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Asthma 

Asthma is a chronic inflammatory disease broadly characterised by symptoms such as 

coughing, wheezing, and tightness of chest. These symptoms are caused by aberrant airway 

remodelling and reversible airway obstruction and hyperresponsiveness of the airways to 

inhaled allergens like house dust mite (HDM) and grass or tree pollen or to environmental 

stimuli like tobacco smoke and air pollution. Around 1000 people die every day due to asthma 

and more than 300 million are currently suffering from the disease worldwide (1). Allergen-

induced asthma or atopic asthma is the most common type of asthma, described by elevated 

serum Immunoglobulin (Ig) E, T helper 2 (Th2) cell mediated airway inflammation and 

airway remodelling. Th2 cells release cytokines IL-4, IL-5, IL-9 and IL-13 that induce IgE 

production by B-lymphocytes, eosinophilic infiltration into the airways and goblet cell 

hyperplasia with excessive mucus production (2). IgE antibodies bind to mast cells, which 

can trigger the release of histamine, leukotrienes, and prostaglandins after IgE crosslinking, 

resulting in airway obstruction due to excessive smooth muscle contraction, mucosal 

swelling, and mucus production (2). Early childhood exposure to allergens resulting in 

allergic sensitisation increases the risk of atopic asthma. Other risk factors for asthma include 

increased viral infections during early childhood, exposure to tobacco smoke and air 

pollution (3). Non-allergic or non-atopic asthma is a less common type of asthma, which is 

frequently characterized by the infiltration and activation of neutrophils (4). Although the 

exact pathophysiology is not clear, the neutrophilic inflammation may be triggered by the 

release of cytokines from Th1 and Th17 cells or type-3 innate lymphoid cells (ILC3) upon 

exposure to non-allergic chemicals, including cigarette smoke and air pollutants, or microbes 

(5). Other endotypes of asthma include nonallergic eosinophilic asthma, which may be driven 

by type-2 innate lymphocytes (ILC2), and paucigranulocytic asthma, without apparent 

neutrophilia and eosinophilia (2). 

 

Airway epithelium in asthma 

Inhaled allergens first come in contact with the airway epithelium, which acts as a primary 

line of defence against environmental insults. In addition to acting as a physical barrier, the 

airway epithelium is a critical part of the innate immune system executing functions involved 

in host defence against pathogens through mucociliary clearance and release of anti-

microbial peptides, pro-inflammatory cytokines, and interferons (6). The airway epithelial 

barrier is a pseudostratified layer consisting of different types of epithelial cells; basal cells, 
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ciliated cells, club cells and goblet cells making up the majority. Basal cells serve as 

progenitors, which can differentiate into secretory club cells, which can further differentiate 

into mucus producing goblet cells or mucus clearing ciliated cells (7). Ciliated cells express 

motile cilia on their apical surface, which through coordinated directional beating, promote 

clearance of mucus plugs (8), in addition to sensing and responding to mechanical and 

chemical stimuli (9). Club cells produce distinctive proteins such as club cell secretory 

protein (CCSP) and other surfactants (surfactant proteins A, B, and D) that contribute to the 

mucus layer covering the airway epithelium (10). Goblet cells produce mucus, which consists 

of water, polypeptides, enzymes, and high molecular weight glycoproteins called mucins. So 

far, at least 20 mucins have been identified in humans, which fall into two main categories: 

membrane-bound (cell surface) mucins and secreted mucins (11). Membrane bound mucins, 

like MUC1 and MUC4, consist of specific domains which can interact with signalling 

pathways and also play a key role in cell-cell and cell matrix interactions (12), while MUC2 

provides a protective and lubricating coating of airway epithelium against particles and 

infectious agents (13). Secreted mucins including MUC5AC and MUC5B constitute the bulk 

of mucus and are responsible for the gel forming properties of the mucous layer. The mucus 

layer in the airways is important for maintaining homeostasis, airway defence and 

mucociliary clearance. In humans, MUC5AC is exclusively expressed in goblet cells, while 

MUC5B is secreted by submucosal glands as well as goblet cells (14). In mice, the 

submucosal glands predominantly express Muc5b compared to distal small airway epithelial 

cells, whereas both proximal and small airway epithelial cells express low levels of Muc5ac 

(15).  

 

In addition to the environmental factors, genetic factors also contribute to asthma 

susceptibility (16). Genome-wide association studies (GWAS) have identified a large number 

of asthma risk genes including IL1RL1, IL33, TSLP, CDHR3 and PDCH1 that are important 

for airway epithelial function, which are discussed in detail in chapter 2 (2). The asthmatic 

airway epithelium is characterised by an increase in the number of the goblet cells, termed 

goblet cell metaplasia, resulting in increased mucus production. While mucus plugs in asthma 

patients contain both MUC5AC and MUC5B (17), MUC5AC is specifically upregulated in 

the airway epithelial cells of asthma patients (18). As described in chapter 2 (2), the asthmatic 

airway epithelium may be more susceptible to damage upon exposure to allergens like HDM, 

resulting in the loss of adherens junction protein E-cadherin and the disruption of epithelial 
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Figure 1: Airway epithelium in asthma. Exposure to allergens (A) causes damage to the airway epithelial barrier 

characterised by the loss of adherens junctions (Aj) and tight junctions (Tj) and release of pro-inflammatory 

cytokines and chemokines. DCs activate the Th2 cells and ILC2 cells which further promote the infiltration of 

eosinophils (Eos) and IgE production by B cells. IgE antibodies bind to mast cells (MC), which trigger release of 

histamines, leukotrienes and prostaglandins, resulting in airway hyperresponsiveness. 
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barrier function (19). Of interest, deletion of E-cadherin in all the airway epithelial cells of 

mice resulted in specific loss of ciliated cells, accompanied by spontaneous infiltration of 

eosinophils and DCs and goblet cell metaplasia (20). The asthmatic airway epithelium has 

also been shown to express increased levels of basal cell markers cytokeratin-5, -14 and p63, 

which indicates an undifferentiated epithelium that is unable to repair and regenerate upon 

damage, inflicted by environmental factors such as inhaled allergens or viruses, to form a 

functionally intact barrier (16). The airway epithelial cells, upon exposure to HDM, release 

several pro-inflammatory cytokines including IL-6, IL-8, Chemokine (C-C motif) ligand 20 

(CCL20), CCL17, thymic stromal lymphopoietin (TSLP), IL-25, IL-33, and granulocyte-

macrophage colony-stimulating factor (GM-CSF) (2). These can attract and/or activate cells 

from the innate and adaptive immune system like dendritic cells (DCs) and innate lymphoid 

cells (ILCs), which further activate T-helper 2 (Th2) cells (Figure 1). 

 

E-cadherin/β-catenin interaction in asthma 

The airway epithelial cells are mechanically connected through various junctional proteins 

consisting of adherens junctions (AJs), tight junctions (TJs) and (hemi)desmosomes (2). E-

cadherin is a calcium-dependent transmembrane protein, which is an integral part of the 

adherens junctions that mechanically connect adjacent airway epithelial cells. E-cadherin-

based adherens junctions are important for the formation of tight junctions and for the 

maintenance of epithelial barrier function (21). E-cadherin expression has been shown to be 

significantly downregulated in the asthmatic airway epithelium (22,23). Loss of E-cadherin 

in airway epithelial cells resulted in decreased epithelial barrier function and CCL17 

expression (21) and may lead to increased levels of CCL20 (19). β-catenin is another subunit 

of adherens junctions, which connects the intracellular domain of E-cadherin to the actin 

cytoskeleton, thereby aiding in cell adhesion (24). β-catenin also plays a major role in signal 

transduction by acting as a key nuclear effector in canonical wingless-related integration site 

(Wnt) signalling, which is not only essential for embryonic development, but is also 

important in maintaining homeostasis, cell renewal and regeneration of adult tissues and 

organs (25). β-catenin protects newly synthesised E-cadherin during its transportation from 

the endoplasmic reticulum to the cell surface by binding to it and shielding a specific peptide 

sequence motif, which when recognised by a ubiquitin ligase results in the proteolytic 

degradation of E-cadherin (26). Conversely, E-cadherin stabilises β-catenin at the cell 

junction and loss of junctional E-cadherin releases β‐catenin into the cytoplasm, where its  
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Figure 2: The dual role of β-catenin in cell adhesion and gene regulation. Allergens like HDM delocalise 

junctional E-cadherin resulting in the release of β-catenin into cytoplasm, where is targeted for proteolytic 

degradation by the destruction complex. Upon Wnt ligand mediated phosphorylation and inactivation of GSK-3β, 

the cytosolic β-catenin escapes from the destruction complex and binds to TCF/LEF group of transcriptional factors 

and other co-activators such as CBP and p300 resulting transcription of target genes. 

 

levels are normally controlled by the ‘β-catenin destruction complex’ through proteasomal 

degradation by phosphorylation and ubiquitination. The destruction complex is composed of 



7 

 

proteins axin, adenomatous polyposis coli (APC), casein kinase-1 (CK1) and glycogen 

synthase kinase (GSK)‐3β. Inactivation of GSK-3β, for example by Wnt ligands or growth 

factors like TGF-β or EGF, prevents the degradation of active (non-phosphorylated) β‐

catenin resulting in its nuclear translocation and association with DNA-binding transcription 

factors of the TCF/LEF family (27) (Figure 2). This leads to the transcriptional activation of 

E‐cadherin repressors such as snail and slug as well as mesenchymal markers, including 

fibronectin, EGFR, and VEGF, which may contribute to airway wall remodelling (16). The 

loss of epithelial markers like E-cadherin and increase in the expression of mesenchymal 

proteins like ED-A fibronectin, alpha-smooth muscle actin (α-SMA) and vimentin is known 

as epithelial-mesenchymal transition (EMT), which has been proposed to play a role in 

airway remodelling in asthma (28). TGF-β alone, and in combination with HDM disrupted 

junctional E-cadherin and promoted EMT in airway epithelial cells (29,30). Furthermore, 

TGF-β signalling has been shown to interact with β-catenin signalling to regulate EMT (31). 

Besides EMT, a large number of genes involved in cell adhesion, migration, proliferation, 

differentiation, inflammation and remodelling have been discovered to be regulated by β-

catenin, emphasizing its wide spectrum of functional roles (32,33). In addition, enhanced β-

catenin activity in vivo has been shown to promote goblet cell differentiation (34). This ability 

of active β-catenin to regulate the expression of several genes is achieved through selectively 

recruiting and binding to various transcriptional co-activators, including cAMP response 

element-binding protein (CREB)-binding protein (CBP) and its closely related homolog 

E1A-binding protein (p300), resulting in transcriptional activation of different subsets of 

genes (35–37). Small molecule inhibitors ICG-001 and IQ1, which specifically inhibit the β-

catenin/CBP and β-catenin/p300 pathways respectively, have been used to obtain insights 

into the role of these individual pathways (35–37). For instance, β-catenin/CBP interaction 

results in the expression of cell proliferation genes like cyclin D1 and survivin in colon 

carcinoma cells (35,36), while β-catenin/p300 interaction induces cell differentiation in 

embryonic stem cells by inhibiting the expression of Nanog (37). Inhibition of the β-

catenin/CBP pathway using ICG-001 prevented smooth muscle remodelling and deposition 

of extracellular matrix in in vitro and in vivo models of asthma (38). ICG-001 also inhibited 

proliferation, migration and EMT in airway epithelial cells (39), and suppressed airway 

inflammation and goblet cell metaplasia in a toluene diisocyanate mouse model of asthma 

(40). Furthermore, inhibition of β-catenin downstream activity attenuated airway 

inflammation, smooth muscle thickness, subepithelial fibrosis, hyperresponsiveness and 
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goblet cell metaplasia in mouse models of asthma (41). In particular, β-catenin/CBP 

pathway’s role of maintaining the cells in an undifferentiated status may resemble 

components of the asthmatic phenotype, where the cells are unable to properly form cell 

junctions, polarise and differentiate. All these studies provide sufficient evidence to support 

an important role for β-catenin in the development of asthma. 

 

Apart from the Wnt/β-catenin signalling, dysregulation of Notch signalling has also been 

shown to be linked to the pathogenesis of asthma and other lung diseases (42). Notch is a 

highly conserved transmembrane receptor protein that plays a key role in cell development, 

proliferation, differentiation, determination of cell fate and maintenance of homeostasis. So 

far, four different Notch receptors – Notch 1, 2, 3 and 4 have been identified in humans along 

with their various ligands that belong to the delta like protein 1 (DLL1), DLL3, DLL4 and 

Jagged 1 (JAG1), JAG2 protein families (43). Both the Notch receptors and their ligands 

consist of an extracellular domain, a transmembrane domain, and an intracellular domain. 

The ligand-mediated activation of the Notch family of receptors induces a series of 

proteolytic cleavages, which initiate cell signalling by the release of the notch intracellular 

domain (NCID) into the cytoplasm. The free NCID translocates to the nucleus and interacts 

with DNA-binding protein CBF1–Suppressor of Hairless–LAG1 (CSL; also known as RBPJ) 

and the co-activator Mastermind-like transcriptional co-activator 1 (MAML1), resulting in 

the transcription of target genes (43). Although the mechanisms by which Notch signalling 

modulates epithelial homeostasis and responses to environmental insults are not completely 

understood, various Notch target genes are differently expressed in healthy and asthmatic 

airway epithelium (44,45). Activation of Notch 1 enhances the expression of the transcription 

SAM pointed domain-containing ETS transcription factor (SPDEF), which increases the 

expression of MUC5AC in airway epithelial cells, resulting in goblet cell hyperplasia (46). 

The Notch signalling pathway also plays a crucial role in controlling the fate of airway 

epithelial cells upon injury (44). Of interest, Notch signalling has been shown to interact with 

the Wnt/β-catenin signalling pathway during development and in diseased conditions such 

as in different types of cancers (47–50). Although both β-catenin and Notch regulate similar 

cellular processes in the airway epithelium, it is not completely clear to what extent these two 

pathways overlap and contribute to the epithelial abnormalities observed in asthma.  
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Small Molecule Inhibitors 

Small molecule inhibitors have been increasingly used in the last two decades, not only for 

gaining a deeper understanding of various signalling pathways and their role in cellular 

functions, but also as therapeutic strategies for various diseases (51–54). In order to 

investigate the role of β-catenin/CBP, β-catenin/p300, and Notch signalling, we have used 

three small molecule inhibitors Indocyanine Green-001 (ICG-001), IQ-1, and Dibenzazepine 

(DBZ), respectively. The molecular structures of the three inhibitors are shown in Figure 3. 

Detailed information on the function, specificity, and mechanism of these inhibitors are 

discussed below.  

 

ICG-001 is a small molecule inhibitor that blocks β-catenin/T cell factor (TCF) downstream 

signalling. In 2004, Emami and colleagues discovered that ICG-001 specifically binds to 

CBP, which blocks the interaction of β-catenin and CBP, thereby specifically inhibiting the 

β-catenin/CBP signalling in human colon carcinoma cell lines (35). Although CBP shares 

close homology with the co-activator p300 (63%), it has been confirmed that ICG-001 does 

not inhibit the interaction of β-catenin and p300 (35). In fact, ICG-001 has been shown to 

promote the binding of β-catenin to p300, at the expense of β-catenin/CBP interaction (35). 

Furthermore, ICG-001 did not affect the protein expression levels of β-catenin, CBP and 

p300, which makes ICG-001 highly effective in the inhibition of β-catenin/CBP signalling 

(35). Using ICG-001, β-catenin/CBP signalling has been shown to specifically regulate the 

expression of genes such as Cyclin D1 and Survivin (35,36). ICG-001 has been shown to 

inhibit cell proliferation in many types of cancer cells, thereby supporting its use in anti-

cancer treatments (55–58). 

 

IQ-1 is also a small molecule inhibitor which blocks the downstream signalling of the β-

catenin/TCF pathway. IQ-1 was discovered by Miyabayashi and colleagues in 2007, who 

showed that it specifically binds to the PR72/130 subunit of protein phosphatase 2 (PP2A), 

resulting in decreased binding of β-catenin to p300, thereby inhibiting the β-catenin /p300 

signalling in embryonic stem cells (37). It has also been confirmed that IQ-1 does not inhibit 

the interaction of β-catenin and CBP (37). Moreover, IQ-1 has been showed to enhance the 

binding of β-catenin to CBP, while having no effect on the protein expression of p300 (37). 

IQ-1 has been shown to maintain embryonic stem cells in an undifferentiated state by 

specifically regulating the expression of Nanog (37). 
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Figure 3: Molecular structures of ICG-001 (35), IQ-1 (37) and DBZ (59). 
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DBZ (YO-01027) is a γ-secretase inhibitor that blocks the activation of the Notch pathway. 

Notch is a key substrate of γ-secretase, which mediates the ligand-mediated cleavage and 

activation of the Notch intracellular domain (60). DBZ blocks γ-secretase, thereby inhibiting 

the downstream signalling of the Notch pathway (59). γ-secretase also mediates the cleavage 

of amyloid precursor protein (APP) (61), E-cadherin (62), N- cadherin (63), and CD44 (64). 

Cleavage of APP results in the generation of toxic amyloid β peptides that are found in 

Alzheimer's disease, thus alluding the potential of DBZ for use in the treatment of 

Alzheimer’s disease (65).  

  

Mouse models of asthma 

Although there are several treatments that are currently in use to control asthma, these 

suppress symptoms, and do not cure the disease. In addition, some patients do not respond to 

current asthma medication, and have uncontrolled, often severe disease (66). It is imperative 

to investigate the molecular mechanisms of asthma in order to develop more effective 

therapeutic strategies. Most of the in vitro systems currently in use lack the complexity to 

study some of the important phenotypes of asthma such as type-2 immune cell response 

including eosinophilic inflammation, airway remodelling and airway hyperresponsiveness. 

Therefore, animal studies such as those using mouse models, which offer a functioning 

immune system with multiple cell types, are indispensable in providing detailed insights into 

the cellular and molecular mechanisms useful in understanding the pathophysiology of 

asthma (67). Since mice do not spontaneously develop manifestations of asthma, models have 

been developed that depend on intraperitoneal sensitisation with a model allergen such as 

Ovalbumin (OVA), followed by OVA inhalation challenge to induce allergic airway 

inflammation that has some overlap with the asthmatic phenotype (68). Although 

sensitisation with OVA is effective in inducing a strong allergic response, parenteral 

immunisation protocols do not offer a physiologically accurate model to the inhaled 

aeroallergens that cause asthma in humans. Especially the role of the (susceptible) airway 

epithelium in the inception of disease is lost in OVA mouse models. Therefore, improved 

mouse models have been developed using extracts of aeroallergens such as HDM, grass 

pollen or cockroach (69). These models depend on sensitisation through the airways, 

allowing detailed analysis of the role of the airway epithelium and dissection of the genetic 

susceptibility to asthma conferred by asthma genes expressed in the airway epithelium (69). 
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Figure 4: Cyclisation recombinase (Cre) is an enzyme isolated from the P1 bacteriophage, which can perform site 

specific recombination upon recognition of a pair of specific small 34 base pair (bp) DNA sites called loxP sites 

(locus of x-over, P1) (68). LoxP sites are also found in P1 bacteriophage flanking both sides of a gene, termed floxed 

gene. The type of recombination (deletion, inversion, or translocation) carried out by Cre depends on the relative 

orientation of the loxP sites. If the loxP sites flanking the gene are oriented in the same direction, the Cre recombinase 

performs an excision of the floxed gene (68,69). The expression of Cre is controlled by using a combination of 

reverse tetracycline controlled transactivator (rtTA) and tetracycline operon (tetO) system. Insertion of the tetO7 (7 

repeats of tetO) sequences upstream of Cre enables its activation through the administration of doxycycline (dox, a 

tetracycline derivative), indicated as ‘Tet-on’. To bind to tetO7, dox also needs to interact with rtTA, whose 

expression can be targeted to a desired cell type using a specific promoter (P). Upon dox treatment, the E-cadherin 

gene gets knocked out from the cells expressing promoter (P) in Cre+ mice due to the activation of Cre, while Cre- 

mice function as their respective wild-type controls. 

  

Mouse models have often been used to study the function of individual asthma genes in loss-

of-function such as Il1rl1 knockout mice (70,71) or gain-of-function like IL-13 over-

expressing transgenic mice (72,73) models. Though E-cadherin was not identified as a risk 

allele by GWAS studies, its expression was found to be decreased in asthmatic airway 

epithelium (22,23). Knock-down of E-cadherin in airway epithelial cells resulted in 

decreased barrier function and increased pro-inflammatory response (21). Therefore, E-
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cadherin knock-out mouse models were developed in order to investigate its role in the 

pathogenesis of asthma. However, a complete knock-out of E-cadherin in mice has been 

shown to be lethal (74). Alternatively, E-cadherin can be knocked out using Cre – loxP 

system in specific subsets of lung epithelial cells driven by promoters including surfactant 

protein C (SP-C) and club cell secretory protein (CCSP) (Figure 4). 

 

Despite the various uses and applications of mouse models in asthma, they have a few 

limitations. Mainly, there are species differences in the airway physiology such as disparities 

in branching pattern and type and location of lung cells between mice and humans, which 

affect pulmonary responses (67). Due to these differences, some features specific to mice 

may be observed in mouse models of asthma that are not present in humans. Unlike humans, 

the inflammation and remodelling in mice are not restricted to the conducting airways and 

are also observed in the lung parenchyma (75). Furthermore, there is hardly any infiltration 

of mast cells into the airways of mice (76). Finally, due to the complex and diverse nature of 

asthma, it is very challenging to develop a mouse model that truly and completely reflects 

the clinical disease (68). However, we can model specific characteristics of asthma in mice 

through sensitisation with allergens and/or genetic modification of specific genes that are 

known to be involved in asthma. 

 

Scope of the thesis 

Asthma is broadly characterised by a chronic type-2 airway inflammation, aberrant airway 

remodelling and repair along with excessive mucus production in the airways. The asthmatic 

airway epithelial barrier is frequently damaged and repeated injury by environmental insults 

such as allergens in combination with impaired repair responses results in the delocalisation 

of junctional proteins like E-cadherin and β-catenin, as described in chapter 2 (2). Loss of E-

cadherin combined with signalling from Wnt or growth factors like EGF and TGF-β enables 

β-catenin to bind to coactivators such as CBP or p300 and initiate the transcription of various 

genes involved in cell proliferation and differentiation, respectively. Although β-catenin 

signalling is important for tissue development and maintenance of homeostasis, aberrant 

activation of β-catenin signalling through Wnt or other growth factors may contribute to the 

pathogenesis of asthma (41). Many genes regulated by the Wnt/β-catenin signalling have 

been documented (33), but little is known about the genes that are specifically regulated by 

the β-catenin/CBP or β-catenin/p300 pathways and might be dysregulated in asthma. β-
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catenin/CBP pathway has been shown to regulate EMT in airway epithelial cells (31,39) and 

maintain cells in an undifferentiated and proliferative stage (35,36). Since the asthmatic 

airway epithelium shows features of EMT and exhibits an undifferentiated phenotype, 

resulting in decreased barrier function, which is accompanied by susceptibility to allergens 

that cause airway inflammation and mucus hypersecretion (16,28), we hypothesise that 

increased β-catenin/CBP signalling contributes to the development of asthma 

phenotype. 

 

The scope of this thesis is to investigate the role of abnormal airway epithelial β-catenin 

signalling in the pathogenesis of asthma, focusing particularly on β-catenin/CBP pathway. 

By using the small molecule inhibitor ICG-001, we specifically block the binding of CBP to 

β-catenin to investigate the role of β-catenin/CBP signalling in airway epithelial barrier 

(dys)function, airway inflammation and mucus production. In chapter 2, we review the role 

of airway epithelial cell dysfunction in the development of asthma. As the loss of E-cadherin 

weakens airway epithelial barrier function (21) and may lead to higher expression of pro-

inflammatory cytokines like CCL20 (19), we hypothesised that downstream β-catenin/CBP 

signalling specifically leads to loss of epithelial barrier function and increased release of pro-

inflammatory cytokines such as CCL20 and GM-CSF. In chapter 3, we address this question 

by investigating the effects of ICG-001 on airway epithelial barrier function and CCL20 

production in primary bronchial epithelial cells (PBECs) upon exposure to HDM. Next, we 

investigated the effects of HDM on an E-cadherin deficient airway epithelium in vivo. In 

chapter 4, we hypothesised that loss of E-cadherin in the airway epithelium leads to 

increased susceptibility to develop inflammation and remodelling of the airways upon 

exposure to allergens. As a full E-cadherin knock-out is lethal (74), we used Cre-Lox system 

to restrict the E-cadherin loss to lung epithelial cells. Previously, we showed that knock-out 

of E-cadherin in mice in cells expressing SP-C during embryonic stage resulted in the 

denudation of lung epithelial cells both in airways and alveoli (20). In this chapter, we aimed 

to further limit the knock-out of E-cadherin to cells expressing CCSP during embryonic or 

post-natal stage and expect to observe a loss of E-cadherin in either airway epithelial cells or 

club cells respectively, based on the differential expression of CCSP during lung 

development (77). In these models, we also for the first time evaluate the effect of allergen 

challenge. To summarise, we created three different E-cadherin knock-out mouse models that 

are subjected to initial sensitisation and chronic treatment with HDM: Model 1 - Knock-out 
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of E-cadherin in all the lung epithelial cells, Model 2 - Knock-out of E-cadherin in only 

airway epithelial cells, and Model 3 - Knock-out of E-cadherin in only club cells. We 

compared the infiltration of different immune cells in the airways, serum IgE response and 

mucus production in response to HDM in wild-type and E-cadherin knock-out in the three 

mouse models. 

 

Activation of β-catenin and Notch signalling has been previously shown to induce goblet cell 

metaplasia and excessive mucus production in mice (34,78). Although β-catenin and Notch 

signalling crosstalk has been observed in development and disease (47), it is unclear if the 

two signalling pathways interact in the airway epithelium to regulate mucus production. We 

have previously shown that inhibition of β-catenin/CBP signalling has improved epithelial 

barrier function and reversed EMT in airway epithelial cells (39,79). In chapter 5, we 

hypothesised that β-catenin/CBP signalling regulates goblet cell differentiation through 

downstream Notch signalling in PBECs cultured in air-liquid interface. First, we assessed the 

differences in β-catenin and Notch activity in PBECs from asthma and non-asthma donors 

during development by comparing the expression of β-catenin target gene cyclin D1 

(CCND1), Notch1 target gene hairy and enhancer of split 1 (HES1), and MUC5AC 

expression and production. Further, we investigated the effect of inhibition of Notch, β-

catenin/CBP and β-catenin/p300 signalling using DBZ, ICG-001 and IQ1 respectively on 

MUC5AC expression and production at baseline and upon stimulation by IL-13. Next, we 

aimed to validate our findings on the role of β-catenin/CBP signalling on mucus production 

in vivo. In chapter 6, we hypothesised that inhibition of β-catenin/CBP signalling attenuates 

HDM-induced mucus production in mice. We tested this by initially sensitizing the mice with 

HDM, followed by a chronic HDM treatment with/without ICG-001 and measuring the 

airway mucus production. In chapter 7, we summarise, discuss the relevance of the findings 

and implications of this thesis, and finally put them into perspective for future studies. 
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Abstract 

Airway epithelial barrier dysfunction is frequently observed in asthma and may have 

important implications. The physical barrier function of the airway epithelium is tightly 

interwoven with its immunomodulatory actions, while abnormal epithelial repair responses 

may contribute to remodelling of the airway wall. We propose that abnormalities in the 

airway epithelial barrier play a crucial role in the sensitisation to allergens and pathogenesis 

of asthma. Many of the identified susceptibility genes for asthma are expressed in the airway 

epithelium, supporting the notion that events at the airway epithelial surface are critical for 

the development of the disease. However, the exact mechanisms by which the expression of 

epithelial susceptibility genes translates into a functionally altered response to environmental 

risk factors of asthma are still unknown. Interactions between genetic factors and epigenetic 

regulatory mechanisms may be crucial for asthma susceptibility. Understanding these 

mechanisms may lead to identification of novel targets for asthma intervention by targeting 

the airway epithelium. Moreover, exciting new insights have come from recent studies using 

single-cell RNA sequencing (scRNA-Seq) to study the airway epithelium in asthma. This 

review focuses on the role of airway epithelial barrier function in the susceptibility to develop 

asthma and novel insights in the modulation of epithelial cell dysfunction in asthma. 

 

Keywords: airway remodelling, asthma, (epi)genetics, epithelial barrier, type 2 responses 

 

Introduction 

Asthma is a chronic inflammatory airway disease characterised by coughing, wheezing, chest 

tightness, variable airflow limitation and airway hyper-responsiveness (AHR) (1) to 

environmental specific (allergens such as house dust mite (HDM), pollen and animal dander) 

and nonspecific (e.g.: tobacco smoke, air pollution) stimuli. Asthma is a heterogeneous 

disease with a complex aetiology. Allergen-induced asthma is the most common form, with 

atopy and allergic sensitisation being identified as major risk factors (2). Other risk factors 

include increased viral infections during early childhood, exposure to tobacco smoke and air 

pollution (3). In addition to elevated serum IgE, features of atopic asthma include chronic 

eosinophilic airway inflammation and airway remodelling with increased smooth muscle 

mass, subepithelial fibrosis, epithelial desquamation, and goblet cell hyperplasia. Type‐2 T‐

helper (Th2) lymphocytes are key players in the eosinophilic airway inflammatory response 

of allergen‐sensitised individuals, giving rise to the pathological changes and clinical 
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symptoms of asthma (4). Other asthma endotypes include nonallergic eosinophilic asthma, 

which may be driven by type‐2 innate lymphocytes, mixed‐granulocytic asthma, type‐1 and 

type‐17‐mediated neutrophilic asthma, and paucigranulocytic asthma, without apparent 

neutrophilia and eosinophilia (5). 

 

Susceptibility to asthma has a strong genetic component. Many asthma susceptibility genes 

are expressed in the airway epithelium (e.g.: IL1RL1, IL33, TSLP, CDHR3, PCDH1, 

MUC5AC, KIF3A, EFHC1 and GSDMB, as outlined below), highlighting the importance of 

the airway epithelium in the development of asthma. Allergens, viruses and other inhaled 

environmental insults are in first contact with the airway epithelial barrier, which forms a 

continuous lining of the respiratory system from the nose to the trachea, bronchi, bronchioles 

and finally the alveoli. The upper airway epithelium has a different developmental origin than 

the epithelia of the lower airway and alveolar epithelium. The nature of the epithelium 

changes in the specific regions, being a pseudostratified columnar epithelium in the nose, 

trachea and bronchi, transitioning into cuboidal cells in the bronchioles and forming a single‐

cell thick alveolar epithelium. The alveolar epithelium is highly vascularised and responsible 

for gas exchange. The alveoli receive air from the conducting airways, starting in the trachea, 

bifurcating into the bronchi and bronchioles, and ending in the terminal bronchioles, which 

divide into the alveolar ducts from which the alveoli arise. The transitional region between 

terminal bronchioles and alveoli is referred to as the bronchioalveolar duct junction. Alveolar 

cells can be subdivided into alveolar type 1 (AT1) epithelial cells, flat‐shaped epithelial cells 

that accommodate the transfer of oxygen into the blood stream and cuboidal‐shaped AT2 

cells that serve as progenitor cells for AT1 cells, contribute to alveolar tissue regeneration 

upon injury and produce surfactants to reduce the surface tension. The pseudostratified 

epithelial layer of the conducting airways is separated from the underlying mesenchyme by 

the basement membrane and consists of different epithelial cell types: basal, club, goblet and 

ciliated cells being the major ones. Basal cells serve as progenitors, being able to differentiate 

into secretory club cells, which can further differentiate into mucus producing goblet cells or 

mucus clearing ciliated cells (6). Club cells are able to self‐renew and generate ciliated cells 

after injury, repopulating damaged airway tissue. Secretory cells also have the capacity to 

dedifferentiate into basal cells when these cells are ablated by diphtheria toxin, underscoring 

the remarkable plasticity of the airway epithelium (7). While some studies have shown that 

ciliated cells are terminally differentiated (8), others have shown that ciliated cells can 
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undergo dynamic changes in cell shape and gene expression to re‐differentiate into columnar 

cells upon naphthalene induced injury (9). In the presence of IL‐13, ciliated cells also undergo 

transdifferentiation into goblet cells (10) In addition to the physical barrier function and 

mucociliary clearance of foreign particles, the airway epithelium acts as chemical barrier 

against environmental insults by secreting, for example antimicrobial peptides, anti‐proteases 

and antioxidants, and is part of the innate immune system. Airway epithelial cells express 

pattern recognition receptors (PRRs) like toll‐like receptors (TLRs), retinoic acid‐inducible 

gene (RIG)‐I‐like receptors (RLRs), nucleotide‐binding oligomerisation domain (NOD)‐like 

receptors (NLRs), C‐type lectin receptors (CLRs), protease activated receptor (PAR)‐2 and 

purinergic receptors (11). These recognise pathogen‐associated molecular patterns (PAMPs) 

from inhaled microbes, parasites, and allergens as well as alarmins/damage‐associated 

molecular patterns (DAMPs) released from dying or damaged cells. Upon recognition of 

PAMPs or DAMPs, PRRs activate downstream signalling that promotes the release of pro‐

inflammatory cytokines/chemokines, including IL‐6, IL‐8, CCL20, CCL17, TSLP, IL‐25, 

IL‐33 and GM‐CSF. These can attract and/or activate cells from the innate and adaptive 

immune system. Upon sensing of allergens by various PRRs, including purinergic receptors, 

multiprotein complexes termed inflammasome can be activated, leading to caspase‐1 activity 

and subsequent cleavage of IL‐1β and IL‐18 into active forms (12). In particular, HDM has 

been shown to activate the nucleotide‐binding domain and leucine‐rich repeat protein 3 

(NLRP3) inflammasome through PI3K/Akt pathway leading to inflammation in asthma (13, 

14). During these allergen‐driven inflammatory responses, dendritic cells (DCs) induce the 

differentiation Th2 cells, which secrete cytokines such as IL‐4, IL‐5, IL‐9 and IL‐13 to induce 

IgE production by B‐lymphocytes, eosinophilic infiltration into the airways and goblet cell 

hyperplasia with excessive mucus production. Epithelial alarmins can drive similar responses 

(independent of allergens) through activation of type‐2 innate lymphoid cells (ILC2) (15). 

 

Upon damage, for example by exposure to allergens, the epithelial barrier is disrupted, 

promoting epithelial release of growth factors such as epidermal growth factor (EGF) and 

TGF‐β, which activate fibroblasts and myofibroblasts (16). This promotes excessive 

deposition of extracellular matrix (ECM) components, for example collagens, in the lamina 

reticularis just below the basement membrane, termed as subepithelial fibrosis, resulting in 

airway wall thickening and increased smooth muscle mass (17). In addition, release of 

vascular endothelial growth factor (VEGF) by airway epithelial cells increases the size of 
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airway wall vessels and promotes angiogenesis (18). These structural changes are 

characteristic of airway remodelling in asthma (Figure 1). Thus, the airway epithelium may 

be crucial in the pathophysiology of asthma. In this review, we will focus on airway epithelial 

barrier dysfunction as driver of asthma. 

 

 

Figure 1: Structural changes in the airways of allergic asthma patients: Epithelial barrier dysfunction and 

airway remodelling. Asthmatic airway epithelium exposed to allergens (A) results in the disruption of adherens 

junctions (Aj) and tight junctions (Tj), which is accompanied by loss of ciliated cells, mucus hypersecretion (M), 

thickening of the basal membrane (B), subepithelial fibrosis (F), increased smooth muscle mass (S) and excessive 

deposition of ECM (E). 

 

Epithelial barrier dysfunction in asthma 

The airway epithelial layer in asthma is disrupted, as indicated by detachment of ciliated 

cells, presence of epithelial cell aggregates (creola bodies) in sputum, increased permeability 

to allergens and reduced expression of cell‐cell adhesion molecule E‐cadherin (19, 20). 

Epithelial damage is a pathological feature observed in all phenotypes of asthma (21). 

Structural changes have been observed in the airway epithelium of children with respiratory 

problems before the onset of airway inflammation and clinical diagnosis of asthma, 

suggesting that epithelial changes occur early in asthma pathogenesis (2). This challenged 

the dogma that chronic airway inflammation induces airway remodelling. One of the key 

features of epithelial remodelling in asthma is the loss of cell‐cell contact proteins, which 
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mechanically connect adjacent epithelial cells, thereby keeping the barrier intact. These 

intercellular junctions are mainly comprised of tight junctions (TJs), which are located most 

apically, adherens junctions (AJs) and (hemi)desmosomes, which are located basolaterally 

(Figure 2). Desmosomes form adhesive bonds with the filament cytoskeleton between 

adjacent cells or between cells and the lamina propria by nonclassical cadherins (22). The 

major constituent of AJs is transmembrane protein E‐cadherin. Its extracellular domain binds 

homotypically to neighbouring cells, while the intracellular domain is linked to the actin 

cytoskeleton by a microtubule network of p120‐catenin, β‐catenin and α‐catenin proteins, 

providing mechanical support and intracellular signalling. E‐cadherin is thought to be crucial 

for formation of all other junctions, and its disruption results in delocalisation of TJ proteins 

(23, 24). TJs are composed of the transmembrane proteins zona occludens‐1 (ZO‐1), 

occludin, claudins and junction adhesion molecules (JAMs) and are the main regulators of 

epithelial permeability (25). 

 

Disrupted expression of E‐cadherin, β‐catenin, ZO‐1 and occludin has been observed in 

airway epithelium of asthma patients (20, 26, 27), leading to impaired barrier function (19, 

28). In murine studies, it has been demonstrated that the junctional proteins Zo‐1, Tjp2, 

Occludin and Claudins‐5,‐8,‐18 and ‐23 are decreased in all the three chronic HDM models 

of eosinophilic, neutrophilic and mixed granulocyte experimental asthma (29). Animal 

models have also demonstrated that lung epithelial‐specific deficiency of E‐cadherin results 

in epithelial denudation with specific loss of ciliated cells (30) and that loss of E‐cadherin in 

club cells induces their proliferation while inhibiting differentiation, impairing epithelial 

repair upon injury (31). Expression of E‐cadherin may not only be critical for the formation 

of a functionally intact epithelial layer, as downregulation of E‐cadherin is also crucial for 

epithelial plasticity, where cells lose their epithelial phenotype and gain mesenchymal 

characteristics, termed epithelial‐to‐mesenchymal transition (EMT) (32). Loss of E‐cadherin 

releases β‐catenin into the cytoplasm, where it is normally proteolytically degraded by a 

destruction complex including glycogen synthase kinase (GSK)‐3β. Inactivation of GSK‐3β, 

for example by active WNT signalling or TGF‐β, prevents the degradation of β‐catenin, 

resulting in nuclear translocation and transcriptional activation. Active β‐catenin, especially 

when bound to co‐activator CREB‐binding protein (CBP), promotes the expression of E‐

cadherin repressors such as Snail and Slug as well as various mesenchymal genes, including 

fibronectin, EGF receptor (EGFR) and VEGF, which may contribute to airway wall remode- 



27 

 

 

Figure 2: Schematic representation of the basic structural components of epithelial junctions. AJ, Adherens 

Junction; JAM, junctional adhesion molecule; TJ, Tight junction 

 

ling (22). The initial induction of a mesenchymal phenotype enables epithelial repair, 

promoting cell migration and proliferation. After this, cells differentiate into a 

pseudostratified epithelial layer. In asthma, this repair process may be disturbed, which is 

supported by the observed increase in basal cell markers (eg cytokeratin 5 and p63) (22) and 

repair markers (eg TGF‐β and EGFR) in the airway epithelium, representing a more 

proliferative, less differentiated phenotype (22). HDM facilitates TGF‐β‐induced EMT in 

airway epithelial cells in vitro (33) and induces EMT‐like features in the airway epithelium 

of mice (34). In asthma, epithelial cells are more susceptible to undergo TGF‐β‐induced EMT 

(35). The Notch signalling pathway also plays a crucial role in controlling the fate of airway 

epithelial cells upon injury. Although the mechanisms by which Notch signalling modulates 

epithelial homeostasis and responses to environmental insults are incompletely understood, 
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various Notch (target) genes are differently expressed in healthy and asthmatic airway 

epithelium (36, 37). 

 

Box outlining the major milestone discoveries 

• Loss of epithelial junctions not only results in increased susceptibility towards pathogens 

and allergens, but also propagates pro-inflammatory responses and may con- tribute to airway 

remodelling. 

• E-cadherin loss and activation of β-catenin per se induce epithelial features reminiscent of 

the airway epithelium in asthma in in vitro and in vivo models. 

• Loss of airway epithelial barrier function in asthma is a consequence of interaction between 

environmental and genetic factors and epigenetic regulatory mechanisms. 

• Expression quantitative trait loci (eQTL) studies in human bronchial epithelial cells and 

bronchial alveolar lavage identified risk alleles that regulate expression of genes involved in 

epithelial function, including IL1RL1, IL33, TSLP, CDHR3, MUC5AC, KIF3A, EFHC1 and 

GSDMB, support the role of the airway epithelium as driver of asthma pathogenesis. 

 

 

The inability to reconstitute epithelial barrier function may have important 

pathophysiological consequences, not only resulting in increased permeability to allergens, 

but also propagating pro‐inflammatory and abnormal repair responses in the airways, leading 

to airway hyper‐responsiveness and airway remodeling (16) (Figure 3). Accordingly, airway 

epithelial damage has been shown to correlate with the severity of AHR (38). Furthermore, 

the knock‐down of E‐cadherin in vitro resulted in EGFR activation and pro‐inflammatory 

responses (32). Upon loss of E‐cadherin in vivo, the loss of ciliated cells was accompanied 

by spontaneous goblet cell metaplasia and infiltration of eosinophils and dendritic cells (22). 

These features may at least in part be mediated by activation of β‐catenin, as inhibition of β‐

catenin downstream activity attenuated airway inflammation, smooth muscle thickness, 

supepithelial fibrosis, hyper‐responsiveness and goblet cell metaplasia in mouse models of 

asthma (39). Moreover, we recently demonstrated that inhibition of β‐catenin/CBP signalling 

not only improves epithelial barrier function, but also attenuates HDM‐induced airway 

epithelial pro‐inflammatory responses in vitro (40). 
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Figure 3: Proposed model of house dust mite (HDM)-induced airway epithelium barrier dysfunction. Allergens 

including HDM can directly cleave epithelial junctions proteolytically or act on various pattern recognition receptors 

(PRRs), including PAR-2, C-type lectins (CLR) and purinergic receptors. Their activation can induce degradation 

and/or delocalization of junctional proteins, including E-cadherin, in which intracellular Ca2+ signalling and 

subsequent activation of calpain may be involved and epidermal growth factor receptor (EGFR) activation.161 

EGFR can activate ADAM10, a sheddase of E-cadherin as well as CCL20.40 In addition, EGFR signalling can 

induce secretion of pro-inflammatory mediators, such as CCL20, CCL17 and GM-CSF that attract and/or activate 

dendritic cells (DCs), Th2 cells and eosinophils (EOS).22 When epithelial repair and re-differentiation is impaired, 

persistent loss of E-cadherin can result in activation of β-catenin-mediated programs that cause further loss of 

epithelial characteristics, induction of a more basal/mesenchymal phenotype as well as goblet cell hyperplasia, with 

loss of ciliated cells, as is also characteristic of the epithelial phenotype in asthma 

 

Environmental risk factors and epithelial barrier dysfunction in asthma 

As described above, the development of asthma results from the interaction between genetic 

and environmental factors. Various in vitro studies have shown that allergens can disrupt the 

airway epithelial barrier (41). Exposure of cultured airway epithelial cells to proteolytically 

active allergens from house dust mites (eg Der p1), ragweed, white birch, grass and pollen 

can lead to the cleavage of the junctional proteins (22). Furthermore, house dust mite (HDM), 
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cockroach, fungi and mould extracts have been shown to disrupt epithelial junctions via 

activation of PAR‐2 and downstream signalling (42). Accordingly, exposure of human 

airway epithelial cells to HDM induces rapid, transient reduction in epithelial barrier function 

(33), concomitant with delocalisation of junctional proteins (Figure 3). Submerged cultures 

of airway epithelial cells from mild/moderate asthma patients were more susceptible to 

HDM‐induced barrier dysfunction than healthy subject‐derived cultures. Surprisingly, this 

was independent of serine and cysteine proteases (43, 44). Yet to be identified PRRs coupled 

to Ca2+/calpain‐dependent disruption of epithelial junctions may be involved (43). In addition 

to direct effects of allergens, allergic sensitisation may lead to epithelial barrier dysfunction 

as consequence of type‐2 mediated airway inflammation associated with atopic asthma. Both 

Th2 cells and ILC2 may contribute to the compromised epithelial barrier function through 

IL‐13 secretion, which induces many features of the airway epithelium in asthma, including 

mucus production, and has been reported to disrupt airway epithelial barrier function in vitro 

(45, 46). In fact, Th2‐derived IL‐13 and IL‐4 and type‐2 driving cytokine TSLP (47) have 

been shown to decrease barrier integrity in air‐liquid interface (ALI) cultured primary airway 

epithelial cells from healthy subjects, with delocalisation of TJ proteins (48). This was not 

observed in cultures derived from asthma subjects, in which barrier function was already 

compromised at baseline (48). This may reflect cell‐intrinsic loss of airway epithelial cells in 

asthma to re‐differentiate and form an effective barrier upon ALI culture in vitro, as proposed 

previously (2). 

 

In addition to allergens, early‐life sensitisation to lower respiratory viral infections is an 

important environmental risk factor for developing asthma in childhood, with the highest risk 

for progression to persistent asthma when these environmental exposures coincide (49). Two 

major respiratory viruses, rhinovirus (RV) and respiratory syncytial virus (RSV), bind to 

specific receptors on the airway epithelium, for example cadherin‐related family member 3 

(CDHR3) and ICAM‐1 for RV (50) and CX3CR1 for RSV (51). Upon internalisation, 

uncoating and replication, the virus is recognised by TLR3 and RIG‐I like helicase, inducing 

production of anti‐viral type‐I interferons (IFNs), which eradicate pathogens and promote 

pro‐inflammatory cytokine release. Impaired epithelial barrier function is accompanied by 

compromised IFN responses in asthma, resulting in increased viral replication upon 

rhinovirus infection compared to nonasthma‐derived epithelial cultures (52). Exposure of 

airway epithelial cells to double‐stranded RNA or infection with RV or RSV in vitro induces 
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upregulation of TSLP (53, 54) and may thus support type‐2 mediated inflammation. This 

may further impair epithelial barrier function in a vicious circle, viral exposure causing 

disruption of epithelial cell‐cell contacts (55, 56). RV has been shown to disrupt TJ integrity 

in human bronchial epithelial cell lines and ALI‐differentiated primary cultures via loss of 

ZO‐1 from TJs and airway epithelial cells cultures from healthy and asthmatic children, with 

more pronounced and sustained effects in asthmatic‐derived cultures (57). 

 

Bullet points outlining future research perspective 

• Future research unravelling the molecular mechanisms and regulatory networks underlying 

abnormal epithelial repair responses after exposure to environmental insults hold promise for 

the identification of novel intervention strategies in asthma. 

• Single-cell RNA-sequencing studies may lead to elucidating the cellular changes and causal 

gene regulatory networks underlying the different asthma endotypes. 

• Analysis of matched single-cell RNA-Sequencing data sets from airway wall biopsies, 

bronchial brushes and nasal brushes will allow identification of novel biomarkers for disease 

activity or treatment response using less invasive methodologies. 

• Better understanding of (epi)genetic regulatory mechanisms of airway epithelial 

abnormalities in asthma likely contributes to identification of novel targets for asthma 

intervention. 

 

Other environmental factors that may impact on epithelial integrity are those associated with 

nonatopic forms of asthma, for example noneosinophilic, neutrophilic asthma. Besides viral 

infections, these include smoking (58) and bacterial colonisation (21). Smoke exposure is 

well known to cause airway epithelial barrier dysfunction by disruption of epithelial junctions 

(59). Indirectly, smoking‐induced Th17‐mediated inflammation can reduce epithelial barrier 

function through Th17 cytokine IL‐17 (58). As colonisation of the respiratory tract with 

bacteria, for example Streptococcus pneumoniae, Haemophilus influenzae or Moraxella 

catarrhalis, may increase the risk of asthma, it is of relevance that also bacteria can cause 

epithelial barrier dysfunction, as demonstrated for infection with S pneumoniae in a bronchial 

epithelial cell line (60). 
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Finally, environmental pollutants such as particulate matter and ozone as well as household 

cleaning products may contribute to the development and/or worsening of asthma (61) and 

can disrupt the epithelial barrier. Particulate matter has been shown to attenuate ciliary beat 

frequency in bronchial epithelial cells and degrade TJ proteins in lung epithelial cells (62). 

Diesel exhaust particles decreased the expression of TJ proteins and epithelial resistance in 

primary nasal epithelial cells (63). Ozone was reported to cause rapid disruption of the 

epithelial barrier with increased permeability and diminished expression of TJ and AJ 

proteins in the absence of IL‐33 (64). Of interest, also laundry detergents were recently shown 

to compromise human bronchial epithelial integrity by disruption of tight junctions and may 

thus contribute to the development of asthma (65). 

 

Genetic factors and the epithelial barrier in asthma 

As mentioned above, in addition to environmental factors, a heredity component contributes 

to disease risk, with 35%‐95% of susceptibility thought to involve genetic factors. Positional 

cloning and more recently genome‐wide association studies (GWAS) have been highly 

successful in identifying risk alleles and loci for asthma and related phenotypes (66). 

 

Expression quantitative trait loci (eQTL) studies in human bronchial epithelial cells and 

bronchial alveolar lavage identified that risk alleles regulate highly relevant genes involved 

in epithelial function, for example IL1RL1, IL33, TSLP, HLA‐DQB1, CDHR3, ZTB10, 

Corf30, DEX1 and GSDMB levels (67). Similarly, Luo and colleagues combined asthma 

GWAS results and small and large airway epithelial eQTL data to demonstrate enrichment 

of airway epithelial eQTLs (68). This supports the barrier hypothesis, where genetic 

alterations influence the ability of the skin and epithelial tissues to form a protective barrier 

from, for example pathogens and allergens (1). The finding that the majority of genetic 

variants associated with risk of developing asthma is shared risk factors for the development 

of atopic dermatitis and allergic rhinitis (69) further underlines this. Selected genes identified 

through asthma genetic studies and implicated in epithelial cell function are outlined in Table 

1. Genetic changes in the epithelium may thus be important in mediating several aspects of 

relevance to asthma, including the inflammatory environment, for example IL33, TSLP, 

IL1RL1, responses to pathogens, for example CDHR3, mucociliary clearance, for example 

MUC5AC, KIF3A, EFHC1 and cell homeostasis and epithelial integrity, including 
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proliferation, migration, cell‐cell adhesion, apoptosis and repair, for example PCDH1, 

SMAD3, GSDMB, ORMDL3 and PLAUR. 

 

While a discussion of all these genes is beyond this review, it is important to highlight 

selected genes particularly implicated in barrier function. In the GWAS of atopic dermatitis 

followed by asthma, two genes thought to be involved in ciliary function were implicated, 

that is KIF3A and EFHC1 (70). These genes encode for Kinesin Family Member 3A and EF‐

hand domain containing protein 1, respectively. KIF3A is thought to function as a molecular 

motor transporting molecules along microtubules and has also been implicated in ciliary 

function in epithelial cells. Interestingly, mice deficient in KIF3A in the epithelium is more 

susceptible to allergen‐induced inflammation and epithelial cell apoptosis in an allergic 

airway model (71). Mutations within EFHC1 have been associated with juvenile myoclonic 

epilepsy via a role in motile cilia and in regulating calcium channels (72, 73). Importantly, 

EFHC1 may be of relevance in cilia function in the airways, being expressed in the tracheal 

epithelium in mice. Therefore, KIF3A and EFHC1 may in part contribute to poor allergen 

and mucus clearance from the airways. Recently, in a GWAS of moderate‐severe asthma, a 

signal on chromosome 11 was identified that regulates expression of MUC5AC (74), the main 

mucin found in the airways and linked to severe asthma (75), emphasizing abnormal 

mucociliary clearance. In a GWAS of asthma with exacerbation, polymorphisms spanning 

CDHR3 were identified, including coding change Cys529Tyr (76). CDHR3 is involved in 

epithelial polarity and cell‐cell interactions. As described above, recent data suggest that 

CDHR3 is the receptor for RV‐C and the Cys529Tyr mediates this interaction providing a 

putative mechanism. Interestingly, CDHR3 knock‐down also influences transepithelial 

resistance (77). The PCDH1 gene also encodes an adhesion molecule localises to cell‐cell 

junctions especially in differentiated airway epithelial (78, 79). PCDH1 has a dual function, 

supporting epithelial barrier function (79) and regulating TGF‐β/SMAD3 signalling (80). 

Hence, PCDH1 may serve as cellular switch between TGF‐β driven EMT and epithelial 

repair vs epithelial differentiation and barrier formation. The gene ORMDL3 regulates 

cytosolic Ca2+ entry by the sarco‐endoplasmic reticulum (ER) Ca2+ ATPase (SERCA) pump, 

which we previously showed to be involved in HDM‐induced epithelial barrier dysfunction 

(43). Moreover, the ORMDL3 gene product was recently shown to support RV replication in 

epithelia cells (81). Finally, GSDMB encodes gasdermin B, which is a member of the 

gasdermin‐domain containing protein family linked to epithelial apoptosis. Recently, it has 
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been shown that GSDMB is elevated in the airway epithelium in asthma. In mice, increased 

expression led to spontaneous airway hyper‐responsiveness (82), and the GSDMB protein 

induces pyroptotic cell death in airway epithelium (83). Although several asthma genes have 

been shown to act on airway epithelial function, a clear endotype of asthma driven by the 

loss of epithelial barrier specifically due to these asthma‐associated polymorphisms has not 

been identified. However, it is important to note that the asthma phenotypes associated with 

these selected genetic signals include bronchial hyper‐responsiveness (PCDH1, PLAUR, 

ORMDL3/GSDMB) and asthma exacerbation (IL33, IL1RL1, CDHR3, ORMDL3/GSDMB), 

potentially directly by effects on bronchial epithelial function. Similarly, genetic signals 

associate with blood eosinophil counts (IL33, IL1RL1, TSLP), time to asthma onset (IL33, 

IL1RL1, ORMDL3/GSDMB), atopic march (KIF3A, EFHC1) and self‐reported allergy (IL33, 

ORMDL3/GSDMB, IL1RL1), potentially via an indirect mechanism by the production of 

cytokines from bronchial epithelial cells leading to type‐2 inflammation (84, 85). The gene 

signature of the type‐2 high endotype of asthma, characterised by increased blood and BAL 

eosinophils and basal membrane thickness, lower PC20 threshold and a better lung function 

improvement after inhaled corticosteroids, identifies this asthma subphenotype as a steroid 

responsive signature of epithelial cells in asthma (86), indicating the relevance of the airway 

epithelial phenotype in the disease. Two of these genes (CLCA1 and SERPINB2) are 

predominantly expressed in goblet cells, indicating that a true asthma endotype reflecting 

loss of epithelial barrier function is yet to be identified.  

 

Footnotes 

The shared genetic origin of asthma, rhinitis and eczema was recently analysed in detail (1). 

This approach revealed a striking overlap in risk SNPs between these three allergic disorders, 

with limited disease-specific polymorphisms (133). The study identified a total of 132 

plausible target genes, which were enriched for expression in blood and lung tissue (133). 

These results clearly indicate that susceptibility to allergic diseases is mediated by at least in 

part shared biological mechanisms (133). Loss of epithelial barrier function has indeed been 

postulated as a central mechanism in allergic rhinitis (134) and eczema (135) as well, with 

loss of function variants in epidermal protein filaggrin being identified as major predisposing 

factor of atopic dermatitis (136). In addition, GWAS studies have identified epithelial 

junction protein Desmoglein 1 as susceptibility gene for eosinophilic esophagitis (137). 
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Table 1: Selected genes identified through genetic studies of asthma implicated in airway 

epithelial cell homeostasis which may impact barrier properties and inflammation 

Chrs Gene 

Reported 

variants 

Main Asthma 

Phenotype(s) 

Suggested role in HBEC homeostasis/ 

epithelial gene expression 

Ref 

2q12.1  aIL1RL1 

rs3771166 

Asthma, 

Asthma + 

Exacerbation, 

moderate-severe 

asthma 

IL33 receptor, regulates inflammation. 

Important in innate immune responses 

including responses to viruses and Type 2 

inflammation. Expressed in HBEC 

74,76, 

138, 139 

5q22.1 aTSLP 

rs1043828 

 

Asthma, 

Asthma + Hay 

fever, moderate-

severe asthma 

Can drive induction of allergic responses by 

effects on several cell types including dendritic 

cells. Regulates an IL-13–dependent increase in 

bronchial epithelial cell proliferation 

138, 140-

143 

5q31.1 KIF3A 

rs17690965 

Atopic 

Dermatitis 

followed by 

Asthma 

Molecular motor that transports molecules 

along microtubules, role in ciliary function. 

Role in epithelial apoptosis and inflammation 

70,71, 

144 

5q31.3 PCDH1 

rs3797054 

rs3822357 

Airway hyper-

responsiveness 

 

Epithelial adhesion, differentiation, barrier 

formation 

78,79, 

145 

6p12.2 EFHC1 

rs9357733 

Atopic 

Dermatitis 

followed by 

Asthma 

Contains an EF-hand motif which is able to bind 

Ca2+ ions. Involved in ciliary function 

70,72,73 

7q22.3 aCDHR3 

rs6967330 

Asthma + 

Exacerbation 

Epithelial polarity and cell-cell interactions. 

Receptor for Rhinovirus C, the most common 

respiratory virus associated with exacerbations 

in asthma. Cys529Tyr regulates viral entry 

76,77, 

146 

9p24.1 aIL33 

rs1342326 

Asthma, 

Asthma + 

Exacerbation, 

moderate-severe 

asthma 

Epithelium-derived cytokine alarmin, regulates 

inflammation via interactions with ST2/IL1RL1 

on several inflammatory cells. Type 2 

inflammation, viral exacerbation. Also activates 

HBEC via ST2/IL1RL1 

74,76, 

138,147, 

148 

11p15.5 aMUC5AC 

rs11603634 

Moderate-

Severe asthma 

 

Oligomeric mucus/gel-forming, a pathogenic 

mucin linked to allergic airway hyper-

reactivity. Elevated in bronchial epithelial cell 

brushing from severe asthma patients 

74,75 
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15q22.33 SMAD3 

rs744910 

Asthma, 

Asthma + Hay 

fever 

Signalling intermediate in the TGF-β1 induced 

epithelial–mesenchymal transition 

69,74, 

75,139, 

149,150 

17q21.1 aGSDMB 

rs7216389 

Asthma, 

childhood 

asthma + 

exacerbations, 

Asthma + Hay 

fever, childhood 

asthma, 

moderate–

severe asthma 

 

Member of gasdermin-domain containing 

protein family, elevated in the airway 

epithelium in asthma and in mice increased 

expression led to spontaneous, remodelling and 

airway hyper-responsiveness. Epithelial cell 

pyroptosis 

76,82,83,

140,151 

17q21.1 ORMDL3 

rs7216389 

Asthma, 

childhood 

asthma + 

exacerbations, 

Asthma + Hay 

fever, childhood 

asthma, 

moderate–

severe asthma 

 

Orosomucoid-like protein isoform 3, regulates 

endoplasmic reticulum (ER) stress. Implicated 

in epithelial barrier formation, pro-remodelling 

phenotype in vivo and in vitro. Sphingolipid 

regulation 

69,76, 

138,151-

156 

19q23 PLAUR 

rs4493171 

rs2356338 

rs2239372 

Asthma, decline 

in lung function 

Regulates activation of urokinase plasminogen 

activator (uPA), triggering the 

plasminogen/plasmin activation cycle. 

Epithelial repair, proliferation, pro- remodeling 

phenotype 

157-160 

 

Note: For a comprehensive review of asthma related phenotypes, these loci have been associated with see recent 

reviews (54,142). 

 

Abbreviations: CDHR3 cadherin-related family member 3; EFHC1, EF-hand domain containing protein 1; IL1RL1, 

Interleukin 1 Receptor Like 1; IL33, Interleukin 33; KIF3A, Kinesin Family Member 3A; MUC5AC, Mucin 5AC, 

Oligomeric Mucus/Gel-Forming; ORMDL3, ORMDL sphingolipid biosynthesis regulator 3; PCDH1, Protocadherin 

1; PLAUR, plasminogen activator, urokinase receptor; SMAD3, GSDMB, gasdermin B; TSLP, Thymic stromal 

lymphopoietin.  

 

aIdentified in eQTL studies using asthma risk alleles in airway epithelium. 
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Epigenetic factors and the epithelial barrier in asthma 

As outlined, asthma‐associated polymorphisms can directly alter a gene's coding sequences, 

thereby altering protein function and, consequently, the biology of the airway epithelium. 

More frequently, however, asthma‐associated SNPs have a regulatory effect on gene 

expression, acting as eQTLs. A recent study shows that almost 59% of the asthma‐associated 

SNPs identified by the Trans‐National Asthma Genetic Consortium (TAGC) study is an 

eQTL in nasal epithelium and that in almost 90% of these cases, this effect is mediated by 

CpG methylation (87). Clearly, epigenetic regulation of gene expression is highly relevant to 

the translation of disease susceptibility into altered biology of the airway epithelium. 

Epigenetic marks are highly responsive to environmental exposures relevant to asthma 

inception or exacerbations, further underscoring the relevance of epigenetics for 

understanding asthma pathophysiology (88-91). Three main types of epigenetic marks can 

be distinguished: CpG methylation, histone modifications and small, noncoding RNAs. 

 

Differences in DNA methylation patterns between asthma patients and healthy controls have 

been studied in (epi)genome‐wide analyses (EWAS). As CpG methylation patterns are also 

highly cell‐type dependent, cell‐type composition of the biological sample is an important 

cofounder of EWAS analyses (92). Therefore, we here focus on the studies in upper (nasal) 

airway brushes, that mainly consist of epithelial cells (93), and which were shown to have 

the best correlation to the DNA methylation patterns in bronchial epithelial cells (94). In four 

studies reported to date (95-98), methylation of the GJA4 gene, encoding Connexin37, a 

protein capable of forming heterotypic gap junctions, was consistently found to be reduced, 

although an association with altered gene expression levels was not detected (97). Other 

genes relevant to epithelial barrier function (CDH26, CDHR3) were also found differentially 

methylated (95, 97). In addition to CDHR3, another gene selectively expressed in ciliated 

epithelial cells, ZMYND1091 was found to be differentially methylated, which is consistent 

with an altered airway epithelial composition in asthma. Only one study to date analysed 

CpG methylation in bronchial biopsies from asthma patients and healthy controls, but this 

analysis was focussed on methylation patterns associated with remission of asthma (99). 

 

Several studies have looked specifically into DNA methylation changes induced by relevant 

environmental factors, which affect epigenetic regulation of asthma genes (100-102). RV 

infection‐induced DNA methylation patterns differed between nasal epithelial cells from 
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asthmatic children and healthy controls, with enrichment for loci carrying genes involved in 

cell‐cell and cell‐matrix interactions (100). Similarly, RV infection‐induced DNA 

methylation patterns differed between nasal epithelial cells from asthmatic adults and healthy 

controls (102). In children who had early‐life rhinovirus‐induced wheezing, specific DNA 

methylation patterns associated with asthma later in life were identified, including increased 

methylation at the SMAD3 locus (101). Finally, one elegant study analysed the effects of 

diesel exhaust particle exposure and (segmental) allergen challenge on DNA methylation 

patterns in airway epithelial cells obtained by bronchial brushing both 48 hours after exposure 

and after 4 weeks (103). While both allergen challenge and diesel exhaust particle exposure 

induced DNA methylation changes in airway epithelial cells, the most pronounced effects 

were observed in individuals who received an allergen challenge 4 weeks prior to exhaust 

particles exposure, with genes annotated to cell adhesion being most enriched in the 

differentially methylated regions (103). These data clearly indicate the relevance of 

environmental exposures for epigenetic regulation of gene expression in the airway 

epithelium and therefore for asthma. As the epigenetic signature of the airway epithelium 

integrates genetic susceptibility with the life history of relevant environmental exposures, it 

can be expected to be a strong biomarker for asthma development or even treatment response 

(98). 

 

In addition to DNA methylation, epithelial gene expression can be modulated by miRNAs, 

which are small noncoding RNAs of about 21‐25 nucleotides that can bind to target mRNAs, 

leading to mRNA degradation or translational repression. Altered miRNA profiles have been 

observed in airway epithelium of asthma patients compared to healthy controls (104, 105). 

Several of the differentially expressed miRNAs modulate the expression of genes implicated 

in epithelial barrier function, repair, proliferation or apoptosis. For example, miR‐744, miR‐

19a, miR‐221, miR‐27a, miR‐128 and miR‐34/449 are differentially expressed in bronchial 

epithelial cells from asthma patients compared to controls and have been described to 

modulate cell proliferation, apoptosis and ciliogenesis by targeting TGF‐β1, TGF‐βR2, 

SIRT1, SMAD2 (target of both miR‐27a and miR‐128) and Cp110, respectively (106-111) 

(Figure 4). Of interest, the discussed miRNAs were not all identified in patients with the same 

disease severity. The differential expression of miR‐744, miR‐221 and miR‐19 was shown in 

HBEC from severe asthma patients with an atopic and eosinophilic phenotype (106-108), 

whereas miR‐34/449 was identified in mild atopic asthma (105). While miR‐19 was higher 
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in severe atopic eosinophilic asthma, its expression in mild asthma was similar as in healthy 

controls (108). Moreover, a miR‐19 mimic induced more proliferation in HBEC from severe 

asthma patients than in control‐derived HBEC. The expression of miR‐744 was reduced in 

HBEC from severe asthma but tended to increase in mild asthma compared to healthy 

controls (106). These observations suggest that the impact of the miRNAs on the epithelium 

can differ with disease severity; however, this requires further investigation. It is also 

unknown whether miRNAs that affect epithelial barrier in asthma modify the treatment 

response, but for miR‐34/449, miR‐19 and miR‐223, there were no correlations between 

miRNA expression and treatment with inhaled corticosteroids (105, 108, 112). Furthermore, 

miR‐155 and miR‐223 have been implicated in EMT by altering mesenchymal markers (112, 

113), although their exact role in asthma airway epithelial cells is unknown. Also, differential 

expression of miR‐3162, miR‐125b, miR‐223 and miR‐330 in blood or sputum from asthma 

patients, possibly transported in extracellular vesicles (EVs), can affect the epithelial barrier 

function by influencing the expression of, for example β‐catenin, vimentin and mucins (112, 

114-117) (Figure 4). Moreover, airway epithelium itself can communicate by secreting EVs. 

Epithelial‐derived EVs play a role in airway homeostasis and airway epithelial remodelling 

by inducing amongst others mucin hypersecretion (117). The miRNA signature in epithelial‐

derived EVs is altered upon stimulation with IL‐13 compared to EVs obtained from untreated 

bronchial epithelial cells (118). However, it is unclear whether similar changes can be 

observed in the miRNA profile of epithelial‐derived EVs from asthma patients and whether 

those changes in miRNA expression affect the epithelial barrier. In asthma murine models, 

lower miR‐448‐5p and higher miR‐106a levels were expressed in lung tissue compared to 

control mice (111, 119). In vitro up‐ or downregulation of these miRNAs resulted in altered 

protein levels of E‐cadherin, fibronectin, collagen IV and vimentin in bronchial epithelial 

cells after TGF‐β1 stimulation (111, 119). 

 

Together, the interaction between genetic factors and epigenetic regulatory mechanisms may 

contribute to abnormalities in the airway epithelium and the development of asthma. 

Understanding these mechanisms may lead to identification of novel targets in airway 

epithelium for asthma intervention. 
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Figure 4: The influence of microRNAs in epithelial barrier function. This overview illustrates miRNAs that are 

differentially expressed in asthma and could contribute to epithelial barrier dysfunction in asthma. miRNAs coloured 

in red with upward arrow are upregulated in asthma, and miRNAs coloured in blue with downward arrow are 

downregulated in asthma. miRNAs with an underscore were measured in bronchial epithelial cells, and miRNAs in 

italic were measured in sputum or blood from asthma patients and controls. Black lines ending with a perpendicular 

line indicate inhibitory effects, and black lines ending with an arrow indicate a stimulatory effect. Full lines indicate 

direct effects, and half-full lines indicate indirect effects. EMT, epithelial-mesenchymal transition; LPS, 

lipopolysaccharide; SIRT-1, Sirtuin 1; SPDEF, SAM Pointed Domain Containing ETS Transcription Factor; TGF-

β1, Transforming Growth Factor Beta 1; TGFBR1, Transforming Growth Factor Beta Receptor 1 

 

New insights from single‐cell sequencing data 

Further insight into the mechanisms of asthma and the role of the airway epithelium may 

come from technological advances. These include recent progress in single‐cell RNA 

sequencing (scRNA‐Seq), greatly enhancing the granularity at which the cellular 

composition of tissues can be characterised (120). In addition, scRNA‐Seq allows the 

description of molecular cell phenotypes (or cellular “states”), predict cell‐cell interactions 

and cell state transitions at unprecedented detail. Using these technologies to study lung 

tissue, the ionocyte has recently been discovered as novel airway epithelial cell (6, 121). The 

pulmonary ionocyte is a relatively rare cell type, characterised by expression of ion 

transporters including V‐ATPase and the cystic fibrosis CFTR gene, indicating a role in 

regulation of ion and fluid transport across the airway epithelium as well as pH of the mucosal 
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surface. While the application of these technologies to identify all cell types of the healthy 

human body, including lung, as pursued by the Human Cell Atlas consortium (122, 123) are 

exciting, these novel techniques also hold great potential to increase our understanding of 

disease pathogenesis. A first description of the cellular landscape of healthy airway wall and 

the changes thereof in patients with childhood‐onset allergic asthma identified a unique 

disease‐associated airway epithelial cell state, as well as a remarkable shift in cell‐cell 

communication (93). Various known changes in the asthmatic airway wall were recapitulated 

by scRNA‐Seq analysis, such as increased numbers of airway smooth muscle cells, goblet 

cells and mast cells, underscoring the validity of the approach (Figure 5). The study identified 

a subset of ciliated epithelial cells in asthma that was characterised by expression of 

MUC5AC and other goblet‐cell genes, a molecular phenotype of ciliated cells that was not 

observed in healthy airway walls (93). This so‐called mucous ciliated cell type was mapped 

to the ciliated differentiation trajectory. Interestingly, these mucous ciliated cells as well as 

the goblet cells in asthma lacked expression of Notch target genes, but instead expressed a 

signature of IL4/IL13‐induced genes, which was in contrast to the (few) goblet cells present 

in airway wall from healthy donors. Therefore, mucous ciliated cells were proposed to 

represent a transitional cell state in the ciliated lineage-induced by IL‐4/IL‐13 signalling-

leading to a mucous cell phenotype that contributes to mucous cell metaplasia in asthma (93). 

As these pathogenic Th2 effector cells were exclusively observed in asthmatic airway walls, 

and the mucous ciliated cells showed evidence of IL‐13‐induced gene transcription, it seems 

likely that Th2 cytokines are responsible for these cell state changes in the asthmatic airway 

epithelium. Indeed, Th2 effector cells were found to dominate the predicted airway wall cell‐

cell interactome in asthma (93). We previously reported that Th2 cytokine production was 

suppressed by primary bronchial epithelial cells, a regulatory mechanism that seems to be 

attenuated in asthma (124). The airway wall cellular interactome analysis also identified cell‐

cell communication between epithelial cells and other structural or tissue‐resident cells, 

characterised by growth factor signalling. This interaction was present in healthy airway wall 

but lost in asthma (93). Therefore, it will be of great interest to study which cell‐cell 

interactions observed in healthy airway wall maintain the barrier function of airway 

epithelium, and how these can be restored in the asthmatic condition. Future studies in larger 

cohorts of patients and controls, as well as in a larger variety of asthma subphenotypes also 

hold the promise of charting the cellular changes and causal gene regulatory networks 

underlying a wider variety of asthma endotypes. Moreover, analysis of matched scRNA‐Seq 
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data sets from airway wall biopsies, bronchial brushes and nasal brushes will allow design of 

novel biomarkers for disease activity or treatment response using less invasive 

methodologies. 

 

 

Figure 5: Analysis of airway epithelial cells in asthma using single-cell RNA sequencing. (A) Airway wall biopsies 

are obtained from 5th- 7th generation airway through bronchoschopy, followed by tissue digestion and scRNA-Seq 

analysis. (B) Unsupervised clustering identifies a large number of epithelial and nonepithelial cell types from airway 

wall. (C) Comparison of relative frequencies of cell types identified increased number of goblet cells and mucous 

ciliated cells, a novel, disease-associated ciliated epithelial cell phenotype and increased numbers of mast cells and 

B cells in asthma compared to healthy. (D) Analysis of epithelial cell subset-specific transcriptomes reveals presence 

of IL4/IL13-induced gene transcription in goblet cells and mucous ciliated cells, specifically in asthma. 

 

Therapeutic strategies to improve barrier function 

Targeting the airway epithelial barrier may constitute a promising novel therapeutic strategy 

for asthma and related allergic diseases. Intrinsic abnormalities in the airway epithelium of 

asthmatics culminate in inappropriate immune and inflammatory responses as well as 



43 

 

defective repair. Genetically supported targets could double the success rate in clinical 

development. 

 

A number of pathways involved in maintaining or restoring epithelial barrier function are 

targetable; these include those (a) enhancing mucosal innate immunity, (b) decreasing 

epithelial permeability through effective assembly of TJ and AJ proteins and (c) restoring 

epithelial cell integrity by improving regeneration and regulating mucus production. 

Modulation of several developmental transcription factors has been shown to improve 

epithelial differentiation and as a consequence, barrier function. We recently demonstrated 

that inhibition of β‐catenin/CBP signalling inhibits EMT and promotes recovery of epithelial 

barrier function through restoration of E‐cadherin expression (40, 80, 125, 126). Notch 

signalling appears to be intimately involved in regulating mucus cell fate and mucus release 

(127). Recent studies from our laboratory and others have shown that modulating Notch 

signalling has a dramatic effect on mucus secretion (37). In addition, Smad3 inhibitors may 

reverse airway epithelial abnormalities as observed in asthma, as reviewed previously (2). 

Because of the described effects of type‐2 cytokines on epithelial barrier function, we 

anticipate that new biologics may have beneficial effects on airway epithelial barrier function 

specifically in type‐2 driven asthma; however, to the best of our knowledge, there are no 

studies yet that assessed this. 

 

The majority of patients respond well to a combination of inhaled corticosteroids (ICS) and 

bronchodilators. Whether or not ICS have direct beneficial effects on epithelial health or 

barrier function is unclear. Although corticosteroids failed to prevent the TGF‐β‐induced 

downregulation of E‐cadherin in a bronchial epithelial cell line (128), findings in primary 

bronchial epithelial cells indicate that ICS protect against oxidative stress‐induced epithelial 

barrier dysfunction (129). However, asthma epithelium was found less responsive to ICS 

(129). Oxidative stress as well as IL‐17 may lead to ICS unresponsiveness by PI3K‐

dependent post‐translational histone deacetylase (HDAC)2 modifications and proteasomal 

HDAC2 degradation (130, 131). Strategies to restore ICS sensitivity could be beneficial in 

improving epithelial barrier function in asthma in combination with ICS, including the use 

of antioxidants or α‐IL‐17 antibodies (132). Endotype‐specific therapies that have been 

recently developed to mitigate symptoms in patients refractory to conventional ICS‐based 
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therapy may largely have their impact through effects on immune/inflammatory components 

though. 

 

Concluding remarks 

The airway epithelial phenotype induced by the interaction of genotype and environment 

plays a central role in the pathogenesis of asthma. Accumulating evidence indicates that 

multiple genetic variants associated with the risk of developing asthma in response to 

environmental factors regulate proteins of relevance to airway epithelial function, including 

roles in barrier function, inflammation, mucociliary clearance and homeostasis. In addition, 

alterations in epigenetic regulation contribute to abnormalities in the biology of the airway 

epithelium in asthma. Further insight into these regulatory mechanisms, for example by the 

use of scRNA‐seq, holds promise for identifying patients likely to benefit from epithelial‐

focused therapies and the identification of targets for novel therapies strategies aimed at 

correcting dysfunctional epithelial barrier. 
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To the editor 

The airway epithelial barrier in asthma may be more susceptible to damage and/or less 

capable of repair in response to aeroallergens like house dust mite (HDM), resulting in loss 

of barrier function, as evidenced by reduced expression of cell-cell adhesion protein E-

cadherin (1). This may not only lead to increased permeability to allergens and impaired 

epithelial differentiation, but also result in increased pro-inflammatory responses, including 

the release of cytokines such as CCL20, GM-CSF, CCL17, IL-33 and TSLP to attract and 

activate immune cells (2). Epithelial cells from asthma patients display a more basal 

phenotype than healthy epithelium, along with an inability to re-differentiate into a 

functionally intact epithelium and reconstitute normal barrier function upon damage by 

allergens (3). The loss of E-cadherin releases β-catenin, which translocates to the nucleus, 

inducing divergent gene expression profiles depending on recruitment of different 

transcriptional co-activators. Recruitment of CREB-binding protein (CBP) results in 

expression of genes associated with epithelial de-differentiation, migration and proliferation, 

while p300 induces gene transcription associated with cell differentiation (4). We previously 

observed that epithelial exposure to HDM results in E-cadherin and β-catenin loss from 

adherens junctions, accompanied by increased CCL20 release, and that asthma-derived 

airway epithelial cells are more susceptible to these HDM-induced effects. It is currently 

unknown whether dysregulated β-catenin signalling contributes to this abnormal epithelial 

phenotype in asthma. 

 

We hypothesised that binding of β-catenin to p300 suppresses pro-inflammatory responses 

and improves epithelial barrier function. We tested this by pharmacological inhibition of β-

catenin/CBP activity using ICG-001, a highly specific inhibitor of β-catenin/CBP binding 

promoting β-catenin/p300 binding (5), in human primary airway epithelial cells (PAECs). 

We assessed effects on HDM-induced CCL20 release and barrier function at baseline and 

after injury. 

 

We first investigated whether β-catenin/CBP signalling regulates epithelial pro-inflammatory 

responses by quantifying the effect of ICG-001 on HDM-induced CCL20 release. HDM 

significantly increased CCL20 production in PAECs obtained by bronchial brushings from 

both asthma and healthy donors (Figure 1A,C). As there was no significant difference in 

HDM-induced CCL20 increase between PAECs from asthma (4.4 ± 2.0-fold) and healthy 
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donors (2.9 ± 1.1-fold), we combined the groups to assess the effect of ICG-001. Pretreatment 

with ICG-001 significantly decreased the HDM-induced CCL20 release in the combined 

group of asthma and heathy donors (0.48 ± 0.35-fold, Figure 1B,D). Similar effects were 

observed for GM-CSF (Figure S1A,B), where ICG-001 significantly reduced basal and 

HDM-induced GM-CSF levels, while CCL17, TSLP and IL-33 were not detectable. 

Furthermore, a similar effect of HDM on CCL20 was observed in PAECs derived from 

human tracheobronchial tissue of normal lung transplant donors, with a trend towards 

inhibition of HDM-induced CCL20 levels by ICG-001 (Figure S1C,D). 

 

We next investigated if ICG-001 treatment improves epithelial barrier function, a 

hypothesised prerequisite for epithelial differentiation, in PAECs derived from human 

bronchial tissue of nor- mal lung transplant donors because of the limited availability of 

PAECs from the bronchial brushings from asthma and healthy donors. Electric resistance 

was measured as read-out for epithelial barrier function using Electric Cell-substrate 

Impedance Sensing (ECIS), a highly accurate technique for real-time monitoring of cell 

adhesion/spreading, barrier function and wound healing (6). While low-frequency resistance 

is most sensitive for changes in cell-cell contacts, high-frequency capacitance is more 

sensitive for changes in cell-substrate contacts. Low-frequency resistance, stabilizing at 

2572.4 ± 294.9 Ω upon hormone/growth factor deprivation, significantly increased after 

addition of ICG-001 (~1.5-fold), which was evident within 6 hours and lasted up to 30 hours 

(Figure 2A). The high-frequency capacitance altered to a lesser extent (Figure 2B), indicating 

that this effect is primarily due to increased cell-cell adhesion. We next investigated if ICG-

001 promotes epithelial cell repair after injury induced by electroporation, using 5 V pulses 

at 40 kHz for 30 seconds, resulting in almost complete detachment of the cells from the 

electrode (6) This was reflected by an immediate decrease in resistance (Figure 2C) and 

comparable increase in capacitance (Figure 2D), followed by migration of cells over the 

wounded area, as evident from the increase in resistance and decrease in capacitance, 

restoring the integrity of the monolayer within ~3 hours. While 3-hour pretreatment with 

ICG-001 did not affect this initial repair response, ICG-001 further enhanced low-frequency 

resistance once capacitance stabilised, indicating increased recovery of cell-cell contacts 

(Figure 2C,D). 
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Figure 1: ICG-001 inhibits HDM-induced CCL20 production in PAECs. PAECs were obtained by bronchial 

brushings from healthy (n = 6) and asthmatic (n = 6) donors. Cells were seeded in duplicates at a density of 5 × 104 

cells/well in a 24-well plate, grown to confluence, growth factor/hormone deprived overnight, pretreated with 10 

µM of ICG-001/vehicle control for 3 h, followed by 50 µg/mL HDM. Cell-free supernatants were collected after 24 

hours, and protein levels of CCL20 were measured. CCL20 levels are presented as absolute values (pg/mL) (A, B) 

or as percentage of the unstimulated levels (C, D). CCL20 levels in separate (A, C), and in combined group (B, D) 

of asthma and healthy- derived PAECs. Data are presented as median ± IQR, and Friedman test was used to 

determine the statistical significance; *P < 0.05, ***P < 0.001 

 

Because of the limited PAEC numbers, we used human bronchial epithelial 16HBE cells for 

further mechanistic studies. We observed that in 16HBE both HDM and thapsigargin 

increased the release of CCL20, which was inhibited by ICG-001 pretreatment (Figure 

S2A,B). ICG-001 did not reduce CCL20 mRNA expression (Figure S2C-F), indicating that 

ICG-001 inhibits HDM-induced CCL20 release through post-transcriptional regulation. 

Indeed, ICG-001 still inhibited CCL20 release upon inhibition of de novo synthesis using 
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cycloheximide (Figure S3A,B). Of note, disrupting cortical actin filaments, and thus 

localisation of E-cadherin at cell-cell contacts, by cytochalasin D significantly increased 

CCL20 release, with a trend towards inhibition by ICG-001 (Figure S3C). 

 

 

Figure 2: ICG-001 increases the epithelial barrier function in PAECs. PAECs were obtained from human bronchial 

tissue of normal lung transplant donors (n = 6). Cells were seeded in duplicates at a density of 5 × 104 cells/well in 

8-well electrode arrays connected to ECIS system, grown to confluence for 3 days, growth factor/hormone deprived 

overnight, and pretreated with 10 µM of ICG-001 or vehicle control for 3 h. (A) Resistance and (B) capacitance 

values were normalised to the time point of addition of ICG-001. After 3 h, the cells were wounding by 

electroporation. (C) Resistance and (D) capacitance values were normalised to the lowest and highest points 

respectively after wounding. Data are presented as mean ± SEM, and two-way ANOVA was used to determine the 

statistical significance; *P < 0.05 

 

As for the mechanisms of barrier function, we previously observed that 16HBE barrier 

function is comparable to that of differentiated PAECs (6). We used thapsigargin to induce 

barrier damage, a sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) inhibitor that mimics 

the Ca2+-mediated effects of HDM (2), yet causing a more robust effect. Thapsigargin 
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induced a similar decrease in 16HBE barrier function (Figure S4C) as observed for 

electroporation in PAECs. ICG-001 increased barrier function at baseline and improved 

recovery from thapsigargin-induced damage (Figure S4). This was accompanied by a 

significant increase in the localisation of E-cadherin to cell-cell contacts, which may be 

regulated by the organisation of the actin cytoskeleton and cortical expression of F-actin 

(Figure S5A-C). Accordingly, blocking actin polymerisation using cytochalasin D caused a 

transient decrease in barrier function, with a disorganised actin network and junctional 

disruption of E-cadherin, which could at least in part be mitigated by ICG- 001 (Figure 

S5D,E). Collectively, these data suggest that ICG-001 may improve epithelial barrier 

function by increasing β-catenin re- cycling to adherens junctions to form a complex with E-

cadherin and the actin cytoskeleton. We previously showed that junctional E-cadherin loss 

leads to increased EGFR activity (7), which can induce Ca2+ signalling and subsequently 

activate ADAM10, a well-known sheddase of E-cadherin (8). Our current data suggest that 

inhibition of CCL20 release by ICG-001 may be mediated by stabilizing E-cadherin at the 

membrane, inhibiting EGFR activity (7), Ca+2 signalling and subsequent ADAM10 activation 

(Figure S6), which we have previously shown to be involved in CCL20 release (9). Further 

studies are currently being directed towards investigating the effect of inhibition of the β-

catenin/CBP pathway on barrier function and mucociliary differentiation of PAECs from 

healthy and asthma donors cultured at air-liquid interface. 

 

In conclusion, our data show that inhibition of β-catenin/CBP signalling promotes cell-cell 

contacts and recovery of epithelial barrier function upon damage, while attenuating CCL20 

release after HDM exposure. Interference of β-catenin/CBP signalling may constitute a novel 

treatment strategy aimed at the restoration of the mucosal barrier in asthma and protection 

against pro-inflammatory activity in asthma. 
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Online Supplementary Data 

Methods 

Cell isolation 

Primary airway epithelial cells (PAECs) were obtained by bronchial brushings in 6 healthy 

and 6 asthmatic donors (see supplementary Table 1 below for patient characteristics) as 

described previously (1). In addition, PAECs were obtained by protease digestion as 

described previously (2) from tracheobronchial tissue of 7 lung transplant donors of whom 

no further information was available. 

 

Table 1: Patient Characteristics 

Median levels (min-max) are shown 

 

Immunofluorescence staining 

Cells were grown on coverslips were washed with 0.01% CaCl2/PBS, fixed in PBS-buffered 

paraformaldehyde (4%) for 10 minutes, permeabilised in 0.5% Triton X-100/PBS for 5 

minutes, and blocked in 5% BSA/PBS for 60 minutes. Coverslips were incubated for 60 

minutes with purified mouse anti-E-cadherin antibody (1:50; BD Biosciences, Franklin 

Lakes, New Jersey, USA) and subsequently incubated for 60 minutes with Alexa green 488–

labelled anti-mouse IgG conjugates (1:500; Molecular Probes, Eugene, Oregon, USA) 

followed by rhodamine-labelled phalloidin (1:200; Cytoskeleton Inc., Denver, Colorado, 

USA) in presence of DAPI (1:1000). Coverslips were mounted on slides using Fluorescence 

Mounting Medium (Agilent Technologies, Santa Clara, California, USA). Images were taken 

using Leica DM4000 B fluorescence microscope (Leica Microsystems, Wetzlar, Germany) 

at 63x magnification. Semi-quantitative analysis was done by blinded scoring of 8-10 random 

images from each condition on a scale of 1 to 4; with 1 representing E-cadherin/F-actin being 

weakly localised (highly disrupted) to cell-cell contacts and 4 being exclusively localised to 

cell-cell contacts. 

 

Subject Asthma (n=6) Healthy (n=6) 

Age (years) 44 (33-58) 50.5 (23-57) 

Gender (M, %) 2 (33.33) 2 (33.33) 

FEV1 pred (%) 90.76 (76-101) 110 (103-133) 

FEV1/FEC (%) 73 (64.76-77.21) 80.4 (73.87-85.36) 
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Results 

 

Figure S1: ICG-001 inhibits HDM-induced CCL20 and GM-CSF production in PAECs. Cells were isolated by 

bronchial brushings from 6 asthma and 6 healthy donors (A,B) or from tracheobronchial tissue of 7 lung transplant 

donors (C,D). Cells were seeded in duplicates at a density of 5 x 104 cells/well in a 24-well plate, grown to 

confluence, growth-factor/hormone deprived overnight, pre-treated with 10 µM of ICG-001/vehicle control for 3 

hours, followed by 50 µg/mL HDM. Cell-free supernatants were collected after 24 hours and protein levels of GM-

CSF and CCL20 were measured. Absolute values (pg/mL) are shown (A,C) or levels are presented as percentage of 

the unstimulated levels (B,D). (A,B) GM-CSF levels in combined group of asthma and healthy-derived PAECs. 

(C,D) CCL20 levels in PAECs isolated from human bronchial tissue of normal lung transplant donors. Data is 

presented as median ± IQR and the Friedman test was used to determine the statistical significance between the 

indicated values; *p<0.05, **p<0.01.  
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Figure S2: ICG-001 inhibits HDM and thapsigargin (TG)-induced CCL20 production but not mRNA expression in 

16HBE cells. Cells were seeded in duplicates at a density of 5 x 104 cells/well in a 24-well plate, grown to confluence, 

serum deprived overnight and were pre-treated with 10 µM of ICG-001/vehicle control, followed by 50 µg/mL 

HDM or 0.1 µM TG. (A, B) Cell-free supernatants were collected at 24 hours and CCL20 levels were measured 

(n=9). mRNA was isolated at (C, D) 6 hours (n=6), and (E, F) 24 hours (n=6, 5 respectively) and CCL20 expression 

(relative to house-keeping genes; PPIA and B2M) normalised to control (2-ddCt) was determined using qPCR. Data 

is presented as mean ± SEM and one-way ANOVA was used to determine the statistical significance; *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 
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Figure S3: ICG-001 inhibits CCL20 release when protein synthesis is blocked by CHX and inhibits cytochalasin 

D-induced CCL20 release in 16HBE cells. Cells were seeded in duplicates at a density of 5 x 104 cells/well in a 24-

well plate, grown to confluence, serum deprived overnight and were pre-treated with 10 µM of ICG-001/vehicle 

control (A, B) with or without 1 µg/mL CHX for 3 hours, followed by 50 µg/mL HDM or 0.1 µM thapsigargin (TG) 

(n=6) and (C) with or without 1 µM of CD (n=6). Cell-free supernatants were collected at 24 hours and CCL20 

levels were measured by ELISA. Data is presented as mean ± SEM and one-way ANOVA was used to determine 

the statistical significance; *p<0.05, **p<0.01, ***p<0.001. 
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Fig S4: ICG-001 increases the epithelial barrier function in 16HBE cells. Cells were seeded in duplicates at a density 

of 7.5 x 104 cells/well in 8-well electrode arrays connected to ECIS apparatus. After 48 hours, cells were serum 

deprived overnight and pre-treated with 10 µM of ICG-001 or vehicle control for 3 hours. (A) Resistance and (B) 

capacitance values were normalised to the time point of addition of ICG-001. After 3 hours, the cells were treatment 

with 0.1 µM of thapsigargin (TG) or vehicle control. (C) Resistance and (D) Capacitance values were normalised to 

the time point of addition of TG. Data is presented as mean ± SEM (n=4) and two-way ANOVA was used to 

determine the statistical significance; *p<0.05, ***p<0.001. 
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Figure S5: ICG-001 increases the cortical localisation of E-cadherin and actin and attenuates cytochalasin D (CD) 

induced disruption of epithelial barrier. 16HBE cells were seeded in duplicates at a density of 1 x 105 cells/well on 

coverslips placed in 12-well well plate for immunofluorescence staining and at a density of 7.5 x 104 cells/well on 

8-well electrode arrays connected to ECIS apparatus. The cells were serum deprived overnight after reaching 

confluence and treated with 10µM of ICG-001/vehicle control with or without 0.1 µM of CD (for ECIS) and 1 µM 

of CD (for immunofluorescence). (A) After 3 hours, the cells on the cover slips were fixed and stained for E-cadherin 

(green), F-actin (red) and nuclei (blue) and representative images are shown. Semi-quantitative analysis of (B) E-

cadherin, and (C) cortical actin at cell-cell contacts was performed as described in the methods. Data is presented as 

mean ± SEM (n=4) and one-way ANOVA was used to determine the statistical significance between groups; 

*p<0.05, ***p<0.001. (D) Resistance and (E) Capacitance values were normalised to the time point of respective 

stimulations. Data is presented as mean ± SEM (n=3) and two-way ANOVA was used to determine the statistical 

significance; *p<0.05. 
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Figure S6: Schematic representation of plausible mechanism of action of ICG-001 in improving the epithelial 

barrier function and attenuating HDM-induced CCL20 release. 
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Abstract 

The asthmatic airway epithelium displays lower expression of cell-cell junction protein E-

cadherin and may be more susceptible to damage by allergens like house dust mite (HDM). 

We have previously shown that knock-out of E-cadherin in vivo in all the lung epithelial cells 

during embryonic development resulted in spontaneous inflammation and remodeling of the 

airways and lungs. In this study, we investigated the effect of loss of E-cadherin on 

susceptibility to chronic allergen challenge. To investigate this, we used inducible, cell-type 

specific knock-out models to delete E-cadherin in different subsets of lung epithelial cells by 

inducing Cre activity in surfactant protein C (SP-C) expressing cells during embryonic 

development, or in club cell secretory protein (CCSP) expressing cells either during 

embryonic development, or after birth. Two week old female mice were initially sensitized 

after weaning, followed by chronic exposure to HDM. In all the three models, we observed 

that loss of E-cadherin resulted in denudation of airway epithelial cells and airspace 

enlargement, along with spontaneous inflammation characterized by the increase in 

infiltration of dendritic cells (DCs) and eosinophils, although the kinetics were different 

between the three models. E-cadherin knockdown did not enhance HDM-induced 

inflammatory responses in any of the models. We conclude that the extent of lung epithelial 

E-cadherin loss affects the kinetics and magnitude of spontaneous airway inflammation and 

structural changes in the lungs but does not enhance sensitivity to allergens in young mice. 

This indicates that the downregulation of E-cadherin by HDM is sufficient to induce airway 

inflammation in mice. 

 

Introduction 

Asthma is broadly characterized by T helper 2 (Th2) cell mediated inflammation, and 

remodeling of the airways, which refers to the structural changes in airways such as increased 

smooth muscle mass, thickening of airway wall, subepithelial fibrosis, and increase in goblet 

cell numbers. The airway epithelium is thought to play a key role in the pathogenesis of 

asthma (1). The airways are lined with a pseudostratified epithelium consisting of basal cells, 

club cells, ciliated cells, and goblet cells, which are connected to each other by intercellular 

junctional proteins that are critical for barrier formation (1). The asthmatic airway epithelium 

has been shown to have an impaired barrier function, with reduced expression of tight 

junction proteins ZO-1 and occludin and adherens junction protein E-cadherin (2,3). 

Allergens like house dust mite (HDM) have been shown to disrupt airway epithelial barrier 
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function (4), to which airway epithelial cells from asthmatic donors are more susceptible than 

those from healthy donors (5). Of interest, loss of E-cadherin expression has been shown to 

result in decreased epithelial barrier function and increased pro-inflammatory responses, 

specifically Type 2 promoting factors, in human bronchial epithelial cells (6). In addition, E-

cadherin is involved in cell proliferation, differentiation, and regulation of signaling 

pathways (including WNT/β-catenin, EGFR signaling) that lead to production of growth 

factors and pro-inflammatory mediators (7). 

 

Exposure to allergens like house dust mite (HDM) has been previously shown to disrupt E-

cadherin at the cell junctions and promote epithelial-mesenchymal transition (EMT) in 

airway epithelial cells, which may contribute to airway epithelial remodeling and remodeling 

of the subepithelial layer in the airway walls (8). Upon exposure to HDM, airway epithelial 

cells release pro-inflammatory chemokines like C-C motif chemokine ligand 20 (CCL20) 

and CCL17, alarmins such as thymic stromal lymphopoietin (TSLP), IL-25, IL-33, and 

cytokines such as granulocyte-macrophage colony-stimulating factor (GM-CSF), which 

attract and activate the dendritic cells (DCs) and Th2 cells, macrophages and type-2 innate 

lymphoid (ILC2) cells. We have previously shown that E-cadherin plays a major role in the 

modulation of immune responses of the airway epithelium and demonstrated that deletion of 

E-cadherin results in loss of epithelial barrier function as well as increased Th2 cell attracting 

pro-inflammatory response in airway epithelial cells (6). In addition, we previously observed 

spontaneous eosinophilic airway inflammation and denudation of airway epithelial cells in 

mice with selective E-cadherin loss induced by surfactant protein C (Sftpc or SP-C) promoter, 

which is expressed in all the lung epithelial cells during early stages of development (9,10). 

The loss of E-cadherin driven by the SP-C promoter during embryonic development also 

affected the alveolar type II cells in the knock-out mice, resulting in emphysematous lesions 

in the lung (9). Since asthma is mainly a disease of the airways, specific knockout of E-

cadherin in bronchial cells may be a more relevant model to study the contribution of E-

cadherin loss to airway epithelial integrity in asthma, as observed upon HDM exposure. 

Therefore, we aimed to induce E-cadherin loss selectively in airway epithelial cells by use of 

the club cell secretory protein (Scgb1a1 or CCSP) promoter sequences. The use of CCSP-

rtTA transgenic strain and the tet-operon driven Cre transgene allows for induction of Cre 

activity and recombination of the conditional E-cadherin allele in most airway epithelial cells 

when doxycycline is administered during pregnancy, or selectively in club cells when 
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doxycycline is administered after birth (9,11,12), and compared these models to the 

previously used model using the SP-C promoter. In addition, we hypothesized that the loss 

of E-cadherin in airway epithelium facilitates allergen-induced epithelial responses. To 

assess if loss of epithelial barrier function increases the sensitivity to allergen-induced airway 

inflammation, we compared HDM-induced airway inflammation in wild-type and E-cadherin 

knockout mice, using the three different mouse models with E-cadherin knocked out in all 

lung epithelial cells, and specifically in airway epithelial cells during embryonic development 

or after birth. 

 

Materials and Methods 

Generation of conditional E-cadherin knock-out (Cdh1-/-) mice 

Conditional E-cadherin knock-out mice (Cdh1fl/fl), backcrossed onto the C57Bl/6J 

background were purchased (Jackson Laboratory, Maine, USA). Compound transgenic SP-

C-rtTA/(tetO)7-Cre mice and CCSP-rtTA/(tetO)7-Cre mice on C57Bl/6J background that 

express the reverse tetracycline transactivator (rtTA) controlled by the human surfactant 

protein C (SP-C) promoter and rat club cell secretory protein (CCSP) promoter respectively 

and express Cre recombinase under control of the tet operator (tetO) were kindly provided 

by Prof. Jeffrey Whitsett and obtained from Prof. Bart Lambrecht, VIB, Ghent, Belgium. 

Cdh1fl/fl mice were crossed with SP-C-rtTA/(tetO)7-Cre mice to obtain both homozygous 

Cdh1fl/fl Cre+ mice (SP-C-rtTA+/(tetO)7-Cre+/Cdh1fl/fl) and Cdh1fl/fl Cre− mice (SP-C-

rtTA+/(tetO)7-Cre−/Cdh1fl/fl) mice as litter-mate controls. Similarly, Cdh1fl/fl mice were also 

crossed with CCSP-rtTA/(tetO)7-Cre mice to obtain both homozygous Cdh1fl/fl Cre+ mice 

(CCSP-rtTA+/(tetO)7-Cre+/Cdh1fl/fl) and Cdh1fl/fl Cre− mice (CCSP-rtTA+/(tetO)7-

Cre−/Cdh1fl/fl) mice as litter-mate controls. Doxycycline-containing chow (200 mg/kg; Bio-

Serv, Frenchtown, NJ, USA) was provided ad libitum either to the pregnant dams or during 

the postnatal period to the mother before weaning and to the pups after weaning to generate 

the following models of conditional E-cadherin knock-out mice: 

 

Model 1: SP-C-rtTA/(tetO)7-Cre/Cdh1fl/fl with doxycycline treatment during embryonic 

stage 

Model 2: CCSP-rtTA/(tetO)7-Cre/Cdh1fl/fl with doxycycline treatment during embryonic 

stage 

Model 3: CCSP-rtTA/(tetO)7-Cre/Cdh1fl/fl with doxycycline treatment during postnatal stage 
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Mice were kept under specific pathogen-free conditions and maintained on a 12-hour light-

dark cycle, with food and water ad libitum. Initial allergic sensitization was done using 

intranasal (IN) administration of 1µg of house dust mite (HDM, Citeq Biologics, Groningen, 

NL) at day 14 followed by chronic allergen sensitization with 1µg/g only in female mice 

starting from day 21 for 3 times a week for 3 weeks. Male mice were euthanised at day 21 

and the female mice were euthanised 24 hours after the last allergen challenge (~ day 42) by 

anesthetising the animals with isoflurane/oxygen (Nicholas Piramal India Ltd., London, UK) 

and exsanguinating them before removing the lungs. All animal experiments were reviewed 

and approved by The Institutional Animal Care and Use Committee of the University of 

Groningen (The Netherlands). All experiments were performed in accordance with relevant 

guidelines and regulations. Only the female pups were used for experiments as approved by 

the institutional animal care and use committee at the University of Groningen, and have 

undergone HDM challenge, while the male pups had to be euthanised within 3 weeks. Male 

pups did not undergo HDM challenge and were sacrificed at day 21, followed by harvesting 

of lung tissues. 

 

Genotyping 

The ear cuts which were used to label mice were lysed followed by the isolation of genomic 

DNA. Mice were identified using PCR primers specific for each promoter (E-cadherin; fwd: 

GGG TCT CAC CGT AGT CCT CA, E-cadherin rvs: GAT CTT TGG GAG AGC AGT CG; 

SP-C-rtTA fwd: AAA  AT CT TG CCA  GC TT TC CCC,  SP-C-rtTA rvs: ACT GC CC AT 

TGC CC AA AC AC; Cre fwd GC  CA CG AC  CAA  GT GA CA  GCA  AT G, Cre rvs: 

AGA  GA CG GA  AAT  CC AT CG  CTC  G). Amplification of PCR products for E-

cadherin, rtTA and Cre was performed as following: Denaturation at 95°C for 5 min, 35 

cycles denaturation at 95°C for 30 s, annealing at 62°C for 1 min, and extension at 72°C for 

1 min, followed by 10 extensions at 72°C. 

 

Histology and imaging 

The whole left lungs from female mice at day 42 were harvested by filling with Tissue-Tek® 

O.C.T.TM Compound (Sakura Finetek, Tokyo Japan), fixed in 10% formalin for 24 hours, 

embedded in paraffin and cut into 5 µm thick sections for immunohistochemistry staining. 

Sections were stained for E-cadherin as previously described (9) using purified mouse anti-
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E-cadherin antibody (Catalog No. 610182, BD Biosciences, New Jersey, USA). Images were 

acquired using a Hamamatsu scanner microscope and analysed using Aperio Image Scope. 

 

Flow Cytometry 

Male mice were sacrificed at 3 weeks (W3) and female mice were sacrificed at 6 weeks (W6) 

and right superior lobes were collected and mechanically digested to obtain single cells which 

were split into two mixes. The cells were incubated with 2% normal rat serum and Fc receptor 

antibody to reduce non-specific binding, followed by staining with monoclonal antibodies 

directed against CD3, CD5, CD19, NK1.1, FcERI, CD11b, CD11c, GR1, TER119, CD4, 

CD45, CD127, KLRG1, T1/ST2, GATA3 and a fixable live/dead marker for the first mix 

(Table S1). For the second mix, monoclonal antibodies directed against CD4, CD11b, 

CD11c, SiglecF (CD170), F4/80, major histo-compatibility complex class 2 (MHC II), GR1 

and a fixable live/dead marker were used (Table S1). The gating strategy, which has been 

adopted from a previous study (13) is described in the supplementary data (Figure S1 & S2). 

Acquisition of both the 8-color sample mixes was done using BD FACSVerse™ flow 

cytometer (BD biosciences). Final analysis and graphical output were performed using 

FlowJo software (BD biosciences).  

 

Statistics 

All statistical analyses were performed using GraphPad Prism (Graphpad software, San 

Diego, USA). Non-parametric Kruskal-Wallis test was performed to assess for significant 

differences between the wild type (Cre-) and knockout (Cre+) mice and treatment with HDM 

or PBS. Multiple comparisons between different groups were done by uncorrected Dunn’s 

test. P < 0.05 was considered statistically significant.  

 

Results 

Effects of downregulation of E-cadherin in all epithelial cells 

To assess whether specific downregulation of E-cadherin in the airway epithelium results in  

manifestations specific for asthma and increases sensitivity to allergens, we compared 3 

different models of loss of E-cadherin in the respiratory epithelia: model 1 inducing loss in 

all lung epithelial cells (SP-C-rtTA/(tetO)7-Cre/Cdh1fl/fl with doxycycline during 

pregnancy, Fig. 1A), model 2 inducing loss in all airway epithelial cells, but not in alveolar 

epithelial cells (CCSP-rtTA/(tetO)7-Cre/Cdh1fl/fl with doxycycline during pregnancy, Fig. 
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3A) and model 3 inducing loss of E-cadherin only in club cells (CCSP-rtTA/(tetO)7-

Cre/Cdh1fl/fl with doxycycline after birth, Fig. 5A) and assessed E-cadherin and 

inflammatory parameters at baseline (PBS challenge) and upon chronic HDM exposure. 

 

Next, we performed an initial sensitization followed by chronic house dust mite (HDM) 

exposure (Fig. 1A, 3A, 5A), which was adapted from a previous model model (14), aiming 

to achieve significant allergic airway inflammation (9). 

 

Histological analysis in model 1 at 6 weeks after birth showed that the expression of E-

cadherin was significantly decreased in the Cre+ mice compared to Cre- mice treated with 

PBS (Figure 1B,C). We also observed partial denudation of epithelial cells in the airways of 

Cre+ mice, while the remaining epithelial cells in the airways of all the Cre+ mice retained 

the expression of E-cadherin. HDM treatment significantly decreased the E-cadherin 

expression in Cre- mice to a similar extent as the E-cadherin knockout (Figure 1B,C). Cre+ 

mice also showed enlargement of alveolar airspaces resembling emphysema (Figure 1D). 

 

As soon as at 3 weeks after birth, there was a significant increase in the number of T helper 

2 (Th2) cells, dendritic cells (DCs) and eosinophils, in Cre+ compared to Cre- group (Figure 

2A-C). There was also a trend towards decrease in the alveolar macrophages (AMs) in Cre+ 

compared to Cre- mice (Fig. 2D). The significant increase in the Th2 cells, DCs, eosinophils 

and significant decrease in AMs was still observed in 6-week old Cre+ mice compared to the 

Cre- group (Figure 2E-H). Remarkably, HDM treatment did not have a significant effect on 

the lung infiltration of any inflammatory cells in female mice at 6 weeks in either Cre- 

controls or Cre+ mice (Figure 2E-H). In addition, the significant differences in Th2 cells, 

eosinophils and AMs between PBS-exposed Cre- and Cre+ mice were also retained in the 

HDM-treated groups (Figure 2E,G,H). 
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Figure 1: Conditional knock out of E-cadherin in mice specifically in SP-C expressing cells during embryonic 

development (model 1). (A) Floxed E-cadherin mice (Cdh1fl/fl) were crossed with SP-C-rtTA/(tetO)7-Cre mice to 

obtain both homozygous Cdh1fl/fl Cre+ mice (SP-C-rtTA+/(tetO)7-Cre+/Cdh1fl/fl) and Cdh1fl/fl Cre− mice (SP-C -

rtTA+/(tetO)7-Cre−/Cdh1fl/fl) mice. Doxycycline-containing chow was provided ad libitum to the pregnant dams till 

the pups are born. The Cre+ or Cre- pups are initially sensitized, followed by chronic treatment with HDM. (B) IHC 

staining for E-cadherin was performed on paraffin embedded sections of lung tissue from female Cre- (wild type) 

and Cre+ (knock out) mice treated with HDM/PBS at 6 weeks (Scale bar – 200 µm). (C) The total amount of E-

cadherin stain per unit length (perimeter) of airway was quantified with color deconvolution method using ImageJ. 

Data is presented as median ± IQR; *=p<0.05, Kruskal-Wallis test. (D) Hematoxylin and eosin (H & E) staining 

was performed on lung sections to visualize the lung parenchyma of PBS-treated female Cre- and Cre+ mice at 6 

weeks (Scale bar – 1 mm). 
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Figure 2: Effect of E-cadherin knockout in SP-C-expressing cells during embryonic development (Model 1) on the 

inflammatory cell population in 3-weeks old male Cre- (wild type) and Cre+ (knock out) mice (A-D). Effect of 

sensitization and chronic treatment with HDM on the inflammatory cell population in female Cre- and Cre+ mice at 

6 weeks (E-H). 

 

Effects of E-cadherin loss in airway epithelial cells 

We observed a significant decrease in the expression of E-cadherin in Cre+ mice compared 

to Cre- mice treated with PBS (Figure 3B,C). Similar to model 1, we also observed partial 

denudation of epithelial cells in the airways and surprisingly also enlarged alveolar airspace 

in Cre+ mice compared to Cre- mice (Figure 3B, D). Interestingly, HDM did not have any 

effect on the expression of E-cadherin in Cre- mice (Figure 3B, C). 

Similar to model 1, airway epithelial specific knockdown of E-cadherin resulted in a 

significant increase in the Th2 cells, DCs, eosinophils and a significant decrease in the AMs 

in lung tissue both at 3-week and 6-week s after birth in Cre+ mice compared to the Cre- group 

(Figure 4A-H). In this model, we observed that HDM treatment significantly increased the 

number of DCs and eosinophils in Cre- mice (Figure 4F, G), but there was no further increase 

in the HDM-induced inflammation in Cre+ mice. 
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Figure 3: Conditional knock out of E-cadherin in mice specifically in CCSP expressing cells during embryonic 

development (model 2). (A) Floxed E-cadherin mice (Cdh1fl/fl) were crossed with CCSP-rtTA/(tetO)7-Cre mice to 

obtain both homozygous Cdh1fl/fl Cre+ mice (CCSP-rtTA+/(tetO)7-Cre+/Cdh1fl/fl) and Cdh1fl/fl Cre− mice (CCSP-

rtTA+/(tetO)7-Cre−/Cdh1fl/fl) mice. Doxycycline-containing chow was provided ad libitum to the pregnant dams till 

the pups are born. The Cre+ or Cre- pups are initially sensitized, followed by chronic treatment with HDM.  (B) IHC 

staining for E-cadherin was performed on paraffin embedded sections of lung tissue from female Cre- (wild type) 

and Cre+ (knock out) mice treated with HDM/PBS at 6 weeks (Scale bar – 200 µm). (C) The total amount of E-

cadherin stain per unit length (perimeter) of airway was quantified with color deconvolution method using ImageJ. 

Data is presented as median ± IQR; **p<0.01, Kruskal-Wallis test. (D) Hematoxylin and eosin (H & E) staining was 

performed on lung sections to visualize the lung parenchyma of PBS-treated female Cre- and Cre+ mice at 6 weeks 

(Scale bar – 1 mm). 
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Figure 4: Effect of E-cadherin knockout in CCSP-expressing cells during embryonic development (Model 1) on the 

inflammatory cell population in 3-weeks old male Cre- (wild type) and Cre+ (knock out) mice (A-D). Effect of 

sensitization and chronic treatment with HDM on the inflammatory cell population in female Cre- and Cre+ mice at 

6 weeks (E-H). 

 

Effects of E-cadherin loss in club cells 

In contrast to model 1 and 2, we only observed a partial downregulation of E-cadherin at 6 

weeks after birth in Cre+ mice (Figure 5B,C). Although HDM treatment did not reduce E-

cadherin expression in Cre- mice, it tended to decrease E-cadherin expression in Cre+ mice 

(Figure 5B,C). The differences in E-cadherin expression between Cre- and Cre+ mice became 

significant upon HDM exposure (Figure 5B,C). The partial denudation of airway epithelial 

cells and increased alveolar airspaces were also observed in the Cre+ mice of model 3 

compared to Cre- mice (Figure 5D). 

 

In this model, no significant differences were observed in the number of eosinophils, Th2 

cells, DCs and AMs between Cre+ mice and the Cre- controls in the 3-week old male mice 

(Fig. 6A-D). At 6 weeks, however, we observed a significant increase in eosinophils, and sig- 
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Figure 5: Conditional knock out of E-cadherin in mice specifically in CCSP expressing cells during postnatal 

development (model 3). (A) Floxed E-cadherin mice (Cdh1fl/fl) were crossed with CCSP-rtTA/(tetO)7-Cre mice to 

obtain both homozygous Cdh1fl/fl Cre+ mice (CCSP-rtTA+/(tetO)7-Cre+/Cdh1fl/fl) and Cdh1fl/fl Cre− mice (CCSP-

rtTA+/(tetO)7-Cre−/Cdh1fl/fl) mice. Doxycycline-containing chow was provided ad libitum to the weaning 

mother/pups after birth. The Cre+ or Cre- pups are initially sensitized, followed by chronic treatment with HDM.   

(B) IHC staining for E-cadherin was performed on paraffin embedded sections of lung tissue from female Cre- (wild 

type) and Cre+ (knock out) mice treated with HDM/PBS at 6 weeks (Scale bar – 200 µm). (C) The total amount of 

E-cadherin stain per unit length (perimeter) of airway was quantified with color deconvolution method using ImageJ. 

Data is presented as median ± IQR; *p<0.05, Kruskal-Wallis test. (D) Hematoxylin and eosin (H & E) staining was 

performed on lung sections to visualize the lung parenchyma of PBS-treated female Cre- and Cre+ mice at 6 weeks 

(Scale bar – 1 mm). 
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Figure 6: Effect of E-cadherin knockout in CCSP-expressing cells after birth (Model 1) on the inflammatory cell 

population in 3-weeks old male Cre- (wild type) and Cre+ (knock out) mice (A-D). Effect of sensitization and chronic 

treatment with HDM on the inflammatory cell population in female Cre- and Cre+ mice at 6 weeks (E-H). 

 

nificant decrease of AMs in lung tissue in Cre+ mice treated with PBS compared to the Cre- 

controls (Figure 6G). HDM treatment induced an increase in eosinophils and Th2 cells in 

Cre- mice (Figure 6E,G). In Cre+ mice, however, no further increase in the number of 

eosinophils and Th2 cells was induced by the HDM treatment, while the baseline differences 

between Cre+ and Cre- mice were retained also in the HDM treated groups (Figure 6E,G). 

 

Discussion 

In the current study, we investigated the effects of HDM in three different mouse models 

designed to allow deletion of the E-cadherin gene in different populations of lung epithelial 

cells, the first model used to induce loss of E-cadherin in all the lung epithelial cells, the 

second one to induce loss of E-cadherin only in airway epithelial cells during embryonic 

development and the third one to restrict E-cadherin deletion after birth only in club cells. 

While model 1 and model 2 show spontaneous infiltration of DCs and eosinophils in E-
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cadherin knockout (Cre+) mice at 3 weeks after birth, model 3 lacked this early inflammatory 

response. This may well be because of the difference in the timing of the deletion of E-

cadherin in model 3, where doxycycline is administered after birth. All three models 

displayed epithelial denudation, in degrees that correspond to the anticipated extent of the E-

cadherin loss, as well as airspace enlargement/loss of alveolar septa. Our data confirms that 

the loss of E-cadherin in the airway epithelium induces spontaneous airway inflammation 

with the type and time of induction depending on the subset of epithelial cells targeted for E-

cadherin deletion. 

 

Though spontaneous inflammation was observed in the Cre+ mice for all the three models, 

there were some subtle differences. For instance, increased numbers of DCs and eosinophils 

in Cre+ mice at 3 weeks were only observed in models 1 and 2, but not in model 3. This 

suggests that the early innate immune response is dictated by the timing of the doxycycline 

administration and consequently, the timing or extent of loss of E-cadherin. In model 1, an 

early eosinophilic inflammation at 3 weeks is followed by a type-2 immune response at 6 

weeks, which is indicated by the increased differentiation of Th2 cells in Cre+ mice. Of 

interest, early eosinophilic inflammation has been reported in children before the clinical 

diagnosis of asthma (15), and it will be of interest to study whether the loss of E-cadherin 

and epithelial barrier dysfunction is an early event upon exposure to allergens and has an 

important role in the development of type-2 inflammation during the inception of asthma in 

these young children. In contrast to model 1, the Th2 cell response in lung of Cre+ mice 

compared to wild type (Cre-) controls was absent in models 2 and 3. This suggests that the 

infiltration of Th2 cells might be dependent on the extent to which airway epithelial cells 

have lost E-cadherin, particularly in alveolar epithelial cells. Also, unlike in model 1, HDM 

induced an increase in eosinophils in Cre- mice at 6 weeks in both models 2 and 3. In contrast, 

HDM downregulated E-cadherin only in the Cre- mice of model 1. It is not fully clear why 

effects of HDM varied between wild type mice generated from SP-C and CCSP lines. One 

explanation seems to be the substantial within-group variance after quantification of the E-

cadherin staining, impacting on the power to detect differences between the groups. There 

may also be some intrinsic differences between the SP-C and CCSP mouse lines which have 

been maintained as independent mouse lines for a large number of generations. These might 

impact on the sensitivity for HDM-induced loss of E-cadherin. With respect to the effect of 

HDM in Cre+ mice, we did not observe any differences in all the three models. The lack of 
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additional effects of HDM in Cre+ mice suggests that the loss of E-cadherin achieved with 

the Cre-mediated recombination event cannot be further educed by HDM exposure, 

indicating that the cells that retain E-cadherin expression in the airway wall in the three 

models might be resistant to HDM-induced E-cadherin loss. In model 1, we previously 

postulated these cells to be some progenitor that can escape loss of E-cadherin during 

development, and later contribute to (limited) repopulation of the airway wall after birth (9). 

A similar mechanism may be active in model 2, whereas in model 3 no E-cadherin positive 

cells were observed in the HDM treated Cre+ mice. This indicates that the selective pressure 

for repopulation of the airway wall by an unidentified progenitor population might not be as 

high in this model driven by postnatal rather than embryonic doxycycline administration. 

This would agree with the observed reduced level of spontaneous airway inflammation at 

week 3, as well as the relatively mild loss of E-cadherin at week 3 in this model. 

 

In all three models, we observed that some airway epithelial cells of Cre+ mice retained the 

expression of E-cadherin. A specific subset of stem/progenitor cell populations that lacks the 

expression of SP-C may be responsible for the retention of E-cadherin expressing cells in 

model 1 (16). Alternatively, CCSP is extensively expressed in most of the airway epithelial 

cells during the embryonic development, but its expression gradually decreases later during 

the development after birth (12). This could explain why E-cadherin may have been partially 

recurred in model 2, but to a greater extent in model 3. The damage to the alveolar epithelial 

cells resembling emphysema in all three models alludes to possible off–target effects of the 

rtTA and/or Cre. Though the activity of rtTA has been reported to cause emphysema even in 

the absence of doxycycline both in SP-C-rtTA and CCSP-rtTA control mice (17,18), we did 

not observe any alveolar epithelial damage in the Cre- mice that also express rtTA driven by 

SP-C or CCSP promoters. The more likely reason, therefore, could be the imperfect 

regulation of Cre expression, leading to E-cadherin loss in alveolar epithelial cells, and 

thereby loss of viability of these alveolar epithelial cells, and as a consequence, emphysema 

(19). In model 1, where the Cre recombinase is active during the embryonic stage, we have 

previously shown that the lung development was normal at birth but deteriorated at 4 and 10 

weeks (9), suggesting that the damage in the parenchyma could be a consequence of E-

cadherin knock-out. However, it is confounding how the E-cadherin knock-out targeted to 

the airway epithelial cells and club cells in models 2 and 3 respectively could also cause 

damage to the alveolar niche. We speculate that loss of a specific subset of airway epithelial 
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progenitor cells at the broncheoalveolar junction with loss of E-cadherin is involved in the 

renewal of alveolar epithelial cells which might contribute to loss of alveolar cells and the 

observed emphysematous lesions, even if the differentiated alveolar cells retain expression 

of E-cadherin. This hypothesis will be investigated in future studies. 

 

Alveolar macrophages (AMs) are the major subtype of the macrophages found in normal 

mouse lung, while other obscure subsets of macrophages include interstitial macrophages 

(IMs), classical (Ly6C+) and non-classical (Ly6C-) monocytes/macrophages, which can 

together be referred as non-alveolar macrophages (13,20). AMs not only maintain lung 

homeostasis predominantly by suppressing inflammation, but also exhibit anti-inflammatory 

properties in some cases (21). Here we observed that AMs, identified as F4/80+ CD11b- 

SiglecF+, were significantly decreased in Cre+ mice at 6 weeks in all the three models, which 

could be a consequence of the loss of the alveolar niche. Previously, we have shown that the 

loss of E-cadherin leads to increased EGFR signaling, resulting in the release of pro-

inflammatory cytokines like CCL17, CCL20 and TSLP (6). In addition, we have shown that 

specific inhibition of β-catenin/CBP signaling reduced the HDM-induced CCL20 (22). As 

EGFR is a target gene of β-catenin signaling (23), future studies should be directed towards 

investigating the role of β-catenin in airway inflammation in mice by specifically inhibiting 

β-catenin signaling. 

 

In conclusion, we show that knockout of the E-cadherin in airway epithelial cells induced 

airway inflammation, which was dependent on the extent of epithelial cells in which the E-

cadherin loss was induced, while eosinophilic inflammation was observed in all the models 

at 6 weeks. Knock-out of E-cadherin in all the mouse lung epithelial cells controlled by SP-

C promoter during embryonic stage exclusively showed infiltration of Th2 cells. Finally, our 

data shows that the conditional knockout of E-cadherin in mice does not lead to aggravated 

immune responses upon chronic HDM treatment, indicating that downregulation of E-

cadherin is sufficient to induce an airway inflammatory response. 
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Supplementary data 

Table S1: Markers used for identification of different inflammatory cell types in mice using 

flow cytometry: 

Mix 1 Mix 2 

Lineage 

(Lin) PE 

CD3 CD4 BV605 

CD5 CD11b PE 

CD19 CD11c APCeF780 

NK1.1 CD170 (Siglec F) PerCPCy5.5 

FcERI F4/80 PECy7 

CD11b MHCII (I-Ad) FITC 

CD11c GR1 (Ly6G) APC 

GR1 (Ly6G)  

Ter119  

CD4 BV605  

CD45 APC  

CD127 APCeF780  

KLRG1 PerCPCy5.5  

T1/ST2 FITC  

GATA3 PECy7  

 

Cells Markers 

T helper 2 (Th2) cells Lin+ CD4+ GATA3+ T1/ST2+ 

Dendritic cells (DCs) CD11c+ F4/80- 

Eosinophils (EOs) F4/80+ CD11b+ SiglecF+ 

Neutrophils (Neutros) F4/80- CD11b+ Ly6G+ 

Macrophages AMs + NAMs 

Alveolar macrophages (AMs) F4/80+ CD11b– SiglecF+ 

Non-alveolar macrophages (NAMs) F4/80+ CD11b+ SiglecF- 
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Figure S1: Gating strategy for the flow cytometry on inflammatory cells in lung tissue for total lymphocytes, CD4+ 

T-cells and T helper 2 cells. 
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Figure S2: Gating strategy for the flow cytometry on inflammatory cells in lung tissue for dendritic cells, 

eosinophils, neutrophils, macrophages, and their subtypes. 
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Abstract 

Increased activity of either β-catenin or Notch signaling leads to increased airway goblet cell 

differentiation, characterized by elevated MUC5AC expression, which is a common feature 

of asthma. Though increased β-catenin signaling has been shown to activate the Notch 

pathway in colorectal cancer cells and liver cancer stem cells, it is currently unknown how 

these two pathways interact in airway epithelial cells. We hypothesized that Notch-based 

control of goblet cell differentiation is dependent on β-catenin signaling. Primary bronchial 

epithelial cells (PBECs) from non-asthma and asthma donors were cultured at air liquid 

interface (ALI) for 22-28 days for mucociliary differentiation. During days 11-21, cells were 

treated with IL-13 to induce mucus production and small molecule inhibitors DBZ, ICG-001 

and IQ-1 to specifically inhibit Notch, β-catenin/CBP and β-catenin/p300 signaling 

respectively. We did not observe significant differences in MUC5AC expression and 

production at baseline between non-asthma and asthma donors during differentiation. ICG-

001, but not IQ-1 inhibited MUC5AC expression following IL-13 treatment in both non-

asthma and asthma cultures, however, reduction in MUC5AC protein by ICG-001 was 

limited to the non-asthma group. Notch inhibition via DBZ reduced baseline mRNA and 

protein levels of MUC5AC in non-asthma donors. Furthermore, we demonstrate that β-

catenin/CBP and Notch signaling independently induce the expression and production of 

MUC5AC by specifically regulating FOXA2 or SPDEF expression respectively, two 

transcription factors known to be involved in transcriptional regulation of MUC5AC. β-

catenin/CBP signaling could be a potential target to alleviate IL-13-induced asthma 

phenotype of chronic mucus hypersecretion. 

 

Introduction 

Excessive mucus production is a major pathological feature of asthma and is strongly 

associated with airflow obstruction (1). Secretory mucin MUC5AC, which is one of the major 

components of mucus and a marker for mucus producing goblet cells, is produced at higher 

levels in asthma patients compared to non-asthmatic controls (2). The airway epithelium in 

patients with allergic asthma is also characterized by chronic inflammation mediated by T 

helper 2 (Th2) cells, which release pro-inflammatory cytokines including IL-4 and IL-13, 

resulting in persistent goblet cell differentiation and excessive mucus production (3,4). 

Reduced expression of junctional E-cadherin is frequently observed in asthma airway 

epithelium (5,6). Functionally, this leads to release of its intracellular binding partner β-
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catenin into the cytoplasm, where it is normally targeted for proteolysis through 

phosphorylation by a large multiprotein assembly called the β-catenin destruction complex, 

consisting of glycogen synthase kinase (GSK)-3β, axin and adenomatous polyposis coli 

(APC) and casein kinase (CK)-1 (5,7,8). However, in the presence of specific growth factors 

such as transforming growth factor (TGF)-β or Wnt ligands, GSK-3β is inactivated and β-

catenin escapes proteolytic degradation, translocating into the nucleus (active β-catenin) to 

function as a transcription factor. Active β-catenin regulates the expression of genes involved 

in airway epithelial cell proliferation like cyclin D1 (CCND1) (7,9) and mesenchymal genes 

including fibronectin, EGF receptor (EGFR) and vascular endothelial growth factor (VEGF), 

which may contribute to airway wall remodeling (10). The loss of epithelial markers such as 

E-cadherin and increased expression of mesenchymal genes is known as epithelial-

mesenchymal transition (EMT), which is has been proposed to contribute to airway 

remodeling in asthma (11). By binding to either CREB binding protein (CBP) or p300 

coactivators, different β-catenin downstream effects are induced, promoting either cell 

proliferation or differentiation, respectively (12,13).  

 

Activation of β-catenin has been shown to induce goblet cell metaplasia in vivo (14). In 

addition, activation of Notch also resulted in mucus hypersecretion in mouse embryonic 

tracheal explants (15). We have previously shown by single-cell RNA sequencing that goblet 

cells in airway wall from healthy donors show evidence of active Notch signaling, while in 

asthmatic donors both IL-13- and Notch-induced genes are expressed (16). We have also 

found that blocking of Notch reduces MUC5AC in cells from asthma and non-asthma donors, 

concomitant with a reduction in expression of the MUC5AC activator SPDEF (17). Notch is 

a transmembrane receptor protein, whose ligand-based activation results in the expression of 

various genes involved in cell proliferation, differentiation, and regulation of cell fate 

decisions, such as hairy and enhancer of split 1 (HES1) (18,19). β-catenin signaling interacts 

with Notch signaling by either activating or inhibiting the transcription of target genes during 

normal tissue development (20). In particular, increased β-catenin signaling has been shown 

to activate Notch target genes in human tissue samples of colorectal adenocarcinoma and 

hepatocellular carcinoma (21,22). We have also previously shown that inhibition of β-

catenin/CBP signaling by the small molecule inhibitor ICG-001, improved epithelial barrier 

function, stabilized E-cadherin at cell junctions and reversed EMT in airway epithelial cells 

(23,24). However, it is not clear whether β-catenin signaling controls downstream Notch 
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signaling to regulate goblet cell differentiation and whether β-catenin/CBP or β-catenin/p300 

interaction results in increased mucus production. We hypothesize that β-catenin/CBP 

signaling induced goblet cell differentiation is dependent on Notch signaling. To test this 

hypothesis, we cultured primary bronchial epithelial cells (PBECs) from non-asthma and 

asthma donors at air liquid interface (ALI) and treated the cells with IL-13 to induce mucus 

production. Notch, β-catenin/CBP and β-catenin/p300 signaling were specifically blocked 

using small molecule inhibitors DBZ, ICG-001 and IQ-1 respectively. 

 

Methods 

Study Approvals 

All experiments were approved by the Hunter New England Area Health Service Ethics 

Committee and the University of Newcastle Safety Committee (85/2012). 

 

Cell culture 

Primary bronchial epithelial cells (PBECs, passage 3) were obtained from non-asthmatic and 

asthmatic subjects (Table 1) by bronchial brushings taken from third generation bronchi and 

cultured in growth media (BEGM, Lonza, Basel, Switzerland) at air-liquid interface (ALI) 

for 22-28 days as previously described (25). Cells were treated with IL-13 (200-13, 

PeproTech, Inc., New Jersey, USA, 1 ng/mL), DBZ (S2711; Selleck Chemicals, Texas, USA, 

10 µM), ICG-001 (S2662, Selleck Chemicals, 10µM) or IQ-1 (S8248, Selleck Chemicals, 10 

µM) at days 11, 14, 16, 18 and 21 of air exposure and harvested 24 hours after the final 

treatment for RNA and protein or fixed in 10% formalin for histology. Trans-epithelial 

electric resistance (TEER) was measured using a voltohmmeter (EVOM2, World Precision 

Instruments, Florida, USA). 

 

Conditional reprogramming (CR) of PBECs 

PBECs were conditionally reprogrammed to proliferate indefinitely using γ-irradiated NIH-

3T3 mouse fibroblasts and Rho-kinase (ROCK) inhibitor (Y-27632; Enzo Life Sciences, 

New York, USA) as previously described (26–28). The co-cultured cells were grown in CR 

media which consists of Ham’s F12 and DMEM high glucose + L-glutamine (Sigma-Aldrich, 

Missouri, USA) in 2:1 ratio with the following supplements; fetal bovine serum 5% (v/v) 

(Sigma-Aldrich, MO, USA), Hydrocortisone (400ng/mL; Sigma-Aldrich), Insulin (5µg/mL; 

Sigma- Aldrich), rhEGF (10ng/mL; Bioscientific, New South Wales, Australia), Cholera 
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toxin (8.4ng/mL; Sigma-Aldrich), Adenine (23.9µg/mL; Sigma-Aldrich), ROCK inhibitor 

(3.21µg/mL) and penicillin-streptomycin (100U/mL-100µg/mL; Sigma-Aldrich). This CR 

media was weaned to 70:30 (CR:BEBM) at 50% confluence and 50:50 at 70% confluence 

and 50:50 without ROCK a day before cell splitting for Air liquid interface (ALI) cultures. 

A differential trypsinisation protocol was followed to detach γ-irradiated NIH-3T3 

fibroblasts, initially with lower trypsin concentration (1x) and then a higher trypsin 

concentration (10x) was used to detach CR-PBECs. Once detached, CR-PBECs were seeded 

at a density of 2.5 x 105 cells/well onto a transwell polymer inserts (transparent, 0.4μm pore; 

Corning, NY, USA) which were placed in a 12-well plate for ALI. 

 

Table 1: Patient Characteristics 

Median levels (min-max) are shown 

Subject Non-asthma (n=13) Asthma (n=16) 

Age in years 66 (43-89) 50.5 (22-81) 

Sex (M %, F %) 30.77, 69.23 31.25, 68.75 

FEV1 pred (%) 86.5 (76-133) 66 (35-102) 

FEV1/FEC (%) 70.5 (63-85) 66 (41-80) 

Severity (Severe, Mild)        - 15, 1 

Atopic (Yes, No, N/A) 1, 10, 2 10, 6, 0 

Smoking status (never, former) 10, 3 9, 7 

 

 

Real-time quantitative PCR (RT-qPCR) 

Quantitative PCR (qPCR) targeting CCND1 (Hs00765553_m1, Thermo Fisher Scientific, 

Massachusetts, USA), HES1 (Hs00172878_m1, Thermo Fisher Scientific), MUC5AC 

(Hs00873651_mH, Thermo Fisher Scientific), SPDEF (Hs00171942_m1, Thermo Fisher 

Scientific) and FOXA2 (Hs00232764_m1, Thermo Fisher Scientific) were normalized to 18S 

ribosomal RNA (18S rRNA) (4318839; Thermo Fisher Scientific) as previously described 

(29). All qPCR results were presented as either gene expression (2-ΔCt) or relative gene 

expression (2-ΔΔCt) with statistical analysis performed on independent biological replicates 

(30). 
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Human Lung Tissue Immunohistochemistry (IHC) and Colorimetry 

Sections of PBECs in ALI cultures from non-asthma and asthma donors were 

immunohistochemically stained using primary anti-active β-catenin antibody (05-665, Merck 

MilliporeSigma, Darmstadt, Germany, 1.67 µg/ml), rabbit polyclonal anti-Notch1 (ab27526; 

Abcam, Cambridge, UK, 0.2 µg/ml), rabbit polyclonal Notch3 (ab23426; Abcam, 1.33 

µg/mL), anti-MUC5AC (ab3649, Abcam, 0.8 µg/mL) and secondary rabbit anti-mouse IgG 

HRP (ab6728, Abcam, 2 µg/mL) and goat anti-rabbit IgG HRP (ab6721, Abcam 2 µg/mL) 

as previously described (17). MUC5AC protein was quantified using color deconvolution 

algorithm in ImageJ (National Institutes of Health) on the images of stained sections at 10X 

magnification as previously described (17). The staining intensity of MUC5AC in a section 

was normalized to the total area of the cells in that section. 

 

MUC5AC ELISA 

Cell-free apical washes of the ALI-differentiated PBECs were collected at day 22 for 

MUC5AC ELISA using a homemade kit. The standard curve for the ELISA was obtained by 

serially diluting the apical washes from cultures of Calu-3 human lung adenocarcinoma 

epithelial cells grown at ALI (31). MUC5AC was detected using anti-MUC5AC Biotin 

antibody (ab79082, Abcam, 0.2 µg/ml) as previously described (32) and the values are 

expressed as arbitrary units (AU). 

 

Statistical analysis 

All statistical analyses were performed using GraphPad Prism (Graphpad software, San 

Diego, USA). Non-parametric Friedman test was used to assess significant differences at 

different time points between matched donors of untreated PBECs within a subject group. 

All comparisons between untreated PBECs from non-asthma vs asthma donors at any given 

time point were performed using Kruskal–Wallis test. In addition, differences between 

conditions within subject groups were assessed using Wilcoxon signed rank test. P < 0.05 

was considered statistically significant. 

 

Results 

Characterization of PBECs from non-asthmatic and asthmatic donors cultured in ALI 

The trans-epithelial electric resistance (TEER) gradually increased from day 0 to day 28 in 

both the non-asthma and asthma group (Figure 1A). Although the median resistance values 
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of non-asthma group were higher than the asthma group at all four time points, the difference 

failed to reach statistical significance (Figure 1A). β-catenin/CBP and Notch activity at 

baseline was assessed in ALI-differentiated PBECs from asthma and non-asthma cohorts by 

quantifying expression of known downstream target genes CCND1 and HES1. Overall, the 

expression of CCND1 was significantly decreased at days 11, 20 and 28 when compared to 

day 0 in PBECs from non-asthma donors (Figure 1B), however there is a large variability 

between donors. In the asthma group, this effect was delayed as CCND1 expression 

significantly decreased only at day 20 compared to day 0. The expression of HES1 was 

significantly increased on day 11 and day 20 compared to day 0 in both groups (Figure 1C). 

However, HES1 expression only remained significantly increased at day 28 compared to day 

0 only in non-asthma group. Nevertheless, there were no significant differences in HES1 

expression between non-asthmatic and asthmatic groups at all four time points. IHC staining 

for non-phospho (active) β-catenin and Notch1 did not show significant differences between 

non-asthma and asthma groups at all four time points (Figure 1D, E). Together, this indicates 

that there are no significant differences in the activity levels of β-catenin and Notch signaling 

between the two groups at any given time point. The significant decrease in CCND1 

expression and increase in HES1 expression at day 28 relative to day 0 observed in PBECs 

from non-asthma donors, was absent in the asthma group indicating differences in β-catenin 

and Notch activity dynamics between the two groups during differentiation in ALI. 

 

Next, we quantified the expression of the transcription factors that regulate the expression of 

MUC5AC: FOXA2 and SPDEF. The expression of FOXA2 significantly decreased from day 

0 to day 28 in the asthma group, but not in non-asthma group (Figure 2A). Consequently, the 

FOXA2 expression was significantly lower in asthma group compared to the non-asthma 

group at day 28 (Figure S1C). There was a significant increase in the SPDEF expression from 

day 0 to day 28 in non-asthma group, but not in asthma group, while there were no significant 

differences in SPDEF expression between the two groups at any time point (Figure 2B). The 

expression of MUC5AC was significantly increased from day 0 to day 28 in both non-asthma 

and asthma groups (Figure 2C), without a significant difference in the expression of 

MUC5AC between the two groups at all four time points. Accordingly, we observed an 

increase in protein levels of MUC5AC over time in both the groups, as reflected by MUC5AC 

staining (Figure 2D,E). Again, there were no significant differences in MUC5AC protein 

between cells from asthma and non-asthma subjects at any of the time points (Figure 2D,E).  
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Figure 1: β-catenin and Notch activity in PBECs. PBECs from non-asthma and asthma donors were grown and 

(A) TEER, (B) CCND1 expression, (C) HES1 expression, (D) active β-catenin staining and (F) Notch1 staining 

have been performed during differentiation in ALI at four different time points; days 0, 11, 20, and 28. Gene 

expression data is normalized to day 0 (2-ΔΔCt). Data is presented as median ± IQR. Friedman test was used to 

compare data at days 11, 20 and 28 to day 0 within a subject group; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 2: Regulation of MUC5AC in PBECs. PBECs from non-asthma and asthma donors were grown and (A) 

FOXA2 expression, (B) SPDEF expression, (C) MUC5AC expression, (D) semi-quantification of MUC5AC staining 

and (J) MUC5AC staining and have been performed during their development in ALI at four different time points; 

days 0, 11, 20, and 28. Gene expression data (2-ΔΔCt) and MUC5AC protein quantification data is normalized to day 

0. Data is presented as median ± IQR. Friedman test was used to compare data at days 11, 20 and 28 to day 0 within 

a subject group; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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In summary, a decrease in FOXA2 expression and increase in SPDEF expression was 

associated with the increase in MUC5AC in PBECs from both non-asthma and asthma donors 

during differentiation. 

 

β-catenin/CBP and Notch signaling independently regulate MUC5AC expression 

Next, we studied the role of β-catenin/CBP, β-catenin/p300 and Notch signaling in regulating 

MUC5AC in ALI-differentiated PBECs from non-asthmatic donors. PBECs were treated 

with IL-13 in order to promote expression of MUC5AC and the effects of DBZ, ICG-001 and 

IQ-1 were assessed at baseline and following IL-13 treatment (Figure 3A). TEER levels were 

measured at day 7 and 14. Treatment with both DBZ and ICG-001 significantly increased the 

TEER of PBECs at day 14 (Figure 3B, C), whereas IL-13 and IQ-1 did not significantly affect 

TEER levels at day 14 (data not shown). 

 

In the same PBECs, DBZ, but not ICG-001 significantly inhibited the baseline expression of 

MUC5AC (Figure 3D). IL-13 significantly increased the expression of MUC5AC, and this 

was significantly attenuated by ICG-001, but not DBZ (Figure 3D), as the fold suppression 

of MUC5AC by DBZ is similar at both baseline and upon IL-13 treatment. The expression of 

SPDEF at baseline and upon stimulation by IL-13 was reduced by treatment with DBZ, but 

not by ICG-001 (Figure 3E). In contrast, the MUC5AC repressor FOXA2 was significantly 

increased by ICG-001, but not by DBZ, both at baseline and upon IL-13 treatment (Figure 

3F). IQ-1 did not significantly affect the expression of MUC5AC, SPDEF or FOXA2 (Figure 

3D-F). IL-13 treatment significantly increased the MUC5AC protein secretion (Figure 3G) 

and both DBZ and ICG-001, but not IQ-1, attenuated baseline and IL-13-induced MUC5AC 

protein production (Figure 3G). Together, this suggests that β-catenin/CBP signaling, but not 

β-catenin/p300 induces the expression and production of MUC5AC, and this is independent 

of Notch-mediated SPDEF expression but may involve FOXA2 downregulation. 

 

ICG-001 attenuates IL-13 induced MUC5AC expression in PBECs from asthma donors 

Finally, we assessed whether a similar mechanism is involved in asthma-derived PBECs. 

Due to the limited cell numbers, we used conditional reprogramming to expand the PBECs 

from asthma donors before culturing them at ALI. There were no significant differences in 

the TEER and MUC5AC expression in PBECs from asthma donors before and after 

conditional reprogramming (Figure S2). Cells were treated with/without IL-13 in the presen- 
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Figure 3: Effect of inhibition of β-catenin/CBP and Notch pathway in PBECs from non-asthma donors. (A) 

PBECs were grown in ALI and treated with IL-13, DBZ, ICG-001 and IQ-1 from day 11 to day 21. (B) TEER was 

measured at three different time points and (C) the individual values of different conditions from different donors 

on day 14 were separately plotted. Gene expression of (D) MUC5AC, (E) SPDEF, (F) FOXA2 and (G) MUC5AC 

protein on day 22. Data is presented as median ± IQR; *p<0.05, Wilcoxon signed rank test. 
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ce and absence of ICG-001 (Figure 4A). Similar to cells from non-asthma donors, TEER 

increased from day 7 to day 14, however, ICG-001 was not able to significantly increase 

TEER levels at baseline (Figure 4B, C), while a trend towards a decrease in TEER was 

observed following IL-13 treatment at day 14, but this was not significant (Figure 4B,C). 

 

Similar to the PBECs from non-asthma donors, cells from asthma donors also showed a 

significant increase in the MUC5AC expression with IL-13 treatment, which was attenuated 

by ICG-001 (Figure 4D). Furthermore, ICG-001 had no effect on SPDEF expression (Figure 

4E), but significantly increased FOXA2 expression both at baseline and IL-13 treated 

conditions (Figure 4F). In addition, IL-13 tended to increase in MUC5AC protein (Figure 

4G). In contrast to PBECs from healthy donors, ICG-001 did not significantly reduce 

MUC5AC protein in the PBECs from asthma donors (Figure 4G). 

 

Discussion 

In this study, we show that specific inhibition of Notch signaling attenuates MUC5AC 

expression and production at baseline in PBECs from non-asthma donors, while β-

catenin/CBP inhibition attenuated IL-13 induced MUC5AC expression in PBECs from both 

non-asthma and asthma donors. ICG-001 potently increased the expression of FOXA2 both 

at baseline and upon IL-13 treatment, but did not have any effect on the SPDEF. Furthermore, 

Notch inhibition significantly decreased the expression of SPDEF at baseline, but had no 

effect on FOXA2 expression. This indicates that β-catenin/CBP and Notch signaling exhibit 

two distinct levels of control over MUC5AC expression and thereby, goblet cell 

differentiation in the airway epithelium (Figure 5). 

 

We also showed that IL-13 enhances the baseline expression of SPDEF and MUC5AC, which 

was not inhibited by blocking Notch signaling using DBZ. This is in accordance with 

previous data where IL-13 stimulated SPDEF expression which was shown to be mediated 

by phosphorylation of transcription factor STAT6, subsequently activating MUC5AC gene 

expression in epithelial cells from trachea and bronchi of mice (33). This effect of IL-13 on 

MUC5AC expression has previously been shown to be inhibited by blocking Notch 

signaling, which is in contrast to our finding that Notch inhibition suppresses the baseline, 

but not the IL-13 induced MUC5AC expression (15). Furthermore, our data indicates that β- 
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Figure 4: Effect of inhibition of β-catenin/CBP and Notch pathway in PBECs from asthma donors. (A) PBECs 

were grown in ALI and treated with IL-13 and/or ICG-001 from day 11 to day 21. (B) TEER was measured at three 

different time points and (C) the individual values of different conditions from different donors on day 14 were 

separately plotted. Gene expression of (D) MUC5AC, (E) SPDEF, (F) FOXA2 and (G) MUC5AC protein on day 

22. Data is presented as median ± IQR; *p<0.05, Wilcoxon signed rank test. 
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catenin/CBP regulates MUC5AC expression independently of Notch by a mechanism that 

may involve regulating the expression of FOXA2. This aligns with the findings from a 

previous study which showed that increased β-catenin activity in mice airways downregulates 

Foxa2 expression, resulting in goblet cell metaplasia (14). It also aligns with our recent data 

from single cell RNA-sequencing analysis of bronchial epithelial cells from healthy donors 

and asthma patients, in which all goblet cells in healthy donors were found to express a 

signature of Notch target genes, while in asthma donors this was observed in only a minority 

of the goblet cells (16). Instead, goblet cells of asthma donors expressed a signature of IL-13 

induced genes, which was absent in healthy donors (16). Taken together, these data indicate 

that IL-13 and Notch signaling act in parallel to induce goblet cell differentiation, while we 

here find that the former depends on β-catenin/CBP signaling. Inhibition of β-catenin/CBP 

signaling has also been shown to attenuate goblet cell metaplasia in toluene diisocyanate-

induced asthma mouse model (34). Of interest, the effects of IL-4 treatment on loss of Foxa2 

and goblet cell metaplasia in mice were shown to be STAT6-dependent (35). However, it is 

not known if IL-13 mediated phosphorylation of STAT6 increases β-catenin activity. 

 

We observed a large variation in the baseline expression of β-catenin target gene CCND1 

especially at day 0 and MUC5AC expression at day 28 in the asthma group (Figure S1). There 

was also a large donor dependent variation between the protein levels of MUC5AC in the 

asthma group, which likely obscured any statistically significant differences that we expected 

to observe between non-asthma and asthma groups. This large variation between the cells 

from asthma donors could be due to various intrinsic factors like age, gender, atopy, type of 

inflammation and extrinsic factors like smoking status and medication. Another possible 

explanation for the absence of differences in MUC5AC levels between non-asthma and 

asthma groups is that PBECs from both non-asthma and asthma donors were cultured in the 

media containing the same concentration of EGF. Higher levels of EGF (36,37), which is 

responsible for goblet cell differentiation (8,38–40) and may contribute to excessive mucus 

production in asthma, were detected in the airways of asthma patients compared to healthy 

controls. Exposure of PBECs from both non-asthma and asthma donors to the same 

concentration of EGF might have minimized differences between the two groups. 
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Figure 5: Schematic representation of proposed mechanism of regulation of IL-13 stimulated MUC5AC by β-

catenin/CBP and Notch signaling. The IL-13-induced phosphorylation of STAT6 acts upstream of Notch in 

regulating SPDEF and MUC5AC. Alternatively, β-catenin/CBP signaling regulates MUC5AC through FOXA2, 

while it is currently unclear whether phospho-STAT6 acts upstream of β-catenin/CBP. 

 

ICG-001 treatment resulted in an increase in baseline TEER in agreement with previous data 

where ICG-001 significantly increased the baseline resistance of PBECs cultured in 

monolayer after 24 hours (23). In contrast to the epithelial cells from healthy donors, ICG-

001 did not improve the TEER and had no effect on the MUC5AC protein in PBECs from 

asthma patients at baseline and upon IL-13 treatment. The lack of effect may be due to the 

fact that the barrier is already inadequately established, which is reflected in their lower 

TEERs compared to the PBECs from non-asthma donors (Figure S2). In addition, the failure 
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to downregulate β-catenin activity, as observed by the absence of decrease in β-catenin target 

gene CCND1 expression from day 0 to day 28 in untreated PBECs from asthma donors, 

indicates a prolonged undifferentiated/proliferative phenotype compared to the non-asthma 

group and may explain the delayed goblet cell differentiation and formation of an effective 

barrier. Together, this suggests that β-catenin/CBP signaling is important for the 

establishment of an intact epithelial barrier initially, followed by goblet cell differentiation.  

 

Collectively, we demonstrate that β-catenin/CBP plays a major/crucial role in promoting 

MUC5AC expression and goblet cell differentiation. The regulation of MUC5AC through 

independent signaling pathways of β-catenin and Notch provides useful insights into 

pathophysiological mechanisms of asthma. Specific targeting of β-catenin/CBP and FOXA2 

expression could be a potential therapeutic strategy to alleviate chronic mucus hypersecretion 

in asthma. Future studies should be directed towards validating the role of β-catenin/CBP 

signaling and the effect of its inhibition in mouse models of allergic asthma. 
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Supplementary data 

 

Figure S1: Characterization of PBECs. PBECs from non-asthma and asthma donors were grown and (A) CCND1 

expression, (B) HES1 expression, (C) FOXA2 expression, (D) SPDEF expression, (E) MUC5AC expression, and 

(F) semi-quantification of MUC5AC staining have been measured during their development in ALI at four different 

time points; days 0, 11, 20, and 28. Raw data (2-ΔCt or intensity/area) is presented as median ± IQR. Friedman test 
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was used to compare data at days 11, 20 and 28 to day 0 within a subject group; *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Kruskal–Wallis test was used to compare non-asthma vs asthma at a given time point; #p<0.05.  

 

 

 

Figure S2: Comparison of PBECs from non-asthma and asthma donors vs conditionally reprogrammed (CR) asthma 

PBECs. (A) Expression of MUC5AC and (B) TEER at day 20 or 22. Data is presented as median ± IQR; *p<0.05, 

Kruskal Wallis test. 

 

 

 

 

 

 

 

 

 

 

 

 



113 

 

CHAPTER 6 

Inhibition of β-catenin/CREB binding 

protein signaling attenuates house 

dust mite-induced goblet cell 

metaplasia in mice 
 

Virinchi N. S. Kuchibhotla1,2,3*, Malcolm R. Starkey1,4,5*, Andrew T. Reid6,7, Irene H. 

Heijink2,3,8, Martijn C. Nawijn2,3, Philip M. Hansbro1,7,9*, Darryl A. Knight1,10,11* 

 

1School of Biomedical Sciences and Pharmacy, University of Newcastle, Callaghan, New South Wales, Australia. 

2University of Groningen, University Medical Center Groningen, Department of Pathology & Medical Biology, 

laboratory of Experimental Pulmonology and Inflammation Research (EXPIRE), Groningen, The Netherlands. 

3University of Groningen, University Medical Center Groningen, GRIAC Research Institute, Groningen, the 

Netherlands. 

4Department of Immunology and Pathology, Central Clinical School, Monash University, Melbourne, Victoria, 

Australia 

5Priority Research Centre GrowUpWell, The Faculty of Health and Medicine and Hunter Medical Research Institute, 

The University of Newcastle, Newcastle, New South Wales, Australia 

6School of Medicine and Public Health, University of Newcastle, Callaghan, New South Wales, Australia. 

7Priority Research Centre for Healthy Lungs, Hunter Medical Research Institute, New Lambton Heights, New South 

Wales, Australia. 

8University of Groningen, University Medical Center Groningen, Department of Pulmonology, Groningen, the 

Netherlands 

9Centre for Inflammation, Centenary Institute and University of Technology Sydney, School of Life Science, Faculty 

of Science, Sydney, NSW, Australia. 

10Providence Health Care Research Institute, Vancouver, BC, Canada. 

11Department of Anesthesiology, Pharmacology and Therapeutics, University of British Columbia, Vancouver, BC, 

Canada. 

* Authors contributed equally and are co-first and senior authors 

 

 

This chapter is under revision at Frontiers in Physiology, 2021 

 



114 

 

Abstract 

Excessive mucus production is a major feature of allergic asthma. Disruption of epithelial 

junctions by allergens such as house dust mite (HDM) results in the activation of β-catenin 

signaling, which has been reported to stimulate goblet cell differentiation. β-catenin interacts 

with various co-activators including CREB binding protein (CBP) and p300, thereby 

regulating the expression of genes involved in cell proliferation and differentiation, 

respectively. We specifically investigated the role of the β-catenin/CBP signaling pathway in 

goblet cell metaplasia in a HDM-induced allergic airway disease model in mice using a small 

molecule inhibitor ICG-001. Female 6-8-week-old BALB/c mice were sensitized to 

HDM/saline on days 0, 1 and 2, followed by intranasal challenge with HDM/saline with or 

without subcutaneous ICG-001/vehicle treatment from days 14-17, and samples harvested 24 

hours after the last challenge/treatment. Differential inflammatory cells in bronchoalveolar 

lavage (BAL) fluid were enumerated. Periodic acid–Schiff (PAS)/alcian blue (AB) staining 

was used to identify goblet cells/mucus production, and airway hyperresponsiveness (AHR) 

was assessed using invasive plethysmography. Exposure to HDM induced airway 

inflammation, goblet cell metaplasia and increased AHR, with increased airway resistance in 

response to the non-specific spasmogen methacholine. Inhibition of the β-catenin/CBP 

pathway using treatment with ICG-001 significantly attenuated the HDM-induced goblet cell 

metaplasia and infiltration of macrophages, but had no effect on eosinophils, neutrophils, 

lymphocytes or AHR. Increased β-catenin/CBP signaling may promote HDM-induced goblet 

cell metaplasia in mice. 

 

Key words: asthma, β-catenin, goblet cell metaplasia, ICG-001 

 

Introduction 

Asthma is broadly characterized by chronic inflammation and remodeling of the airways, 

excessive airway mucus production, and reversible airflow obstruction with loss of lung 

function (1). The airway epithelium is the first line of defense against inhaled allergens and 

is more susceptible to damage by allergens such as house dust mite (HDM) in asthma. This 

results in the deterioration of cellular junctions (2), increased epithelial growth factor receptor 

(EGFR) signaling (3), extracellular matrix proteins (4) and expression of mesenchymal 

markers such as α-smooth muscle actin (α-SMA), fibronectin and vimentin (5), and airway 

hyperresponsiveness (AHR) (4,6). Damaged epithelial cells release pro-inflammatory 
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cytokines like Chemokine (C-C motif) ligand 20 (CCL20), CCL17, interleukin (IL)-25, IL-

33 and thymic stromal lymphopoietin (TSLP), which activate and attract immune cells like 

dendritic cells (DCs) and macrophages, promoting the differentiation of type-2 cells (3,7,8). 

T helper 2 (Th2) cells and innate lymphoid cells (ILCs) release various cytokines including 

IL-4, IL-5 and IL-13, which activate B-lymphocytes, induce the infiltration of eosinophils, 

and enhance the differentiation of goblet cells (9–11). Besides IL-13, EGF also enhances 

goblet cell differentiation (12,13). Goblet cells are secretory cells that produce mucus, which 

consists of polypeptides, water, DNA, enzymes and high molecular weight glycoproteins 

called mucins (14). MUC5AC and MUC5B are the major mucins secreted by goblet cells, 

and their expression is increased in asthma and is associated with goblet cell metaplasia 

(15,16). MUC5AC production is regulated by the transcription factors SAM pointed domain 

containing ETS transcription factor (SPDEF) and forkhead box a2 (FOXA2), which activate 

and repress the expression of MUC5AC, respectively (15,17). In the asthmatic airway, goblet 

cell hyperplasia is accompanied by loss of ciliated cells concomitant with higher expression 

of basal cell markers cytokeratin 5 and p63 compared to healthy individuals, resembling 

undifferentiated epithelium undergoing aberrant repair responses that is unable to re-

differentiate into a pseudostratified layer (18). 

 

Adherens junctions, which mainly constitute the transmembrane protein E-cadherin, help in 

maintaining the integrity and function of the airway epithelium. Reduced expression of E-

cadherin has been observed in airway epithelial cells from asthmatic donors along with 

decreased epithelial barrier function (19). We have previously shown that allergens like 

HDM disrupt E-cadherin at the cell junctions and induce goblet cell metaplasia in mice (20). 

In mice, embryonic knock-out of E-cadherin in airway epithelial cells induced club cell 

hyperplasia (21) and excessive mucus production (22). The loss of E-cadherin leads to the 

delocalization of its intracellular binding partner β-catenin into the cytoplasm, where its 

levels are regulated by a destruction complex consisting of axin, adenomatous polyposis coli 

APC and GSK-3β. Activation of Wnt and/or growth factor signaling prevents 

phosphorylation and degradation of β-catenin by the destruction complex in the cytoplasm. 

The non-phosphorylated β-catenin, which is the transcriptionally active form of β-catenin, 

translocates to the nucleus and acts as a transcription factor to regulate the expression of 

various genes involved in cellular development and regulate cell fate decisions (23). 

Increased transcriptional activity of β-catenin has been shown to induce goblet cell 
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metaplasia in mice (24). The regulation of a variety of genes by β-catenin is possible because 

of its ability to bind to various transcriptional coactivators including CREB binding protein 

(CBP) and p300 leading to divergent cellular processes of cell migration and proliferation 

versus differentiation, respectively (25). Specifically, β-catenin/CBP signaling has been 

shown to regulate epithelial-to-mesenchymal transition of primary airway epithelial cells, 

leading to loss of epithelial markers such as E-cadherin, possibly through transcriptional 

regulation of E-cadherin repressors such as SNAIL and SLUG in addition to EGFR, whose 

downstream signaling results in the loss of E-cadherin (26,27). In addition, inhibition of β-

catenin/CBP pathway by the small molecule inhibitor ICG-001 improved airway epithelial 

barrier function in vitro upon Ca+2 signaling-induced damage by stabilizing E-cadherin at 

cell junctions (28). We hypothesized that inhibition of the β-catenin/CBP pathway upon 

HDM-induced E-cadherin loss using ICG-001 would attenuate HDM-induced goblet cell 

metaplasia and AHR in a mouse model of allergic asthma. 

 

Materials and Methods 

Mice 

6-8 week-old female BALB/c mice were obtained from the University of Newcastle’s central 

animal house and housed at the Hunter Medical Research Institute animal facility in 

individually ventilated cages in an SPF PC2 facility. Mice were provided standard rodent 

chow ad libitum. All protocols were approved by the University of Newcastle Animal Care 

and Ethics Committee. 

 

HDM model of allergic airway disease 

Mice (n=6-8/group) were sensitized to HDM (Dermatophagoides pteronyssinus) extract 

(intranasal (i.n.): days 0, 1 and 2; 50 μg; Greer Labs, North Carolina, USA) in sterile saline 

(50 μl) and challenged with HDM (i.n.: day 14–17; 5 μg in 50 μl saline) with/without ICG-

001 (subcutaneous: day 14–17; 5mg/Kg) under isoflurane anesthesia and euthanized on day 

18 (Figure 1A) as previously described (6,29). 

 

Quantitative polymerase chain reaction (qPCR) 

Total RNA was extracted from lung homogenates using TRIZOL (Sigma, Missouri, USA) 

as previously described (30–32). Synthesis of cDNA was performed using high-capacity 

cDNA reverse transcription kit with RNase inhibitor (Thermo Fisher Scientific, 
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Massachusetts, USA) and T100 Thermal Cycler (Bio-Rad Laboratories, California, USA). 

Quantitative real time PCR (qRT-PCR) targeting Cdh1 (Mm01247357_m1, Thermo Fisher 

Scientific), Muc5ac (Mm01276718_m1, Thermo Fisher Scientific), Muc5b 

(Mm00466391_m1, Thermo Fisher Scientific), Spdef (Hs00171942_m1, Thermo Fisher 

Scientific), and Foxa2 (Mm01976556_s1, Thermo Fisher Scientific) was performed on 

individual biological replicates, which were normalized to Hprt (Mm03024075_m1, Thermo 

Fisher Scientific) and presented as gene expression (2-ΔCt) as previously described (33). 

 

Histological analysis 

Lung sections of 5 µm thickness were obtained for all the experimental mice and stained for 

goblet cells/mucins using standard Alcian blue pH 2.5 (AB) followed by periodic acid and 

Schiff’s reagent (PAS) as previously described (30,34,35). A minimum of 8 different airways 

per section were imaged at 10x magnification and quantified using color deconvolution 

algorithm in ImageJ (National institute of Health) as previously described (30,34,35). Each 

data point represents the percentage of total staining intensity of mucus in the whole section 

per total area of the airway epithelial cells in that section. After importing the AB/PAS 

staining image of the section into ImageJ, the airway epithelial cells were selected by drawing 

a region of interest (ROI) using the ‘free hand selection tool’. The area outside the airway(s) 

was deleted using ‘clear outside’ function. The ‘Threshold color’ was adjusted to select all 

airway epithelial cells and the total area of the airway epithelial cells was measured using the 

‘Measure’ function, which was exported to an excel file. Next, by selecting the “color 

deconvolution” function with H-PAS vector, the image was split into three different color 

channels. The blue/magenta color channel was selected to quantify the AB/PAS staining 

intensity using the ‘Threshold’ function. By changing the value of the ‘threshold’ function, 

the AB/PAS staining area was selected. Setting a very high threshold value results in an 

increase of incorrect selection of unstained areas in the image and setting a very low threshold 

may not sufficiently select the AB/PAS staining area. So, the threshold was manually 

adjusted to a value which best covers the whole area of the AB/PAS staining. Importantly, 

the same threshold value was used for the selection of AB/PAS staining for all the images 

for consistency. After selecting the area of AB/PAS staining, the image was ‘flattened’ and 

‘inverted’. The area of the AB/PAS staining was selected using ‘Threshold color’ and the 

staining intensity was measured using ‘Measure’ function, which were also exported to the 

excel file. All the values of AB/PAS staining intensities and area of airway epithelial cells 
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from different airways of a single image section were separately added to get the total 

AB/PAS staining intensity and total area of airway epithelial cells, respectively. Finally, the 

% AB/PAS staining was calculated using the following equation: (total AB/PAS staining 

intensity/total area of airway epithelial cells) x 100%. Each data point represents the % 

AB/PAS staining of mucins per total area of the airway epithelial cells in a section from a 

single mouse. 

 

Immune cell quantification 

BAL fluid (2 ml) was prepared, and total cell numbers were determined with a 

hemocytometer. Cells prepared by cytocentrifugation (Shandon Cytospin; Thermo Fisher 

Scientific, Waltham, MA) were stained with May-Grünwald-Giemsa and leukocytes were 

enumerated on the basis of morphologic criteria (200 cells by light microscopy [×40]) as 

previously described (30,36,37). Further, eosinophils, neutrophils, lymphocytes and 

macrophages were calculated and represented as the percentage of the total leukocytes in 

BAL fluid. 

 

Airway hyperresponsiveness (AHR) 

Mice were anesthetized (ketamine and xylazine [80–100 and 10 mg/kg, respectively]; Troy 

Laboratories, Smithfield, Australia) and the tracheas were cannulated. Each cannula was 

connected to an inline aerosol administrator and ventilator, which were attached to a 

preamplifier and computer (Buxco, Wilmington, NC) to analyze pressure and flow 

waveforms and to determine airway resistance and dynamic compliance. Mice were 

nebulized with saline followed by increasing doses of methacholine (Sigma) as previously 

described (30,32,38). 

 

Statistical analysis 

All statistical analyses were performed using GraphPad Prism (Graphpad software, San 

Diego, USA). Non-parametric Mann–Whitney U test was performed to assess for significant 

differences in gene expression, staining quantification, and the infiltration of immune cells 

between different groups. For AHR, two-way analysis of variance (ANOVA) was used to 

compare different groups and multiple comparisons were done by uncorrected Dunn’s test. 

P < 0.05 was considered statistically significant. Outliers were identified by Grubb’s test. We 

detected one outlier in the HDM + ICG-001 group for the Spdef gene expression analysis 
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(Figure 1F) and one outlier in the HDM + ICG-001 group for the AB/PAS staining 

quantification (Figure 1H) and removed these from the specific analyses. In addition, we also 

detected and removed one outlier each in the Saline + ICG-001 group for the measurement 

of total leucocytes, eosinophils, neutrophils, lymphocytes, and macrophages (Figure 2A-E 

and Figure S1A-E), which are from a single mouse. 

 

Results 

ICG-001 decreases HDM-induced goblet cell metaplasia in vivo 

Sensitization of mice for 3 days from day 0 to 3 followed by exposure to HDM for 4 days 

from day 14-17 showed a strong trend (p=0.06) towards a decrease in the mRNA expression 

of E-cadherin (Cdh1) compared to PBS-sensitized and PBS-challenged mice. In mice treated 

with ICG-001, no differences were observed in the Cdh1 mRNA expression levels after HDM 

exposure (Figure 1B). HDM significantly increased the mRNA expression of secretory 

mucins Muc5ac and Muc5b (Figure 1C, D). Treatment of mice with ICG-001 resulted in a 

trend (p=0.09) towards the suppression of HDM-induced mRNA expression of Muc5ac, but 

had no effect on Muc5b expression (Figure 1C, D). The Muc5ac transcriptional activator 

Spdef was significantly increased (Figure 1E) and the Muc5ac transcriptional repressor 

Foxa2 was significantly decreased (Figure 1F) following HDM exposure, which was not 

affected by ICG-001 treatment (Figure 1E, F). The increase in Muc5ac and Muc5b expression 

was validated at the protein level by AB/PAS staining, revealing that HDM exposure 

promoted goblet cell metaplasia and mucus production. Notably, HDM-induced goblet cell 

metaplasia and mucus production was significantly repressed by ICG-001 treatment (Figure 

1G, H). 

 

ICG-001 inhibits HDM-induced infiltration of macrophages, but does not have an effect 

on HDM-induced AHR 

Airway inflammation with increases in leukocytes and notably eosinophils is a hallmark of 

the HDM- induced asthma model in mice. HDM significantly increased the total leukocyte 

counts. The majority of leukocytes in the BAL fluid of PBS exposed mice were macrophages 

(98.3 ± 1.6 %) and the remaining fraction included eosinophils, neutrophils and lymphocytes 

(Figure S1A-E). Exposure to HDM significantly increased the total number of eosinophils, 

neutrophils, lymphocytes, and to a lesser extent, macrophages in BAL fluid (Figure 2A-E), 

resulting in a decrease in the percentage of macrophages (Figure S1E). ICG-001 did not have  
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Figure 1: ICG-001 decreases HDM-induced goblet cell metaplasia. (A) HDM-induced allergic airway disease 

model in mice treated with the ICG-001 inhibitor. (B-F) Gene expression of Cdh1, Muc5ac, Muc5b, Spdef and 

Foxa2 normalized to Hprt. (G) Alcian Blue (AB)/ Periodic acid–Schiff (PAS) staining of lung sections from mice 

for mucus, scale = 100 µm. (H) Semi-quantification of AB-PAS staining for mucus using color deconvolution. Data 

is presented as median ± IQR; n=4-8, *p<0.05, **p<0.01, Mann–Whitney U test. 
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any effect on HDM-induced increases in the absolute number of total leukocytes including 

eosinophils, neutrophils, and lymphocytes (Figure 2A-D). ICG-001 treatment did result in a 

significant reduction in HDM-induced macrophages (Figure 2E). Methacholine induced a 

dose-dependent increase in airway resistance, which was significantly elevated by HDM 

sensitization and challenge (Figure 2F). In line with the lack of effect on inflammation, ICG-

001 treatment did not suppress HDM-induced increase in the airway resistance (Figure 2F). 

 

 

Figure 2: ICG-001 inhibits HDM-induced infiltration of macrophages, but does not have an effect on HDM-

induced AHR. Numbers of (A) total leukocytes, (B) eosinophils, (C) neutrophils, (D) lymphocytes, and (E) 

macrophages present in BAL fluid of mice. Data is presented as median ± IQR; *p<0.05, **p<0.01, Mann–Whitney 

U test. (F) Change in the methacholine-induced airway resistance (%) in mice following exposure to HDM and 

treated with ICG-001 or vehicle-treated controls. Data is presented as median ± IQR; n=5-6, *p<0.05, two-way 

ANOVA. 

 

Discussion 

In this study, we investigated the role of β-catenin/CBP signaling in allergen-induced 

manifestations of asthma. HDM exposure showed a trend towards a decrease in E-cadherin 
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expression, which was accompanied by increases in Muc5ac, Muc5b and Spdef expression, 

decreased Foxa2 expression, the induction of goblet cell metaplasia and the infiltration of 

inflammatory cells, thereby representing the phenotype of asthmatic airway epithelium. 

Specific inhibition of β-catenin/CBP signaling using ICG-001 significantly decreased goblet 

cell metaplasia and mucus production. This effect of ICG-001 on mucus production was in 

line with a trend towards a decrease in HDM-induced Muc5ac expression with ICG-001 

treatment, which likely failed to reach statistical significance due to high variation between 

mice. Our findings are in line with a previous study in which ICG-001 was shown to inhibit 

goblet cell metaplasia in a toluene diisocyanate treated mouse model of asthma (39). Also, 

we have recently shown that ICG-001 significantly inhibited IL-13-induced MUC5AC gene 

expression and production in an air-liquid interface (ALI) culture model of human primary 

bronchial epithelial cells (Chapter 5), which was accompanied by higher FOXA2 expression, 

while leaving SPDEF expression unaffected. The discrepancy of the effects of ICG-001 on 

MUC5AC expression between in vitro and in vivo models could be due to differences in the 

cellular composition of airway epithelium between human (our in vitro data) and mice (this 

study). Indeed, lineage tracing studies revealed that IL-13-induced goblet cells were derived 

from FOXJ1-expressing ciliated cells in human primary airway epithelial cells in ALI (40), 

but this was not demonstrated in vivo in an Ovalbumin-induced mouse model of allergic 

airway disease (41). Newly differentiated goblet cells generated in response to HDM in mice 

may originate predominantly from club cells that are present in the pseudostratified layer of 

airway epithelium (42). Also, RNA analysis of lung tissue exhibits greater within-group 

variance than PAS staining, as the former is dependent on the relative proportion of RNA 

coming from the airway epithelial cells in the total lung tissue RNA pool. Furthermore, the 

design of our study may explain the discrepancy between the effect of ICG-001 on HDM-

induced Muc5ac expression and production. We treated mice with ICG-001 after the initial 

HDM sensitization and we cannot be sure that the changes in Muc5ac gene expression were 

already induced during the initial sensitization phase. 

 

ICG-001 treatment also had no effect on the gene expression of Foxa2, which was previously 

identified to be regulated by the β-catenin pathway (24). Of note, Foxa2 is a transcriptional 

activator of E-cadherin (43,44), and the HDM-induced downregulation of Foxa2 may have 

resulted in reduced expression of E-cadherin. In line with the lack of effect on Foxa2, we did 

not observe an effect of ICG-001 on E-cadherin expression. ICG-001 was able to 
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significantly decrease the HDM-induced infiltration of macrophages, suggesting the 

important role of β-catenin/CBP signaling in HDM-induced pro-inflammatory responses in 

mice. Indeed, we have previously shown that ICG-001 inhibits the HDM-induced 

granulocyte macrophage-colony stimulating factor (GM-CSF) (28), a cytokine that 

stimulates the production of macrophages. Alternatively, ICG-001 was not able to prevent 

the infiltration of eosinophils, neutrophils, and lymphocytes. This is in contrast to our in vitro 

data where we showed that ICG-001 reduced HDM-induced CCL20 levels in primary 

bronchial epithelial cells (28), as neutrophils and T cells (predominantly Th17) are known to 

express CCL20 receptor CCR6. Moreover, ICG-001 was previously shown to be able to 

significantly decrease eosinophil and neutrophil influx into the airways induced by toluene 

diisocyanate in mice (39). These contrasting findings could be due to the difference in the 

mechanism of action of HDM and toluene diisocyanate. HDM activates pathogen recognition 

receptors (PRRs) like dectin-1 and Toll-like receptor (TLR)-4 resulting in the release of pro-

inflammatory cytokines like CCL17, CCL20, IL-5 and IL-13 (45,46), whereas toluene 

diisocyanate acts on transient receptor potential melastatin 8 (TRPM8) resulting in the release 

of IL-25, IL-4 and IL-13 (47). This suggests that TRPM8, but not PRR activation is regulated 

by β-catenin/CBP signaling. As HDM is a major allergen responsible for airway 

inflammation in Type-2 driven, atopic asthma, our model may be mainly relevant for better 

understanding of the role of β-catenin/CBP signaling in allergic airway inflammation. 

 

Here, we show that ICG-001 attenuates HDM-induced goblet cell metaplasia independent of 

HDM-induced airway inflammation. Inhibition of β-catenin/CBP pathway could be an 

alternative strategy to regulate mucus hypersecretion in asthma. Future studies should be 

directed towards more targeted delivery of the ICG-001 to specific airway epithelial cell 

types for increased efficiency of the drug. 
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Supplementary Data  

 

Figure S1: Effect of ICG-001 on HDM-induced airway inflammation and AHR in mice. Numbers of (A) total 

leukocytes, and percentage of (B) eosinophils, (C) neutrophils, (D) lymphocytes, and (E) macrophages present in 

BAL fluid of mice. Data is presented as median ± IQR; n=5-6, **p<0.01, Mann–Whitney U test. 
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CHAPTER 7 

Summary, Discussion & Future 

Perspectives 
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Summary 

The airway epithelium in asthma is vulnerable to damage and has a compromised barrier 

function associated with reduced expression of the adherens junction protein E-cadherin. 

Exposure of the asthmatic airway epithelium to inhaled allergens like house dust mite (HDM) 

results in increased damage to the epithelial barrier, characterised by a further reduction in 

E-cadherin and increased release of pro-inflammatory chemokines like C-C Motif 

Chemokine Ligand (CCL) 17, CCL20, pro-inflammatory cytokines like granulocyte-

macrophage colony-stimulating factor (GM-CSF) and alarmins such as thymic stromal 

lymphopoietin (TSLP), interleukin (IL)-25 and IL-33. These pro-inflammatory mediators 

attract and/or activate type -2 innate lymphoid cells (ILC2), tissue resident macrophages and 

dendritic cells (DCs), which activate Th2 cells through antigen presentation. Activated ILC2s 

and Th2 cells release cytokines IL-4, IL-5, and IL-13 that induce IgE production by B-

lymphocytes, eosinophilic infiltration into the airways and excessive mucus production 

respectively (1). The damaged airway epithelium initiates a remodelling and repair response 

mediated by growth factors like transforming growth factor (TGF)-β, epidermal growth 

factor (EGF) and vascular endothelial growth factor (VEGF) (2). The expression of higher 

levels of basal cell markers cytokeratin-5, -14 and p63 in the asthmatic airway epithelium 

indicates an undifferentiated epithelial phenotype that upon damage is unable to repair and 

regenerate a functionally intact barrier (3). The loss of E-cadherin, e.g., upon exposure to 

allergens, results in the release of its intracellular binding partner β-catenin, which not only 

aids in cell adhesion, but also functions as a transcription factor, regulating the expression of 

mesenchymal genes. These genes encode proteins including fibronectin, EGF receptor 

(EGFR) and VEGF, which may contribute to airway wall remodelling (3,4). β-catenin 

mediated transcriptional activation is achieved through its interaction with various 

transcriptional co-activators including CREB binding protein (CBP) and p300, resulting in 

cell proliferation and cell differentiation respectively (5). It remains unknown whether the 

transcriptional activity of β-catenin upon release from the junctional protein complexes 

contributes to the changes observed in the airway epithelium in asthma patients, such as 

relative abundance of basal, undifferentiated cells. 

 

We hypothesised that upon loss of E-cadherin and release of β-catenin from adherens 

junctions, the subsequent activation of/increased β-catenin/CBP signalling contributes 

to the asthmatic airway epithelial phenotype. 
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To investigate this, we addressed the following questions: 

• Does β-catenin/CBP signalling promote epithelial barrier (dys)function and pro-

inflammatory response in airway epithelial cells upon damage? 

• Does the loss of β-catenin from the E-cadherin-mediated adherens junctions in lung 

epithelial cells increase the susceptibility of the airway epithelium to HDM-mediated 

effects in mice? 

• Does interaction of β-catenin to CBP instead of p300 lead to activation of pathways 

involved in goblet cell differentiation? If so, is there any crosstalk with the regulation 

of MUC5AC by the Notch pathway? 

• Does β-catenin/CBP pathway enhance airway inflammation, goblet cell metaplasia 

and airway hyperresponsiveness in mice? 

 

To address these questions, we used the small molecule inhibitor ICG-001 to specifically 

block β-catenin/CBP signalling. In chapter 3, we show that HDM treatment in primary 

airway epithelial cells (PAECs) resulted in significant increase in the release of chemokine 

CCL20, which was suppressed by ICG-001. In addition, we observed that ICG-001 improved 

the barrier function of PAECs at baseline and upon wounding. Overall, we demonstrate that 

increased β-catenin/CBP signalling disrupts epithelial barrier function and promotes pro-

inflammatory activity in PAECs. In chapter 4, we explored the effects of loss of E-cadherin-

mediated adherens junctions on the susceptibility of the airway epithelium to HDM using 

Cre-Lox mediated E-cadherin knock-out mice models. We have previously shown that 

surfactant protein C (SP-C)-driven knock-out of E-cadherin during embryonic development 

of mice resulted in enlarged alveolar airspaces resembling emphysema (6). Since asthma is 

mainly a disease of the airways, specific knockout of E-cadherin in airway epithelial cells 

may be a more relevant model to study the contribution of E-cadherin loss on airway 

epithelial integrity in asthma, as observed upon HDM exposure. We generated three different 

models - knock-out of E-cadherin in SP-C expressing cells during embryonic development 

(model 1), CCSP expressing cells during embryonic development (model 2) and CCSP 

expressing cells after birth (model 3). In all the three models, we observed that the loss of E-

cadherin resulted in denudation of airway epithelial cells along with spontaneous 

inflammation mediated/featured by the increase of eosinophils in lung. Loss of E-cadherin 

also led to increased Th2 cell numbers in lung tissue in model 1, but not in models 2 and 3. 

Loss of E-cadherin did not affect the HDM-mediated effects in all three models. In 
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conclusion, the extent of airway epithelial E-cadherin loss affected the kinetics and 

magnitude of the airway inflammatory response, although it did not increase the sensitivity 

to HDM in mice. In chapter 5, we investigated the role of β-catenin/CBP signalling and its 

possible overlap with Notch signalling in promoting goblet cell differentiation. We show that 

IL-13 significantly increased the expression and production of MUC5AC in primary 

bronchial epithelial cells (PBECs) differentiated in air-liquid interface (ALI). The IL-13 

induced MUC5AC was attenuated by exposure to ICG-001. In addition, we showed that β-

catenin/CBP signalling and Notch pathway independently regulate MUC5AC through its 

transcriptional repressor forkhead box protein A2 (FOXA2) and transcriptional activator 

SAM pointed domain-containing Ets transcription factor (SPDEF), respectively. Together, 

we demonstrate that β-catenin/CBP and Notch signalling promote the expression and 

production of MUC5AC through independent pathways. In chapter 6, we aimed to validate 

the effect of ICG-001 on mucus production in vivo. We showed that initial sensitisation of 

mice, followed by exposure with HDM resulted in increased goblet cell metaplasia, which 

was significantly attenuated by ICG-001. ICG-001 treatment also significantly decreased the 

HDM-induced increase in the infiltration of macrophages. HDM exposure increased airway 

hyperresponsiveness, which was unaffected by ICG-001. Together, we show that β-

catenin/CBP signalling promotes goblet cell differentiation, but not HDM-induced airway 

hyperresponsiveness in vivo. 

 

General Discussion 

PBECs from asthmatic donors have been shown to be more susceptible to loss of epithelial 

barrier and release of pro-inflammatory cytokines like CCL20 upon exposure to allergens 

like HDM compared to the healthy cohort (7). In chapter 3, we showed that specific targeting 

of β-catenin/CBP signalling could play an important role in counteracting the damage-

induced disruption of barrier function and increased pro-inflammatory response. Inhibition 

of β-catenin/CBP signalling in human bronchial epithelial cell line 16HBE using ICG-001 

induced a transient increase in epithelial barrier function at baseline and significantly restored 

the barrier function following injury using thapsigargin – a sarco/endoplasmic reticulum Ca2+ 

ATPase (SERCA) inhibitor, which we have previously shown to mimic the Ca2+-mediated 

effects of HDM (7) yet causing a more robust effect. We show that both HDM and 

thapsigargin induced a significant increase in the release of CCL20 and were both 

significantly decreased by ICG-001. We have previously shown that the loss of E-cadherin 
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from the cell membrane leads to increased EGFR activity (8), which may result in elevated 

Ca2+ signalling (9) and subsequent activation of a disintegrin and metalloproteinase domain-

containing protein 10 (ADAM10) (10,11), a sheddase of CCL20 (12). Of interest, we showed 

that ICG-001 increased the localisation of junctional E-cadherin and cortical actin. This is in 

line with the previous studies which showed that ICG-001 partially prevents TGF-β1–

induced loss of E-cadherin at cell-cell junctions in PAECs (13) and in lens epithelial cells 

(14). The dynamic process of actin polymerisation and disassembly has been previously 

shown to play a key role in the trafficking of E-cadherin to the cell junctions (15), where 

cortical actin supports the localization of E-cadherin in adherens junctions, which is disrupted 

upon formation of stress fibres. In support of this notion, blocking of actin polymerisation 

using cytochalasin D not only resulted in the disruption of E-cadherin-mediated intercellular 

junctions, but also decreased the epithelial barrier function and increased CCL20 release, 

which were all partly mitigated by ICG-001. This indicates that ICG-001 prevents the 

negative downstream effects of disruption of E-cadherin-mediated intercellular contacts by 

promoting the cortical localization of actin-β-catenin complex. The stabilization of E-

cadherin subsequently promotes the barrier function and suppresses the shedding of CCL20. 

The exact mechanism by which ICG-001 increased junctional localisation of E-cadherin and 

actin is unclear but is most likely post-transcriptional as these effects were observed within 

a short time. A possible explanation could be that inhibition of β-catenin/CBP signalling by 

ICG-001 promotes the stabilisation of E-cadherin/β-catenin binding, which has been recently 

shown in gastric cancer cells (16), e.g., through cortical localisation of actin. Overall, our 

findings indicate an important role of β-catenin/CBP signalling in epithelial barrier function 

and pro-inflammatory responses. 

 

In chapter 3, we also show that β-catenin/CBP signalling is involved in promoting 

proinflammatory activity through release of GM-CSF, which activates the production of 

granulocytes like eosinophils. In chapter 4, we observed spontaneous eosinophilic 

inflammation in the E-cadherin knockout models, which could be a consequence of increased 

β-catenin signalling. In contrast to the regulation of junctional E-cadherin by β-catenin/CBP 

signalling, E-cadherin stabilises β-catenin at the cell junction and loss of junctional E-

cadherin may result in increased β-catenin activity (17). Targeted deletion of E-cadherin in 

most of the lung epithelial cells in mice, which express SP-C during embryonic development, 

resulted in asthma features like infiltration of eosinophils and dendritic cells (DCs), increased 
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release of CCL17 and mucus production (6). In addition, E-cadherin knockout resulted in 

enlarged alveolar spaces resembling emphysema, which we also observed (in model 1) in 

chapter 4. Though we specifically targeted the deletion of E-cadherin expression in proximal 

airway epithelial cells using CCSP in model 2 and model 3, we still observed an enlargement 

of airspaces in these models. The effects on the alveolar epithelium as a result of the deletion 

of E-cadherin in proximal epithelial cells could be due to the ability of CCSP-expressing club 

cells to serve as stem/progenitor cells and differentiate into alveolar epithelial cells (18). This 

underscores the significance of club cells not only in the formation and integrity of airway 

epithelium, but also contribute to alveolar differentiation during embryonic/postnatal 

development. In all the three E-cadherin knockout mouse models, we observed that a few 

epithelial cells in the airways retained the expression of E-cadherin, indicating the presence 

of epithelial cells which lack the expression of SP-C that include a small subset of basal cells 

(6), or do not express CCSP such as the non-secretory airway epithelial cells. 

 

Increased numbers of Th2 cells in knockout (Cre+) mice were observed in lung tissue only in 

model 1, indicating that the loss of distal epithelial cells may be crucial for induction of Th2 

cell inflammation. The eosinophilic inflammation was observed in all the three models, 

suggesting that the eosinophilic infiltration seen in model 2 and model 3 could be activated 

by type-2 innate lymphoid cells (ILC2 cells), which also secrete IL-5 that is necessary for the 

activation of eosinophils (19). Unfortunately, this is difficult to validate as we were unable 

to detect ILC2 cells in our samples. Furthermore, loss of E-cadherin can increase EGFR 

signalling, which may also be involved in the observed effects of infiltration of inflammatory 

cells as we have previously shown that it is involved in production and release of various 

pro-inflammatory cytokines (8). HDM-induced eosinophilic inflammation in wild type (Cre-

) mice in model 2 and model 3, but not in model 1. This suggests that there may be some 

intrinsic differences between the SP-C and CCSP breeding lines from which the wild type 

mice of the three models were derived, resulting in the differences in their susceptibility to 

HDM. In addition, HDM increased Th2 cells only in the Cre- mice of model 3, and this was 

accompanied by a trend towards increase in eosinophils. Though we previously showed that 

PBECs from asthma patients are more susceptible to the effects of HDM compared to PBECs 

from heathy donors, HDM did not induce any aggravated responses in Cre+ mice in any of 

the three models. This suggests that the loss of E-cadherin is already a potent stimulus that is 

sufficient to induce pro-inflammatory effects. Exactly to what extent this relates to the 
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asthmatic airway epithelium, where the expression of E-cadherin has been shown to be 

significantly downregulated compared to the healthy epithelium (20,21), remains to be 

established. However, one relevant difference is that in the mouse model we achieve a full 

loss of E-cadherin when compared to a posttranslational effect on E-cadherin localisation and 

expression level in the asthmatic airway epithelium. 

 

As E-cadherin stabilises β-catenin at the cell junctions, the lower expression of E-cadherin 

in PBECs from asthma donors compared to non-asthma donors as previously shown (7), may 

result in increased β-catenin signalling in PBECs from asthma patients, which was validated 

in chapter 5. We show that activity of β-catenin decreased in the ALI differentiated PBECs 

from non-asthma donors, but not in asthma donors by quantifying the expression of β-catenin 

target gene cyclin D1 (CCND1). This indicates a prolonged activity of β-catenin in asthma 

epithelium during differentiation at ALI, which may thus lead to impaired recovery of the 

epithelial barrier as well as promotion of inflammatory responses and increased mucus 

production. We also show that the expression of FOXA2, a repressor of MUC5AC gene, was 

significantly lower in differentiated PBECs from asthma donors compared to non-asthma 

donors. This falls in line with the previous study where expression of an activated form of β-

catenin in lung cells in mice during development resulted in decreased Foxa2 and goblet cell 

metaplasia (22). Furthermore, we showed that specific blocking of β-catenin/CBP signalling 

using ICG-001 attenuated MUC5AC production independent of the presence of IL-13, by 

increasing the expression of MUC5AC repressor FOXA2 in differentiated PBECs. In 

addition, blocking of β-catenin/p300 binding using IQ-1 did not have any effect on the 

MUC5AC production, which indicates that β-catenin/p300 is not involved in goblet cell 

differentiation. All these results are supportive of an important role of β-catenin/CBP 

signalling in epithelial alterations in asthma. 

 

Blocking of the Notch pathway using inhibitor DBZ has been shown to suppress the IL-13-

induced MUC5AC production in human airway epithelial cells (23). In addition, microarray 

analysis of IL-13 overexpressing transgenic mice showed increased expression of Spdef and 

Muc5ac (24). As β-catenin and Notch signalling pathways were shown to interact during 

tissue development and in diseases like cancer (26–28), we further investigated if β-

catenin/CBP signalling interacts with Notch signalling pathways in regulating MUC5AC. 

We found that there was no overlap between the β-catenin/CBP and Notch pathways and 
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both these pathways act independently to regulate MUC5AC through FOXA2 and SPDEF, 

respectively. Alternatively, CCL20, which we showed to be significantly decreased by ICG-

001, has been previously shown to induce mucus production in airway epithelial cells (25). 

Of interest, FOXA2 has been shown to promote the expression of E-cadherin in breast cancer 

cells (29), while deletion of Foxa2 induced Th2 cell mediated inflammation as well as 

airspace enlargement in developing lung (30). Recently, CCSP (Scgb1a1) has been identified 

to be regulated by Foxa2 and Scgb1a1 knockout mice also exhibited increased airway 

inflammation and hyperresponsiveness upon exposure to Ovalbumin, compared to the wild-

type mice (31). The negative regulation of FOXA2 by β-catenin/CBP signalling, as shown in 

chapter 5, provides valuable insight into the mechanisms of airway mucus production and 

can be used to effectively develop therapeutics that target these pathways. 

 

In chapter 6, we validate the effect of inhibition of β-catenin/CBP signalling on mucus 

production in mice by showing that ICG-001 mitigates the HDM-induced goblet cell 

metaplasia and mucus production. However, ICG-001 had no effect on the HDM-induced 

airway inflammation and airway hyperresponsiveness. This is in apparent contrast to our 

observations using PBECs cultured in vitro, where we show that ICG-001 significantly 

decreased CCL20 and GM-CSF. Similarly, ICG-001 was previously shown to be able to 

reduce the airway inflammation toluene diisocyanate mouse model of asthma (32). The 

conflicting results from different studies could be due to the differences in experimental 

design such as the initial HDM sensitisation during days 0-2 already stimulating the immune 

response before the blocking of β-catenin/CBP signalling with ICG-001 later during days 14-

17. ICG-01 also prevented the HDM-induced downregulation of E-cadherin expression, 

further emphasizing on the role of E-cadherin/β-catenin in the development of pro-

inflammatory and remodelling phenotypes observed in the asthmatic airway epithelium. In 

line with our findings, ICG-001 has been shown to reduce the toluene diisocyanate-induced 

goblet cell metaplasia in mice (32). With excessive mucus production being a common 

feature of asthma, β-catenin/CBP signalling could be a therapeutic target for designing new 

drugs. 
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Figure 1: Diverse roles of β-catenin/CBP signalling in promoting the asthmatic airway epithelial phenotype 

 

In chapter 6, we also observed that HDM was effective in eliciting an inflammatory response 

in the airways involving eosinophils, neutrophils, lymphocytes, and macrophages. This 

response contrasts the type of airway inflammation induced by HDM in wild type (Cre-) mice 

in chapter 4, where HDM mainly induced eosinophilic inflammation but did not sigifiantly 

increase the infiltration of macrophages and neutrophils. The differences in the airway 

inflammation could be because of the differences in HDM challenge protocol and the 

composition of HDM extracts used (33). The HDM extracts used in chapter 4 and chapter 

6 were from different manufacturers - Citeq and Greer, respectively. We have previously 
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shown that the type of inflammation induced in these mouse models depends on the 

composition of the HDM extract. HDM extract from Greer but not Citeq significantly 

increased the release of CCL17 and CCL20, which are chemotactic for macrophages and 

neutrophils. Another explanation for the differences in the effect of HDM on airway 

inflammation could be due to intrinsic differences between the C57BL/6 and BALB/c strains 

of mice used in chapters 4 and 6, respectively. Indeed, it has been previously shown that the 

C57BL/6 and BALB/c mice display differential inflammatory responses upon allergen 

exposure (34). However, in contrast to our findings the allergen-induced inflammatory 

responses including total leucocytes, eosinophilic, neutrophils and Th2 cytokines IL-4 and 

IL-13 were shown to be significantly stronger in C57BL/6 mice compared to BALB/c mice 

(34). Therefore, the higher inflammatory responses we observed in the BALB/c mice of 

chapter 6 are likely due to the HDM and the challenge protocol used in this study. 

 

Limitations 

Our findings provide novel insights into the mechanisms of β-catenin/CBP signalling, 

although there were also some limitations in our experimental models. In chapter 4, we 

observed that knockout of E-cadherin resulted in denudation of airway epithelial cells in 

mice, which made it difficult to validate the increased β-catenin activity in these cells that 

lack E-cadherin expression. More generally, current in vitro models, including those used in 

chapter 3 and chapter 5, have their limitations in recapitulating the complexity of the 3D 

structure of the lungs as well as cell composition and the interactions between bronchial 

epithelial cells and immune cells. The mouse models used in chapter 4 and chapter 6 do 

provide the complexity of the lung, but here the translation from mouse to human findings 

needs to be considered. There are also intrinsic differences in the composition of the airway 

epithelium between humans and mice. For example, not all progenitor cells present in the 

mouse airways have been confirmed in humans (35), which may explain discrepancies in the 

findings from in vitro and in vivo studies such as between chapter 5 and 6. In vitro models 

using human organoids consisting of various types of epithelial cells or more complex 

microfluidic models could be useful in representing the structural complexity of the human 

airways, but here environmental exposures are more challenging. Co-culturing of epithelial 

cells with specific types of immune cells can also be used to study the inflammatory 

mechanisms. In addition to the differences in vitro and in vivo systems, the timing and mode 

of administration of ICG-001 may explain differences between chapter 5 and chapter 6. 



139 

 

Future studies should be focussed on improving the current models by pre-treating the mice 

before the HDM sensitisation to obtain clarity on the potential of ICG-001 to suppress early 

HDM-induced changes during the sensitization phase, such as the airway inflammation and 

airway hyperresponsiveness. Comparison of different modes of administration of ICG-001 

(intranasal vs intraperitoneal) is also necessary to understand the best way of delivery of the 

inhibitor to the airway epithelial cells. 

 

Implications and future perspectives 

Though inhaled corticosteroids (ICS) have long been used to control the symptoms of asthma 

such as airway mucus hypersecretion and airflow obstruction, complications including 

adrenal suppression, growth suppression, osteoporosis, cataracts, glaucoma, and metabolic 

disorders may occur with high doses that are required for severe asthmatic patients (36,37). 

ICS are often supplemented with bronchodilators like long acting β2-agonists (LABAs) or 

long-acting muscarinic antagonists (LAMAs) to increase their effectiveness (38). 

Nevertheless, a proportion of the asthmatic patients are resistant to the ICS treatment (39). 

Therefore, there has been an increasing interest in investigating new signalling 

mechanisms/pathways involved in the pathogenies of asthma, which could be specifically 

targeted to cure the disease. Wnt/β-catenin signalling, which plays a key role in embryonic 

development, tissue regeneration wound repair (40), has been linked to many cancers 

including breast cancer, colon cancer, colorectal cancer, osteosarcoma, gastric carcinoma, 

and metabolic disorders such as type II diabetes and obesity, in addition to various other 

neurological, cardiovascular, and musculoskeletal diseases (41). In recent years, there has 

been a growing evidence supporting those alterations in Wnt signalling are also associated 

with chronic lung diseases like chronic obstructive pulmonary disorder (COPD) and asthma 

(42). Of note, genome wide association studies (GWAS) identify genetic variants mapped to 

genes involved in Wnt signalling to be associated with asthma susceptibility (43). In addition, 

increased expression of the canonical Wnt ligand Wnt7a was detected in sputum of asthma 

patients compared to healthy donors (44), suggesting that Wnt/β-catenin activity may be 

increased in asthmatic airway epithelium. Increased β-catenin signalling also induced goblet 

cell metaplasia in mice (22). In fact, inhibition of β-catenin attenuated the airway remodelling 

in mouse model of allergic asthma (44). In human asthmatic airways, gene expression of Wnt 

ligands have been either positively (Wnt3A, Wnt5A, Wnt6, and Wnt10A) or negatively 

(Wnt5B) associated with Th2 inflammation (45). As Wnt/β-catenin signalling can regulate a 
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diverse range of genes by binding to various co-activators, the genes which are specifically 

regulated by β-catenin/CBP and β-catenin/300 signalling are currently unknown. One of the 

genes that we identified to be specifically inhibited by β-catenin/CBP signalling is FOXA2, 

which has been known to negatively regulate Th2 inflammation and airway remodelling in 

asthma. Future studies should be directed towards identifying more such genes that are 

regulated by β-catenin/CBP or β-catenin/p300, which may be involved in asthma. Additional 

studies should also be performed to further investigate the prophylactic effects of ICG-001 

on airway inflammation induced by allergens and/or knockout of E-cadherin in mice. It is 

also important to note that β-catenin/CBP signalling is essential for cell division and 

inhibiting the pathway can hinder the growth of certain important cell types in lungs. So, 

studies involving targeted delivery of ICG-001 to desired cell types of lung including goblet 

cells by using nanoparticles, should be conducted to efficiently mitigate goblet cell 

metaplasia. 

 

As our findings demonstrate the impact of β-catenin/CBP signalling on the stabilisation of 

junctional E-cadherin, epithelial barrier function, pro-inflammatory response in airway 

epithelial cells, goblet cell metaplasia and mucus hypersecretion, we envision the potential 

of this pathway to be a therapeutic target to asthma. Furthermore, an alternative inhibitor of 

β-catenin/CBP signalling, PRI-724, has recently finished a phase Ia clinical evaluation on 

hepatitis C virus (HCV) cirrhosis, where it not only displayed anti-fibrotic effects, but has 

also been confirmed to be safe for use in humans (46). Finally, we conclude that β-

catenin/CBP signalling may play a key role in promoting the asthmatic airway epithelial 

phenotype through the regulation of airway epithelial barrier integrity, chemokine secretion, 

goblet cell differentiation and mucus production. Specific inhibition of β-catenin/CBP 

signalling could be used as a potential alternative therapeutic strategy for asthma. 
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