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Abstract

Background—Beta-2 adrenergic receptor (β2AR) agonists are critical treatments for asthma. 

However, receptor desensitization can lead to loss of therapeutic effects. While desensitization to 

repeated use of β2 agonists is well studied, Type-2 inflammation could also impact β2AR function.

Objective—To evaluate the impact of the Type-2 cytokine, IL-13, on β2AR desensitization in 

human airway epithelial cells (HAECs) and determine whether 15-Lipoxygenase-1 (15LO1) 

binding with phosphatidylethanolamine binding protein-1 (PEBP1) contributes to desensitization 

through release of G-protein Receptor Kinase-2 (GRK2).

Methods—HAECs in air-liquid-interface (ALI) culture with/without IL-13 (48 hrs) or 

isoproterenol (ISO) (30 min) pretreatment were stimulated with ISO (10min). cAMP was 

measured by ELISA and β2AR and GRK2 phosphorylation by Western Blot. siRNA was utilized 

for 15LO1 knockdown. Interactions of GRK2, PEBP1 and 15LO1 were detected by 

Immunoprecipitation/Western Blot and immunofluorescence. HAECs and airway tissue from 

controls and asthmatics were evaluated for I5LO1, PEBP1 and GRK2.

Results—Pretreatment with ISO or IL-13 decreased ISO-induced cAMP generation compared to 

ISO for 10 min alone, paralleled by increases in β2AR and GRK2 phosphorylation. GRK2 

associated with PEBP1 after 10 min of ISO in association with low pGRK2 levels. In contrast, in 

the presence of IL-13+ISO (10 min), binding of GRK2 to PEBP1 decreased, while 15LO1 binding 
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and pGRK2 increased. 15LO1 knockdown restored ISO-induced cAMP generation. These 

findings were recapitulated in freshly brushed HAEC from asthmatic cells and tissue.

Conclusion—IL-13 treatment of HAECs leads to β2AR desensitization which involves 15LO1/

PEBP1 interactions to free GRK2 and allow it to phosphorylate (and desensitize) β2ARs, 

suggesting beneficial effects of β2 agonists could be blunted in Type-2 associated asthma.
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Introduction

Beta-2-agonist drugs, central to obstructive airway disease management, work through 

activation of G-protein coupled receptors (GPCR), specifically the beta-2-adrenergic 

receptor (β2AR). This receptor is present on many cells including airway epithelial cells and 

smooth muscle cells. Activation of β2ARs on airway smooth muscle leads to muscle 

relaxation and bronchodilation, while acute epithelial cell effects include enhanced ciliary 

beat and mucus clearance.1 Chronic exposure of a GPCR to its ligand leads to receptor 

desensitization via receptor phosphorylation and internalization. Indeed, continuous β2-

agonist use results in loss of bronchodilator and bronchoprotective effects2–7 and 

deterioration of asthma control.8,9 Following ligand stimulation and arrestin binding, β2ARs 

are internalized. They can then be recycled to the surface following removal of ligand or 

more permanently made inaccessible in states of chronic stimulation10,11. GPCR kinases 

(GRKs), specifically GRK2, play important roles in mediating β2AR desensitization.12,13 

GRK2 phosphorylates the receptor, allowing arrestins to bind, effectively blocking receptor 

interaction and activation of heterotrimeric G proteins.14

Interestingly, GRK2 also interacts with the multifunctional protein phosphatidyl-

ethanolamine binding protein 1 (PEBP1). Normally, PEBP1 binds to and inactivates Raf-1 

(an activator of extracellular-signal-regulated kinase (ERK) pathways), thereby serving as an 

endogenous inhibitor of those pathways.15–19 Under inflammatory conditions which 

phosphorylate PEBP1, conformational changes in PEBP1 induce its dissociation from Raf-1 

allowing PEBP1 to bind GRK220,21. This binding to PEBP1 prevents GRK2 from 

phosphorylating the β2AR allowing ongoing receptor activation.

Recent studies showed that 15 lipoxygenase-1 (15LO1), an enzyme induced by the 

Type-2/Th2 cytokine IL-13 in epithelial cells, also binds to PEBP1. 15LO1 is upregulated in 

asthma in association with IL-4/-13/”Type-2” inflammation, ERK activation and increases 

in the mucin, MUC5AC.22,23 Importantly, similar to GRK2, enhanced 15LO1 expresssion 

by IL-13 displaces Raf-1 from PEBP1 allowing it to bind 15LO1, an association 

recapitulated in asthmatic epithelial cells in vivo. In vitro, this binding enhances ERK 

activation and MUC5AC expression.

We therefore hypothesized that under “Type-2“ conditions, as evidenced by high levels of 

15LO1 seen in ~50% of asthma patients, 15LO1 would preferentially bind to PEBP1 while 
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displacing (and freeing up) GRK2 to be phosphorylated. This phosphorylated GRK2 would 

phosphorylate and desensitize the β2AR, decreasing cyclic adenosine 3, 5-monophosphate 

(cAMP) response to β-agonists. To address this hypothesis, HAECs were evaluated for their 

cAMP response to β2AR stimulation, as well as their levels of phosphorylated β2AR, in the 

presence and absence of IL-13 induced 15LO1. The role of IL-13 induced 15LO1 was 

evaluated by measuring the binding of 15LO1 and GRK2 to PEBP1 in vitro. The subsequent 

effect of 15LO1 knockdown on β2AR desensitization/cAMP activation was then addressed. 

These in vitro experiments were compared to in vivo findings in airway epithelial cells and 

tissues from asthmatic and control patients.

Materials and Methods

Study Participants

Asthmatic participants met American Thoracic Society (ATS) criteria for asthma24 and were 

recruited as part of the National Heart Lung and Blood Institute’s Severe Asthma Research 

Program, NIH AI-40600 or the Electrophilic Fatty Acid Derivatives in Asthma studies25. 

Mild-Moderate asthmatics had an FEV1 of ≥60% predicted on short acting β-agonists 

(SABA) only or on low-moderate dose inhaled corticosteroids (ICS) (<880 mcg/day 

fluticasone propionate or equivalent) +SABA. Severe asthma was defined by the American 

Thoracic Society 2000 definition, consisting of 1 or 2 major criteria (high-dose ICS and/or 

frequent use of oral CS) with at least 2 of 7 minor criteria.26 Healthy controls (HCs) had no 

history of respiratory disease or recent respiratory infection and normal lung function. No 

subject smoked within the last year or >5 pack years. The study was approved by the 

University of Pittsburgh Institutional Review Board and all participants gave informed 

consent.

Bronchoscopy with epithelial airway brushings

Bronchoscopy with epithelial brushing was performed as previously described27,28. Per 

protocol, all participants including HCs received 2.5 mg nebulized albuterol within 15–45 

min of the procedure.

Primary Human Airway Epithelial Cell (HAEC) Culture and siRNA Transfection

Primary HAECs were cultured in air liquid interface as previously described2829,30. siRNA 

transfection was performed on 70% confluent cells in 12-well transwell plates during 

submerged culture using Mirus si-QUEST transfection reagent. (See online supplement).

Western Blotting

Cell lysates were run on 4–12% SDS-PAGE gels under reducing conditions as previously 

described.28

cAMP Assay

Cells were washed with cold PBS, stimulated for 10 minutes with ISO 1 µM, and lysed for 

cAMP levels using a competitive enzyme-linked immunoassay kit.
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Co-immunoprecipitation

Cells were lysed, pre-cleaned with Protein A agarose beads, and incubated with pull-down 

antibody prior to incubation with Protein A agarose beads. Immunoprecipitates (IPs) were 

centrifuged and separated on 4–12% SDS/PAGE gels for Western blot using primary 

antibodies generated from different species from the pull-down antibody. For details, see the 

online supplement.

Immunofluorescence (IF) and Confocal Microscopy

Tissues were fixed in acetone and embedded in glycol-methacrylate for 

immunofluorescence (IF) staining as previously described29. For details, see online 

supplement.

Statistical Analysis

Clinical demographics data were generally normally distributed and analyzed by T-Test; 

categorical data were analyzed by Chi-square analysis. All subjects were divided into 

15LO1 Lo vs Hi on the basis of the median split of the 15LO1 protein expression data in the 

fresh epithelial cells. Clinical experimental data were not normally distributed, but the 

majority of fresh epithelial cell data were normalized by natural log transformation and 

could be analyzed by T-test. Ex vivo Co-IP data were not normally distributed after log 

transformation and were therefore analyzed non-parametrically with Wilcoxon Rank Sum 

testing.

In vitro data, including percent/fold changes, were analyzed using linear and non-linear 

models. All control and stimulated condition values were normally distributed except for 

IL-13 stimulated pGRK2, while the fold changes were normally distributed using natural log 

transformation. To test the differences between the control and stimulated groups, the 

natural log of the fold change was compared to zero using normal approximation for null 

distribution. Although analytically we used mean and standard deviation (SD) (pβ2AR and 

pGRK2) or standard error of the mean (SEM) (cAMP) of log transformed data, we reported 

the results as the geometric mean and geometric co-efficient of variation (CV). Comparisons 

of fold changes (IL-13 vs ISO30 pretreatment) were performed by T-test Pairwise 

correlations were performed on normally distributed data. No formal adjustment for multiple 

testing was applied. Statistical analysis was performed using JMP SAS software (Cary, NC). 

P-values of <0.05 were considered statistically significant.

Results

In vitro studies

Subject Demographics—Airway epithelial cells were obtained from a total of 73 

subjects, including 15 healthy controls (HC) and 58 asthmatics. In vitro culture studies were 

performed on HAECs from 5 HCs and 44 asthmatics (Supplemental Table 1). There were no 

differences in responses by asthma disease state or severity.

IL-13 decreases cAMP generation in response to Isoproterenol—To determine 

whether IL-13 impacts β2AR desensitization in HAEC, cAMP generation was evaluated in 
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response to ISO (1 µM for 10 min) in the presence or absence of IL-13 (10 ng/ml) for 48 

hours and compared to the cAMP response to a 2nd addition of ISO following 30 minutes of 

ISO (1µM) pre-treatment, a protocol which reduces cAMP response.31. Stimulation of cells 

with ISO for 10 min induced a high level of cAMP release (Figure 1). There was a 17% 

(GCV=12%) decrease in cAMP by ISO pretreatment for 30 min (Figure 1a, p=0.003). IL-13 

pretreatment for 48 hrs inhibited cAMP release 46% (GCV=25%) in response to ISO (10 

min) (Figure 1b, p<0.001). Although not statistically significant, IL-13 tended to reduce 

ISO-induced cAMP release to a greater degree than prior ISO treatment (p=0.066, data not 

shown).

IL-13 and ISO induce phosphorylation of the β2AR and GRK2—As IL-13 

pretreatment inhibited cAMP generation in response to ISO, HAECs were treated with either 

IL-13 (10 ng/ml) for 48 hours or ISO (1 µM) for 30 minutes, β2AR phosphorylation 

measured and indexed to total β2AR. Both IL-13 and ISO increased pβ2AR as compared to 

media alone (Figure 2a, 54% (GCV=32%) increase p=0.022, and 45% (GCV=25%) 

increase, p<0.05 respectively. (Also seen in Supplemental Figure S1a). Similar increases 

were observed when pβ2AR was normalized to GADPH (p=0.02, Supplemental Figure S1b 

and d). There were no effects of IL-13 on total β2AR protein expression or membrane 

translocation. However, IL-13 did increase cytosolic pβ2AR (Supplemental Figures S1b,c 

and e). Increases in pβ2AR paralleled decreases in cAMP after pretreatment with IL-13 or 

ISO.

Previous studies suggest phosphorylation of GRK2 is required for β2AR phosphorylation 

and desensitization.32 GRK2 phosphorylation was evaluated in the presence and absence of 

IL-13 and ISO pretreatment by Western blot. GAPDH was applied as the loading control 

(See supplemental methods). ISO marginally increased GRK2 phosphorylation by 35% 

(GCV=18%) (p=0.07) while IL-13 increased pGRK2 by 58% (GCV=20%) (p<0.05) (Figure 

2b, Supplemental Figure S2), suggesting IL-13 promotes β2AR phosphorylation and 

desensitization through a GRK2 mechanism.

IL-13 suppresses GRK2 binding to PEBP1 in response to ISO in vitro: 
Potential involvement of 15LO1 in β2AR phosphorylation and desensitization
—β2AR activation is regulated by interactions of GRK2 with PEBP1.16,17 Factors which 

prevent GRK2 binding to PEBP1 will increase GRK2 association with the β2AR complex 

promoting receptor phosphorylation and desensitization.22 We hypothesized that under 

IL-13/Type-2 conditions, 15LO1 would displace GRK2 from PEBP1 allowing it to 

phosphorylate the β2AR. Accordingly, primary HAECs were treated with IL-13+ISO or ISO 

alone and IP/Western Blot or IF staining performed. As expected, GRK2 bound with PEBP1 

in response to ISO (Figure 3a). In contrast, IL-13 (10 ng/ml) pretreatment decreased binding 

of GRK2 to PEBP1 in response to ISO, compared to ISO alone (Figure 3a and 3b upper 

panel, p=0.032), while as expected (and in contrast), the binding of PEBP1 with 15LO1 

increased (Figure 3b, lower panel p=0.048).

Confocal analysis confirmed these studies. ISO (10 min) increased co-localization of GRK2 

with PEBP1 compared to control, while in the presence of IL-13, this co-localization was 

suppressed (Figure 3c upper panel). In contrast, 15LO1 was highly bound to PEBP1 in the 
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presence of IL-13 and not affected by ISO (Figure 3c lower panel). Thus, IL-13-induced 

15LO1 competitively binds with PEBP1 lowering GRK2 binding to PEBP1 in vitro.

Knockdown of 15LO1 in the presence of IL-13 restores cAMP generation in 
response to ISO stimulation—To confirm that high 15LO1 levels inhibit cAMP 

generation, siRNA knockdown of 15LO1 in the presence of IL-13 was performed and 

cAMP and pβ2AR measured. IL-13 induced 15LO1 protein expression (p=0.013), while ISO 

(30 min) did not (p=0.4) (Supplemental Figure S3). ALOX15 siRNA knocked down 15LO1 

protein by 30–80% (Figure 4a, and Supplemental Figure S4a,b). ALOX15 siRNA 

transfection also decreased β2AR phosphorylation by 63–86% in the presence of IL-13+ISO 

(10 min) (Figure 4a, p<0.001). ALOX15 knockdown in IL-13 stimulated cells increased 

cAMP generation by 34% (GCV=35%) in response to ISO (10 min) compared to scramble 

siRNA (Figure 4b, p=0.017) and as fold-change compared to scramble fold-change p=0.02 

(Supplemental Figure S4c). No changes were observed in total β2AR after ALOX15 siRNA 

transfection (Figure 4a, and Figure S4a,d). The decrease in β2AR phosphorylation and 

restoration of cAMP release following ALOX15 knockdown confirmed that 15LO1 

desensitizes the β2AR, likely through a GRK2/PEBP1 mechanism.

Ex vivo studies

Subject Demographics—Ex vivo studies of freshly brushed epithelial cells (western 

blot) were performed on 36 subjects, including 10 HCs and 26 asthmatics (Table 1). 

Subjects were categorized by 15LO1 phenotype (Lo vs Hi as median split). 15LO1 Hi 

subjects were more likely to be mild CS-naïve or severe asthmatics, the majority of whom 

were on oral CSs, and were more likely to be male. There were no differences in FEV1, 

SABA or LABA use between the 2 phenotypes. However, FeNO was significantly higher in 

15LOi-Hi subjects as compared to 15LO1-Lo subjects (p<0.001). Fresh HAECs from 14 

subjects were utilized for IP/Western blot (Table 2). In small numbers, there were no 

differences in 15LO1 Lo vs Hi subjects, except age was higher in the 15LO1 Hi group.

β2AR and GRK2 phosphorylation positively correlate with 15LO1 expression 
in human airway epithelial cells ex vivo (Table 1)—As the in vitro data suggested a 

relationship of pGRK2 to pβ2AR (and receptor desensitization), the relation of pGRK2 to 

pβ2AR was evaluated by Western blot ex vivo in freshly brushed airway epithelial cells (see 

supplemental methods). Although absolute levels varied within subjects, perhaps due to 

albuterol pretreatment of all participants prior to bronchoscopy, pβ2AR levels strongly 

correlated with pGRK2 in these cells (Figure 5a and b, n=36, R=0.87, p<0.001). 

Phosphorylated β2AR and GRK2 levels also positively correlated with 15LO1 expression 

(r=0.52 and 0.47, p=0.002 and p=0.005 respectively, data not shown). When subjects were 

categorized into 15LO1 Lo and 15LO1 Hi groups using a median split of 15LO1 protein 

data, phosphorylated GRK2 and β2AR were significantly higher in the 15LO1 Hi group 

compared to the 15LO1 Lo group (Figure 5c, p=0.02, and 5d, p=0.04, respectively). No 

change in total GRK2 and β2AR protein expression was seen across the subjects ex vivo 

(Supplemental Figure S5).
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15LO1 binding to PEBP1 is associated with less GRK2 binding to PEBP1 in 
asthmatic cells and tissue (Table 2)—As in vitro data suggested IL-13 induced 15LO1 

competitively binds PEBP1 to decrease its binding to GRK2, this association was also 

evaluated ex vivo in freshly brushed airway epithelial cells by IP/Western blot. As noted, 

prior to bronchoscopy all participants received albuterol as a safety measure, which could 

increase GRK2 binding to PEBP1 in the absence of 15LO1. Although the level of GRK2 

binding to PEBP1 varied across the subjects (Figure 6a and b/Supplemental Table S2 for 

demographics), in general, higher levels of 15LO1 binding to PEBP1 were associated with 

lower GRK2 binding. These increases in 15LO1 binding to PEBP1 paralleled the 15LO1 

levels observed by Western Blot.

To support this ex vivo observation further, IF-confocal microscopy was performed on lung 

tissue from 8 asthmatics and 8 HC (subject characteristics in Supplemental Table S2). As 

expected, 15LO1 co-localization with PEBP1 was higher in most asthmatic subjects 

compared to HC (Figure 6c, representative image). In contrast, GRK2 co-localization with 

PEBP1 in the airway epithelium was lower in asthmatic subjects as compared to the HC, 

consistent with the IP/Western blot, suggesting 15LO1 binding to PEBP1 can increase free/

phosphorylated GRK2 which then phosphorylates and desensitizes the β2AR in the presence 

of IL-13.

Discussion

β2 agonists are indispensible asthma treatments, primarily inducing bronchodilation through 

effects on smooth muscle.33 However, their effects on epithelial cells to clear mucus are also 

important.34 This study is the first to observe a clinically meaningful effect of IL-13 to 

decrease β-agonist responsiveness in primary HAECs and to identify complex interactions 

between 15LO1, GRK2 and PEBP1 as contributing to this effect. In cultured human 

HAECs, IL-13 induces GRK2 and β2AR phosphorylation, while promoting 15LO1 

expression. Enhanced 15LO1 expression contributes to increases in pGRK2 by 

competitively binding to PEBP1, freeing GRK2 from its binding to PEBP1. Free GRK2 can 

then phosphorylate the β2AR, desensitizing it and decreasing downstream activation as 

measured by lower cAMP production. These in vitro interactions were present in asthmatic 

epithelial cells and tissue ex vivo. Importantly, siRNA knockdown of 15LO1 restored cAMP 

generation in response to isoproterenol in vitro. These results strongly suggest that the 

elevated 15LO1 expression observed in asthma, particularly in relation to Type-2 

inflammation, contributes to desensitization of the β2AR in HAECs.

The β2AR belongs to the seven transmembrane G-protein coupled receptor (GPCR) family. 

β2AR activation enhances adenylate cyclase activity and cAMP synthesis, which promote 

smooth muscle relaxation in airways and blood vessels, enhance ciliary beating, enhancing 

mucin clearance.35,36 However, repeated β2AR stimulation leads to receptor desensitization 

through phosphorylation of GRK2, which promotes phosphorylation and internalization of 

the β2AR.12,37 This receptor activation/desensitization is complex with different 

mechanisms involved in different settings, although phosphorylation of β2AR is central to 

all.34 Although inflammation is likely to play a role in modulating β2AR desensitization, it 

has not been extensively studied. However, anti-inflammatory drugs like corticosteroids 

Albano et al. Page 7

J Allergy Clin Immunol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



have been reported to reverse or prevent it38, while allergen challenge has been reported to 

slightly decrease β2AR sensitivity.39

IL-13, a Type-2 cytokine, plays a role in ~50% of asthma.40 IL-13 blockade, alone or in 

combination with IL-4, through targeted biologic approaches, consistently improves 

outcomes in asthmatics with evidence for Type-2 inflammation, with some of the most 

robust improvement seen in FEV1 even when added to ICS/LABA therapy.41,42 This 

suggests that improvement in FEV1 with these agents (on top of LABA) may be due to an 

improved effect of the LABA. While some of this effect is likely on airway smooth muscle 

responses, chronic improvement in FEV1 in more severe asthma likely also involves 

improved mucus clearance. Interestingly, another recent study suggests that tachyphylactic 

responses to β2 agonists during exercise challenge may be related to the level of background 

Type-2-immune processes, as they appear more likely to occur in patients with high FeNO 

levels (a known IL-4/-13 biomarker)43. Additionally, the β2AR gene is nested in the 5q31 

region with the IL-4, 13 and 5 genes suggesting common origins. However, their 

interactions have not been specifically explored. The results reported here specifically link 

IL-13 and β2AR function, with the presence of a Type-2/IL-13 environment leading to 

nearly a 50% reduction in cAMP response to β2 agonist stimulation in primary HAECs. This 

reduced cAMP response associated with increased GRK2 and β2AR phosphorylation 

suggests IL-13 promoted β2AR desensitization through a GRK2 mechanism.32

This association of IL-13 induced β2AR desensitization with GRK2 phosphorylation 

suggested that PEBP1 may be involved, as under certain stimulatory conditions (Protein 

kinase C activation and acute β2 agonist stimulation) PEBP1 dissociates from Raf-1 and 

binds with GRK2.16 GRK2 binding to PEBP1 prevents it from phosphorylating the β2AR 

prolonging receptor activation, and promoting activation of ERK through release of Raf-1 

from PEBP1. However, we reported that in addition to GRK2 and Raf-1 binding to PEBP1, 

the eicosanoid generating enzyme, 15LO1, also binds PEBP1.29 15LO1, a lipoxygenase that 

generates 15 hydroxyeicosatetraenoic acid (15s-HETE), is upregulated in response to IL-13 

stimulation of HAECs and is increased in asthma in relation to Type-2/eosinophilic 

processes.2327–29,44 In addition to upregulation of 15LO1 in response to IL-13, stimulation 

of HAECs with IL-13 promotes binding of 15LO1 to PEBP1, with subsequent release of 

Raf-1, activation of ERK and increased expression of the airway mucin, MUC5AC.23 Thus, 

we hypothesized that in the presence of IL-13, 15LO1 would compete with GRK2 for 

binding to PEBP1, leading to more free GRK2 and greater likelihood for β2AR 

desensitization (even in the absence of β2 stimulation).

As expected, GRK2 binding to PEBP1 was observed in cells stimulated with ISO for 10 

min, supporting an active β2AR manifested by high cAMP expression. More importantly, 

pretreatment of cells with IL-13 decreased the association of GRK2 with PEBP1, in 

response to ISO, and in association with increases in 15LO1 binding to PEBP1. This 

decrease in GRK2 binding to PEBP1 in the presence of IL-13 was associated with increased 

pGRK2, pβ2AR and decreased cAMP production after ISO. Finally, 15LO1 knockdown 

prevented its interaction with PEBP1, but promoted binding of GRK2 to PEBP1 which 

returned production of cAMP post-ISO to near baseline.
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To determine the relevance of these interactions to human disease, we evaluated the 

relationships of GRK2 and 15LO1 with PEBP1 in bronchial epithelial cells from asthmatics 

and controls obtained by bronchoscopy. As noted, bronchoscopic samples were obtained 

post-albuterol for safety reasons, which likely also promoted β2AR phosphorylation. 

Nevertheless, in the ex vivo samples, higher 15LO1 expression was associated with greater 

pGRK2 and pβ2AR levels. We also evaluated the binding of 15LO1 and GRK2 to PEBP1 in 

fresh epithelial cells using Co-IP and western blot, as well as confocal microscopy on airway 

tissue. The Co-IP studies demonstrated a strong inverse relationship of GRK2 binding to 

PEBP1 when compared to 15LO1 binding. Finally, the same associations were observed 

using confocal microscopy on asthmatic compared to control tissue. Thus, the in vitro 

findings were recapitulated ex vivo in human asthmatics.

We report that in the presence of Type-2 inflammation, IL-4/-13 induced 15LO1 binding to 

PEBP1 interferes with GRK2 binding, desensitizing the β2AR. The associated decrease in 

cAMP levels is likely to adversely affect mucociliary clearance, such that exogenous 

administration of β2 agonists, in the presence of Type-2 inflammation, may have little 

epithelial cell impact, and, in fact, could limit overall improvement in FEV1 in response to 

treatment. Future in vitro and in vivo studies of ciliary beat are needed to fully address this. 

However, it is important to note that airway smooth muscle cells, likely the primary target 

for β2 agonists in asthma, do not express 15LO1. Thus, any effects of IL-13 on β2AR/

bronchodilator responses are unlikely to involve this 15LO1/GRK2 mechanism, explaining 

why we found no relationship between 15LO1 expression and β2 agonist-induced 

bronchodilator responses in vivo (data not shown). Whether additional effects of β2AR 

desensitization could be seen in macrophages or eosinophils (each of which express 15LO1) 

co-stimulated with IL-13 and β2 agonists remains to be determined.

β2AR desensitization likely occurs through many mechanisms. Depending on the 

stimulation, desensitization can occur through receptor uncoupling, internalization, 

phosphorylation and other closely related kinase pathways including other GRKs.12,45 

Although further studies are needed to confirm whether GRK2/PEBP1 interactions 

desensitize β2ARs in HAECs, results presented here support the importance of this pathway. 

However, under Type-2 conditions, interactions of 15LO1 with PEBP1 directly prevent 

GRK2 from being in an “inactive” state, bound to PEBP1. This preferential binding of 

15LO1 with PEBP1 not only leads to a freeing of Raf-1 and sustained activation of ERK, 

but also allows free GRK2 to phosphorylate the β2AR leading to its desensitization. 

Intriguingly, a recent study further suggested that free GRK2 could act as a scaffolding 

protein for ERK, perhaps further augmenting its activation.46 Thus, in the face of IL-13 

induced 15LO1, enhanced availability of GRK2 could not only lead to a desensitized β2AR, 

but also increase the IL-13 induced activation of ERK, all of which could dramatically 

change epithelial cell function.

Limitations of the study include the small sample sizes and the confounding of β2 agonist 

use in the ex vivo studies. Additional data are needed to confirm that the IL-13-induced 

β2AR desensitization observed here has functional impact on ciliary beat and mucociliary 

clearance both in vitro and in vivo. Finally, due to difficulties with specific antibodies, total 

GRK2 could not be used as the index for pGRK2 in most samples. However, the correlation 
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between GRK2 and GAPDH were very strong, such that we do not believe the results would 

have been appreciably changed.

In summary, these results demonstrate a potentially clinically relevant impact of IL-13 on 

desensitization of the β2AR in HAECs. The mechanism involves an enhanced availability of 

free GRK2 for phosphorylation due to its displacement from PEBP1 by high levels of IL-13-

induced 15LO1. The downstream impact to desensitize the β2AR has implications for 

epithelial function in asthma and other airway diseases with evidence for Type-2 

inflammation, especially when combined with the known effect of 15LO1 to increase 

MUC5AC through a similar mechanism. Modification of interactions of 15LO1 with PEBP1 

could be a novel target for restoring β2AR sensitization in airway diseases.

Supplementary Material

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

GPCR G-protein coupled receptors

β2AR beta-2-adrenergic receptor

GRK2 G-protein receptor kinase 2

15LO1 15-Lipoxygenase-1

PEBP1 phosphatidyl ethanolamine binding protein 1

Th2 T helper-2

ISO Isoproterenol hydrochloride

ICS Inhaled corticosteroids

ERK extracellular-signal-regulated kinases

cAMP cyclic adenosine 3, 5-monophosphate

HAEC primary human airway epithelial cell

FeNO exhaled nitric oxide

SABA short acting β-agonists

LABA long acting B2 agonists

HC healthy controls

ALI Air-liquid interface

siRNA short interfering RNA
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SDS-PAGE Sodium duodecyl Sulfate-polyacrylimide gel

PBS phosphate buffered saline

ALOX15 gene name for 15LO1

IF immunofluorescence

IP immunoprecipitation

SEM standard error of the mean

SD standard deviation
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Key Messages

• IL-13 stimulation desensitizes the β2AR through 15LO1’s competitive 

inhibition of GRK2 binding to PEBP1

• These interactions, observed in vitro and in vivo, could limit the beneficial 

effects of β2 agonists in the airway epithelium
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Figure 1. 
IL-13 pretreatment decreases cAMP release in response to Isoproterenol stimulation. ALI-

cultured primary BAECs were pretreated with either ISO (30 min) or IL-13 (48 hr) followed 

by stimulation with ISO for 10 min. Cells were harvested for cAMP levels by ELISA. (a). 
ISO stimulation for 10 min induced high cAMP levels (415±84 SEM)), which were 

inhibited by ISO (30min) pretreatment (350±77(SEM)). (b). IL-13 pretreatment for 48 hrs 

inhibited cAMP release induced by ISO for 10min alone (267± 76 (SEM)).
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Figure 2. 
IL-13 and ISO induce β2AR and GRK2 phosphorylation in primary BAECs. ALI-cultured 

BAECs were stimulated with ISO (30 min) or IL-13 (48 hr). Total protein was harvested for 

β2AR and GRK2 phosphorylation by Western blot and densitometry analysis. (a) Both 

IL-13 (1.06±0.13) and ISO (1.01±0.13) significantly increased β2AR phosphorylation 

compared to media alone (0.75±0.11). (b) Both IL-13 (0.88±0.27) and ISO (0.69±0.16) 

significantly increased GRK2 phosphorylation compared to media alone (0.39±0.08).
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Figure 3. 
IL-13 suppresses GRK2 binding to PEBP1 and enhances 15LO1 binding to PEBP1 in 

response to ISO in vitro. BAECs in the presence or absence of IL-13 (48 hr) were stimulated 

with ISO for 10 min. Total protein was harvested for Western blot/IP. Cells were also fixed 

for IF staining. (a) GRK2 bound with PEBP1 in response to ISO while pretreatment with 

IL-13 markedly decreased binding of GRK2 to PEBP1 and increased 15LO1 binding to 

PEBP1. (b) Densitometry analysis of Western blot/IP. (C) Confocal analysis showing that 

ISO treatment increased the colocalization (yellow) of GRK2 (green) with PEBP1 (red) as 
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compared to control. This colocalization was less in the presence of IL-13. In contrast, 

15LO1 (green) was highly expressed and colocalized/bound (yellow) to PEBP1 in the 

presence of IL-13 and not affected by ISO.
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Figure 4. 
ALOX15 siRNA knock-down of 15LO1 expression restored ISO induced cAMP generation 

in BAECs. ALI-cultured cells transfected with ALOX15 siRNA or scramble siRNA were 

stimulated with IL-13 for 48 h + ISO 10 min. Total protein was harvested for Western blot 

and ELISA analysis. Data are presented as the mean of duplicates. (a) ALOX15 siRNA 

knocked down 15LO1 protein and decreased β2AR phosphorylation induced by IL-13/ISO 

stimulation. (b) ALOX15 siRNA knock-down restored ISO (10 min) induced cAMP 

generation in cells treated with IL-13 for 48 hours (244±102 SEM) as compared to scramble 

siRNA (196±91 SEM).
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Figure 5. 
β2AR and GRK2 phosphorylation positively correlate with 15LO1 expression in primary 

human airway epithelial cells ex vivo. (a) Total protein from freshly brushed airway 

epithelial cells was harvested and β2AR and GRK2 phosphorylation measured by Western 

blot. Densitometry analysis was performed. pβ2AR, pGRK2 and 15LO1 were normalized to 

GAPDH and reported as arbitrary units. (b) pβ2AR positively correlated with pGRK2. (c) 
phosphorylated GRK2 and (d) pβ2AR levels in 15LO1-Hi group were higher as compared to 

15LO1-Lo group. Abbreviations: HC=Healthy control, MA=mild asthma/no ICS, 

MAC=mild-moderate+ICS, and SA=Severe Asthma.
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Figure 6. 
15LO1 binding to PEBP1 is associated with less GRK2 binding to PEBP1 in asthmatic cells 

and tissue as compared to health controls. Total protein from freshly brushed airway 

epithelial cells was harvested for Western blot/IP analysis. Lung tissue from asthmatic and 

healthy control subjects were fixed for Immunofluorescent-confocal microscopy studies. (a) 
Higher levels of 15LO1 binding to PEBP1 were associated with lower GRK2 binding in 

freshly brushed epithelial cells. (b) Densitometry analysis of Western blot/IP. (c) Expression 

15LO1 and its colocalization with PEBP1 was higher in an asthmatic subject as compared to 
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the control donor lung. In contrast, GRK2 colocalization with PEBP1 in the airway 

epithelium was lower in the asthmatic subject as compared to a healthy control.
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Table 1

Characteristics of subjects undergoing analysis of fresh epithelial cells (n=36)

ALL SUBJECTS 15 LO1 Lo* 15 LO1 Hi p value

Age (mean±SD) 40±12 39±1 0.8

Sex (% Female) 82% 42% 0.01

Race (C/AA/Other) % 65/29/6 79/19/8 0.34

FEV1% Predicted mean±SEM 88±7 77±5 0.18

Bronchodilator response (%) mean+SEM 12±3 16±4 0.31

Severity¥ (%) 29/18/29/24 26/26/0/47 0.03

FeNO (ppb) mean±SEM 21±3 45±7 0.007

ASTHMA ONLY (n=26)

ICS (No/Yes) % 17/83 36/64 0.27

LABA (No/Yes) % 42/58 57/43 0.43

SABA (puffs/week) Mean±SD 6±8 15±15 0.09

*
15 LO1 Lo/Hi calculated as median split of densitometry data for 15 LO1 among all subjects

**
C=Caucasian, AA=African American, O=other

¥
Severity=HC/Mild no ICS/Mild-Moderate+ICS/Severe
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Table 2

Characteristics of subjects for Co-IP analysis (n=14)

ALL SUBJECTS 15 LO1 Lo* 15 LO1 Hi p value

Age (mean±SD) 38±4 54±4 0.01

Sex (% Female) 38% 33% 0.8

Race (C/AA/Other) #% 86/14/0 50/50/0 0.14

FEV1% Predicted mean±SEM 80±7 67±9 0.3

Bronchodilator response (%) mean+SEM 7±3 5±3 0.59

Severity¥ (%) 37/13/13/37 17/17/33/33 0.73

FeNO (ppb) mean±SEM 37±10 34±11 0.8

ASTHMA ONLY (n=10)

ICS (No/Yes) % 20/80 20/80 1.0

LABA (No/Yes) % 40/60 20/80 0.29

SABA (puffs/week) Mean±SD 10±4 6±4 0.4

*
15 LO1 Lo/Hi calculated as median split of densitometry data for 15 LO1 among all subjects

C=Caucasian, AA=African American, O=other

¥
Severity=HC/Mild no ICS/Mild-Moderate+ICS/Severe
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