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Abstract
Background: Obesity is a risk factor for the development of asthma. However, phar-
macologic therapeutic strategies that specifically target obese asthmatics have not 
been identified. We hypothesize that glucagon-like peptide-1 receptor agonist (GLP-
1RA) treatment inhibits aeroallergen-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-1RA or 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 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 com-
pared to PBS, and BALF TSLP was significantly greater in TALLYHO mice compared 
to SWR mice following airway Alt-Ext challenge. GLP-1RA treatment significantly de-
creased 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 
reduce airway neutrophils in TALLYHO mice.
Conclusions: These results suggest that GLP-1RA treatment may be a novel pharma-
cologic therapeutic strategy for obese persons with asthma by inhibiting aeroallergen-
induced neutrophilia, a feature not seen with either TSLP or ST2 inhibition.
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1  |  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 associated with an increased risk of asthma and 
increased asthma severity.2,3 Asthma prevalence was significantly 
higher in obese adults (11.1%) compared with normal weight adults 
(7.1%).4 Likewise, 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.6 Some clinical 
studies reported that obese asthmatics, whether children or adults, 
were less responsive to corticosteroid treatment.7,8 The percentage of 
sputum neutrophils or the number of blood neutrophils was elevated 
in obese patients with asthma compared with nonobese patients with 
asthma.9,10 Although a 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 studies 
revealed 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 
pharmacotherapeutic strategies for 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 enteroendo-
crine 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.17,18 Further, GLP-1 induces 
weight loss.19 GLP-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.20,21 Several 
animal studies reported that GLP-1RA had anti-inflammatory ef-
fects 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.22 Further, liraglutide treatment decreased oval-
bumin (OVA) sensitization and challenge-induced allergic pulmo-
nary inflammation mediated by adaptive immune responses in lean 
mice.23 In addition, our group reported that treatment with the 
GLP-1RA liraglutide significantly decreased aeroallergen-induced 
innate allergic inflammation associated with the reduction of IL-
33 release and activation of lung group 2 innate lymphoid cells 
(ILC2) in BALB/c lean mice.24 Obesity in persons with asthma is 
associated with increased sputum neutrophilia, a marker of poor 
response to increased inhaled corticosteroids compared to lean 

K E Y W O R D S
glucagon-like peptide-1 receptor (GLP-1R), group 2 innate lymphoid cells (ILC2), liraglutide, 
neutrophilia, obese asthma

G R A P H I C A L  A B S T R A C T
Polygenic obese mice have larger level of Altrernaria extract-induced TSLP, the number of lung ILC2, neutrophils in the airway, and ICAM-1 
on lung epithelial cells compared with lean mice. GLP-1RA decreases the Altrernaria extract-induced IL-33 and TSLP release, type-2 
inflammation mediated by ILC2, eosinophilia and neutrophilia in the airway, and airway responsiveness in polygenic obese mice. Our findings 
indicate the potential for a new pharmacological therapeutic strategy to patients with asthma in the setting of obesity.
Abbreviations: ICAM-1, intercellular adhesion molecule 1; ILC2, group 2 innate lymphoid cells; GLP-1RA, glucagon-like peptide-1 agonist
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persons with asthma.25 Murine models of obesity support that IL-
33 mediates airway neutrophilia,26 but to the best of our knowl-
edge, 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-1RA 
liraglutide decreases aeroallergen-induced innate allergic inflam-
mation 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 hyperlipid-
emia (TALLYHO mice), and the corresponding lean genetic control 
(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 neu-
trophilia in obese mice and suggests that this strategy may be a 
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.

2  | METHODS

2.1  | Mice

Nine- to twelve-week 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.

2.2  | 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 sub-
cutaneously 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 Alternaria alternata 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) was harvested 1 h or 12 h after the first challenge of Alt-Ext 
or 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 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.

2.3  |  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 com-
parison. Values of P  <  .05 were considered significant between 
two groups.

Additional detail on the methods is available in an Appendix S1.

3  |  RESULTS

3.1  | Obese phenotype in TALLYHO mice

TALLYHO mice were 1.7-fold heavier than SWR mice, and this 
difference was statistically significant (Figure  1A,B). Serum glu-
cose levels were significantly increased in TALLYHO mice com-
pared with SWR mice, both at baseline and after having received 
glucose, revealing obesity-associated defects in glucose homeo-
stasis (Figure  1C). Another obesity biomarker, the serum leptin 
level, was significantly higher in TALLYHO mice than SWR mice 
(Figure  1D). These results indicate that the TALLYHO mouse 
model replicates the key metabolic components of obesity and 
metabolic syndrome.

3.2  | 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.27 Thus, 
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 
(Figure  S1). 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 (Figure S1). 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 
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(Figure 2B). Alt-Ext-challenge significantly increased TSLP in the 
BALF of TALLYHO mice, but not in SWR mice (Figure  2C). 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 
(Figure 2C). 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.

3.3  | 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 de-
creased ILC2 activation that was associated with a reduction of 
Alt-Ext-induced IL-33 release in lean BALB/c mice.24 In addition, a 
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 (Figure  2D). The gating strategy 
of lung ILC2 and ILC3 is shown in Figure  S2. ILC2 were identi-
fied 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 (Figure  2E). GLP-1RA 
treatment significantly decreased the number of Alt-Ext-induced 
lung ILC2 in TALLYHO mice compared with vehicle treatment 

(Figure 2E). 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 (Figure 2F). 
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.

3.4  | 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 BALF expression of the proinflam-
matory chemokine KC (CXCL1) peaked at 3 h and was no longer 
elevated 24 h after a single Alt-Ext-challenge in TALLYHO mice 
compared with SWR mice (Figure S1); however, IL-5 peaked 24 h 
after Alt-Ext-challenge (Figure  S1). Thus, an optimal timepoint 
to detect various cytokines and chemokines in the 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, and LIX 
(CXCL5) in both SWR and TALLYHO mice compared with PBS-
challenged groups (Figure  3). Alt-Ext-induced lung protein lev-
els of IL-5, IL-13, eotaxin, KC, and LIX were 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 not decreased 

F IGURE  1 Physiological 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 ± SD. 
*P < .05
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by GLP1-RA treatment, we found a statistically significant de-
crease in the other Alt-Ext-induced cytokines and chemokines in 
both SWR and TALLYHO mice treated with GLP1-RA compared 
with vehicle-treated mice (Figure 3). 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.

3.5  | 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 popula-
tions in BALF after 4 consecutive days of Alt-Ext-challenge with 
or without GLP1-RA treatment. Alt-Ext-challenge significantly 

F IGURE  2 Experimental protocol. 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 day 3. GLP-1RA or its vehicle was 
administered subcutaneously on day −2 
and −1, and 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 ± SD. *P < .05
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increased the number of eosinophils, lymphocytes, and neutrophils 
compared with PBS-challenged groups in both SWR and TALLYHO 
mice (Figure 4A-C). In contrast, the number of macrophages was 
significantly increased in SWR mice, but not in TALLYHO mice 
(Figure 4D). 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 be-
tween SWR and TALLYHO mice (Figure 4B,C). GLP1-RA treatment 
significantly decreased the number of Alt-Ext-induced eosinophils 
and neutrophils in both SWR and TALLYHO mice, and it also di-
minished the number of Alt-Ext-induced lymphocytes in TALLYHO 
mice (Figure  4A,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 mice had 
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 inflamma-
tion. 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 PBS and Alt-
Ext-challenge with or without GLP-1RA treatment (Figure S3).

F IGURE  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 ± SD. Veh = vehicle. 
PBS = phosphate-buffered saline. *P < .05
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3.6  | 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-1RA treatment did not decrease the Alt-
Ext-induced mucus compared with vehicle treatment (Figure 4F).

Further, we tested whether 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).

3.7  | 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 

F IGURE  4 Effects 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 evaluate 
mucus 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 ± SD. Veh = vehicle. 
PBS = phosphate-buffered saline. *P < .05 
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GLP-1RA treatment. Further, we tested whether GLP-1RA treat-
ment 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 
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 (Figure  S5). Alt-Ext-challenge signifi-
cantly increased the MFI of ICAM-1 and VCAM-1 compared with 
PBS-challenge on both endothelial and epithelial cells (Figure  5). 
The MFI of ICAM-1 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 (Figure 5). Taken together, epithelial 
cells from TALLYHO mice had higher MFI of ICAM-1 expression 
compared with SWR mice, and GLP1-RA treatment significantly re-
duced Alt-Ext-induced ICAM-1 expression on lung endothelial and 
epithelial cells.

3.8  | 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 
greater in the BALF of TALLYHO mice than SWR mice (Figure 2C). 
To determine whether 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 1 h 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 (Figure 6A). Anti-TSLP ab treatment significantly de-
creased the number of total BALF cells, macrophages, eosinophils, 
and lymphocytes, but not neutrophils compared with isotype ab 
treatment (Figure 6B). 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 (Figure 6C-H).

In addition, we tested whether inhibition of ST2 signaling de-
creased airway neutrophilia in TALLYHO mice challenged with 
Alt-Ext. The dose of anti-ST2 antibody was the same as described 

F IGURE  5 Effects 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-1 and 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 ± SD. *P < .05
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a previous study.26 BALF 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, lym-
phocytes, 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 treat-
ment (Figure 6J-O).

Thus, neutralization of endogenous TSLP or ST2 suppressed Alt-
Ext-induced innate type 2 inflammation, but not neutrophilic inflam-
mation in this obese animal model and these results strongly suggest 
that TSLP and IL-33 are not responsible directly for Alt-Ext-induced 
innate neutrophilic inflammation.

4  | DISCUSSION

We sought to determine whether obesity drives differences in 
Alt-Ext-induced allergic phenotypes and whether these are modi-
fied 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 de-
fined. Thus, we tested whether GLP1-RA treatment decreases 
Alt-Ext-induced lung inflammation in the TALLYHO mouse obe-
sity model, relative to the lean SWR control. The obese mice had 
significantly greater numbers of lung ILC2 and neutrophilia dur-
ing 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.26,30-33 GLP1-RA treatment had an inhibitory effect on 
the aeroallergen-induced IL-33 and TSLP release into the airway; 
lung ILC2 numbers; lung eotaxin, IL-5 and IL-13; AR to methacho-
line 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 and the production of the neutrophil chemoattract-
ants, KC and LIX, differentiating the effect of GLP-1RA from that 
of TSLP or ST2 inhibition.

So far, several different types of mouse models have been used 
for research studies of obesity in airway inflammation.34,35 For in-
stance, monogenic obese mice, ob/ob or db/db, have a deficiency 
of leptin or leptin receptor, respectively.36 However, leptin, a hor-
mone released from adipocytes, has multiple effects on immune 
responses, as well as on glycemic control.37-40 Cpefat mice have a 
spontaneous mutation at the locus of carboxypeptidase E, but car-
boxypeptidase E is expressed in various tissues or cells including 
mast cells.41 These monogenetic depletions may directly alter im-
mune responses. The genetic predisposition for typical human obe-
sity is 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 develops obesity and hyperinsulinemia 
at 6–8 weeks of age by regular chow diet in both male and female,42 

and we have confirmed the presence of these metabolic disorders. 
Since TALLYHO mice that were fed regular chow diet had an ini-
tial high weight gain within a few weeks of weaning,42,43 this mouse 
strain was ideal 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 chal-
lenge 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 ac-
tivate ILC2.43,44 GLP-1RA treatment of TALLYHO mice significantly 
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 treat-
ment 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.45,46 
The 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.10,11,25 Previous 
studies using diet-induced obese (DIO) mouse models reported 
that high-fat diet fed mice had a greater number of lung ILC3 ex-
pressing IL-17 compared with chow or low-fat diet fed mice.28,29 
However, we determined that there was no difference in the num-
ber 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 be-
tween 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 is not mech-
anistically 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 type 2 inflammation paralleled by increases 
in lung ILC2, but not by either CD4 T cell influx or IgE induction 
in lean BALB/c mice.47 Identical to our previous result, SWR and 
TALLYHO mice had no increase of total IgE and IgG after 4 consec-
utive days of Alt-Ext-challenge, revealing that this is a model of in-
nate, and not adaptive immunity to aeroallergen challenge. While 
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there was no difference in Alt-Ext-induced airway mucus between 
vehicle and GLP-1RA treatment, AR was significantly decreased by 
GLP-1RA treatment in TALLYHO mice. These results suggest that 
GLP-1RA treatment reduces AR with neutrophil-dominant inflam-
mation 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 because anti-
TSLP ab treatment had no effect on KC and LIX in the lung, and 
airway neutrophilia in TALLYHO mice, whereas it did reduce IL-5 
and IL-13, in addition to airway eosinophilia. The reduction in type 
2 inflammation markers in the early innate model of allergen-
induced inflammation is consistent with our previous report using 
lean BALB/c mice.44 To the best of our knowledge, TSLP antago-
nism 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 asthma48 
and decreased clinically significant asthma exacerbations in the 
patients with uncontrolled asthma.49 However, the effect of anti-
TSLP ab treatment 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 neu-
trophilic 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 whether 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 the TNF-α-induced ICAM-1 on human endothelial cell line 
in vitro51 and mouse endothelial cells in vivo.52 These reports are 
consistent with our results that GLP-1RA treatment decreased acute 
Alt-Ext-induced KC, LIX, ICAM-1, and consequent neutrophil accu-
mulation into the airway.

Previous studies reported that IL-33 drove airway neutrophilic 
responses to ozone in obese mice.26,53 In contrast, our results 
showed that anti-ST2 ab treatment did not change airway neutro-
philic responses to Alt-Ext challenge, but significantly decreased 
eosinophilic responses including IL-5, IL-13, CCL11, and CCL24 ex-
pressions. However, this previous study reported that anti-ST2 ab 
treatment or ST2 deficiency increased ozone-induced neutrophil 
number in the BALF.54 Thus, the effect of ST2 neutralization on 
pulmonary neutrophilia is dependent on the experimental design. 
Further studies are needed to fully define the effects of ST2 signal-
ing on neutrophilic inflammation.

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

proinflammatory cytokine and chemokine production in airway 
epithelial cells, since these cells are a major source of IL-33 in the 
Alt-Ext model.24 We 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 dissect-
ing signaling mechanisms by which GLP-1R activation inhibits ei-
ther 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 ge-
netically engineered to express IL-3355; however, it does not ex-
press 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 mea-
surable 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 inter-
ventions and exercise are recommended for obese asthma patients 
as a result of the multiple immune phenotypes that obese asthma 
patients exhibit and because these patients have reduced thera-
peutic responses to standard asthma medications.7,10,29,56,57 Our 
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 set-
ting of obesity, by which GLP-1RA treatment inhibits aeroallergen-
induced eosinophilic and neutrophilic airway inflammation.
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