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Abstract

Background: Obesity is a risk factor for the development of asthma. However, pharmacologic 

therapeutic strategies that specifically target obese asthmatics have not been identified. We 

hypothesize that glucagon-like peptide-1 receptor agonist (GLP-1RA) treatment inhibitsaeroallergen-

induced early innate airway inflammation in a mouse model of asthma in the setting of obesity.

Methods: SWR (lean) and TALLYHO (obese) mice were challenged intranasally with Alternaria 

alternata-extract (Alt-Ext) or PBS for 4 consecutive days concurrent with GLP-1RAor vehicle 

treatment.

Results: TALLYHO mice had greater Alt-Ext-induced airway neutrophilia and lung protein expression 

of IL-5, IL-13, CCL11, CXCL1, and CXCL5, in addition to ICAM-1 expression on lung epithelial 

cells,compared with SWR mice, and all endpoints were reduced by GLP-1RA treatment. Alt-Ext A
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significantly increased BALF IL-33 in both TALLYHO and SWR mice compared to PBS challenge, but 

there was no difference in the BALF IL-33 levels between these two strains.  However, TALLYHO, but 

not SWR, mice had significantly higher airway TSLP in BALF following Alt-Ext challenge compared to 

PBS, and BALF TSLP was significantly greater in TALLYHO mice compared to SWR mice following 

airway Alt Ext challenge. GLP-1RA treatment significantly decreased the Alt-Ext-induced TSLP and IL-

33 release in TALLYHO mice. While TSLP or ST2 inhibition with a neutralizing antibody decreased 

airway eosinophils,they did not reduceairway neutrophils in TALLYHO mice.

Conclusions: These results suggest that GLP-1RA treatment may be a novel pharmacologic 

therapeutic strategy for obese persons with asthma by inhibiting aeroallergen-induced neutrophilia, 

a feature not seen with either TSLP or ST2 inhibition.

Key words

Glucagon-like peptide-1 receptor (GLP-1R); Liraglutide; Group 2 innate lymphoid cells (ILC2); obese 

asthma; neutrophilia
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INTRODUCTION

Obesity is a risk factor for numerous health problems, including type 2 diabetes (T2D), heart 

disease, and some types of cancer.1 In addition, obesity is associatedwith an increased risk of asthma 

and increased asthma severity.2,3Asthma prevalence was significantly higher in obese adults (11.1%) 

compared with normal weight adults(7.1%).4Likewise, obesity prevalence was higher in individuals 

with asthma.5 Further, the prevalence of obesity was higher in patients with difficult-to-control than 

well-controlled asthma.6Some clinical studies reported that obese asthmatics, whether children or 

adults,were less responsive to corticosteroid treatment.7,8The percentage of sputum neutrophils or 

the number of blood neutrophilswas elevated in obese patients with asthma compared with 

nonobese patients with asthma.9,10Althougha cluster analytical approach has been used to 

determine the contribution of obesity and related factors to asthma phenotypes,11,12 an integrated 

phenotype has yet to be determined due to the heterogeneity of obese asthma patients. Previous 

studiesrevealed that weight loss in obese asthmatic patients, including that which occurs with 

surgical procedures,improves asthma control.13,14 However, current asthma treatment guidelines do 

not differentiate pharmacotherapeuticstrategiesfor obese persons with asthma,15,16 and the 

differences in asthma pathophysiology between the obese and nonobese suggest that this may be 

needed.

A recent focus for treatment of T2D and/or obesity is glucagon-like peptide-1 (GLP-1) and its 

receptor (GLP-1R).  GLP-1 is a peptide hormone synthesized and released by enteroendocrine L-cells 

in the ileum and large intestine following nutrient intake.GLP-1 has a role in glycemic control by 

inducing glucose-dependent insulin secretion from β-cells and inhibiting glucagon release from α-

cells in the pancreas.17,18Further, GLP-1 induces weight loss.19GLP-1R agonists (GLP-1RA), such as 

liraglutide and semaglutide, are approved by the Food and Drug Administration (FDA) for the 

treatment of both obesity and T2D.20,21Several animal studies reported that GLP-1RA had anti-

inflammatory effects in pulmonary diseases. For instance, liraglutide treatment decreased 

bleomycin-induced fibrosis in mice and was associated with a reduction of DNA binding activity of 

nuclear-factor kappa B in lung tissue.22Further, liraglutide treatment decreased ovalbumin (OVA) A
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sensitization and challenge-induced allergic pulmonary inflammation mediated by adaptive immune 

responses in lean mice.23 In addition, our group reported that treatment with the GLP-1RAliraglutide 

significantly decreased aeroallergen-inducedinnate allergic inflammation associated with the 

reduction of IL-33 release andactivation of lung group 2 innate lymphoid cells (ILC2) in BALB/c lean 

mice.24Obesity in persons with asthma is associated with increased sputum neutrophilia, a marker of 

poor response to increased inhaled corticosteroids compared to lean persons with asthma.25  

Murine models of obesity support that IL-33 mediates airway neutrophilia,26 but to the best of our 

knowledge, the effect of IL-33 or signaling through its receptor, ST2, has not been examined in 

allergen challenge models of obesity.Therefore, we hypothesized that treatment with the GLP-

1RAliraglutide decreases aeroallergen-induced innate allergic inflammation in a mouse model of 

obesity,as well as in lean mice. To test this hypothesis, we used a polygenic mouse model of obesity 

characterized by hyperglycemia, hyperinsulinemia, and hyperlipidemia(TALLYHO mice),and the 

corresponding lean geneticcontrol (SWR mice).  We chose to use an innate model of allergen-

induced inflammation to specifically investigate the effect of GLP-1RA signaling on IL-33- and Thymic 

stromal lymphopoietin (TSLP)-induced airway inflammatory responses in the setting of obesity. GLP-

1RA treatment, but neither anti-TSLP nor anti-ST2 therapy, inhibits aeroallergen-driven innate 

immune system-induced neutrophilia in obese mice and suggests that this strategy may bea novel 

therapeutic approach for the treatment of asthma in obese persons.  This report is the first to 

determine the impact of GLP-1RA treatment on aeroallergen-induced innate immune responses in 

the setting of obesity.
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METHODS

Mice 

Nine- to twelve-weeks old female TALLYHO/JngJ (TALLYHO) mice and SWR/J (SWR) mice 

were obtained from Jackson Laboratories (Bar Harbor, ME). Animal experiments were approved by 

the Institutional Animal Care and Use Committee at Vanderbilt University, and were conducted 

according to the guidelines for the Care and Use of Laboratory Animals prepared by the Institute of 

Laboratory Animal Resources, National Research Council.

GLP-1RA treatment and Alt-Ext-challenge in mouse model

The GLP-1RA, liraglutide (Novo Nordisk Inc., Bagsvaerd, Denmark), or an equivalent volume 

of vehicle (0.1 % bovine serum albumin (BSA)/phosphate-buffered saline (PBS)) were administered 

subcutaneously twice per day from day -2 to day 0, or to day 3.The dose of GLP-1RA was 0.05 mg/kg 

on day -2, 0.1 mg/kg on day -1, and 0.2 mg/kg on days 0-3 or an equivalent volume of vehicle 

(0.1%BSA/PBS).  From day 0 to day 3, either 5 µg (protein amount) of Alternariaalternata extract 

(Alt-Ext) (Stallergenes Greer, Lenoir, NC) in 80 µl of PBS or 80 µl of PBS as vehicle were administered 

intranasally to mice anesthetized with ketamine/xylazine. In the first protocol, the mice were 

euthanized and bronchoalveolar lavage fluid (BALF) were harvested 1 h or 12 h after the first 

challenge of Alt-Extor PBS for the detection of IL-33 or TSLP, respectively. In the second protocol, 

whole lungs and the BALF were harvested 12 h after the last Alt-Ext-or PBS-challenge (day 4) to A
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evaluate cell differentials, as well as lung cytokine and chemokine expression, 24 h after the last 

challenge to enumerate lung ILC2 and ILC3 by flow cytometry, or 48 h after the last challenge to 

evaluate airway responsiveness (AR) and mucus.

Statistical analysis

All data were analyzed with GraphPad Prism 8 (GraphPad Software, La Jolla, CA). Statistical 

significance was assessed by one-way analysis of variance (ANOVA) with Bonferroni-multiple pairs 

comparisons test, or Mann-Whitney test for two group comparison. Values of p < 0.05 were 

considered significant between two groups.

Additional detail on the methods is available in an online supplemental text.

RESULTS

Obese phenotype in TALLYHO mice

TALLYHO mice were 1.7-fold heavier than SWR mice, and this difference was statistically 

significant (Figure 1A and 1B). Serum glucose levels were significantly increased in TALLYHO mice A
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compared with SWR mice, both at baseline and after having received glucose, revealing obesity-

associated defects in glucose homeostasis (Figure 1C).Another obesity biomarker, the serum 

leptinlevel was significantly higher in TALLYHO mice than SWR mice(Figure 1D). These results 

indicate that the TALLYHO mousemodel replicates the key metabolic components of obesity and 

metabolic syndrome.

GLP-1RA treatment suppresses Alt-Ext-induced IL-33 and TSLP in BALF from TALLYHO mice

IL-33 and TSLP are key cytokines that induce activation of group 2 innate lymphoid cells 

(ILC2), as well as adaptive immune cells, and are critical contributors to allergic airway 

inflammation.27Thus, we determined the time course of IL-33 and TSLP appearance in the BALF after 

a single Alt-Ext-challenge. IL-33 protein peaked 1 h after the Alt-Ext-challenge in both SWR and 

TALLYHO mice (FigureS1). TSLP protein peaked 6 h after Alt-Ext-challenge in both SWR and TALLYHO 

mice, but TSLP release remained at near peak levels at 12 h only in TALLYHO mice(FigureS1). 

Therefore,we measured IL-33 1 h after allergen challenge and TSLP 12 h after allergen challenge to 

determine the effect of GLP-1RA treatment on IL-33 and TSLP protein release (Figure 2A). Alt-Ext-

challenge significantly increased IL-33 in BALF in both SWR and TALLYHO mice compared with naïve 

mice in these strains (Figure 2B). GLP-1RA treatment significantly decreased Alt-Ext-induced IL-33 in 

both SWR and TALLYHO mice compared with vehicle treatment (Figure2B). Alt-Ext-challenge 

significantly increased TSLP in the BALF of TALLYHO mice, but not in SWR mice (Figure2C). GLP-1RA 

treatment significantly decreased the Alt-Ext-induced TSLP in TALLYHO mice compared with the 

vehicle-treated mice, while there was no effect of GLP-1RA treatment on TSLP in SWR mice. 

(Figure2C). Taken together, these results indicate that GLP-1RA treatment suppressed acute IL-33 

and TSLP release after a single Alt-Ext-challenge in TALLYHO mice.

GLP1-RA treatment suppresses the number of mouse lung ILC2, but not ILC3 in response to airway 

Alt-Ext-challenge.

We previously reported that GLP-1RA treatment significantly decreased ILC2 activation that 

was associated with a reduction of Alt-Ext-induced IL-33 release in lean BALB/c mice.24 In addition, a A
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previous study showed that ILC3 expressing IL-17 was enhanced in high-fat diet-induced obese 

mice.28,29 Therefore, we counted the number of total lung ILC2 and ILC3 in SWR and TALLYHO mice 

after 4 consecutive days of Alt-Ext-challenge with or without GLP-1RA treatment. The lungs for flow 

cytometry were harvested 24 h after the last Alt-Ext-challenge (Figure2D). The gating strategy of 

lung ILC2 and ILC3 is shown in FigureS2. ILC2 were identified as lineage (lin)- CD3- CD4- CD45+ ICOS+ 

ST2+ GATA3+ cells, and ILC3 were identified as lin- CD3- CD4- CD45+ ICOS+ ST2- GATA3-RORγt+ cells. Alt-

Ext-challenge significantly increased the number of lung ILC2 compared with PBS-challenge in both 

SWR and TALLYHO mice. The number of Alt-Ext-induced lung ILC2 was higher in TALLYHO mice than 

SWR mice (Figure2E). GLP-1RA treatment significantly decreased the number of Alt-Ext-induced lung 

ILC2 in TALLYHO mice compared with vehicle treatment (Figure2E). Although the number of lung 

ILC3 was increased by Alt-Ext-challenge in both SWR and TALLYHO mice compared with PBS-

challenged groups, there was no difference in the number of Alt-Ext-induced ILC3 between SWR and 

TALLYHO mice. GLP-1RA treatment did not decrease Alt-Ext-induced lung ILC3 (Figure2F). Taken 

together, TALLYHO mice had a higher number of Alt-Ext-induced ILC2 compared with SWR mice, and 

GLP1-RA treatment had an inhibitory effect on lung ILC2 proliferation in TALLYHO mice.

GLP1-RA treatment suppresses Alt-Ext-induced cytokine and chemokine expression in the lung.

Next, we measured the protein levels of inflammatory cytokines and chemokines in lung 

homogenates. Our preliminary time-course test indicated that the BALFexpression of the 

proinflammatory chemokineKC (CXCL1)peaked at 3 h and was no longer elevated 24 h aftera single 

Alt-Ext-challengein TALLYHO mice compared with SWR mice (FigureS1); however, IL-5 peaked 24 h 

after Alt-Ext-challenge (FigureS1).Thus, an optimal timepoint to detect various cytokines and 

chemokines inthe BALF and lungs was 12 h after the last Alt-Ext-challenge. Alt-Ext-challenge 

significantly increased the protein expression of lung IL-1β, IL-5, IL-13, IL-17, eotaxin (CCL11), 

eotaxin-2 (CCL24), KC, andLIX (CXCL5) in both SWR and TALLYHO mice compared with PBS-

challenged groups (Figure3). Alt-Ext-induced lung protein levels of IL-5, IL-13, eotaxin, KC, and 

LIXwere higher in TALLYHO mice compared with SWR mice. In contrast, lung IL-17 and eotaxin-2 

were higher in SWR mice compared with TALLYHO mice. Although lung IL-17 in TALLYHO mice was A
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not decreased by GLP1-RA treatment, we found a statistically significant decrease in the other Alt-

Ext-induced cytokines and chemokines in both SWR and TALLYHO mice treated with GLP1-RA 

compared with vehicle-treated mice (Figure3). Thus, obese TALLYHO mice highly expressed 

neutrophil chemoattractants such as KC and LIX, as well as type 2 cytokines such as IL-5 and IL-13. 

GLP1-RA treatment decreased almost all Alt-Ext-induced proinflammatory cytokines and chemokines 

in both obese and lean mice.

GLP1-RA treatment suppresses neutrophil and eosinophil recruitment in response to airway Alt-

Ext-challenge.

To determine the effect of obesity and GLP1-RA treatment on the airway inflammatory 

phenotype, we enumerated the cell populations in BALFafter 4 consecutive days of Alt-Ext-challenge 

with or without GLP1-RA treatment. Alt-Ext-challenge significantly increased the number of 

eosinophils, lymphocytes, and neutrophils compared with PBS-challenged groups in both SWR and 

TALLYHO mice (Figure4A-C). In contrast, the number of macrophages was significantly increased in 

SWR mice, but not in TALLYHO mice (Figure4D). While the number of Alt-Ext-induced neutrophils 

and lymphocytes was significantly higher in TALLYHO mice than SWR mice, there was no difference 

in the number of eosinophils between SWR and TALLYHO mice (Figure4B, C). GLP1-RA treatment 

significantly decreased the number of Alt-Ext-induced eosinophils and neutrophilsin both SWR and 

TALLYHO mice, and it also diminished the number of Alt-Ext-induced lymphocytes in TALLYHO mice 

(Figure4A, B).To determine activation of the accumulated neutrophils in the lung, we measured 

myeloperoxidase (MPO) in BALF. The concentration of MPO was significantly increased by Alt-Ext-

challenge, and the level of MPO was higher in TALLYHO mice than SWR mice (Figure 4E). GLP1-RA 

treatment significantly decreased the Alt-Ext-induced MPO concentration in both SWR and TALLYHO 

mice (Figure 4E).Therefore, TALLYHO micehad neutrophil-dominant inflammation compared with 

SWR mice, and GLP1-RA treatment had an anti-inflammatory effect for both eosinophilia and 

neutrophilia in Alt-Ext-induced airway inflammation. In addition, we measured total IgE and IgG in 

sera to evaluate immunoglobin-mediated allergic responses. The IgE and IgG were higher in SWR 

mice compared to TALLYHO mice; however, there were no differences in serum IgE and IgG between A
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PBS and Alt-Ext-challenge with or without GLP-1RA treatment (Figure S3).

GLP1-RA treatment decreases Alt-Ext-induced airway responsiveness, but not mucus production.

We found that GLP-1RA treatment decreased the protein level of type2 cytokines, including 

IL-13 in the lung. Since IL-13 is a central mediator of airway responsiveness and mucus, we tested 

whether GLP-1RA treatment decreases mucus in the airway following Alt-Ext-challenge. PBS 

challenge did not induce airway mucus. Alt-Ext-challenge increased airway mucus in both SWR and 

TALLYHO mice. However, there was no difference in the mucus score between SWR and TALLYHO 

mice. GLP-1R agonist treatment did not decrease the Alt-Ext-induced mucus compared with vehicle 

treatment (Figure4F). 

Further, we tested if GLP-1RA treatment decreased AR in Alt-Ext-challenged TALLYHO mice. 

Alt-Ext-challenge significantly increased methacholine-induced AR compared with PBS challenge. 

GLP-1RA treatment significantly decreased the Alt-Ext-induced AR compared with vehicle treatment 

(Figure 4G). 

GLP1-RA treatment suppresses Alt-Ext-induced ICAM-1, but not VCAM-1 expression in the lung 

endothelial and epithelial cells.

Our findings revealed that Alt-Ext-induced neutrophil chemokines and the number of 

neutrophils were significantly decreased by GLP-1RA treatment. Further, we tested whether GLP-

1RA treatment decreases the cell adhesion molecules ICAM-1 (Intercellular Adhesion Molecule 1) 

and VCAM-1 (Vascular Cell Adhesion Molecule 1) on lung endothelial cells and epithelial cells. The 

gating strategies of lung endothelial cells and epithelial cells are shown in Figure S4. The lung 

endothelial cells were identified as CD45- CD31+ CD146+ EpCAM- cells, and the lung epithelial cells 

were identified as lin- CD45- CD146- EpCAM+ cells.

Histograms of ICAM-1 and VCAM-1 expression on those cells are shown in Figure S4. The MFIs(Mean 

Fluorescence Intensity) of ICAM-1 and VCAM-1 were calculated in the range of positive expression in 

the histogram (FigureS5).Alt-Ext-challenge significantly increased the MFI of ICAM-1 and VCAM-

1compared with PBS-challenge on both endothelial and epithelial cells (Figure 5). The MFI of ICAM-1 A
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on lung epithelial cells was higher in TALLYHO mice than SWR mice (Figure 5). GLP-1RA treatment 

significantly decreased the Alt-Ext-induced ICAM-1, but not VCAM-1, on lung endothelial and 

epithelial cells (Figure5). Taken together, epithelial cells from TALLYHO mice had higher MFI of 

ICAM-1 expression compared with SWR mice, and GLP1-RA treatment significantly reducedAlt-Ext-

induced ICAM-1 expression on lung endothelial and epithelial cells.

Neutralization of endogenous TSLP or ST2 did not reduce Alt-Ext-induced airway neutrophils in 

obese mice

We found that TSLP release after Alt-Ext-challenge was significantly greaterin the BALF of 

TALLYHO mice than SWR mice (Figure 2C). To determine if Alt-Ext-induced TSLP leads to the 

increased neutrophilia in TALLYHO mice, we performed anti-TSLP antibody (ab) treatment prior to 

Alt-Ext-challenge. TALLYHO mice were treated with anti-TSLP ab or isotype ab 1h and 24 h prior to 

the first Alt-Ext-challenge to neutralize the Alt-Ext-induced endogenous TSLP. Twelve hours after the 

4th Alt-Ext-challenge, BALF and lungs were harvested (Figure6A). Anti-TSLP ab treatment 

significantly decreased the number of total BALF cells, macrophages, eosinophils, and lymphocytes, 

but not neutrophils compared with isotype ab treatment (Figure6B). Further, anti-TSLP ab treatment 

significantly decreased Alt-Ext-induced levels of IL-5, IL-13, eotaxin, and eotaxin-2, but not KC and LIX 

in lung homogenates compared with isotype ab treatment (Figure6C-H). 

In addition, we tested whether inhibition of ST2 signaling decreased airway neutrophilia in 

TALLYHO mice challenged with Alt-Ext. The dose of anti-ST2antibody was the same as describeda 

previous study.26BALF and lungs were harvested 12 h after 4th Alt-Ext-challenge (Figure 6A). Anti-

ST2 ab treatment significantly decreased the number of eosinophils, but not macrophages, 

lymphocytes, and neutrophils compared with isotype ab treatment (Figure 6I). Further, anti-ST2 ab 

treatment significantly decreased Alt-Ext-induced levels of IL-5, IL-13, eotaxin, and eotaxin-2, but not 

KC and LIX in lung homogenates compared with isotype ab treatment (Figure 6J-O).

Thus, neutralization of endogenous TSLP or ST2 suppressed Alt-Ext-induced innate type 2 

inflammation, but not neutrophilic inflammation in this obese animal model and these results 
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strongly suggest that TSLP and IL-33 are not responsible directly for Alt-Ext-induced innate 

neutrophilic inflammation.

DISCUSSION

We sought to determine whether obesity drives differences in Alt-Ext-induced allergic 

phenotypes and whether these are modified by treatment with a GLP-1RA.We specifically chose a 

model of allergic airway inflammation driven by the alarmins IL-33 and TSLP, as the contribution of 

this pathway has not been fully defined. Thus, we tested whetherGLP1-RA treatment decreases Alt-

Ext-induced lung inflammation in the TALLYHO mouse obesity model, relative to the lean SWR A
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control. The obese mice had significantly greater numbers of lung ILC2 and neutrophilia during Alt-

Ext-induced innate allergic inflammation than lean mice. This confirms findings of other investigators 

who have shown that there is increased airway neutrophilia in mouse models of allergic airway 

inflammation in the setting of obesity compared to lean mice.26,30-33GLP1-RA treatmenthad an 

inhibitory effect on the aeroallergen-induced IL-33 and TSLP release into the airway; lung ILC2 

numbers; lungeotaxin, IL-5 and IL-13;AR to methacholine inhalation; and ICAM-1 expression on lung 

endothelial and epithelial cells in TALLYHO mice. Importantly, and unexpectedly, GLP-1RA treatment 

had an inhibitory effect on allergen-induced neutrophilia andthe production of the neutrophil 

chemoattractants, KC and LIX, differentiating the effect of GLP-1RA from that of TSLP or ST2 

inhibition.

So far, several different types of mouse modelshave been used for research studies of 

obesityin airway inflammation.34,35For instance, monogenic obese mice, ob/ob ordb/dbhave a 

deficiency of leptin or leptin receptor, respectively.36However, leptin, a hormone released from 

adipocytes has multiple effects on immune responses, as well as on glycemic control.37-40Cpefat mice 

have a spontaneous mutation at the locus of carboxypeptidase E, but carboxypeptidase E is 

expressed in various tissues or cells including mast cells.41Thesemonogenetic depletionsmay directly 

alter immune responses.The genetic predisposition for typical human obesityis polygenic.A strength 

of our study is the use of the TALLYHO polygenic obese mouse that replicates components of the 

metabolic syndrome.This mouse strain developsobesity and hyperinsulinemiaat 6-8 weeks of age by 

regular chow diet in both male and female42and we have confirmed the presence of these metabolic 

disorders.Since TALLYHO mice that were fedregular chow diet had aninitial high weight gain within a 

few weeks of weaning,42,43this mouse strain wasideal to investigate allergen responsiveness to 

mimic asthma patients with obesity.  To the best of our knowledge, this is the first report the use of 

TALLYHO mice in an airway allergen challenge model.

Alt-Ext-challenged TALLYHO mouse had significantly greater TSLP release in BALF compared 

with SWR mice. This higher level of TSLP may be one factor that enhances lung ILC2 activation with 

IL-5 and IL-13 production in TALLYHO mice compared with SWR mice, because TSLP signaling acts 

synergistically with IL-33 to activate ILC2.43,44 GLP-1RA treatment of TALLYHO mice significantly A
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decreased IL-33 and TSLP release after the first Alt-Ext challenge; the number of lung ILC2; and the 

production of IL-5 and IL-13 after 4 consecutive days of Alt-Ext challenge in TALLYHO mice. These 

results are consistent with our previous report that GLP-1RA treatment significantly decreased Alt-

Ext-induced lung ILC2 expressing IL-5 and IL-13 mediated by reducing of IL-33 release in lean mice. 

Interestingly, the number of eosinophils was not different between obese TALLYHO and lean 

controls in the current study. Eotaxin and eotaxin-2, as well as IL-5, are chemoattractants of 

eosinophils.45,46The expression level of eotaxin was higher in SWR than in TALLYHO mice. Conversely, 

eotaxin-2 was higher in TALLYHO than in SWR mice. Therefore, the net effect of the changes in these 

chemokines seems to have been to increase eosinophils in TALLYHO and SWR mice to the same 

level.

In contrast, TALLYHO mice showed higher levels of airway neutrophils and expression of 

neutrophil chemoattractants, KC and LIX, compared with SWR mice after 4 consecutive days of Alt-

Ext challenge. These results are consistent with the human late onset, non-type 2 obese asthma 

phenotype.10,11,25Previous studies using diet-induced obese (DIO) mouse models reported that high-

fat diet fed mice had a greater number of lung ILC3 expressing IL-17 compared with chow or low-fat 

diet fed mice.28,29However, we determined that there was no difference in the number of ROR-γt+ 

ILC3 cells between SWR and TALLYHO mice, and IL-17 was not detected in PBS challenged mice. 

Although there was no difference in Alt-Ext induced IL-1β and IL-17 in lungs between SWR and 

TALLYHO mice, Alt-Ext-induced lung KC and LIX were increased in TALLYHO mice to a greater extent 

than SWR mice. These results suggest that ILC3 expressing IL-17 are not mechanistically involved in 

this model of aeroallergen-induced acute neutrophilia in obesity. 

There were no differences in the total IgE and IgG between PBS and Alt-Ext challenge in 

either the SWR mice or the TALLYHO mice. Our previous study reported that 4 consecutive days of 

Alt-Ext-challenge induced type2 inflammation paralleled by increases in lung ILC2, but not by either 

CD4 T cell influx or IgE induction in lean BALB/c mice.47Identical to our previous result, SWR and 

TALLYHO mice hadno increase of total IgE and IgG after 4 consecutive days of Alt-Ext-challenge, 

revealing that this is a model of innate, and not adaptive immunity to aeroallergen challenge. While 

there was no difference in Alt-Ext-induced airway mucus between vehicle and GLP-1RA treatment, A
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AR was significantly decreased by GLP-1RA treatment in TALLYHO mice. These results suggest that 

GLP-1RA treatment reduces AR with neutrophil dominant inflammation in the setting of obesity 

independent of airway remodeling by mucus.

Furthermore, the obesity-associated increased neutrophilia was not caused by an increase in 

airway TSLP level becauseanti-TSLP abtreatment had no effect on KC and LIX in the lung, andairway 

neutrophilia in TALLYHO mice, whereas it did reduce IL-5 and IL-13, in addition to airway 

eosinophilia. The reduction in type 2inflammation markers in the early innate model of allergen-

induced inflammationare consistent with our previous report using lean BALB/c mice.44To the best 

of our knowledge, TSLP antagonism has not been specifically investigated in either obese patients 

with asthma or in an animal model of allergic airway inflammation. Tezepelumab, an anti-TSLP ab 

treatment, decreased allergen-induced late phase reactions in subjects with allergic asthma48and 

decreased clinically significant asthma exacerbations in the patients with uncontrolled asthma.49 

However, the effect of anti-TSLPabtreatment in the subset of obese subjects with asthma was not 

reported in either of these studies.  Our results suggest that TSLP may not be responsible for the 

increase in innate neutrophilic inflammation that preferentially occurs in obese subjects with 

asthma, and by extension that TSLP targeted therapies might lack efficacy in obesity-associated 

asthma.  However, a clinical trial antagonizing TSLP in obese persons with asthma would have to be 

performed to determine if this hypothesis is correct in human disease.  Regardless, our study is the 

first to examine the role of TSLP antagonism in the obese mouse model of allergen-induced innate 

immune responses.

Others have reported that subcutaneous injection of GLP-1RA decreased intratracheal 

instillation of LPS-induced lung injury score; the number of neutrophils and macrophages in the 

BALF; and mRNA expression of KC, MIP-2 (CXCL2), and IL-6.50 In addition, liraglutide inhibited 

theTNF-α-induced ICAM-1 on human endothelial cell line in vitro51 and mouse endothelial cells in 

vivo.52Thesereports are consistent with our results that GLP-1RA treatment decreased acute Alt-Ext-

induced KC, LIX, ICAM-1, and consequent neutrophil accumulation into the airway. 

Previous studies reported that IL-33 drove airway neutrophilic responses to ozone in obese 

mice.26,53In contrast, our results showed that anti-ST2 ab treatment did not change airway A
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neutrophilic responses to Alt-Ext challenge, but significantly decreased eosinophilic responses 

including IL-5, IL-13, CCL11, and CCL24 expressions.However,this previous study reported that anti-

ST2 ab treatment or ST2 deficiency increased ozone-induced neutrophil number in the BALF.54Thus, 

the effect of ST2 neutralization on pulmonary neutrophilia is dependent on the experimental design. 

Further studiesare needed to fully define the effects of ST2 signaling on neutrophilic inflammation.

In data not shown, we attempted in vitro studies to define the mechanism by which GLP-1RA 

regulates allergen-induced pro-inflammatory cytokine and chemokine production in airway 

epithelial cells, since these cells are a major source of IL-33 in the Alt-Ext model.24We were deterred 

by the fact that there are no cell lines that express both GLP-1 and IL-33.  GLP-1R expression, in 

particularly, is notoriously difficult to detect at “functional” levels in cell lines for unclear reasons.  

This prevented us from dissecting signaling mechanisms by which GLP-1R activation inhibits either 

IL-33 production or release.  The primary cell line currently used for in vitro studies of IL-33 is HBE-33 

cells and it was genetically engineered to express IL-33;55 however, it does not express GLP-1R.  We 

also attempted to use primary human airway epithelial cells to study the interaction of GLP-1RA 

signaling and IL-33 release; however, the dose of Alt-Ext needed to induce measurable IL-33 release 

was toxic to the cells, preventing detailed molecular pharmacology studies.  Regardless, our in vivo 

results clearly show that GLP-1RA signaling inhibits allergen-induced IL-33 release in the airway in 

the setting of obesity, a finding that is likely highly clinically relevant.      

Currently, non-pharmacologic therapies such as dietary interventions and exercise are 

recommended for obese asthma patients as a result of the multiple immune phenotypesthat obese 

asthma patients exhibit and because these patients have reduced therapeutic responses to standard 

asthma medications.7,10,29,56,57Our findings suggest that GLP-1RA may fill an important unmet 

medical need and that this therapy will benefit different endotypes of obese asthma, including type 

2 and non-type 2 endotypes. The GLP-1RA used here, liraglutide, is FDA-approved for weight loss in 

settings of euglycemic obesity and T2D.58 Our findings indicate the potential for a new therapeutic 

strategy in patients with asthma in the setting of obesity, by which GLP-1RA treatment inhibits 

aeroallergen-induced eosinophilic and neutrophilic airway inflammation.
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Figure Legends

FIGURE 1Physiological differences between SWR and TALLYHO mice. A, Representative picture of 

SWR and TALLYHO mice.B,Difference in body weight between SWR and TALLYHO mice. Age matched 

mice were used (n=20). C, Comparison of glucose tolerance in SWR and TALLYHO mice. Blood 

glucose levels were measured before and after an equivalent amount of glucose that was 

administered by intraperitoneal injection (n=6). D,Leptin concentrations in serum (n=12). The values 

are the mean ± S.D. * P< 0.05.

FIGURE 2Experimentalprotocol. A, GLP-1RA or its vehicle was administered subcutaneously on day -

2 and -1, and then 4 h before Alt-Ext-challenge on day 0. The dose of GLP-1RA was 0.05 mg/kg on 

day -2, 0.1 mg/kg on day -1, and 0.2 mg/kg on day 0. The BALF was harvested 1 h or 12 h after the 

Alt-Ext-challenge on day 0 to measure IL-33 or TSLP protein respectively. B, The protein level of IL-33 

in the BALF 1 h after Alt-Ext challenge (n=3-4). C, The protein level of TSLP in the BALF 12 h after Alt-

Ext challenge (n=3-8). D, SWR and TALLYHO mice were challenged with Alt-Ext or PBS intranasally 

from day 0 to day3. GLP-1RA or its vehicle was administered subcutaneously on day -2 and -1, and A
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then every 4 h before and after Alt-Ext-challenge on day 0-3. The dose of GLP-1RA was 0.05 mg/kg 

on day -2, 0.1 mg/kg on day -1, and 0.2 mg/kg on day 0 -3. The mice were sacrificed 12 h, or 24 h 

after the last Alt-Ext- or PBS-challenge to evaluate cell differentials and cytokine/chemokine 

expression by ELISA, and lung ILC2/ILC3 or ICAM-1/VCAM-1 by flow cytometry respectively. E,F,Flow 

cytometric analysis of the number of lung ILC2 and lung ILC3 (n=7-13). The results shown are 

combined from 4 independent experiments. The values are the mean ± S.D. * P< 0.05.

FIGURE 3 Effects of GLP1-RA treatment on Alt-Ext-induced expressions of cytokines and chemokines 

in the lung. Lung homogenates were prepared to measure the protein expression of IL-1β, IL-5, IL-

13, IL-17, eotaxin (CCL11), eotaxin-2 (CCL24), KC (CXCL1), and LIX (CXCL5) by ELISA (n=4-13). The 

results are combined with 3 independent experiments, and the all results and shown as mean ± S.D. 

Veh=vehicle. PBS=phosphate buffered saline. * P< 0.05.

FIGURE4Effects of GLP1-RA treatment on Alt-Ext-induced immune cell accumulation in the airway. 

A-D, BALF were harvested 12 h after the last Alt-Ext- or PBS-challenge to evaluate cell differentials, 

macrophages, neutrophils, eosinophils, and lymphocytes in BALF (n=4-13). E, The protein of 

myeloperoxidase in BALF was measured by ELISA. The results are combined with 3 independent 

experiments. F, Lungs were harvested 48 h after the last Alt-Ext- or PBS-challenge to evaluatemucus 

score by PAS staining (n=4-5). G, Airway resistance to increasing dose of methacholine challenge was 

tested 48 h after the last Alt-Ext- or PBS-challenge in TALLYHO mice (n=3-4). The all results and 

shown as mean ± S.D. Veh=vehicle. PBS=phosphate buffered saline. * P< 0.05.

FIGURE5Effects of GLP1-RA treatment on Alt-Ext-induced expressions of ICAM-1(Intercellular 

Adhesion Molecule 1) and VCAM-1(Vascular Cells Adhesion Molecule 1) in the lung endothelial and 

epithelial cells. The MFI (Mean Fluorescence Intensity) was calculated in positive expression area of 

ICAM-1and VCAM-1 compared to respective isotype control staining. (n=4-5). The results shown are 

combined from 2 independent experiments. The values are the mean ± S.D. * P< 0.05.

A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Figure 6 Endogenous TSLP or ST2 neutralization decreased Alt-Ext-induced type2 airway 

inflammation, but not neutrophilia. A, Anti-TSLP antibody (200ug/mouse), anti-ST2 antibody (10 

mg/kg), or the each isotype antibody was administered intraperitoneally 1 h and 24 h prior to first 

Alt-Ext-challenge. BALF and lung were harvested 12 h after the 4th Alt-Ext-challenge. B,I, Cell 

differentials in BALF. C-H,J-O, The protein level of IL-5, IL-13, eotaxin (CCL11), eotaxin-2 (CCL24), KC 

(CXCL1), and LIX (CXCL5) in the lung homogenates. The data are shown as mean ± S.D. (n=4-6). * P< 

0.05.
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Glucagon-like peptide-1 receptor agonist inhibits aeroallergen-induced neutrophilic airway 2 

inflammation in obese mice  3 

 4 

Shinji Toki, Dawn C. Newcomb, Richard L. Printz, Katherine N. Cahill, Kelli L. Boyd, Kevin D. 5 

Niswender, and R. Stokes Peebles Jr.  6 

 7 

 8 

METHODS 9 

Glucose tolerance test 10 

The mice were fasted for 6 h prior to a glucose tolerance test. An equivalent amount of 11 

glucose (2.5g/kg of the average body weight of SWR mouse group) was injected 12 

intraperitoneally to TALLYHO and SWR mice.  The blood glucose level was measured before and 13 

after the glucose injection by Accu-Check R Aviva Plus test strips and meter according to the 14 

manufacturer's instructions (Roche, Basel, Switzerland). 15 

 16 

Flow cytometry 17 

The harvested lungs were minced and digested with collagenase IV (1 mg/ml, SIGMA-18 

Aldrich, St. Louis, MO) and DNase I (5 IU/ml, SIGMA-Aldrich) in RPMI1640 with 5% FBS for 45 19 

minutes at 37 °C and a single cell suspension was obtained by grinding and passing the digested 20 

lung through a 70 µm cell strainer. The lung cells were stained with antibodies for cell surface 21 

markers after hemolysis. In the different experiments to detect transcription factors, the cells 22 



were fixed and permeabilized by Foxp3/Transcription Factor Staining Buffer Set (TONBO 23 

Biosciences, San Diego, CA), and intracellularly stained for transcription factors. Antibodies used 24 

for flow cytometry are shown in Table E1. All samples were measured on a BD LSR II Flow 25 

Cytometer and analyzed using FlowJo Software. 26 

 27 

ELISA  28 

DuoSet ELISA kits (eotaxin (CCL11), eotaxin-2 (CCL24), KC (CXCL1), LIX (CXCL5), IL-33, and 29 

Mouse Myeloperoxidase (MPO)), Quantikine® ELISA (IL-1β, IL-17, thymic stromal lymphopoietin 30 

(TSLP)) from R&D Inc. (Minneapolis, MN), and mouse uncoated ELISA kit (IL-5 and IL-13) from 31 

ThermoFisher scientific (Waltham, MA) were used to measure the concentration of cytokines 32 

and chemokines in BALF or lung homogenates according to manufacturer’s instructions. Mouse 33 

leptin ELISA kit (ThermoFisher scientific), ELISA MAXTM Mouse IgE (BioLegend, San Diego, CA), 34 

and IgG (Total) Mouse Uncoated ELISA Kit (ThermoFisher scientific) were used to measure the 35 

concentration of leptin, total IgE, and total IgG in mouse serum. Values of ELISA below the 36 

detection limit were assigned a value at half of the lower limit of detection to allow for 37 

statistical analysis.  38 

 39 

Cell differentials  40 

Cytospin preparations of BALF cells were performed for each sample. The slides were 41 

stained with a Richard-Allan Scientific Three step stain kit (ThermoFisher scientific) to 42 

determine cell differentials. Differential counts were based on counting 300 cells per slide. 43 

 44 



Histological analyses of lung sections 45 

Forty-eight hours after the last challenge of Alternaria alternata extract (Alt-Ext) or PBS, 46 

mice were sacrificed and the lung tissue was fixed in 10% formalin solution, paraffin-embedded, 47 

cut in 5 μm sections, mounted, and stained with Periodic Acid Schiff’s (PAS) solution to visualize 48 

mucus and mucous producing cells. Slides were scored by a pathologist blinded to the 49 

experimental groups. PAS score: 0= PAS positive cells are not observed in the examined 50 

sections; 1= Less than 10% of cells in medium and small airways are PAS positive; 2= 10-20% 51 

PAS positive cells in medium and small airways; 3= Greater than 20% cells in medium and small 52 

airways are PAS positive and hyperplasia of PAS positive cells is observed; 4= Greater than 20% 53 

PAS positive cells in medium and small airways, hyperplasia of PAS positive cells and mucous 54 

plugging of airways.  55 

 56 

Airway responsiveness (AR) measurement 57 

Forty-eight hours after the last challenge of Alt-Ext or PBS, TALLYHO mice were 58 

anaesthetized with pentobarbital sodium (120 mg/kg), and a tracheostomy tube was placed in 59 

the trachea of mice. Mice were then mechanically ventilated using the FlexiVent FX system 60 

(SCIREQ, Montreal, QC Canada) with 150 breaths/min and a tidal volume of 10 ml/kg body 61 

weight. Airway resistance was determined after administration of increasing doses of nebulized 62 

acetyl-b-methacholine (0, 6.25, 12.5, 25, and 50 mg/ml). 63 

 64 

Endogenous TSLP neutralization 65 

The 28F12 hybridoma was obtained from the Developmental Studies Hybridoma Bank 66 

https://www.sciencedirect.com/topics/medicine-and-dentistry/hybridoma


(Iowa City, IA), and anti-TSLP antibodies (ab) from the hybridoma were purified by the 67 

Vanderbilt Antibody and Protein Resource. TALLYHO/JngJ mice were injected intraperitoneally 68 

with the anti-TSLP ab (200 µg) or Ultra-LEAF™ Purified isotype ab (200 µg, clone RTK2758, 69 

BioLegend) 24 h and 1 h prior to first Alt-Ext-challenge. Whole lungs and the BALF were 70 

harvested 12 h after the last Alt-Ext-challenge (day 4) to evaluate cell differentials, as well as 71 

lung cytokine and chemokine expression (Figure 6A). 72 

 73 

ST2 neutralization 74 

ST2 neutralizing ab were provided from Genentech, Inc. TALLYHO/JngJ mice were 75 

injected intraperitoneally with the anti-ST2 ab (10 mg/kg) or Ultra-LEAF™ Purified isotype ab 76 

(10 mg/kg, clone MOPC-21, BioLegend) 24h and 1h prior to first Alt-Ext-challenge. Whole lungs 77 

and the BALF were harvested 12 h after the last Alt-Ext-challenge (day 4) to evaluate cell 78 

differentials, as well as lung cytokine and chemokine expression (Figure 6A). 79 

 80 

 81 

 82 

 83 

 84 

 85 

 86 

 87 

 88 



TABLE S1  List of Antibodies for flow cytometry 89 

Antigen Fluorochrome Clone Supplier 

CD3 violetFluor™ 450 17A2 TONBO Biosciences  

CD4 PE-Cy7 RM4-5 BD Pharmingen™  

CD31 Pacific Blue 390 BioLegend 

CD45 redFluor™ 710 30-F11 TONBO Biosciences 

CD54 (ICAM-1) APC YN1/1.74 BioLegend 

CD106 (VCAM-1) PE 429 BioLegend 

CD146 PE-Cy7 ME-9F1 BioLegend 

CD278 (ICOS) APC C398.4A eBioscience™  

CD326 (EpCAM) APC-Cy7 G8.8 BioLegend 

GATA3 PE-CF594 L50-823 BD Pharmingen™ 

RORγt PerCP-Cy5.5 Q31-378 BD Pharmingen™ 

ST2 (IL-33R) BV711 U29-93 BD Pharmingen™ 

Lineage cell detection 
cocktail-biotin (mouse) 

(Biotin)  Miltenyi Biotech Inc. 

Streptoavidin-APC-Cy7 APC-Cy7  BioLegend 

Ghost UV450 UV450  TONBO Biosciences 

 90 
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 95 

 96 

 97 

 98 



FIGURE S1  The time course of IL-5, IL-33, KC and TSLP in BALF after single Alt-Ext-challenge. 99 

BALF were harvested 1, 3, 6, 12 and 24 h after Alt-Ext-challenge to measure the protein level of 100 

IL-5, IL-33, KC and TSLP. The data are shown as mean ± SD (n=4). * P< 0.05. 101 

 102 

FIGURE S2  A gating strategy to determine the abundance of lung ILC2 and ILC3. Lung ILC2 were 103 

identified as lineage (lin)- CD3- CD4- CD45+ ICOS+ ST2+ GATA3+ cells, and lung ILC3 were identified 104 

as lin- CD3- CD4- CD45+ ICOS+ ST2- GATA3- RORγt+ cells. 105 

 106 

FIGURE S3  Effects of GLP1-RA treatment for total IgE and IgG in sera. The sera were harvested 107 

12 h after the last Alt-Ext- or PBS-challenge. The concentrations of total IgE and IgG were 108 

measured by ELISA (n=5-12). The results are combined with 3 independent experiments, and 109 

the data are shown as mean ± S.D. Veh=vehicle. PBS=phosphate buffered saline. * P< 0.05. 110 

 111 

FIGURE S4  A gating strategy to determine the MFI (Mean Fluorescence Intensity) of ICAM-1 112 

and VCAM-1 on lung endothelial cells and epithelial cells. Lung endothelial cells were identified 113 

as CD45- CD31+ CD146+ EpCAM- cells, and lung epithelial cells were identified as CD45- CD146- 114 

EpCAM+ cells.  115 

 116 

FIGURE S5  Representative histograms of ICAM-1 and VCAM-1 expression on lung endothelial 117 

cells and epithelial cells. Vehicle treatment with PBS challenge; black solid line. GLP-1RA 118 

treatment with PBS challenge; black dashed line. Vehicle treatment with Alt-Ext-challenge; Red 119 

(ICAM-1) or orange (VCAM-1) solid line. GLP-1RA treatment with Alt-Ext-challenge; Red (ICAM-120 



1) or orange (VCAM-1) dashed line. Isotype control staining was shown as gray filled area. The 121 

MFI of ICAM-1 and VCAM-1 were calculated in the positive area compared with each isotype 122 

control staining. 123 
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