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Abstract

Obesity is associated with the development of asthma and considerable asthma-related healthcare 

utilization. To understand the immunological pathways that lead to obesity-associated asthma, we 

fed mice a high fat diet for 12 weeks, which resulted in obesity and the development of airway 

hyperreactivity (AHR), a cardinal feature of asthma. This AHR depended on innate immunity, 

since it occurred in obese Rag−/− mice, and on IL-17A and the NLRP3 inflammasome, since it did 

not develop in obese Il17−/− or Nlrp3−/− mice. The AHR was also associated with the presence in 

the lungs of CCR6+ innate lymphoid cells producing IL-17A (ILC3 cells), which could by 

themselves mediate AHR when adoptively transferred into Rag2−/− Il2rγ−/− mice. IL-1β played an 

important role by expanding the ILC3 cells, and treatment to block the function of IL-1β abolished 

obesity-induced AHR. Since we found ILC3-like cells in the bronchoalveolar lavage fluid of 

human patients with asthma, we suggest that obesity-associated asthma is facilitated by 

inflammation mediated by NLRP3, IL-1β and ILC3 cells.
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Introduction

The prevalence of obesity in industrialized countries has increased dramatically over the last 

two decades, such that obesity now affects 36% of all adults in the US (66% of all adults are 

classified as overweight or obese)1. The chronic complications from obesity, including type 

2 diabetes mellitus, cardiovascular disease, liver disease and some forms of cancer, represent 

some of the greatest threats to human health2. Recent studies have also shown that obesity is 

a major risk factor for the development of asthma3–5. Although obesity itself can alter lung 

mechanics independent of asthma, the incidence of asthma increases with body mass index 

(BMI) in both men and women, in children and adults, and across multiple racial 

backgrounds. Substantial weight loss in obese asthmatic individuals can lead to significant 

improvements in asthma symptoms, reinforcing the relationship between obesity and 

asthma6. Unfortunately, asthma in obese individuals responds poorly to typical asthma 

medications, including corticosteroids, and leads to greater asthma-related healthcare 

utilization and to reduced quality of life3,7. The lack of effective therapies for asthma in 

obese individuals perhaps reflects the poor understanding of the specific immunological and 

metabolic mechanisms by which nutritional excess and adiposity lead to asthma8,9.

Although the mechanisms that cause asthma in the face of nutritional excess remain 

undefined, obesity is widely recognized as a cause of chronic inflammation that leads to type 

2 diabetes, atherosclerosis and liver disease10. Immunologically, obesity is associated with a 

reduction in anti-inflammatory regulatory T (Treg) cells11, an increase in CD8 T cells12 and 

a transition from M2 to M1 macrophages in adipose tissue10,13. In the lungs however, the 

role of inflammation in obesity has been controversial, since little correlation of airway 

eosinophils with body mass index (BMI) has been observed, although increases in sputum 

neutrophils in obese asthmatics have been reported recently14. Increased circulating 

adipokines (leptin, adiponectin and resistin), as well as increased IL-6, TNF-α and oxidative 

stress3,8 are all associated with asthma in obese individuals but not with allergic asthma, the 

most common form of asthma. Moreover, the association between asthma and obesity is 

stronger in non-atopic than in atopic individuals15, and weight loss reduces airway 

hyperreactivity (AHR), a cardinal feature of asthma, in non-atopic and not in atopic obese 

asthmatics6. These observations suggest that asthma associated with obesity is an entity or 

phenotype distinct from that of allergic asthma16.

To clarify the mechanisms by which obesity might cause asthma, we examined a mouse 

model of diet-induced obesity. Our results using this model demonstrate a novel molecular 

and cellular pathway for the development of obesity-induced asthma, and suggest specific 

therapeutic modalities for this growing clinical problem.
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Results

High fat diet results in obesity and airway hyperreactivity

We studied airways disease in wildtype (WT) mice fed a high fat diet (HFD) for 14 wks 

starting at 3–4 wks of age. On a HFD, mice gained weight rapidly (Fig. 1a) and developed 

hepatic steatosis and increased epididymal fat volumes compared to control mice on a 

standard diet (chow) (Fig. 1b). Importantly, the obese mice on the HFD developed AHR 

(Fig. 1c), whereas mice on the standard diet had normal airway reactivity. Similarly, leptin 

deficient ob/ob mice, which rapidly developed obesity on normal chow, also expressed AHR 

(Fig. 1d), as previously reported17,18. These results demonstrate that diet-induced obesity 

and obesity associated with leptin-deficiency are both associated with the development of 

AHR.

IL-17A is increased in the lungs and is required for HFD-induced AHR

Since obesity-associated AHR is not linked strongly with atopy18, we asked if it was 

dependent on IL-17A. Indeed, IL-17A production was greatly increased in the lungs of the 

obese mice, as assessed in cultured lung cells (Fig. 2a). Moreover, Il17−/− mice on the HFD 

developed obesity (Fig. 2b), but failed to develop obesity-associated AHR (Fig. 2c), 

indicating a requirement for IL-17A. In the lungs of the obese WT mice, IL-17A mRNA 

levels were significantly increased in both CD4− and CD4+ lymphocyte fractions (which 

included both T and non-T cells) (Fig. 2d). Surprisingly, the major producers of IL-17A in 

the lungs of both obese WT and ob/ob mice were non-T, non-B, CD4−, lineage− cells, which 

are characteristics of innate lymphoid cells that produce IL-17A (ILC3 cells)19–22 (Fig. 2e), 

although some Lin+ cells (e.g., CD4+ Th17 cells and γδ cells) also produced IL-17A (Suppl 

Fig. 1). The ILC3-like cells expressed high levels of Thy1.2, Sca-1, RORγt, CD44, but not 

c-Kit (Fig. 2f), and did not produce IL-13 (Suppl Fig. 1), consistent with the features of 

IL-17+ ILC3 cells previously described in the intestines of mice and humans in the setting of 

IBD19,20, and distinct from LTi ILC3 cells23–25, IL-22+ ILC3 cells26,27 and lung ILC2 cells 

(also called nuocytes or natural helper cells) producing IL-13 and IL-5 and expressing 

variable amounts of c-Kit28–31.

To better understand the role of Th17 and ILC3 cells in HFD-induced AHR, we placed 

Rag1−/− mice on the HFD for 12 wks before assessing AHR. Obese Rag1−/− mice, which 

develop type 2 diabetes presumably through mechanisms that are independent of adaptive 

immunity and Th17 cells32, also developed AHR associated with an increase in the lungs of 

ILC3 cells expressing IL-17, CCR6, RORγT (Fig. 2g, 2h), but little T-bet or IL-22 and no 

IFN-γ (Suppl.Fig. 1). This suggested that ILC3 cells were sufficient for the development of 

pulmonary inflammation and AHR in the obese mice, and that Th17 cells or γδ T cells were 

not required. Consistent with this idea, C57BL/6 mice from both Jackson Labs and Taconic 

Farms developed obesity-induced AHR and an increase in IL-17+ ILC3 cells (Suppl.Fig 2), 

but segmented filamentous bacteria (SFB), essential for the development of Th17 cells33,34, 

were detected only in the stools of mice obtained from Taconic Farms (data not shown)33. 

These results together demonstrate for the first time that ILC3 cells are present in the lungs, 

and suggest that ILC3 cells, which could develop in the absence of SFB, might play an 

important pathogenic role in the airways.
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The inflammation in the lungs of obese mice requires the NLRP3 inflammasome

We examined other cytokines in the lungs and adipose tissue of obese mice, and found that 

IL-1β, IL-6 and IL-23 (known to induce IL-17A production in Th17 cells)35 were increased 

in the lungs and in the adipose tissue of the obese mice, as determined by RT-PCR (Fig. 3a–

f). The inflammatory cells in the lungs and adipose tissue included macrophages, 

particularly M1 (F4/80+CD11c+CD206−) macrophages, although M2 macrophages 

(F4/80+CD206+) were also slightly increased after 12 wks on the HFD (Fig. 3g, Suppl.Fig.

3). Moreover, M1, and to a much lesser extent M2 macrophages, from obese WT mice and 

obese ob/ob mice expressed IL-1β, as determined by intracellular cytokine staining 

(Suppl.Fig.3, Fig. 3h). In addition, in the lungs and adipose tissue of mice on the HFD, there 

was a reduction in Treg cells and NKT cells (data not shown), as previously reported11,36.

Since adipose tissue macrophages in obese mice have been shown to produce IL-1β in an 

inflammasome-dependent manner37,38, we examined Nlrp3 mRNA expression in the lungs, 

and found it was increased, as it was in the liver and adipose tissues of obese mice (Fig. 4a). 

Moreover, NLRP3 was required for obesity-induced AHR, as Nlrp3−/− mice fed the HFD 

rapidly gained weight, developed some degree of hepatic steatosis and increased adipose 

tissue volumes (Fig. 4b, 4c), but failed to develop AHR (Fig 4d). Further, Nlrp3−/− mice on 

a HFD failed to develop an increase in lung IL-1β production (Fig 4e), and had a 

significantly reduced number of pulmonary ILC3 cells compared to obese WT mice (Fig 4f). 

In contrast, the number of Lin+IL-17+ (Th17 and γδ cells) cells was only slightly increased 

in the lungs of obese WT and Nlrp3−/− mice, compared to the chow fed WT and Nlrp3−/− 

mice, respectively (Fig. 4f), supporting the idea that Th17 cells were not required. 

Therefore, the development of AHR in obese mice correlated with the activation of NLRP3, 

the production of IL-1β and with the expansion of IL-17+ ILC3 cells in the lungs.

Administration of IL-1β directly causes AHR by inducing IL-17A production

We hypothesized that in obese mice, IL-1β, produced by lung macrophages, induced the 

development of ILC3 cells in a process that was independent of adaptive immunity. Indeed, 

the administration of rIL-1β into the lungs of Rag2−/− mice rapidly induced a robust AHR 

response (Fig. 5a). Treatment of Rag2−/− mice with rIL-1α and rIL-23 but not rIL-6 also 

resulted in the development of AHR, though the effect with IL-23 was not as robust as with 

IL-1β (Fig. 5b and Suppl Fig.4). The IL-1β-induced AHR response required ILC3 cells, 

since it was abolished by depletion of ILC3 cells by in vivo treatment with anti-Thy1.2 mAb 

(Fig. 5c), which directly reduced the number of ILC3 cells (Fig. 5d), and resulted in a 

decrease in other inflammatory cells in the BAL fluid (Fig. 5c). The IL-1β treatment induced 

IL-17A producing ILCs that expressed CCR6, but only low levels of IL-17F, GM-CSF or T-

bet as shown by intracellular staining (Suppl Fig. 4). Furthermore, treatment with IL-1β 

induced AHR in Nlrp3−/−, IL-6−/− and δ TCR−/− mice (lacking γδ T cells), which was 

associated with an increase in IL-17 production in ILCs in these mice, but not in Rorc−/− 

mice (Suppl Fig. 5), indicating that ILC3 cells required RORγt, but could develop and 

induce AHR in the absence of NLRP3, IL-6 or γδ T cells. Moreover, ILC3 cells by 

themselves were sufficient for the development of AHR, since adoptive transfer of the ILC3 

cells (Lin−CCR6+) into Rag2−/−Il2rγ−/− mice restored IL-1β-induced AHR (Fig. 5e–f). The 

induction of AHR and airway inflammation by rIL-1β required IL-17A but not IL-4 or IL-13 
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producing cells (e.g., Th2 or ILC2 cells), since treatment of Il4/13−/− mice, but not Il17−/− 

mice, with rIL-1β resulted in robust AHR (Fig. 5g). Although treatment of WT mice with 

rIL-17A alone induced only minimal or no AHR (Suppl Fig. 6), treatment of the Il17−/− 

mice with both IL-1β and IL-17A resulted in robust AHR and airway inflammation (Suppl 

Fig. 6), confirming a critical role for IL-17A in IL-1β-induced AHR. Further, administration 

of rIL-1β to Rorc−/− mice (lacking RORγt) failed to induce AHR, and anti-IL-17A mAb 

administration blocked IL-1β-induced AHR in Rag1−/− mice (Suppl Fig. 6), confirming a 

requirement for ILC3 cells (which require Rorc for development31) and IL-17A and in the 

development of IL-1β-induced AHR. Finally, we showed that ILC3 cells could directly 

respond to IL-1β, by showing that ILC3 cells taken from IL-1β treated Rag2−/− mice 

expressed IL-1R (Fig. 5h), and produced more IL-17 when cultured in vitro with rIL-1β 

(along with IL-7 and IL-2) (Fig. 5i). Although IL-23 in the lungs of obese mice might 

contribute to ILC3 cell expansion, these studies together indicate that IL-1β can induce AHR 

independently of adaptive immunity, IL-4 or IL-13, by expanding lung ILC3 cells, which 

can directly cause AHR.

Blockade of IL-1β signaling prevents obesity induced AHR

The important role of IL-1β in HFD-induced AHR was confirmed by blocking IL-1β 

signaling using IL-1Ra (anakinra), which has been shown previously to improve glycemia in 

obesity-induced type 2 diabetes in humans39. Treatment with anakinra for just 7 days 

abolished AHR in obese mice fed a HFD for 13 weeks (Fig. 6a, b), and greatly reduced the 

number of pulmonary ILC3 cells (Fig. 6c). These results indicate that chronic inflammation 

in obese mice triggers IL-1β production in the lung (presumably through NLRP3), which 

likely drives the expansion of ILC3 cells and the development of obesity-induced AHR.

Human ILC3 cells in the lungs of patients with asthma

ILC3 cells have not been shown previously to be present in human lungs. However, in 10 

consecutive bronchoalveolar lavage (BAL) fluid samples examined from patients with 

pulmonary disease (Suppl Table 1), we identified significant numbers of innate lymphoid 

cells (Lin−IL-7R+ cells), many of which expressed IL-17 (Suppl. Table 1, two right-most 
columns; Suppl Fig. 7). The Lin−IL-17+ cells appear to be comparable to murine ILC3 

cells, and patients with severe asthma had more of these cells than patients with mild asthma 

or no asthma (2.1% versus 0.2%, p=0.013) (Suppl. Table 1). In vitro culture of BAL fluid 

cells with rIL-1β (along with IL-7 and IL-2) also increased the number of IL-17 producing 

Lin− cells (Fig. 6d). These studies demonstrate that IL-17 producing ILCs can be found in 

the lungs of humans, and potentially could play a pathological role in asthma.

Discussion

In these studies, we showed for the first time that diet-induced obesity leads to the 

development of AHR through a pathway that required NLRP3 and IL-17, and that was 

facilitated by pulmonary IL-17+ ILC3 cells, a cell type that has not been linked previously 

with airways disease (Fig. 6e). AHR did not develop in obese Nlrp3−/− mice or in obese 

Il17−/− mice, and was associated with IL-1β production by lung M1 macrophages in obese 

mice. Furthermore, IL-17+ ILC3 cells could by themselves induce AHR, since in vivo 
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treatment of Rag2−/− mice with rIL-1β rapidly induced the expansion of airway ILC3 cells 

and the development of AHR, and since adoptive transfer of CCR6+ ILC3 cells into 

Rag2−/−Il2rγ−/− mice restored IL-1β-induced AHR. These results suggest that obesity-

induced AHR develops through a unique pathway that involves an ILC3–IL-1β–NLRP3 

inflammasome axis that is activated in the lungs in the face of nutritional excess37,38,40. 

Indeed, treatment of obese mice with a short course of the IL-1R antagonist, anakinra, 

abolished AHR associated with HFD-induced obesity, corroborating a novel mechanistic 

pathway by which obesity causes airway inflammation and AHR associated with an 

expansion of pulmonary IL-17+ ILC3 cells.

The association between obesity and asthma has been known for several years5, but the 

specific mechanisms by which obesity causes asthma have been undefined up to now. 

Although obesity in mice has been shown to induce AHR41,42, to enhance allergen-induced 

AHR43,44, and to enhance ozone-induced AHR17, and although obesity has been recognized 

as an inflammatory disease that causes type 2 diabetes, atherosclerosis and liver disease10, 

the precise mechanisms that link obesity with airway inflammation and AHR have not been 

understood. Previous studies have suggested that adipokines (leptin, adiponectin and 

resistin), as well as IL-6, TNF-α and oxidative stress3,8 could play important roles in 

mediating asthma in obese individuals. We now suggest that the inflammation in obesity, 

which has been recently shown to arise from NLRP3 activation and excess production of 

IL-1β37,38,40, also underlies the asthma that is associated with obesity.

In diet-induced obese WT and Rag−/− mice and in leptin-deficient obese ob/ob mice, we 

demonstrated the presence of a significant increase in pulmonary IL-17+ ILC3 cells. A 

pathogenic role for the ILC3 cells in the lungs was demonstrated by the rapid increase in the 

number of lung ILC3 cells in Rag−/− mice treated with IL-1β or IL-1α, which was associated 

with the development of AHR, and was suggested by the expansion of ILC3 cells in obese 

Rag−/− mice that developed AHR. Although Th17 cells, which can cause airway 

inflammation and AHR45–48, and γδ T cells producing IL-17, which can inhibit the 

development of AHR49, were also present in the lungs of WT obese mice, ILC3 cells greatly 

outnumbered the Th17 and γδ T cells in these mice, and were absent in obese Rag−/− mice 

and in Rag−/− mice treated with IL-1β, both of which developed significant AHR. In 

addition, mice obtained from either Taconic Farms (which contain SFB) or Jackson Labs 

(lacking SFB)33 developed obesity-induced and IL-1β-induced AHR, supporting the idea 

that IL-17+ ILC3 cells and HFD-induced AHR could develop independently of both Th17 

cells and SFB (required for the development of Th17 cells). Moreover, AHR induced by 

IL-1β required RORγt since it failed to occur in Rorc−/− mice, and occurred independently 

of IL-4 and IL-13 in Il4/Il13−/− mice, indicating that ILC3 cells could function 

independently of ILC2 cells, which produce IL-13 and IL-5, and which cause AHR during 

influenza infection28 or airway inflammation in response to protease-containing allergens29. 

Additionally, the ILC3 cells associated with AHR produced little or no IL-17F, IL-22, GM-

CSF or IFN-γ, consistent with previous studies showing that IL-17, but not IL-17F or IL-22, 

can induce AHR45, and strongly suggesting that IL-17F, IL-22 and IFN-γ have little or no 

role in inducing obesity-associated AHR. Furthermore, we confirmed that IL-17+ ILC3 

cells, which developed in Il6−/− mice, express the IL-1 receptor and respond to IL-1β (and 

Kim et al. Page 6

Nat Med. Author manuscript; available in PMC 2014 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



IL-1α), as was previously shown in studies of intestinal ILC3 cells21 that promote the 

pathology in inflammatory bowel disease19,20. Finally, adoptive transfer of CCR6+ ILC3 

cells into Rag2−/−Il2rγ−/− mice restored IL-1β-induced AHR, indicating that ILC3 cells 

alone were sufficient for the development of AHR.

We also demonstrated an important role for IL-1β in obesity-induced AHR by showing that 

treatment of obese mice for 7 days with the IL-1R antagonist, anakinra, abolished obesity-

induced AHR, which failed to develop in Nlrp3−/− mice. The fatty acid palmitate37, 

cholesterol crystals, LDL38 and ceramide (generated from fatty acids)40, which are all 

increased during nutritional excess, can each activate NLRP3, resulting in increased IL-1β 

production. In obese mice, an important source of IL-1β is the adipose tissue macrophage, 

which is thought to convert from M2 to M1 forms in association with the activation of 

NLRP3 and ASC40. In the lungs of obese mice, we showed that NLRP3 is indeed activated, 

and that M1 macrophages produced much of the IL-1β. Moreover, in both diet-induced and 

in ob/ob obese mice, activation of this obesity-NLRP3-IL-1β pathway resulted in the 

expansion and activation of pulmonary IL-17+ ILC3 cells, which facilitated AHR. However, 

blocking IL-1 signaling with anakinra abolished this pathway, suggesting that in the lung, 

IL-1β may be particularly important in regulating IL-17 production, as has been shown in 

the skin50, although other factors such IL-23, may contribute to this process. This NLRP3-

IL-1β inflammatory pathway, in addition to mediating type 2 diabetes mellitus, non-

alcoholic liver disease and cardiovascular disease10, plays a key role in autoinflammatory 

conditions, e.g., in cryopyrin-associated periodic syndromes (CAPS)51, suggesting that all of 

these metabolic diseases are in some respects autoinflammatory. Our studies suggest that 

obesity-induced AHR also has features of, and might be considered related to, 

autoinflammatory diseases.

In asthma, previous studies of the pathological role of IL-1β and NLRP3 have generated 

conflicting results. In these previous studies however, NLRP3 has been studied primarily in 

the context of allergic asthma. Several investigators found significant attenuation of 

allergen-induced airway inflammatory responses in Nlrp3−/− mice52,53, but others have 

found no defects in allergic inflammation, the development of Th2 cells, airway eosinophilia 

and AHR in Nlrp3−/− mice54–56. While part of this controversy has focused on the role of 

alum as an adjuvant that might activate NLRP3 during allergic sensitization, we propose 

instead that the NLRP3 pathway plays a critical role in asthma associated with obesity by 

mediating the development of ILC3 cells that cause AHR.

Although ILC3 cells have been found in the intestines of humans with IBD19–22 and at low 

frequencies in inflamed human tonsil57, ILC3 cells have not been found previously in the 

context of human lung disease or AHR. Nevertheless, our studies, which demonstrate for the 

first time that ILC3 cells responding to IL-1β can induce the development of AHR in mice, 

independent of ILC2 cells and adaptive immunity (Th17 cells or Th2 cells), are consistent 

with clinical observations in humans showing an association of obesity with elevated 

systemic levels of IL-17 and IL-1β58,59, particularly in non-atopic obese individuals18, 19. 

An important role for IL-17+ ILC3 cells in asthma, which likely are recruited to and expand 

in the lungs, and which may be somewhat resistant to corticosteroids, is also suggested by 

our studies showing that ILC3-like cells are present in the lungs of humans, and that these 
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cells respond to IL-1β. However, as the number of ILC3 cells varied considerably in the 

BAL fluid of the 10 patients examined, the precise role of ILC3 cells in human lung disease, 

including asthma associated with obesity, will require clinical studies with much larger 

numbers of patients. In any case, our studies confirm that asthma is indeed heterogeneous, 

and suggest that an obesity-associated asthma phenotype may exist that involves an NLRP3-

IL-1β-ILC3 cell axis and that is distinct from previously described pathways for 

asthma3,16,60.

In summary, we showed in a mouse model of asthma associated with obesity that AHR 

develops through a pathway involving NLRP3, IL-1β and pulmonary IL-17+ ILC3 cells. 

These studies are the first to show a role for ILC3 cells in the lungs, and may explain why 

asthma associated with obesity appears to be distinct from other forms of asthma.

On-line Materials and Methods

Mice

Wildtype C57BL/6 mice, Rag1−/− mice, δTCR−/−, IL-6−/− mice, and Rorc−/− mice were 

purchased from The Jackson Laboratory (Bar Harbor, ME) and bred in our animal facility. 

Rag2−/− mice on the BALB/c background, and Rag2−/−Il2rγ−/− mice were purchased from 

Taconic. Il17−/− mice on the C57BL/6 background were generated as previously 

described 61. Nlrp3−/− mice on the 129 background were generated by Millennium 

Pharmaceuticals 62, but backcrossed to C57BL/6 background. Il4/Il13−/− mice were 

generated as previously described 63. The Animal Care and Use Committee of Boston 

Children’s Hospital approved all animal protocols.

Patients with asthma

Applicable human subject protocols were approved at the institutional review boards at 

Boston Children’s Hospital, the Brigham and Women’s Hospital and Connelly Hospital. All 

subjects provided informed consent. The characteristics of each subject are provided in 

Supplemental Table 1. All patients underwent bronchoscopy and bronchoalveolar lavage 

using standard protocols.

Diet Intervention

Starting at 3–4 wks of age, male mice were fed normal chow or a HFD for 12–16 wk, 

providing 60% of energy in the form of fat (D12492; Research Diets). Total body weight 

and food intake were measured twice a week.

Antibodies and reagents

Recombinant mouse IL-1α, IL-1β, IL-6 and IL-23 were purchased from BioLegend. 7wk-

old Rag2−/− mice were treated with 0.1µg of recombinant proteins in saline intranasally for 

3 consecutive days (day 1, 2, and 3). To deplete ILCs, mice were treated with 0.5mg of anti-

Thy1.2 mAb (clone 30H12, BioXcell) i.p. at days −3, 0 and 2. To deplete IL-17A, mice 

were treated with anti-mouse IL-17A mAb (Clone TC11-18H10.1, BioLegend) before 

treatment with IL-1β. To block IL-1 signaling, obese mice were treated with 50 mg/kg of 

anakinra (soluble IL-1R antagonist, Amgen) daily for 7days before measuring AHR.
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Measurement of AHR

Mice were anesthetized with 50 mg/kg pentobarbital and tracheostomized, intubated, and 

mechanically ventilated at a tidal volume of 0.2 ml and a frequency of 150 breath/min, as 

previously described 64. Lung resistance (RL) was measured using invasive BUXCO 

(BUXCO Electronics) in response to increasing doses (0.25 to 80 mg/ml) of aerosolized 

acetyl-β-methylcholine chloride methacholine (Sigma-Aldrich).

Tissue preparation

Lung tissues and epididymal white adipose tissue (WAT) was minced and digested with 1.6 

mg/ml of collagenase type 4 (Worthington, Lakewood, NJ) and 0.1% of DNase I (fraction 

IX; Sigma) at 37 °C for 1h. Total cells were lysed for RBCs and stained for FACS analysis.

Flow Cytometry

Single cell suspensions were pre-incubated with anti-FcγR blocking mAb (2.4G2) and 

washed before staining. Cells were stained with fluorescein isothiocyanate-conjugated anti-

CD3 (17A2 (555274); BD Biosciences), anti-CD19 (6D5 (115506); BioLegend), anti-

CD11b (M1/70 (101206); BioLegend), anti-CD11c (HL3 (553801); BD Biosciences), anti-

CD49b (DX5 (11-5971-82); eBioscience), anti-F4/80 (BM8 (123108); BioLegend) or anti-

FcεR1 (MAR-1 (134306); BioLegend) (these FITC conjugated antibodies were used as 

Lineage markers); phycoerythrin-Texas red-conjugated antibody to mouse CD45 

(MCD4517; Invitrogen); phycoerythrin-conjugated anti-CD1d (1B1 (123509); BioLegend); 

phycoerythrin-conjugated anti-CD44 (1M7 (103009); BioLegend); phycoerythrin-

conjugated anti-CD121 (35F5 (557589); BD Biosciences); phycoerythrin-conjugated anti-

IL-1β (NJTEN3 (12-7114-80); eBioscience); phycoerythrin-conjugated anti-IL-17F 

(ebio18F10 (12-7471-80); eBioscience); phycoerythrin-conjugated anti-IL-22 (poly5164 

(516404); BioLegend); phycoerythrin- cyanine 7-conjugated anti-IFN-γ (XMG1.2 (505826); 

BioLegend); allophycocyanin-conjugated anti-c-Kit (2B8 (105812); BioLegend); 

allophycocyanin-conjugated anti-T-bet (4B10 (644813); BioLegend); allophycocyanin-

conjugated anti-CD196 (CCR6) (29-2L17 (129812); BioLegend); allophycocyanin-cyanine 

5.5-conjugated anti-CD25 (PC61 (551071); BD Biosciences); allophycocyanin-cyanine 5.5-

conjugated anti-NKp46 (29A1.4 (137609); BioLegend); anti-CD90.2 (anti-Thy-1.2; 53-2.1 

(17-0902-81); eBioscience); peridinin chlorophyll protein-conjugated anti-c-Kit (2B8 

(105812); BioLegend); Alexa Fluor 647-conjugated anti-CD206 (MR5D3 (123010); 

BioLegend); Alexa Fluor 700–conjugated anti-Sca-1 (D7 (56-5981-82); eBioscience); Alexa 

Fluor 700-conjugated anti-CD4 (GK1.5 (100430); BioLegend); Alexa Fluor 780-conjugated 

anti-CD11c (N418 (47-0114-82); eBioscience). Human BAL fluid cells were stained with 

phycoerythrin-Texas red-conjugated to anti-human CD45 (MHCD4517; Invitrogen); 

fluorescein isothiocyanate-conjugated to anti-CD3 (anti-CD3; UCHT1 (555332); BD 

Biosciences), anti-CD19 (H1B19 (302206); BioLegend), anti-CD11b (ICRF44 

(11-0118-42); eBioscience), anti-CD11c (3.9 (301604); BioLegend), anti-CD49b (AK-7 

(314306); BioLegend), anti-CD14 (HCD14 (325604); eBioscience) or anti-FcεR1 (MAR-1 

(134306); BioLegend), Alexa Fluor 647-conjugated anti-CD127 (eBioRDR5 (51-1278-73); 

eBioscience). For intracellular staining, cells were permeabilized (Cytofix/Cytoperm kit; BD 

Biosciences) and incubated with Alexa Fluor 700-conjugated anti-IL-17A 

Kim et al. Page 9

Nat Med. Author manuscript; available in PMC 2014 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(eBioTC11-18H10.1 (51-7172-80); eBioscience), Alexa Fluor 647-conjugated anti-IL-17A 

(eBio64CAP17 (51-7178-71); eBioscience), phycoerythrin-conjugated conjugated anti-

RoRγT (B2D (12-6981-80); eBioscience) or the respective isotype-matched control antibody 

(rat IgG1 κ-chain; 51-4301; eBioscience). Cells were analyzed on a FACSCanto (BD 

Biosciences) with FlowJo 8.3.3 software (TreeStar).

Real-Time PCR

Total RNA was isolated from frozen tissues using TRI reagent (Sigma-Aldrich), and cDNA 

was synthesized using iScript™ cDNA synthesis kit (Invitrogen, CA) according to 

manufacturer’s instruction. 0.5–1 µg of cDNA were amplified in the presence of TaqMan 

universal master mix (Applied Biosystems), gene-specific TaqMan probe, and water. Gene-

specific PCR products were measured using an Applied Biosystems 7500 Sequence 

Detection System. The levels of target gene expression were normalized to GAPDH 

expression using the 2−ΔΔCt method. The following primers and probes were purchased from 

Applied Biosystems: mouse GAPDH (4352339E), IL-1β (Mm00434228_m1), IL-6 

(Mm00446190_m1), IL-23p19 (Mm01160011_g1), and NLRP3 (Mm00840904_m1).

ELISA

Total IL-17A and IL-1β production from lung cells were measured by ELISA assay kits 

according to manufacturer’s protocol (eBioscience).

Statistical Analysis

Data are given as mean ± SEM, and were analyzed by ANOVA or unpaired student’s t-tests 

(two-tailed) (Prism 4; GraphPad Software Inc.). Significance for all statistical tests was 

shown in figures for p<0.05(*), p <0.01 (**) and p<0.001 (***).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AHR airway hyperreactivity

AM alveolar macrophages

BAL bronchoalveolar lavage

BMI body mass index

DCs dendritic cells

ILCs innate lymphoid cells
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HFD high fat diet

NKT natural killer T

NLRP3 NACHT LRR and PYD domains-containing protein 3

SFB segmented filamentous bacteria

WT wild type
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Figure 1. High fat diet feeding induces AHR in wildtype mice
(a–c). Wild type mice fed normal chow or 60% HFD, starting at weaning for 12–14 weeks.

a. Comparison of bodyweight gain in wild-type C57BL/6 mice on normal chow or the HFD. 

***p<0.001, HFD group compared to chow fed group. (Student’s t-test)

b. Representative picture of mice and organs after chow or HFD feeding. Scale bar indicates 

5mm

c. Wild-type mice develop AHR, as assessed by the response to increasing doses of 

methacholine. Results represent the changes in lung resistance (RL) as a measure of AHR. 

**p<0.01, and ***p<0.001, compared to chow fed group. (Two-way ANOVA).

Data are representative of at least three independent experiments. Error bars represent SEM.

d. 7 wks old ob/ob mice fed on normal chow diet develop AHR. Results represent the 

changes in lung resistance (RL) as a measure of AHR. *p<0.05, and **p<0.01, compared to 

wild type mice. (Two-way ANOVA).
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Figure 2. HFD induced AHR requires the presence of IL-17A
a. Cells were isolated from lungs of mice fed on normal chow or on the HFD, and 

supernatants were analyzed for IL-17A by ELISA.

b. Comparison of bodyweight gain between WT and Il17−/− mice on either chow or HFD. 

NS, WT mice on HFD vs Il17−/− mice on HFD (Student’s t-test).

c. AHR was measured using mice represented in Fig. 2b. Graph represents the changes in 

lung resistance (RL). *p<0.05, and **p<0.01, Il17−/− mice on HFD compared to WT mice 

on HFD (Two-way ANOVA).
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d. Total lung cells from mice fed normal chow or HFD were sorted for CD4+ or CD4− cell 

fraction and analyzed for Il17A mRNA expression by qRT-PCR. ***p<0.001 (chow CD4− 

vs HFD CD4− fraction), and *p<0.05 (chow CD4+ vs HFD CD4+ fraction), (Student’s t-

test).

e. ILC3 cells (CD45+Lineage−IL-17A+cells) from HFD fed WT mice (upper panel) and 

normal chow fed ob/ob mice (lower panel). Graph (right) represents total number of ILC3 

cells in the lungs (upper panel; wild type chow vs HFD, ***p<0.001, lower panel; chow fed 

wild type vs ob/ob, **p<0.01).

f. ILC3 cells in Figure 2e were further characterized. Grey histograms represent isolype 

control staining.

g. The changes in lung resistance (RL) as a measure of AHR in Rag1−/− mice fed a high fat 

diet. *p<0.05, and **p<0.01, comparing normal chow fed and high diet fed groups (Two-

way ANOVA).

h. ILC3 cells in the lungs of Rag1−/− mice. Graph (right) represents total number of ILC3 

cells (chow vs HFD groups, ***p<0.001).
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Figure 3. IL-1β production and M1 macrophages are increased in the lungs of obese mice
(a–f). Total RNA was extracted from the lung and adipose tissue for qRT-PCR. Fold 

induction of Il1b (a,d), Il6 (b,e), and Il23 (c,f) were calculated based on GAPDH 

expression. *p<0.05, and **p<0.01, mRNA expression from HFD group was compared to 

chow group.

g. Expression of M1/M2 macrophage markers, CD206 (M2) and CD11c (M1), were 

analyzed after gating on of CD45+F4/80+ cells. Graph represents the total numbers of 
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macrophages in the lung (left, *p<0.05 and ***p<0001) and adipose tissue (right, 

***p<0.001). (Student’s t-test)

h. IL-1β production from M1/M2 macrophages. Cells were taken from lung or adipose 

tissue and IL-1β producing M1 (CD11c+, left panel) or M2 (CD206+, right panel) 

macrophages were assessed by flow cytometry.
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Figure 4. HFD increases NLRP3, which is required for AHR
a. Total RNA was extracted from the lung, liver and adipose tissue and assessed for Nlrp3. 

Fold induction of Nlrp3 mRNA was calculated based on GAPDH expression. **p<0.01 and 

***p<0.001, mRNA level from mice fed on HFD compared to chow group. (Student’s t-

test)

b. Graph represent grams of weight gain in WT or Nlrp3−/− mice. **p<0.01, WT mice on 

HFD compared to Nlrp3−/− mice on HFD group. (Student’s t-test)
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c. WT and Nlrp3−/− mice 3 months after HFD (left). Representative pictures of lung, liver 

and epididymal adipose tissue from Nlrp3−/− mice fed on chow or HFD (right). Scale bar 

indicates 5mm

d. Development of obesity induced AHR was compared in WT and Nlrp3−/− mice. Graph 

represents the changes in lung resistance (RL). *p<0.05, Nlrp3−/− mice on HFD were 

compared to WT mice on HFD group (Two-way ANOVA).

e. IL-1β levels in the culture supernatant of lung cells from WT and Nlrp3−/− mice. The data 

shown are means ± SEM. **p<0.01, supernatants from HFD group were compared to chow 

group. (Student’s t-test)

f. Lungs were taken from chow or HFD fed mice and stimulated with PMA/ionomycin for 5 

hr. −IL-17A+ ILC3 cells in WT mice (upper panel) or Nlrp3−/− mice (lower panel) were 

assessed by FACS. Graph represents the total number of ILC3 cells in the lung. ***p<0.001, 

ILC3 cells in WT mice were compared to Nlrp3−/− mice. (Student’s t-test).
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Figure 5. IL-17 producing innate lymphoid cells are required for the development of AHR
Graphs represent the changes in lung resistance (RL) (upper panels) and BAL fluid cell 

counts (lower panels) after rIL-1β (a) or rIL-1α (b) treatment. For AHR, **p<0.05, and 

***p<0.001, rIL-1β or rIL-1α treated mice were compared to saline treated mice (Two-way 

ANOVA). For BAL fluid, **p<0.01, and ***p<0.001, rIL-1β vs saline (a), **p<0.01, 

rIL-1α vs saline (b) (Student’s t-test).

c. Changes in lung resistance (RL) (upper panel) and BAL fluid cell counts (lower panel) 

after depletion of ILCs. For AHR, **p<0.01, rIL-1β treated mice were compared to anti-
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Thy1.2 mAb treated mice (Two way ANOVA). For BAL fluid, **p<0.01, and ***p<0.001, 

rIL-1β vs anti-Thy1.2 mAb+rIL-1β (Student’s t-test).

d. ILC3 cells in the lung (left panel), and total number of ILC3 cells in each group (right 

panel). **p<0.01, rIL-1β treated mice were compared to anti-Thy1.2 mAb treated mice 

(Student’s t-test).

e. Changes in lung resistance (RL) in Rag2−/−Il2rγ−/− mice after adoptive transfer of ILC3 

cells (Lin−CCR6+). ***p<0.001, comparing Rag2−/−Il2rγ−/− mice treated with rIL-1β 

receiving or not receiving ILC3 cells (Two-way ANOVA). Cells in BAL fluid (right panel). 

*p<0.05, and ***p<0.001, ILC3 cells +rIL-1β vs rIL-1β group (Student’s t-test).

f. IL-17A and IL-13 production from adoptively transferred ILC3 cells.

g. Changes in lung resistance (RL) in Il4/Il13−/− and Il17−/− mice after rIL-1β treatment. 

*p<0.05, and **p<0.01, rIL-1β treated Il4/Il13−/− mice were compared to rIL-1β treated 

Il17−/− mice (Two way- ANOVA). Cells in BAL fluid (right panel). ** p<0.01, and 

***p<0.001, rIL-1β treated Il4/Il13−/− mice were compared to rIL-1β treated Il17−/− mice 

(Student’s t-test).

h. IL-1R expression on ILC3 cells. Lin−IL-17+ cells (red) express higher level of IL-1R 

compared to Lin−IL-17− cells (blue). Shaded histogram: isotype control.

i. Cells were taken from rIL-1β treated Rag2−/− mice then cultured in vitro to induce ILC3 

cells.
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Figure 6. Treatment of obese mice with anti-IL-1, prevents AHR
a. Schedule of feeding and anti-IL1R antagonist treatment. To block IL-1β (and IL-1α), 

obese mice were treated with IL1R antagonist (50 mg/kg) subcutaneously for 7 days before 

measuring AHR.

b. AHR was measured 24hr after last IL1R antagonist treatment. Graph represents the 

changes in lung resistance (RL). ***p<0.001, IL1R antagonist treated obese mice were 

compared to HFD fed obese mice. (Two-way ANOVA).

Kim et al. Page 23

Nat Med. Author manuscript; available in PMC 2014 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



c. ILC3 cells were analyzed after PMA/Ionomycin stimulation (left panel). Graph represents 

the percentage of IL-17A producing ILC3 cells of the total lung lymphocytes in each group 

(right panel).

d. Cells from BAL fluid were cultured in vitro in the presence of rIL-2, rIL-7 and rIL-1β for 

72hr. To measure IL-17 production from Lin− population, cells were re-stimulated with 

PMA and ionomycin for 5hr. Graph represents the percentage of IL-17 producing 

CD45+Lin− lymphocytes in each group (bottom), *p<0.05 (Student’s T-test).

e. Possible mechanisms of obesity induced AHR. High fat diet results in the activation of the 

NLRP3 inflammasome, through fatty acids or cholesterol crystals in macrophages in adipose 

tissue and in the lungs. This results in IL-1β production, which drives the development of 

ILC3 cells in the lungs. Treatment with IL-1R antagonist blocks the effects of IL-1β (and 

IL-1α), and blocks the development of pulmonary ILC3 cells.
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