify 

immune cell function, the physiological function of FALCs, and the mechanisms of adipose-

immune crosstalk may aid in development of approaches to combat obesity-associated 

chronic diseases.
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Figure 1. 
Generation of inflammation in adipose tissue. Adipocyte death releases cytosolic 

constituents and exposes the lipid droplet. Macrophages engulf or are activated by adipocyte 

constituents leading to macrophage production of cytokines. B cells are also activated 

leading to the production of antibodies and MHCII dependent T cell interaction which may 

contribute to insulin resistance. IL-1β secreted by macrophages and antigen presentation 

drives the clonal expansion of T cells and shifts the balance of T cells in adipose tissue from 

naïve to effector memory cells. Dashed lines indicate possible interactions between cells.
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