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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 



134 

 

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. 

 

 

 

 



137 

 

 

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. 
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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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