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Abstract 

 

Obesity is associated with chronic low-grade inflammation in visceral adipose tissue (VAT), 

which promotes the development of insulin resistance. The role of adaptive immunity in VAT 

inflammation has only recently been investigated. Initial studies suggest that VAT-resident 

regulatory T cells (Tregs) have a prominent role in suppressing VAT inflammation and 

correcting metabolic dysfunction in obese mice. I sought to investigate how Tregs in the VAT 

are regulated. 

Obesity is accompanied by a rise in insulin levels, and whether this hyperinsulinemia 

affects the progression of inflammation is not known. I first found that Tregs express the insulin 

receptor, and high levels of insulin inhibited IL-10 production and the ability of Tregs to 

suppress macrophages. In parallel, Tregs from the VAT of obese mice showed a similar decrease 

in IL-10 production, suggesting that hyperinsulinemia may contribute to the development of 

obesity-associated inflammation via an effect of insulin on Treg function. 

I then found that the majority of IL-10-expressing Tregs in the VAT expressed the ST2 

chain of the IL-33 receptor. The proportion of ST2+ Tregs in VAT was severely diminished in 

obese mice, and this effect could be completely reversed by treatment with IL-33. IL-33 

treatment also reversed VAT inflammation in obese mice, and resulted in a reduction of 

hyperinsulinemia and insulin resistance. These data suggested that IL-33 is critical for the 

maintenance of ST2+ Tregs in the VAT, and that delivery of IL-33 may be a new therapeutic 

approach to reverse obesity-associated Treg deficiency, inflammation and insulin resistance. 

It is not known whether Tregs and adipocytes can directly interact in the VAT. I found 

that soluble factors produced by adipocytes significantly increased survival and IL-10 production 
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from Tregs, and caused a shift towards oxidative metabolism in vitro. Similarly, Tregs resident 

in mouse VAT have substantially increased expression of IL-10 compared to those found in the 

periphery, indicating that the interaction between Tregs and adipocytes may contribute to the 

functional specialization of Tregs in the VAT. 

Taken together, these data suggest that insulin, IL-33 and adipocyte-produced factors 

regulate IL-10-expressing Tregs and their ability to control inflammation in the VAT. 
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Chapter 1: Introduction 

Obesity is a risk factor for developing insulin resistance, defined as the inability of cells such as 

adipocytes, hepatocytes and myocytes to respond normally to insulin and adequately activate 

pathways leading to glucose uptake. A commonly held view is that in a subset of obese, insulin-

resistant individuals, beta cell dysfunction ensues leading to decreased insulin production, poor 

blood glucose regulation, and ultimately type 2 diabetes (T2D) (1, 2). It is also possible that beta 

cell dysfunction arises prior to, or in parallel with, insulin resistance, since in some cases it can 

be detected well before the onset of T2D (3, 4). Investigation into why obesity is a risk factor for 

developing insulin resistance is an area of intense research, with increasing evidence for a major 

role of inflammation. Specifically, the development of excess adipose tissue (AT) is strongly 

associated with the development of chronic inflammation caused by infiltration of activated 

immune cells and over-production of pro-inflammatory cytokines. Mechanistically, pro-

inflammatory cytokines, such as TNF-α, can cause serine phosphorylation and inactivation of 

insulin receptor substrate-1 (IRS-1), and hence block insulin receptor (InsR) signaling in 

multiple cell types, including adipocytes and hepatocytes (Figure 1.1) (5, 6). As a result, PI3K 

cannot be effectively recruited to the InsR, and its downstream activation of Akt and 

translocation of GLUT4 to the plasma membrane are abrogated. Interestingly, visceral adiposity 

is more tightly linked with metabolic abnormalities than subcutaneous adiposity (7, 8), possibly 

because visceral AT (VAT) is more vulnerable to loss of immune regulation and hence 

inflammation. For example, mast cell infiltration and a proportional decrease in T regulatory 

cells (Tregs) are more prominent in visceral than subcutaneous AT of obese individuals (9-11). 

Whether the initiating trigger is adiposity, inflammation, and/or other factors remains unknown. 

Here I provide a brief review of recent studies that are beginning to reveal a central role for loss 
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of immune regulation as a major factor contributing to AT inflammation and obesity-associated 

pathologies.  

                          

Figure 1.1 TNFα signaling interferes with insulin receptor-mediated PI3K/Akt signaling. 

Ligation of the insulin receptor triggers IRS1-mediated recruitment of PI3K, leading to downstream signaling 

events, including the activating phosphorylation of Akt at Thr308. To fully be activated, Akt requires a second 

phosphorylation at Ser473 (12). Akt can then phosphorylate AS160 to induce the translocation of GLUT4 (13), and 

activate mTORC1 to promote protein synthesis (14). TNFα signaling leads to the activation of JNK and IKK, which 

can both phosphorylate IRS1 at inhibitory serine residues (5, 6), thereby dampening InsR signaling. Green and red 

dots represent activating and inhibiting phosphorylation, respectively. 

 

1.1 Adipose tissue inflammation is driven by innate and adaptive immune cells 

Obesity-associated inflammation has long been attributed to the presence of elevated levels of 

pro-inflammatory cytokines. Only recently, however, have the cellular sources of these cytokines 

been investigated in detail, with current evidence pointing to roles for both innate and adaptive 
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immune cells in obese AT. In terms of innate immune cells, one of the defining features of AT 

inflammation in obesity is a marked increase in the accumulation of macrophages that surround 

adipocytes in “crown-like structures” (15, 16). In contrast to the M2 macrophages typically 

found in lean AT, the macrophages in inflamed adipose tissue are predominantly inflammatory 

M1 macrophages that produce substantial amounts of pro-inflammatory cytokines such as TNF-α 

(17). In addition to macrophages, there is growing evidence for a role of other innate immune 

cells. For example, the AT in obese mice is also infiltrated by CD11chighF4/80low dendritic cells, 

which have been shown to induce the differentiation of pro-inflammatory Th17 cells (18) and 

promote further macrophage infiltration (19). Similarly, mast cells, whose numbers are increased 

in obese AT, have also been shown to promote AT inflammation in obesity (20). Neutrophils 

also transiently infiltrate AT as early as 3 days after the initiation of high fat diet (HFD) in mice 

(21), and their production of elastase contributes to AT inflammation and may directly cause 

insulin resistance (22). Indeed, increased activity of neutrophil elastase has been detected in the 

serum of obese human subjects, and mice deficient in neutrophil elastase are protected against 

HFD-induced obesity and insulin resistance (23).  

Adaptive immune cells have likewise been implicated in AT inflammation. Both T cells 

and B cells accumulate in the VAT of obese mice (10, 11, 24-26), and their phenotypes are 

skewed towards pro-inflammatory subtypes. For example, both CD4+ and CD8+ T cells in obese 

AT express markers of effector memory cells and produce high amounts of IFN-γ (10, 27), 

suggesting that an over-active Th1 cell response could play a role in AT inflammation. 

Infiltrating CD8+ T cells also produce elevated levels of chemokines such as CCL5 and CXCL1, 

and thus contribute to the further recruitment of macrophages into AT (25, 27).  Interestingly, 

since obese AT-resident T cells exhibit limited TCR diversity (27), specific antigens may drive 
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these T cell responses. Although the nature of the relevant antigens remains unclear, there is 

some evidence that absorbed intestinal antigens could have a role (28). Studies using B cell-

deficient mice or antibody-mediated B cell depletion have also shown that B cells contribute to 

obesity-associated inflammation in the VAT (24) and systemically (26). Interestingly, Winer et 

al (24) found that B cells from obese HFD mice produce elevated levels of pathogenic IgG2c 

antibodies, and that via an Fc-dependent mechanism, transfer of serum IgG from these mice 

rapidly induced insulin resistance in recipient mice. DeFuria et al (26) did not, however, observe 

an increase in anti-nuclear autoimmune antibodies in HFD mice, but rather that follicular B cells 

promoted cell-mediated inflammation. Collectively these studies demonstrate that the 

progression of AT inflammation is strongly associated with over-active innate and adaptive 

immune responses. Which immune cells initiate the process, however, remains controversial. 

Although it is often argued that macrophages are the early perpetrators in an immune response, 

some studies suggest that infiltration by adaptive immune cells precedes macrophage 

accumulation (24, 29). 

 

1.2 Immune regulation is lost in obese adipose tissue 

In parallel to the increase in pro-inflammatory cells in obese AT, the steady-state high proportion 

of regulatory immune cells is also reduced (10, 11, 30). For example, in obese AT, macrophages 

undergo a phenotypic switch from the IL-10 producing M2 macrophages that normally occupy 

lean AT, to pro-inflammatory M1 macrophages (17, 31, 32). Normally, the predominant M2 

phenotype is maintained by IL-4, with eosinophils and Th2 cells thought to be major sources of 

this cytokine. Remarkably, ninety percent of IL-4-expressing cells in the AT are eosinophils, and 

evidence that AT M2 macrophages depend on IL-4 and IL-13-expressing eosinophils, suggests 
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these cells have an important role in sustaining alternative activation of macrophages in healthy 

AT (33). In support of a similar protective role for Th2 cells, transfer of wild-type but not 

STAT6-/- CD4+ T cells, which have impaired Th2 differentiation, into Rag1-/- mice on a HFD 

normalizes obesity-associated pathologies (10). Although the loss of Th2 cell-derived cytokines 

likely affects the state of AT macrophage polarization, it should be noted that T cell transfer into 

immunodeficient mice can also induce colitis, and consequent effects on weight, microbiome and 

immune homeostasis may confound interpretation of effects on the AT (34).  

 Another subset of regulatory immune cells which is normally found in AT is the invariant 

NKT (iNKT) cell. iNKT cells are enriched in lean AT compared to peripheral lymphoid organs, 

but their numbers are markedly reduced in obese AT (30, 35). Furthermore, mice lacking iNKT 

cells show increased insulin resistance and weight gain on HFD, correlating with increased 

infiltration of pro-inflammatory macrophages into the AT (30). As an increasing number of 

studies report the effects of immune modulation on weight gain/loss, it is important to study if 

these changes could be due to effects on parameters such as food intake, energy expenditure, 

and/or changes in anatomical distribution of energy stores rather than direct effects on 

metabolism. 

 In addition to a predominance of the M2 variety of macrophages, the VAT in lean mice 

contains a substantially higher proportion of CD4+FOXP3+ Tregs within the CD4+ T cell 

population than is found in the peripheral lymphoid organs (11); and this proportion is markedly 

reduced in obese VAT. Through their broad range of suppressive activities (36), AT-resident 

Tregs could normally control the activity of many, if not all, of the types of immune cells that 

contribute to AT inflammation. Illustrating the central role of Treg-mediated regulation in 

metabolic homeostasis, acute depletion of Tregs by administration of diphtheria toxin to mice 
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expressing the diphtheria toxin receptor under control of the FOXP3 promoter, results in insulin 

resistance as indicated by reduced insulin-stimulated phosphorylation of the insulin receptor in 

VAT and liver (11). Interestingly, the phenotype of AT-resident Tregs is distinct from that of 

their peripheral counterparts, with a notable increase in IL-10 expression (11, 37). In addition to 

its classical anti-inflammatory function, IL-10 can also suppress TNF-α-induced insulin 

resistance in 3T3-L1 cells differentiated into adipocytes (17), suggesting that IL-10-producing 

Tregs could have relevant direct effects on adipocytes. An outstanding question is whether the 

Tregs that reside in obese AT are functionally normal or not. Although the proportion of Tregs is 

reduced, the absolute number of Tregs per gram of lean mouse AT is not significantly different 

from that in AT of obese HFD-fed mice (10), suggesting that factors in addition to a simple lack 

of sufficient numbers of Tregs contribute to a lack of immune regulation. In support of the 

possibility that Tregs in inflamed AT may be functionally defective, we found that Tregs from 

obese VAT of mice fed a HFD have reduced expression of IL-10 (38). Systemically, follicular B 

cells from obese mice also have reduced IL-10 production (26). More recently, B cells in the 

VAT of HFD mice have also been shown to express reduced levels of IL-10 (39). Hence, the 

overall reduction of IL-10 in obese AT (17) may reflect the combined loss of IL-10 producing 

M2 macrophages, Tregs and B cells.  

Overall, the loss of immune regulation clearly contributes to the development and/or 

exacerbation of AT inflammation in obesity, with combined deficits in the number and/or 

function of multiple types of regulatory cells leading to the inability to sustain M2 macrophages. 

Although what causes these immunoregulatory mechanisms to fail is unknown, inappropriate 

stimulation of pro-inflammatory cells, could be one of the inciting events.  

 



7 

 

1.3 Multiple factors contribute to the development of adipose tissue inflammation 

What initiates the reprogramming of immune cells in obese AT towards pro-inflammatory 

subtypes? The answer is likely a combination of different endogenous and exogenous danger 

signals. In terms of endogenous signals, saturated fatty acids directly activate TLR4 and TLR2 in 

macrophages, and even in adipocytes themselves, resulting in pro-inflammatory cytokine 

production (40, 41). Saturated fatty acids, specifically palmitate, can also activate the NLRP3 

inflammasome, causing maturation and release of IL-1β by macrophages (42). In addition to 

dietary sources, fatty acids are also released from adipocytes during lipolysis, a process that 

occurs at an increased rate in obese AT (43). Since macrophages surround adipocytes (15, 16), 

they would be one of the first immune cell types to encounter fatty acids and other endogenous 

danger signals, such as ATP, that may be released by dying adipocytes. Notably, TNF-α secreted 

by stimulated macrophages can further stimulate lipolysis (44), resulting in a positive feedback 

loop that exacerbates AT inflammation. Interestingly, fatty acids inhibit differentiation of IFN-γ-

producing Th1 cells (45), a finding that seems to contradict the observed accumulation of Th1 

cells in obese AT, which has high free fatty acid levels. This apparent paradox might be 

explained by the dominant contribution of other factors, such as leptin (see below), which favour 

Th1 cell accumulation. 

In addition to endogenous danger signals, pathogen associated molecular patterns 

(PAMPs), such as LPS, are also found at chronically elevated levels in the plasma of obese mice 

(46). In humans, high fat, high carbohydrate meals induce an increase in plasma LPS in as little 

as 2 hours (47). Since chronic low levels of LPS do not induce endotoxin tolerance in 

macrophages (48), a high-fat high-carbohydrate diet could result in chronic innate-immune 

driven inflammation. Moreover, obesity reduces adiponectin levels (49), and since adiponectin 
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can promote endotoxin tolerance (50), obesity may exacerbate the endotoxin-mediated effect by 

removing a potentially protective factor. Interestingly, a major source of PAMPs in obesity may 

be the intestinal microbiota: in mice, a HFD induces adherence and translocation of commensal 

bacteria from the intestine into the blood and AT, correlating with an increase in inflammatory 

cytokines (51). Moreover, a HFD causes a robust change in the composition of gut microbiota 

(52, 53), which could have a major influence on immune cell function (54). Thus a HFD could 

disrupt the intestinal epithelial cell barrier, and initiate inflammation by providing a source of 

microbial PAMPs and antigens that stimulate innate and adaptive immune cells in the VAT (28). 

A consideration is that inflammation itself may affect intestinal microbiota and barrier integrity; 

it is thus difficult to conclude with certainty that changes in intestinal microbiota precede and 

cause inflammation. Regardless, it is likely that changes in intestinal permeability contribute to a 

vicious cycle that exacerbates obesity-associated inflammation.  

Corresponding with the aforementioned increase in endogenous and foreign danger signals, 

several chemokines are up-regulated in obese AT compared to lean AT. The expression of 

CCL2, 3, 5, 7, 8, 11 and 20, as well as CXCL14 is elevated in obese AT (55-57), creating a 

strong chemotactic gradient for innate and adaptive immune cells. Many of the studies on 

chemokines in AT have focused on CCL2 (MCP-1), and systemic deletion of CCL2 prevents 

macrophage accumulation in AT and ameliorates insulin resistance (58). These data suggest that 

chemokines produced by AT-resident immune cells or adipocytes themselves, which can also 

produce chemokines (59), significantly contribute to the development of AT inflammation. 

An additional mechanism that could lead to obesity-related inflammation is a change in 

hormonal balance that affects regulatory immune cells. For example, leptin is an adipocyte-

derived hormone that is produced at elevated levels in obesity (60), and acts directly on T cells to 
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stimulate IFN-γ production, thereby promoting Th1 cell differentiation while suppressing Th2 

(61) and the proliferation of Tregs (62). Leptin-induced IFN-γ production can stimulate 

adipocytes to increase MHCII expression, causing a positive feedback pathway of T cell 

stimulation (29). Notably, leptin-deficient (ob/ob) and leptin-receptor-deficient (db/db) mice are 

often used as a model of obesity, and although these mice do become obese, leptin-mediated 

exacerbation of obesity-associated inflammation is absent. Hence the mechanisms driving AT 

inflammation in ob/ob and db/db mice may be distinct, especially in the T cell compartment, and 

likely cannot be directly extrapolated to wild-type mice. Counteracting the effects of leptin, is 

adiponectin, another adipokine, which promotes M2 macrophage polarization (63) and inhibits T 

cell activation (64). Thus a combination of increased leptin and reduced adiponectin production 

by adipocytes in obese AT worsens AT inflammation. 

 

1.4 Restoring immune regulation in obesity improves metabolic parameters 

Since AT inflammation plays a key role in the development of obesity-associated pathologies, it 

seems logical that restoration of immune regulation in targeted tissues could be therapeutic in 

insulin resistance and T2D. Interestingly, some of the currently used therapeutic strategies for 

T2D have previously unknown effects on inflammation and may actually restore immune 

regulation. For example, metformin, the most commonly used drug for T2D, enhances the 

proportion and numbers of Tregs by activating AMPK and promoting fatty acid oxidation, which 

is the primary biochemical pathway used by Tregs for cellular metabolism (45). Recently, it has 

also been shown that metformin therapy inhibits caspase-1 activation and IL-1β maturation in 

peripheral monocyte-derived macrophages human obese T2D subjects (65). PPARγ agonists, 

such as pioglitazone, are also commonly used in T2D and seem to have anti-inflammatory 
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effects. Compared to peripheral Tregs, AT-resident Tregs express high levels of PPARγ, and 

pioglitazone enhances the interaction between PPARγ and FOXP3 (11). Remarkably, treating 

obese mice with pioglitazone prevents the obesity-driven reduction of the proportion of Tregs in 

AT (11), induces apoptosis of AT macrophages (66), and favours the restoration of M2 

macrophages (31). However, whether or not the effects of these drugs on AT inflammation 

contributes to their mechanism of action is unknown. 

In addition to these pharmacological therapies, cell-based therapies that were originally 

designed to restore immune regulation in autoimmunity can also ameliorate obesity-associated 

pathologies in mouse models. For example, therapies that enrich Tregs, such as IL-2/anti-IL-2 

complexes or anti-CD3 antibodies, can alleviate both inflammation and insulin resistance in 

HFD models (10, 11, 67). Cell therapy with regulatory CD4+LAP+ T cells has a similar effect 

(67), as does increasing iNKT cell numbers by adoptive cell transfer, delivery of α-

galactosylceramide to expand iNKT cells and stimulate production of IL-4 and IL-10 (30), or 

depletion of B cells using anti-CD20 antibodies (24). In humans, it seems unlikely that anti-

inflammatory therapy alone will be effective in T2D, and it will be important to test combination 

therapies that target both immune and metabolic parameters. 

 

1.5 Summary 

Obesity-associated AT inflammation appears to be caused by infiltration of inflammatory 

immune cells and a parallel loss, or functional re-programming, of immunoregulatory cells 

(Figure 1.2). Together, these changes lead to a variety of positive feedback pathways that not 

only sustain chronic inflammation, but also contribute to the development of insulin resistance. 

Now that the essential roles of innate and adaptive immunity in metabolic dysregulation are 
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recognized, a future area of focus will be to determine whether strategies that are designed to 

restore immune regulation can prevent and/or reverse this process. Many of the therapies that 

could be tested are already known to work in the setting of “traditional” immune-mediated 

diseases, and it will be of great interest to investigate whether these approaches will be similarly 

effective in metabolic diseases.  

 

Figure 1.2 The loss of immune regulation in obesity-associated AT inflammation. 

 Lean AT contains regulatory immune cells (blue) that suppress pro-inflammatory immune cells (red) and sustain 

alternative activation of macrophages via Th2-associated cytokines. Adipocytes in lean AT are of normal size and 

produce adiponectin, which has anti-inflammatory properties. In contrast, obese AT is infiltrated with pro-

inflammatory immune cells that produce high amounts of inflammatory cytokines and chemokines. M1 

macrophages accumulate in crown-like structures around hypertrophic adipocytes that have increased rate of 

lipolysis, secreting free fatty acids (FFA) that can serve as endogenous danger signals to stimulate production of 
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inflammatory cytokines, such as TNF-α. Adipocytes in obese AT also have increased leptin production, which 

promotes Th1 cells and inhibits Treg expansion. The gut barrier is disrupted in obesity, causing gut antigens and 

pathogen-associated molecular patterns such as LPS to enter the AT and stimulate inflammation. Furthermore, 

immune cells in the blood migrate into the AT in response to heightened chemokine production. 

 

1.6 Objectives 

Among immunoregulatory mechanisms in the AT, Tregs have a major role in the regulation of 

AT inflammation in obesity. As discussed above, the population of Tregs in the AT dwindles in 

obesity, and the restoration of normal AT Tregs could be beneficial for controlling AT 

inflammation and insulin resistance. Curiously, these AT-resident Tregs are phenotypically 

distinct from those in the periphery. These findings led us to ask the following research 

questions: 

 What causes the inhibition of Tregs in obese AT? 

 How can we therapeutically reverse the Treg deficit in obese AT? 

 Why do Tregs residing in the AT have a distinct phenotype from those in the periphery? 

My overall objective was to find mechanisms that regulate AT-resident Tregs and their ability to 

control obesity-associated AT inflammation. To answer the above research questions, I devised 

three independent objectives: 

1. To determine whether insulin-mediated activation of the AKT pathway inhibits Treg 

function (Chapter 2) 

2. To determine whether IL-33 can be used to expand AT Tregs, reverse AT inflammation 

and ameliorate insulin resistance in obesity (Chapter 3) 

3. To determine whether soluble factors made by adipocytes contribute to the unique 

phenotype of AT-resident Tregs (Chapter 4) 
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Chapter 2: Insulin inhibits IL-10 mediated Treg function: implications for 

obesity 

 

2.1 Introduction 

One of the hallmarks of obesity is a marked rise in plasma insulin (68), with recent evidence 

suggesting that hyperinsulinemia may even be required for obesity (4). The canonical role of 

insulin is to promote glucose uptake in cells such as adipocytes, hepatocytes and myocytes, a 

function that is primarily mediated via insulin receptor-mediated stimulation of the AKT 

pathway (5, 69). Notably, the AKT signaling pathway also has a major role in regulating the 

development and function of Tregs, and hence immune tolerance and inflammation. For 

example, relatively low activity of the AKT pathway is essential for the normal development and 

function of Tregs (12). In addition, fully developed Tregs normally have diminished AKT 

activity in response to T cell receptor (TCR) or IL-2 stimulation (70, 71), and forced AKT 

activation inhibits their function (12, 70, 72). Downstream of AKT, mTOR activation is also 

linked to reduced Treg differentiation and function (73-75), providing a molecular mechanism 

for why the mTOR inhibitor rapamycin promotes tolerance (76, 77).  

Because obesity-associated hyperinsulinemia is correlated with a reduction in Treg 

proportion (10, 11), we hypothesized that insulin may have biological effects on Tregs via the 

AKT/mTOR pathway. Here, we show that in contrast to TCR stimulation, insulin strongly 

activates AKT signaling in Tregs. Activation of AKT results in specific inhibition of IL-10 

production and reverses the ability of Tregs to suppress TNF-α production from macrophages. 

Similarly, Tregs isolated from the VAT of obese, hyperinsulinemic mice were specifically 
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impaired in IL-10 production and produced significantly higher amounts of IFN-γ. Together 

these data reveal a previously unknown link between metabolism and immunity and suggest that 

insulin-stimulated activation of the AKT pathway in Tregs is important for regulation of IL-10 

production and may contribute to the perpetuation of chronic inflammation in obesity. 

 

2.2 Materials and methods 

Mice. Mice were C57Bl/6 (B6), B6 FOXP3-EGFP (78) or B6 FOXP3-mRFP (79) x IL-10-EGFP 

(80) mice (6-12 weeks old; the Jackson Laboratory or bred in-house). Where indicated, 3-4 week 

old male mice were placed on normal chow diet or 58 kcal% fat with sucrose diet (Research 

Diets Inc.) for 13 or 16 weeks. 

Glucose tolerance tests and determination of homeostatic model assessment of insulin 

resistance (HOMA-IR). For glucose-tolerance testing, eight hour fasted mice were orally 

gavaged with 2 g/kg body weight glucose. Glycemia was measured using a OneTouch Ultra 2 

glucometer, and plasma insulin was determined using Luminex technology (Millipore, USA).  

HOMA-IR was calculated as fasting blood glucose (mmol/l) x fasting insulin (mU/ml) / 22.5 as 

described (81). 

Cell isolation. Spleens and lymph nodes were mashed. Epididymal fat pads (visceral adipose 

tissue, VAT) were minced and digested with collagenase type II (Worthington) for 1h at 37°C 

with shaking. The stromal-vascular fraction was obtained after centrifugation, and passed 

through a cell strainer. CD4+ T cells were isolated with EasySep CD4+ selection kit (StemCell 

Technologies), and CD25+ selection was performed with CD25 microbeads (Miltenyi Biotec). 

For gene expression analysis, CD4+ T cells were sorted into CD4+FOXP3-EGFP+ Tregs and 

CD4+FOXP3-EGFP- T conventional (Tconv) cells to a >98% purity on a FACSAria. 
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Cell culture and signaling. RPMI-1640 was supplemented with 5 or 10% FBS, HEPES, and 

penicillin G and streptomycin. FBS contains a relatively small amount of endogenous insulin 

(0.002 ng/ml) (6), whereas serum insulin concentrations in obese hyperinsulinemic humans can 

rise to as high as 38 ng/ml upon glucose challenge (82). To mimic these conditions, where 

indicated, T cells were cultured with 0, 10 or 100 ng/ml insulin (Sigma-Aldrich) in the presence 

of 25 U/ml IL-2 for 24h, then stimulated with plate-bound α-CD3 (10 μg/ml), soluble α-CD28 (2 

μg/ml) and 100 U/ml IL-2 in continuous insulin (0, 10 or 100 ng/ml). After 4 days, cell free 

conditioned media was collected. In some cases 25 nM rapamycin, 2 μM Akti1/2 or 2 μM 

UO126 (Sigma-Aldrich) was present throughout the culture. For suppression assays, irradiated 

APCs and soluble α-CD3 (0.7 μg/ml) were used to stimulate CFSE- or cell proliferation dye 

eFluor670 (eBioscience)-stained Tconvs that were co-cultured without or with Tregs (4:1 ratio) 

for 3 days. For cell signaling, CD4+ T cells were rested in serum free RPMI for 4h, or overnight 

in RPMI 1% FBS then serum free RPMI for 4h for VAT-derived cells, then stimulated with 10 

μg/ml insulin, or 10 μg/ml αCD3 and 4 µg/ml αCD28 for the indicated time points. Activation 

was arrested by fixation in fix/perm buffer (eBioscience), and methanol in the case of pS6, then 

phosphorylation was detected with α-pAKT (Ser473) and α-pS6 (Ser235/236) Abs (Cell 

Signaling Technology) using flow cytometry by measuring the geometric mean fluorescence 

intensity (MFI). 

Flow cytometry and ELISA. All flow cytometry and ELISA antibodies were commercially 

obtained from BD Pharmingen or eBioscience. For insulin receptor staining, cells were fixed and 

permeabilized with a Transcription Factor Staining Buffer Set (eBioscience), and stained with 

anti-FOXP3 (eBioscience) and insulin receptor β (4B8) rabbit mAb (Cell Signaling Technology) 

antibodies, followed by subsequent staining with Alexa Fluor 647 labeled-anti rabbit IgG (H+L) 
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antibody (Life Technologies). Isotype control was rabbit (DA1E) mAb IgG XP isotype control 

(Cell Signaling Technology). Flow cytometry was performed on BD FACSCanto or LSR II, and 

analysis was performed using FlowJo 8.7.  

Bone marrow derived macrophages (BMDM). BMDMs were differentiated with GM-CSF for 

6 days then incubated with 10 ng/ml IL-10, or media containing 12.5% of medium conditioned 

by Tregs or Tconvs (prepared as above with or without insulin) for 4 hours, then 10 ng/ml of 

LPS was added for 20 hours.  

RT-PCR analysis. Gene expression was measured on Applied Biosystems 7500 Fast Real-Time 

PCR System. Primer sequences were: 18s, CAAGACGGACCAGAGCGAAA (5’) and 

GGCGGGTCATGGGAATAAC (3’); IL-10, TTGCCAAGCCTTATCGGAAA (5’) and 

TGCTCCACTGCCTTGCTCTT (3’). Data were normalized to 18s. 

Statistical analysis. Student’s T tests or Mann-Whitney tests were used to analyze significance. 

The p values are indicated as follows: * p < 0.05 and ** p < 0.01.  

 

 

2.3 Results 

2.3.1 Insulin activates the AKT pathway in Tregs.  

Insulin is arguably the best-characterized activator of AKT signaling. Since Tregs have 

diminished activation of the AKT pathway in response to TCR (12, 72) or IL-2 stimulation (71), 

we investigated if Tregs would be similarly hyporesponsive to insulin. To test this, CD4+ T cells 

were purified from B6 mice, stimulated with insulin for various times, then analyzed by flow 

cytometry to measure the amounts of AKT Ser473 phosphorylation in FOXP3+ Tregs versus 
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FOXP3- Tconv cells. As shown in Fig. 2.1A, surprisingly insulin-induced AKT phosphorylation 

was significantly higher in Tregs than Tconv cells, which is the opposite of how these cells 

respond to TCR stimulation (Fig. 2.2). To test if signaling downstream of AKT was also higher 

in Tregs, we measured insulin-induced phosphorylation of ribosomal protein S6, which is 

dependent on the activation of mTORC1 (14) (Fig. 2.1B). Similar to AKT, insulin-stimulated S6 

Ser235/236 phosphorylation was significantly higher in Tregs compared to Tconv cells. This 

greater response to insulin in Tregs compared to Tconv cells was not related to differences in 

expression of the insulin receptor, since Tregs and Tconvs express equivalent levels of the 

receptor ex vivo or after 72 h of TCR activation (Fig. 2.1C). These data indicate that despite the 

poor ability of TCR or IL-2 to stimulate the AKT pathway in Tregs (71, 72), they are fully 

competent to activate this pathway upon exposure to insulin.  
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Figure 2.1 Insulin activates AKT in Tregs. 

(A-B) CD4+ T cells were purified from spleens and stimulated with 10 μg/ml insulin for the indicated times. 

Phosphorylation of (A) AKT Ser473 (n = 8) or (B) S6 Ser235/236 (n = 12) relative to unstimulated controls was 

measured by flow cytometry in Tregs and Tconvs cells gated as CD4+FOXP3+ or CD4+FOXP3- cells, respectively. 

MFIs relative to time 0 and representative histograms (with absolute MFIs indicated in brackets) are shown. 

Amounts of phosphorylation in unstimulated (t=0) Tregs and Tconv cells were equivalent. (C) Insulin receptor 

expression was measured by flow cytometry on FOXP3- Tconvs and FOXP3+ Tregs ex vivo, or after 72 hours of 

stimulation with α-CD3 and α-CD28 (n = 3-5). The MFI of the isotype control is shown. Error bars represent SD.   
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Figure 2.2 TCR stimulation does not activate AKT in Tregs. 

CD4+ T cells were purified from spleens and stimulated with 10 μg/ml insulin or 10 μg/ml αCD3 + 4 µg/ml αCD28 

for the indicated times. Phosphorylation of AKT Ser473 (n = 2) relative to unstimulated controls was measured by 

flow cytometry in Tregs and Tconvs cells gated as CD4+FOXP3+ or CD4+FOXP3- cells, respectively. Error bars 

represent SD. 

 

2.3.2 Insulin selectively inhibits IL-10 production by Tregs via AKT/mTOR 

activation.  

Tregs suppress immune cells via a number of different mechanisms including production of 

inhibitory cytokines (83). Since high AKT activity is associated with loss of Treg function (12, 

70, 72), we asked whether exposure to insulin might affect one or more of these suppressive 

mechanisms. Tregs and Tconv cells were isolated, cultured overnight in 0, 10 or 100 ng/ml of 

insulin to stimulate the AKT pathway, and then stimulated via the TCR. Neither cell proliferation 

nor survival was affected by insulin (Fig. 2.3A&B), and consistent with our previous studies of 

forced AKT activation in Tregs (72), insulin-induced AKT activation did not reduce FOXP3 

expression in Tregs (Fig. 2.4A). We then measured expression of surface proteins associated with 

contact-dependent Treg suppression, including CTLA-4, CD39, CD25 and LAP, but did not find 
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any significant effect of insulin (Fig. 2.4B). To test if insulin might affect cytokine-mediated 

suppression, Tregs and Tconv cells were stimulated for 4 days, and the amounts of secreted IL-

10 and TGF- were measured by ELISA (Fig. 2.4C). In contrast to the lack of effect on TGF- 

production, 10 and 100 ng/ml of insulin significantly inhibited the production of IL-10 by 40.9 ± 

22.0% and 39.9 ± 13.2%, respectively.  

 

 

Figure 2.3 Insulin does not affect apoptosis and proliferation of Tregs and Tconvs. 

Tregs and Tconvs were cultured with 0, 10 or 100 ng/ml insulin for 24h, then stimulated with plate bound α-CD3 

and soluble α-CD28 in the continuous presence of 0, 10 or 100 ng/ml insulin for 3 days. (A) Apoptosis was 

measured with Annexin V and 7AAD, and (B) proliferation was measured via CFSE dilution (representative data 

from n = 2). Error bars represent SD. 
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Figure 2.4 Insulin specifically inhibits IL-10 production by Tregs. 

 (A-C) CD4+CD25+ Tregs and CD4+CD25- Tconv cells were cultured with 0, 10 or 100 ng/ml insulin for 1 day, then 

stimulated with α-CD3, α-CD28 mAbs and IL-2 for 4 days in the continual presence of 0, 10 or 100 ng/ml insulin. 

(A) The proportion of cells expressing FOXP3, and (B) the expression of CTLA-4, CD39, LAP and CD25 were 

measured in FOXP3+ Tregs and FOXP3- Tconvs via flow cytometry (n = 3-12). (C) Supernatants were collected, 

and IL-10 (n = 12) and TGF-β (n = 5) were measured via ELISA. Error bars represent SD.   
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To determine whether the specific effect of insulin on IL-10 production was dependent on 

insulin-induced activation of AKT signaling, we used inhibitors of AKT (Akti1/2), mTOR 

(rapamycin) or the AKT pathway-unrelated kinase MEK1/2 (UO126), which is also activated by 

insulin (84). Tregs or Tconv cells were cultured overnight in 0, 10 or 100 ng/ml insulin in the 

presence or absence of the indicated inhibitors, then stimulated via the TCR for 4 days. As 

shown in Fig. 2.5A&B, inhibitors of the AKT pathway (Akti1/2 and rapamycin), but not MEK1/2 

pathway (UO126), completely reversed the inhibitory effect of insulin on IL-10 production. Fig. 

3A displays a representative experiment, and the cumulative data in Fig 3B were normalized to 

account for the fact that, as expected, Akti1/2 and rapamycin reduced cell proliferation and 

caused an overall reduction in IL-10. Thus, insulin-mediated suppression of IL-10 production 

was dependent on AKT and mTOR, but not the MEK/ERK signaling pathway.  

 

 

Figure 2.5 Insulin inhibits IL-10 production by Tregs via the AKT/mTOR pathway. 
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(A-B) CD4+CD25+ Tregs and CD4+CD25- Tconvs were cultured with 0, 10 or 100 ng/ml insulin for 1 day, then 

stimulated with α-CD3, α-CD28 mAbs and IL-2 for 4 days in the continual presence of 0, 10 or 100 ng/ml insulin, in 

the presence or absence of 2 μM Akti1/2, 25 nM rapamycin or 2 μM UO126. Supernatants were collected and IL-10 

was measured via ELISA. In (A) the representative absolute amounts of IL-10 and in (B) the average fold change in 

IL-10 compared to the without insulin condition is shown (n = 5-12). Error bars represent SD. 

 

2.3.3 Insulin impairs the ability of Tregs to exert cytokine-mediated suppression.  

Since IL-10 is one of the major mechanisms used by Tregs to suppress target cells (83, 85, 86), 

we next tested whether insulin alters Treg suppressive function. Tregs were cultured with or 

without insulin for 24 hours, then tested for their ability to suppress the proliferation of Tconv 

cells (Fig. 2.6A) in an assay that is known to be cytokine independent (87). Consistent with our 

finding that insulin did not affect molecules associated with contact-dependent mechanisms of 

suppression, insulin had no effect on Treg-mediated suppression of Tconv cell proliferation. 

Similar results were obtained with co-culture suppression assays in the presence or absence of 

insulin using Tregs that had not been pre-treated with insulin (data not shown). Moreover, insulin 

did not affect the proliferation of Tconv cells in this assay (Fig. 2.2B). 
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Figure 2.6 Insulin inhibits the ability of Tregs to suppress TNF-α production by macrophages via soluble 

factors. 

(A) CD4+CD25+ Tregs were cultured with 0, 10 or 100 ng/ml insulin for 24h, then added in increasing numbers to 

CFSE-labeled CD4+CD25- Tconvs cells. The co-cultures were stimulated with anti-CD3 mAbs and irradiated APCs 

for 3 days in the absence of insulin. Tconv cell proliferation was measured by CFSE dilution and division index 

(DI). (A) Representative data and average percent suppression from multiple experiments at a 4:1 ratio of 

Tconvs:Tregs are shown (n = 3). (B) Bone marrow derived macrophages (BMDMs) were incubated with 10 ng/ml 

rIL-10, or media with 12.5% of media that had been conditioned by CD4+CD25+ Tregs or CD4+CD25- Tconvs in 
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the presence or absence of α-IL-10 blocking mAbs (n = 2-5). (C) BMDMs were incubated with media containing 

12.5% of medium conditioned by CD4+CD25+ Tregs that had been stimulated with α-CD3, α-CD28 and IL-2 with 

0, 10 or 100 ng/ml insulin (n = 3) for 4 hours. BMDMs were then stimulated with 10 ng/ml LPS and cultured for an 

additional 20 hours and TNF-α production was measured. The % suppression of TNF-α release compared to cultures 

without Treg conditioned medium is shown. Error bars represent SD. 

 

To test if insulin affects contact-independent Treg suppression, we tested the effects of 

insulin on the ability of Tregs to reduce TNF-α production by macrophages (Fig. 2.6B&C). Bone 

marrow derived macrophages (BMDMs) were incubated for 4 hours in media that was 

conditioned by Tregs activated in the absence or presence of insulin, then stimulated with LPS. 

After 20 hours, TNF-α production was measured. As expected, addition of recombinant IL-10 

effectively inhibited TNF-α production. Similarly Treg conditioned media suppressed TNF-α 

production by an average of 70.5 ± 7.5%. Addition of neutralizing α-IL-10 mAbs blocked the 

suppression of TNF-α production by the Treg-conditioned media, and further potentiated its 

production, demonstrating that Treg-mediated suppression of TNF- is IL-10-dependent. In 

contrast to the effects of Tregs, media conditioned by Tconv cells significantly enhanced TNF-α 

production by an average of 464 ± 112 %. Tconv cells alone produced an average of 2.3 ± 0.3 

ng/ml TNF-α (n = 3) (data not shown), and since only 12.5% of the total BMDM media is 

conditioned by Tconv cells, they only made a minor contribution to these elevated levels of 

TNF-α. 

Next we asked how exposure to insulin affected Treg-mediated suppression of 

macrophages. BMDMs were stimulated with LPS with or without supernatants from Tregs that 

had been cultured in the absence or presence of insulin. These supernatants had reduced 

concentrations of IL-10 due to the effect of insulin on Tregs as shown in Fig. 2.3C. Exposure of 
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Tregs to 10 and 100 ng/ml insulin reduced their ability to suppress TNF-α by 46.8 ± 23.7% and 

58.1 ± 12.1%, respectively. Addition of insulin itself did not affect TNF-α production by 

BMDMs (Fig. 2.7). These data show that exposure of Tregs to high levels of insulin impairs their 

ability to exert cytokine-mediated suppression of macrophages via IL-10. 

 

        

Figure 2.7 Insulin does not affect TNF-α production by macrophages. 

Bone marrow-derived macrophages were cultured with 0, 10 or 100 ng/ml insulin for 4 hours, then 10 ng/ml LPS 

was added and the macrophages were cultured for a further 20 hours. TNF-α in the culture media was measured via 

ELISA (n = 3). Error bars represent SD.  

 

2.3.4 Tregs from obese, hyperinsulinemic mice have reduced IL-10 and increased 

IFN- expression. 

We next examined the phenotype of Tregs residing in the VAT in a hyperinsulinemic 

environment in vivo. As expected in a model of diet-induced obesity, serum insulin levels were 

substantially increased to 9.48 ± 3.43 ng/ml in B6 FOXP-EGFP mice fed a high fat/sucrose diet 

(HFD) for 16 weeks compared to 3.17 ± 1.41 ng/ml in mice fed a normal chow diet mice (NCD) 

(Fig. 2.8A). Furthermore, mice fed a HFD had increased body weight (Fig. 2.9A), and impaired 

glucose tolerance and insulin sensitivity, as measured by an oral glucose tolerance test and 
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HOMA-IR calculation (Fig. 2.9B-C). These data are consistent with a previous report using the 

same diet (88) and confirm the suitability of the model to ask how changes in insulin sensitivity 

affect immune cells. 

 

 

Figure 2.8 Tregs in the VAT of obese hyperinsulinemic mice are present in reduced proportions, but express 

normal levels of proteins that mediate contact-dependent suppression. 

(A) B6 FOXP3-EGFP mice were fed a high fat/sucrose diet (HFD) for 16 weeks and their serum insulin levels were 

measured (n = 8). (B) The percentage of FOXP3+ Tregs of CD4+ cells was measured in spleen and VAT of NCD 

and HFD mice (n = 5). Representative plots of VAT CD4+ cells and their FOXP3+ Treg gates are shown. (C) The 

absolute numbers of CD4+FOXP3- Tconv cells and CD4+FOXP3+ Tregs per grams of tissue were measured (n = 3-

4). (D) Expression of CTLA-4, CD39, CD25 and LAP on Tregs and Tconvs from spleen and VAT of HFD and 

NCD mice were measured by flow cytometry (n = 2-4).  Error bars represent SD.  
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Figure 2.9 HFD mice have increased body weight and have impaired metabolic parameters. 

C57Bl/6 mice were fed a HFD or normal diet for 16 (A) or 13 (B-C) weeks. (A) Their body weights were measured 

(n = 24). Error bars represent SD. (B) Oral glucose tolerance test was performed on fasted mice. Blood glucose and 

plasma insulin levels are shown (n = 4). (C) HOMA-IR is calculated using fasting glucose and fasting insulin 

concentrations to measure insulin resistance (n = 4). Error bars represent SEM. 

 

 The proportion of Tregs amongst total CD4+ T cells was normal in the spleen of HFD 

mice, but reduced from 32.8 ± 3.9 % in NCD to 16.4 ± 1.1% in the VAT of HFD mice (Fig. 

2.8B). However, NCD and HFD mice had equivalent numbers of Tregs per gram of VAT tissue 

(Fig. 2.8C) (10, 11, 89) due to the increase in immune cell infiltration in this setting. Since diet-

induced obesity causes insulin resistance in adipocytes residing in VAT (90), we examined the 

ability of VAT Tregs from HFD mice to respond to insulin and found that they remained 

sensitive to insulin as judged by induction of AKT phosphorylation (Fig. 2.10A). Furthermore, 

Tregs remained sensitive to insulin in the presence of TNF-α (Fig. 2.10B), which has been shown 

to promote a loss of insulin signaling in adipocytes (91). 
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Figure 2.10 Tregs from HFD mice remain sensitive to insulin. 

(A) B6 mice were fed a HFD or normal diet for 16 weeks, then CD4+ T cells were isolated from spleen and VAT 

(n=2), and stimulated with 10 μg/ml insulin. AKT Ser473 phosphorylation was measured in FOXP3+ Tregs. 

Relative data and histograms are shown. (B) CD4+ T cells were isolated from spleens of B6 mice (n=2), and 

stimulated with 10 μg/ml insulin with or without 100ng/ml TNF-α. AKT Ser473 phosphorylation was measured in 

FOXP3- Tconvs and FOXP3+ Tregs. Relative data are shown. Error bars represent SD. 

 

Whether or not Tregs in the VAT of HFD mice have an altered suppressive function has 

never been examined. To investigate whether Tregs in this environment are dysfunctional we 

measured expression of proteins associated with Treg suppressive capacity. Consistent with our 

in vitro data, in a setting of hyperinsulinemia in vivo, Tregs from the spleen or VAT of HFD 

mice had no significant change in expression of CTLA-4, CD39, CD25 or LAP in comparison to 

cells from NCD mice (Fig. 2.8D).  

We next examined IL-10 production in Tregs from NCD and HFD mice. Tregs were sorted 

as GFP+ cells from the spleen and VAT of FOXP3-GFP-reporter mice fed a NCD or HFD and 

expression of IL-10 mRNA was measured. We found that the Tregs from both the spleen and the 
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VAT of HFD mice had a significant reduction in the amount of IL-10 mRNA (Fig. 2.11A). To 

confirm these data at the protein level, we fed FOXP3-RFP x IL-10-EGFP mice a NCD or HFD, 

then analyzed spleen and VAT Tregs by flow cytometry (gating shown in Fig. 2.8B). Both the 

MFI of IL-10 and percentage of IL-10hi cells indicate that VAT Tregs produce markedly higher 

levels of IL-10 compared to splenic Tregs (Fig. 2.11B). In VAT Tregs from HFD mice however, 

production of IL-10 was significantly reduced compared to Tregs from NCD mice.  

 

Figure 2.11 Tregs in hyperinsulinemic obese mice have reduced expression of IL-10 and increased expression 

of IFN-γ. 
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(A) CD4+FOXP3- Tconv cells and CD4+FOXP3+ Tregs were FACS sorted from spleen or VAT of FOXP3-GFP 

mice fed a NCD or HFD, and expression of IL-10 mRNA was measured by quantitative RT-PCR (n = 2-3). (B) B6 

FOXP3-RFP x IL-10-EGFP mice were fed a HFD or NCD, then IL-10-EGFP expression was measured in FOXP3-

RFP+ Tregs from the spleen and VAT. The average MFI, % of IL-10hi cells and representative histograms are shown 

(n = 8-9). (C) IFN-γ production of Tregs and Tconv cells in spleen and VAT of NCD and HFD mice was measured 

via flow cytometry. Representative and average data are shown (n = 3). Error bars represent SD.  

Treg dysfunction is associated with induction of expression of effector cytokines such as 

IFN- and IL-17 (92). Therefore, in parallel to IL-10, we measured production of IFN- in HFD 

versus NCD mice. As expected, HFD mice had an enhanced TH1 response in the VAT (10), as 

evidenced by an increased proportion of IFN-γ+ Tconv cells. VAT, but not splenic Tregs in HFD 

mice also had a significant increase in IFN-γ expression: 15.1 ± 0.4 % of Tregs from HFD 

mice expressed IFN-γ compared to only 6.9 ± 1.8 % in NCD mice (Fig. 2.11C). Expression of 

IL-17 was not detectable under any conditions (data not shown). These data suggest that in HFD 

mice, VAT Tregs may lose their lineage stability and take on a TH1-like phenotype.  

 

2.4 Discussion 

Insulin has long been known as a metabolic hormone that regulates glucose homeostasis, and its 

physiological effects on myocytes, hepatocytes and adipocytes in health and disease are well 

established. Little is known, however, about the effects of insulin on immune cells, and its 

effects on Tregs have never been investigated. Here, we show that Tregs express the insulin 

receptor, and we reveal a novel physiological role for insulin: regulation of IL-10 production and 

the suppressive function of Tregs. Tregs resident in the VAT of hyperinsulinemic mice produced 
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significantly less IL-10 than lean mice fed a normal diet, suggesting that changes in metabolism 

may specifically affect this mechanism of Treg suppression.  

Tregs normally have dampened TCR- or IL-2-induced AKT phosphorylation at Ser473, at 

least partly due to high expression of the protein phosphatase PHLPP (70, 71). This low AKT 

signaling is functionally relevant for Tregs, as forced activation of the pathway by over-

expression of active forms of AKT or deletion of inhibitory phosphatases blocks their normal 

development and function (12, 70, 72). We show here, however, that unlike TCR or IL-2 

stimulation, insulin-induced activation of AKT was significantly higher in Tregs compared to 

Tconv cells, suggesting that Tregs may be uniquely responsive to this hormone. Insulin-induced 

AKT activation also resulted in the activation of mTORC1, as judged by phosphorylation of 

ribosomal protein S6, a downstream target of mTORC1 (14). This finding provides the first 

evidence that Tregs are not universally hyporesponsive to stimulation of the AKT pathway. 

The effect of insulin on Tregs was remarkably specific: inhibition of IL-10 production 

without any effect on other proteins associated with Treg function, including CTLA-4, CD39, 

LAP, or TGF-. To the best of our knowledge, such a specific cytokine/growth factor-stimulated 

effect on IL-10 production by Tregs has not been previously reported. The insulin-mediated 

suppression of IL-10 production was dependent on AKT and mTOR, but not the MEK/ERK 

signaling pathway, which is also activated by insulin (84). Of the few studies that have 

investigated the relationship between AKT signaling and IL-10 production in Tregs, some have 

reported an inverse association between AKT activation and IL-10 production in Tregs (93, 94) 

much like our data; while other studies suggest the opposite (95-97). Thus, the role of AKT 

signaling in IL-10 production by Tregs may be context dependent. Our data suggest that of the 

major known mechanisms of Treg action, IL-10 production may be particularly sensitive to 
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modulation of the AKT signaling pathway, and that, in the context of insulin stimulation, AKT 

activation negatively regulates this aspect of Treg function.  

A well-established feature of obesity associated with hyperinsulinemia is chronic 

inflammation, characterized by a prominent infiltration of macrophages into adipose tissue, and 

an over-production of TNF-α (16, 98, 99). We found that insulin significantly inhibited the 

ability of Tregs to exert IL-10-mediated suppression of TNF-α production by macrophages. 

Tregs in HFD mice also produced lower amounts of IL-10, in accordance with a previous report 

that IL-10 expression in the total stromal-vascular fraction of VAT from HFD mice is reduced 

(17). Since IL-10 inhibits TNF-α, which is over-produced by macrophages in obese VAT (16, 

98), and can directly alleviate TNF-α-induced insulin resistance in adipocytes (17), reduced IL-

10 production by Tregs may directly contribute to both inflammation by macrophages and 

insulin resistance in non-immune cells.  

As a mouse model of obesity, HFD mice are known to be hyperinsulinemic, and have a 

reduced proportion of Tregs specifically in VAT, which is a key site for insulin resistance and 

chronic inflammation (100, 101). However, whether these Tregs are functionally altered, was 

hitherto unknown. Consistent with a previous study (10, 89), we found that, on a per gram of 

tissue basis, the absolute number of adipose Tregs was unchanged in HFD mice, indicating that a 

simple reduction in Treg numbers likely does not contribute to obesity-associated inflammation. 

Our data are the first to suggest that there is major functional impairment of Tregs in HFD mice, 

specifically their cytokine-dependent function. Furthermore, the proportion of Tregs making 

IFN-γ in HFD mice is significantly increased, possibly indicating a loss of Treg lineage stability 

in the HFD environment.  
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There is striking resemblance between insulin-treated Tregs in vitro and Tregs from the 

VAT of hyperinsulinemic obese mice. In both settings, Tregs encountered high levels of insulin, 

and in both, Tregs acquired a specific defect in IL-10 production, while retaining normal 

expression of other proteins associated with Treg function. Thus, our data suggest a possible 

pathological effect of insulin on Tregs in the setting of obesity, similar to an observation 

previously made in myeloid cells (102), where insulin receptor expression has been shown to 

contribute to the development of obesity-associated inflammation. In conclusion, Tregs become 

phenotypically altered in conditions of hyperinsulinemia, and the loss of IL-10 production and 

gain of IFN-γ could contribute to the immune dysregulation that ensues in VAT during obesity. 

Our data establish a new molecular and cellular paradigm for how hyperinsulinemia might affect 

inflammation in obesity. 
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Chapter 3: IL-33 reverses an obesity-induced deficit in visceral adipose tissue 

ST2+ Tregs and ameliorates adipose tissue inflammation and insulin 

resistance 

 

3.1 Introduction 

Obesity-associated visceral adipose tissue (VAT) inflammation is thought to result in insulin 

resistance and contribute to the development of type 2 diabetes (103, 104). Diet-induced obesity 

(DIO) results in infiltration of many pro-inflammatory immune cells into the VAT, with strong 

evidence that accumulation of macrophages producing pro-inflammatory cytokines, such as 

TNF-α and IL-6, have a major causal role in driving inflammation (17, 105). In parallel to 

expansion of inflammatory macrophages, obese VAT has a reduced proportion and function of 

anti-inflammatory FOXP3+ regulatory T cells (Tregs), which normally comprise a significant 

proportion of CD4+ T cells in lean VAT (10, 11, 38). In addition, mice in which Tregs are 

ablated have worsened VAT inflammation and insulin resistance (11). These findings have led to 

the hypothesis that poor Treg function in obese VAT is a major factor contributing to chronic 

VAT inflammation. In support of this possibility, treatments that enhance Tregs, such as 

administration of anti-CD3 (10), or IL-2 anti-IL-2 complex (11), or adoptive transfer of Tregs 

themselves (106), can improve insulin sensitivity.  

Tregs resident in lean VAT have a unique phenotype that is at least partly due to the fact 

they express PPARγ, a transcription factor associated with adipocyte differentiation and 

function, which co-operates with FOXP3 to drive a distinct VAT Treg gene signature (37). In 

addition, we previously showed that, in comparison to splenic Tregs, lean VAT-resident Tregs 
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express high levels of IL-10 (38). This high expression of IL-10 by VAT Tregs is specifically 

altered in diet-induce obesity: Tregs from obese VAT have a significant reduction in IL-10 

production, with unchanged expression of CTLA-4, CD39, CD25 or LAP (38). Since IL-10 is 

necessary for Treg-mediated suppression of TNF- production from macrophages (38), this 

obesity-induced change in VAT Treg function likely contributes to inflammation and insulin 

resistance.  

Here we further investigated the phenotype of Tregs in lean VAT and found that, in 

comparison to Tregs in the spleen, or conventional T cells (Tconv) in lean VAT or spleen, they 

also express proportionately higher levels of the ST2 chain of the IL-33 receptor. The proportion 

of this pool of ST2+ Tregs is reduced in obese VAT, and can be completely restored by treatment 

with IL-33. Treatment with IL-33 also reduced VAT inflammation and ameliorated insulin 

resistance. Hence therapeutic maintenance of ST2+ Tregs in VAT by IL-33 may be a new 

approach to control obesity-associated inflammation and metabolic disorders.  

 

3.2 Materials and methods 

Mice and IL-33 injections. 4 week old male C57Bl/6 FOXP3-eGFP or C57Bl/6 FOXP3-RFP x 

IL10-GFP mice (bred in-house) were fed a normal chow diet (NCD, Lab Diets Cat #5053) or 58 

kcal% fat with sucrose diet (Research Diets Inc. Cat # D12331) for 14-16 additional weeks. 

Diets were not matched for micronutrients. Where indicated, mice were then injected I.P. for 10 

consecutive days with 0.5µg/day of recombinant IL-33 or PBS (eBioscience), while maintained 

on their respective diets, and were sacrificed 10 days after the start of treatment. To determine 

metabolic effects of IL-33, 10 consecutive days of injections were followed by one injection 

every 2-3 days of 0.5µg IL-33 or PBS. Fasting blood glucose and plasma insulin levels were 
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measured at 14 and 17 days after the start of treatment. All animal studies were approved by the 

Canadian Council on Animal Care. 

 

Cell isolation and in vitro generation of ST2+ Tregs. Spleens and epididymal fat pads (VAT) 

were processed as described (38). The stromal-vascular fraction (SVF) was obtained after 

centrifugation, and passed through a cell strainer. Intestines were minced and digested with 

collagenase, and live cells were isolated using Percoll density centrifugation. Bone marrow-

derived dendritic cells (BMDCs) were differentiated with GM-CSF and 10ng/ml IL-4 in RPMI 

and 10% FCS for 7 days, then purified as CD11c+ cells (STEMCELL Technologies), and rested 

overnight in complete media, with or without 10ng/ml of IL-33. CD4+ T cells were magnetically 

sorted (STEMCELL Technologies) from spleens. A ratio of 10 T cells to 1 DC were cultured 

with 0.01-0.1g/ml anti-CD3 (2C11, BD) in the presence or absence of 10ng/ml IL-33 for 5 

days. 

 

Flow cytometry, RT-PCR and cytokine analysis. All flow cytometry and ELISA antibodies 

were commercially obtained from BD Pharmingen or eBioscience. A portion of VAT was 

immediately immersed in lysis buffer and dissociated using gentleMACS (Miltenyi Biotec) for 

analysis of gene expression. Data were normalized to 18s. The SVF from digested VAT was 

cultured overnight at 2x106 cells/ml, and amounts of secreted IL-6 were measured in the culture 

media by cytometric bead array (BD). 

 

Determination of blood glucose, insulin and homeostatic model assessment of insulin 

resistance (HOMA-IR). Mice were fasted for 4-6 hours at day 14 and 17 after the start of 
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treatment, respectively. Blood glucose was measured using a OneTouch Ultra 2 glucometer, and 

plasma insulin was measured by ELISA (ALPCO). HOMA-IR was calculated as fasting blood 

glucose (mmol/l) x fasting insulin (mU/l) / 22.5 as described (81).  

Statistical analysis. Unpaired Student’s T tests were used to analyze significance. The p values 

are indicated as follows: * p < 0.05 and ** p < 0.01. 

 

3.3 Results 

3.3.1 A majority of Tregs in lean VAT express ST2 and Th2 cell associated markers. 

We previously found that Tregs resident in VAT express high levels of IL-10 which is likely 

involved in restraining the production of pro-inflammatory cytokines from macrophages (38). To 

further characterize the phenotype and function of VAT Tregs, we asked whether these cells also 

express ST2, one of chains of the IL-33 receptor, since expression of this protein has recently 

been reported on Tregs resident in other tissues (107, 108). Single cell suspensions from the 

VAT of 20-week-old mice maintained on NCD were analyzed by flow cytometry. We found that 

54.5 ± 14.3% (n = 14) of VAT Tregs expressed ST2, compared to just 2.9 ± 0.9% (n = 14) of 

splenic Tregs (Fig. 3.1A). In addition, only 6.8 ± 4.2% (n = 14) of CD4+FOXP3- conventional T 

cells (Tconvs) in the VAT expressed ST2. CD4+FOXP3+ Tregs in the VAT also had high 

expression of CD25, CTLA-4 and CD39 regardless of whether or not they express ST2 (Fig. 

3.2A). VAT Tconvs expressed significantly higher levels of CD25, CTLA-4 and CD39 compared 

to splenic Tconvs, albeit at lower levels than on Tregs, and interestingly, ST2+ Tconvs in the 

VAT express increased levels of CD25 compared to ST2- Tconvs (Fig. 3.2A). The proportion of 

Tregs expressing ST2 in lean VAT was significantly higher than in the intestinal lamina propria, 

in which an average of 17.7 ± 0.4% (n = 3) of Tregs expressed ST2 (Fig. 3.2B).  
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Figure 3.1 Phenotypically distinct ST2+ Tregs populate lean VAT. 

(A) The percentages of ST2+ cells (n = 14), and (B) mean fluorescence intensities of CCR4 (n = 14) and GATA3 (n 

= 6) on gated CD4+FOXP3+ Tregs and CD4+FOXP3- Tconvs from the spleen and VAT of 20 weeks old NCD mice 

were analyzed by flow cytometry. The mean fluorescence intensities of (C) CCR4 (n = 14) and GATA3 (n = 6), (D) 

percentages of IL-10hi (n = 6), (E) mean fluorescence intensities of Nrp1 (n = 7), and (F) percentages of Helios+ cells 

(n = 7) in ST2+ versus ST2- FOXP3+ Tregs in the VAT of 20 weeks old NCD mice are shown. Plots and histograms 

shown are representative data. Graphs show averages (A, D, F) or paired biological replicates (B, C, E) from the 
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number of mice indicated analyzed in 3-4 (A-C) or 2 (D-F) independent experiments. Error bars represent SD. * p < 

0.05 and ** p < 0.01. 

 

ST2 expression has also been previously been linked to Th2 cells (109, 110), thus, we 

measured expression of Th2-associated proteins CCR4 and GATA3 in VAT Tregs. We found 

that VAT Tregs expressed significantly higher levels of CCR4 and GATA3 than splenic Tregs 

(Fig. 3.1B), but did not express Th2-related cytokines such as IL-13 and IL-5 (data not shown). 

VAT Tconvs expressed slightly higher levels of GATA3, but not of CCR4, compared to splenic 

Tconvs (Fig. 3.1B). By comparison, VAT Tregs did not express increased levels of Th1- (TBET, 

CXCR3) or Th17- (RORγt) associated proteins (Fig. 3.2C). However, VAT Tregs expressed 

significantly more CCR6 than splenic Tregs (Fig. 3.2C), but so did VAT Tconvs, indicating that 

this change is not Treg specific.  
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Figure 3.2 Characterization of VAT CD4+FOXP3+ Tregs. 

(A) The expression of CD25, CTLA-4 and CD39 amongst CD4+ FOXP3+ and CD4+ FOXP3-, and their ST2+ and 

ST2- subpopulations in the spleen and VAT of 20 weeks old NCD mice were analyzed by flow cytometry (n = 3-5). 

(B) The percentage of ST2+ cells on gated CD4+FOXP3+ Tregs and CD4+FOXP3- Tconvs from the spleen, VAT and 

intestinal lamina propria of 20 weeks old NCD mice were analyzed by flow cytometry (n = 3-12). (C) Mice were fed 

a NCD or HFD for 16 weeks and the expression of CXCR3, TBET, CCR6 and RORγt on Tregs and Tconvs in 

spleen and VAT was measured by flow cytometry (n = 4). Graphs show averaged data. Plots and histograms show 

representative data. Error bars represent SD. * p < 0.05 and ** p < 0.01. 
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To test if the expression of Th2 markers is associated with expression of ST2, we 

examined expression of CCR4 and GATA3 in ST2+ vs ST2- VAT Tregs. As shown in Fig. 3.1C, 

VAT-specific expression of GATA3 and CCR4 was restricted to ST2+ Tregs, indicating that ST2 

appears to specifically mark Tregs with a Th2-like phenotype. Of note, ST2+ Tconvs also 

expressed significantly more CCR4 than ST2- Tconvs (Fig. 3.1C).  Since GATA3 enhances the 

expression of IL-10 in CD4+ T cells (111), and VAT Tregs express high levels of IL-10 (38) we 

used FOXP3-RFP x IL10-GFP mice to determine the correlation between ST2+ and IL-10. 

Indeed, the vast majority (90.8 ± 6.7%, n = 6) of IL-10-expressing Tregs in VAT also expressed 

ST2, and by corollary, ST2+ Tregs in the VAT expressed significantly more IL-10 than did ST2- 

Tregs (Fig. 3.1D): 68.1 ± 13.1% of ST2+ Tregs expressed IL-10, compared to only 17.9 ± 9.1% 

of ST2- Tregs.  

To determine whether the Th2-like phenotype and IL-10 production by ST2+ Tregs was 

related to IL-33 signaling, we used BMDCs and IL-33 to differentiate ST2+ Tregs in vitro from 

splenic CD4+ T cells, which had very low levels of ST2 expression prior to stimulation (112). 

This culture system with IL-33 resulted in the induction of ST2+ Tregs which had increased 

expression of both CCR4 and IL-10 (Fig. 3.3A and B). 
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Figure 3.3 In vitro differentiated ST2+ Tregs have increased expression of CCR4 and IL-10. 

CD4+ T cells were co-cultured with bone marrow-derived DCs in the presence of 10ng/ml IL-33 and 0.01-0.1µg/ml 

anti-CD3 at a ratio of 10 T cells to 1 DC. (A) Representative plot depicting ST2 expression in Tregs is shown, and 

(B) the expression of CCR4 and IL-10 were measured in ST2+ and ST2- Tregs by flow cytometry. Representative 

and averaged data from n = 6 are shown. Error bars represent SD. * p < 0.05 and ** p < 0.01. 

 

Interestingly, ST2+ Tregs also had increased expression of neuropilin-1 (Nrp1) (Fig. 

3.1E), which is known to promote Treg survival and function (113). In contrast, analysis of 

Helios revealed no significant differences in expression between ST2+ and ST2- Tregs (Fig. 

3.1F), suggesting that these cells are comprised of similar proportions of thymically- and 

peripherally-derived cells. 

 

3.3.2 Obesity diminishes VAT-resident ST2+ Tregs. 

DIO results in a reduced proportion of VAT Tregs due to an expansion of pro-inflammatory 

Tconvs (10, 11). In addition, Tregs from obese VAT have diminished expression of IL-10, while 
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other suppressive mechanisms, including CD39, CTLA-4 and LAP, remain unchanged compared 

to cells in lean VAT (38). To investigate the effect of DIO on ST2+ Tregs, littermates to the lean 

NCD mice shown in Figure 3.1 were fed with a 58 kcal% fat with sucrose diet (HFD). We found 

that obese VAT had a substantially reduced proportion of ST2+ Tregs (Fig. 3.4A): 54.5 ± 14.3% 

(n = 14) of VAT Tregs expressed ST2 in lean VAT, compared to just 16.3 ± 7.1% (n = 14) in 

obese VAT from HFD mice. There was a similar HFD-induced reduction in the minor 

population of VAT Tconv cells that also expressed ST2.  

 

Figure 3.4 ST2+ Tregs are diminished in obese VAT. 

(A) The percentage of ST2+ cells (n = 14) and the mean fluorescence intensities of (B) CCR4 (n = 14), (C) GATA3 

(n = 6) and (D) Nrp1 (n = 7) in gated CD4+FOXP3+ Tregs versus CD4+FOXP3- Tconvs in the spleen and VAT of 
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mice that had been fed the indicated diet for 16 weeks were analyzed by flow cytometry. The mean fluorescence 

intensities of (E) CCR4 (n = 14), (F) GATA3 (n = 6) and (G) Nrp1 (n = 7) in ST2+ and ST2- Tregs from the VAT of 

NCD versus HFD mice were analyzed by flow cytometry. Representative data for Tregs gated as CD4+FOXP3+ 

cells are shown. Graphs show averages from the number of mice indicated analyzed in 4 (A-B, E), 3 (C, F) or 2 (D, 

G) independent experiments. Error bars represent SD. * p < 0.05 and ** p < 0.01. 

 

In parallel, VAT Tregs from HFD mice also had reduced expression of multiple proteins 

that were associated with ST2 expression, including CCR4, GATA3 and Nrp1 (Fig. 3.4B-D). 

VAT Tregs in HFD mice had a 56.9 ± 19.7% (n = 12) reduction in CCR4, and a 43.6 ± 12.9% (n 

= 6) reduction in the expression of GATA3.VAT Tconvs had a similar percentage reduction of 

GATA3, but no reduction in the expression of CCR4. Interestingly, HFD induced a large 84 ± 

11.6% (n = 3) reduction of Nrp1 in VAT Tconvs, compared to 53.4 ± 34.8% (n = 3) in VAT 

Tregs. The expression of Th1- (TBET, CXCR3) or Th17- (RORγt, CCR6) associated proteins on 

VAT Tregs was not affected by HFD (Fig. 3.2C).  

Within the populations of ST2+ Treg and ST2+ Tconvs in the VAT, DIO significantly 

reduced the expression of CCR4 (Fig. 3.4E) and Nrp1 (Fig. 3.4G), but not GATA3 (Fig. 3.4F). 

The expression of Nrp1 in ST2- Tregs and ST2- Tconvs was also down-regulated in HFD mice 

(Fig. 3.4G), indicating that both ST2+ and ST2- cells were affected by DIO. In addition, although 

the overall expression of CCR4, GATA3 and Nrp1 in total VAT Tregs and/or Tconvs was 

decreased in HFD mice, ST2+ Tregs and Tconvs retained higher expression of these proteins 

compared to ST2- cells (Fig. 3.5). 
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Figure 3.5 VAT ST2+ Tregs have increased expression of CCR4, GATA3 and Nrp1 in HFD mice. 

Mean fluorescence intensities of CCR4 (n = 14), GATA3 (n = 6) and Nrp1 (n = 7) in ST2+ versus ST2- Tregs in the 

VAT of 20 weeks old HFD mice were analyzed by flow cytometry. Graphs show paired biological replicates. * p < 

0.05 and ** p < 0.01. 

 

3.3.3 IL-33 reverses the reduction of ST2+ Tregs in obese VAT. 

Injection of IL-33 is known to expand peripheral ST2+ Tregs in a model of cardiac 

transplantation (114), so we asked whether in vivo administration of IL-33 could reverse the diet-

induced reduction of ST2+ Tregs in VAT. Mice were fed a NCD or HFD for 16 weeks, then 

injected intraperitoneally with IL-33, or PBS as a control, for 10 consecutive days. Notably, 10 

days of IL-33 treatment did not change the body weights of NCD or HFD mice (Fig. 3.6A and 

B). Mice fed a HFD had a significant reduction in the proportion of Tregs, and injection of IL-33 

completely reversed this effect, resulting in restoration of the normal proportions of Tregs (Fig. 
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3.7A). IL-33 also significantly increased the absolute number of Tregs per gram of VAT. 

However, IL-33 did not increase the numbers of Tconvs, and, contrary to a previous report (114), 

IL-33 injections did not expand Tregs in the spleen. 

 

 

Figure 3.6 10 days of IL-33 administration does not affect body weights. 

Mice were fed a NCD (n = 2-3) or HFD (n = 8) for 16 weeks, and then injected with PBS or IL-33. Weights were 

measured before (d0) and after treatment (d10), and shown as (A) averaged data. Error bars represent SD. (B) Paired 

analysis comparing the weights of mice before and after treatment of each replicate. Each line represents one mouse. 

* p < 0.05 and ** p < 0.01. 

 

IL-33 administration also increased the proportion of ST2-expressing Tregs in the VAT 

by three fold in HFD mice, resulting in restoration of the normal population balance of VAT 

ST2+ Tregs found in lean NCD control mice (Fig. 3.7B). The absolute number of ST2+ Tregs per 

gram of VAT increased by eight fold, whereas the number of ST2+ Tconvs was not significantly 
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affected. GATA3 expression and Ki67 staining were also increased in VAT Tregs of HFD mice 

receiving IL-33 treatments (Fig. 3.7C and D). Injection of IL-33 also upregulated ST2 expression 

on VAT Tconvs by four fold, and on splenic Tregs by two fold, although the overall proportion 

of ST2+ cells in these populations always remained significantly lower than that of VAT Tregs.  

 

Figure 3.7 IL-33 treatment reverses the deficit of ST2+ Tregs in obese VAT. 

(A-D) Mice were fed a HFD for 16 weeks, then injected with PBS or IL-33 for 10 days. (A) The percentage of 

FOXP3+ Tregs of CD4+ cells in the spleen and VAT (n = 9), and the absolute number of cells per gram of VAT (n = 

7) was determined by flow cytometry. (B) The percentage (n = 9) and absolute number (n = 7) of ST2+ cells, (C) 

mean fluorescence intensity of GATA3 (n = 4) and (D) the percentage of Ki67+ cells (n = 5-6) in gated 

CD4+FOXP3+ Tregs and CD4+FOXP3- Tconvs in the spleen and VAT were measured. Dot plots and histograms 

shown are representative data from VAT. Representative dot plots of NCD mice injected with PBS for 10 days are 

also shown for (A-B). Percentages and MFI shown are averages from the number of mice indicated analyzed in 3 (A-

B) or 2 (C-D) independent experiments. Absolute numbers in (A-B) are representative data from 1 of 2 independent 

experiments. Error bars represent SD. * p < 0.05 and ** p < 0.01. 
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3.3.4 IL-33 treatment reduces VAT inflammation. 

We next asked whether the IL-33-induced restoration of ST2+ Tregs in the VAT of HFD mice 

was accompanied by a reduction in inflammation. As expected, compared to NCD mice, HFD 

mice had an increase in F4/80+ macrophages infiltrating the VAT, and this was almost 

completely reversed by IL-33 administration (Fig. 3.8A). By comparison IL-33 did not 

significantly alter the proportion of CD4+, CD8+ or CD11c+ cells in the VAT (Fig. 3.9C). RT-

PCR analysis of the VAT revealed that IL-33 treatment of HFD mice also reduced the expression 

of Tnfα mRNA in the VAT (Fig. 3.8B), but did not significantly affect levels of Ccl2 or Il10 

mRNA (Fig. 3.9D). We also isolated the SVF from the VAT, which contains all VAT-resident 

immune cells, and measured the amount of IL-6 released in the culture media. SVF cells isolated 

from the VAT of HFD mice that had been injected with IL-33 produced significantly less IL-6 

than did SVF cells isolated from HFD mice receiving PBS (Fig. 3.8C). Indeed, IL-33 

administration was able to reduce TNFα and IL-6 in the VAT to the level of expression found in 

lean NCD control mice, as indicated by the dashed lines (Fig. 3.8B and C).  
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Figure 3.8 IL-33 administration reduces VAT inflammation. 

(A-C) Mice were fed a HFD for 16 weeks, then injected with PBS or IL-33 for 10 days. (A) The percentages of 

F4/80+ macrophages of total live cells in the spleen and VAT were analyzed by flow cytometry (n = 6-7). (B) The 

relative amounts of Tnfα mRNA in the VAT were detected by quantitative RT-PCR (n = 6-7). (C) The average 

amounts of IL-6 produced by SVF cells during overnight culture were measured by cytometric bead array (n = 4). 

The dashed lines indicate the average values from the VAT of NCD mice injected with PBS for 10 days. Graphs 

show averages from the number of mice indicated analyzed in 2 independent experiments. Error bars represent SD. 

* p < 0.05 and ** p < 0.01. 
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Figure 3.9 IL-33 administration does not affect the expression of CCL2 and IL10 mRNAs in the VAT. 

Mice were fed a NCD (n = 2-3) or HFD (n = 8) for 16 weeks, and then injected with PBS or IL-33. (A) The 

percentages of CD4+, CD8+ and CD11c+ cells of total live cells in the spleen and VAT were determined by flow 

cytometry (n = 4-8). (B) The relative amounts of CCL2 and IL10 mRNA in the VAT were detected by quantitative 

RT-PCR (n = 4-6). The dashed lines indicate the average values from the VAT of NCD mice injected with PBS for 

10 days. All graphs show averaged data. Error bars represent SD. * p < 0.05 and ** p < 0.01. 

 

3.3.5 IL-33 treatment ameliorates insulin resistance in diet-induced obese mice 

To determine whether IL-33-induced resolution of VAT inflammation could also lead to an 

improvement of metabolism, mice fed a HFD for 16 weeks were injected with IL-33 for 10 

consecutive days to expand VAT Tregs and reduce VAT inflammation, followed by one 

injection every 2-3 days. At days 14 and 17, mice were fasted for 4-6 hours, and their fasting 

blood glucose and serum insulin were measured and the HOMA-IR, (homeostatic model 

assessment-insulin resistance), a mathematical equation used to estimate insulin resistance using 

fasting blood glucose and insulin levels (115), was calculated. There was no significant 
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difference in body weights between PBS and IL-33 treated mice before and after treatment (Fig. 

3.10A); however, paired analysis revealed IL-33 injections resulted in a reduction of body weight 

after 14 and 17 days of treatment, whereas PBS injections did not (Fig. 3.10B). IL-33 

significantly reduced fasting glycemia and amounts of plasma insulin (Fig. 3.10C and D). 

Consequently, the HOMA-IR, was reduced to normal levels in mice receiving IL-33 treatment 

(Fig. 3.10E), indicating a significant improvement in insulin resistance.  

 

Figure 3.10 IL-33 treatment reverses insulin resistance in diet-induced obese mice. 

(A-E) Mice were fed a HFD for 14-15 weeks, then injected with PBS or IL-33 for 10 consecutive days followed by 

one IL-33 injection ever 2-3 days. (A) Averaged body weights were measured before treatment (d0) and after 14 and 

17 days (n = 6). (B) Paired analysis of body weights before and after PBS or IL-33 treatment with each line 

representing one mouse (n = 6). (C) Fasting plasma insulin (n = 4) and (D) fasting blood glucose (n = 4) were 

measured at day 14 and 17 after initial treatment. (E) HOMA-IR (n = 4) was determined as an indicator of insulin 

resistance. Dashed lines indicate normal levels found in control NCD mice. Graphs show averaged data from the 

indicated number of mice per group analyzed in 2 independent experiments. Error bars represent SD. * p < 0.05 and 

** p < 0.01. 
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3.4 Discussion 

A deficit in FOXP3+ Tregs in the VAT is thought to be a key factor in the development of 

adipose inflammation, resulting in the accumulation of pro-inflammatory macrophages and 

cytokines which promote insulin resistance (5, 6, 11, 89, 103, 105, 116). Here, we show that the 

VAT contains a large proportion of ST2+ Tregs which have a phenotype that is distinct from 

ST2- Tregs and consistent with cells likely to have superior stability and IL-10-dependent 

suppressive function. IL-33 can be used therapeutically to completely reverse the diet induced 

obesity-associated reduction in the proportion of ST2+ Tregs, resulting in reduced VAT 

inflammation and improved metabolic health of obese mice. Thus manipulation of ST2+ Tregs 

may be a new approach to control obesity-associated inflammation and insulin resistance. 

 Previous studies have shown that the VAT of lean mice is populated with a high 

proportion of Tregs that are phenotypically unique compared to peripheral Tregs due to high 

expression of PPARγ (11, 37) and IL-10 (38). Our study adds to this knowledge by showing that 

the majority of Tregs in lean VAT express ST2, and that they can be therapeutically expanded 

with IL-33. Thus VAT Tregs may be uniquely sensitive to IL-33, possibly requiring continual 

IL-33 stimulation for their survival, stability and/or function (107, 112, 114). A previous study 

reported that Tregs in the colon also express ST2 (107). Interestingly, we found that the 

proportion of ST2+ Tregs was significantly higher in lean VAT compared to Tregs isolated from 

the whole intestinal lamina propria, suggesting that the IL-33:ST2 axis could be relatively more 

influential in VAT compared to the intestine.  

ST2+ Tregs as well as ST2+ Tconvs in lean VAT expressed increased levels of the Th2-

related proteins GATA3 and CCR4 (117, 118). Similar to VAT Tregs, ST2 expression on 

colonic Tregs is also associated with GATA3 expression (107). As GATA3 promotes Treg 
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stability and function (119, 120), VAT resident ST2+ Tregs may be more stable and potent than 

their ST2- counterparts. In support of this hypothesis, ST2+ Tregs also have enhanced expression 

of IL-10 compared to ST2- Tregs. Since IL-10 produced by Tregs inhibits TNF-α production by 

macrophages (38), and IL-10 is well known to limit obesity-associated inflammation (16, 98) 

and TNF-α-induced insulin resistance (17), ST2+IL-10+ Tregs are likely key regulators of 

immune responses in the VAT. Evidence that ST2+ Tregs also express increased levels of Nrp1, 

which is critical for the maintenance and function of Tregs (113), further supports the hypothesis 

that ST2+ Tregs possess superior stability and function. Although ST2+ Tregs are not more 

suppressive than ST2- Tregs in in vitro suppression assays (112, 114), evidence that ST2-

deficient Tregs have attenuated suppressive function in vivo (107), supports the notion that this 

subset may have unique functional properties.   

In obese VAT, not only is the frequency of Tregs reduced, but also the proportion of the 

remaining Tregs expressing ST2 is severely diminished. As a result, there was an overall 

reduction in the expression of CCR4, GATA3 and Nrp1 in VAT Tregs. It remains unclear 

whether this reduction is due to the loss of ST2+ Tregs, selective expansion of ST2- Tregs, and/or 

an intrinsic change in the phenotype of VAT resident ST2+ Tregs. Since, as discussed above, the 

expression of ST2, GATA3 and Nrp1 have all been associated with Treg expansion, stability and 

function, the phenotype of Tregs in obese VAT suggests these cells may be less potent. This 

possibility is supported by our previous finding that Tregs from obese VAT have diminished 

expression of IL-10 (38). Since the HFD and NCD were not micronutrient matched, we cannot 

exclude the possibility that there may also be obesity-independent, but diet-related effects. 

Therapeutic IL-33 administration corrected the obesity-associated deficit in VAT ST2+ 

Tregs, suggesting that IL-33 is sufficient to maintain a pool of functionally-specialized VAT-



55 

 

resident ST2+ Tregs. IL-33 increased both the proportion and absolute numbers of ST2+ Tregs, 

indicating that IL-33 induced the active expansion of ST2+ Tregs. In contrast, although IL-33 

treatment increased the proportion of ST2+ Tconvs, their absolute number did not significantly 

change. Evidence that IL-33 reprograms DCs to selectively expand ST2+ Tregs (112), and the 

paucity of ST2+ Tregs which could respond to IL-33 in HFD mice raises the possibility that, at 

least initially, the effect of IL-33 on the expansion of ST2+ Tregs may be indirect. Contrary to a 

previous report (114), we found that IL-33 injections did not expand Tregs in the spleen, 

possibly because the 20 week old mice used in these experiments had a higher age-related (121) 

proportion of Tregs in the spleen than the younger mice reported by Turnquist et al. (114).  

IL-33 therapy also reversed VAT inflammation in obese mice, reducing expression of 

TNF-α and IL-6 to the levels found in the VAT of healthy lean mice. Since macrophages express 

almost all of the TNF-α, and a significant amount of IL-6, in the VAT (16), changes in these 

cytokines likely originate from these cells. Although the reversal of VAT inflammation was 

correlated with the expansion of ST2+ Tregs in the VAT, IL-33 could also have many other 

effects in the adipose tissue including the activation of eosinophils (122) and ILC2-mediated 

beiging of VAT (123). IL-33 also affects macrophages; however, it is unclear whether IL-33 

promotes the polarization of alternatively-activated macrophages (124), or enhances 

inflammatory cytokine production (125), and studies of the effects of IL-33 specifically on VAT-

resident macrophages remain to be done. Thus the IL-33-mediated reduction of inflammation is 

likely due to a combination of anti-inflammatory effects of this cytokine on multiple cell types.  

Both TNF-α and IL-6 have previously been shown to induce insulin resistance in 

adipocytes (126, 127), leading us to the hypothesis that IL-33 may also improve the metabolic 

parameters of obese mice. One hallmark of obesity is an over-production of insulin, which at 
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high levels can inhibit IL-10-dependent Treg function (38). IL-33-induced reduction of 

hyperinsulinemia may thus dampen the inhibitory effect that insulin exerts on Tregs in obesity. 

Using HOMA-IR to estimate the severity of insulin resistance (115), we found that IL-33 

decreased the severity of insulin resistance in obese mice. Notably, we observed the metabolic 

effects of IL-33 at day 14, but not at day 10 (data not shown). Since IL-33 had already reversed 

VAT inflammation at day 10, the delayed improvement in insulin sensitivity may thus be 

subsequent to the effect of reduced inflammation. Longitudinal analysis of individual mice 

revealed that IL-33 treatment reduced body weight at day 14, coincident with improved 

metabolic parameters. Although the difference between the body weights of PBS versus IL-33-

treated mice was not significant, alleviation of insulin resistance may be partly related to the 

reduction of body weight.  

Our data is consistent with a recent report that the majority of VAT-resident Tregs 

express ST2, and IL-33 treatment promoted the increase of VAT Tregs, reduced VAT 

inflammation and improved glucose tolerance of HFD mice (128). In addition, we show that DIO 

diminishes ST2+ Tregs and the expression of ST2-associated proteins such as CCR4, GATA3 

and Nrp1. IL-33-mediated correction of the Treg deficit and VAT inflammation lasted as long as 

25 days after initial treatment (data not shown), suggesting a prolonged therapeutic effect. IL-33 

has also been reported to reduce genetically-driven insulin resistance in leptin deficient (ob/ob) 

mice (129). However, since ob/ob mice have an abnormal T cell compartment (130) and leptin 

has direct effects on T cells, including Treg proliferation (62), it is difficult to interpret these 

findings as they relate to T cells.  

In summary, we show that more than half of the Tregs in normal VAT have a unique 

Th2-like and ST2+ phenotype, and express markers associated with potent and activated Tregs 
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(i.e. IL-10, Nrp-1). Diet induced obesity severely diminishes the proportion of VAT Tregs with 

this phenotype, and this effect can be completely reversed by treatment with IL-33. Treatment 

with IL-33 also reverses the infiltration of macrophages into the VAT and the accumulation of 

pro-inflammatory cytokines. Subsequent to the reduction in inflammation, IL-33 reduces body 

weight, hyperinsulinemia and insulin resistance, resulting in an anti-obesity effect that targets 

multiple aspects of DIO. Thus IL-33-induced therapeutic expansion of ST2+ Tregs may be a new 

approach to control obesity-associated inflammation and insulin resistance. 
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Chapter 4: Adipocyte-derived factors increase IL-10 production by regulatory 

T cells and modulate their metabolic activity  

4.1 Introduction 

The adipose tissue (AT) is now recognized as an immunologically active compartment. Immune 

cells residing in the AT influence the metabolic parameters of the AT, and conversely, 

adipocytes can have effects on immune cells. Since macrophages were the first cells thought to 

contribute to adipose tissue inflammation, several groups have investigated the interaction 

between macrophages and adipocytes. The over-production of pro-inflammatory cytokines, such 

as TNF-α by macrophages is thought to interfere with insulin signaling in adipocytes and 

promote insulin resistance in the AT of obese mice and humans (105, 131). The influence of 

adipocytes on macrophages has been studied, but the results remain inconclusive. For example, 

some studies suggest that adipocytes or adipocyte-derived soluble factors promote the production 

of pro-inflammatory cytokines such as IL-6 (132-134) and TNF-α (132) by macrophages. On the 

contrary, others have suggested anti-inflammatory effects of adipocytes such as the inhibition of 

IL-12p40 secretion (135) and polarization towards M2 macrophages (136). Adipocyte-derived 

factors have also been described to increase IFN-γ production and proliferation of CD4+ T cells 

(137), indicating that a wide range of immune cells may directly interact with adipocytes.  

More recently, regulatory T cells (Tregs) have been shown to partake in controlling the 

inflammatory milieu of the AT and preventing insulin resistance in obesity (10, 11). AT-resident 

Tregs are phenotypically distinct than those found in the periphery or other tissues due to their 

high expression of PPARγ (34, 37). These data suggest that their unique phenotype may be a 

result of modulation by their neighboring adipocytes, but whether or not adipocyte-derived 
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factors can affect Tregs is not known. Notably, AT-resident Tregs have substantially increased 

expression of the anti-inflammatory cytokine IL-10 (38), indicating that they may have superior 

suppressive function compared to peripheral Tregs. Since Tregs residing in the AT are distinct 

and can be found in close proximity to adipocytes, we asked whether adipocytes-derived factors 

can influence their phenotype and function.  

Here, we show that 3T3-L1 adipocyte-derived factors enhance the production of IL-10 

by Tregs, thereby increasing the ability of Tregs to suppress macrophages. Interestingly, 3T3-L1 

adipocyte-derived factors increase the rate of cellular metabolism of Tregs, and that this 

modulation of cellular metabolism is required for the effects of adipocytes on IL-10 production.  

 

4.2 Materials and methods 

Mice and cell isolation. 8-12 week old male C57Bl/6 or C57Bl/6 FOXP3-RFP x IL10-GFP 

mice (bred in-house) were sacrificed, and spleens and lymph nodes were collected and mashed. 

Bone marrows were obtained from the femur and tibia of C57Bl/6 or C57Bl/6 IL-10R2-/- mice. 

CD4+ T cells were isolated with EasySep CD4+ selection kit (StemCell Technologies), and 

CD25+ selection was performed with CD25 microbeads (Miltenyi Biotec).  

 

Cell lines maintenance and differentiation. 3T3-L1 cells were maintained in DMEM 

supplemented with 10% newborn bovine serum, and were differentiated into mature adipocyte-

like cells in DMEM supplemented with 10% FBS. Briefly, 3T3-L1 cells were cultured past 

confluence then incubated in media containing insulin, dexamethasone and 3-isobutyl-1-

methylxanthine for 2-3 days, followed by insulin containing media for 2-3 days (138). The cells 

were then cultured for an additional 3 days in DMEM 10% FBS to complete the differentiation. 
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Fully differentiated 3T3-L1 were cultured in fresh DMEM 10% FBS for 3 days, then the cell-

free media was collected and used as adipocyte-conditioned media in subsequent experiments. 

 

T cell culture. RPMI-1640 was supplemented with 10% FBS, GlutaMAX, HEPES, and 

penicillin G and streptomycin. T cells were stimulated with plate-bound α-CD3 (10 μg/ml), 

soluble α-CD28 (2 μg/ml) and 100 U/ml IL-2, and 50% of the media consisting of control (Ctrl: 

DMEM 10% FBS) media or adipocyte-conditioned media (CM: DMEM 10% FBS conditioned 

by differentiated 3T3-L1 adipocytes) for 2 or 4 days. For suppression assays, Tregs were pre-

incubated with control or conditioned media for 24 hours in the presence of IL-2, then co-

cultured with proliferation dye eFluor670 (eBioscience)-stained Tconvs (1 Treg:4 Tconvs ratio) 

in the presence of α-CD3/28 coated beads for 4 days. Where indicated, 2.5nM oligomycin, 7nM 

rotenone + 45nM Antimycin A, 50µM etomoxir, 0.5mM 2-Deoxy-D-glucose (2-DG), 20nM 

rapamycin or 2µM Akti-1/2 were added to the culture media. 

 

Bone marrow derived macrophages (BMDM). BMDMs were differentiated with GM-CSF for 

6 days then incubated with 10 ng/ml IL-10, or media containing 12.5% of medium conditioned 

by Tregs or Tconvs (cultured as above with control or conditioned media) for 4 hours, then 10 

ng/ml of LPS was added for 20 hours.  

 

Flow cytometry, ELISA, cytometric bead array and RT-PCR. All flow cytometry and 

ELISA antibodies were commercially obtained from BD Pharmingen or eBioscience. Fixable 

viability dye eFluor780 was purchased from eBioscience. Cytometric bead array was performed 
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using BD CBA mouse Th1/Th2/Th17 kit (BD Biosciences). RT-PCR data were normalized to 

18s ribosomal RNA.  

 

Metabolic assays. T cells were stimulated for 4 days in control or conditioned media, then were 

adhered onto 96 well plates using Cell Tak (BD) in unbuffered media in a non-CO2 incubator for 

1 hour. Glycolysis results in the release of protons from cells, and thus the extracellular 

acidification rate (ECAR) can be used as an indication of glycolytic rate. Oxygen is consumed in 

the mitochondria during OXPHOS, and the oxygen consumption rate (OCR) is used as a 

measure of the rate of OXPHOS.  ECAR was measured using a Glycolysis Stress Test Kit 

(Seahorse Bioscience), and OCR was measured using a Mito Stress Test Kit (Seahorse 

Bioscience). ECAR and OCR was measured using an XFe96 Extracellular Flux Analyzer 

(Seahorse Bioscience) (139). 

 

Statistical analysis. Unpaired Student’s T tests were used to analyze significance. The p values 

are indicated as follows: * p < 0.05 and ** p < 0.01. 

 

4.3 Results 

4.3.1 Adipocyte-derived factors delay T cell activation and enhance Treg viability. 

To obtain adipocyte-derived factors, we differentiated 3T3-L1 cells, an immortalized cell line 

which has been widely used to study adipocyte biology, into mature adipocytes. Differentiated 

3T3-L1 cells were cultured for 3 days to obtain adipocyte-conditioned media (adipo CM), and to 

investigate whether adipocytes can affect Tregs and Tconvs, we subsequently used this 

adipocyte-conditioned media to culture Tregs and Tconvs in vitro.  
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To determine whether adipo CM affected T cell activation, we stimulated Tregs and 

Tconvs with plate bound anti-CD3 and soluble anti-CD28 in the presence of IL-2, and measured 

the expression of activation marker CD44. After 24 hours of activation, adipo CM reduced the 

induction of CD44 expression on Tregs by 33.5 ± 0.7%, and on Tconvs by 57.2 ± 15.2% 

compared to control (Fig. 4.1A). After 48 hours of activation, adipo CM continued to attenuate 

CD44 expression by 38.7 ± 12.3% on Tregs, but the effect of adipo CM on CD44 expression by 

Tconvs were no longer evident. Adipo CM also mildly, but significantly, attenuated the up-

regulation of CD25 expression, another hallmark of T cell activation, by 22.8 ± 2.2% on Tregs 

after 24 hours of activation (Fig. 4.2A), but this effect was not apparent 48 hours post-activation. 

Adipo CM did not affect expression of CD25 by Tconvs. These data suggest that adipocyte-

derived soluble factors may have attenuated or delayed the activation of Tregs and Tconvs. 
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Figure 4.1 Adipocytes dampen CD44 up-regulation and enhances Treg viability. 

CD4+CD25+ Tregs and CD4+CD25- Tconvs were activated with plate bound α-CD3, soluble α-CD28 and IL-2 in the 

presence of control or adipo CM. (A) CD44 MFI was measured by flow cytometry after 24 or 48h (n = 3). (B) Cell 

viability was measured using eBioscience Fixable Viability Dye eFluor780, and (C) FOXP3 expression was 

measured by flow cytometry after 4 days of culture (n = 12). Dot plots and histograms show representative data. 

Graphs show averaged data. Error bars represent SD. * p < 0.05 and ** p < 0.01. 
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To ask whether adipo CM affects the viability of Tregs and the expression of Treg-

associated proteins, we cultured Tregs and Tconvs in control media or adipo CM for 4 days.  

Tregs that were cultured in adipo CM had a greater proportion of viable cells (51.0 ± 8.8%) 

compared to Tregs in control media (33.1 ± 7.4%) (Fig. 4.1B), whereas FOXP3 expression 

remained equivalent between Tregs cultured in adipo CM and control media (Fig. 4.1C). On the 

other hand, the percentage of viable cells and FOXP3 expression of Tconvs were not affected by 

adipocyte-derived factors. Exposure to adipo CM had no effect on the proliferation (Fig. 4.2B), 

and the expression of Treg-associated markers CTLA-4, CD25, ICOS, CD39 and LAP (Fig. 

4.2C). These data indicate that adipocyte-derived factors enhance the survival of Tregs in vitro. 
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Figure 4.2 Adipocytes do not affect proliferation, and the expression of CTLA-4, ICOS, CD39 and LAP by 

Tregs. 

CD4+CD25+ Tregs and CD4+CD25- Tconvs were activated with plate bound α-CD3, soluble α-CD28 and IL-2 in the 

presence of control or adipo CM. (A) The percentage of cells expressing CD25 was measured by flow cytometry 

after 24 or 48h (n = 3). (B) Proliferation was assessed by division index measured by the dilution of cell 

proliferation dye after 4 days of culture (n = 3). (C) The expression of levels of CTLA-4, CD25, ICOS, CD39 and 

LAP were measured by flow cytometry after 4 days of culture (n = 2-6). Graphs show averaged data. Error bars 

represent SD. * p < 0.05 and ** p < 0.01. 
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4.3.2 Adipocyte-derived factors enhance the production of IL-10 by T cells 

We next determined whether adipo CM affected the expression of proteins commonly associated 

with the suppressive function of Tregs. Tregs or Tconvs were stimulated in vitro in the presence 

of adipo CM or control media, and the release of IL-10 in the media was analyzed by ELISA. 

Adipo CM significantly enhanced Treg-produced IL-10 by 62 ± 20% (Fig. 4.3A). Using cells 

isolated from FOXP3-RFP x IL-10-GFP mice, flow cytometry analysis also showed that adipo 

CM significantly increased the expression of IL-10-GFP by 37 ± 12% in Tregs (Fig. 4.3B). 

Although not statistically significant, trends from these experiments suggested that adipo CM 

also increased IL-10 production by Tconvs. 

 

Figure 4.3 Adipocytes enhance IL-10 production by Tregs. 

(A) CD4+CD25+ Tregs and CD4+CD25- Tconvs were activated in the presence of control or adipo CM for 4 days, 

and the release of IL-10 into the media was measured vs ELISA (n = 6). (B) CD4+CD25+ Tregs and CD4+CD25- 

Tconvs from FOXP3-RFP x IL-10-GFP mice were activated in the presence of control or adipo CM for 48h, and the 

expression of IL-10 was detected by flow cytometry (n = 8-11). Histograms show representative data. Graphs show 

averaged data. Error bars represent SD. * p < 0.05 and ** p < 0.01. 
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To determine whether the up-regulation of IL-10 is specifically due to 3T3-L1 adipocytes 

rather than a general effect of media conditioned by any cell types, we performed the same 

experiment using 3T3 fibroblast-conditioned media. Contrary to adipo CM, 3T3-conditioned 

media inhibited the production of IL-10 by Tregs (Fig. 4.4), indicating that the effect on IL-10 

was not a general consequence of being cultured in CM. Using cytometric bead array, we found 

that adipo CM had no effect on the secretion of IFN-γ, IL-17A, TNF-α or IL-2 by Tregs (Fig. 

4.5). In agreement with the trends observed in Fig. 4.3, our cytometric bead array analysis 

showed that adipo CM significantly increased the production of IL-10 by Tconvs (Fig. 4.5). 

Furthermore, adipo CM also enhanced the secretion of TNF-α by Tconvs. Since adipo CM did 

not affect the expression of proteins important for Treg function, such as CTLA-4, CD39 and 

LAP (140) (Fig. 4.2C), these data suggest that adipocyte-derived factors were able to enhance 

IL-10 production by both Tregs and Tconvs. 

 

 

Figure 4.4 3T3 fibroblast-conditioned media reduce IL-10 production by Tregs. 

CD4+CD25+ Tregs and CD4+CD25- Tconvs were stimulated in the presence of control or 3T3 fibroblasts-

conditioned media for 4 days. The release of IL-10 into the media was measured by ELISA (n = 3). Graphs show 

averaged data. Error bars represent SD. * p < 0.05 and ** p < 0.01. 
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Figure 4.5 Adipocytes enhance the production of IL-10, but not IFN-γ, IL-17A, TNF-α and IL-2 by Tregs. 

CD4+CD25+ Tregs and CD4+CD25- Tconvs were activated in the presence of control or adipo CM for 4 days, and 

the release of IFNγ, IL-10, IL-17A, TNFα and IL-2 were measured by cytometric bead array (n = 6). Graphs show 

averaged data. Error bars represent SD. * p < 0.05 and ** p < 0.01. 

 

4.3.3 Adipocyte-derived factors enhance the IL-10-dependent suppressive function of 

Tregs 

IL-10 is a key anti-inflammatory cytokine produced by Tregs that is critical for controlling 

inflammation in vivo (85, 86), and adipose tissue-resident Tregs have been shown to express 

elevated levels of IL-10, indicating the importance of IL-10 in maintaining immune homeostasis 

in the adipose tissue (11, 38). Since adipo CM enhanced IL-10 production by Tregs, we 

investigated whether adipo CM has any effects on the ability of Tregs to suppress target cells.  
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Figure 4.6 Adipocytes promote the ability of Tregs to suppress macrophages. 

(A) CD4+CD25+ Tregs were cultured with control or adipo CM for 24h, then added in increasing numbers to CFSE-

labeled CD4+CD25- Tconvs cells. The co-cultures were stimulated with anti-CD3/28 beads for 4 days. Tconv cell 

proliferation was measured by CFSE dilution and division index (DI). Representative data of the suppression assay 

at a 4:1 ratio of Tconvs:Tregs are shown (n = 3). (B) Bone marrow derived macrophages (BMDMs) were incubated 

with media, or media containing 12.5% of medium conditioned by CD4+CD25+ Tregs that had been stimulated in 

the presence of control or adipo CM, for 4 hours. BMDMs were then stimulated with 10 ng/ml LPS and cultured for 

an additional 20 hours and TNF-α production was measured (n = 4-5). The % suppression of TNF-α release 

compared to cultures without Treg conditioned medium is shown. The left panel show representative data, and the 

right panel show averaged data. Error bars represent SD. * p < 0.05 and ** p < 0.01. 

 

As expected, prior exposure to adipo CM did not alter the ability of Tregs to suppress 

Tconvs in an assay which is known to be IL-10-independent (Fig. 4.6A). To test IL-10-dependent 
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suppression, we detected TNF-α production from macrophages cultured in media conditioned by 

Tregs that had been cultured in the presence of adipo CM or control media. We observed that 

exposure to adipo CM enhanced the ability of Tregs to suppress bone marrow-derived 

macrophages in a contact-independent manner in this assay (Fig. 4.6B). Tregs that had been 

exposed to adipo CM suppressed TNF-α production from macrophages by 75.8 ± 5.8%, whereas 

Tregs in control media suppressed TNF-α production by 60.4 ± 7.0% (P = 0.017). Notably, adipo 

CM did not affect TNF-α production by macrophages (data not shown). To confirm that the 

effects on TNF-a secretion by macrophages were IL-10 dependent, we performed the assay using 

macrophages derived from the bone marrow of IL-10R2-/- mice, and found that Tregs were 

unable to suppress TNF-α production from macrophages that could not respond to IL-10 (Fig. 

4.7). Together, these data indicate that adipocyte-derived factors enhanced the ability of Tregs to 

exert their suppressive function in an IL-10-dependent manner. 

 

Figure 4.7 Suppression of TNF-α production by macrophages is dependent on IL-10. 

WT or IL-10R2-/- bone marrow derived macrophages (BMDMs) were incubated with media, or media containing 

12.5% of medium conditioned by CD4+CD25+ Tregs that had been stimulated in the presence of control or adipo 

CM, for 4 hours. BMDMs were then stimulated with 10 ng/ml LPS and cultured for an additional 20 hours and 

TNF-α production was measured (n = 3-5). The % suppression of TNF-α release compared to cultures without Treg 

conditioned medium is shown. Graph shows averaged data. Error bars represent SD. * p < 0.05 and ** p < 0.01. 
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4.3.4 Adipocyte-derived factors alters Treg metabolism 

Tregs are thought to use lipid oxidation as a primary means for cellular metabolism, and the 

addition of exogenous fatty acids can promote generation of Tregs in vitro (45). In addition, 

increased glycolytic rate has been linked to reduced Treg function (141), and the inhibition of 

OXPHOS by rotenone decreased Treg survival (142). Since adipo CM enhanced Treg function 

and survival, we next investigated whether adipocyte-derived factors might alter Treg 

metabolism. We first used an extracellular metabolic flux analyzer to measure extracellular 

acidification rate (ECAR) by measuring the release of protons, which are produced during 

glycolysis. Exposure to adipo CM did not affect ECAR in Tregs and Tconvs (Fig. 4A). However, 

we found that adipo CM significantly increased the oxygen consumption rate (OCR) of both 

Tregs and Tconvs, indicating increased rate of OXPHOS (Fig. 4B). However, the maximal 

respiratory capacity of Tregs and Tconvs upon the addition of FCCP was not affected by adipo 

CM. These data suggest that adipo CM preferentially increased the mitochondrial OXPHOS of 

Tregs and Tconvs. 
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Figure 4.8 Adipocyte-derived factors increases OXPHOS. 

CD4+CD25+ Tregs and CD4+CD25- Tconvs were activated in the presence of control or adipo CM for 4 days, and 

(A) a glycolytic stress test  was performed to measure ECAR with the additions of glucose (glc), oligomycin (oligo) 

and 2-deoxy-D-glucose (2-DG) (n = 4).  (B) OCR was measured in a mito stress test in the presence of glucose, and 

the additions of metabolic inhibitors oligomycin (oligo), FCCP, and rotenone + antimycin A (Rot/AA) (n = 2). 

Representative plots are shown. * p < 0.05 and ** p < 0.01. 

 

4.3.5 Alteration of Treg metabolism is required for the effect of adipocyte-derived 

factors on IL-10 production 

To investigate whether the adipo CM-induced changes in cellular metabolism were required for 

the effect of adipo CM on IL-10, we cultured Tregs and Tconvs in the presence of control media 

or adipo CM with the addition of several metabolic inhibitors. We first used inhibitors of 

OXPHOS: oligomycin, which inhibits ATP synthase (143), and a combination of rotenone and 

antimycin A (Rot/AA), which inhibit complex I and complex III of the electron transport chain, 
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respectively (144). Both oligomycin and Rot/AA inhibited the effect of adipo CM on IL-10 (Fig. 

4.9A), indicating that the increased rate of OXPHOS was required for the enhancement of IL-10 

expression by adipo CM. On the other hand, the inhibition of fatty acid oxidation using etomoxir 

(145) did not interfere with the effect of adipo CM (Fig. 4.9B), suggesting that fatty acid 

oxidation was not involved in the response to adipo CM.  

 We next used the glucose analog 2-deoxy-D-glucose (2-DG) to inhibit glycolysis (146), 

and found that 2-DG was also able to block the effect of adipo CM. Since 2-DG inhibits both 

glycolysis and glycolysis-dependent OXPHOS (147), these data suggest that glycolysis is also 

required for adipo CM-mediated increase in IL-10 (Fig. 4.9C). Furthermore, glycolysis provides 

metabolic intermediates for the synthesis of proteins (148), and 2-DG treatment may thus limit 

the capacity of Tregs to synthesize proteins more IL-10. The Akt/mTOR pathway plays a major 

role in promoting glucose metabolism in T cells (149-151), thus we asked whether Akt or mTOR 

are involved in mediating the effect of adipo CM. Inhibition of mTOR by rapamycin interfered 

with the effect of adipo CM; however, adipo CM still significantly increased IL-10 production 

by Tregs in the presence of Akt inhibitor Akti1/2, although this effect is reduced (Fig. 4.9D). 

These data indicate that OXPHOS, glycolysis and the Akt/mTOR pathway are all required for 

the effect of adipo CM on IL-10 production. 
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Figure 4.9 OXPHOS and glycolysis are both required for the effect of adipocytes on IL-10. 

CD4+CD25+ Tregs and CD4+CD25- Tconvs from FOXP3-RFP x IL-10-GFP mice were activated in the presence of 

control or adipo CM for 2 days, with the addition of (A) oligomycin, rotenone + antimycin A, (B) etomoxir, (C) 2-

deoxy-D-glucose, and (D) rapamycin or Akti-1/2 (n = 3-6). The percentage of cells expressing IL-10 was measured 

by flow cytometry. Graphs show averaged data. Error bars represent SD. * p < 0.05 and ** p < 0.01. 

 

4.4 Discussion 

Tregs resident in the adipose tissue are known to have a unique phenotype compared to those 

found in the periphery (10, 11); however, which environmental factors regulate their phenotype 

is unclear. Here, we show that adipocytes themselves may play a role in driving the phenotypic 

specialization of adipose tissue-resident Tregs. 

Our finding that adipocyte-derived factors dampened up-regulation of CD44 following T 

cell receptor activation suggests that adipocytes may delay T cell activation.  We plan to 

investigate whether this is true using additional activation markers such as CD69 and Nur77. 

Since T cell activation is associated with an increased ratio of glycolysis to OXPHOS (152), we 
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can speculate that the delayed T cell activation may be related to the adipo CM-induced increase 

in OXPHOS.  

Most interestingly, adipocyte-derived factors increased the expression of IL-10, but not 

other cytokines or other proteins associated with Treg function. The phenotype of adipo CM-

exposed Tregs resembles the phenotype of adipose tissue-resident Tregs, which also distinctively 

express increased levels of IL-10 (37, 38). The adipo CM-induced increase in percentage of 

viable cells in vitro likely contributed to the overall increase of IL-10 secretion as detected by 

ELISA; however, using the FOXP3-RFP x IL-10-GFP mice, we were able to determine that 

adipo CM also increased IL-10 expression on a per cell basis. Notably, this increase in IL-10 

production resulted in increased IL-10-dependent Treg function, as shown in the suppression of 

TNF-α production by macrophages. Similarly, the enhanced IL-10 expression by adipose tissue-

resident Tregs may be critical to control TNF-α by macrophages, which could promote insulin 

resistance if left unchecked (105, 131). Our data suggest that adipocyte-derived factors enhance 

IL-10 production by Tregs, and thus increase the capacity of Tregs to suppress inflammatory 

responses by macrophages. Our data indicate that adipocyte-derived factors also increased IL-10 

production by Tconvs, although not as substantial as the increase of IL-10 observed in Tregs, 

suggesting that Tregs may be more sensitive to modulation by adipocytes in the adipose tissue. 

Additionally, adipocyte-derived factors enhanced TNF-α secretion by Tconvs; however, almost 

all of the TNF-α produced in the adipose tissue in vivo is from macrophages (16), and thus 

Tconvs may not be as significant source of TNF-α. 

Recent studies have shown that Tregs primarily use OXPHOS, and on the contrary, 

effector Tconvs utilize heightened glycolytic metabolism (45). Adipocyte-derived factors 

substantially increased the rate of OXPHOS in Tregs and Tconvs. Our metabolic data thus 
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suggest that adipocyte-derived factors skewed the metabolism of T cells towards mitochondrial 

respiration. To our knowledge, no studies thus far have reported a link between cellular 

metabolism and IL-10 production.  Here, we show that adipo CM-mediated increase in IL-10 

expression is dependent on the modulation of OXPHOS. Despite the reported reliance of Tregs 

on lipid oxidation (45) for cellular metabolism, the inhibition of lipid oxidation using etomoxir 

did not inhibit the effect of adipo CM on Tregs. These data suggest that the oxidation of glucose, 

rather than lipids, is used to fuel IL-10 production. Even though adipo CM did not affect 

glycolysis, the inhibition of glycolysis using 2-DG also dampened the effect of adipo CM. This 

finding suggests that high rates of glycolysis is necessary for enhanced IL-10 production, 

perhaps by providing key building blocks for the synthesis of new proteins (153).  In parallel, 

others have suggested that optimal cytokine production by effector T cells also requires 

glycolysis (152). Furthermore, we found that adipo CM-mediated increase in IL-10 production is 

dependent on mTOR activity. This finding was expected since mTOR is a key signaling 

molecule that orchestrates T cell metabolism (150, 154, 155), and the inhibition of mTOR 

diminishes both glycolysis and mitochondrial OXPHOS (156, 157). In the presence of Akt 

inhibition, adipo CM still enhanced IL-10 production by Tregs, although to a lesser extent, 

suggesting that an Akt-dependent and -independent modulation of mTOR activity may be 

involved in mediating the effect of adipo CM. Alternatively, since mTOR activity is critical for 

protein translation (158), rapamycin-mediated mTOR blockade may simply inhibit the 

translation of new IL-10. 

It remains unclear what factor(s) specifically mediate the effect of adipocytes on Tregs and 

Tconvs. Adipocytes secrete factors such as free fatty acids and adipokines, which can affect 

immune cells. Free fatty acids for example, have been shown to activate TLR2 and TLR4 on 



77 

 

macrophages (159, 160). Furthermore, saturated fatty acids activate the inflammasome and 

promote IL-1β production in macrophages (42). Adipokines such as leptin and adiponectin also 

have direct effects on immune cells. Adiponectin has been reported for both pro- and anti-

inflammatory effects. For example, adiponectin can promote Th1 cell differentiation in human 

CD4+ T cells (161), and yet has also been shown to inhibit CD8+ T cell proliferation and IFN-γ 

production (64). Interestingly, adiponectin can increase IL-10 expression in human macrophages 

(162), suggesting that the effect of adipocyte-derived factors on IL-10 production by Tregs may 

be partially mediated by adiponectin. Leptin promotes Th1 (61) and Th17 cells (163), and 

inhibits the proliferation of Tregs (62). In addition, the leptin receptor is required for glycolysis 

and mitochondrial respiration (164), suggesting that the production of leptin by adipocytes may 

also in part mediate the effect of adipocyte-derived factors on cellular metabolism. Hence it is 

likely a combination of soluble factors produced by adipocytes that together promote the unique 

phenotype and function of VAT Tregs. 

In summary, we report that adipocyte-derived factors modulate T cell activation, and 

enhance IL-10 dependent Treg function. We show that the effect of adipocyte-derived factors on 

IL-10 expression is dependent on an increased rate of mitochondrial respiration, and an optimal 

rate of glycolysis. Since Tregs residing in the adipose tissue are important in controlling obesity-

associated inflammation and metabolic disorders, our study fills a missing gap of knowledge on 

the interaction between Tregs and adipocytes. Overall, our study suggests that adipocyte-derived 

factors may contribute to the unique phenotypic and functional specialization of adipose tissue-

resident Tregs in controlling macrophage-driven adipose tissue inflammation via IL-10. 
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Chapter 5: Conclusion 

To summarize, my findings suggest that insulin inhibits IL-10-dependent Treg function, IL-33 

expands AT-resident Tregs and inhibits AT inflammation, and adipocyte-derived factors 

promote IL-10 secretion by Tregs (Fig. 5.1A-C). The three chapters above elucidate three novel 

and independent mechanisms for the regulation of Tregs that contribute to the control of AT 

inflammation in obesity. 

 

 

Figure 5.1 Tregs are regulated by adipocyte-derived factors, insulin and IL-33. 

(A) Adipocyte-derived soluble factors promote IL-10-producing Tregs that are able to effectively suppress 

inflammation. (B) High levels of insulin, such as those found in DIO, inhibit IL-10-dependent Treg function. (C) IL-

33 therapy expands Tregs in the AT, reduces AT inflammation and ameliorates insulin resistance. 

 

5.1 Future directions 

The significance of these studies have been highlighted above in their respective chapters. In this 

section, I will briefly evaluate the limitations of the above data, and how they can be improved 

with further experimentations. 
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5.1.1 Chapter 2: Insulin inhibits IL-10-dependent Treg function 

In this chapter, I showed that insulin inhibits IL-10 production by Tregs in an AKT dependent 

manner in vitro, and then generated parallel data showing reduced expression of IL-10 by VAT 

Tregs in hyperinsulinemic HFD mice. As a future direction, it will be important to investigate the 

biochemical basis for how insulin activated AKT in Tregs and to formally demonstrate a 

functional role for insulin on Tregs in vivo.  

First, I showed that despite equivalent expression of insulin receptors, insulin more 

strongly activates AKT in Tregs than Tconvs. To investigate the mechanism of this differential 

activation, we can measure whether Tregs have increased expression or phosphorylation of the 

adaptor proteins IRS-1/2 by Western blot. A number of biochemical experiments could be 

performed to dissect this pathway. 

IGF-1 receptor can also bind insulin at a low affinity (165). In the phospho flow 

experiments, I used a high dose of insulin that could possibly activate the IGF-1 receptor. Further 

studies are thus required to rule out the possible effect of insulin on IGF-1R-mediated AKT 

phosphorylation. However, in our functional assays, I used a much lower dose of insulin that 

should not activate the IGF-1R. Interestingly, despite similar structure and downstream signaling 

activity to the insulin receptor, IGF-1R signaling in Tregs has been suggested to be beneficial to 

Tregs (166, 167). 

Using HFD mice, I showed that hyperinsulinemia is correlated with reduced expression of 

IL-10 in VAT-resident Tregs. However, further experiments are needed to prove that insulin has 

a causal role in the inhibition of IL-10 expression in Tregs in vivo. I have now crossed FOXP3-

Cre mice with insulin receptor floxed (InsR fl/fl) mice to obtain mice with insulin receptor 

deletion specifically in Tregs. We plan to feed these mice a HFD to induce hyperinsulinemia. I 
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hypothesize that FOXP3-Cre x InsR fl/fl mice will be resistant to the effect of insulin on Tregs, 

and thus VAT Tregs will retain their normal level of IL-10 expression, and consequently these 

mice will have reduced inflammation in the VAT. A fellow graduate student is currently 

performing experiments with the FOXP3-Cre x InsR fl/fl mice to answer whether insulin 

receptor signaling affects Tregs in vivo. 

 

5.1.2 Chapter 3: IL-33 reverses obesity-induced deficit in ST2+ Tregs, and 

ameliorates adipose tissue inflammation and insulin resistance. 

In this chapter, I showed that IL-33 expanded ST2+ Tregs in the VAT. Further studies are needed 

to show that this restoration of ST2+ Tregs is dependent on a direct effect of IL-33 on VAT 

Tregs. Our attempts to culture VAT Tregs in vitro in the presence or absence of IL-33 have been 

unsuccessful due to poor cell viability. However, Vasanthakumar et al was able to demonstrate 

that IL-33 exposure can directly promote the expansion of VAT Tregs via in vitro and mixed 

bone marrow chimera experiments (128). 

I next showed that IL-33 also reversed VAT inflammation and insulin resistance, but 

whether this reversal is dependent on the IL-33-induced expansion of VAT ST2+ Tregs is not 

known. To answer this question, ST2(fl/fl) mice, which are not currently commercially available, 

could be crossed with FOXP3-Cre mice to obtain ST2 deletion specifically in Tregs. Another 

possible approach would be to administer IL-33 to FOXP3-DTR mice after the ablation of Tregs; 

however, the development of inflammation resulting from Treg ablation is a major caveat to this 

approach. I attempted to perform adoptive Treg transfer into HFD mice, with the goal to transfer 

Tregs isolated from WT vs ST2-/- mice. Unfortunately, I could not successfully detect the donor 
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Tregs in the VAT of recipient mice, and could not detect a reduction of VAT inflammation after 

the adoptive transfer. 

A major outstanding question is whether human VAT Tregs also have increased expression 

of ST2 and ST2-associated proteins (CCR4, GATA3, Nrp1 and IL-10), and whether the 

expression levels of these proteins are related to the metabolic health of patients. I have 

established a collaboration with clinicians at Richmond General Hospital to obtain omental 

adipose tissue samples from bariatric surgery patients and lean controls. These studies will also 

answer whether Tregs in obese human VAT have reduced IL-10 expression, akin to what we 

have observed in obese mice in chapter 3. Studies are ongoing to answer this question and 

further characterize human VAT Tregs. Another graduate student will continue this work after 

my completion in the lab. 

 

5.1.3 Chapter 4: Adipocyte-derived factors modulate the cellular metabolism and 

IL-10 production of Tregs 

In this study, I showed that 3T3-L1 adipocyte-derived factors modulate Tregs. To prove that the 

effect of 3T3-L1 adipocytes on Tregs are relevant, I would first need to investigate whether the 

effect of 3T3-L1 adipocyte-conditioned media can be recapitulated using primary adipocyte 

conditioned media.  

I have shown that exposure to adipo CM has beneficial effects on IL-10-dependent Treg 

function, but we have not been able to pinpoint what specific factors in the conditioned media 

have effects on Tregs and Tconvs. I attempted using denaturation and size exclusion columns to 

answer this question, but no one method could consistently reverse the effect of adipo CM, 

suggesting that multiple factors are involved in mediating this effect. I found that fatty acids 
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alone could not recapitulate the effects of adipo CM on Tregs; however, these preliminary 

experiments showed that fatty acids could improve the viability of Tregs cultured at low cell 

density. Thus, further studies are ongoing on whether fatty acids could be used to improve 

human Treg expansion protocols. In addition, it would be intriguing to investigate whether 

human adipocyte-derived factors also have similar effects on human Tregs and Tconvs. 

 

5.2 Overall significance 

Overall, my research has significantly contributed to the lab, and to the fields of immunology 

and metabolism. My research has initiated and established a new line of research for our lab at 

the interface between these two disciplines. My project has led to a collaboration with the 

Bariatric Surgery Program at Richmond General Hospital. My research has equipped the lab with 

techniques, funding and collaborations to continue in the field of immunometabolism. 

Immunometabolism is a relatively new field of investigation, and the role of adaptive 

immunity in obesity has only emerged in the past 5 years. Chapter 2 shows for the first time that 

excessive levels of insulin has a negative effect on the function of Tregs, suggesting that 

hyperinsulinemia inhibits Tregs and thus promotes inflammation in obesity. I then showed that 

IL-33 can therapeutically reverse AT Treg deficit and AT inflammation in obesity, and 

subsequently ameliorates insulin resistance. Although inflammation is known to promote insulin 

resistance, current treatments for obesity-associated disorders may not effectively target 

inflammation. Our study in chapter 3 suggests that the incorporation of IL-33 into a therapeutic 

regimen may improve its efficacy to target both insulin resistance and inflammation in obesity. 

In chapter 4, I reported a previously unknown interaction between Tregs and adipocytes, and 

showed how an alteration in Treg metabolism can modulate its function. 



83 

 

Put together, these studies suggest that insulin, IL-33 and adipocyte-derived factors 

regulate IL-10-producing Tregs in the VAT. Furthermore, these three novel mechanisms of Treg 

regulation may be important for the functional specialization of VAT-resident Tregs to 

effectively control obesity-associated VAT inflammation. Our research has presented the 

possibilities that these pathways can be exploited for beneficial effects in therapeutic strategies 

for obesity-associated disorders. Finally, chapters 2, 3 and 4 above have broadened our 

understandings of the cellular biology of Tregs in the contexts of cell signaling, cytokine 

regulation and cellular metabolism, respectively. 

 

 

 

 

 



84 

 

Bibliography 

1. Prentki, M., and C. J. Nolan. 2006. Islet beta cell failure in type 2 diabetes. J Clin Invest 

116: 1802-1812. 

2. Muoio, D. M., and C. B. Newgard. 2008. Mechanisms of disease: molecular and 

metabolic mechanisms of insulin resistance and beta-cell failure in type 2 diabetes. 

Nature reviews. Molecular cell biology 9: 193-205. 

3. Kahn, S. E. 2003. The relative contributions of insulin resistance and beta-cell 

dysfunction to the pathophysiology of Type 2 diabetes. Diabetologia 46: 3-19. 

4. Mehran, A. E., N. M. Templeman, G. S. Brigidi, G. E. Lim, K. Y. Chu, X. Hu, J. D. 

Botezelli, A. Asadi, B. G. Hoffman, T. J. Kieffer, S. X. Bamji, S. M. Clee, and J. D. 

Johnson. 2012. Hyperinsulinemia drives diet-induced obesity independently of brain 

insulin production. Cell Metab 16: 723-737. 

5. Hirosumi, J., G. Tuncman, L. Chang, C. Z. Gorgun, K. T. Uysal, K. Maeda, M. Karin, 

and G. S. Hotamisligil. 2002. A central role for JNK in obesity and insulin resistance. 

Nature 420: 333-336. 

6. Yuan, M., N. Konstantopoulos, J. Lee, L. Hansen, Z. W. Li, M. Karin, and S. E. 

Shoelson. 2001. Reversal of obesity- and diet-induced insulin resistance with salicylates 

or targeted disruption of Ikkbeta. Science 293: 1673-1677. 

7. Hamdy, O., S. Porramatikul, and E. Al-Ozairi. 2006. Metabolic obesity: the paradox 

between visceral and subcutaneous fat. Current diabetes reviews 2: 367-373. 

8. Lebovitz, H. E., and M. A. Banerji. 2005. Point: visceral adiposity is causally related to 

insulin resistance. Diabetes Care 28: 2322-2325. 

9. Altintas, M. M., A. Azad, B. Nayer, G. Contreras, J. Zaias, C. Faul, J. Reiser, and A. 

Nayer. 2011. Mast cells, macrophages, and crown-like structures distinguish 

subcutaneous from visceral fat in mice. J Lipid Res 52: 480-488. 

10. Winer, S., Y. Chan, G. Paltser, D. Truong, H. Tsui, J. Bahrami, R. Dorfman, Y. Wang, J. 

Zielenski, F. Mastronardi, Y. Maezawa, D. J. Drucker, E. Engleman, D. Winer, and H. 

M. Dosch. 2009. Normalization of obesity-associated insulin resistance through 

immunotherapy. Nat Med 15: 921-929. 

11. Feuerer, M., L. Herrero, D. Cipolletta, A. Naaz, J. Wong, A. Nayer, J. Lee, A. B. 

Goldfine, C. Benoist, S. Shoelson, and D. Mathis. 2009. Lean, but not obese, fat is 

enriched for a unique population of regulatory T cells that affect metabolic parameters. 

Nat Med 15: 930-939. 

12. Han, J. M., S. J. Patterson, and M. K. Levings. 2012. The Role of the PI3K Signaling 

Pathway in CD4(+) T Cell Differentiation and Function. Front Immunol 3: 245. 

13. Miinea, C. P., H. Sano, S. Kane, E. Sano, M. Fukuda, J. Peranen, W. S. Lane, and G. E. 

Lienhard. 2005. AS160, the Akt substrate regulating GLUT4 translocation, has a 

functional Rab GTPase-activating protein domain. Biochem J 391: 87-93. 

14. Wang, X., and C. G. Proud. 2006. The mTOR pathway in the control of protein synthesis. 

Physiology 21: 362-369. 

15. Murano, I., G. Barbatelli, V. Parisani, C. Latini, G. Muzzonigro, M. Castellucci, and S. 

Cinti. 2008. Dead adipocytes, detected as crown-like structures, are prevalent in visceral 

fat depots of genetically obese mice. J Lipid Res 49: 1562-1568. 



85 

 

16. Weisberg, S. P., D. McCann, M. Desai, M. Rosenbaum, R. L. Leibel, and A. W. Ferrante, 

Jr. 2003. Obesity is associated with macrophage accumulation in adipose tissue. J Clin 

Invest 112: 1796-1808. 

17. Lumeng, C. N., J. L. Bodzin, and A. R. Saltiel. 2007. Obesity induces a phenotypic 

switch in adipose tissue macrophage polarization. J Clin Invest 117: 175-184. 

18. Bertola, A., T. Ciucci, D. Rousseau, V. Bourlier, C. Duffaut, S. Bonnafous, C. Blin-

Wakkach, R. Anty, A. Iannelli, J. Gugenheim, A. Tran, A. Bouloumie, P. Gual, and A. 

Wakkach. 2012. Identification of adipose tissue dendritic cells correlated with obesity-

associated insulin-resistance and inducing Th17 responses in mice and patients. Diabetes 

61: 2238-2247. 

19. Stefanovic-Racic, M., X. Yang, M. S. Turner, B. S. Mantell, D. B. Stolz, T. L. Sumpter, 

I. J. Sipula, N. Dedousis, D. K. Scott, P. A. Morel, A. W. Thomson, and R. M. 

O'Doherty. 2012. Dendritic cells promote macrophage infiltration and comprise a 

substantial proportion of obesity-associated increases in CD11c+ cells in adipose tissue 

and liver. Diabetes 61: 2330-2339. 

20. Liu, J., A. Divoux, J. Sun, J. Zhang, K. Clement, J. N. Glickman, G. K. Sukhova, P. J. 

Wolters, J. Du, C. Z. Gorgun, A. Doria, P. Libby, R. S. Blumberg, B. B. Kahn, G. S. 

Hotamisligil, and G. P. Shi. 2009. Genetic deficiency and pharmacological stabilization 

of mast cells reduce diet-induced obesity and diabetes in mice. Nat Med 15: 940-945. 

21. Elgazar-Carmon, V., A. Rudich, N. Hadad, and R. Levy. 2008. Neutrophils transiently 

infiltrate intra-abdominal fat early in the course of high-fat feeding. J Lipid Res 49: 1894-

1903. 

22. Talukdar, S., Y. Oh da, G. Bandyopadhyay, D. Li, J. Xu, J. McNelis, M. Lu, P. Li, Q. 

Yan, Y. Zhu, J. Ofrecio, M. Lin, M. B. Brenner, and J. M. Olefsky. 2012. Neutrophils 

mediate insulin resistance in mice fed a high-fat diet through secreted elastase. Nat Med 

18: 1407-1412. 

23. Mansuy-Aubert, V., Qiong L. Zhou, X. Xie, Z. Gong, J.-Y. Huang, Abdul R. Khan, G. 

Aubert, K. Candelaria, S. Thomas, D.-J. Shin, S. Booth, Shahid M. Baig, A. Bilal, D. 

Hwang, H. Zhang, R. Lovell-Badge, Steven R. Smith, Fazli R. Awan, and Zhen Y. Jiang. 

2013. Imbalance between Neutrophil Elastase and its Inhibitor ±1-Antitrypsin in Obesity 

Alters Insulin Sensitivity, Inflammation, and Energy Expenditure. Cell metabolism 17: 

534-548. 

24. Winer, D. A., S. Winer, L. Shen, P. P. Wadia, J. Yantha, G. Paltser, H. Tsui, P. Wu, M. 

G. Davidson, M. N. Alonso, H. X. Leong, A. Glassford, M. Caimol, J. A. Kenkel, T. F. 

Tedder, T. McLaughlin, D. B. Miklos, H. M. Dosch, and E. G. Engleman. 2011. B cells 

promote insulin resistance through modulation of T cells and production of pathogenic 

IgG antibodies. Nat Med 17: 610-617. 

25. Nishimura, S., I. Manabe, M. Nagasaki, K. Eto, H. Yamashita, M. Ohsugi, M. Otsu, K. 

Hara, K. Ueki, S. Sugiura, K. Yoshimura, T. Kadowaki, and R. Nagai. 2009. CD8+ 

effector T cells contribute to macrophage recruitment and adipose tissue inflammation in 

obesity. Nat Med 15: 914-920. 

26. DeFuria, J., A. C. Belkina, M. Jagannathan-Bogdan, J. Snyder-Cappione, J. D. Carr, Y. 

R. Nersesova, D. Markham, K. J. Strissel, A. A. Watkins, M. Zhu, J. Allen, J. Bouchard, 

G. Toraldo, R. Jasuja, M. S. Obin, M. E. McDonnell, C. Apovian, G. V. Denis, and B. S. 

Nikolajczyk. 2013. B cells promote inflammation in obesity and type 2 diabetes through 



86 

 

regulation of T-cell function and an inflammatory cytokine profile. Proc Natl Acad Sci U 

S A 110: 5133-5138. 

27. Yang, H., Y. H. Youm, B. Vandanmagsar, A. Ravussin, J. M. Gimble, F. Greenway, J. 

M. Stephens, R. L. Mynatt, and V. D. Dixit. 2010. Obesity increases the production of 

proinflammatory mediators from adipose tissue T cells and compromises TCR repertoire 

diversity: implications for systemic inflammation and insulin resistance. J Immunol 185: 

1836-1845. 

28. Wang, Y., J. Li, L. Tang, Y. Wang, R. Charnigo, W. de Villiers, and E. Eckhardt. 2010. 

T-lymphocyte responses to intestinally absorbed antigens can contribute to adipose tissue 

inflammation and glucose intolerance during high fat feeding. PLoS One 5: e13951. 

29. Deng, T., C. J. Lyon, L. J. Minze, J. Lin, J. Zou, J. Z. Liu, Y. Ren, Z. Yin, D. J. Hamilton, 

P. R. Reardon, V. Sherman, H. Y. Wang, K. J. Phillips, P. Webb, S. T. Wong, R. F. 

Wang, and W. A. Hsueh. 2013. Class II Major Histocompatibility Complex Plays an 

Essential Role in Obesity-Induced Adipose Inflammation. Cell Metab 17: 411-422. 

30. Lynch, L., M. Nowak, B. Varghese, J. Clark, A. E. Hogan, V. Toxavidis, S. P. Balk, D. 

O'Shea, C. O'Farrelly, and M. A. Exley. 2012. Adipose tissue invariant NKT cells protect 

against diet-induced obesity and metabolic disorder through regulatory cytokine 

production. Immunity 37: 574-587. 

31. Fujisaka, S., I. Usui, A. Bukhari, M. Ikutani, T. Oya, Y. Kanatani, K. Tsuneyama, Y. 

Nagai, K. Takatsu, M. Urakaze, M. Kobayashi, and K. Tobe. 2009. Regulatory 

mechanisms for adipose tissue M1 and M2 macrophages in diet-induced obese mice. 

Diabetes 58: 2574-2582. 

32. Morris, D. L., K. Singer, and C. N. Lumeng. 2011. Adipose tissue macrophages: 

phenotypic plasticity and diversity in lean and obese states. Current opinion in clinical 

nutrition and metabolic care 14: 341-346. 

33. Wu, D., A. B. Molofsky, H. E. Liang, R. R. Ricardo-Gonzalez, H. A. Jouihan, J. K. 

Bando, A. Chawla, and R. M. Locksley. 2011. Eosinophils sustain adipose alternatively 

activated macrophages associated with glucose homeostasis. Science 332: 243-247. 

34. Cipolletta, D., D. Kolodin, C. Benoist, and D. Mathis. 2011. Tissular T(regs): a unique 

population of adipose-tissue-resident Foxp3+CD4+ T cells that impacts organismal 

metabolism. Semin Immunol 23: 431-437. 

35. Schipper, H. S., M. Rakhshandehroo, S. F. van de Graaf, K. Venken, A. Koppen, R. 

Stienstra, S. Prop, J. Meerding, N. Hamers, G. Besra, L. Boon, E. E. Nieuwenhuis, D. 

Elewaut, B. Prakken, S. Kersten, M. Boes, and E. Kalkhoven. 2012. Natural killer T cells 

in adipose tissue prevent insulin resistance. J Clin Invest 122: 3343-3354. 

36. Josefowicz, S. Z., L. F. Lu, and A. Y. Rudensky. 2012. Regulatory T cells: mechanisms 

of differentiation and function. Annu Rev Immunol 30: 531-564. 

37. Cipolletta, D., M. Feuerer, A. Li, N. Kamei, J. Lee, S. E. Shoelson, C. Benoist, and D. 

Mathis. 2012. PPAR-gamma is a major driver of the accumulation and phenotype of 

adipose tissue Treg cells. Nature 486: 549-553. 

38. Han, J. M., S. J. Patterson, M. Speck, J. A. Ehses, and M. K. Levings. 2014. Insulin 

Inhibits IL-10-Mediated Regulatory T Cell Function: Implications for Obesity. J 

Immunol 192: 623-629. 

39. Shen, L., M. H. Chng, M. N. Alonso, R. Yuan, D. A. Winer, and E. G. Engleman. 2015. 

B-1a lymphocytes attenuate insulin resistance. Diabetes 64: 593-603. 



87 

 

40. Shi, H., M. V. Kokoeva, K. Inouye, I. Tzameli, H. Yin, and J. S. Flier. 2006. TLR4 links 

innate immunity and fatty acid-induced insulin resistance. J Clin Invest 116: 3015-3025. 

41. Lee, J. Y., L. Zhao, H. S. Youn, A. R. Weatherill, R. Tapping, L. Feng, W. H. Lee, K. A. 

Fitzgerald, and D. H. Hwang. 2004. Saturated fatty acid activates but polyunsaturated 

fatty acid inhibits Toll-like receptor 2 dimerized with Toll-like receptor 6 or 1. J Biol 

Chem 279: 16971-16979. 

42. Wen, H., D. Gris, Y. Lei, S. Jha, L. Zhang, M. T. Huang, W. J. Brickey, and J. P. Ting. 

2011. Fatty acid-induced NLRP3-ASC inflammasome activation interferes with insulin 

signaling. Nat Immunol 12: 408-415. 

43. Duncan, R. E., M. Ahmadian, K. Jaworski, E. Sarkadi-Nagy, and H. S. Sul. 2007. 

Regulation of lipolysis in adipocytes. Annual review of nutrition 27: 79-101. 

44. Zhang, H. H., M. Halbleib, F. Ahmad, V. C. Manganiello, and A. S. Greenberg. 2002. 

Tumor necrosis factor-alpha stimulates lipolysis in differentiated human adipocytes 

through activation of extracellular signal-related kinase and elevation of intracellular 

cAMP. Diabetes 51: 2929-2935. 

45. Michalek, R. D., V. A. Gerriets, S. R. Jacobs, A. N. Macintyre, N. J. MacIver, E. F. 

Mason, S. A. Sullivan, A. G. Nichols, and J. C. Rathmell. 2011. Cutting edge: distinct 

glycolytic and lipid oxidative metabolic programs are essential for effector and regulatory 

CD4+ T cell subsets. J Immunol 186: 3299-3303. 

46. Cani, P. D., J. Amar, M. A. Iglesias, M. Poggi, C. Knauf, D. Bastelica, A. M. Neyrinck, 

F. Fava, K. M. Tuohy, C. Chabo, A. Waget, E. Delmee, B. Cousin, T. Sulpice, B. 

Chamontin, J. Ferrieres, J. F. Tanti, G. R. Gibson, L. Casteilla, N. M. Delzenne, M. C. 

Alessi, and R. Burcelin. 2007. Metabolic endotoxemia initiates obesity and insulin 

resistance. Diabetes 56: 1761-1772. 

47. Ghanim, H., S. Abuaysheh, C. L. Sia, K. Korzeniewski, A. Chaudhuri, J. M. Fernandez-

Real, and P. Dandona. 2009. Increase in plasma endotoxin concentrations and the 

expression of Toll-like receptors and suppressor of cytokine signaling-3 in mononuclear 

cells after a high-fat, high-carbohydrate meal: implications for insulin resistance. 

Diabetes Care 32: 2281-2287. 

48. Maitra, U., H. Deng, T. Glaros, B. Baker, D. G. Capelluto, Z. Li, and L. Li. 2012. 

Molecular mechanisms responsible for the selective and low-grade induction of 

proinflammatory mediators in murine macrophages by lipopolysaccharide. J Immunol 

189: 1014-1023. 

49. Kern, P. A., G. B. Di Gregorio, T. Lu, N. Rassouli, and G. Ranganathan. 2003. 

Adiponectin expression from human adipose tissue: relation to obesity, insulin resistance, 

and tumor necrosis factor-alpha expression. Diabetes 52: 1779-1785. 

50. Zacharioudaki, V., A. Androulidaki, A. Arranz, G. Vrentzos, A. N. Margioris, and C. 

Tsatsanis. 2009. Adiponectin promotes endotoxin tolerance in macrophages by inducing 

IRAK-M expression. J Immunol 182: 6444-6451. 

51. Amar, J., C. Chabo, A. Waget, P. Klopp, C. Vachoux, L. G. Bermudez-Humaran, N. 

Smirnova, M. Berge, T. Sulpice, S. Lahtinen, A. Ouwehand, P. Langella, N. Rautonen, P. 

J. Sansonetti, and R. Burcelin. 2011. Intestinal mucosal adherence and translocation of 

commensal bacteria at the early onset of type 2 diabetes: molecular mechanisms and 

probiotic treatment. EMBO Mol Med 3: 559-572. 



88 

 

52. Parks, B. W., E. Nam, E. Org, E. Kostem, F. Norheim, S. T. Hui, C. Pan, M. Civelek, C. 

D. Rau, B. J. Bennett, M. Mehrabian, L. K. Ursell, A. He, L. W. Castellani, B. Zinker, M. 

Kirby, T. A. Drake, C. A. Drevon, R. Knight, P. Gargalovic, T. Kirchgessner, E. Eskin, 

and A. J. Lusis. 2013. Genetic control of obesity and gut microbiota composition in 

response to high-fat, high-sucrose diet in mice. Cell Metab 17: 141-152. 

53. Turnbaugh, P. J., F. Backhed, L. Fulton, and J. I. Gordon. 2008. Diet-induced obesity is 

linked to marked but reversible alterations in the mouse distal gut microbiome. Cell host 

& microbe 3: 213-223. 

54. Maynard, C. L., C. O. Elson, R. D. Hatton, and C. T. Weaver. 2012. Reciprocal 

interactions of the intestinal microbiota and immune system. Nature 489: 231-241. 

55. Huber, J., F. W. Kiefer, M. Zeyda, B. Ludvik, G. R. Silberhumer, G. Prager, G. J. 

Zlabinger, and T. M. Stulnig. 2008. CC chemokine and CC chemokine receptor profiles 

in visceral and subcutaneous adipose tissue are altered in human obesity. The Journal of 

clinical endocrinology and metabolism 93: 3215-3221. 

56. Nara, N., Y. Nakayama, S. Okamoto, H. Tamura, M. Kiyono, M. Muraoka, K. Tanaka, C. 

Taya, H. Shitara, R. Ishii, H. Yonekawa, Y. Minokoshi, and T. Hara. 2007. Disruption of 

CXC motif chemokine ligand-14 in mice ameliorates obesity-induced insulin resistance. 

J Biol Chem 282: 30794-30803. 

57. Duffaut, C., A. Zakaroff-Girard, V. Bourlier, P. Decaunes, M. Maumus, P. Chiotasso, C. 

Sengenes, M. Lafontan, J. Galitzky, and A. Bouloumie. 2009. Interplay between human 

adipocytes and T lymphocytes in obesity: CCL20 as an adipochemokine and T 

lymphocytes as lipogenic modulators. Arterioscler Thromb Vasc Biol 29: 1608-1614. 

58. Kanda, H., S. Tateya, Y. Tamori, K. Kotani, K. Hiasa, R. Kitazawa, S. Kitazawa, H. 

Miyachi, S. Maeda, K. Egashira, and M. Kasuga. 2006. MCP-1 contributes to 

macrophage infiltration into adipose tissue, insulin resistance, and hepatic steatosis in 

obesity. J Clin Invest 116: 1494-1505. 

59. Jiao, P., Q. Chen, S. Shah, J. Du, B. Tao, I. Tzameli, W. Yan, and H. Xu. 2009. Obesity-

related upregulation of monocyte chemotactic factors in adipocytes: involvement of 

nuclear factor-kappaB and c-Jun NH2-terminal kinase pathways. Diabetes 58: 104-115. 

60. Ahima, R. S. 2008. Revisiting leptin's role in obesity and weight loss. J Clin Invest 118: 

2380-2383. 

61. Lord, G. M., G. Matarese, J. K. Howard, R. J. Baker, S. R. Bloom, and R. I. Lechler. 

1998. Leptin modulates the T-cell immune response and reverses starvation-induced 

immunosuppression. Nature 394: 897-901. 

62. De Rosa, V., C. Procaccini, G. Cali, G. Pirozzi, S. Fontana, S. Zappacosta, A. La Cava, 

and G. Matarese. 2007. A key role of leptin in the control of regulatory T cell 

proliferation. Immunity 26: 241-255. 

63. Ohashi, K., J. L. Parker, N. Ouchi, A. Higuchi, J. A. Vita, N. Gokce, A. A. Pedersen, C. 

Kalthoff, S. Tullin, A. Sams, R. Summer, and K. Walsh. 2010. Adiponectin promotes 

macrophage polarization toward an anti-inflammatory phenotype. J Biol Chem 285: 

6153-6160. 

64. Wilk, S., C. Scheibenbogen, S. Bauer, A. Jenke, M. Rother, M. Guerreiro, R. 

Kudernatsch, N. Goerner, W. Poller, D. Elligsen-Merkel, N. Utku, J. Magrane, H. D. 

Volk, and C. Skurk. 2011. Adiponectin is a negative regulator of antigen-activated T 

cells. Eur J Immunol 41: 2323-2332. 



89 

 

65. Lee, H. M., J. J. Kim, H. J. Kim, M. Shong, B. J. Ku, and E. K. Jo. 2013. Upregulated 

NLRP3 inflammasome activation in patients with type 2 diabetes. Diabetes 62: 194-204. 

66. Bodles, A. M., V. Varma, A. Yao-Borengasser, B. Phanavanh, C. A. Peterson, R. E. 

McGehee, Jr., N. Rasouli, M. Wabitsch, and P. A. Kern. 2006. Pioglitazone induces 

apoptosis of macrophages in human adipose tissue. J Lipid Res 47: 2080-2088. 

67. Ilan, Y., R. Maron, A. M. Tukpah, T. U. Maioli, G. Murugaiyan, K. Yang, H. Y. Wu, and 

H. L. Weiner. 2010. Induction of regulatory T cells decreases adipose inflammation and 

alleviates insulin resistance in ob/ob mice. Proc Natl Acad Sci U S A 107: 9765-9770. 

68. Jeanrenaud, B. 1978. Hyperinsulinemia in obesity syndromes: its metabolic consequences 

and possible etiology. Metabolism 27: 1881-1892. 

69. Cartee, G. D., and J. F. Wojtaszewski. 2007. Role of Akt substrate of 160 kDa in insulin-

stimulated and contraction-stimulated glucose transport. Appl Physiol Nutr Metab 32: 

557-566. 

70. Patterson, S. J., J. M. Han, R. Garcia, K. Assi, T. Gao, A. O'Neill, A. C. Newton, and M. 

K. Levings. 2011. Cutting edge: PHLPP regulates the development, function, and 

molecular signaling pathways of regulatory T cells. J Immunol 186: 5533-5537. 

71. Bensinger, S. J., P. T. Walsh, J. Zhang, M. Carroll, R. Parsons, J. C. Rathmell, C. B. 

Thompson, M. A. Burchill, M. A. Farrar, and L. A. Turka. 2004. Distinct IL-2 receptor 

signaling pattern in CD4+CD25+ regulatory T cells. J Immunol 172: 5287-5296. 

72. Crellin, N. K., R. V. Garcia, and M. K. Levings. 2007. Altered activation of AKT is 

required for the suppressive function of human CD4+CD25+ T regulatory cells. Blood 

109: 2014-2022. 

73. Haxhinasto, S., D. Mathis, and C. Benoist. 2008. The AKT-mTOR axis regulates de novo 

differentiation of CD4+Foxp3+ cells. J Exp Med 205: 565-574. 

74. Lee, K., P. Gudapati, S. Dragovic, C. Spencer, S. Joyce, N. Killeen, M. A. Magnuson, 

and M. Boothby. 2010. Mammalian target of rapamycin protein complex 2 regulates 

differentiation of Th1 and Th2 cell subsets via distinct signaling pathways. Immunity 32: 

743-753. 

75. Delgoffe, G. M., K. N. Pollizzi, A. T. Waickman, E. Heikamp, D. J. Meyers, M. R. 

Horton, B. Xiao, P. F. Worley, and J. D. Powell. 2011. The kinase mTOR regulates the 

differentiation of helper T cells through the selective activation of signaling by mTORC1 

and mTORC2. Nat Immunol 12: 295-303. 

76. Battaglia, M., A. Stabilini, B. Migliavacca, J. Horejs-Hoeck, T. Kaupper, and M. G. 

Roncarolo. 2006. Rapamycin promotes expansion of functional CD4+CD25+FOXP3+ 

regulatory T cells of both healthy subjects and type 1 diabetic patients. J Immunol 177: 

8338-8347. 

77. Gagliani, N., S. Gregori, T. Jofra, A. Valle, A. Stabilini, D. M. Rothstein, M. Atkinson, 

M. G. Roncarolo, and M. Battaglia. 2011. Rapamycin combined with anti-CD45RB mAb 

and IL-10 or with G-CSF induces tolerance in a stringent mouse model of islet 

transplantation. PLoS One 6: e28434. 

78. Haribhai, D., W. Lin, L. M. Relland, N. Truong, C. B. Williams, and T. A. Chatila. 2007. 

Regulatory T cells dynamically control the primary immune response to foreign antigen. 

J Immunol 178: 2961-2972. 

79. Wan, Y. Y., and R. A. Flavell. 2005. Identifying Foxp3-expressing suppressor T cells 

with a bicistronic reporter. Proc Natl Acad Sci U S A 102: 5126-5131. 



90 

 

80. Madan, R., F. Demircik, S. Surianarayanan, J. L. Allen, S. Divanovic, A. Trompette, N. 

Yogev, Y. Gu, M. Khodoun, D. Hildeman, N. Boespflug, M. B. Fogolin, L. Grobe, M. 

Greweling, F. D. Finkelman, R. Cardin, M. Mohrs, W. Muller, A. Waisman, A. Roers, 

and C. L. Karp. 2009. Nonredundant roles for B cell-derived IL-10 in immune counter-

regulation. J Immunol 183: 2312-2320. 

81. Konrad, D., A. Rudich, and E. J. Schoenle. 2007. Improved glucose tolerance in mice 

receiving intraperitoneal transplantation of normal fat tissue. Diabetologia 50: 833-839. 

82. Karam, J. H., G. M. Grodsky, and P. H. Forsham. 1965. The relationship of obesity and 

growth hormone to serum insulin levels. Annals of the New York Academy of Sciences 

131: 374-387. 

83. Vignali, D. A. A., L. W. Collison, and C. J. Workman. 2008. How regulatory T cells 

work. Nat Rev Immunol 8: 523-532. 

84. Kotzka, J., S. Lehr, G. Roth, H. Avci, B. Knebel, and D. Muller-Wieland. 2004. Insulin-

activated Erk-mitogen-activated protein kinases phosphorylate sterol regulatory element-

binding Protein-2 at serine residues 432 and 455 in vivo. J Biol Chem 279: 22404-22411. 

85. Rubtsov, Y. P., J. P. Rasmussen, E. Y. Chi, J. Fontenot, L. Castelli, X. Ye, P. Treuting, L. 

Siewe, A. Roers, W. R. Henderson, Jr., W. Muller, and A. Y. Rudensky. 2008. 

Regulatory T cell-derived interleukin-10 limits inflammation at environmental interfaces. 

Immunity 28: 546-558. 

86. Asseman, C., S. Mauze, M. W. Leach, R. L. Coffman, and F. Powrie. 1999. An essential 

role for interleukin 10 in the function of regulatory T cells that inhibit intestinal 

inflammation. J Exp Med 190: 995-1004. 

87. Takahashi, T., Y. Kuniyasu, M. Toda, N. Sakaguchi, M. Itoh, M. Iwata, J. Shimizu, and 

S. Sakaguchi. 1998. Immunologic self-tolerance maintained by CD25+CD4+ naturally 

anergic and suppressive T cells: induction of autoimmune disease by breaking their 

anergic/suppressive state. Int Immunol 10: 1969-1980. 

88. Ehses, J. A., D. T. Meier, S. Wueest, J. Rytka, S. Boller, P. Y. Wielinga, A. Schraenen, 

K. Lemaire, S. Debray, L. Van Lommel, J. A. Pospisilik, O. Tschopp, S. M. Schultze, U. 

Malipiero, H. Esterbauer, H. Ellingsgaard, S. Rutti, F. C. Schuit, T. A. Lutz, M. Boni-

Schnetzler, D. Konrad, and M. Y. Donath. 2010. Toll-like receptor 2-deficient mice are 

protected from insulin resistance and beta cell dysfunction induced by a high-fat diet. 

Diabetologia 53: 1795-1806. 

89. Deiuliis, J., Z. Shah, N. Shah, B. Needleman, D. Mikami, V. Narula, K. Perry, J. Hazey, 

T. Kampfrath, M. Kollengode, Q. Sun, A. R. Satoskar, C. Lumeng, S. Moffatt-Bruce, and 

S. Rajagopalan. 2011. Visceral adipose inflammation in obesity is associated with critical 

alterations in tregulatory cell numbers. PLoS One 6: e16376. 

90. Kahn, B. B., and J. S. Flier. 2000. Obesity and insulin resistance. J Clin Invest 106: 473-

481. 

91. Stephens, J. M., J. Lee, and P. F. Pilch. 1997. Tumor necrosis factor-alpha-induced 

insulin resistance in 3T3-L1 adipocytes is accompanied by a loss of insulin receptor 

substrate-1 and GLUT4 expression without a loss of insulin receptor-mediated signal 

transduction. J Biol Chem 272: 971-976. 

92. Schmidt, A., N. Oberle, and P. H. Krammer. 2012. Molecular mechanisms of treg-

mediated T cell suppression. Front Immunol 3: 51. 



91 

 

93. Qin, A., Z. Wen, Y. Zhou, Y. Li, Y. Li, J. Luo, T. Ren, and L. Xu. 2013. MicroRNA-126 

regulates the induction and function of CD4(+) Foxp3(+) regulatory T cells through 

PI3K/AKT pathway. Journal of cellular and molecular medicine 17: 252-264. 

94. Strainic, M. G., E. M. Shevach, F. An, F. Lin, and M. E. Medof. 2013. Absence of 

signaling into CD4(+) cells via C3aR and C5aR enables autoinductive TGF-beta1 

signaling and induction of Foxp3(+) regulatory T cells. Nat Immunol 14: 162-171. 

95. Patton, D. T., O. A. Garden, W. P. Pearce, L. E. Clough, C. R. Monk, E. Leung, W. C. 

Rowan, S. Sancho, L. S. Walker, B. Vanhaesebroeck, and K. Okkenhaug. 2006. Cutting 

edge: the phosphoinositide 3-kinase p110 delta is critical for the function of 

CD4+CD25+Foxp3+ regulatory T cells. J Immunol 177: 6598-6602. 

96. Wachstein, J., S. Tischer, C. Figueiredo, A. Limbourg, C. Falk, S. Immenschuh, R. 

Blasczyk, and B. Eiz-Vesper. 2012. HSP70 enhances immunosuppressive function of 

CD4(+)CD25(+)FoxP3(+) T regulatory cells and cytotoxicity in CD4(+)CD25(-) T cells. 

PLoS One 7: e51747. 

97. Yessoufou, A., A. Ple, K. Moutairou, A. Hichami, and N. A. Khan. 2009. 

Docosahexaenoic acid reduces suppressive and migratory functions of CD4+CD25+ 

regulatory T-cells. J Lipid Res 50: 2377-2388. 

98. De Taeye, B. M., T. Novitskaya, O. P. McGuinness, L. Gleaves, M. Medda, J. W. 

Covington, and D. E. Vaughan. 2007. Macrophage TNF-alpha contributes to insulin 

resistance and hepatic steatosis in diet-induced obesity. Am J Physiol Endocrinol Metab 

293: E713-725. 

99. Hotamisligil, G. S. 1999. Mechanisms of TNF-alpha-induced insulin resistance. Exp Clin 

Endocrinol Diabetes 107: 119-125. 

100. Lolmede, K., C. Duffaut, A. Zakaroff-Girard, and A. Bouloumie. 2011. Immune cells in 

adipose tissue: key players in metabolic disorders. Diabetes Metab 37: 283-290. 

101. Schipper, H. S., B. Prakken, E. Kalkhoven, and M. Boes. 2012. Adipose tissue-resident 

immune cells: key players in immunometabolism. Trends Endocrinol Metab 23: 407-415. 

102. Mauer, J., B. Chaurasia, L. Plum, T. Quast, B. Hampel, M. Bluher, W. Kolanus, C. R. 

Kahn, and J. C. Bruning. 2010. Myeloid cell-restricted insulin receptor deficiency 

protects against obesity-induced inflammation and systemic insulin resistance. PLoS 

genetics 6: e1000938. 

103. Han, J. M., and M. K. Levings. 2013. Immune regulation in obesity-associated adipose 

inflammation. J Immunol 191: 527-532. 

104. Lumeng, C. N., and A. R. Saltiel. 2011. Inflammatory links between obesity and 

metabolic disease. J Clin Invest 121: 2111-2117. 

105. Olefsky, J. M., and C. K. Glass. 2010. Macrophages, inflammation, and insulin 

resistance. Annu Rev Physiol 72: 219-246. 

106. Eller, K., A. Kirsch, A. M. Wolf, S. Sopper, A. Tagwerker, U. Stanzl, D. Wolf, W. 

Patsch, A. R. Rosenkranz, and P. Eller. 2011. Potential role of regulatory T cells in 

reversing obesity-linked insulin resistance and diabetic nephropathy. Diabetes 60: 2954-

2962. 

107. Schiering, C., T. Krausgruber, A. Chomka, A. Frohlich, K. Adelmann, E. A. Wohlfert, J. 

Pott, T. Griseri, J. Bollrath, A. N. Hegazy, O. J. Harrison, B. M. Owens, M. Lohning, Y. 

Belkaid, P. G. Fallon, and F. Powrie. 2014. The alarmin IL-33 promotes regulatory T-cell 

function in the intestine. Nature 513: 564-568. 



92 

 

108. Burzyn, D., W. Kuswanto, D. Kolodin, J. L. Shadrach, M. Cerletti, Y. Jang, E. Sefik, T. 

G. Tan, A. J. Wagers, C. Benoist, and D. Mathis. 2013. A special population of 

regulatory T cells potentiates muscle repair. Cell 155: 1282-1295. 

109. Tjota, M. Y., J. W. Williams, T. Lu, B. S. Clay, T. Byrd, C. L. Hrusch, D. C. Decker, C. 

A. de Araujo, P. J. Bryce, and A. I. Sperling. 2013. IL-33-dependent induction of allergic 

lung inflammation by FcgammaRIII signaling. J Clin Invest 123: 2287-2297. 

110. Louten, J., A. L. Rankin, Y. Li, E. E. Murphy, M. Beaumont, C. Moon, P. Bourne, T. K. 

McClanahan, S. Pflanz, and R. de Waal Malefyt. 2011. Endogenous IL-33 enhances Th2 

cytokine production and T-cell responses during allergic airway inflammation. Int 

Immunol 23: 307-315. 

111. Shoemaker, J., M. Saraiva, and A. O'Garra. 2006. GATA-3 directly remodels the IL-10 

locus independently of IL-4 in CD4+ T cells. J Immunol 176: 3470-3479. 

112. Matta, B. M., J. M. Lott, L. R. Mathews, Q. Liu, B. R. Rosborough, B. R. Blazar, and H. 

R. Turnquist. 2014. IL-33 Is an Unconventional Alarmin That Stimulates IL-2 Secretion 

by Dendritic Cells To Selectively Expand IL-33R/ST2+ Regulatory T Cells. J Immunol 

193: 4010-4020. 

113. Delgoffe, G. M., S. R. Woo, M. E. Turnis, D. M. Gravano, C. Guy, A. E. Overacre, M. L. 

Bettini, P. Vogel, D. Finkelstein, J. Bonnevier, C. J. Workman, and D. A. Vignali. 2013. 

Stability and function of regulatory T cells is maintained by a neuropilin-1-semaphorin-

4a axis. Nature 501: 252-256. 

114. Turnquist, H. R., Z. Zhao, B. R. Rosborough, Q. Liu, A. Castellaneta, K. Isse, Z. Wang, 

M. Lang, D. B. Stolz, X. X. Zheng, A. J. Demetris, F. Y. Liew, K. J. Wood, and A. W. 

Thomson. 2011. IL-33 expands suppressive CD11b+ Gr-1(int) and regulatory T cells, 

including ST2L+ Foxp3+ cells, and mediates regulatory T cell-dependent promotion of 

cardiac allograft survival. J Immunol 187: 4598-4610. 

115. Matthews, D. R., J. P. Hosker, A. S. Rudenski, B. A. Naylor, D. F. Treacher, and R. C. 

Turner. 1985. Homeostasis model assessment: insulin resistance and beta-cell function 

from fasting plasma glucose and insulin concentrations in man. Diabetologia 28: 412-

419. 

116. Winer, S., and D. A. Winer. 2012. The adaptive immune system as a fundamental 

regulator of adipose tissue inflammation and insulin resistance. Immunol Cell Biol. 

117. Islam, S. A., and A. D. Luster. 2012. T cell homing to epithelial barriers in allergic 

disease. Nat Med 18: 705-715. 

118. Kanhere, A., A. Hertweck, U. Bhatia, M. R. Gokmen, E. Perucha, I. Jackson, G. M. Lord, 

and R. G. Jenner. 2012. T-bet and GATA3 orchestrate Th1 and Th2 differentiation 

through lineage-specific targeting of distal regulatory elements. Nature communications 

3: 1268. 

119. Wohlfert, E. A., J. R. Grainger, N. Bouladoux, J. E. Konkel, G. Oldenhove, C. H. 

Ribeiro, J. A. Hall, R. Yagi, S. Naik, R. Bhairavabhotla, W. E. Paul, R. Bosselut, G. Wei, 

K. Zhao, M. Oukka, J. Zhu, and Y. Belkaid. 2011. GATA3 controls Foxp3(+) regulatory 

T cell fate during inflammation in mice. J Clin Invest 121: 4503-4515. 

120. Wang, Y., M. A. Su, and Y. Y. Wan. 2011. An essential role of the transcription factor 

GATA-3 for the function of regulatory T cells. Immunity 35: 337-348. 



93 

 

121. Thomas, D. C., R. J. Mellanby, J. M. Phillips, and A. Cooke. 2007. An early age-related 

increase in the frequency of CD4+ Foxp3+ cells in BDC2.5NOD mice. Immunology 121: 

565-576. 

122. Hashiguchi, M., Y. Kashiwakura, H. Kojima, A. Kobayashi, Y. Kanno, and T. Kobata. 

2014. IL-33 activates eosinophils of visceral adipose tissue both directly and via innate 

lymphoid cells. Eur J Immunol. 

123. Brestoff, J. R., B. S. Kim, S. A. Saenz, R. R. Stine, L. A. Monticelli, G. F. Sonnenberg, J. 

J. Thome, D. L. Farber, K. Lutfy, P. Seale, and D. Artis. 2014. Group 2 innate lymphoid 

cells promote beiging of white adipose tissue and limit obesity. Nature. 

124. Kurowska-Stolarska, M., B. Stolarski, P. Kewin, G. Murphy, C. J. Corrigan, S. Ying, N. 

Pitman, A. Mirchandani, B. Rana, N. van Rooijen, M. Shepherd, C. McSharry, I. B. 

McInnes, D. Xu, and F. Y. Liew. 2009. IL-33 amplifies the polarization of alternatively 

activated macrophages that contribute to airway inflammation. J Immunol 183: 6469-

6477. 

125. Espinassous, Q., E. Garcia-de-Paco, I. Garcia-Verdugo, M. Synguelakis, S. von Aulock, 

J. M. Sallenave, A. N. McKenzie, and J. Kanellopoulos. 2009. IL-33 enhances 

lipopolysaccharide-induced inflammatory cytokine production from mouse macrophages 

by regulating lipopolysaccharide receptor complex. J Immunol 183: 1446-1455. 

126. Rotter, V., I. Nagaev, and U. Smith. 2003. Interleukin-6 (IL-6) induces insulin resistance 

in 3T3-L1 adipocytes and is, like IL-8 and tumor necrosis factor-alpha, overexpressed in 

human fat cells from insulin-resistant subjects. J Biol Chem 278: 45777-45784. 

127. Hotamisligil, G. S., D. L. Murray, L. N. Choy, and B. M. Spiegelman. 1994. Tumor 

necrosis factor alpha inhibits signaling from the insulin receptor. Proc Natl Acad Sci U S 

A 91: 4854-4858. 

128. Vasanthakumar, A., K. Moro, A. Xin, Y. Liao, R. Gloury, S. Kawamoto, S. Fagarasan, L. 

A. Mielke, S. Afshar-Sterle, S. L. Masters, S. Nakae, H. Saito, J. M. Wentworth, P. Li, 

W. Liao, W. J. Leonard, G. K. Smyth, W. Shi, S. L. Nutt, S. Koyasu, and A. Kallies. 

2015. The transcriptional regulators IRF4, BATF and IL-33 orchestrate development and 

maintenance of adipose tissue-resident regulatory T cells. Nat Immunol 16: 276-285. 

129. Miller, A. M., D. L. Asquith, A. J. Hueber, L. A. Anderson, W. M. Holmes, A. N. 

McKenzie, D. Xu, N. Sattar, I. B. McInnes, and F. Y. Liew. 2010. Interleukin-33 induces 

protective effects in adipose tissue inflammation during obesity in mice. Circulation 

research 107: 650-658. 

130. La Cava, A., and G. Matarese. 2004. The weight of leptin in immunity. Nat Rev Immunol 

4: 371-379. 

131. Chawla, A., K. D. Nguyen, and Y. P. Goh. 2011. Macrophage-mediated inflammation in 

metabolic disease. Nat Rev Immunol 11: 738-749. 

132. Suganami, T., J. Nishida, and Y. Ogawa. 2005. A paracrine loop between adipocytes and 

macrophages aggravates inflammatory changes: role of free fatty acids and tumor 

necrosis factor alpha. Arterioscler Thromb Vasc Biol 25: 2062-2068. 

133. Yamashita, A., Y. Soga, Y. Iwamoto, S. Yoshizawa, H. Iwata, S. Kokeguchi, S. 

Takashiba, and F. Nishimura. 2007. Macrophage-adipocyte interaction: marked 

interleukin-6 production by lipopolysaccharide. Obesity (Silver Spring) 15: 2549-2552. 

134. Xie, L., M. T. Ortega, S. Mora, and S. K. Chapes. 2010. Interactive changes between 

macrophages and adipocytes. Clinical and vaccine immunology : CVI 17: 651-659. 



94 

 

135. Klein-Wieringa, I. R., S. N. Andersen, J. C. Kwekkeboom, M. Giera, B. J. de Lange-

Brokaar, G. J. van Osch, A. M. Zuurmond, V. Stojanovic-Susulic, R. G. Nelissen, H. Pijl, 

T. W. Huizinga, M. Kloppenburg, R. E. Toes, and A. Ioan-Facsinay. 2013. Adipocytes 

modulate the phenotype of human macrophages through secreted lipids. J Immunol 191: 

1356-1363. 

136. Kang, K., S. M. Reilly, V. Karabacak, M. R. Gangl, K. Fitzgerald, B. Hatano, and C. H. 

Lee. 2008. Adipocyte-derived Th2 cytokines and myeloid PPARdelta regulate 

macrophage polarization and insulin sensitivity. Cell Metab 7: 485-495. 

137. Ioan-Facsinay, A., J. C. Kwekkeboom, S. Westhoff, M. Giera, Y. Rombouts, V. van 

Harmelen, T. W. Huizinga, A. Deelder, M. Kloppenburg, and R. E. Toes. 2013. 

Adipocyte-derived lipids modulate CD4+ T-cell function. Eur J Immunol 43: 1578-1587. 

138. Bernlohr, D. A., C. W. Angus, M. D. Lane, M. A. Bolanowski, and T. J. Kelly, Jr. 1984. 

Expression of specific mRNAs during adipose differentiation: identification of an mRNA 

encoding a homologue of myelin P2 protein. Proc Natl Acad Sci U S A 81: 5468-5472. 

139. Wu, M., A. Neilson, A. L. Swift, R. Moran, J. Tamagnine, D. Parslow, S. Armistead, K. 

Lemire, J. Orrell, J. Teich, S. Chomicz, and D. A. Ferrick. 2007. Multiparameter 

metabolic analysis reveals a close link between attenuated mitochondrial bioenergetic 

function and enhanced glycolysis dependency in human tumor cells. American journal of 

physiology. Cell physiology 292: C125-136. 

140. Vignali, D. A., L. W. Collison, and C. J. Workman. 2008. How regulatory T cells work. 

Nat Rev Immunol 8: 523-532. 

141. Huynh, A., M. DuPage, B. Priyadharshini, P. T. Sage, J. Quiros, C. M. Borges, N. 

Townamchai, V. A. Gerriets, J. C. Rathmell, A. H. Sharpe, J. A. Bluestone, and L. A. 

Turka. 2015. Control of PI(3) kinase in Treg cells maintains homeostasis and lineage 

stability. Nat Immunol 16: 188-196. 

142. Gerriets, V. A., R. J. Kishton, A. G. Nichols, A. N. Macintyre, M. Inoue, O. Ilkayeva, P. 

S. Winter, X. Liu, B. Priyadharshini, M. E. Slawinska, L. Haeberli, C. Huck, L. A. Turka, 

K. C. Wood, L. P. Hale, P. A. Smith, M. A. Schneider, N. J. MacIver, J. W. Locasale, C. 

B. Newgard, M. L. Shinohara, and J. C. Rathmell. 2015. Metabolic programming and 

PDHK1 control CD4+ T cell subsets and inflammation. J Clin Invest 125: 194-207. 

143. Shchepina, L. A., O. Y. Pletjushkina, A. V. Avetisyan, L. E. Bakeeva, E. K. Fetisova, D. 

S. Izyumov, V. B. Saprunova, M. Y. Vyssokikh, B. V. Chernyak, and V. P. Skulachev. 

2002. Oligomycin, inhibitor of the F0 part of H+-ATP-synthase, suppresses the TNF-

induced apoptosis. Oncogene 21: 8149-8157. 

144. Sipos, I., L. Tretter, and V. Adam-Vizi. 2003. Quantitative relationship between 

inhibition of respiratory complexes and formation of reactive oxygen species in isolated 

nerve terminals. Journal of neurochemistry 84: 112-118. 

145. Pike, L. S., A. L. Smift, N. J. Croteau, D. A. Ferrick, and M. Wu. 2011. Inhibition of fatty 

acid oxidation by etomoxir impairs NADPH production and increases reactive oxygen 

species resulting in ATP depletion and cell death in human glioblastoma cells. Biochim 

Biophys Acta 1807: 726-734. 

146. Pelicano, H., D. S. Martin, R. H. Xu, and P. Huang. 2006. Glycolysis inhibition for 

anticancer treatment. Oncogene 25: 4633-4646. 



95 

 

147. Robinson, G. L., D. Dinsdale, M. Macfarlane, and K. Cain. 2012. Switching from aerobic 

glycolysis to oxidative phosphorylation modulates the sensitivity of mantle cell 

lymphoma cells to TRAIL. Oncogene 31: 4996-5006. 

148. O'Sullivan, D., and E. L. Pearce. 2015. Targeting T cell metabolism for therapy. Trends 

Immunol 36: 71-80. 

149. Jacobs, S. R., C. E. Herman, N. J. Maciver, J. A. Wofford, H. L. Wieman, J. J. Hammen, 

and J. C. Rathmell. 2008. Glucose uptake is limiting in T cell activation and requires 

CD28-mediated Akt-dependent and independent pathways. J Immunol 180: 4476-4486. 

150. Yang, K., S. Shrestha, H. Zeng, P. W. Karmaus, G. Neale, P. Vogel, D. A. Guertin, R. F. 

Lamb, and H. Chi. 2013. T cell exit from quiescence and differentiation into Th2 cells 

depend on Raptor-mTORC1-mediated metabolic reprogramming. Immunity 39: 1043-

1056. 

151. Shi, L. Z., R. Wang, G. Huang, P. Vogel, G. Neale, D. R. Green, and H. Chi. 2011. 

HIF1alpha-dependent glycolytic pathway orchestrates a metabolic checkpoint for the 

differentiation of TH17 and Treg cells. J Exp Med 208: 1367-1376. 

152. Chang, C. H., J. D. Curtis, L. B. Maggi, Jr., B. Faubert, A. V. Villarino, D. O'Sullivan, S. 

C. Huang, G. J. van der Windt, J. Blagih, J. Qiu, J. D. Weber, E. J. Pearce, R. G. Jones, 

and E. L. Pearce. 2013. Posttranscriptional control of T cell effector function by aerobic 

glycolysis. Cell 153: 1239-1251. 

153. van der Windt, G. J., and E. L. Pearce. 2012. Metabolic switching and fuel choice during 

T-cell differentiation and memory development. Immunol Rev 249: 27-42. 

154. Pollizzi, K. N., and J. D. Powell. 2014. Integrating canonical and metabolic signalling 

programmes in the regulation of T cell responses. Nat Rev Immunol 14: 435-446. 

155. Waickman, A. T., and J. D. Powell. 2012. mTOR, metabolism, and the regulation of T-

cell differentiation and function. Immunol Rev 249: 43-58. 

156. Finlay, D. K., E. Rosenzweig, L. V. Sinclair, C. Feijoo-Carnero, J. L. Hukelmann, J. 

Rolf, A. A. Panteleyev, K. Okkenhaug, and D. A. Cantrell. 2012. PDK1 regulation of 

mTOR and hypoxia-inducible factor 1 integrate metabolism and migration of CD8+ T 

cells. J Exp Med 209: 2441-2453. 

157. Schieke, S. M., D. Phillips, J. P. McCoy, Jr., A. M. Aponte, R. F. Shen, R. S. Balaban, 

and T. Finkel. 2006. The mammalian target of rapamycin (mTOR) pathway regulates 

mitochondrial oxygen consumption and oxidative capacity. J Biol Chem 281: 27643-

27652. 

158. Morita, M., S. P. Gravel, L. Hulea, O. Larsson, M. Pollak, J. St-Pierre, and I. Topisirovic. 

2015. mTOR coordinates protein synthesis, mitochondrial activity and proliferation. Cell 

Cycle 14: 473-480. 

159. Huang, S., J. M. Rutkowsky, R. G. Snodgrass, K. D. Ono-Moore, D. A. Schneider, J. W. 

Newman, S. H. Adams, and D. H. Hwang. 2012. Saturated fatty acids activate TLR-

mediated proinflammatory signaling pathways. J Lipid Res 53: 2002-2013. 

160. Wong, S. W., M. J. Kwon, A. M. Choi, H. P. Kim, K. Nakahira, and D. H. Hwang. 2009. 

Fatty acids modulate Toll-like receptor 4 activation through regulation of receptor 

dimerization and recruitment into lipid rafts in a reactive oxygen species-dependent 

manner. J Biol Chem 284: 27384-27392. 



96 

 

161. Cheng, X., E. J. Folco, K. Shimizu, and P. Libby. 2012. Adiponectin induces pro-

inflammatory programs in human macrophages and CD4+ T cells. J Biol Chem 287: 

36896-36904. 

162. Kumada, M., S. Kihara, N. Ouchi, H. Kobayashi, Y. Okamoto, K. Ohashi, K. Maeda, H. 

Nagaretani, K. Kishida, N. Maeda, A. Nagasawa, T. Funahashi, and Y. Matsuzawa. 2004. 

Adiponectin specifically increased tissue inhibitor of metalloproteinase-1 through 

interleukin-10 expression in human macrophages. Circulation 109: 2046-2049. 

163. Yu, Y., Y. Liu, F. D. Shi, H. Zou, G. Matarese, and A. La Cava. 2013. Cutting edge: 

Leptin-induced RORgammat expression in CD4+ T cells promotes Th17 responses in 

systemic lupus erythematosus. J Immunol 190: 3054-3058. 

164. Saucillo, D. C., V. A. Gerriets, J. Sheng, J. C. Rathmell, and N. J. Maciver. 2014. Leptin 

metabolically licenses T cells for activation to link nutrition and immunity. J Immunol 

192: 136-144. 

165. Blakesley, V. A., A. Scrimgeour, D. Esposito, and D. Le Roith. 1996. Signaling via the 

insulin-like growth factor-I receptor: does it differ from insulin receptor signaling? 

Cytokine Growth Factor Rev 7: 153-159. 

166. Bilbao, D., L. Luciani, B. Johannesson, A. Piszczek, and N. Rosenthal. 2014. Insulin-like 

growth factor-1 stimulates regulatory T cells and suppresses autoimmune disease. EMBO 

Mol Med 6: 1423-1435. 

167. Johannesson, B., S. Sattler, E. Semenova, S. Pastore, T. M. Kennedy-Lydon, R. D. 

Sampson, M. D. Schneider, N. Rosenthal, and D. Bilbao. 2014. Insulin-like growth 

factor-1 induces regulatory T cell-mediated suppression of allergic contact dermatitis in 

mice. Disease models & mechanisms 7: 977-985. 

 

 


