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Abstract

Platelets are key contributors to allergic asthma and aspirin-exacerbated respiratory disease 

(AERD), an asthma phenotype involving platelet activation and IL-33-dependent mast cell 

activation. Human platelets express the glucagon-like peptide-1 receptor (GLP-1R). GLP-1R 

agonists (GLP-1RA) decrease lung IL-33 release and airway hyperreactivity in mouse asthma 

models. We hypothesized that GLP-1RAs reduce platelet activation and downstream platelet-

mediated airway inflammation in AERD. GLP-1R expression on murine platelets was assessed 

using flow cytometry. We tested the effect of the GLP-1RA liraglutide on lysine-aspirin (Lys-

ASA)-induced changes in airway resistance, and platelet-derived mediator release in a murine 

AERD model. We conducted a prospective cohort study comparing the effect of pretreatment with 

liraglutide or vehicle on thromboxane receptor (TP) agonist-induced in vitro activation of platelets 

from patients with AERD and non-asthmatic controls. GLP-1R expression was higher on murine 

platelets than on leukocytes. A single dose of liraglutide inhibited Lys-ASA-induced increases 

in airway resistance and decreased markers of platelet activation and recruitment to the lung in 
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AERD-like mice. Liraglutide attenuated TP agonist-induced activation as measured by CXCL7 

release in plasma from patients with AERD and CD62P expression in platelets from both patients 

with AERD (N=31) and non-asthmatic, healthy controls (N=11). Liraglutide, an FDA-approved 

GLP-1RA for treatment of type 2 diabetes and obesity, attenuates in vivo platelet activation in 

an AERD murine model and in vitro activation in human platelets in patients with and without 

AERD. These data advance the GLP-1R axis as a new target for platelet-mediated inflammation 

warranting further study in asthma.
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Introduction

Aspirin-exacerbated respiratory disease (AERD) is an eosinophilic asthma phenotype 

associated with nasal polyps and pathognomonic reactions to COX-1 inhibition marked 

by lung function decrement and incremental sinonasal congestion. Sinonasal tissues of 

patients with AERD contain large amounts of interleukin (IL)-33,(2) a potent type 2 

cytokine that directly activates mast cells and other effector cells. Platelet-leukocyte 

aggregates (PLA)(3) are increased in peripheral blood and sinonasal tissues of patients 

with AERD where they contribute to cysteinyl leukotriene (cysLT) overproduction.(4) In 

a mouse model of AERD using prostaglandin E2 synthase deficient (Ptges−/−) C57BL/6 

mice, antibody-mediated platelet depletion abolishes the IL-33 surge and aspirin-induced 

changes in airway resistance.(2, 5) More broadly, blood platelets are activated in patients 

with asthma at baseline,(6) and to a greater degree during exacerbations and acutely 

with inhaled allergen exposure.(7) Platelets are recruited to the lung during allergen 

challenge(1) where extravasated platelets can promote pulmonary inflammation through 

a variety of mechanisms.(7, 8) Platelets also accumulate in the airway wall and distal 

lungs of patients who die from asthma exacerbations.(1) Activated platelets release 

many inflammatory mediators, including CXCL7, a chemokine that attracts neutrophils 

and promotes inflammation and tissue remodeling.(9) Platelet activation and subsequent 

proinflammatory mediator release remain unaddressed by current, non-glucocorticoid,(10) 

asthma therapeutics.

Glucagon-like peptide-1 (GLP-1) is an incretin hormone synthesized by and secreted from 

enteroendocrine L cells throughout the small and large intestines (11) and by the central 

nervous system, predominantly in brainstem nuclei controlling metabolic, cardiovascular, 

and neuroprotective activities.(12) In the pancreatic islets, GLP-1 potentiates insulin 

secretion and suppresses glucagon secretion in a glucose-dependent fashion.(13) The 

GLP-1R is a group B G-protein coupled receptor that signals via stimulatory G proteins 

to activate adenylate cyclase, raise cAMP levels and augment intracellular calcium release to 

promote insulin secretion. Agonists of the GLP-1R for the treatment of type 2 diabetes and 

obesity are approved by the Food and Drug Administration (FDA) for age ≥10.(14, 15)
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Human platelets also express the glucagon-like peptide-1 receptor.(16) GLP-1R agonists 

may attenuate platelet aggregation in patients with type 2 diabetes,(16, 17) contributing 

to their favorable cardiometabolic profile in patients with type 2 diabetes or obesity.(18) 

Recently, a GLP-1R agonist was shown to inhibit allergen(19–21) and viral-induced(22) 

airway hyperresponsiveness (AHR) in preclinical murine models. Markers of airway 

inflammation in these models were also decreased, including release of lung IL-33, 

expansion and activation of group 2 innate lymphoid cells, and generation of IL-5, 

IL-13, and IL-17, implicating a potential inhibitory role for the GLP-1 pathway in type 

2 (T2) and non-T2 immune pathways relevant to asthma. However, these studies did 

not determine whether GLP-1R agonists targeted platelets as part of their mechanism 

of action. Subsequently, multiple clinical studies have emerged supporting a potential 

role for GLP-1R agonists in attenuating exacerbation risk in patients with asthma(23) 

and chronic obstructive pulmonary disease,(24, 25) and in improving pulmonary function 

in patients without diagnosed respiratory disease.(26) However, these studies have been 

restricted to populations with type 2 diabetes, with or without comorbid asthma that was 

not further phenotyped, limiting generalizability to patients without metabolic dysregulation. 

We recently reported that human platelets express GLP-1R, and GLP-1R agonist exposure in 
vivo and in vitro attenuates TP agonist-induced platelet aggregation in patients with obesity 

and pre-diabetes.(16)

Given the importance of platelets in AERD, our objective was to characterize the effect 

of liraglutide on platelet activation in AERD and non-AERD platelets. We hypothesized 

that GLP-1R agonist treatment would reduce platelet activation, platelet-derived mediator 

release, PLA formation and downstream platelet-mediated airway inflammation in AERD.

Materials and Methods

Reagents

Extract from Dermatophagoides farinae (Df) was obtained from Greer Laboratories 

(XPB81D3A25; Lenoir, NC). PBS was obtained from Sigma-Aldrich (St Louis, Mo). 

Prostaglandin (PG)D2, cysLTs, and histamine enzyme immunoassay (EIA) kits were 

obtained from Cayman Chemical (Ann Arbor, MI). IL-5, IL-13 and IL-33 EIA kits were 

purchased from R&D Systems (Minneapolis, Minn). The mucosal mast cell protease-1 

(mMCP-1), CXCL7, and High-mobility box 1 (HMGB1) EIA kit were purchased from 

eBiosciences (San Diego, Calif), Abcam (Cambridge, Mass), and LifeSpan (Providence, 

RI), respectively. Preparation of the platelet stabilizing reagent has been previously 

described and is composed of aspirin (Sigma# A5376), apyrase (Sigma# A6635), 

carbaprostacyclin (Cayman Chemical #18210) and SQ 29,548 (Cayman Chemical #19025)

(27, 28). Thromboxane (TXA2) analogue U46619 was from Cayman Chemical (#16450). 

Use of the reagent is discussed in further detail in the Human Studies section of these 

methods. GLP-1 peptide (Sigma, St. Louis, MO), liraglutide (Tocris, #6517) and GLP-1R 

antagonist Exendin-9–39 (Tocris #2081) were used for in vitro experiments. Liraglutide 

(Novo Nordisk, Denmark), a commercially available GLP-1R agonist, was purchased from 

the Brigham and Women’s Hospital (BWH) pharmacy.
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Mice

For mouse platelet studies, wild-type C57BL/6 male and female mice (ages 8–12 weeks, 

littermates purchased from Jackson Laboratory and co-housed at VUMC for at least 1 week 

before harvest, 4 of each sex per treatment group) were used. Whole blood was extracted via 

cardiac puncture using 27G syringes in anesthetized adult mice according to the approved 

IACUC protocol at VUMC (M1900086), and blood was collected into tubes containing 

3.8% sodium citrate. Mouse whole blood was then treated with a platelet-stabilizing agent 

and stained for flow cytometry.

The C57BL/6 mice lacking mPGES-1 (Ptges–/– mice) were a gift from Dr Shizuo Akira 

(Osaka University, Japan).(29) Six to 12-week-old male mice were used. Mice were 

housed at BWH’s Hale Building for Transformative Medicine (Boston, Mass). All in vivo 
animal studies were approved by the Animal Care and Use Committee of BWH (protocol 

2016N000294; OLAW Assurance (A4752–01); AAALAC Assurance (1729); and USDA 

Registration (14-R-0092).

Immunization and challenge

Airway inflammation was induced by repetitive intransal administration of Df (1 or 3 

μg) to sedated Ptges−/− mice as described. Liraglutide was administered intraperitoneally 

(1.5mg/kg) 24 hours prior to challenge with aerosolized Lysine-aspirin (Lys-ASA). 

This dose was chosen based on the quantity required to inhibit OVA-induced airway 

inflammation(21).

Measurement of airway resistance

Airway resistance (RL) in response to Lys-ASA was assessed with an Invasive Pulmonary 

Function Device (Buxco®, Sharon, Conn). Briefly, the mice were anesthetized 24 hours after 

GLP-1R agonist administration, and tracheotomy was performed. After allowing for RL to 

reach a stable baseline, Lys-ASA (20 μL of 100 mg/mL) was delivered to the lung via a 

nebulizer, and RL was recorded for 45 minutes. The results were expressed as the percentage 

of change in RL from baseline.

Immunohistochemistry staining for CD41

Lung tissue was fixed in 4% PFA (wt/ vol) for 24 hours. Tissue was embedded in FFPE 

and tissue blocks were cut into 5 um sections and mounted on positively charged slides. 

After deparaffinization and rehydration, antigen retrieval was performed in citrate buffer at 

PH 9.0 (Dako.com) with a steamer. Endogenous peroxidase was inhibited in 0.03% H2O2 

in methanol. Slides were incubated with rabbit Anti mouse CD41 mAb (2.5 ug/ml; Abcam 

ab225896) overnight at 4°C. The slides were counterstained with anti-rabbit HRP-polymer 

conjugated secondary antibody (BioCare Medical), using AEC (Abcam) as the chromogen. 

Sections were counterstained with Gill’s hematoxylin #2 and mounted with VectaMount 

AQ.
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ImageJ quantification

Images were taken on a Leica DM LB2 microscope (Leica 10x objective) fitted with a Leica 

digital camera (DMC6200). Images were acquired using Leica LAS X software. We used 

ImageJ Fiji software to Semi- quantify CD41 expression. Briefly, ImageJ Fiji software was 

used to deconvolute and separate the staining of the IHC image. ImageJ separates the IHC 

image into AEC staining (red staining) for the CD41 and Hematoxylin for the nucleus. The 

AEC-stained image was analyzed at a maximum threshold value at 45, Filters with Median 

Radius 2.0 Pixels. Total CD41+ area and area fraction were acquired from three randomly 

selected fields in each tissue section.

Human studies

Inclusion criteria for all participants specified ≥18 years of age, no history of type 2 

diabetes, and no history of GLP-1R agonist use. AERD was defined as physician-diagnosed 

asthma, chronic rhinosinusitis with nasal polyposis and either a respiratory reaction 

during a formal aspirin challenge or a history of two or more respiratory reactions to 

a cyclooxygenase-1 inhibitor. Participants were prospectively recruited from BWH and 

Vanderbilt University Medical Center (VUMC) Allergy/Clinical Immunology clinical sites. 

Control participants were recruited from VUMC; a history of physician-diagnosed or 

self-identified asthma were exclusion criteria. Demographics and concurrent medication 

use (e.g., aspirin, biologics) were recorded. Peripheral blood sample collection was 

optimized for platelet assays. Primary analyses compared platelet activation in liraglutide 

versus vehicle treated samples. An exploratory subgroup analysis was conducted based on 

concurrent AERD treatment. For all human studies, corresponding protocols and informed 

consent forms were reviewed and approved by the respective Institutional Review Board 

(BWH#2018P000488, BWH#2003P002088; VUMC#200203).

Ex vivo human platelet assays

Human peripheral blood was treated with liraglutide (50nM), the circulating concentration 

of liraglutide in vivo under treatment conditions,(30) or vehicle for 30 minutes then activated 

by the TXA2 analogue U46619 (500nM) or vehicle control for 30 minutes and treated 

with a platelet-stabilizing agent.(27) Samples were then shipped to VUMC on icepack 

overnight or stored at 4°C for analyses of PLA (CD45+CD41+) and the platelet activation 

marker p-selection (CD62P) by flow cytometry on whole blood the following day. After 

preparing whole blood samples for flowcytometry, tubes were centrifuged at 3200 rpm, at 

room temperature, without brakes, in a swing rotor bucket centrifuge to prepare platelet-poor 

plasma (PPP). PPP samples were stored at −80C until time of analysis.

To permit delayed analyses, we used an established platelet-stabilizing agent that has been 

previously shown to preserve existing platelet activation state and inhibit further in vitro 
platelet activation that may occur during manipulation of blood samples ex vivo.(29) Prior 

to using the platelet stabilizing reagent for delayed evaluation of platelet activation in 

our study, we first confirmed that the addition of the platelet stabilizing reagent had no 

impact on platelet activation status on platelets from participants with AERD. We compared 

whole blood samples from subjects with AERD at VUMC, treated with and without the 

platelet-stabilizing reagent before activation with U46619 (500nM) or vehicle control and 

Foer et al. Page 5

J Immunol. Author manuscript; available in PMC 2024 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analyzed at time 0 and 24 hours. The platelet stabilizing reagent prevented subsequent 

platelet activation that occurs over time without altering the readout of the initial stimulation 

(Supplemental Fig.1a–c)

Flow Cytometry

Whole blood samples from human subjects were stained with human anti-CD45, anti-CD41, 

anti-P-selectin (CD62P), and anti-PAC-1 (BD Bioscience #557748, #555467, #550888, 

#340507) monoclonal antibodies.

GLP-1R expression on whole blood from C57BL/6 mice was evaluated using a far-red 

fluorescent GLP-1R antagonist peptide label (LUXendin645) for flow cytometry.(31) 

After incubating the labeled peptide for an hour at room temp, whole blood was 

stained with mouse anti-CD45, anti-CD41, and anti-CD62P (BD Bioscience #557748, 

#555467, #550888) monoclonal antibodies to identify platelets (CD45−CD41+), leukocytes 

(CD45+CD41−), and PLA (CD45+CD41+) and analyzed by flow cytometry as previously 

described.(16)

EIA

Mouse BAL fluid was obtained 45 minutes after Lys-ASA challenge by 2 repeated lavages 

with 1.0 ml of Ca2+- and Mg2+-free HBSS with 0.5 mM EDTA. Lungs were homogenized 

with a Tissue-Tearor homogenizer (Biospec Products) in 1 ml of T-PER Tissue Protein 

Extraction Reagent (ThermoFisher) containing protease inhibitor (Roche). Total IL-5, 

−13, and −33 content in lungs was measured with a commercial EIA (R&D Systems) 

and corrected for the protein content of each sample. Concentrations of PGD2, cysLTs, 

Histamine, mMCP1, CXCL7, and HMGB1 in BAL fluids were assayed by commercially 

available EIA kits according to the instructions of manufacturers Cayman Chemical (PGD2, 

cysLTs, and histamine), eBiosciences (mMCP-1), Abcam and R&D (CXCL7), and LifeSpan 

(HMGB1).

The concentration of CXCL7 in human PPP samples were assayed by commercially 

available EIA kits according to the manufacturer’s instructions (Human NAP-2/CXCL7 

ELISA kit# RAB0135, Sigma)

Statistical analysis

Data are expressed as means plus or minus SEMs from at least 4 mice from each sex, except 

where otherwise indicated. Human sample sizes are indicated in each figure. Descriptive 

analyses of human cohorts are presented. Quantitative analyses in murine and human 

samples were performed with Prism software (GraphPad Software version 9.5.0, La Jolla, 

Calif). Group means were compared and differences between 2 treatment groups were 

assessed by using the Student t- test or Mann-Whitney test, and differences among multiple 

groups were assessed by using 1-way ANOVA after checking for normality with post-hoc 

Fisher’s least squares difference group tests unless otherwise indicated in the Supplementary 

figure legend text. Statistical significance was defined by a two-sided P-value of ≤0.05.
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Results

Murine platelets express GLP-1R

To establish if murine platelets expressed GLP-1R and provide rationale for investigating 

the impact of liraglutide in a platelet-dependent murine model of AERD, whole blood from 

C57BL/6 mice was treated with a platelet-stabilizing reagent(27) and stained with CD41, 

CD45, and a far-red fluorescent GLP1R antagonist peptide label (LUXendin645).(31) 

CD45−CD41+ platelets demonstrated stronger expression of GLP-1R than CD45+CD41+ 

PLA and CD45+CD41− leukocytes by flow cytometry (Figure 1). In a competitive inhibition 

assay, the selective GLP-1R antagonist exendin-9–39 (EX9) out competed LUXendin645 

staining on CD45−CD41+ platelets, CD45+CD41− leukocytes, and CD45+CD41+ PLA and 

at a concentration consistent with the known biology of EX9 competition at GLP-1R(31) 

(Figure 1B). LUXendin645 staining decreased with EX9 pretreatment on platelets and PLA 

(Figure 1C and 1D, respectively) from male and female C57BL/6 mice, confirming GLP-1R 

expression on murine platelets. A modest but significant decrease in LUXendin expression 

was noted with EX9 pretreatment on CD45+ cells without adherent platelets (Figure 1E). 

GLP-1R expression did not differ by sex in this cohort (Supplemental Fig. 2).

GLP-1R agonist inhibits ASA-induced changes in airway resistance in an AERD model

In AERD-like Df challenged Ptges−/− mice, a single dose of GLP-1R agonist inhibited 

Lys-ASA-induced increases in airway resistance (Figure 2A–B; Supplemental Fig. 3). 

Downstream features of the model were also blunted by GLP-1R agonist (Supplemental 

Fig. 3).

GLP-1R agonist significantly attenuates platelet activation and platelet recruitment in the 
lungs of AERD-like mice

To better define the impact of GLP-1R activation on platelet function in vivo, we performed 

additional experiments in Ptges−/− mice, using a lower Df dose (1 μg) to optimize the 

platelet-dependent events (Fig. 2A). We focused on platelet activation and recruitment 

that characteristically occurs in this model and is necessary for the changes in airway 

physiology. Liraglutide treatment markedly inhibited the Lys-ASA induced increase in 

airway resistance (Fig. 2B). ImageJ-based analysis confirmed a marked inhibition of platelet 

recruitment following GLP-1R agonist treatment in the murine lung tissue (P=0.02; Figure 

2C). Lys-ASA challenges induced platelet recruitment to the lung tissue, as evidenced 

by immunohistology for CD41, which was markedly attenuated by liraglutide (Fig. 2D). 

Lys-ASA-induced increases in BAL fluid levels of platelet derived chemokine CXCL7 were 

also significantly suppressed by liraglutide treatment (P=0.02; Figure 2E).

AERD cohort demographics and clinical features

Forty-four study participants were recruited, 11 controls and 33 AERD patients (Table I). 

Mean age in the AERD cohort was 49.2(12.3) years, 58% were female and 85% were White, 

consistent with prior demographic reports of AERD patients from these clinical sites.(32, 

33) Eight patients were on high-dose (≥650mg) daily aspirin and 11 were on dupilumab 

300 mg every 2 weeks; all patients on these therapies had used them for ≥90 days. Among 
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AERD patients on dupilumab, 18.2% had concurrent aspirin use (Table I). All control 

participants and 30 AERD patients had available samples for analysis. The three missing 

samples did not meet study procedure criteria due to shipping delays during the COVID-19 

pandemic.

Ex vivo GLP-1R agonist treatment decreases platelet activation, including platelets from 
patients with AERD

To identify the effect of GLP-1R agonists on human platelets, we assessed TP agonist-

induced platelet activation in whole blood samples from the AERD and healthy non-

asthmatic populations. Stimulation of samples from both subject groups with the TP agonist 

U46619 induced platelet activation as measured by an increase in CD62P expression on 

CD41+ platelets alone (Figure 3A–B). Pretreatment with GLP-1R agonist liraglutide at 

doses comparable to the serum concentrations achieved in vivo during active clinical 

treatment (50nM) attenuated TP-induced CD62P expression on CD41+ platelets in both 

groups (Figure 3A–B). In the subset of participants with AERD with available PPP samples 

(n=20), liraglutide treatment similarly attenuated the TP-induced platelet-derived mediator 

CXCL7 (Figure 2F). Samples from the subsets of participants with AERD receiving 

dupilumab (n=10; no dupilumab, n=20), or high-dose aspirin therapy (n=8; no aspirin, n=15) 

displayed TP-induced CD62P expression and liraglutide-induced suppression of CD62P 

expression at levels that were similar to those in samples from patients not on these 

treatments (Supplemental Fig. 4a–b, dupilumab treatment analysis; c-d aspirin treatment 

analysis). TP stimulation significantly increased in vitro PLA formation in subjects with 

AERD but not non-AERD controls. Liraglutide pretreatment did not significantly reduce 

TP-induced PLA formation in either patient population (Figure 3C–D) and did not 

significantly attenuate CD62P expression on PLAs (Figure 3E–F).

Discussion

In this study, we demonstrate that a single dose of a GLP-1R agonist decreases platelet-

derived mediator release and markedly attenuates platelet recruitment to the lungs of a 

mouse model of AERD.(2) In patients with and without AERD, GLP-1R agonists similarly 

decrease in vitro platelet activation and proinflammatory platelet-derived mediator release, 

but not in vitro PLA formation. These effects are consistent among patients on a range of 

concurrent AERD therapy. In conducting these proof-of-concept studies we also confirmed 

the presence of the GLP-1R on murine platelets using a validated peptide probe (31), 

providing the opportunity to address prior knowledge gaps in the GLP-1R literature.(34, 35) 

Murine GLP-1R expression did not differ by sex; sex differences in the clinical response 

to GLP-1R agonists in humans remains an active area of research though no difference 

in human receptor expression has been reported.(36) Together, these results characterize 

platelets as a target of GLP-1R agonists in an AERD-like mouse model and in humans with 

and without AERD.

In prior studies, Lys-ASA challenges of Df-sensitized AERD-like Ptges−/− mice induced 

rapid recruitment of platelets to the lung tissue, accompanied by increases in BAL fluid 

levels of CXCL7, a highly abundant platelet-derived chemokine. Depletion of platelets(37) 
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and inhibition of platelet activation with a TP receptor antagonist markedly attenuated Lys-

ASA-induced changes in lung function in the AERD-like Ptges−/− model mice.(2) Use of 

this model in our study permitted assessment of airway resistance as well as platelet-focused 

measurements in murine lungs and BAL fluid. While our study focused on characterizing 

the involvement of platelets as targets for GLP-1R agonists, we were also able to explore the 

effect of GLP-1R agonists on previously demonstrated downstream features of the models 

including cysLTs production and mast cell activation. (Supplemental Fig. 3). It is likely that 

GLP-1R agonism on platelets impacts several of these downstream features, leading to its 

marked effect on changes in airway resistance (Fig. 2B, Supplemental Fig. 3b). Additionally, 

the inhibition of CXCL7 release could impact the incremental recruitment of blood born 

granulocytes to the lungs following challenges.

We recently reported in vivo exposure to liraglutide attenuates platelet activation after 

2 weeks of treatment in a cohort of adults with prediabetes and obesity.(16) Current 

limitations of FDA approval for GLP-1RAs (to type 2 diabetes and obesity treatment) 

preclude direct in vivo assessment of the effects on platelets and airway inflammation in 

patients with asthma without these comorbid conditions. Thus, it was necessary to examine 

the effect of in vitro GLP-1R agonist treatment of whole blood on markers of platelet 

activation in these two AERD cohorts, as well as samples from healthy controls. Platelet 

activation leads to α-granule secretion, which we assessed by CD62P expression and plasma 

CXCL7 levels at baseline and following activation with a TP receptor agonist. TP receptor 

agonists mimic the effect of TXA2, an inflammatory mediator elevated in patients with 

AERD.(38) We focused on CD62P in this proof-of-principle study because of previous 

reports demonstrating that CD62P and CD63 correlate strongly with one another upon 

platelet activation,(39) with platelet-adherent eosinophils, and with urinary LTE4 levels at 

baseline (a marker of disease severity) in patients with AERD.(40)

The significant attenuation of platelet activation after brief exposure to a GLP-1R agonist 

in whole blood from patients with and without AERD supports anti-platelet actions of 

GLP-1R agonists independent of inflammatory disease state. This extends recent findings 

that in vivo exposure to GLP-1R agonists in patients with prediabetes and obesity attenuates 

TXA2-induced platelet aggregation, a measure of platelet binding to each other as in 

processes leading to homeostasis.(16) Future studies on the effect of in vivo GLP-1R agonist 

exposure on platelet aggregation and activation in the context of asthma are needed. While 

we were not powered to look at differential response to GLP-1R agonist treatment by 

concurrent AERD therapies, post-hoc analysis demonstrated GLP-1R agonist pretreatment 

reduced platelet activation across three real-world standard treatment conditions: no 

aspirin/biologics, aspirin, or dupilumab. Other clinical studies have demonstrated treatment 

with dupilumab and high-dose aspirin therapy do not alter PLA formation or CD62P 

expression in platelets from patients with AERD.(41, 42) While high-dose aspirin can 

inhibit endogenous platelet TXA2 production critical for platelet activation amplification and 

platelet recruitment to the site of vascular injury, use of an exogenous TP receptor analogue 

can overcome this inhibition and allow for the continued assessment of platelet response to 

activating stimuli.
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Adherence of platelets to leukocytes is necessary for transcellular platelet-based conversion 

of LTA4 to LTC4, a process that is greatly increased in AERD and contributes to the elevated 

levels of LTC4 production observed in this disease. Adherent platelets account for the 

majority of LTC4S activity of blood granulocyte fractions from AERD patients(4). Both free 

platelets and PLA are recruited to the lungs of Ptges−/− mice,(37) as well as in other models 

of allergen induced pulmonary inflammation,(43) and our histological analysis does not 

distinguish between recruited PLA and free platelets. In contrast to attenuation of CD62P 

expression, GLP-1R agonists did not consistently demonstrate significant reduction of TP 

agonist-induced PLA formation or PLA-associated platelet activation in vitro. PLA response 

to GLP-1R agonists was heterogenous and attenuation was only observed in a subgroup of 

patients with AERD. PLA formation can result from CD40/CD40L and other cell surface 

protein interactions which may occur independently of CD62P expression, explaining the 

observed discordance between the significant reduction in the % of CD62P+ platelets and 

PLA formation.(44, 45) Additionally, leukocytes forming PLAs may preferentially take up 

platelets with the strongest CD62 expression which may or may not be equally susceptible 

to agonist, and may rapidly clear the adherent platelets through phagocytosis.(46) PLA 

formation in CD45+ cell subsets was not pursued in this pilot human study on platelet 

activation due to the lack of effect on total PLA formation and the unknown impact of the 

stabilizing reagent on leukocyte subsets after 24 hours of exposure. Given that platelets from 

subjects with AERD displayed no differences in responsiveness to agonists of either TP 

or GLP-1R, it is likely that any platelet-associated features of AERD reflect endogenous 

factors that influence platelets, rather than differences inherent to platelets per se. In 
vivo studies involving longer exposure to GLP-1R agonists are needed to assess the true 

impact of GLP-1R agonists on PLA formation, including PLA subsets, and augmentation of 

leukotriene generation from peripheral blood granulocytes including leukotriene generation 

from peripheral blood granulocytes. It will also be important to determine whether GLP-1R 

agonists impact indices of airway inflammation and clinical reactions to NSAIDs in human 

subjects with AERD.

While studies in mice that utilize depletion strategies have demonstrated a prominent role 

for platelets in airway inflammation, few clinical trials have targeted platelet-associated 

inflammation in asthma. Clinical trials evaluating the purinergic receptor P2Y12 antagonist, 

prasugrel, in allergic asthma(47) and AERD(48) have been largely negative. Notably, P2Y12 

receptor blockade does not alter CD62P expression or PLA percentage in the blood of 

subjects with AERD, indicating that other targets are needed to attenuate platelet activation 

in human inflammatory disease(48). Recent studies demonstrate that platelets accumulate 

in airway walls and distal lung tissues of patients with asthma, with especially high levels 

observed in asthma fatalities, suggesting a potential role in asthma exacerbations.(1) It 

is tempting to speculate that the impact of GLP-1R on asthma exacerbations in patients 

with concomitant type 2 diabetes could reflect the impact of these drugs on platelets.(23) 

Our findings support that GLP-1R agonist may address platelet mediated inflammation not 

addressed by current asthma therapies.

GLP-1R agonists attenuate ex vivo human platelet activation including proinflammatory 

mediator release, and target platelets and platelet -dependent airway inflammation in an 

AERD murine model. These findings support the GLP-1R axis as a therapeutic target 
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for platelet-mediated inflammation, an area particularly relevant to the AERD asthma 

phenotype. Over a decade of FDA-approved, commercially available GLP-1R agonist drugs 

in broad use for type 2 diabetes and obesity and safety in euglycemic states highlights 

the translational potential for these drugs in common human pulmonary diseases such as 

asthma. Prospective clinical study of the impact of GLP-1R agonists in AERD and other 

asthma phenotypes is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AHR Airway hyper-responsiveness

AERD Aspirin-exacerbated respiratory disease

BAL Bronchoalveolar lavage

CD41 glycoprotein IIb/IIIa integrin

CXCL7 Chemokine (C-X-C motif) ligand 7

CysLT Cysteinyl leukotriene

Df Extract from Dermatophagoides farinae

IL Interleukin

ILC2 Group 2 innate lymphoid cell

GLP-1R Glucagon-like peptide-1 receptor
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HMGB1 High-mobility box 1

LO 5-Lipoxygenase

LT Leukotriene

LTC4S Leukotriene C4 synthase

Lys-ASA Lysine-aspirin

mMCP-1 Mucosal mast cell protease-1

PG Prostaglandin

P2Y12 inhibitor Purinergic P2Y12 receptor antagonist

PLA Platelet-leukocyte aggregates

PRP Platelet-rich plasma

PPP Platelet-poor plasma

PTGES Prostaglandin E2 synthase

RAGE Receptor for advanced glycation end products

RL Lung resistance

TXA2 Thromboxane A2

T2 Type 2

TP Thromboxane receptor
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Key points:

• GLP-1RAs attenuate ex vivo human platelet activation and proinflammatory 

mediators

• GLP-1RAs target platelets/platelet-dependent airway inflammation in an 

AERD model

• The GLP-1R axis may regulate platelet-mediated inflammation in asthma
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Figure 1: The glucagon-like peptide (GLP)-1 receptor is expressed on murine platelets
In wild-type C57B6 mice, whole blood was treated with a platelet stabilizing reagent 

and stained with CD41, CD45, and a far-red fluorescent GLP-1 receptor antagonistic 

peptide label (LUXendin645[4], 50 nM) to denote GLP-1R expression for flowcytometry. 

A) Representative gating strategy for CD45−CD41+ platelets, CD45+CD41− leukocytes, 

and CD45+CD41+ platelet-leukocyte aggregates (PLA) and corresponding LUXendin645 

signal. CD45−CD41+ platelets (black line) exhibit greater GLP-1R expression as compared 

with leukocytes (blue line), PLA (red line), and the LUXendin645 (gray) FMO. B) In a 

competitive inhibition assay, pretreatment with the selective GLP-1R antagonist exendin-9–

39 (EX9) for 5 minutes prior to LUXendin645 incubation (dashed lines) attenuated 

LUXendin645 signal (solid lines). C) LUXendin645 signal following EX9 pretreatment 

on CD41+ platelets, D) CD45+CD41+ PLA and E) CD45+ leukocytes. 8 adult wild-type 

C57B6 mice, 4 male and 4 female, per treatment group were used in all experiments. Mean 

and SE plotted. ** = p<0.01, **** = p<0.0001
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Figure 2: Glucagon-like peptide (GLP)-1 receptor agonists attenuate airway resistance, and 
platelet presence following aspirin challenge in the Ptges−/− AERD mouse model, and human 
platelet-dependent mediator release.
A) Protocol for intranasal administration of Df (1 μg) followed by Lysine-aspirin (Lys-ASA) 

challenge. Liraglutide or PBS was administered 24 hours prior to Lys-ASA challenge. B) 
Airway resistance (RL) in response to Lys-ASA was assessed with an Invasive Pulmonary 

Function Device and compared across treatment groups. (PBS/Veh: n =5, Veh/Lys-ASA: 

n=9, Liraglutide/Lys-ASA: n=9 mice from 3 experiments). Values are mean ± SEMs. 

**=p<0.01, by Mann Whitney test. C) Representative lung tissue sections from Vehicle- 

or Liraglutide-treated AERD model mice stained with platelet marker anti-CD41 antibody. 

D) The quantification of CD41+ area (%) was calculated by comparing it to the lung area in 

each image by ImageJ. Three random fields were selected in each lung tissue section from 

2 independent experiments. (PBS/Veh: n =4, Veh/Lys-ASA: n=6, Liraglutide/Lys-ASA: n=6 

mice from 2 experiments). Values are mean ± SEMs. **=p<0.01, by Mann Whitney test. 

E) Platelet-derived mediator release measured in murine BAL fluids (CXCL7: 45 minutes 

following aspirin challenge in the Ptges−/− AERD mouse model. (PBS/Veh: n =5, Veh/Lys-

ASA: n=9, Liraglutide/Lys-ASA: n=9 mice from three independent experiments). Values 

were compared across treatment conditions. Values are mean ± SEMs. **=p<0.01, by Mann 

Whitney test F) GLP-1R agonists attenuate TA-induced CXCL7 release in humans. Plasma 

from whole blood samples from patients with the aspirin-exacerbated respiratory disease 

(AERD) phenotype of asthma pre-treated with Liraglutide (Lira, 50nM) or vehicle (Veh) for 

30 minutes followed by TX-analogue (TA, 500nM) or veh activation for 30 minutes (as in 

Fig. 3). (n=20, p<0.0001, one-way ANOVA with post-hoc paired T-test reported, * P<0.05, 

**** P<0.0001).
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Figure 3: Glucagon-like peptide (GLP)-1 receptor agonists attenuate thromboxane-induced 
platelet activation in subjects with and without AERD.
In healthy controls (n=11) and subjects with the platelet-dependent phenotype of asthma, 

aspirin-exacerbated respiratory disease (AERD, n=31), whole blood samples were treated 

with the GLP-1R agonist liraglutide (Lira 50 nM) or vehicle (Veh) for 30 minutes then 

stimulated with the thromboxane receptor agonist, U46619 (TA 500 nM) for 30 minutes 

and stained for flow cytometry. Effect of pre-treatment with liraglutide or vehicle on 

TA-induced A) CD41+ platelet CD62P expression, B) CD45+CD41+ PLA formation and 

C) CD45+CD41+ PLA CD62P expression. Two-way ANOVA confirmed outcomes were 

not different between clinical phenotypes. One-way ANOVA with post-hoc Fisher’s Least 

Significant Difference group comparisons reported. Group mean with standard error of the 

mean of the percent change from baseline in D) CD41+ platelet CD62P expression, E) 
CD45+CD41+ PLA formation and F) CD45+CD41+ PLA CD62P expression. Paired T-test 

reported. *=p<0.05, ** = p<0.01, ***=p<0.001, **** = p<0.0001
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Table I.

Patient Characteristics

Characteristic No Asthma
(N=11)

AERD
(N = 33*)

Age, years (SD) 36.1 (17.0) 49.2 (12.3)

Sex, female, n (%) 4 (36) 19 (58)

Race, White, n (%) 9 (82) 28 (85)

Ethnicity, Hispanic, n (%) 0 (0) 2 (6)

Aspirin use,† n (%) 0 (0) 8 (24)

Dupilumab use,‡ n (%) 0 (0) 11 (33)

 Concurrent aspirin use -- 2 (6)

Nasal steroid use, n (%) 0 (0) 27 (81.8)

Inhaled steroid use, n (%) 0 (0) 13 (39.4)

VUMC enrolled, n (%) 11 (100) 11 (33)

VUMC=Vanderbilt University Medical Center; remainder recruited at Brigham and Women’s Hospital

*
30 patients with samples available for analysis.

†
At a dose equivalent to ≥650mg/day

‡
Treated for a minimum of 90 days
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