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ABSTRACT 

Respiratory diseases, including severe asthma and chronic obstructive pulmonary disease 

(COPD), are conditions with significant unmet need. However, many drug developments 

have failed, despite showing impressive efficacy in pre-clinical models. Biomechanical 

characteristics of the preclinical in vitro models have been highlighted as important 

influences on cell morphology, proliferation, and other physiological functions. The majority 

of pre-clinical research is carried out in conventional plastic culture systems, which is an 

environment much stiffer than human tissues. Matrix stiffness in respiratory system as a 

biomechanical characteristic has been highlighted for its contribution to therapies and 

pathogenesis in fibroblasts and airway smooth muscle cells. Airway epithelial cells reside on 

basement membrane, which becomes thicker in the remodelled airway. The influence of 

matrix stiffness on airway epithelium remains to be established.  

Airway epithelium plays critical roles in the pathogenesis of inflammatory and allergic 

diseases, such as asthma, COPD, and respiratory infections. The Coronavirus disease 2019 

(COVID-19) caused by infection with the severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) is an acute respiratory disease with systemic complications. Therapeutic 

strategies for COVID-19, including repurposing (partially) developed drugs are urgently 

needed, regardless of the increasingly successful vaccination outcomes. Over the past 

decades, the development of organotypic cellular cultures has enabled researchers to not only 

recapitulate the in vivo architecture and cell diversities, but also provide cells a 

physio(patho)logically relevant mechanical environment.  

The data presented in this thesis have provided evidence that matrix stiffness has an influence 

on airway epithelial cell biology. Soft environments protected airway epithelial cells from 

transforming growth factor (TGF-β) induced production of fibrotic proteins and epithelial-

mesenchymal transition. Our data highlighted the marked induction of epithelial sodium 

channel α (ENaCα) by soft environments. Matrix stiffness also has a potential influence on 

ENaCα activity.  

Within this thesis, airway organoid droplet culture was applied and modified with a silicone 

mask, enabling standardization and potential industrialization. The culture medium and cell 

conditions are critical for mucociliary differentiation in air-liquid interface (ALI) and airway 

organoid culture. This thesis systematically compared the utility of airway epithelial cultures, 

from two-dimensional to three-dimensional, submerged to organotypic, in modelling 
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inflammation and infection. Our data suggested that air-liquid interface culture and airway 

organoid culture are the most promising models in SARS-CoV-2 infection. The relevance of 

these findings is supported by observations that ALI cultures are susceptible to SARS-CoV-2, 

whereas submerged airway epithelial cells are not. Our data also highlighted the lack of 

cytokine induction responses in SARS-CoV-2 infected ALI cultures, that appears to be 

consistent with the overwhelmingly asymptomatic transmission of COVID-19.  

This thesis has demonstrated the importance of matrix stiffness to be considered in studying 

airway epithelial cells, which may provide insights into new therapeutic targets for fibrosis. 

Through the systematic comparison of airway epithelial cultures in modelling inflammation 

and infection, this thesis has provided evidence that organotypic, and particularly ALI airway 

cultures are valid tools for investigation of SARS-CoV-2 infection and evaluating the clinical 

potential of therapeutics for COVID-19. 
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1.1 Lessons from clinical trial failure 

1.1.1 Drug efficacy in clinical trials 

Drug development undergoes 3 main steps: discovery, preclinical research, and clinical trial. 

Clinical trials follow a series from early, small-scale, Phase I safety-related studies to late-

stage, large-scale, Phase III efficacy-related studies. Recent data indicated an increased 

probability of success of late stage development, from phase III to market (Dowden and 

Munro, 2019). However, the probability of success from drug discovery to enter the market 

remains below 10%. Analysis of the reasons for clinical trial failure from 2007 to 2015 have 

been nearly unchanged (Figure 1.1) (Arrowsmith, 2011; Cook et al., 2014; Harrison, 2016). 

Among these reasons, over 50% were due to lack of efficacy; about 25% were due to lack of 

safety; 15% were resulted from strategic realignment; 6-7% were for commercial reasons; 

last 1-3% were because of operational or technical shortcomings (Graul et al., 2019; Graul et 

al., 2018; Graul et al., 2017; Graul et al., 2020; Graul and Sorbera, 2021). 

 

 

Figure 1.1 Reasons for failure in clinical trials 

Reproduced from (Harrison, 2016) with the permission of Springer Nature. 
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1.1.2 Tissue mechanics 

The gap between unphysiological plastic and human body could be one of the reasons to 

explain the fact that preclinical successful drugs failed in clinical trial. It is clear that these in 

vitro models have contributed to the progression of the drug developments. However, many 

drugs failed to have efficacy, even though they are effective in these models. For instance, 

epidermal growth factor receptor (EGFR) pathway regulates airway mucus cell hyperplasia 

and mucus production (Vallath et al., 2014). BIBX 1522, a selective inhibitor of EGFR 

tyrosine kinase (TKI), can prevent mucin upregulation in Pseudomonas aeruginosa 

stimulated human airway epithelial cells, which was performed in conventional plastic cell 

culture plates (Kohri et al., 2002). However, safety and efficacy trial of BIBW 2948, a more 

potent EGFR TKI, found that this antagonist had no significant efficacy in reducing mucin 

stores in airway epithelial cells of chronic obstructive pulmonary disease (COPD) patients 

and there was a dose-related increase in adverse events (Woodruff et al., 2010). Another 

example is that imatinib was shown to be excellent in inhibiting transforming growth factor 

beta (TGF-β) induced fibrosis but ineffective in patients with idiopathic pulmonary fibrosis, 

albeit it succeeded in mouse model (Daniels et al., 2010; Daniels et al., 2004).  

Human tissues are complex materials that can exhibit nonlinear, time-dependent, 

inhomogeneous and anisotropic behaviours (Yohan Payan, 2017). The term “cell 

microenvironment” describes these complex, heterotypic, and dynamic set of biochemical 

and biophysical cues (Huang et al., 2017). Generally, there are four key common features of 

cell microenvironment, including neighbouring cells, soluble factors, extracellular matrix 

(ECM), and biophysical factors. Among these, ECM not only provides structural support for 

cells but also regulates cell behaviours through its biomechanical properties, which is of 

interest to our group. Since the mechanical properties of living tissues have been 

systematically described (Fung, 1993), many research groups have proposed biomechanical 

models to study their physiology and mechanical behaviours (Keeratichamroen et al., 2018; 

Meng, 2010; Narkhede et al., 2018). The mechanical interactions between cells and ECM 

have been reported to be essential in biological behaviours, like migration (Narkhede et al., 

2018), differentiation (Engler et al., 2006), morphogenesis (Linde-Medina and Marcucio, 

2018), and proliferation (Keeratichamroen et al., 2018; Narkhede et al., 2018). “Stiffness” is 

a term used to describe the force needed to achieve a certain deformation of a structure 

(Baumgart, 2000). External forces transfer from ECM to cell and the cell would generate 

forces within itself to affect its overall deformability and stiffness, called “outside-in” forces 
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and “inside-out” forces (Discher et al., 2005b; Krishnan et al., 2016). Cells grown on hard or 

soft substrates could regulate cellular stiffness and traction force, respectively, with the cell 

responding constantly to its external microenvironment (Discher et al., 2009). Our lab has 

previously highlighted the importance of prostaglandin E2 (PGE2) in feedback on tissue 

stiffening (Berhan et al., 2020; Stewart et al., 2018). Tissue stiffening in response to injury 

and repair activates TGF-β, causing further stiffening. PGE2 can soften myofibroblasts. 

Therefore, repressed PGE2 synthesis may result in further stiffening.   

 

1.1.3 Cell type diversity 

In drug development, preclinical research begins before clinical trials, and includes 

pharmacodynamics, pharmacokinetics, and toxicology testing. Both in vitro and in vivo 

studies will be conducted to guide dosing for clinical trial and assess potential toxicity of the 

product. In most circumstances, only single cell type is used in in vitro studies. The lack of 

cell type diversity may not fully reflect their functions in multicellular organisms. Human 

body has an estimated number of 1012  to 1013 cells (Alberts et al., 2015; Sender et al., 2016). 

Over 400 cell types have been identified in normal healthy human body (Vickaryous and Hall, 

2006). Among them, not all the cell types can be maintained in vitro. Many cells even change 

their morphology and function when established into in vitro culture. Chondrocytes in culture 

lose their differentiated phenotype and produce type I procollagen and fibronectin, instead of 

producing type II collagen (Alberts B, 2002; Aulthouse et al., 1989). Different cell types 

require different culture conditions, especially for stem cells. Essential growth factors for one 

cell type often will interfere the growth or function of other cell type, which create more 

challenges for co-culture. Serum-free medium for primary human bronchial epithelial cells 

cannot support fibroblast proliferation, albeit supplemented with bovine pituitary extract. 

Recently, more serum-free medium for fibroblasts have been developed, potentially 

providing tools to break the boundary for co-culture of these cells with epithelia. Moreover, 

organotypic culture and organ-on-chip also offer a system with multiple cell types to 

comprehensively study cell physiology and pathology (da Silva da Costa et al., 2021; Huh et 

al., 2010; Lu et al., 2021).         
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1.2 Mechanopharmacology 

In 2004, “mechanophamacology” was used to describe the study of the mechanics of 

individual proteins that modulation of membrane proteins by amphipathic peptides involving 

not only the protein itself but also the surrounding lipids (Suchyna et al., 2004). 

Mechanotransduction describes the overall process of how cells sense a mechanical stimulus 

and converts it into a biochemical, intracellular response (Jansen et al., 2017). It requires 

“mechanosensor” to sense the external forces of mechanical properties and then 

“mechanotransducers” transduce this information through specific “mechanosignalling” to 

induce a series of reactions.  

Currently, the term of “mechanopharmacology” is a subdiscipline that applies 

biomechanically appropriate settings in vitro and in vivo to reflect the relevant 

(patho)physiology with a view to improved identification of new drugs and drug targets. 

(Krishnan et al., 2016). For example, several therapeutic strategies against chemoresistant 

pancreatic cancer failed to meet their preclinical expectation. Researchers then turned 

attention to novel experimental avenues, such as elastic micropillar arrays that provide fresh 

insights for the development of mechanopharmacology (Coppola et al., 2017). To build such 

an ideal microenvironment, methodologies that expose drugs to mediators while cells are 

maintained in a three-dimensional (3D) condition with appropriate mechanical properties 

need to be improved. Recently, a high-throughput mechanopharmacological drug screening 

platform for stroma-reprogrammed combinatorial therapy (SRCT) was established based on 

biomechanically primed hepatic stromal stellate cells, leading to reduced “barrier effects” and 

increased tissue-infiltration of chemotherapy drug (Zhu et al., 2017a). Therefore, providing 

cells with microenvironment that mimics actual mechanical extracellular environment would 

enable researchers to improve the relevance of drug discovery and screening models to 

human tissues.  

 

1.2.1 Mechanosensor 

Every cell in a living body will be facing a myriad of mechanical forces, including internal 

pulling forces, dictated by the tension and organization of the cytoskeleton, and 

counterbalancing external forces, such as the topology and rigidity of the surrounding 

extracellular matrix and other cells (Panciera et al., 2017). It has been accepted that stretch-

activated ion channels, adhesion complexes, cell-cell junctions and cytoskeletal components 
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can function as mechanosensitive elements (Ali and Schumacker, 2002; Murthy et al., 2017; 

Ross et al., 2013).  

Ion channels are recognized as potential mechanosensors because they locate at the plasma 

membrane and can ideally convert the mechanical forces into electrical or ion-dependent 

cellular signal (Gillespie and Walker, 2001). As reviewed by Ben-Shahar, the function of 

degenerin/epithelial sodium channels (DEG/ENaC) have been implicated in 

mechanosensation, as well as chemosensory transduction pathways (Ben-Shahar, 2011). K+ 

and Ca+ channels can transduce shear stress and mechanical strain in endothelium (Ali and 

Schumacker, 2002). Piezos, the largest known pore-forming multimeric and bona fide 

mechanically activated ion channels, can also be activated by various physiologically 

relevant physical forces to serve as mechanosensors (Murthy et al., 2017).  

There are complex plasma membrane-associated macromolecular cell-cell and cell-ECM 

adhesions. These adhesions engage via integrin receptors and physically connect with F-actin 

cytoskeleton. Since the composition of these adhesions change reacted to the physical forces 

of the integrin-associated adhesion sites, they are therefore categorized as mechanosensors 

(Jansen et al., 2017; Kuo, 2014; Sun et al., 2016). 

Interestingly, the nucleus has now also been viewed as a cellular mechanosensor. Recent 

findings indicating that external mechanical forces trigger changes in nuclear envelope 

structure and composition, chromatin organization and gene expression, support a direct role 

of the nucleus in cellular mechanosensing (Athirasala et al., 2017; Kirby and Lammerding, 

2018). 

 

1.2.2 Mehcanotransducers and mechanosignaling 

The myocardin-related transcription factors (MRTFs)-serum response factor (SRF) and YAP 

(Yes-associated protein)/TAZ (transcriptional coactivator with PDZ-binding motif)-TEAD 

(TEA domain family member) are thought to be involved in the mechanosignaling as 

mechanotransducers. There is evidence supporting a contribution of MRTF-SRF circuit to 

endothelial-to-mesenchymal transition in cardiac fibrosis (Sharma et al., 2017) and protection 

of lung fibrosis (Zhou et al., 2013) when YAP/TAZ can promote myofibroblast activation by 

matrix stiffness (Liu et al., 2015; Liu et al., 2010). There is growing support for the 

suggestion that the MRTFs and YAP/TAZ functionally interact each other (Foster et al., 2017; 

Kim et al., 2017; Olivia et al., 2016; Speight et al., 2016). However, the mechanosignaling 
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sensed by ion channels is still unclear (Ben-Shahar, 2011; Murthy et al., 2017). Novel models 

are needed for understanding how they exert their mechanotransduction influence and to 

establish their more general importance in regulating biological processes. 

 

1.2.2.1 MRTF-SRF signalling 

MRTF-A and MRTF-B, also known as MAL and MKL2, are most widely expressed MRTF 

family members (Wang et al., 2002). Under physiological conditions, nuclear MRTF is 

complexed by nuclear globular actin (G-actin), which inhibits MRTF-mediated stimulation of 

SRF-dependent transcription and facilitates MRTF nuclear export (Vartiainen et al., 2007). 

Tracing back the activation of MRTF nuclear translocation, the well-known signalling is 

through the activation of Rho GTPases by diverse extracellular stimulation and then the actin 

polymerization of incorporating G-actin into the filamentous actin (F-actin) polymer 

(Allingham et al., 2006; Pollard, 2007). As reviewed by Olson, the activity of Rho GTPase 

activity can be modulated by several types of plasma membrane receptors, G protein-coupled 

receptors (GPCRs), receptor Tyr kinases (RTKs), integrins as structural mediators of focal 

adhesions, transforming growth factor-β receptors (TGFβRs), E-cadherins at adherens 

junctions, and Frizzled, the non-canonical Wnt-planar cell polarity (PCP) pathway (Figure 

1.2) (Olson and Nordheim, 2010). The activation of MRTF-SRF would lead to the expression 

of genes (e.g., actin), effectors of actin turnover (e.g., Cofilin1), and regulators of actin 

dynamics (e.g., Talin1) (Olson and Nordheim, 2010). Increased matrix stiffness drives 

MRTF-A/B nuclear translocation and activation of pro-fibrotic gene expression, which 

including α smooth muscle actin (α-SMA) (Johnson et al., 2013; Velasquez et al., 2013). 
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Figure 1.2 Receptors affecting actin dynamics and MRTF-mediated regulation of SRF 

target genes 

Reproduced from (Olson and Nordheim, 2010) with the permission of Springer Nature. 

 

1.2.2.2 YAP/TAZ-TEAD signalling 

YAP and TAZ are transcriptional co-regulators that bind to TEAD factors. They are best 

understood in the evolutionarily conserved Hippo signalling pathway that controls organ size 

by regulating cell proliferation, apoptosis, and stem cell self-renewal (Pan, 2010; Piccolo et 

al., 2014; Yu et al., 2015). The upstream kinases MST1 and MST2 trigger phosphorylation 

and activation of the kinases LATS1/2, which in turn phosphorylate and inhibit YAP/TAZ 

nuclear translocation to interact with TEAD. However, currently there is evidence from 
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various systems indicating that YAP/TAZ mechanosignaling is independent of Hippo 

signalling (Aragona et al., 2013; Dupont et al., 2011; Feng et al., 2014). 

Similarly, the activation of YAP/TAZ of nuclear translocation is regulated by cell shape, 

rigidity and topology of ECM, and shear stress (Figure 1.3) (Calvo et al., 2013; Dupont et al., 

2011; Halder et al., 2012; Wang et al., 2016). Once the mechanical forces are detected by 

mechanosensors, like integrins, adherens junctions, focal adhesion kinase (FAK) and SRC-

family kinases (a family of tyrosine kinases having impact on phosphotyrosine proteome and 

diverse cell behaviours), the information would be passed to activate YAP/TAZ (Panciera et 

al., 2017; Tzima et al., 2001). Interestingly, the Rho GTPases signalling is also essential for 

YPA/TAZ transduction (Aragona et al., 2013; Tzima et al., 2001). Till now, YAP/TAZ has 

been implicated in atherosclerosis and cardiovascular diseases, tissue fibrosis, inflammatory 

responses, muscular dystrophy, and cancer (Panciera et al., 2017). Specifically, they can 

promote fibroblast activation by regulating pro-fibrotic gene expression, such as type I 

collagen and αSMA (Liang et al., 2017; Liu et al., 2015). 
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Figure 1.3 Molecular players involved in YAP and TAZ mechanotransduction 

signalling  

Reproduced from (Panciera et al., 2017) with the permission of Springer Nature. 

 

1.2.3 Physiological models in mechanopharmacology 

To mimic a physiological microenvironment, there are two key factors needed: a dynamic 

environment that is biomechanically similar to the target organs or cells; a structure of 

quantitative measurable biomechanical activity (Krishnan et al., 2016).  

Conventionally, the tissue culture plastic is coated by polystyrene for its excellent optical 

clarity and can be easily molded and sterilized by irradiation. However, it possesses a 

Young’s modulus ranging from 2 to 4 GPa (Butcher et al., 2009), while human tissue 

stiffness ranging from around 1kPa (as in lung) (Goss et al., 2006) to very rigid of 6.9-31.6 

GPa (as in bone) (Thurner, 2009), suggesting that most cells cultured on it will experience a 

much stiffer surface (Figure 1.4).  
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Figure 1.4 Stiffness of human tissues and culture plastic 

 

1.2.3.1 Stiffness tuneable substrate 

In 2001, Cukierman et al. compared the composition and function of adhesions between two-

dimensional (2D) substrates and 3D-matrix, indicating that there were distinctive differences 

in structure, localization and function in vivo 3D-matrix adhesions that would be more 

biologically relevant to living organisms (Cukierman et al., 2001). Now the most widely used 

strategy is to synthesize stiffness tuneable hydrogel. By modulating the intensity of UV light 

exposure of polyacrylamide substrate, hydrogel with mechanical compliance gradients was 

used to study migration of vascular smooth muscle cells (Wong et al., 2003). A rapid 

fabrication process for multiwall platforms with polyacrylamide hydrogels ranging from 0.3 

to 55 kPa was established for routine screening of stiffness-dependent cell biology (Mih et al., 

2011). Defined stiffness collagen-conjugated polyacrylamide hydrogels was achieved by 

controlling the molar ratio between N,N’-methylenebis-(acrylamide) and acrylamide 

(Shkumatov et al., 2015). 

 

1.2.3.2 Decellularized matrices 

Although the approaches mentioned above are more appropriate than culturing cells on 

plastic plates, they are limited in lacking the variability of the complex ECM of organs in 

situ. Some investigators turned to rely on acellular matrices. Ott et al. and colleagues 

demonstrated an ability to regenerate functional lungs (Ott et al., 2010; Petersen et al., 2010) 

and heart (Ott et al., 2008) by repopulating acellular matrices with various cell types. Further, 

Booth et al. used this decellularized human lung matrices to address how ECM influences 

fibroblast phenotype in a disease-specific manner (Booth et al., 2012).  
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1.2.3.3 Three-dimensional spheroids 

3D cultures are regarded as an effective method to reflect in vivo microenvironment for 

cancer research and toxicological studies (Meng, 2010; Ramaiahgari et al., 2014). 3D 

spheroid is thought to able to better replicate cell-cell communications as well as cell-

autonomous and cell non-autonomous contributions than 2D cell culture (Lancaster and 

Knoblich, 2014). 3D pulmospheres, composed by cells derived exclusively from primary 

lung biopsy tissues of patients, were developed to exploit the invasive phenotype of 

idiopathic pulmonary fibrosis (IPF) lung tissue to evaluate anti-fibrotic drugs (Surolia et al., 

2017). 3D spheroid is also believed to be more effective for mimicking tumour behaviour 

than 2D culture and has been applied in high throughput high-content imaging and analysis 

methods to characterize phenotypic changes in response to compound treatment (Sirenko et 

al., 2015). Our lab has used spheroids to demonstrate the therapeutic potential of casein 

kinase 1 delta and epsilon (CK1δ/ε) inhibitor PF670462 for IPF (Keenan et al., 2018) and 

emphasize the dysregulation of prostanoid biosynthesis and signalling pathways in fibroblasts 

from IPF patients (Berhan et al., 2020), which provide subtle structure with realistic cell 

density than those in hydrogels that preclude cell-cell contact (Bourke et al., 2011; Fustin et 

al., 2019; Schuliga et al., 2010; Schuliga et al., 2009).    

 

1.2.3.4 Organoids 

 “Organoids” have been conferred as a self-organizing 3D structure grown from stem cells 

which mimics the in vivo architecture and multi-lineage differentiation of the original tissue 

in mammal (Dutta et al., 2017). The emulation of microarchitecture and functional 

characteristics of human tissues give organoids great potential in multiple clinical 

applications such as organoid biobanking, disease modelling, drug toxicity testing, 

personalized therapy, host-microbe interaction studies, and omics analysis as well as targeted 

gene therapy using the CRISPR/Cas9 system (Figure 1.5) (Dutta et al., 2017; Lancaster and 

Knoblich, 2014; Rossi et al., 2018). The organoid culture bloomed after the publication of 

intestine organoids generated from Lgr5+ stem cells (Sato et al., 2009). To date, organoids 

have been seen succeeded in mimicking brain (Hubert et al., 2016; Lancaster et al., 2013), 

lung (Sachs et al., 2019; Zhou et al., 2018), mammary (Linnemann et al., 2015; Mroue and 

Bissell, 2012), liver (Jin et al., 2018; Sorrentino et al., 2020), pancreas (Broutier et al., 2016; 

Yang et al., 2020), intestine, colon (Crespo et al., 2017; Sato et al., 2011), ovarian and 
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fallopian tube (Hoffmann et al., 2020a; Kessler et al., 2015), prostate (Chua et al., 2014; 

Drost et al., 2016), and kidney (Freedman et al., 2015; Takasato et al., 2015). Although 

attractive, there are still challenges in applying organoids. The formation of organoids is 

highly dependent on complex extracellular matrix to support formation of 3D structure. 

Commonly used Matrigel® has heterogeneous composition, which increases the burden in 

manipulating and manufacturing. Microengineering techniques have been utilized to address 

this problem (Demers et al., 2016; Wang et al., 2018b). The variability of organoid 

morphology and function leads to reproducibility issue, which is a major issue that limits the 

application of organoids in drug screening and transplantation (Yin et al., 2016). Automated 

digital microfluidic platforms have provided opportunities to achieve high-throughput 

manipulation and analysis of organoids (Au et al., 2014; Jin et al., 2014; Wang et al., 2018a; 

Zhu et al., 2017b). Nevertheless, organoid culture is a robust model in recapitulating in vivo 

architecture and function with promising potential in therapeutics. 

   

 

Figure 1.5 Multiple applications of organoid technology  

Reproduced from (Dutta et al., 2017) with the permission of Elsevier. 
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1.3 Airway 

1.3.1 Airway structure and airway remodelling 

The bronchial airway is made up of mucosa, smooth muscle, submucosa and lamina propria 

(Ball et al., 2020; Jeffery et al., 1997). The bronchial mucosa is constituted by ciliated 

epithelium, goblet cells and basal cells. The lamina propria is a thin layer of connective 

tissue and has been characterized to include fibroblasts, lymphocytes, macrophages, 

eosinophilic leukocytes, and mast cells (Wiseman et al., 2003). ECM is a collection of 

extracellular molecules that supports surrounding cells structurally and functionally. In 

human airway, the most recognizable ECM structure is the subepithelial basement membrane 

(BM) (Fernandes et al., 2006), primarily consisting of collagen I (which provides tensile 

strength), elastins (which provide elasticity), and laminins and collagen IV (which constitutes 

the bulk of alveolar and airway basement membranes) (Booth et al., 2012).  

The most typical structural change in airway is airway remodelling (Figure 1.6). It includes 

loss of epithelial integrity, thickening of basement membrane, subepithelial fibrosis, goblet 

cell and submucosal gland enlargement, increased smooth muscle mass, decreased cartilage 

integrity, and increased airway vascularity (Bergeron et al., 2009). Airway remodelling has 

been evident in asthma and COPD. In asthma, airway smooth muscle (ASM) cells 

hypertrophy (cell volume increase) and hyperplasia (cell number increase) increase the 

thickness of ASM layer (Ebina et al., 1993a; James et al., 2012; Woodruff et al., 2004). 

Chronic airway inflammation is also associated with airway remodelling in allergic asthma 

(Jeffery and Haahtela, 2006; Lloyd and Robinson, 2007), which is supported by finding that 

steroid treatment has beneficial effect on airway remodelling in asthmatic patients (Chetta et 

al., 2003; Hoshino et al., 2001; Sont et al., 1999). Airway remodelling in COPD is similar to 

asthma but not the same (Jones et al., 2016). In COPD patient, the lung function only 

changed 225 mL from a baseline forced expiratory volume in the first second (FEV1) of 

1,500 mL, suggesting the airway narrowing is limited as it has already been narrowed (Du 

Toit et al., 1986; Jones et al., 2016; Woolcock et al., 1984). The increase in ECM proteins 

have been shown in asthma (Amin et al., 2005; Huang et al., 1999; Westergren-Thorsson et 

al., 2002) but few in COPD. In asymptomatic smokers, tenascin and laminin were reported to 

be increased (Amin et al., 2003; Ekberg-Jansson et al., 2005). Remodelled airway becomes 

stiffer compared to healthy airway (Khan et al., 2010). The airway stiffness can be indicated 

by the distensibility of the airway, which is generally increased in asthma (Brackel et al., 
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2000a; Ward et al., 2001; Wilson et al., 1993a) but seems to be reduced in COPD (Baldi et al., 

2010; Diaz et al., 2012; Scichilone et al., 2008). Nevertheless, abnormal airway wall can be 

viewed as a mechanical cue to regulate airway cell behaviours.  

 

 

Figure 1.6 The airways in asthma undergo significant structural remodelling  

Bm = basement membrane. Bv = blood vessel. Ep = epithelium. Sm = smooth muscle. 

Reproduced from (Wadsworth et al., 2012) with Licensee IntechOpen. 

 

1.3.2 Mechanical interactions between matrix stiffness and lung 

fibroblast and airway smooth muscle cells 

To date, increasing efforts have been put to the interactions between ECM and lung 

fibroblasts and airway smooth muscle cells. Pulmonary fibrogenesis involves remodelling of 

the parenchyma (e.g., in IPF) and airways (e.g., in asthma) of lung, and is characterized by 

excessive extracellular matrix deposition and accumulation of apoptosis-resistant 

myofibroblasts (Hardie et al., 2009). Researchers have made extensive efforts to illustrate the 

role that soluble inflammatory and fibrogenic mediators, like cytokines and TGF-β, play in 

the initiation and progression of fibrosis (Wynn, 2008). The evidence that variations of 



General Introduction 

 16 

matrix stiffness altered fibroblast morphology, proliferation, TGF-β signalling, and 

myofibroblast activation (Asano et al., 2017; El-Mohri et al., 2017; Wang et al., 2000; Wipff 

et al., 2007) re-positioned matrix stiffness from merely the outcome of fibrosis to an 

involvement in the stage of initiating fibrosis. The finding that the fibrotic extracellular 

matrix is both a cause and consequence of fibroblast activation in pathological fibrosis (Liu et 

al., 2015) further confirmed this idea. 

It is widely accepted that the total amount of airway smooth muscle is increased in airway 

remodelling (Joubert and Hamid, 2005). In principle, the hyperplasia and cell volume 

(hypertrophy) of airway smooth muscle cells are responsible for the thickening of asthmatic 

airway (Ebina et al., 1993b; Fehrenbach et al., 2017; Hirst et al., 2004). During airway 

smooth muscle cell contraction, cytoskeletal events are orchestrated by macromolecular 

protein complexes that associated with the cytoplasmic domains of integrin proteins at the 

adhesion junctions between muscle cells and the extracellular matrix (Zhang and Gunst, 

2008). ECM composition and rigidity can differentially affect mechanical reactivity of the 

airway smooth muscle cell (An et al., 2009). Human airway smooth muscle cells increasingly 

produce a variety of ECM components after exposure to atopic asthmatic serum (Johnson et 

al., 2000). Apart from its contractile properties, airway smooth muscle cells also produce 

inflammatory cytokines, proteases, and growth factors, which may contribute to the 

remodelling process and induce phenotypic changes of the muscle (Chung, 2005).  
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1.4 Airway Epithelium 

1.4.1 Airway epithelium structure 

The epithelium has been regarded as a barrier between the air and the internal milieu when 

processing exogenous inhaled particles in order to elicit a highly regulated response ranging 

from the easiest (mucus clearance) to the most complex (synergistic innate and adapted 

immune responses) (Gras et al., 2013). Fully differentiated epithelium comprises different 

cell types, defined by their morphological appearance (Figure 1.7). Most recent classification 

using single-cell RNA sequencing identified specific cell-type sub-clusters according to their 

molecular states, such as suprabasal cells (intermediate between basal and club cell), 

deuterosomal cells (precursor of ciliated cell), mucous-ciliated cells (intermediate between 

goblet and ciliated cell) (Deprez et al., 2020; Hewitt and Lloyd, 2021; Vieira Braga et al., 

2019). Single-cell transcriptomics have shown advantages in revealing cellular heterogeneity 

and identifying rare cell populations (Haque et al., 2017). However, it is not always necessary 

to distinguish these rare cell types as they are often low expressed or in a transition state. 

Thus, we will be focusing on the three abundant airway epithelium phenotypes: ciliated, 

columnar, secretory columnar, and basal cells.   

Ciliated epithelial cells account for over 50% of all epithelial cells and effect unidirectional 

transport of mucus from the lung to the throat (Knight and Holgate, 2003). The crucial 

defence mechanism of human airway for removing inhaled pathogens is achieved by 

mucociliary transport. Cilia beat in a rhythmic and rotating metachromic ascending 

movement to prevent the epithelium from being blocked in mucus (Matsui et al., 1998) and 

move the periciliary liquid layer surrounding the epithelial surface.  

Goblet cell numbers stay at a steady state in health but undergo hyperplasia in most chronic 

airway diseases. They are categorized as secretory cells because of their ability to release 

mucus, an aqueous solution of liquid, proteins, and mucous glycoproteins (mucins) (Rogers, 

2007). Mucus exists as a liquid bilayer: an upper “gel” layer traps inhaled airborne particles 

and pathogens, which is moved by the cilia of airway epithelial ciliated cells, and beneath this 

is a watery layer that “lubricates” cilia and ensures that mucus spreads over the epithelium 

(Evans et al., 2009; Ha and Rogers, 2016). Club cells, previously known as Clara cells, are 

low columnar/cuboidal cells with short microvilli located in the small airways (Boers et al., 

1999; Massaro et al., 1994; Plopper et al., 1980). Club cells stimulated by adrenergic 

transmitters secrete a number of substances, including its primary product 
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uteroglobin/blastokinin, glycoproteins, lipids (Reynolds and Malkinson, 2010; Rokicki et al., 

2016). They are progenitor cells in small airway (Akram et al., 2013; Reynolds et al., 2000; 

Reynolds and Malkinson, 2010). Interestingly, Club cells have been shown to be critical in 

maintaining circadian oscillations in lung tissue (Gibbs et al., 2009). 

Basal cells attach the ciliated and goblet cells to the basement membrane via specialized 

adhesion structures. They are multipotent stem/progenitor cells of airway epithelium, which 

are capable of regeneration and differentiation into specialized cell populations of ciliated 

and goblet cells (Hackett et al., 2008; Hajj et al., 2007; Rock et al., 2009).  

The classic intercellular adhesion of airway epithelium includes tight junctions, desmosomes, 

gap junctions, and hemidesmosomes (Roche et al., 1993). The tight junction protein-1 (ZO-1) 

demonstrated that the tight junctions seal the lateral apices of the columnar epithelial cell 

whereas the E-cadherin extended inferiorly along the lateral cell membranes mediate 

adherens junctions of columnar cells, regulating paracellular transport and the permeability 

of epithelium (Roche et al., 1993). Desmosomes, with a laminar arrangement of intercellular 

glycoproteins, plaque proteins, and radiating tonofilaments (Miller et al., 1987), are present 

along the lateral borders of the basal cells and particularly at the junction of the basal and 

columnar cell layer (Roche et al., 1993). Hemidesmosomes bond the basal epithelium to the 

laminin of the basement membrane. Integrins heterodimers comprising alpha and beta 

subunits, can link the contractile machinery of the cell cytoskeletal network to the 

extracellular matrix. The α6- and β4- integrin molecules in the hemidesmosome are 

distributed along the inferior border of the basal cell (Stepp et al., 1990). 
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Figure 1.7 Structure of airway epithelium 

Adapted from (Ha and Rogers, 2016; Rock and Hogan, 2011; Wadsworth et al., 2012). 

 

1.4.2 Mechanical environment of airway epithelium 

1.4.2.1 Basement membrane thickening and extracellular matrix stiffness 

The basement membrane thickening is suggested to be pathognomonic of asthma (Jeffery, 

2004) and has been reported to occur not only in asthma but also cystic fibrosis (CF) and 

COPD patients in both children and adult (Fehrenbach et al., 2017). As described above, 

fibroblasts and airway smooth muscle cell could contribute to the deposition of extracellular 

matrix in airway diseases, which make the ECM more stiff than usual. The native normal 

human lung possessed a mean (± SEM) Young’s modulus of 1.96 ± 0.13 kPa arranged in a 

relatively homogeneous pattern whilst the mean (± SEM) stiffness of IPF tissue was 16.52 ± 

2.25 kPa (Booth et al., 2012). ECM deposition and basement membrane thickening weakened 

intracellular attachments between cell-cell and cell-ECM which led to the shedding of 
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columnar cells. However, there are no direct observations on how the epithelium reacts to 

stiff matrix. 

 

1.4.2.2 Mucus hypersecretion and cilia beating dysfunction 

“Mucus” is defined as the extracellular mixture of mucins that have been secreted or released 

by hydrolysis of a membrane anchor, other macromolecules such as proteoglycans and 

antimicrobial proteins, water, ions, and cellular debris (Evans et al., 2009). The gel layer is 

approximately 5-50 µm thick and the watery layer is 7 µm in depth (Tarran et al., 2006; 

Widdicombe, 1997). Under pathological conditions, airway mucins may be secreted by 

surface goblet cells in increased quantities, which is called mucus hypersecretion. The large 

amounts of mucus (sputum) may lead to airway closure.  

Cilia beat within the watery layer propels the gel layer to the pharynx where it is swallowed 

with particles and pathogens. To be effective in transporting secretions out of the lung, the 

mucociliary transport apparatus must exhibit a cohesive beating of all ciliated epithelial cells 

that line the upper and lower respiratory tract (Yaghi and Dolovich, 2016). The dysfunction 

of cilia beating leads to serious respiratory issues, like airflow obstructions and increased 

airway hyperactivity. Cilia beating frequency (CBF) has been reported to vary from 6 to 15 

Hz depending on the species and the anatomic location of the epithelium (Nakahari, 2007). 

CBF can response to a variety of endogenous and exogenous stimulations, including 

mechanical stimulation. Shear stress, the force generated by ciliary motion and fluid flow on 

the mucociliary escalator at the mucosal surface, with caudal flow causes a large increase in 

CBF from 10 to 25-35 Hz in mouse trachea (Winters et al., 2007). Cilia function is 

intertwined with viscosity of mucus. Tracheal mucus velocity (TMV) was significantly less 

(6.3 ± 2.3 mm per min, mean ± SEM, n=6) in asymptomatic asthmatic patients than in 

normal subjects (11.6 ± 3.6 mm per min, mean ± SEM, n=7) (Mezey et al., 1978). Mucus 

velocity in mice (0.7 mm per mine, n=4-9 mice) can be reduced by cilia-beating inhibitor 

bupivacaine.  

 

1.4.2.3 Epithelial –mesenchymal transition 

Epithelial-mesenchymal transition (EMT), first observed by Elizabeth Hay (Greenburg and 

Hay, 1982), is a biological process in cohort epithelial cells lose their cell polarity and cell-

cell adhesion and gain migratory and invasive properties to become mesenchymal (fibroblast-
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like) cells (Figure 1.8). The EMT starts from the loss of cell-cell junctions, such as ZO-1 and 

E-cadherin, accompanied with the simultaneous gain of N-cadherin, and then the increasing 

expression of specific cell-surface markers characteristic for myofibroblasts, α-SMA 

(Zeisberg and Neilson, 2009). Finally, cells begin to synthesize ECM components like 

fibronectin and collagen type 1 (Kim et al., 2006). Obviously, EMT induced ECM deposition 

would impact the structure and function of epithelium. Interestingly, Wei et al. suggested two 

concepts: first, that the matrix stiffness could regulate EMT to facilitate tumour dissemination; 

and second, that mechanical cues could signal in concert with biochemical signals to regulate 

EMT (Wei and Yang, 2016). Therefore, the connection between EMT and matrix stiffness 

promotes the requirement of introducing mechanical factors into airway epithelial related 

studies. 

 

 

Figure 1.8 The most important features of epithelial-mesenchymal transition  

Reproduced from (Bartis et al., 2014) with the permission of BMJ Publishing Group Ltd. 

 

1.4.3 Conventional airway epithelial cell cultures 

From large airways to small airways, pseudostratified airway epithelial cells become 

columnar and cuboidal (Crystal et al., 2008). The large airway epithelial cells are composed 
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by ciliated and secretory cells primarily adapted to facilitate mucociliary clearance of 

exogenous particles and pathogens in the air. The small airway region is lined by alveolar 

epithelial type I (ATI) cells, providing a surface for gas exchange, and alveolar epithelial type 

II (ATII) cell, secreting pulmonary surfactant to prevent alveolar collapse (Mason and Crystal, 

1998).  

In airway epithelial cell related studies, continuous cell lines as 2D cellular models are 

normally the first choice. They possess advantages over primary epithelial cells for their 

extendable life span, easy handling, and reproductivity. The most widely used cell lines 

include immortalized human bronchial epithelial cell line BEAS-2B, human bronchial 

epithelial cell line 16HBE14o-, non-small-cell lung cancer cell line Calu-3, and type II 

alveolar epithelium-derived adenocarcinoma cell line A549.  

BEAS-2B cell line was immortalized by infecting normal human bronchial epithelium with 

adenovirus 12-SV40 virus hybrid (Reddel et al., 1988). They have a predominantly polygonal 

appearance typical of epithelial cells. BEAS-2B cells have been extensively uses as an in 

vitro cellular model in variety areas, including mechanism studies (Li et al., 2019; 

Prodanovic et al., 2017), infection studies (Xia et al., 2017), and drug screening (Wagner et 

al., 2019).  

The 16HBE14o- is a SV40o- transformed cell line from human bronchial epithelial cells 

(Cozens et al., 1994). They have a cobblestone appearance and display ion transport, 

supporting the original purpose for study of the cystic fibrosis transmembrane conductance 

(CFTR) regulator. 16HBE14o- cells also have a wide use in studying COPD, asthma, and 

lung cancer, but the barrier function was influenced by CFTR-dependent transcellular 

conductance (Callaghan et al., 2020).  

The Calu-3 cell line is derived from human bronchial epithelial submucosal glands, which are 

a major source of mucins and airway surface liquid (Zhu et al., 2010). Interestingly, Calu-3 

cells in air-liquid interface culture expresses mucin, but only contain sparse numbers of 

ciliated cells (Grainger et al., 2006; Stewart et al., 2012b). Calu-3 cells are mostly used in 

cancer research (Kreft et al., 2015) and drug development (Haghi et al., 2010). Most recently, 

Calu-3 cells have shown to be a cell line infectable with SARS-COV-2, although with lower 

virus production than Vero cells (Park et al., 2021).  

The A549 cell line was established in 1972 by D. J. Giard, et al through explant culture of 

lung carcinomatous tissue (Lieber et al., 1976). They appear to be squamous in nature and 
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grow as adherent monolayers in vitro. Primary ATII cells rapidly differentiate into ATI cells 

in vitro (Beers and Moodley, 2017), can only be maintained in culture for a limited period, 

and cannot be expanded. The A549 cell line as a model for alveolar basal epithelial cells has 

become a critical tool for studying alveolar epithelial cell biology, albeit acknowledged that it 

has myriad genetic abnormalities.   
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1.5 Hypothesis and main aims 

The airway epithelial cells reside in an environment with altered stiffness in response to 

pathological changes. However, little is known about the influence of matrix stiffness on 

airway epithelial cell biology. We have observed the regulatory effects of matrix stiffness on 

fibroblasts using 3D setting. Organoid culture not only can restore the diversity of airway 

epithelial cell types, but also provide cells extracellular matrix. Thus, we hypothesize that 

airway organoid culture may be superior to other airway epithelial cellular models in drug 

screening and for investigating disease mechanisms. 

The main aims of this study were to: 

1.   To investigate the influence of stiffness on morphological change, TGF-β actions, and 

glucocorticoid responsiveness in airway epithelial cells.  

2.   To generate airway organoid cultures. 

3.   To compare the airway organoid with other cellular models for its application in pre-

clinical inflammation and infection study.   
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2.1 General cell line culture 

2.1.1 Culture of immortalized human bronchial epithelial cell line BEAS-

2B and human adenocarcinoma cell line A549 

2.1.1.1 Propagation method   

The immortalized normal human AD12-SV40-hybrid virus-transformed human bronchial 

epithelial cell line BEAS-2B (American Type Culture Collection (ATCC), VA, USA) was 

cultured in LHC-9 medium (12680013, Life Technologies, NY, USA), supplemented with 

2% (v/v) heat-inactivated fetal calf serum (HIFCS) (12003C, Sigma, MO, USA), 2 mM L-

glutamine (59202C, Sigma), 100 IU/mL penicillin and 50 µg/mL streptomycin (P4458, 

Sigma). The type II alveolar epithelium-derived adenocarcinoma cell line A549 (ATCC) was 

cultured in phenol red-free Dulbecco’s modified Eagle’s medium (DMEM) (31053036, Life 

Technologies), supplemented with 10% (v/v) HIFCS, 2 mM L-Glutamine, 1% (v/v) non-

essential amino acids (M7145, Sigma), 1% (v/v) sodium pyruvate (S8636, Sigma), 0.2% 

(v/v) sodium bicarbonate (S8761, Sigma), 15 mM HEPES (H0887, Sigma), 100 IU/mL 

penicillin and 50 μg/mL streptomycin. The cells were kept at 37°C in a humidified 

atmosphere containing 5% CO2. Cells were passaged twice a week by washing confluent cell 

monolayers twice with sterile phosphate-buffered saline (PBS) (14190250, Life 

Technologies), followed by incubating with trypsin-EDTA (0.12% w/v) (59430C, Sigma) for 

2-3 minutes to detach the cells. Cell suspension was re-seeded at a density of 8,000 cells/cm2. 

 

2.1.1.2 Starvation method 

Unless otherwise indicated, BEAS-2B cells and A549 cells were serum-starved 24 h prior to 

drug treatments, using incomplete DMEM medium, supplemented with 0.25% (w/v) BSA 

(A8412, Sigma), 2 mM L-Glutamine, 1% (v/v) non-essential amino acids, 1% (v/v) sodium 

pyruvate, 0.2% (v/v) sodium bicarbonate, 15 mM HEPES, 100 IU/mL penicillin and 50 

μg/mL streptomycin. The cells were kept at 37°C in a humidified atmosphere containing 5% 

CO2. Given our interest in steroid responses, the presence of hydrocortisone in LHC-9 

medium is a confounder as has been shown in our previous work (Keenan et al., 2014; 

Prodanovic et al., 2017). Thus, incomplete DMEM medium was chosen to starve BEAS-2B 

cells instead of LHC-9 medium.   
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2.1.2 Culture of immortalized primary human bronchial epithelial cell 

line BCis 

2.1.2.1 Propagation method 

The immortalized primary human epithelial cell line BCi NS 1.1 was provide by Dr. Mathew 

Walters and Dr. Ron Crystal (Weill Cornell Medical College, New York, USA). After 

lentiviral transduction with Cas9 expressing construct, the stable polyclonal population was 

expanded in culture and termed BCi Cas9 cells. The BCi Cas9 cells were generated and 

kindly provided by Dr. Li Eon Kuek and Dr. Graham A Mackay (The University of 

Melbourne). The BCi NS1.1 and BCi Cas9 cells were cultured in the CloneticsTM BEGMTM 

Bronchial Epithelial Cell Growth Medium BulletkitTM (Lonza, Mt Waverley, Australia) 

consisting of bronchial epithelial cell basal medium (CC-3171, Lonza) supplemented with 

SingleQuotsTM (CC-4174, Lonza) as shown in Table 2.1. Cells were kept at 37°C in a 

humidified atmosphere containing 5% CO2 and passaged from a single T25 flask using 

method recommended by the manufacturer. Briefly, 70-80% confluent cell monolayers were 

washed with PBS, incubated with 1 mL trypsin/EDTA (CC-5012, Lonza), and then 

neutralized with 2 mL trypsin neutralizing solution (TNS) (CC-50002, Lonza). Cells were 

collected by centrifugation at 220 g for 8 minutes at room temperature. Viable cell count was 

performed using haemocytometer with Trypan Blue. Cells were then re-seeded at a density of 

5,000 cells/cm2. Medium was renewed three time a week. 

 

Table 2.1 Composition of 1x BEGM, 1x minimal, and 2x BEGM medium 

Reagents 1x BEGM 1x minimal 2x BEGM 

BPE 52 µg protein contents/mL ✕ 104 µg/mL 

rhEGF 0.5 ng/mL ✕ 1 ng/mL 

Hydrocortisone 1.4 µM 0.1 µM 2.8 µM 

Insulin 5 µg/mL 1 µg/mL 10 µg/mL 

Transferrin 10 µg/mL 10 µg/mL 20 µg/mL 

Epinephrine 0.5 µg/mL 0.5 µg/mL 1 µg/mL 
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Triiodothyronine 6.5 ng/mL 6.5 ng/mL 13 ng/mL 

GA 50 µg/mL 50 µg/mL 100 µg/mL 

RA (add fresh) 50 nM 50 nM 100 nM 

BSA ✕ 1.5 µg/mL 3 µg/mL 

BPE: bovine pituitary extract; GA: gentamicin/amphotericin B; RA: retinoic acid. 

 

2.1.2.2 Starvation method 

Unless otherwise indicated, BCis cells were starved 24 h prior to drug treatments, using 1x 

minimal medium as shown in Table 2.1.  

 

2.1.3 Primary bronchial epithelial cell culture 

Unless otherwise indicated, the primary bronchial epithelial cells were maintained under 

identical culture conditions to BCis cells.  

 

2.1.3.1 Rat-tail collagen preparation and surface coating 

Rat tails, obtained from the animals euthanized for other studies, were used for preparation of 

the fibrillar, type I collagen. The tails were soaked in 70% (v/v) ethanol for 15 minutes, after 

which the tail skin was removed, exposing tendons for dissection and subsequent digestion in 

0.1% (v/v) sterile acetic acid at 4°C for 72 hours. Digested collagen was centrifuged every 24 

hours at 2,000 rpm for 2 hours at room temperature, after which the supernatant was 

collected, and fresh acid was added to further digest insoluble collagen fibres. Supernatant 

was dialysed against sterile, endotoxin-free water at 4°C for 24 hours and the concentration 

of the protein was determined by Bradford protein assay, as described in Section 2.4.3. The 

rat tail collagen was diluted to 30 mg/mL in sterile water for culture surface coating. 

Following 45 minutes incubation at 37°C, collagen solution was aspirated, and the culture 

surface was washed once with PBS to remove unbound matrix solution. The culture surface 

was then left to air-dry. Collagen coated flasks and plate can be stored at 4°C for one month.   
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2.1.3.2 Culture of primary human bronchial epithelial cells 

Primary human bronchial epithelial cells were purchased commercially from Lonza. The 

characteristics of donors are shown in Table 2.2.  

 

Table 2.2 Main characteristics of donors of primary human bronchial epithelial cells 

TAN Diagnosis Age Sex Alcohol Smoking 

27434 Normal 57 Female Yes No 

33652 Normal 56 Male No No 

32958 Normal 30 Female Yes Yes 

26520 Normal 69 Female Yes No 

29734 Asthmatic 55 Female No No 

28043 COPD 59 Male Yes Yes 

 

2.1.3.3 Establishment of primary human bronchial epithelial cells from bronchial 

brushing 

Paediatric cystic fibrosis (CF) patients and non-CF participants were recruited at the 

Murdoch Children’s Research Institute, The Royal Children’s Hospital (Melbourne, VIC, 

Australia). The clinical characteristics of the CF patients are shown in Table 2.3. The 

research ethics committees of the Royal Children’s Hospital Melbourne (approval no. HREC 

25054) and The University of Melbourne (approval no. HREC 2056658) approved the study. 

Written consent was obtained from the parents of the children enrolled into the study.  

The bronchial epithelial brushing cells were obtained in conjunction with bronchoalveolar 

lavage by using cytology brushes (BC-203D-2006, Olympus, PA, USA). The freshly brushed 

cells were seeded on collagen coated T25 cell culture flasks in BEGM medium supplemented 

with 250 ng/mL Amphotericin B (15290018, Life Technologies). Cells were cultured at 37°C 

in a humidified atmosphere containing 5% CO2. Once reached 80% confluency, the cells 

were propagated as BCi NS1.1 cells, described in Section 2.1.2.1. 
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Table 2.3 Characteristics of donors of primary human bronchial epithelial brushing cell 

cultures 

ID 
CF/Non-

CF 
Age Sex 

CFTR 

mutation 1 

CFTR 

mutation 2 

Modulator 

use 

M1C130 CF 4.9 Male deltaF508 G551D Ivacaftor 

M1C154 CF 3.2 Male deltaF508 deltaF508 No 

M1C175 CF 1.0 Female 
c.1521_1523 

(delCTT) 

c.1521_1523 

(delCTT) 
No 

M1C134 CF 5.0 Male delta F508 delta F508 No 

M1C172 CF 2.0 Male delta F508 delta F508 No 

M1C151 CF 4.0 Male delta F508 delta F508 No 

M1C123 CF 6.0 Female delta F508 delta F508 
Lumacaftor-

ivacaftor 

M1C126 CF 5.9 Female p.F508del p.F508del No 

M1C129 CF 5.9 Male delta F508 p.G551D Yes 

M1C158 CF 3.9 Female p.Arg1158Ter p.Arg1158Ter No 

M1C176 CF 1.9 Male p.Phe508del p.Phe508del No 

M1C155 CF 3.9 Male p.Phe508del p.G551D Yes 

M1C184 CF 0.5 Female p.1507del p.F508del No 

M1N050 Non-CF 8.4 Female N/A N/A N/A 

M1N055 Non-CF 1.1 Male N/A N/A N/A 

M1N056 Non-CF 5.9 Female N/A N/A N/A 

M1N057 Non-CF 3.7 Male N/A N/A N/A 

CFTR: cystic fibrosis transmembrane conductance regulator. 
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2.1.3.4 Establishment of primary human bronchial epithelial cells from bronchial 

scraping 

Primary human bronchial epithelial cells were established from bronchi of lung resection 

specimens derived from donors without chronic respiratory disease as previously described 

(Schuliga et al., 2009). Samples were obtained with approval from the University of 

Melbourne (approval no. HREC 1750014) and Alfred Hospital (approval no. 336/13; Alfred 

Hospital, Melbourne, VIC, Australia). The characteristics of donors are shown in Table 2.4.  

The bronchial epithelial cells were obtained by scraping the inner surface of airway with no. 

23 scalpel blade. The scalpel blade was rinsed in RPMI 1640 medium (11835055, Life 

Technologies) supplemented with 10% (v/v) HIFCS. The cell suspension was centrifuged at 

150 g for 5 minutes at room temperature. The cell pellet was resuspended in pre-warmed 

BEGM medium and seeded on collagen coated T25 cell culture flasks. Cells were cultured at 

37°C in a humidified atmosphere containing 5% CO2. Once reached 80% confluency, the 

cells were propagated as BCi NS1.1 cells, described in Section 2.1.2.1.  

 

Table 2.4 Donor characteristics for human bronchial epithelial cell cultures 

ID Age Sex 

ALF051 27 Male 

ALF052 31 Male 

ALF053 41 Female 

IK 30 Unknown 

 

2.1.4 Cryopreservation 

Cells were dissociated as described above. The BEAS-2B and A549 cells were harvested by 

centrifugation at 500 g for 5 minutes. The cell pellet was resuspended in ice-cold 90% (v/v) 

HIFCS with 10% (v/v) dimethylsulphoxide (DMSO). The BCi cells and primary epithelial 

cells were harvested by centrifugation at 220 g for 8 minutes. The cell pellet was resuspended 

in ice-cold 80% (v/v) BEGM with 10% (v/v) HIFCS and 10% (v/v) DMSO. The cell 

suspension was then transferred into cryogenic tubes (Thermo Fisher Scientific, Waltham, 
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USA) and put into Mr. FrostyTM freezing container (Thermo Fisher Scientific) filled with 

room temperature isopropanol. The container was left in a -80°C freezer. After 24 hours, the 

cryogenic tubes were transferred into a liquid nitrogen cryopreservation vessel for long term 

storage.    

 

2.1.5 Mycoplasma detection 

Mycoplasma contamination was routinely tested in all cell cultures, using the MycoalertTM 

PLUS Mycoplasma detection kit (LT07-701, Lonza) according to manufacturer’s instruction. 

 

2.2 Two-dimensional cell culture 

2.2.1 2D stiff and 2D soft environment 

The conventional polystyrene coated tissue culture plastic is defined as “2D stiff” 

environment, which possess a Young’s modulus ranging from 2 to 4 GPa. The “2D soft” 

environment is used to describe a tissue culture surface coated with collagen hydrogel. The 

collagen coating solution was prepared by mixing 4 mg/mL Rat Tail Type I Collagen (#5153, 

Advanced BioMatrix, CA, USA) with sterile water and 4x DMEM (12100061, Life 

Technologies) at a ratio of 3:3:2. The 24-well flat bottom plate was coated with 200 µL 

collagen solution at 37°C for 45-60 minutes to allow collagen gelling. The Young’s modulus 

of collagen hydrogel ranges from 0.2 to 2 kPa (Berhan et al., 2020). 

 

2.2.2 Gelatin coating 

The gelatin solution (G1393, Sigma) was filter sterilized through 0.22 µM filter and applied 

500 µL into the 24-well plate. The plate was incubated at 37°C for no less than 30 minutes to 

allow gelatin polymerizing, after which the excessive gelatin solution was aspirated and left 

dry overnight in a bio-cabinet.  
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2.2.3 Stiffness gradient Cytosoft® plate 

The CytoSoft® discovery kit (#5190-7EA, Advanced BioMatrix) contains six silicone gel 

coated plates with different elastic moduli of 0.2, 0.5, 2, 8,16, 32, and 64 kPa. The Rat Tail 

Type I Collagen was diluted as 1:30 in PBS and dispensed 3 mL of solution into each well of 

the CytoSoft® plates. The plates were incubated at room temperature for 1 hour. The 

remaining material was aspirated and rinsed immediately two times with PBS. The plate was 

left with PBS until the cells been added in. 

 

2.3 Three-dimensional cell culture 

2.3.1 Air-liquid interface culture (ALI) 

2.3.1.1 Coating of transwell inserts with rat-tail collagen 

Rat-tail collagen was prepared as described in section 2.1.3.1. 100 µL of 30 mg/mL rat-tail 

collagen was used to coat Corning® Transwell® inserts containing 0.4 µM pore polyester 

membrane (CLS3470-48EA, Sigma). Following 45 minutes incubation at 37°C, collagen 

solution was carefully aspirated, and membranes were washed once with 150 µL PBS. The 

transwells were left to air-dry. Collagen coated transwells can be stored at 4°C and used 

within one month. 

 

2.3.1.2 Preparation of ALI medium 

The BEGM medium system and PneumaCultTM medium system (STEMCELL Technologies, 

BC, Canada) were used to develop ALI cultures. The medium was applied according to 

submerge culture phase, ALI expansion phase and maintenance phase. 

In the BEGM system, the 1x BEGM medium was used in submerge culture phase and ALI 

expansion phase. In ALI maintenance phase, the differentiation medium was prepared out of 

1:1 (v/v) mixture of 2x BEGM (Table 2.1) and DMEM, supplemented with 0.2% (v/v) 

sodium bicarbonate, 15 mM HEPES, 2 mM L-glutamine, 1% (v/v) non-essential amino acids, 

1% (v/v) sodium pyruvate, 100 IU/mL penicillin and 50 μg/mL streptomycin. The mixture of 

2x BEGM and DMEM was made freshly.  

In the PneumaCultTM system, the PneumaCultTM Ex Plus medium was used in submerge 

culture phase and ALI expansion phase. The PneumaCultTM ALI medium was used in ALI 
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maintenance phase. The medium composition is shown in Table 2.5. The complete medium 

can be stored at 4°C for 2 weeks.  

 

Table 2.5 Composition of PneumaCultTM Ex Plus and PneumaCultTM ALI medium 

 Reagents Storage 

PneumaCultTM Ex Plus 

(05040, STEMCELL 

Technologies) 

PneumaCultTM Ex Plus base medium 4°C 

50x Supplement -20°C 

100 nM Hydrocortisone (07925, STEMCELL 

Technologies) 
-20°C 

PneumaCultTM ALI     

(P-ALI)                

(05001, STEMCELL 

Technologies) 

PneumaCultTM ALI base medium 4°C 

10x Supplement -20°C 

100x Maintenance Supplement -20°C 

1 µM Hydrocortisone -20°C 

0.2% (v/v) Heparin Solution (07980, 

STEMCELL Technologies) 
4°C 

 

2.3.1.3 Differentiation of primary bronchial epithelial cells by ALI culture 

At Day 0, submerge primary bronchial epithelial cells cultured in BEGM were harvested as 

described in section 2.1.2.1. For cell cultured in PneumaCultTM Ex Plus medium, 80% 

confluent cells were dissociated using the animal component-free (ACF) cell dissociation kit 

(05426, STEMCELL Technologies). Specifically, cells were washed once with PBS. 2 mL 

ACF Enzymatic Dissociation Solution was added into T25 flask and incubated at 37°C for 7 

minutes, followed by 2 mL ACF Enzyme Inhibition Solution. Cells were collected by 

centrifugation at 350 g for 5 minutes. Viable cell count was performed using hemocytometer 

with Trypan Blue. The cells were seeded onto collagen-coated transwell inserts at 75,000 

cells/well in 100 µL 1x BEGM or PneumaCultTM Ex Plus medium. Additional 350 µL 1x 

BEGM or PneumaCultTM Ex Plus medium was added to the basal chamber and cells were 

incubated at 37°C in a humidified atmosphere containing 5% CO2. The medium was replaced 

with pre-warmed medium for both apical and basal chamber.  At Day 4, cells were “air-lifted” 
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by aspirating medium from both apical and basal chamber and only adding 350 µL mixture 

of 2x BEGM and DMEM or P-ALI medium to basal chamber. Cells were then re-fed three 

times a week over a period of 4 weeks by aspirating medium from basal chamber and 

refilling with fresh medium. Apical liquid was removed post air-lifting if there was any. 

From Day 14, excess mucus was removed from apical surface once a week (or every time 

before medium refresh). Briefly, 150 µL pre-warmed PBS was added to apical chamber and 

incubated at 37°C for 30 minutes, after which the mucus wash was aspirated and stored at -

80°C. Differentiation of the cells was confirmed through visualisation of the beating cilia 

under Olympus IX53 microscope equipped with QImaging optiMOS high speed camera at 

100 frames/sec. Alternatively, the trans-epithelial electrical resistance (TEER) was measured 

using an EVOM2 Volt ohmmeter (WPI, FL, USA). Sterilisation of the electrode was carried 

out by submerging the electrode in 80% ethanol for 5 minutes, following its air drying and 

rinsing in PBS. A 100 μL of pre-warmed PBS was added to the apical surface of the 

transwells. The measurement was carried out by holding the electrode vertically and as 

steady as possible until the reading (Ω) was stabilised, and the process was then repeated for 

each transwell (Srinivasan et al., 2015).  

 

2.3.2 Airway organoids culture 

2.3.2.1 Preparation of silicone mask 

The silicone mask was fabricated with Polydimethylsiloxane (PDMS) for its biocompatibility 

and hydrophobicity. Briefly, PDMS base and curing agent from SYLGARD® 184 kit 

(761036, Sigma) was mixed at a ratio of 10:1. A thin PDMS layer of 150 µM in thickness 

was made by spin coating at 200 rpm for 2 min on the back of a clean Ø15 mm plastic petri 

dish. Curing was then achieved by incubating at 60°C for 24 h. Specific mask layouts were 

cut to shape by Accu-punch (69038, Electron Microscopy Sciences, USA): 8 mm + 5 mm for 

48-well plate, 10 mm + 6 mm for 24-well plate. 

 

2.3.2.2 Preparation of airway organoid medium 

The airway organoid medium was adapted from previous reported protocols (Broutier et al., 

2016; Sachs et al., 2019). The medium components are shown in Table 2.6. The basal 

medium, containing Penicillin/Streptomycin, HEPES, Primocin, and Glutamax, was stored at 
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4°C for 1 month. The working medium containing all the other components was stored at 4°C 

and used within two weeks.  

 

Table 2.6 Components of airway organoid medium 

Media Component Final concentration 

R-Spondin 1 (120-38, Peprotech, NJ, USA) 500 ng/mL 

FGF 7 (100-19, Peprotech) 25 ng/mL 

FGF 10 (100-26, Peprotech) 100 ng/mL 

Noggin (120-10C, Peprotech) 100 ng/mL 

A83-01 (2939, Tocris, UK) 500 nM 

Y-27632 (Y0503, Sigma) 5 mM 

SB202190 (S7067, Sigma) 500 nM 

B27 supplement (17504044, Life Technologies) 1x 

N-Acetylcysteine (A9165, Sigma) 1.25 mM 

Nicotinamide (N0636, Sigma) 5 mM 

GlutaMax 100x (35050061, Life Technologies) 1x 

HEPES 10 mM 

Penicillin/Streptomycin 100 U/mL/100 mg/mL 

Primocin (Ant-pm-1, Invivogen, CA, USA)  50 mg/mL 

Advanced DMEM/F12 (12634010, Life Technologies) 1x 

FGF: fibroblast growth factor. 

 

2.3.2.3 Differentiation of primary bronchial epithelial cells by airway organoids culture  

The Growth Factor Reduced Matrigel® (356231, Corning) was thawed at 4°C for overnight. 

Once thawed, the vial was gently swirled to disperse the Matrigel® evenly and then 1 mL 
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Matrigel® was aliquoted out and kept in -80°C for storage. The Matrigel® was kept on ice for 

all the steps. 

At Day 0, the silicone masks were sticked to the bottom of culture plate wells by flat tip 

tweezer. The centre area of the mask was coated with 1% (w/w) BSA in PBS. Following 45 

minutes incubation at 37°C, BSA solution was aspirated, and coating area was washed once 

with PBS. The plate was left to air-dry. Before use, pre-warm the plate in 37°C.  

Submerge primary bronchial epithelial cells cultured in BEGM were harvested as described 

in section 2.1.2.1. Volume of cell suspension was calculated as 5,000 cells/well for 24-well 

plate or 3,000 cells/well for 48-well plate. The desired volume of cell suspension was 

transferred to a 15 mL falcon tube. After centrifugation at 220 g for 8 min, the supernatant 

was carefully removed. The airway organoids working medium was added to resuspend the 

cell pellet as 20 µL/well for 24-well plate or 12.5 µL/well for 48-well plate. The tube was 

then put on ice to add the Matrigel® as the same volume of working medium to form a 50% 

(w/w) Matrigel® mixture. A 40 µL or 25 µL drop of cell mixture was then seeded to the 

centre of the silicone mask in 24-well plate or 48-well plate. Following solidification of the 

droplet by incubating at 37°C for 10-20 min, 500 µL or 250 µL of pre-warmed airway 

organoid working medium was added to each well. The cells were incubated at 37°C in a 

humidified atmosphere containing 5% CO2 and the medium was replaced three times a week 

for 3 to 4 weeks. Differentiation of the cells was confirmed through visualisation of the 

beating cilia under Olympus IX53 microscope equipped with QImaging optiMOS high speed 

camera at 100 frames/sec. 

 

2.4 General analytical techniques 

2.4.1 Real-time quantitative polymerase chain reaction (RT-qPCR) 

2.4.1.1 Total mRNA extraction 

Total RNA was extracted using IllustraTM RNAspin Mini RNA Isolation Kit (25-0500-72, 

GE Healthcare, UK) and performed at room temperature. Initially, cells were lysed in 350 µL 

lysis solution with 1% β-mercaptoethanol (M6250, Sigma) and each sample was transferred 

into corresponding RNAspin Mini Filter Units (violet ring). Clear lysates were collected by 

centrifugation at 11,000 g for 1 min. Adjustment of RNA binding condition was carried out 

through addition of 350 µL 70% Ethanol in diethylpyrocarbonate (DEPC)-H2O, mixing by 
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vortexing twice for 5 sec and centrifuging the solution in RNAspin Mini Column Units at 

8,000 g for 30 sec. After desalting the silica membrane with 350 µL desalting buffer followed 

by centrifugation at 11,000 g for 1 min, DNA was digested by 15 min incubation with 

reconstituted DNase I, diluted 10x in DNase reaction buffer. 200 µL of wash buffer I was 

added to inactivate DNase and columns were centrifuged at 11,000 g for 1 min. Then the 

columns were washed twice with 600 µL and 250 µL wash buffer II by centrifuging at 

11,000 g for 1 min and 2 min respectively. Finally, highly purified RNA was eluted in 40 µL 

of RNase-free H2O by centrifuging at 11,000 g for 1 min. Quantification of RNA 

concentration was performed by the NanoDrop 1000. Samples were stored at -80℃. 

 

2.4.1.2 Reverse transcription 

Total RNA was reversely transcribed to cDNA using High Capacity cDNA reverse 

transcription kit (4387406, Thermo Fisher Scientific) following manufacturer’s instructions. 

The total reaction volume was 5 µL, consisting of 2 µL of total RNA (100 ng RNA), 2.5 µL 

2x RT buffer, and 0.5 µL 20x RT enzyme mix, with one additional control sample (without 

RT enzyme mix). Thermal conditions applied for the reaction were 37℃ for 60 min and then 

95 °C for 5 min in Eppendorf Mastercycler Pro. cDNA was diluted with 145 μL DEPC-H2O 

and stored at -20°C. 

 

2.4.1.3 RT-qPCR 

RT-qPCR was performed in triplicate for each gene in a 384-well plate using QuantStudioTM 

6 Flex Real-Time PCR System (Thermo Fisher Scientific). The RT-qPCR reaction was done 

by 6 µL reaction consisting of 2 µL diluted cDNA, 2.5 µL iTaqTM Universal SYBR® Green 

Supermix (1725125, Bio-Rad, CA, USA) and 1.5 µL mixture of the relevant 100 nM forward 

and reverse human primers (Table 2.7). Primers were obtained from either previously 

published references or from pre-validated KiCqStart® SYBR® Green Primers (KSPQ12012, 

Sigma). PCR amplification was done as following thermal protocol: 50°C for 2 min, 95℃ for 

10 min followed by 40 cycles of 95℃ for 15 sec, and 60℃ for 1 min. The threshold cycle 

detected for each gene was normalized to house-keeping gene 18S ribosomal RNA. Relative 

gene expression was calculated using cycle threshold (CT) values of target genes and 18S 

according to 2-∆CT method (-∆CT = CTtarget gene - CT18S). Logarithmic (log2) scale was used to 

display expression levels and was chosen because the higher the value the higher is the 



General Methods 

 39 

expression level, and it allows the comparison of absolute levels of gene expression in 

different cultures and conditions.  
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Table 2.7 Human primer sequences for RT-qPCR 

Gene product Forward primer Reverse primer Supplier 

18S CGC CGC TAG AGG TGA AAT TC TTG GCA AAT GCT TTC GCT C Invitrogen 

ACE2 GTT TGT AAC CCA GAT AAT CCA C AAT GAT TTG CTC TTG CCA TC Sigma 

CFTR CAT TTG GAT CCA GTA ACA TAC C ATT GCT TCT ATC CTG TGT TC Sigma 

COL1A GTG CTA AAG GTG CCA ATG GT ACC AGG TTC ACC GCT GTT AC Invitrogen 

DNAH1 ACT AGT ACA AGA GGT CAT TAG G CAC AGT ATT GTT GTA CAG GC Sigma 

DNAH5 CTT GAA AAA TGT TGT GAC CC GTC ACC TTT ACA AAC AGA GAT C Sigma 

E-Cadherin ACC ACA AAT CCA GTG AAC AAC G CAA GCC CTT TGC TGT TTT CAA Invitrogen 

FOXJ1 GTG AAG CCT CCC TAC TC AAT TCT GCC AGG TGG G Sigma 

GILZ TCC TGT CTG AGC CCT GAA GAG AGC CAC TTA CAC CGC AGA AC Sigma 

IFNA GTG AGG AAA TAC TTC CAA AGA ATC AC TCT CAT GAT TTC TGC TCT GAC AA Invitrogen 

IFNB CAG CAA TTT TCA GTG TCA GAA GC TCA TCC TGT CCT TGA GGC AGT Invitrogen 

IFNG ACA ATT GGA AAG AGG AGA GTG ACA G AGG AGA CAA TTT GGC TCT GGA Invitrogen 

IL-11 CTC CTG GCG GAC ACG C GCT GGG AAT TTG TCC CTC AG Invitrogen 

IL-28A ACA TAG CCC AGT TCA AGT C GAC TCT TCT AAG GCA TCT TTG Sigma 
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ITGA6 CAA GGT CGT GAC ATG TGC TCA TTC GTA TTA ACA TGC TGC CTT TTT T Invitrogen 

I𝜅Bα TAG CCA TGG ATA GAG GCT AAG TGT AGA TAC CAA CTA CAA TGG CCA CAC G Invitrogen 

KRT5 AGT TTG TGA TGG TGA AGA AG GTT AAT CTC ATC CAT CAG TGC Sigma 

MKP-1 CCA CAA GGC AGA CAT CAG CTC TCT ATG AAG TCA ATG GCC TCG TT Invitrogen 

MUC5AC GGA ACT GTG GGG ACA GCT CTT GTC ACA TTC CTC AGC GAG GTC Invitrogen 

MUC5B TAC GTT CTG TCC AAG AAA TG TAG ATG GAG TTG AGG AAC AC Invitrogen 

N-Cadherin CCA CAA GGC AGA CAT CAG CTC TCT ATG AAG TCA ATG GCC TCG TT Invitrogen 

PAI-1 TCA GGC TGA CTT CAC GAG TCT TT CTG CGC GAC GTG GAG AG Sigma 

PTHLH GCT ATT ATT TCA GAG GAA GCG CTC GGG ACT TAT TTA GCA AC Sigma 

SARSCOV2-1 GCC TCT TCT CGT TCC TCA TCA C  AGC AGC ATC ACC GCC ATT G  Sigma 

SARSCOV2-2 AGC CTC TTC TCG TTC CTC ATC AC CCG CCA TTG CCA GCC ATT C  Sigma 

SCNN1A AGC ACA ACC GCA TGA AGA C  TGA GGT TGA TGT TGA GGC TG Invitrogen 

SCNN1B CTG GTC CTT ATT GAT GAA CG ATA GTC TCA TGG CCA TTT TG Sigma 

SCNN1G CTT CTA TAC TGT CTC TCA GTT TCC TGT ACT TGT AGG GGT TGA TG Sigma 

Tektin 1 ATT ACA GCT CTT GAA AAG GC GGG CTA AAG TTT CCT TCA ATC Invitrogen 

TFF3 AGA ATG CAC CTT CTG AGG AAA AGC TGA GAT GAA CAG TG Sigma 
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TLR1 CCC TAC AAA AGG AAT CTG TAT C TGC TAG TCA TTT TGG AAC AC Sigma 

TLR2 CTT TCA ACT GGT AGT TGT GG GGA ATG GAG TTT AAA GAT CCT Sigma 

TLR3 AGA TTC AAG GTA CAT CAT GC CAA TTT ATG ACG AAA GGC AC Sigma 

TLR4 GAT TTA TCC AGG TGT GAA ATC C TAT TAA GGT AGA GAG ACG TGG C Sigma 

TLR5 ATC TTT CAC ATG GGT TTG TC TTC CCC CAG AAG GTT ATA TG Sigma 

TLR6 AGA GAT CTT GAA TTT GGA CTC TGT CTT TGG TCA TGA TGT TG Sigma 

TLR7 AGA TAT AGG ATC ACT CCA TGC CTT CCA AAA TGG AAT GTA GAG Sigma 

TLR8 TGG AAA ACA TGT TCC TTC AG TGC TTT TTC TCA TCA CAA GG Sigma 

TLR9 AAA TCC CTC ATA TCC CTG TC TTG TAA TAA CAG TTG CCG TC Sigma 

TLR10 CAT CTG TAA GGG TTT TGA GC CTT TCT TAG AGA CAT GTT GGA G Sigma 

TMPRSS2 CAG GTC ATA TTG AAC ATT CCA G CTG AGT TCA AAG CCA TCT TG Sigma 

TP63 CAG CCT ATA TGT TCA GTT CAG CAG TCC ATG CAT GCT AAT CTC AAT C Sigma 
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2.4.2 Detection of proteins from cell culture supernatant 

2.4.2.1 Supernatant collection 

The conditioned cell culture media were transferred from wells to Eppendorf tubes. After 

centrifugation at 250 g for 5 min, the supernatant was collected and stored at -20°C until 

further analysis.  

 

2.4.2.2 Enzyme-linked immunosorbent assay (ELISA) 

Supernatants were assayed for IL-6 (555220), IL-8 (555244), and GM-CSF (555126) levels 

using OptEIA ELISA Set (BD Biosciences, NJ, USA). Flat bottom medium binding ELISA 

96-well plates (655001, Greiner Bio-One, Austria) were coated with specific capture 

antibodies (diluted in coating buffer (0.1 M sodium carbonate, pH 9.8)) overnight. After three 

times of washing with 0.1% (v/v) Tween 20 in PBS, the plates were blocked with 10% (v/v) 

HIFCS in PBS for 1 h at room temperature. The standards and supernatants were then 

incubated for 2 h at room temperature. Detection antibody and HRP-conjugated streptavidin 

complex diluted in 10% HIFCS was applied for 1 h at room temperature. Washing process 

was repeated four times between each step and a final wash of five times, after which the 

visualization was carried out using 3,3’,5,5’-tetramethylbenzidine (TMB) substrate (1:1 of A 

and B, 555214, BD Bioscience) until sufficient colour developed.  

IL-11 (DY218) and PAI-1 (DY1786) levels were measured using DuoSet® ELISA kit (R&D 

systems, MN, USA). Briefly, flat bottom medium binding plate for PAI-1 and high binding 

plate (655061, Greiner Bio-One) for IL-11 were coated for overnight. After washing, the 

plate was blocked by 1% BSA in PBS for 1 h. Standards and samples were incubated for 2 h, 

followed by 2 h incubation of detection antibodies diluted in 1% BSA in PBS and 40 min 

incubation of HRP-conjugated streptavidin complex diluted in 1% BSA in PBS. Plates were 

then finally washed five times and applied with TMB to allow colour development.  

The reaction was stopped by 2 M sulphuric acid and the absorbance was measured at 450 nm 

on a MultiskanTM FC Microplate Photometer (Thermo Fisher Scientific). The concentration 

of cytokines and proteins was determined using the absorbance of the standards and 4 

parameter logistic curve fitting. 



General Methods 

 44 

2.4.2.3 Bio-Plex ProTM Cytokine, Chemokine, and Growth Factor Assay 

High throughput cytokines measurement was done by using Bio-Plex ProTM Human Cytokine 

Grp I Panel 27-Plex (M500KCAF0Y, Bio-Rad). The assay was carried out following the 

manufacturer’s instruction. Briefly, the magnetic beads were mixed thoroughly and added to 

the plate. After two times wash with washing buffer, standards, samples, and medium blank 

were incubated for 30 min at room temperature. The plate was washed three times and then 

incubated with detection antibody for 30 min. After another three times wash, streptavidin-

PE was applied and incubated for 10 min. Following three washes, the beads were 

resuspended in assay buffer. All the incubation was done by shaking at 850 rpm on an orbital 

shaker and covered with foil. The washing steps were done by the plate washer with 

magnetic components or manually on EpiMag HT (96-Well) Magnetic Separator (Q10002-1, 

Epigentek, NY, USA) to avoid losing the magnetic beads. The plate was read on Bio-Plex 

system (Bio-Rad). The concentration of cytokines and proteins was determined using the 

fluorescence intensity of the standards and 4 parameter logistic curve fitting. 

 

2.4.3 Bradford protein assay 

Bradford protein assay were applied to determine the protein concentration in samples. 

Briefly, BSA standards were prepared at final concentrations of 0; 2.5; 5.0; 7.5;10; 15; 20 

µg/mL. 100 µL PBS-diluted samples or BSA standards were vortexed and incubated with 

100 µL 0.2 M NaOH. After 15 min incubation at room temperature, 600 µL water and 200 

µL Protein Assay Dye Reagent Concentrate (5000006, Bio-Rad) were added. Tubes were 

vortexed thoroughly and 200 µL of the solution was transferred to a 96-well plate to be 

measured at 595 nm on MultiskanTM FC Microplate Photometer. The standard curve 

generated from the absorbance of BSA standards was used to calculate the concentration of 

proteins in the samples.   

 

2.4.4 Immunohistochemistry 

2.4.4.1 Melbourne Epidemiological Study of Childhood Asthma (MESCA) 

The MESCA study began in 1964 with the specific aims to define clinical syndromes 

involved in the range of wheezing in children and to estimate the prevalence of asthma and 

examine the differences in outcomes later in life (Oswald et al., 1994). Approximately 400 
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seven years old children were randomly chosen out of 30,000 living in Melbourne (Victoria, 

Australia) and initially this cohort was divided into 4 groups as following: non-asthmatic 

control, mild wheezy bronchitis, wheezy bronchitis, and asthma. The cohort was reviewed at 

the subsequent ages of 10, 14, 21, 28, 35 and 42. At the age 42 review (from May 1999 to 

September 2000), 94 subjects out of 380 subjects examined consented to further 

examinations for lung function and bronchoscopy with airway biopsies (approved by Royal 

Melbourne Hospital Ethics Committee). 

 

2.4.4.2 Bronchoscopy and processing of mucosal biopsies 

Bronchoscopy was performed trans-nasally using a fiberoptic Pentax FB 15P bronchoscopy. 

All patients received local anaesthesia with 2% lignocaine applied topically to the upper 

airway and nares. Two mucosal biopsies were taken from the sub-carina of the right lower 

and right-middle lobes, using Pentax fenestrated non-toothed biopsy forceps. Biopsies were 

fixed in 10% (v/v) neutral buffered formalin (NBF, Trajan) for 2 h and placed in 70% ethanol 

for overnight prior paraffin processing (Ward et al., 2008).  

 

2.4.4.3 Three-layer immunoperoxidase staining 

The three-layer immunoperoxidase staining was applied in this project. Paraffin embedded 

human airway blocks were cut into 2 µM or 3 µM sections. The sections were dewaxed by 

immersing in histolene (2 x 5 min), rehydrated through 100%, 100%, and 70% ethanol (5 min 

each), and washed in PBS (2 x 5 min) at room temperature. Antigen retrieval was performed 

using citric acid in oven at 85°C for 30 min if needed. After cooling down, the sections were 

washed in PBS (2 x 5 min). Sections were then dehydrated through 70%, 100%, and 100% 

ethanol and immersed in 0.3% H2O2 in methanol for 10 min to block endogenous peroxidase. 

Following rehydration through 100%, 100%, and 70% ethanol, 1.5% normal goat serum was 

applied for 20 min to block non-specific sites. Primary antibodies (Table 2.8) diluted in 0.25% 

BSA in PBS was incubated overnight at 4°C. Matched concentration of isotype control was 

used as the negative control and rabbit monoclonal pan-actin antibody (#8456, Cell Signaling, 

MA, USA) was used at 1:100 as positive control. On the second day, after washing in PBS (2 

x 5 min), Vectastain® biotinylated goat anti-rabbit secondary antibody (PK4001, Vector 

Laboratories, CA, USA) was incubated at 1:200 for 30 min. Sections were then incubated 

with Vectastain® ABC reagents (equal volume of A (avidin) and B (biotinylated enzyme) in 
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PBS) for 30 min after PBS wash. Subsequent specific staining was visualized by applying 

stable peroxidase substrate buffer DAB (K346811, Agilent, CA, USA). After washing in tap 

water, the sections were counterstained in Mayer’s haematoxylin (MH, Trajan, VIC, 

Australia), differentiated in 1% acid alcohol, blued in Schott’s reagent (SCOT, Trajan), and 

dehydrated through 70%, 100%, 100% ethanol. Finally, the sections were coverslipped with 

DPX Mountant for Histology (44581, Sigma) and imaged by Olympus BX51 (Olympus, 

Japan).    

 

2.4.5 Immunofluorescence 

In general, the cells were washed in PBS two times and then fixed in 10% NBF. After 

washing three times in PBS, the cells were stained or kept in PBS at 4°C for future staining. 

Cells were blocked in 5% normal goat serum (G9023, Sigma) diluted in 0.1% Triton X-100 

in 1% BSA in PBS for 1 h at room temperature. Primary antibodies (Table 2.8) diluted in 0.1% 

Triton X-100 in 1% BSA in PBS was incubated overnight at 4°C. Antibody diluent was used 

as negative control. At the following day, cells were washed three times in PBS and 

incubated with secondary antibodies (Table 2.8) diluted in 1% BSA in PBS for 1 h at room 

temperature. Cells were then stained with Alexa Fluor® 488 Phalloidin (8878S, Cell 

Signaling) for 20 min to stain actin filaments and DAPI (3598, Santa Cruz, TX, USA) for 10 

min to stain nuclei. Cells were finally coverslipped using DAKO fluorescence anti-fade 

mounting medium (S3023, DAKO, Denmark). The confocal images were acquired using 

Zeiss LSM880 Airyscan Fast confocal microscope (Biological Optical Microscopy Platform, 

University of Melbourne) and analysed using Imaris 9.2 and FIJI Image J.  
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Table 2.8 Antibodies for Immunohistochemistry and Immunofluorescence 

Name Species Dilution Supplier 

alpha-ENaC Rabbit polyclonal 1:4000 
PA1-920A, 

Invitrogen 

Anti- Mucin 5AC [45M1] Mouse monoclonal 1:200 ab3649, Abcam 

Anti-ACE2 Rabbit polyclonal 
1:200 (IF); 

1:3000 (IHC) 
ab15348, Abcam 

Anti-Acetylated Tubulin Mouse monoclonal 1:4000 T7451, Sigma 

Anti-Cytokeratin 5 Rabbit polyclonal 1:1000 ab53121, Abcam 

E-Cadherin (24E10) Rabbit monoclonal 1:200 
3195, Cell 

Signaling 

Human 

Uteroglobin/SCGB1A1 
Rat monoclonal 1:100 

MAB4218, R&D 

Systems 

Anti-ZO-1 Rabbit polyclonal 1:100 
61-7300, 

Invitrogen 

Anti-dsRNA [J2] Mouse monoclonal 1:200 

Ab01299-2.0, 

Australian 

Bioresearch 

Anti-Cytokeratin, pan 

antibody 

Mouse monoclonal 1:400 C2931, Sigma 

IgG polyclonal isotype 

control 

Rabbit polyclonal  ab37415, Abcam 

Alexa Fluor® 488 Phalloidin  1:50 
8878S, Cell 

Signaling 

Alexa Fluor® 594 DNase  1:400 
D12372, 

Invitrogen 

DAPI  1:100 3598, Santa Cruz 

Goat anti-Mouse IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 647 

 1:500 
A21235, 

Invitrogen 
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Goat anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 568 

 1:500 
A11011, 

Invitrogen 

Goat anti-Rat IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 488 

 1:500 
A11006, 

Invitrogen 

        

2.4.6 FLIPR® Membrane Potential Assay 

The epithelial sodium channel activity was measured by FLIPR® Membrane Potential Assay 

Kits (R8128 & R8042, Molecular Devices, CA, USA) according to manufacturer’s 

instruction. Briefly, the cells were seeded in 96-well plate. The supernatant was removed and 

replaced with Tyrode’s Buffer (T2145, Sigma). The blue dye diluted in assay buffer was 

added as same volume of Tyrode’s Buffer and incubated for 40 min at room temperature. A 

drug plate was prepared by adding serial concentrations of Amiloride (A7410, Sigma) or 5-

(N-Ethyl-N-isopropyl) amiloride (EIPA, A3085, Sigma) into 96-well plate. After incubation, 

the plate was then read in FlexStation® 3 Benchtop Multi-Mode Microplate Reader 

(Molecular Devices) with following parameters (Table 2.9).  

 

Table 2.9 FlexStation® 3 setup parameters for FLIPR® Membrane Potential Assay  

 Parameters 

Excitation wavelength (nm) 530 

Emission wavelength (nm) 565 

Emission cut-off (nm) 550 

Addition Speed (Rate) 1 

 

2.5 Statistical analysis 

All data were statistically analysed by GraphPad Prism 7.0 (GraphPad, San Diego, CA, USA) 

and presented as the mean ± standard error of mean (SEM) for n individual experiments in 

cell lines, n individual donors of primary epithelial cell culture or median ± interquartile 
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range for n individual donors of MESCA samples. For one independent variable, one-way 

analysis of variance (ANOVA) with the Dunnett’s post-hoc test, non-parametric Kruskal-

Wallis test, and non-parametric Mann-Whitney test were used. Two-way ANOVA with 

Bonferroni post-hoc tests were used for two independent variables. P<0.05 was considered to 

be statistically significant. 
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3.1 Introduction  

Airway epithelium is well known as a physical barrier between external environment and 

internal milieu and a component of host defence interacting with immune system to maintain 

homeostasis while facilitating immune reactions (Iwasaki et al., 2017). The airway epithelial 

responses play critical roles in the pathogenesis of inflammatory and allergic diseases, such 

as asthma, chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF), and 

respiratory infection (Calvén et al., 2020; De Rose et al., 2018; Vareille et al., 2011). 

Glucocorticoids (GC) as one of the most efficacious treatments against inflammation are 

widely used in acute and chronic respiratory diseases, especially inhaled corticosteroids 

(ICSs). As the initial cell type that in contact with ICSs, airway epithelial cells are more 

likely to be exposed to higher concentrations of GCs and therefore can be viewed as one of 

the targets for glucocorticoid therapy.  

In airway epithelial cells, it is evident that GCs have profound functional effects in inhibiting 

pro-inflammatory cytokines, chemokines, peptides, and lipid mediators (Woodruff et al., 

2007). GCs initiate their anti-inflammatory actions by regulating gene expression, from early 

signalling events to nuclear, transcriptional mechanisms, and to post-transcriptional 

regulatory events in the cytoplasm (Stellato, 2007). Upon ligand binding, the glucocorticoid 

receptor (GR) homodimers interact with DNA at glucocorticoid response elements (GREs), 

resulting in increased transcription of targeted genes, including glucocorticoid inducible 

leucine zipper (GILZ), MAP kinase phosphatase 1 (MKP-1), and inhibitor of nuclear factor 

kappa B (NF-κB) (IκBα) (Vandevyver et al., 2013). Monomeric ligand-bound GR can bind to 

DNA-bound proinflammatory transcription factors, NF-κB and activating protein-1 (AP-1), 

repressing the transcription of their target pro-inflammatory genes (Keenan et al., 2012; 

Scheinman et al., 1995). GCs also act through non-genomic mechanisms to mediate gene 

transcription (Surjit et al., 2011). Particularly in airway epithelial cells, dexamethasone at low 

concentrations rapidly regulates intracellular pH, Ca2+, and protein kinase A (PKA) activity 

and inhibits Cl- secretion via non-genomic mechanism (Urbach et al., 2006).  

Despite the proven efficacy in controlling inflammation, GC insensitivity in patients with 

severe disease remains a clinical challenge. Currently, the combination of ICS and short-

acting β2-agonist (SABA) are used for controlling and relieving symptoms for mild asthmatic 

patients (GINA, 2020). Increased concentration of ICS in combination with long-acting β2-

agonist (LABA) is mostly for moderate and severe asthma patients. Severe asthma patients 
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remain uncontrolled despite high-dose treatment or can only be controlled with continual 

high-dose treatment (Holguin et al., 2019). For COPD patients, LABA/ICS are recommended 

for patients with exacerbations and moderate to severe COPD (GOLD, 2020). However, the 

use of glucocorticoid in COPD remains controversial (Agusti et al., 2018; Suissa et al., 2013). 

Evidence showed that ICS use is associated with higher prevalence of oral candidiasis, hoarse 

voice, skin bruising and pneumonia (Yang et al., 2012).  

The molecular mechanisms of GC insensitivity vary depending on the context and cell 

phenotype (Keenan et al., 2015). Of the mechanisms investigated to date, the GC insensitivity 

induced by transforming growth factor-β (TGF-β) attracts our attention. Previously, we have 

reported that TGF-β at 40 pM impairs glucocorticoid inhibition on IL-1α induced IL-6 and 

IL-8 production in A549 cell line. This impairment was associated with reduced GRE-

dependent transactivation and induction of IκBα, GILZ, and the epithelial sodium channel α 

subunit (ENaCα) (Salem et al., 2012). The impairment of TGF-β on glucocorticoid 

transactivation was also observed in BEAS-2B cell line and human primary epithelial cells 

under air-liquid interface (ALI) culture (Keenan et al., 2014). Additionally, we have 

identified that TGF-β is a key mediator in viral-induced glucocorticoid-insensitivity (Xia et 

al., 2017). Most recently, we have elucidated a non-canonical TGF-β1 signalling pathway, 

providing potential drug targets for chronic inflammatory diseases (Li et al., 2019).  

The TGF-β superfamily has more than 30 members including the TGF-βs, bone 

morphogenetic proteins (BMPs), and growth differentiation factors (GDFs) (Poniatowski et 

al., 2015). The TGF-βs are well-studied and identified in many cellular activities including 

proliferation, differentiation, migration, adhesion, extracellular matrix (ECM) synthesis, and 

cell death. Beyond GC-insensitivity, TGF-β has also been extensively evident in lung 

diseases (Lachapelle et al., 2018). TGF-β is fundamental to the pathogenesis of pulmonary 

fibrosis by promoting epithelial mesenchymal transition of alveolar epithelial type II (ATII) 

cells to fibroblasts (Willis and Borok, 2007), ATII cell apoptosis (Thannickal and Horowitz, 

2006), deposition of ECM (Verrecchia and Mauviel, 2002), and differentiation of 

myofibroblasts (Wipff et al., 2007). In CF patients, increased TGF-β levels in blood and 

bronchoalveolar lavage fluid (BAL) were associated with pulmonary exacerbations, severity 

of lung disease, and bacterial infection (Harris et al., 2011; Harris et al., 2009). The potential 

mechanisms of TGF-β in CF include down-regulating epithelial chloride transport, driving 

goblet cell hyperplasia, suppressing innate immune responses, and promoting fibrosis 

(reviewed in (Kramer and Clancy, 2018)). In COPD patients, plasma TGF-β levels were 
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significantly elevated and inversely correlated with forced expiratory volume in one second 

(FEV1) (% predicted) and forced vital capacity (FVC) (% predicted) (Mak et al., 2009). 

Among smokers and patients with COPD, TGF-β levels were positively correlated with the 

extent of smoking history and the degree of small airway obstruction (Takizawa et al., 2001), 

and this was influenced by a disturbed intracellular feedback mechanism involving inhibitory 

Smad 6 and 7 (Springer et al., 2004). Similarly, elevated levels of TGF-β and activation of 

TGF-β/Smad pathways have also been observed in patients with asthma (Bossé and Rola-

Pleszczynski, 2007; Redington et al., 1997). Increased TGF-β in asthmatic patients may 

contribute to the adhesion of inflammatory cells to airway epithelial cells (Gagliardo et al., 

2013) and stimulate structural cells to release pro-inflammatory cytokines (Li et al., 2006). 

The up-regulation of TGF-β2 may increase airway mucin production and mediate IL-13 

induced mucin expression (Chu et al., 2004; Feldman et al., 2019). Furthermore, TGF-β 

promotes airway remodelling by inducing epithelial cell apoptosis, epithelial-mesenchymal 

transition (EMT), ECM deposition, and airway smooth muscle cell remodelling (Halwani et 

al., 2011; Tang et al., 2006).  

Emerging interests have been focussed on the relationship of matrix stiffness and TGF-β. 

Decreasing matrix rigidity promoted TGF-β induced tumour cell apoptosis, whereas 

increasing rigidity resulted in EMT (Leight et al., 2012). Matrix stiffening can co-operate 

with TGF-β to elicit excessive collagen deposition and support a role of the FAK/Akt 

pathway (Gimenez et al., 2017). Interestingly, TGF-β has also been regarded as an 

extracellular mechanosensory, as it can be activated by matrix stiffening increased 

mechanical resistance to cell contractile force (Hinz, 2015).  

The matrix stiffness, as an important factor of the microenvironment, has been proven to play 

critical role in airway smooth muscle cells and fibroblasts, as demonstrated in Chapter 1. 

However, little was known about its influence on airway epithelial cells. In this chapter, we 

used two-dimensional settings to first investigate the influence of matrix stiffness on airway 

epithelial cell morphology and functionality. Fibrogenic protein levels were measured to 

evaluate whether matrix stiffening activates TGF-β in airway epithelial cells. Glucocorticoid 

transactivation and inhibition on pro-inflammatory cytokines and TGF-β induced GC 

insensitivity were examined to assess the influence of matrix stiffness in therapeutic research. 
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3.2 Methods 

3.2.1 Cell culture 

3.2.1.1 Cell lines 

BEAS-2B, A549, and BCi NS1.1 cell cultures were established in 2D stiff, 2D soft and 

gelatin coating settings as described in Section 2.2. Cells were seeded at 75,000 cells/well in 

24-well plate in complete LHC-9, DMEM, and BEGM medium, supplemented as described 

in Section 2.1.1.1 and 2.1.2.1. On the second day, cells were serum-starved in incomplete 

DMEM medium or 1x minimal medium, supplemented as described in Section 2.1.1.2 and 

2.1.2.2. Following 24 h starvation, cells were treated with drugs according to experiment 

requirements or cell lysates collected for gene expression measurements. 

  

3.2.1.2 Primary human bronchial epithelial brushing cells 

Primary human bronchial epithelial brushing cell (HBEB) cultures were seeded on collagen-

coated T25 cell culture flasks and propagated as described in Section 2.1.3.3.  

 

3.2.2 3D spheroid of A549 and MRC-5 cells 

3.2.2.1 Culture of normal human lung fibroblast cell line MRC-5   

The normal human lung fibroblast cell line MRC-5 (ATCC) was cultured in ATCC-

formulated Eagle’s Minimum Essential Medium (EMEM, 30-2003, ATCC), supplemented 

with 10% (v/v) HIFCS, 100 IU/mL penicillin and 50 µg/mL streptomycin. The cells were 

kept at 37°C in a humidified atmosphere containing 5% CO2. Cells were passaged once a 

week by washing confluent cell monolayers twice with sterile PBS, followed by incubating 

with trypsin-EDTA for 2-3 minutes to detach the cells. Cells were collected by centrifugation 

at 250 g for 5 minutes at room temperature. Cells were then re-seeded at a density of 6,000 

cells/cm2. 

 

3.2.2.2 Preparation of low adherence plates 

Low adherence plates were prepared by coating round-bottom 96-well plates (3799, Corning) 

with 50 µL poly (2-hydroxyethyl methacrylate) (poly-HEMA, P3932, Sigma) solution. Poly-
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HEMA was dissolved at 0.5% (w/v) in 95% ethanol. Coated plates were incubated at 37°C 

for at least 3 days to allow ethanol evaporation. Poly-HEMA coated plates can be then stored 

at 4°C until use.  

 

3.2.2.3 Preparation of 3D spheroid from A549 and MRC-5 cells 

A549 and MRC-5 cells were mixed at ratios of 5:1, 10:1, and 20:1. Mixed cells were added 

into low adherence plates. The spheroids were formed by centrifugation at 1,000g for 10min. 

The cells were imaged using brightfield microscopy every day for 4 days. Spheroid diameter 

was measured using Image J.  

 

3.2.3 Lactate dehydrogenase activity assay (LDH assay) 

The percentage release of the cytosolic enzyme LDH into the supernatant indicates plasma 

membrane damage. After collecting supernatants from 3D spheroid, the LDH level was 

measured using PierceTM LDH Cytotoxicity Assay Kit (88954, Thermo Fisher Scientific) 

according to the manufacturer’s instructions. Briefly, 10% (v/v) sterile ultrapure water and 

10% (v/v) lysis buffer (10X) were added into supernatants as spontaneous LDH activity 

control and maximum LDH activity control. After 45 min incubation at 37°C, 50 µL samples 

were transferred to flat-bottom 96-well plates in triplicate wells. Samples were incubated 

with 50 µL reaction mixture at room temperature for 30 min, protected from light. After 

which, the reaction was stopped by adding 50 µL stop solution and the absorbance was 

measured at 492 nm and 690 nm. To determine LDH activity, the 690 nm absorbance value 

(background signal from instrument) was subtracted from the 492 nm absorbance. The 

percentage of cytotoxicity was then calculated using the following formula. 

%𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 =
𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡−𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦−𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝐿𝐷𝐻 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦
× 100%  

 

3.2.4 F-G actin staining 

2D stiff, 2D soft, and gelatin coating was prepared in µ-Slide Angiogenesis (81506, Ibidi, 

Germany) slide as described in Section 2.2, except that the volume of collagen mixture and 

gelatin solution was 10 µL. BEAS-2B cells were seeded into the slide and left overnight. 
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Cells were then starved in incomplete DMEM for 48 h prior fixation. The cells were washed 

twice with pre-cold PBS, fixed in 10% NBF for 15 min, and washed three times in PBS. Cell 

permeabilization was achieved by incubation with 0.2% Triton X-100 in PBS for 5 min at 

room temperature. Cells were blocked in 0.1% Triton X-100 in 1% BSA/PBS solution for 15 

min at room temperature. After blocking, Alexa Fluor® 488 Phalloidin (1:40) and Alexa 

Fluor® 594 DNase 1 (1: 400) in 1% BSA/PBS were incubated for 20 min, followed by DAPI 

(1:100) for 10 min. Three PBS washes were carried out between every incubation. Cells were 

finally cover-slipped using DAKO fluorescence anti-fade mounting medium. The confocal 

images were acquired using PerkinElmer Operetta High-content imaging system (Biological 

Optical Microscopy Platform, University of Melbourne) and analysed using Harmony 

software (PerkinElmer). The roundness describes how closely the shape of an object 

approaches that of a mathematically perfect circle. Cell roundness was calculated by 

Harmony software to identify changes in cell morphology. 

 

3.2.5 Determination of gene expression 

Serum-starved BEAS-2B cells were treated with TGF-β1 (100-21C, PeproTech) for 24 h and 

Dexamethasone (Dex, D1756, Sigma) for 4 h. Supernatants were collected for ELISA 

analysis, as described in Section 2.4.2. Cells were lysed to perform RNA isolation, as 

described in Section 2.4.1. Specifically, the lysis buffer used for cells in 2D soft settings was 

200 µL. The expression of glucocorticoid-inducible and TGF-β1 induced genes were 

measured by RT-qPCR as described in Section 2.4.1. 

 

3.2.6 Detection of IL-11 and PAI-1 in supernatants by ELISA 

Following TGF-β1 and steroid treatment, the supernatants were collected and assayed for IL-

11 and PAI-1 levels, using DuoSet ELISA kit, according to manufacturer’s instructions 

(Section 2.4.2).  

 

3.2.7 Detection of IL-6, IL-8, and GM-CSF in supernatants by ELISA  

Serum-starved BEAS-2B cells were treated with Dex for 30 min prior 24 h incubation with 

tumour necrosis factor alpha (TNF-α, 554618, BD Biosciences). Supernatants were collected 
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and assayed for IL-6, IL-8, and GM-CSF levels, using OptEIA ELISA kit, according to 

manufacturer’s instructions (Section 2.4.2).  
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3.3 Results 

3.3.1 Comparison of airway epithelial cell morphology under different 

stiffness microenvironment 

Airway epithelial cell morphology was first examined in a variety of models to find 

appropriate approaches to investigate the influence of stiffness on cell functions. In two 

dimensions, gelatin coating, collagen-hydrogel coating (2D soft), and Cytosoft® plates were 

used, and the resulting cell morphology compared to conventional culture plastic (2D stiff). 

The same number of cells were seeded in each setting. Differences in confluency may 

influence cell shape. Thus, the morphology of cells in the confluent area only were compared 

in this study. BEAS-2B cells exhibited typical epithelial-like polygonal shape in 2D stiff 

environment (Figure 3.1 A). The cells displayed similar spindle shape when cultured in 

gelatin coating environment (Figure 3.1 B). However, in the 2D soft environment, the cells 

assumed a cuboidal shape (Figure 3.1 C). The Cytosoft® plates possess various rigidities 

ranging from 0.2 to 64 kPa. However, no morphology change was observed across the whole 

range of stiffness compared to the reference 2D stiff environment (Figure 3.2).  

Scaffold-free 3D spheroids were generated. Previous experience from the lab indicated that 

epithelial cells along could only generate a loose cell cluster, rather than form a cohesive 

spheroid. Here we introduced fibroblast cells into the model to stabilise the spheroid. The 

fibroblast cell line MRC-5 and the alveolar cell line A549 were mixed at ratios of 1:20, 1:10, 

and 1:5 with three densities of A549 cells (Figure 3.3 A). Spheroids with MRC-5 cells alone 

were also generated as a reference and a positive control. At Day 0, cell mixtures aggregated 

into a loose cell cluster with an irregular border. After 24 h, cell clusters condensed into a 

tight spheroid and single cell morphology could no longer be observed. None of the cell 

seeding combinations formed spheroids with a smoother border than the MRC-5 cell 

spheroids. The diameter of the spheroid was dependent on the number of epithelial cells and 

kept constant after three days (Figure 3.3 B). The spheroid diameter was significantly 

influenced by the number of A549 cells, whereas the ratio of fibroblast cells in the cell type 

combination had no statistical influence. The spheroids with 10,000 and 30,000 A549 cells 

showed a round shape. With 100,000 A549 cells, the spheroids assumed an oval shape. The 

cell viability was detected by measuring released LDH levels. After 4 days, the LDH level 

was low in all the A549 and MRC-5 spheroids, whereas LDH increased to over 50% in 

MRC-5 spheroids (Figure 3.3 C).       
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Figure 3.1 BEAS-2B cell morphology under 2D stiff, 2D soft, and gelatin-coated 

environments 

Representative brightfield images (10x objective) of BEAS-2B cells cultured in 2D stiff (A), 

gelatin coating (B), and 2D soft (C) environment.  

 

 

 

 

Figure 3.2 Morphology of BEAS-2B cells in environments of increasing stiffness. 

BEAS-2B cells were cultured on Cytosoft® plates, ranging from 0.2 kPa to 64 kPa, and 2D 

stiff environment. Images were captured using brightfield microscopy (10x objective). 
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Figure 3.3 3D spheroid of A549 and MRC-5 cells growth curve 

MRC-5 and A549 cells were mixed at ratios of 1:20, 1:10, and 1:5, with three densities of 

A549 cells. MRC-5 cells alone were used as control. (A) 3D spheroid was recorded everyday 

using brightfield microscopy. (B) The diameter of 3D spheroid was measured by Image J. 

Two-way ANOVA, **: P<0.01. (C) LDH release was analysed after 4 days of culture. Data 

are presented as means and SD for n=3 (technical repeat). 
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As the morphology change was only observed in 2D soft environment compared to 2D stiff 

environment, the actin distribution was measured in cells in these environmental conditions. 

Gelatin coating was included to control for the collagen. Monomeric globular G-actin and 

polymeric filamentous F-actin were stained in BEAS-2B cell under 2D stiff, gelatin coating, 

and 2D soft environment (Figure 3.4 A, B, C). The F-actin filaments were more obvious in 

cells under 2D stiff and gelatin coating compared to 2D soft. The F/G actin ratio was 

calculated from the fluorescence intensity of F-actin and G-actin. Data showed that the 

average F/G actin ratio in 2D stiff environment was similar to gelatin coating, and near two 

times higher than in the 2D soft condition (Figure 3.4 D). The roundness describes how 

closely the shape of an object approaches that of a mathematically perfect circle. The cells in 

2D stiff and gelatin-coated environments had an average roundness at 0.54 (Figure 3.4 E). In 

2D soft, the cells had a significantly higher average roundness at 0.64, which was consistent 

with the morphological changes observed under brightfield microscopy. The 2D stiff and 2D 

soft environments were then used in the following work to illustrate the influence of stiffness 

on epithelial cell function.  
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Figure 3.4 F-G actin distribution in BEAS-2B cells under 2D stiff, gelatin coating, and 

2D soft environment 

BEAS-2B cells were cultured under 2D stiff (A), gelatin coating (B), and 2D soft (C) 

environment. F actin (green), G actin (red), and nucleus (blue) were stained. Images were 

captured using Operetta high-content microscopy. Quantitative results (2D stiff, n=96; 

gelatin, n=41; 2D soft, n=301) of the F/G actin ratio (D) and cell roundness (E) were 

analysed using Harmony software. Data are presented as means and SEM. One-Way 

ANOVA, Dunnett’s post hoc tests, ***: P<0.001, ****: P<0.0001. 

 

3.3.2 Airway epithelial cell gene expression in 2D stiff and 2D soft 

environments 

First, the expression of a variety of genes was measured to obtain a general view of the 

potential influence of stiffness on airway epithelial cells. The native human primary bronchial 

epithelial brushing cells (HBEB) were first analysed as a benchmark. Native HBEB cells 
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were established into submerged culture in conventional culture plastic and propagated until 

passage 2. Native cells were regarded as from soft environment, whereas submerged cells are 

cultured on a stiff substrate. In genes we have measured, the gene expression of CFTR was 

significantly decreased after submerged culture (Figure 3.5 A). TGF-β associated genes 

parathyroid hormone like hormone (PTHLH) and plasminogen activator inhibitor-1 (PAI-1) 

gene expression, on the other hand, increased after submerged culture (Figure 3.5 C, D). The 

ENaCα gene expression stayed at the same level after propagation (Figure 3.5 B).   

Next, bronchial epithelial cell line BEAS-2B, alveolar epithelial cell line A549, and 

immortalized primary basal cell line BCi NS1.1 were analysed. In BEAS-2B cells, the gene 

expression of ENaCα and EMT marker E-Cadherin (E-Cad) were increased by soft 

environment, whereas PTHLH and PAI-1 were reduced (Figure 3.6). In A549 cells, the 

influence of soft environment on these genes showed the same trend as observed in BEAS-

2B cells (Figure 3.7). Again, similar trends were seen in BCi NS1.1 cells (Figure 3.8). 

Across all the three cell lines, ENaCα showed an interestingly consistent increase in 

expression in the soft environment, which was not seen in HBEB cells.   
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Figure 3.5 The gene expression in native human primary bronchial epithelial brushing 

cells 

HBEB cell were collected from native samples, and the three passages (0-2) were from 

submerged culture. Total RNA was extracted and gene expression of CFTR (A), ENaCα (B), 

PTHLH (C), and PAI-1 (D) were measured by RT-qPCR. Gene expression is expressed as -

∆CT (Log2). Data are presented as mean and SEM for n=3 independent cultures, *: P<0.05, 

**: P<0.01. 
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Figure 3.6 The gene expression in BEAS-2B cells on 2D Stiff and 2D Soft environment 

BEAS-2B cells were in contact with the 2D Stiff and 2D Soft environment for 72 h. Total 

RNA was extracted and gene expression of ENaCα (A), E-Cad (B), PTHLH (C), and PAI-1 

(D) were measured by RT-qPCR. Gene expression is expressed as -∆CT (Log2). Data are 

presented as mean and SEM for n=5 independent experiments. A paired-samples t-test was 

used for analysis, *: P<0.05, **: P<0.01, ***: P<0.001. 
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Figure 3.7 The gene expression in A549 cells on 2D Stiff and 2D Soft environment 

A549 cells were in contact with the 2D Stiff and 2D Soft environment for 72 h. Total RNA 

was extracted and gene expression of ENaCα (A), E-Cad (B), PTHLH (C), and PAI-1 (D) 

were measured by RT-qPCR. Gene expression is expressed as -∆CT (Log2). Data are 

presented as mean and SEM for n=5 independent experiments. A paired-samples t-test was 

used for analysis, **: P<0.01, ****: P<0.0001. 
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Figure 3.8 The gene expression in BCi-NS1.1 cells on 2D Stiff and 2D Soft environment 

BCi NS1.1 cells were in contact with the 2D Stiff and 2D Soft environment for 72 h. Total 

RNA was extracted and gene expression of ENaCα (A) and PAI-1 (B) were measured by RT-

qPCR. Gene expression is expressed as -∆CT (Log2). Data are presented as mean and SEM 

for n=4 independent experiments. A paired-samples t-test was used for analysis, *: P<0.05. 

 

3.3.3 TGF-β induction of IL-11 was inhibited by culture on a soft 

environment 

The high expression of PTHLH and PAI-1 in airway epithelial cells in stiff environment 

addresses the question as to whether the matrix stiffness has an influence on TGF-β activity. 

BEAS-2B cells were incubated with different concentrations of TGF-β ranging from 4 to 400 

pM to ascertain the influence of stiffness on its pro-fibrotic activity. The expression of PAI-1, 

IL-11, and PTHLH genes was increased by TGF-β in a concentration-dependent manner 

(Figure 3.9 A, B, D), whereas E-Cad was decreased by TGF-β (Figure 3.9 C). The IL-11 

expression was significantly down regulated by soft environment. Although the PAI-1 

expression was low in 2D soft environment at the baseline, TGF-β increased it to levels 

higher than in 2D stiff environment at concentrations greater than 40 pM. For PTHLH, TGF-

β (4 pM) the expression level in 2D soft was slightly elevated over 2D stiff environment. In 

2D soft environment, 400 pM TGF-β reduced the E-Cad gene expression to the level 100 pM 

TGF-β did in 2D stiff environment.  At protein level, PAI-1 production was significantly 

induced by TGF-β with the levels in 2D soft being lower than in 2D stiff when TGF-β 



Unphysiologically Stiff Plastic Perturbs Airway Epithelial Cell Biology 

 68 

concentration exceeded 40pM (Figure 3.10 A). Surprisingly, the induction of IL-11 by TGF-

β was diminished by soft environment (Figure 3.10 B).  

 

Figure 3.9 The regulation of TGF-β on fibrogenic gene expression in BEAS-2B cells 

under 2D Stiff and 2D Soft environment 

BEAS-2B cells cultured in 2D Stiff and 2D soft environment were incubated with TGF-β (0, 

4, 10, 40, 100, 400 nM) for 24 h. Total RNA was extracted and gene expression of PAI-1 

(A), IL-11 (B), E-Cad (C), and PTHLH (D) were measured by RT-qPCR. Gene expression is 

expressed as -∆CT (Log2). Data are presented as mean and SEM for n=5 independent 

experiments. Two-way ANOVA with Bonferroni post-hoc test was performed to compare the 

response between 2D stiff and 2D soft, *: P<0.05, **: P<0.01, ***: P<0.001, ****: P<0.0001. 
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Figure 3.10 The regulation of TGF-β on fibrogenic cytokines production in BEAS-2B 

cells under 2D Stiff and 2D Soft environment 

BEAS-2B cells cultured in 2D Stiff and 2D soft environment were incubated with TGF-β (0, 

4, 10, 40, 100, 400 nM) for 24 h. Supernatants were collected and analysed for fibrogenic 

cytokines PAI-1 (A) and IL-11 (B) levels by ELISA. Data are presented as means and SEM 

for n=5 independent experiments. Two-way ANOVA with Bonferroni post-hoc test was 

performed to compare the response between 2D stiff and 2D soft, **: P<0.01. 

 

A549 cells incubated with TGF-β were examined to further ascertain the pro-fibrotic effect of 

TGF-β. In addition to fibrogenic genes, N-Cadherin (N-Cad) and collagen type I alpha 

(COL1A) gene expression was measured as markers of EMT. Similarly, TGF-β elevated 

PAI-1 and PTHLH expression level in 2D soft over 2D stiff environment once certain 

concentrations were reached (Figure 3.11 A, E). The baseline difference of IL-11 gene 

expression between 2D stiff and 2D soft environment was reduced by increasing 

concentration of TGF-β (Figure 3.11 B). The expression of N-Cad showed a similar trend to 

that of IL-11 (Figure 3.11 D). E-Cad expression was more decreased by TGF-β in 2D stiff 

compared to in 2D soft environment (Figure 3.11 C). The induction of COL1A gene 

expression, however, was not influenced by stiffness (Figure 3.11 F). At protein level, PAI-1 

and IL-11 baseline production level were lowered in the soft environment (Figure 3.12 A, B). 

More importantly, the induction of IL-11 by TGF-β was also diminished by soft environment 

as in BEAS-2B cells.  

To investigate whether the low level of IL-11 in 2D soft environment was caused by binding 

of IL-11 to collagen, IL-11 was added to plain 2D stiff and 2D soft settings and incubated the 

same time as previous experiments. The IL-11 level was near the detection limitation in 
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control group, regardless of whether in 2D stiff or 2D soft environments (Table 3.1). In the 

IL-11 incubated uncoated plastic and collagen hydrogel, IL-11 remained at similar levels, but 

the concentration was less than the nominal concentration in each case. This could be 

explained by the affinity of binding antibody in ELISA assay to the IL-11 protein used for 

incubation. As limited by COVID-19, this provisional conclusion needs further repeats of the 

experiment to confirm that the IL-11 reduction by soft environment is not caused by binding 

to collagen. 
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Figure 3.11 The regulation of TGF-β on fibrogenic gene expression in A549 cells under 

2D Stiff and 2D Soft environment 

A549 cells cultured in 2D Stiff and 2D soft environment were incubated with TGF-β (0, 4, 10, 

40, 100, 400 nM) for 24 h. Total RNA was extracted and gene expression of PAI-1 (A), IL-

11 (B), E-Cad (C), N-Cad (D), PTHLH (E), and COL1A (F) were measured by RT-qPCR. 

Gene expression is expressed as -∆CT (Log2). Data are presented as mean and SEM for n=5 

independent experiments. Two-way ANOVA with Bonferroni post-hoc test was performed to 

compare the response between 2D stiff and 2D soft, *: P<0.05, **: P<0.01, ***: P<0.001, 

****: P<0.0001. 
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Figure 3.12 The regulation of TGF-β on fibrogenic cytokines production in A549 cells 

under 2D Stiff and 2D Soft environment 

A549 cells cultured in 2D stiff and 2D soft environment were incubated with TGF-β (0, 4, 10, 

40, 100, 400 nM) for 24 h. Supernatants were collected and analysed for fibrogenic cytokines 

PAI-1 (A) and IL-11 (B) levels by ELISA. Data are presented as means and SEM for n=5 

independent experiments. Two-way ANOVA with Bonferroni post-hoc test was performed to 

compare the response between 2D stiff and 2D soft, *: P<0.05, **: P<0.01, ***: P<0.001, 

****: P<0.0001. 

 

Table 3.1 The IL-11 binding levels in 2D Stiff and 2D Soft environment 

The 2D stiff and 2D soft settings were prepared without cells and the medium was removed, 

replenished and IL-11 (nominal concentration of 500 pg/ml) was incubated for 24 h. 

Supernatants were collected and analysed for IL-11 levels by ELISA. Data are presented as 

means for n=2 (technical repeats).  

IL-11 level (pg/mL) Control 500 pg/mL IL-11 

2D Stiff Undetectable 308.2 

2D Soft 1.1 257.1 

 

3.3.4 Glucocorticoid responses were not altered by matrix stiffness 

In 2D stiff environment, the GC inducible genes GILZ, ENaCα, IκBα, and MKP-1 were 

induced by Dex in a concentration dependent manner (Figure 3.13 A, B, C, D). The GC 

response curves were markedly suppressed by soft environment, especially at higher 

concentration of Dex. However, there was no difference when comparing the absolute ∆CT 
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value, except for ENaCα (Figure 3.13 E, F, G, H). In 2D soft environment, the baseline 

expression of these genes was higher than in 2D stiff, consistent with previous observations 

(Section 3.3.2). The high baseline expression of ENaCα in soft environment might preclude 

the GC induction and explain the huge difference compared to stiff environment.  

Next, the anti-inflammatory activity of GC was assessed by measuring cytokine production 

induced by TNF-α in BEAS-2B cells pre-treated with different concentration of Dex ranging 

from 1 to 100 nM. As anticipated, cytokine IL-6, IL-8, and GM-CSF levels were significantly 

induced by TNF-α (control levels were below the limit of detection) and inhibited by addition 

of Dex (Figure 3.14). However, Dex regulation of these cytokines was similar in stiff and 

soft environments. To further ascertain the effect of stiffness on GC anti-inflammatory 

activity, different concentrations of TNF-α ranging from 0.1 to 10 ng/mL were added to 

BEAS-2B cells after Dex pre-treatment. GC effectively inhibited the cytokines induced by 

TNF-α at all concentrations in both stiff and soft environment (Figure 3.15). Again, no 

difference was found between stiff and soft environments. 

To investigate the effect of stiffness on TGF-β dependent glucocorticoid resistance, BEAS-

2B cells were incubated with 40 pM TGF-β for 24 h, followed by 4 h Dexamethasone. The 

induction of glucocorticoid inducible genes GILZ and ENaCα by Dex was impaired by TGF-

β in both 2D stiff and 2D soft environment (Figure 3.16 A, B). For cyclin-dependent kinase 

inhibitor 1C (CDKN1C) and MKP-1, soft environment also tended decrease their induction 

by Dex, albeit not as significant as in the stiff environment (Figure 3.16 C, D). Similarly, 

TGF-β reduced E-Cad and increased N-Cad in both stiff and soft environment with no 

difference (Figure 3.16 E, F). 
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Figure 3.13 The effect of Dexamethasone on the expression of glucocorticoid inducible 

genes in BEAS-2B cells under 2D Stiff and 2D Soft environment 

BEAS-2B cells cultured in 2D Stiff and 2D soft environment were treated with Dex (0, 1, 3, 

10, 30, 100 nM) for 4 h. After which, total RNA was extracted and gene expression of GILZ 

(A, E), ENaCα (B, F), IκBα (C, G), and MKP-1 (D, H) were measured by RT-qPCR. Gene 

expression is expressed as fold change to Veh and -∆CT (Log2). Data are presented as mean 

and SEM for n=5 independent experiments. Two-way ANOVA with Bonferroni post-hoc test 

was performed to compare the response between 2D stiff and 2D soft, *: P<0.05, **: P<0.01, 

***: P<0.001, ****: P<0.0001. 
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Figure 3.14 The anti-inflammatory activity of Dexamethasone against TNF-α in BEAS-

2B cells under 2D Stiff and 2D Soft environment 

BEAS-2B cells cultured in 2D Stiff and 2D Soft environment were pre-treated with Dex (1, 3, 

10, 30, 100 nM) for 30 min and then stimulated with TNF-α (10 ng/mL) for 24 h. 

Supernatants were collected and analysed for pro-inflammatory cytokines IL-6 (A), IL-8 (B), 

and GM-CSF (C) levels by ELISA. Data are presented as means and SEM for n=5 

independent experiments. Two-way ANOVA with Bonferroni post-hoc test was performed to 

compare the response between 2D stiff and 2D soft, *: P<0.05, **: P<0.01. 
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Figure 3.15 The pro-inflammatory activity of TNF-α in the presence and absence of 

Dexamethasone in BEAS-2B cells under 2D Stiff and 2D Soft environment 

BEAS-2B cells cultured in 2D Stiff and 2D Soft environment were pre-treated with Dex (30 

nM) for 30 min and then stimulated with TNF-α (0, 0.1, 0.3, 1, 3, 10 ng/mL) for 24 h. 

Supernatants were collected and analysed for pro-inflammatory cytokines IL-6 (A), IL-8 (B), 

and GM-CSF (C) levels by ELISA. Data are presented as means and SEM for n=5 

independent experiments.  
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Figure 3.16 The effect of TGF-β on glucocorticoid transactivation in BEAS-2B cells 

under 2D Stiff and 2D Soft environment 

BEAS-2B cells were incubated with TGF-β (40 pM) for 24 h before Dex (30 nM) for 4 h. 

Total RNA was extracted and gene expression of GILZ (A), ENaCα (B), CDKN1C (C), 

MKP-1 (D), E-Cad (E), and N-Cad (F) were measured by RT-qPCR. Gene expression is 

expressed as -∆CT (Log2). Data are presented as mean and SEM for n=5 independent 

experiments. Two-way ANOVA with Bonferroni post-hoc test was performed, *: P<0.05, **: 

P<0.01, ***: P<0.001.  
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3.4 Discussion 

In this chapter, we employed collagen-hydrogel to represent soft environment compared to 

conventional stiff culture plastic to study airway epithelial cell biology. The gene expression 

in airway epithelial cells cultured on 2D soft environment was much closer to levels of native 

primary epithelial cells. The soft environment diminished TGF-β induced fibrogenic protein 

IL-11 and partially protected the cells from TGF-β induced EMT. However, the 

glucocorticoid transactivation and anti-inflammatory effect were not influenced by matrix 

stiffness, nor did TGF-β induce profound GC-resistance. These observations emphasize that 

matrix stiffness does play a role in TGF-β related actions in airway epithelial cells, 

suggesting that matrix stiffness might influence cellular response to drugs targeting TGF-β 

signalling. 

The morphology of epithelial cells changed from cuboidal shape and less F-actin on collagen 

hydrogel to spindle shape and stress fibre like F-actin, indicating cells could sense the 

different force/strain/load created by culture in 2D soft and 2D stiff setting. Airway epithelial 

cells attach to their neighbouring cells and surrounding ECM through focal adhesions. They 

adhere to the substrate via actin-myosin cytoskeleton and sense the forces, which in turn 

respond to the forces through the cytoskeleton (Wells, 2008). Cells on stiffer substrates have 

more organized cytoskeletons and stable focal adhesions, albeit there is cell type variability 

(Discher et al., 2005a). Human mesenchymal stem cell on a stiff 62-68 kPa ECM displayed a 

polygonal morphology, accompanied by smaller and shorter F-actin (Sun et al., 2018). 

Fibroblasts on soft substrate exhibited less or even no stress fibres compared to fibroblasts on 

stiff substrate that have articulated stress fibres (Huang et al., 2012b; Liu et al., 2015; Liu et 

al., 2010; Mih et al., 2011; Yeung et al., 2005). Primary alveolar type II cells became 

elongated with decreased circularity, displayed aligned and thick F-actin filaments, and 

expressed less E-Cadherin protein on stiff substrate and glass (Brown et al., 2013). It was 

surprising that cells showed no morphology change in Cytosoft® plates. According to the 

manufacturer, these plates are made of silicone (polydimethylsiloxane) and required an 

activation by collagen solution prior seeding cells. Insufficient activation might result in 

reduced cell attachment, which was observed in the practice. Previously, our lab has used 3D 

spheroids as a soft setting, revealing the regulation of prostaglandin E2 (PGE2) production 

and signalling pathway in fibroblasts by matrix stiffness (Berhan et al., 2020). However, 

epithelial cells could barely generate a 3D spheroid, requiring assistance from stromal cells. 

Interestingly, epithelial cells appeared to preserve fibroblast viability in 3D spheroids, 
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suggesting epithelial cells might produce anti-apoptosis products or consume toxic 

substances. Further investigation using cross transfer of epithelial cell and fibroblast 

conditioned medium and metabolomics analyses might help to explain the “protective’ effect.  

Airway epithelial cells expressed higher level of fibrogenic genes PTHLH and PAI-1 in stiff 

environment, suggesting a potential relationship between matrix stiffness and TGF-β. 

Parathyroid hormone-related protein (PTHrP) encoded by PTHLH gene, is the primary cause 

of humoral hypercalcemia of malignancy (Mirrakhimov, 2015; Rosol and Capen, 1992). In 

lung, PTHrP level was sensitive to gravity caused stretch (Torday, 2003). Overdistension of 

alveolar type II cells downregulated PTHrP expression, resulting in lipofibroblast 

differentiation to myofibroblasts (Torday et al., 2003). PTHrP increased procollagen I and 

fibronectin gene expression in primary and immortalized pancreatic stellate cells (Bhatia et 

al., 2012). Although not fully illustrated, PTHrP has been reported to be associated with 

TGF-β. Breast cancer cells expressed more PTHrP after treatment of TGF-β, which was 

reversed by dominant–negative signalling blockade of TGF-β type I receptor (Yin et al., 

1999). PTHrP increased alpha smooth muscle actin (α-SMA) and decreased E-cadherin 

protein level in renal tubuloepithelial cells, which could be inhibited by blockage of TGF-β 

and inhibition of ERK1/2 (Ardura et al., 2008; Ardura et al., 2010). PAI-1 inhibits the 

plasminogen activation and urokinase, and hence fibrinolysis. The role of PAI-1 in lung 

fibrosis has been firmly established (Eitzman et al., 1996; Ghosh and Vaughan, 2012; Olman 

et al., 1995). Overexpression of PAI-1 enhanced bleomycin induced lung fibrosis, whereas 

deletion of PAI-1 protected mice from fibrosis (Eitzman et al., 1996). It has also been proved 

that TGF-β can induce PAI-1 expression in a variety of cell types (Albo et al., 1994; Dennler 

et al., 1998; Samarakoon et al., 2005). Inhibition of PAI-1 could ease the degree of lung 

fibrosis induced by TGF-β and protected mouse lung epithelial cells from TGF-β induced 

EMT (Huang et al., 2012a; Senoo et al., 2010). Native cells expressed more of these 

fibrogenic genes after established into submerged culture, confirming the observations seen 

in 2D stiff and 2D soft setting. However, interpretation of this finding was limited by the fact 

that ciliated and secretory cells were not presented in submerge cultured native cells. 

Advanced organotypic cultures with tuneable stiffness would be useful to reinforce or refute 

our conclusion.  

The soft culture environment inhibited TGF-β induced IL-11 production at protein level 

compared to stiff environment, which may mean that “softness” protects lung from fibrosis. 

Interleukin 11 was first identified in 1990 and subsequently identified as a member of IL-6 
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family, as they share the ubiquitously expressed co-receptor gp130 (Barton et al., 2000; 

Boulanger et al., 2003; Paul et al., 1990). Initially, IL-11 was characterized as a 

hematopoietic cytokine and developed as a recombinant biological treatment for 

thrombocytopenia in chemotherapy patients (Isaacs et al., 1997). Most recent studies have 

shown that IL-11 gene is upregulated the most in TGF-β1 stimulated human atrial fibroblasts 

and it in turn activates a post-transcriptional fibrogenic response, suggesting IL-11 to be a 

novel therapeutic target for fibrosis (Schafer et al., 2017). In the lung, IL-11 expression was 

upregulated in asthma and patients and correlated with lung function in disease (Lindahl et al., 

2013; Minshall et al., 2000; Strikoudis et al., 2019). Respiratory syncytial virus (RSV) 

infection and TGF-β stimulation both induced IL-11 gene and protein expression in A549 

cells (Elias et al., 1994), which could be inhibited by dexamethasone (Wang et al., 1999). IL-

11 neutralizing antibody reduced collagen levels in fibrotic mice lung through inhibiting 

ERK and Smad activation (Ng et al., 2019). In A549 cells, TGF-β induced IL-11 gene 

transcription might be through AP-1 dependent pathway (Tang et al., 1998). Consistently, we 

have also observed that TGF-β induced IL-11 gene expression in BEAS-2B and A549 cells 

but at different extents between 2D stiff and 2D soft environments. Thus, the inhibition of 

soft environment on IL-11 protein levels might be through regulation of transcription or post-

transcription. It might be questioned that there was baseline gene expression difference 

between stiff and soft environment in IL-11 expression. However, the baseline protein 

expression was the same. Longer exposure of cells to soft environment might answer the 

question. Another potential explanation is that IL-11 is trapped in the “basolateral” hydrogel 

pores (Howat et al., 2002; Howat et al., 2001), thereby not appearing in the supernatant. It 

would be interesting to further investigate how cells respond to exogenous IL-11 on 2D stiff 

and 2D soft environment.  

Matrix stiffness had no influence on glucocorticoid actions. Although we have seen the 

influence of matrix stiffness on TGF-β related targets, TGF-β induced GC resistance was not 

altered by matrix stiffness. This finding was unexpected, as TGF-β regulates GC actions 

through a non-canonical pathway involving LIM domain kinase 2 (LIMK2), cofilin 1, 

Phospholipase Ds (PLDs) (Li et al., 2019). Rho kinase (ROCK) induced LIMK inhibition of 

cofilin 1 is involved in both MRTF-SRF and YAP/TAZ induced mechanotransduction 

(Aragona et al., 2013; Olson and Nordheim, 2010; Panciera et al., 2017). Hence, airway 

epithelial cells might sense the matrix stiffness through other mechanosensory mechanisms, 

which requires further investigation. 
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To conclude, our findings suggest that the matrix stiffness does have an influence on airway 

epithelial cell morphology and TGF-β related fibrogenic genes and proteins. Although no 

evidence suggested matrix stiffness regulates glucocorticoid responses, the possibility of its 

regulation by other therapies, especially those targeting the cytoskeleton or TGF-β related, 

cannot be excluded. To continue the study, ECM substrates within the physiological to 

pathological stiffness range and organotypic cultures with multiple cell phenotypes should be 

applied. TGF-β induced IL-11 signalling is also worth further investigation, as it may provide 

new therapeutic targets for fibrosis.         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER 4  

ENAC EXPRESSION AND ACTIVITY IN 

AIRWAY EPITHELIAL CELLS 
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4.1 Introduction 

Degenerin/epithelial Na+ channels (DEG/ENaC) are a family of proteins forming non-voltage 

gated, amiloride-sensitive cation channels (Garty and Palmer, 1997). The channels have been 

convincingly implicated in many different physiological functions, acting as ionotropic 

receptors for diverse extracellular stimuli (Ben-Shahar, 2011). The amiloride-sensitive 

epithelial sodium channel (ENaC) is a member of the DEG/ENaC family. The mammalian 

ENaC channels are located at the apical membrane of epithelial cells. They play essential 

roles in regulating sodium gradients in lung (Matalon et al., 2015), kidney (Nesterov et al., 

2012; Schafer, 2002), and colon (Malsure et al., 2014). In the early 1990s, the mature ENaC 

was demonstrated to comprise three highly related, but independent subunits (Lingueglia et 

al., 1993a; Lingueglia et al., 1993b), ENaCα, ENaCβ, and ENaCγ (Canessa et al., 1994). In 

addition to these three subunits, the fourth ENaC subunit, ENaCδ was isolated from a human 

kidney cDNA library with transcriptional expression in brain, pancreas, testis, and ovary 

(Waldmann et al., 1995). Initially, little was known about ENaCδ as it was expressed at much 

lower levels compared to other subunits. Recently, more studies have been focusing on 

ENaCδ, indicating its distinct biophysical and channel regulatory properties (Giraldez et al., 

2012).  

The airway surface liquid (ASL) is composed of the periciliary layer (PCL) and mucus layer. 

To maintain effective mucociliary clearance, the PCL is maintained at approximately 7 µm in 

height in normal airways, whereas the mucus layer varies from 7 to 70 µm (Jayaraman et al., 

2001). The ENaC, cystic fibrosis transmembrane conductance regulator (CFTR), and Ca2+-

activated Cl- channels work collaboratively to regulate PCL height, viscosity, and pH 

(Matalon et al., 2015). Airway epithelial cells absorb Na+ through ENaC and facilitate the 

secretion of Cl- via the basolateral membranes through Na+ -K+ -2Cl- transporters, following 

an electrochemical gradient generated by Na+ -K+ -ATPase (Matalon and O'Brodovich, 1999). 

Apical Cl- exits through CFTR and transmembrane protein 16a. Mature ENaC channel is 

required for airway epithelium to function properly, as evidenced by αENaC-deficient mice 

dying shortly after birth due to failure of lung liquid clearance (Hummler et al., 1996). 

Furthermore, overexpression of ENaCβ caused ASL volume depletion, increased mucus 

concentration, delayed mucus transport, and mucus adhesion to airway surfaces, sharing 

features with cystic fibrosis (Mall et al., 2004).  
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In the gas exchange zone alveolar epithelial cells transport of Na+ from alveolar lining fluid 

to the interstitium (Matalon and O'Brodovich, 1999). Cl- ions passively move across cell 

junctions or transcellularly (Matthay et al., 1996). Together, the alveolar fluid passively 

moves from the air space to the interstitium. This process is crucial for the reabsorption of 

alveolar fluid, when alveolar permeability to fluid and plasma proteins is increased, resulting 

in compromised gas exchange (Matalon et al., 2015). ENaC regulated Na+ transport is also 

essential in this process. Under diseases associated with pulmonary edema, such as high-

altitude pulmonary edema, ENaC channel is inhibited by a variety of factors (Scherrer et al., 

2010). The decreased channel activity leads to decreased water reabsorption and fluid 

accumulation in the air space, which made the edema more problematic. Moreover, the 

inhibition of ENaCα by specific small interfering RNA (siRNA) in the rat lung decreases 

baseline fluid clearance (Li and Folkesson, 2006), further evidencing the physiological 

importance of this channel to preserve efficiency of alveolar gas exchange.  

The ENaC channel expression/synthesis, intracellular channel trafficking, and single-channel 

properties are regulated by a variety of factors (Bhalla and Hallows, 2008; Garty and Palmer, 

1997). Induction of serum and glucocorticoid-regulated kinase by aldosterone resulted in 

fourfold increase in the ENaC channel activity (Shigaev et al., 2000). The high GILZ 

expression induced by aldosterone, in turn, stimulated ENaC activity by inhibiting 

extracellular signal-regulated kinase (ERK) signalling (Soundararajan et al., 2005). ENaC is 

potentially controlled by the circadian clock. Disruption of Period 1 (Per 1) gene in renal 

medulla of mice attenuated ENaCα mRNA expression and caused urinary sodium excretion 

(Gumz et al., 2010; Gumz et al., 2009). Inhibition of casein kinases 1 delta and epsilon 

(CK1δ/ε), which phosphorylate Per 1 to enter nucleus, reduced ENaCα mRNA and activity 

(Richards et al., 2012). Lung injury causes increased level of cytokines, which lead to 

accumulation of alveolar fluid, edema, and acute respiratory distress syndrome. Cytokine-

induced inflammation can thereby alter alveolar ENaC expression and activity (Wynne et al., 

2017). For example, TGF-β1 reduced ENaCα gene and protein expression through ERK1/2 

activity, promoting alveolar edema (Frank et al., 2003). TGF-β also drives internalization of 

ENaCβ, the subunit that stabilizes the cell-surface ENaC-αβγ complex (Peters et al., 2014).  

Among all the above-described factors, growing evidence is suggesting that ENaC is a 

mechanosensitive channel. It is not surprising, as the DEG family has been implicated in 

mechano-sensation transduction pathways (Ben-Shahar, 2011; Drummond et al., 2004). Fluid 

flow is one of the major factors. Fluid flow increased laminar shear stress activates ENaC 
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(Satlin et al., 2001) by increasing ion channel open probability without affecting active 

channel numbers (Althaus et al., 2007). Airway epithelium is exposed to shear forces from 

inspiratory and expiratory airflows (Tarran et al., 2006). Although there is no direct 

experimental evidence, one could speculate that higher shear forces at the airway epithelial 

cell surface could increase ENaC activity. Growing evidence are now suggesting 

cytoskeleton can modulate activity of ion transport proteins, including ENaC. Since 1990s, 

studies have shown that ENaC can directly or through actin-binding proteins interact with 

actin (Morachevskaya and Sudarikova, 2021; Sasaki et al., 2014; Sudarikova et al., 2015). 

The finding that F-actin specifically binds to the carboxyl terminus of α-ENaC suggested the 

participation of actin in ENaC function (Mazzochi et al., 2006). Actin filament disrupter 

cytochalasin D and short actin filaments can induce Na+ channel activity (Berdiev et al., 

1996; Cantiello et al., 1991). 

ENaC is regarded as therapeutic target in multiple pathological conditions, such as acute 

respiratory distress syndrome, cystic fibrosis, hypertension, and pulmonary infection (Qadri 

et al., 2012). Among these, cystic fibrosis (CF) is in our focus of interest. CF is a genetic 

disorder caused by mutations in CFTR, with signs of salty-tasting skin, poor weight gain and 

accumulated mucus. Dehydrated airway surface liquid and viscus mucus result in the failure 

of mucociliary escalator (Birket et al., 2014). Although the relationship between CFTR and 

ENaC remains controversial (Chen et al., 2010; Collawn et al., 2012; Hobbs et al., 2013; Itani 

et al., 2011), it is commonly accepted that CFTR mediated Cl- secretion and ENaC mediated 

Na+ absorption together maintain the ASL homeostasis. ENaC-targeted therapy for CF is 

particularly appealing, as it is independent of CFTR (Farinha and Matos, 2016), which could 

also be applicable to those who have rare mutations for whom no channel correctors are 

available (Harutyunyan et al., 2018). However, small molecules inhibiting ENaC, like 

amiloride, benzamil, and GS-9411 failed in clinical trials, mostly due to off-target effects, 

short half-life, or adverse effects (Graham et al., 1993; Hirsh et al., 2004; Knowles et al., 

1990; O'Riordan et al., 2014). Nevertheless, a new generation of small molecule inhibitors, 

channel-activating protease inhibitors and siRNA are currently in development, and some 

have been undergoing clinical trials (De Boeck and Amaral, 2016; Shei et al., 2018).  

Currently, there are several assays for measuring ENaC channel activity. The Ussing 

chamber, invented by Hans Ussing in 1950s (Ussing and Zerahn, 1951), is a simple but 

powerful tool to investigate ion transport. It has helped understand the mechanisms of cystic 

fibrosis by monitoring Cl- secretion (Itani et al., 2011). The Ussing chamber has also been 
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applied in measuring ENaC channel activity (Bangel-Ruland et al., 2010; Myerburg et al., 

2010). An updated Ussing chamber design can accommodate multiple chambers and offers 

measurement of permeability using fluorescent probes as well as electrophysiological 

measurements (Thomson et al., 2019). Patch-clamp technique is another common tool to 

study ion currents. Variations of the basic techniques, such as cell-attached patch, whole-cell 

patch, inside-out patch, have fulfilled different research requirements. Patch clamp also has a 

long history in studying ENaC activity (Cook et al., 2002; Nesterov et al., 2008; Nesterov et 

al., 2016; Palmer and Frindt, 1986; Yu et al., 2008). However, both the Ussing chamber and 

the patch-clamp technique are only suitable for epithelial tissues or monolayer cells on 

transwell membranes. Therefore, they are not ideal for large scale drug screening. Recently, 

more high-throughput screening technologies have been developed for ion channels, 

including ligand binding assay, flux-based assay, fluorescence-based assay, and automated 

electrophysiological assay (Yu et al., 2016). For voltage-gated sodium channel, fluorescence-

based membrane potential dye assay is more often used. New dyes have been developed 

intending to improve the assay accuracy (Du et al., 2015; Felix et al., 2004). The FLIPR® 

membrane potential assay is designed to enhance signal windows and yield acceptable Z-

scores. It has been shown to have great applicability in evaluating voltage-gated sodium 

channels (Navs), CFTR, and ENaC activities (Ahmadi et al., 2017; Chen et al., 2015; Huang 

et al., 2020b; Maitra et al., 2013; Tay et al., 2019). 

In Chapter 3 of this thesis, we observed consistent high expression of ENaCα gene in a 2D 

soft environment and TGF-β reduced ENaCα gene expression in both 2D stiff and 2D soft 

environments. Considering its role in maintaining ASL homeostasis and mechanosensation 

transduction, it is of interest to investigate whether ENaC is mechanosensitive to matrix 

stiffness. As described in Section 1.3.1, thickening of basement membrane is a feature of 

airway remodelling in asthma. Airway distensibility negatively correlated with basement 

membrane thickness in asthmatic patients compared to healthy subjects, indicating a stiffer 

airway (Brackel et al., 2000b; Brown et al., 2007; Wilson et al., 1993b). Thus, in this chapter, 

we first measured the ENaC protein expression in biopsies from a community cohort of 

asthmatic and non-asthmatic subjects representing in situ stiffness range. ENaC channel 

activity was then measured across cell lines and primary epithelial cells from normal donors 

and CF patients, using high-throughput FLIPR® membrane potential assay under 2D stiff and 

2D soft environment.    
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4.2 Methods 

4.2.1  Determination of ENaCα expression in epithelial cells of the large 

human airway biopsies from the MESCA study 

4.2.1.1 Melbourne Epidemiological Study of Childhood Asthma (MESCA) 

The airway biopsies used in this study were obtained from subjects recruited from the 

Melbourne Epidemiological Study of Childhood Asthma (MESCA) cohort. Details are 

described as in Section 2.4.4. Characteristics of all MESCA subjects that were used in this 

chapter are shown in Table 4.1.  

 

Table 4.1 Characteristics of the MESCA subjects used for ENaCα staining using 

Immunohistochemistry 

SID Status Sex Smoking ICS 
β2-

agonist 

Oral 

CS 

Atopic 

status 

FEV1% 

predict 

MM9928401 Non-A Female Y N N N N 104 

MW0003101 Non-A Female Y N N N N 98 

JS9926301 Non-A Female Y N N N Y 112 

MM9914401 Non-A Male N N N N N 115 

NM0002701 Non-A Male Y N N N N 132 

KR9918201 Non-A Male N N N N Y 115 

SJ9933601 Non-A Male Y N N N Y 100 

FR9933602 MILD Female N Y Y N N 108 

JF9920701 MILD Male N N N N Y 93 

JK0006601 MILD Male N Y Y N Y 103 

PJ0005501 MILD Male N N Y N Y 83 

CA9915401 MOD Female N Y Y N Y 58 

PA9927701 MOD Male N Y Y N Y 60 
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TR0004801 MOD Male N Y Y N Y 68 

MP9933301 MOD Male N Y Y N Y 50 

PP9933302 MOD Male N Y Y N Y 55 

PL9931202 MOD Male Y Y Y N Y 66 

WU9927902 MOD Male Y Y Y Y Y 67 

HH0020601 SSA Female N Y Y Y N 58 

HI0025101 SSA Female N Y Y Y N 61 

JM0025501 SSA Female N Y Y Y N 57 

FG0021601 SSA Female N Y Y Y Y 101 

KF0019201 SSA Female N Y Y Y Y 56 

MM0023401 SSA Female N Y Y Y Y 99 

SM0024401 SSA Female N Y Y Y Y 67 

ET0024101 SSA Male N Y Y Y N 80 

FV0028601 SSA Male N Y Y Y Y 57 

Non-A: non-asthmatic control (n=7); MILD: mild asthma (n=4); MOD: moderate asthma 

(n=7); SSA: severe asthma (n=9); N: no; Y: yes. CS: corticosteroids. Post bronchodilator 

FEV1: forced expiratory volume in one second. 

 

4.2.1.2 Immunohistochemistry staining of ENaCα 

The expression of ENaCα in the epithelial cells of MESCA biopsies was measured by the 

three-layer immunoperoxidase staining of paraffin-embedded tissue sections, as described in 

Section 2.4.4.3. Briefly, non-specific binding sites were blocked in 1.5% normal goat serum 

for 20 min after antigen retrieval. Sections were incubated with rabbit polyclonal alpha-ENaC 

antibody at 4°C for overnight. Matched concentration of normal rabbit IgG isotype control 

was used as negatived control and pan-actin antibody was used as positive control. Following 

30 min incubation of Vectastain® biotinylated goat anti-rabbit secondary antibody, sections 

were further incubated with ABC reagent and subsequent specific visualization of staining 
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with stable peroxidase substrate buffer DAB. Images were taken using Olympus BX51. The 

ENaCα expression in epithelial cells was determined by a semi-quantitative IHC scoring 

method. 

 

4.2.2 ENaC channel activity measurement using FLIPR® Membrane 

Potential Assay 

4.2.2.1 Cell culture 

BEAS-2B, A549, and primary epithelial cells were established in 2D stiff and 2D soft 

settings as described in Section 2.2. Cells were seeded at 20,000 cells/well in 96-well plate, 

as described in Section 2.1. On the second day, cells were serum-starved in incomplete 

DMEM medium or 1x minimal medium, supplemented as described in Section 2.1.1.2 and 

2.1.2.2. 

 

4.2.2.2 Cell and drug preparation for FLIPR assay 

Following 24 h starvation, cells and drugs were prepared as described in Section 2.4.6. 

Briefly, the culture medium was replaced by Tyrode’s buffer. The assay dye was added and 

incubated at room temperature for 40 min. Meanwhile, a drug plate was prepared by adding 

serial concentrations of Amiloride or 5-(N-Ethyl-N-isopropyl) amiloride (EIPA) into a 96-

well plate. The volume of each reagent and drug concentrations are as shown in Table 4.2. 

 

Table 4.2 Volume of reagents and drug concentration used in FLIPR assay 

Injection 

ratio 

Tyrode’s buffer 

(µL) 

Assay dye 

(µL) 

Drug concentration 

(multiple of final) 

Injection 

volume 

1:20 95 95 20x 10 

1:10 90 90 10x 20 

1:5 80 80 5x 40 
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4.2.2.3 FLIPR assay 

Following the dye incubation, both cell plate and drug plate were placed into FlexStation® 3 

Benchtop Multi-Mode Microplate Reader and balanced at 37°C for 10 min. The assay was 

then carried out as following settings (Table 4.3). 

 

Table 4.3 FlexStation® 3 settings for measuring ENaC activity using FLIPR® 

Membrane Potential Assay 

 Content Value 

Reading settings 

Excitation wavelength (nm) 530 

Emission wavelength (nm) 565 

Emission cut-off (nm) 550 

Timing settings 

Run time (sec) 600 

Interval (sec) 5 

Compound transfer 

Initial volume (µL) 190/180/160 

Pipette Height (µL) 195/190/180 

Volume (µL) 10/20/40 

Rate (µL/sec) 1 

Time point (sec) 180 

  

4.2.3 Determination of ENaC α, β, γ gene expression  

BEAS-2B cells and HBEB cells were lysed to perform RNA isolation, as described in 

Section 2.4.1. Specifically, the lysis buffer used for cells in 2D soft settings was 200 µL. The 

expression of ENaC α, β, γ genes was measured by RT-qPCR as described in Section 2.4.1. 
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4.3 Results 

4.3.1 ENaCα expression in airway epithelial cells has no correlation with 

asthma severity 

To ascertain whether the differential ENaCα gene expression in cells under 2D stiff and 2D 

soft environment was related to in situ stiffness change, the ENaCα expression was measured 

in biopsies from Melbourne Epidemiological Study of Childhood Asthma (MESCA) by 

immunohistochemistry. Firstly, the ENaCα antibody titration was performed to determine the 

optimal concentration with minimum background. Non-asthmatic control and severe asthma 

subjects were used to test three concentrations of the antibody (Figure 4.1A). Normal rabbit 

IgG isotype control was used as a negative control to avoid non-specific binding of the 

antibody (Figure 4.1A). Additionally, antibody against pan-actin and no primary antibody 

were included as positive and negative controls for the IHC staining (Figure 4.1 B). The 

antibody at 0.125 µg/mL gave low intensity staining in both samples. Antibody at 0.5 µg/mL 

gave definitive staining, but the isotype control in non-asthmatic control showed some non-

specific binding. Thus, antibody at 0.25 µg/mL was chosen for the subsequent IHC staining, 

as clear signal was achieved at minimal non-specific reactivity.  

The ENaCα expression was compared in the airway epithelial cells of non-asthmatic control, 

mild, moderate, and severe asthmatic patients from MESCA study using semi-quantitative 

IHC scoring method (Figure 4.2; Figure 4.3). In severe asthmatics, the basement membrane 

was thicker than other subjects (Figure 4.2D) (Wilson and Li, 1997), indicating airway 

remodelling. Regardless of the disease status, the ENaCα appeared to be expressed in ciliated 

and basal cells. The quantitative results showed that the expression of ENaCα was not altered 

by the disease status (Figure 4.3A) nor was there a clear relationship between ENaCα 

expression and smoking status (Figure 4.3B) or FEV1% level (Figure 4.3D). However, 

ENaCα appeared to be expressed at lower levels in male compared to female subjects 

(Figure 4.3C) (P=0.0598).   
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Figure 4.1 ENaCα antibody titration in the large airway biopsies from the Melbourne 

Epidemiological Study of Childhood Asthma study 

Paraffin-embedded sections of human airways from non-asthmatic control and severe asthma 

patients were stained using three-layer immunoperoxidase method. (A) The expression of 

ENaCα was detected with three concentrations of the antibody, 0.125 µg/mL, 0.25 µg/mL, 

and 0.5 µg/mL. Matched concentration of normal rabbit IgG isotype control were used. (B) 

Pan-actin antibody was used as a positive control and incubation with the secondary antibody 

only was used as a negative control. Images were taken using Olympus IX51 with 60x 

objective. Scale bar = 18 µm. 
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Figure 4.2 The expression of ENaCα in biopsies of large airways from the Melbourne 

Epidemiological Study of Childhood Asthma study cohort 

Paraffin-embedded sections of human airways from non-asthmatic control (A), mild asthma 

(B), moderate asthma (C), and severe asthma (D) patients were stained using three-layer 

immunoperoxidase method. The expression of ENaCα was detected with specific ENaCα 

antibody at 0.25 µg/mL. Specific pan-actin antibody was used as a positive control (E). 

Matched concentration of normal rabbit IgG isotype control were used as a negative control 

(F). Representative images were taken using Olympus IX51 with 60 x objective. Scale bar = 

18 µm. 
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Figure 4.3 Detection of ENaCα expression in biopsies of large airways from the 

Melbourne Epidemiological Study of Childhood Asthma study cohort 

(A) Comparison of the ENaCα expression in the non-asthmatic control, mild, moderate, and 

severe asthmatic patients using semi-quantitative IHC scoring method, in which the negative 

controls were scored with 0, and the positive controls with 5. Data are presented as median 

with interquartile range. Non-parametric Kruskal-Wallis test was used for analysis. 

Comparison of the ENaCα expression in the epithelial cells between smoking status (B), sex 

(C), and %Pred FEV1 (D) using semi-quantitative IHC scoring method. Data are presented as 

median with interquartile range. Non-parametric Mann-Whitney test was used for analysis.  

 

4.3.2 ENaC channel activity under 2D stiff and 2D soft environment 

To further investigate the consequence of higher ENaCα gene expression in the 2D soft 

environment, the channel activity was determined using the FLIPR® membrane potential 

assay. Increased fluorescence intensity indicates cell depolarization, whereas decreased 

fluorescence intensity refers to cell hyperpolarization. The A549 cells were used to measure 
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the channel activity, but not the BEAS-2B cells because of the low fluorescence signal 

changes observed in the latter cell type. The potent derivative of amiloride, 5-(N-Ethyl-N-

isopropyl) amiloride (EIPA), known to inhibit ENaC (Kong et al., 2009; Mattes et al., 2014), 

was used to measure ENaC activity. However, the concentration-response relationship was 

not obvious. For the rest of the study, amiloride was used to measure ENaC activity. In the 

assay, the amiloride was injected at a ratio of 1:20, 1:10, and 1:5. No significant difference 

was observed between these ratios. For the rest of the study, 1:10 was used in the assay. The 

baseline fluorescence intensity in A549 cells was first recorded for 5 min (Figure 4.4A). 

Interestingly, the cells in 2D stiff exhibited a strong baseline fluorescence signal compared to 

cells in 2D soft environment. Next, increasing concentrations of amiloride, ranging from 30 

nM to 10 µM, were added to block the epithelial sodium channel, resulting in cell 

hyperpolarization. In the 2D stiff environment, A549 cells rapidly responded to the addition 

of amiloride and stabilized within 10 min (Figure 4.4B). However, in the 2D soft 

environment, the fluorescence signal increased after rapid and transient decreasing (Figure 

4.4C). The initial peak after addition of amiloride (Figure 4.5A) was measured to generate 

the concentration-response curve. Amiloride 3 and 10 µM elicited a change in fluorescence 

that consistently exceeded that of the vehicle. ENaC response to 10 µM amiloride was 

arithmetically greater in 2D stiff environment, although not statistically significant (Figure 

4.5B).  

The primary epithelial cells were then be assayed in the same manner. Here, we used primary 

epithelial cells from normal human donor (NHBE), chronical respiratory disease patient 

(HBEC), cystic fibrosis infants (HBEB-CF), and non-CF infant (HBEB-non CF) (Figure 

4.5C). Contrary to A549 cells, the channel activity in NHBE cells and HBEB-non CF cells 

was apparently elevated in 2D soft environment compared to conventional 2D stiff culture 

substrate. Although the ENaC response was modest in HBEC and CF cells, there was a trend 

that soft environment increased the channel activity.   
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Figure 4.4 ENaC activity in A549 cells under 2D Stiff and 2D Soft environment 

After 24 h of serum-starvation, culture media of A549 cells was replaced with Tyrode’s 

buffer. Cells were incubated with FLIPR assay dye at room temperature for 40 min and then 

equilibrated in FlexStation® at 37°C for 10 min. The amiloride or DMSO was injected at 180 

sec. The baseline fluorescence readings were recorded over 5 min (n=3) (A). Time course of 

concentration-dependent amiloride-evoked fluorescence intensity changes in A549 cells 

under 2D Stiff (B) and 2D Soft (C) environment (n=3). Fluorescence is presented as the 

reading in time t minus the average baseline reading in 0-180 sec before drug injection. RFU 

= relative fluorescence units. 
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Figure 4.5 ENaC activity in A549 cells and primary epithelial cells under 2D Stiff and 

2D Soft environment 

After 24 h of serum-starvation, culture medium was replaced with Tyrode’s buffer. Cells 

were incubated with FLIPR assay dye at room temperature for 40 min and then equilibrated 

in the FlexStation® at 37°C for 10 min. The amiloride or DMSO was added at 180 sec. (A) 

Amiloride-evoked fluorescence intensity changes in A549 cells under 2D Stiff and 2D Soft 

environment (n=3). Data are presented as the initial peak reading minus the average baseline 

reading in the 0-180 sec before drug injection. (B) Fluorescence intensity changes in A549 

cells under 2D stiff and 2D soft environment in respond to 10 µM Amiloride (n=3). Values 

were subtracted from DMSO and then normalized to average baseline readings. (C) 

Normalized fluorescence intensity changes in primary epithelial cells under 2D Stiff and 2D 

Soft environment. In the assay, 10 µM Amiloride was added to the cells and DMSO was 

added as vehicle. Two-way ANOVA with Bonferroni post-hoc test (A) and a paired-samples 

t-test (B, C) were used for analysis. *: P<0.05, **: P<0.01, ns: not significant. 
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4.3.3 ENaC β and γ subunits loss in submerged cultures 

The contrasting observations of ENaC channel activity in A549 cells and primary epithelial 

cells and the similar expression of ENaCα in MESCA cohorts drew our attention to the other 

two subunits of ENaC, namely the β and γ subunits. The gene expression of ENaCα, β, γ 

subunits was measured in HBEB cells first (Figure 4.6A). In native cells, all the three 

subunit genes were expressed at a high level. After being established in submerged culture, 

the β and γ subunit gene expression levels were significantly reduced, especially that of γ 

subunit. In BEAS-2B cells, the α subunit was highly expressed in the 2D stiff environment, 

whereas β and γ subunits were reduced in expression level compared to native HBEB cells 

(Figure 4.6B). The soft culture environment only increased the expression of the α subunit, 

but not the β and γ subunits. In A549 cells, β subunit expression level was higher than in 

BEAS-2B cells, albeit lower than in native HBEB cells (Figure 4.6C). The soft environment 

elevated both α and β subunits, whereas γ was decreased.   
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Figure 4.6 The gene expression of ENaCα, β, γ in BEAS-2B, A549, and primary 

epithelial cells  

Total RNA was extracted and the expression of genes encoding ENaCα, ENaCβ, and ENaCγ 

were measured by RT-qPCR. Gene expression is expressed as -∆CT (Log2). Data are 

presented as mean and SEM for n=6 independent HBEB cultures (A), n=5 independent 

experiments from BEAS-2B cells (B), and n=5 independent experiments from A549 cells 

(C). A paired-samples t-test was used for analysis, *: P<0.05, **: P<0.01, ****: P<0.0001. 

  



ENaC Expression and Activity in Airway Epithelial Cells 

 100 

4.4 Discussion 

In this chapter, we showed that the ENaC expression in the MESCA cohort subset of airway 

biopsies was not associated with severity of asthma, smoking or sex. We have applied a high-

throughput indirect assay to measure ENaC channel activity. The influence of stiffness on 

ENaC channel activity seemed to be opposite between primary epithelial cells and cell lines. 

The low expression or even loss of ENaC β and γ subunits in cell lines may explain the 

contrary results and the low signal detected. Collectively, these findings suggest that 2D 

submerged cultures are not adequate to evaluate ENaC channel activities or expression. 

Genetic modified cell cultures or organotypic cultures, with native levels of the β and γ 

subunits, may be required in pre-clinical research to provide better prediction in drug 

development. 

Normal human parenchymal lung tissue possesses a mean Young’s modulus of 2 kPa, 

whereas the mean stiffness of idiopathic pulmonary fibrosis (IPF) tissue increases to 16 kPa 

(Booth et al., 2012). Stiffness measured by magnetic resonance elastography at total lung 

capacity increased from 0.8 kPa in healthy control to 1.3 kPa in patients with fibrotic 

interstitial lung disease (Marinelli et al., 2017). Strikingly, most of the stiffness 

measurements were carried out in lung parenchyma, containing mostly type I and III collagen 

(Suki et al., 2005). In MESCA samples, the epithelial cells presented were in direct contact 

with basement membrane, who was thickened in severe asthma. Asthmatic airway is stiffer 

than healthy airway but there has no report measuring the Young’s modulus of basement 

membrane. Despite that, tissue culture plastic coated by polystyrene is extremely stiff ranging 

from 2 to 4 GPa (Butcher et al., 2009). In our 2D soft setting, the collagen hydrogel only has 

a stiffness around 0.2 to 0.8 kPa (Berhan et al., 2020). Thus, the expression of ENaC might 

not be altered in tissues having a narrower range of stiffness. This observation also 

emphasized the importance of considering mechanics in pre-clinical research.  

Fluorescence-based assays for ion channels in general produce a robust and homogeneous 

cell population measurement (Yu et al., 2016). Various choices of instruments and 

fluorescent dyes make them easy to be optimized to achieve high throughput. However, any 

event that changes the membrane potential could modulate the signal resulting in false-

positive and/or false-negative readouts. Firstly, we noticed the baseline difference of cells in 

2D stiff and 2D soft environment. In our 2D soft setting, the collagen hydrogel has a 

downward meniscus caused by surface tension, which was more obvious in the small surface 
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area setting. Consequently, cells were more distributed in unevenly coated centre area of the 

well. In future investigations, “well-in-a-well” technology (Ibidi) preventing gel meniscus 

and providing a planar surface could be considered (Lazarovici et al., 2018). Secondly, the 

buffer matters. The pH change of the buffer was inevitable when moving the cells out of the 

incubator gassed with 5% CO2, albeit cells were placed into Tyrode's solution to help 

maintaining the pH and osmotic balance. Hence, whether Tyrode’s buffer is suitable for 

highly pH-sensitive ENaC (Konstas et al., 2000) needs to be further investigated. Ion-free 

buffer is another option as it is suggested by the manufacturer and used in measuring CFTR 

function (Ahmadi et al., 2017). Using FLIPR® membrane potential assay, cells exhibited an 

amiloride-evoked reduction in fluorescence signal when switching from sodium-containing 

Tyrode’s solution to sodium-free solution (Chen et al., 2015). Thirdly, ENaC is regulated by 

shear stress. In the assay, amiloride was injected by the instrument into the medium. By 

adjusting the injection volume, the shear stress was altered. Although there was no difference 

found between the volume injection ratios we have tested, it might be due to the low injection 

speed we have used. Therefore, the FLIPR® membrane potential assay condition needs to be 

further optimized to rule out the possibility of the low fluorescence signal changes observed 

in this study being false-negative. To improve, more care should be taken in fluorescence-

based assays and electrophysiological techniques might be applied for validation.  

The ENaC heterotrimers assemble in a counterclockwise α-β-γ orientation with a ratio of 

1:1:1 (Figure 4.7) (Staruschenko et al., 2005; Stewart et al., 2011; Wichmann and Althaus, 

2020). The channel transmembrane domain contains two transmembrane helices (TM1 and 

TM2) of each subunit, connecting the extracellular loop and NH2 and COOH termini into 

cytosol (Noreng et al., 2018). The cysteine-rich extracellular domain of each subunit is a 

highly organized structure, resembling a hand with the palm, knuckle, finger, and thumb 

domains clenching a ‘ball’ of β strands (Noreng et al., 2018; Wichmann and Althaus, 2020). 

Among these subdomains, gating relief of inhibition by proteolysis (GRIP) domain harbours 

autoinhibitory peptides, which support the channel activation by proteolytic cleavage 

(Kashlan et al., 2011). Molecular control of channel activity by proteolytic cleavage is 

specific to ENaCs as they are the only DEG/ENaC member containing GRIP domain (Jasti et 

al., 2007; Noreng et al., 2018). Various studies have demonstrated proteolytic cleavage of α 

and γ subunit can regulate ENaC activity and may play an important role in CF (Bruns et al., 

2007; Hughey et al., 2004; Masilamani et al., 1999; Passero et al., 2008). However, the β 

subunit lacks protease cleavage sites (Kleyman et al., 2009). Although under debate, post-
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translation process of the channel, including furin-dependent cleavage, requires expression of 

all three subunits (Hughey et al., 2004). Gene knockout mice without either one of α, β, or γ 

subunits die soon after birth with respiratory insufficiency or kidney dysfunction, indicating 

all three subunits are essential for survival (Barker et al., 1998; Bonny and Hummler, 2000; 

Hummler et al., 1996). Incomplete ENaC structure in Xenopus oocytes resulted in minimal or 

no detectable channel activity (Canessa et al., 1994; Edelheit et al., 2011). Low expression of 

β subunit impairs baseline of alveolar fluid clearance and decreases the sensitivity to 

amiloride (Randrianarison et al., 2008). Cells expressing either βγ or α subunit alone didn’t 

response to amiloride in FLIPR assay, whereas genetically modified cells expressing the α 

subunit and mutant βγ subunits yielded significantly higher fluorescence signal (Chen et al., 

2015). Thus, the low expression of β and γ subunits in BEAS-2B and A549 cells are most 

likely to limit activity of the ENaC channel. 

Taken together, our findings suggest the ENaC α subunit expression in airway epithelial cells 

might not be altered in physiological to pathological stiffness range, but rather be changed 

when stiffness increases to that of stiff plastic culture plates. All three ENaC subunits may be 

required to assess the influence of stiffness on channel activity. To continue the investigation, 

a versatile in vitro model containing complete ENaC channels needs to be developed.  

 

 

Figure 4.7 Structure of ENaC  

Left: top and side views of a Xenopus laevis αβγ-ENaC homology model. Right: Xenopus 

ENaC α subunit structure showing the topological organization of individual subdomains. 

Reproduced from (Wichmann and Althaus, 2020) with permission of the American 

Physiological Society.  
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5.1 Introduction 

To gain access to mammalian tissues and organs for experimental manipulation and 

observation, Harrison and other researchers isolated embryonic tissue from a living frog and 

grew it outside the body in 1907 (Harrison et al., 1907), marking the beginning of two-

dimensional (2D) culture. In the past century, 2D culture enabled researchers to develop deep 

understanding of mammalian biology and to promote novel medical treatments. As time goes 

by, the need for reconstituting organ function ex vivo drove the development of three-

dimensional (3D) organ-like (organotypic) culture. For lung, organotypic cultures include 

lung slice, embryonic whole organ, primary cells, air-liquid interface (ALI) culture, and 

organoids (Shamir and Ewald, 2014). Specific to airway, the approaches usually involve 

primary cell culture to generate ALI, and airway organoid culture. Uncultured primary cells 

are highly valuable, but limited in utility by ex vivo lifespan, and will not be our focus. 

Organotypic ALI airway cell cultures were first developed in the 1980s (Pruniéras et al., 

1983; Whitcutt et al., 1988). The culture environment in ALI is divided into apical and 

basolateral compartment by a permeable membrane. The cells grown on apical chamber are 

exposed to the air and are simultaneously in contact with basolateral culture medium. 

Primary epithelial cells under ALI culture differentiate into heterogeneous cell populations 

with a polarized mucociliary phenotype resembling their origin tissue (Cao et al., 2021). 

Human epithelial cells from nasal, large, and small airway have all been successfully 

differentiated in ALI culture (Fuchs et al., 2003; Fulcher et al., 2005; Rayner et al., 2019; 

Schogler et al., 2017). Currently, ALI culture has been widely employed for elucidating the 

mechanisms of respiratory diseases, such as asthma, COPD, pathogen-host interaction (Bai et 

al., 2015; Comer et al., 2013; Gindele et al., 2020; Kılıç et al., 2020; Xia et al., 2017; Zhu et 

al., 2020). Nanomaterials and volatile chemicals have also been tested in ALI culture with 

aerosol/vapor delivery system, mimicking in vivo inhalation (Geiser et al., 2017; McGraw et 

al., 2020; Tilly et al., 2020).  

In ALI culture, the cells are seeded onto the semi-permeable microporous membrane coated 

with extracellular matrix (ECM) proteins, such as collagen, fibronectin, or gelatin 

(Aufderheide et al., 2016; Keenan et al., 2014; Kim et al., 2005). Type-I collagen coating has 

become a standard method since 1990s, as it can promote mucocilliary differentiation 

compared to uncoated membranes (Davenport and Nettesheim, 1996; Gray et al., 1996). In 

the first couple days of ALI culture, the culture medium is normally the same as in culture 
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flask to support cell proliferation. Once confluent, the medium is changed to differentiation 

medium. At the early stage, the medium is composed of bronchial epithelial growth medium 

and Dulbecco’s modified Eagle’s medium (BEGM: DMEM) at a ratio of 50:50 (Fulcher et al., 

2005; Gray et al., 1996). Commercial ALI medium kits, like CloneticsTM B-ALITM medium 

(Lonza), PneumaCultTM ALI medium (STEMCELL Technologies), MucilAirTM medium 

(Epithelix), are then developed and helped standardization of the ALI culture. After three to 

four weeks of culturing, mature culture containing differentiated cells is ready to use in 

physiology, pathology, and pharmacology studies. Tissue responses can be evaluated by 

measuring gene and protein expression, cell morphology, barrier function, cilia beating 

frequency and pattern, and ion transport (Gianotti et al., 2018; Keenan et al., 2014; Kuek et 

al., 2018; Prodanovic et al., 2017; Schögler et al., 2017; Srinivasan et al., 2015; Stewart et al., 

2012a; Zhu et al., 2020).  

Airway organoid culture was first described in 1993 (Benali et al., 1993) and refocused after 

intestinal organoids had been reported (Barker et al., 2007; Sato et al., 2009). Generally, the 

airway organoid culture is composed of ECM and medium. Primary epithelial cells are 

embedded in ECM and nourished from differentiation medium. A 3D self-organizing sphere-

like structure will be generated after two to three weeks of culturing. To date, primary 

epithelial cells and induced pluripotent stem cell (iPSCs) are mostly used to generate airway 

organoids (Chen et al., 2017; Konishi et al., 2016; Sachs et al., 2019; Zhou et al., 2018). Like 

ALI culture, airway organoid culture has also shown advantages in recapitulating in vivo 

structure and function, suggesting its utility in studying airway physiology and pathology. 

However, there were not as many reports as expected until a long-term-expanding culture 

protocol been published (Sachs et al., 2019). In the COVID-19 pandemic, airway organoids 

are now extensively employed to study SARS-COV-2 infection (Han et al., 2021; Huang et 

al., 2020a; Lamers et al., 2020; Salahudeen et al., 2020).   

From 2009, various culture methods have been reported (Table 5.1) (human pluripotent stem 

cells (hPSCs) derived airway organoids not included). Tracheospheres were generated from 

mouse tracheal epithelial cells and human basal cells, indicating the potential of basal cells to 

be differentiated in the sphere-forming setting (Rock et al., 2009). Normal human bronchial 

epithelial cells grown on Matrigel® were reported to differentiate into 3D glandular acini 

expressing mucous and serous cell markers, but not ciliated cell markers (Wu et al., 2011). 

Airway organoids from NHBE cells grown in a 384-well plate provided a high-throughput 

screening assay (Danahay et al., 2015; Hild and Jaffe, 2016). Human lung organoids 
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developed from hPSCs comprised epithelial and mesenchymal compartments similar to those 

seen in human fetal lung (Dye et al., 2015). Further study applying an artificial biomimicking 

scaffold niche improved human lung organoid long-term survival and maturation of 

epithelium (Dye et al., 2016). Addition of DAPT, Notch pathway inhibitor, promoted 

induction of multi-ciliated airway cells with motile cilia in hPSCs derived proximal airway 

epithelial cell spheroids (Konishi et al., 2016). Low Wnt condition directed iPSC-derived 

lung progenitor cells and enabled generation of cystic fibrosis patient-specific airway 

organoids (McCauley et al., 2017). NHBE cells, human microvascular lung endothelial cells, 

and human lung fibroblasts were mixed to form airway organoids, which were capable to 

exhibit multicellular responses to TGF-β (Tan et al., 2017). Adult stem cell derived airway 

organoids changed to 1:1 AO media and PneumaCultTM ALI medium supplemented with 

DAPT had increased ciliated cell number (Zhou et al., 2018).  

In Chapter 3 and 4 of this thesis, we have shown that certain in vivo functions relating to 

ENaC activity could not be reflected in airway epithelial cells in 2D submerge culture. The 

influence of stiffness on epithelial cells also needs further confirmation by ruling out the loss 

of specific cell phenotypes. Thus, we aim to evaluate ALI culture and airway organoid 

culture to answer these questions. Previously the lab has published on the pharmacology and 

infectivity of ALI cultures (Keenan et al., 2014; Prodanovic et al., 2017; Xia et al., 2017). In 

this chapter, we explored culture formats reported in the literature to generate airway 

organoids. Airway organoids were then characterized in parallel with ALI culture. Last, gene 

expression of ENaC subunits was measured to evaluate the potential of these two organotypic 

airway cultures in studying ion channel activity.
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Table 5.1 Summary of airway organoid culture method 

Cell ECM Medium Format Duration Reference 

Human basal cells 50% GFR Matrigel® in ALI 

medium 

ALI medium Embed 25 days (Rock et al., 2009) 

NHBE cells 100% Matrigel® ALI medium Overlay 22 days (Wu et al., 2011) 

NHBE cells 25% GFR Matrigel® in ALI 

medium 

5% GFR Matrigel® in 

ALI medium 

Overlay 14 days (Danahay et al., 2015; 

Hild and Jaffe, 2016) 

NHBE cells + endothelial 

cells + fibroblasts 

40% Matrigel® in 

PneumaCultTM ALI medium 

5% Matrigel® in 

PneumaCultTM ALI 

medium 

Overlay 14 days (Tan et al., 2017) 

Adult stem cells isolated 

from lung tissue 

60% GFR Matrigel® in AO 

media 

1:1 AO media and 

PneumaCultTM ALI 

medium + DAPT 

Embed 16 days (Zhou et al., 2018) 

Lung cell isolated from 

solid lung tissue 

100% GFR Matrigel® AO media Embed 18 days (Sachs et al., 2019) 
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5.2 Method 

5.2.1 Two-layer Matrigel® organoid culture 

The primary epithelial cells were cultured in BEGM as described in Section 2.1. Pre-chilled 

40% (w/w) Matrigel® in BEGM was added to 96-well plate and incubated at 37°C for 20 

min. Cells were dissociated from the culture flask. Cell pellet was resuspended in BEGM 

medium containing 5% (w/w) Matrigel® and added to the top of solidified 40% Matrigel®. 

The cells then were incubated at 37°C in a humidified atmosphere containing 5% CO2 and 

the medium was replaced three times a week for 3 to 4 weeks. Brightfield images were 

obtained using an Olympus IX51 microscope.  

 

5.2.2 Airway organoid culture in droplet 

The airway organoid culture was generated in a droplet format as described in Section 2.3.2. 

Briefly, the silicone mask was adhered to the culture plate and centre area was coated with 1% 

BSA at 37°C for 45 min. Primary epithelial cells were dissociated and collected by 

centrifugation. Cell pellet was resuspended in same volume of AO media and pre-cold 

Matrigel® to form a 50% (w/w) Matrigel® mixture. A 40 µL or 25 µL drop of the cell mixture 

was then seeded into pre-warmed culture plate with silicone mask. Following solidification of 

the droplet by incubating at 37°C for 20 min, AO media was added to cover the droplet. The 

cells were incubated at 37°C in a humidified atmosphere containing 5% CO2 and the medium 

was replaced three times a week for 3 to 4 weeks. Differentiation of the cells was confirmed 

through visualisation of the beating cilia under Olympus IX53 microscope equipped with 

QImaging optiMOS high speed camera at 100 frames/sec. 

 

5.2.3 Air-liquid interface culture 

The primary epithelial cells were seeded to generate air-liquid interface culture as described 

in Section 2.3.1. Briefly, cells were seeded at 75,000 cell/well in collagen-coated transwell 

inserts. PneumaCultTM Ex Plus medium was added to both apical and basal chamber. Cells 

were incubated at 37°C in a humidified atmosphere containing 5% CO2. The medium was 

replaced for both apical and basal chamber for 3 days. At Day 4, the apical medium was 

removed, and basal medium was replaced to PneumaCultTM ALI medium (P-ALI). Cells 
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were then re-fed three times a week over a period of 4 weeks by aspirating medium from 

basal chamber and refilling with fresh medium. From Day 14, excess mucus was removed 

from apical surface once a week. Differentiation of the cells was confirmed through 

visualisation of the beating cilia under Olympus IX53 microscope equipped with QImaging 

optiMOS high speed camera at 100 frames/sec. 

 

5.2.4 Determination of gene expression in airway organoid culture 

After removal of supernatant, the airway organoids in Matrigel® were washed twice with 

PBS at room temperature. Organoids were lysed to perform RNA isolation, as described in 

Section 2.4.1. The expression of cell marker and ENaC subunit genes were measured by RT-

qPCR as described in Section 2.4.1.  

 

5.2.5 Determination of gene expression in ALI culture 

After removal of basal medium, both apical and basal chamber were washed twice with PBS. 

Cell were lysed in 150 µL lysis buffer to perform RNA isolation, as described in Section 

2.4.1. The expression of ENaC subunit genes were measured by RT-qPCR as described in 

Section 2.4.1.  

 

5.2.6 Immunofluorescence staining of airway organoids 

The fixation and immunofluorescence staining steps were adapted from previous reported 

protocols (Broutier et al., 2016; Dekkers et al., 2019). 

 

5.2.6.1 Fixation of airway organoids 

For fixing airway organoids, all the pipette tips were pre-coated with the solution by pipetting 

the solution up and down for 1 min. After removal of the supernatant, 1 mL of cold 0.1% 

BSA in PBS to each well. The Matrigel® droplet was gently suspended using coated tips, 

after which the organoid suspension was carefully transferred into a 1.7 mL Eppendorf tube 

(pre-coated with 1% BSA in PBS at 4°C for overnight). The tube was vertically left in the ice 

for 10 min to allow organoids settle down under gravity. The solution was carefully removed 
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to not aspirate the organoids. Pre-cold PBS was added, and the tube was inverted five times 

to wash off the Matrigel®. After 30 min incubation on ice, PBS was carefully removed. The 

PBS washing step was repeated two to three times. The organoids were then incubated in 1 

mL 10% NBF on ice for 30 min, followed by two times of PBS wash. The fixed organoids 

were then stored at 4°C prior immunofluorescence staining.  

 

5.2.6.2 Preparation of fructose-glycerol clearing solution 

To prepare 33 mL of clearing solution, 16.5 mL glycerol (242-2.5 L, Thermo Scientific), 3.5 

mL MilliQ water, and 14.86 g fructose (F0127, Sigma) was mixed on a magnetic stirrer. The 

clearing solution was stored at 4°C in dark. 

 

5.2.6.3 Immunofluorescence staining of airway organoids 

The organoids were collected by centrifugation at 70 g for 5 min at 4°C and resuspended in 

0.1% Triton X-100 in 0.5% BSA/PBS blocking buffer. The organoid suspension was 

carefully transferred into Poly (2-hydroxyethyl methacrylate) (Poly-HEMA) coated 96-well 

round bottom plate, 200 µL/well. After 1 h blocking, organoids were incubated with primary 

antibodies (2x concentration) diluted in blocking buffer at 4°C for overnight. Specifically, 

100 µL blocking buffer was removed and 100 µL primary antibodies were added. At the 

second day, organoids were washed three time of PBS for 5 min, followed by incubation of 

secondary antibodies (2x concentration) diluted in blocking buffer at room temperature for 1 

h. Nucleus was stained by DAPI for 10 min. After washing in PBS, the remaining liquid was 

removed as much as possible. Fructose-glycerol clearing solution was added using a 200 µL 

tip with the end cut off. The organoids were incubated in clearing solution at room 

temperature for 20 min. A 1 cm square was drawn on a glass slide using PAP pen, bordered 

by double-side sticky tape (Scotch 3M). The organoids in clearing solution were then 

transferred into the square by a 200 µL tip with the end cut off. For each layer of the double-

side sticky tape, 20 µL organoids was applied. The coverslip was slowly placed on top and 

attached to the double-side sticky tape by gently applying pressure. Confocal images were 

acquired using Zeiss LSM880 Airyscan Fast confocal microscope.    
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5.2.7 Immunofluorescence staining of ALI cultures 

5.2.7.1 Fixation of ALI cultures 

After removal of basal supernatant, both apical and basal chamber was washed twice with 

PBS. The cells were then fixed for 30 min by adding 150 µL 10% (w/w) NBF to apical 

chamber and 350 µL 10% NBF to basal chamber, followed by two times of PBS wash. Fixed 

transwells were stored at 4°C prior immunofluorescence staining.  

 

5.2.7.2 Paraffin embedding 

A 3% Agarose solution was dissolved by microwave for 2 min and kept at 65°C. The 

transwell membrane was excised using a no. 23 scalpel blade and transferred in a petri dish 

containing PBS. The membrane was then cut into 2 pieces with straight pointed surgical 

scissors. The back side of the membrane pieces were sticked to each other and vertically 

embedded in an agarose droplet on a disposable base mold. Additional agarose solution was 

added to cover the membrane, if needed. After solidification, the agarose droplet was moved 

into a cassette and then placed in 70% ethanol overnight. The paraffin processing was carried 

out by Melbourne Histology Platform (University of Melbourne).  

 

5.2.7.3 Whole mount immunofluorescence staining of ALI 

The transwell membrane was excised using a no. 23 scalpel blade and cut into 4 pieces with 

straight pointed surgical scissors. The membrane pieces were transferred into 1.7 mL 

Eppendorf tubes. The membrane pieces were then stained as described in Section 2.4.5. 

Briefly, following 1 h blocking in 5% goat serum, primary antibodies diluted in 0.1% Triton 

X-100 in 1% BSA in PBS was incubated overnight at 4°C. At the second day, secondary 

antibodies diluted in 1% BSA in PBS were incubated at room temperature for 1 h. Cells were 

then stained with Alexa Fluor® 488 Phalloidin for 20 min and DAPI for 10 min to stain 

nuclei. The membrane was then mounted on a glass slide bordered by double-sided sticky 

tape. Confocal images were acquired using Zeiss LSM880 Airyscan Fast confocal 

microscope. 

 



Airway Organotypic Cultures 

 112 

5.2.7.4 Immunofluorescence staining of paraffin embedded ALI sections 

Paraffin-embedded ALI blocks were cut into 2 µm or 4 µm sections. The sections were 

dewaxed in histolene, rehydrated through gradient ethanol, and washed in PBS as described 

in Section 2.4.4.3. Immunofluorescence staining was then finished as described in Section 

5.2.7.4. The double-sided sticky tape was not required. 

 

5.2.8 Haematoxylin and Eosin (H&E) staining of paraffin embedded ALI 

Paraffin-embedded ALI blocks were cut into 3 µm sections. The sections were dewaxed in 

histolene, rehydrated through gradient ethanol, and washed in water as described in Section 

2.4.4.3. Sections were stained in following orders: Mayer’s Haematoxylin for 5 min, running 

tap water to clear, 1% Acid Alcohol for 1 dip, running tap water to clear, Schott’s Water 

(Amber Scientific) for 20 sec, running tap water for 30 sec, Eosin (Amber Scientific) for 3 

min, running tap water for 2 dips. The sections were then dehydrated through 70%, 100%, 

and 100% ethanol for 5 dips in each, followed by 30 dips in histolene twice. Finally, the 

sections were coverslipped with DPX Mountant for Histology and imaged by Olympus BX51.  
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5.3 Results 

5.3.1 Optimization of airway organoid culture format 

The airway organoid culture was started from a two-layer of Matrigel® format, based on 

protocols from STEMCELL Technologies and Aron Jaffe group (Hild and Jaffe, 2016; 

STEMCELL, 2015). The cells were layered on top of the 40% Matrigel® and gradually 

invaded into the Matrigel® (Figure 5.1A). The top layer medium containing 5% Matrigel® 

was refreshed continuously during the whole culture period to support cell proliferation and 

differentiation. The bottom layer Matrigel® had a concave meniscus instead of the flat 

surface, which increased the chance to break the Matrigel® when doing medium changing. 

Here, we used NHBE and BCi NS1.1 cells to generate airway organoids (Figure 5.1C). After 

7 days, the cells grown into small cell clusters. After 14 days, the organoid-like structure was 

formed. Organoids from BCi NS1.1 cells had a smoother border compared to NHBE cells. 

The size of the organoids from NHBE cells was more variable. Under higher powered 

objective, lumen structure was found in BCi NS1.1 cells (Figure 5.1D). Intriguingly, we 

found the cells also grew into monolayer cells within the Matrigel® (Figure 5.1B).      
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Figure 5.1 Airway organoids generated from NHBE and BCi NS1.1 cells under two-

layer Matrigel® culture format 

The cells were embedded in 40% Matrigel®. After solidification of the Matrigel®, medium 

contained 5% Matrigel® were added to the top layer and refreshed every two to three days for 

four weeks. (A) Schematic diagram of the two-layer Matrigel® culture format. (B) Monolayer 

epithelial cells in airway organoid culture found at Day 7. (C) Representative brightfield 

images (10x objective) of NHBE and BCi NS1.1 cells derived airway organoids at Day 1, 7, 

14, and 21. (D) Representative brightfield images (40x objective) of NHBE and BCi NS1.1 

cells derived airway organoids at Day 21.  
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Next, we adapted the liver and intestine organoid culture format into airway organoid culture 

(Boj et al., 2017; Broutier et al., 2016). The cells were mixed with 50% Matrigel® and added 

into the centre of the culture plate well to generate a droplet (Figure 5.2A). After solidified, 

media was added to cover the droplet. However, the droplet could be easily disrupted by 

small vibrations. To shape the droplet, an elastomeric stencil mask was introduced to help 

constrain the droplet (Figure 5.2A). The hydrophobicity of the mask helped to shape the 

Matrigel® and cell mixture into a hemispherical droplet, confined inside the centre aperture. 

The diameter of outer and inner well of the silicone make were optimized to 10 mm/8 mm 

and 6 mm/5 mm for 24/48-well plate. Moreover, porous silicone mask can be manufactured 

to control the size and shape of the droplet (Figure 5.2B, C). BCi cells were then cultured 

into airway organoids in droplet format (Figure 5.3A). Organoids with and without lumen 

were observed under microscope and they kept growing as time went by. Unexpectedly, 

monolayer cells were generated and organoids with irregular border cells were observed after 

21 days (Figure 5.3B). As the monolayer cells were mainly found attaching to the plate 

bottom, surface coating was then considered. Poly-HEMA was tested to prevent cell 

adhesion. But it also prevented the attachment of Matrigel®. BSA was then be tested for its 

activity in “triggering” the attachment of cells to low levels of adhesion molecules (Koblinski 

et al., 2005). Even though BSA could not prevent the cell adhesion around the silicone border, 

we did see a remarkable reduction of the number monolayer cells. Thus, BSA coating was 

applied to subsequent airway organoid cultures, together with the silicone mask.  



Airway Organotypic Cultures 

 116 

 

Figure 5.2 Airway organoid culture in droplet format 

(A) Schematic diagram of airway organoid culture in droplet format and top view of silicone 

mask. The diameter of inner well is 5 mm (48-well plate) or 6 mm (24-well plate), outer well 

is 8 mm (48-well plate) or 10 mm (24-well plate). (B) Silicone mask with multiple holes. Red 

balls represent cells and pink represent Matrigel®. (C) Top view of silicone masks in culture 

plate. The mask can be made with single hole or multiple holes. 
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Figure 5.3 Airway organoids generated from BCi cells in Matrigel® droplet within 

silicone mask 

BCi cells were mixed with Matrigel® and dropped into the inner well of silicone mask. After 

solidification, medium was added to cover the droplet and refreshed every two to three days 

for four weeks. (A) Representative brightfield images (40x objective) of airway organoids at 

Day 10, 14, and 21. (B) Abnormal airway organoids: connected organoids at Day 19 (left), 

Day 21 (middle), and “dying” organoid at Day 21.  

 

5.3.2 Investigation of cell density and cell passage in airway organoid 

culture 

 After further standardizing the culture method, we then investigated the influence of cell 

density and cell passage on airway organoid culture. Firstly, NHBE cells were seeded at 

1,000 cells/well, 2,000 cells/well, 5,000 cells/well, 8,000 cells/well, and 10,000 cells/well. 

The organoid morphology changes were recorded for four weeks (Figure 5.4). After two 

weeks, the organoids initiated from 1,000 cells and 2,000 cells were sparse. Organoids 

initiated from 5,000 cells and 8,000 cells were similar in size and quantity, whereas organoids 
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initiated from 10,000 cells showed less confluency. The mRNA of organoids was extracted 

weekly to monitor the cell growth (Table 5.2). Concentration above 50 ng/µL was regarded 

as a feasible mRNA concentration according to the laboratory protocol. Organoids started 

from 1,000 cells/well and 2,000 cells/well were all below 50 ng/µL. All the other three 

densities gave a relatively high yield. They reached the peak after two weeks and dropped 

afterwards. Taking the morphology change and mRNA concentration into consideration, 

5,000 cells/well in 24-well plate was used as the seeding density in the subsequent airway 

organoid cultures.  

The experience from ALI cultures taught us that the progenitor cells lose the differentiation 

potential at later passages. To assess the influence of cell passage in airway organoid culture, 

HBEB cells were used. HBEB cells were established into submerged culture from native 

primary bronchial epithelial cells and call as “P1” cells. Once they reached confluency, “P1” 

cells were seeded into airway organoid culture and passaged into “P2”. Three HBEB cultures 

were used to generate airway organoids in this order (Figure 5.5). The organoids from “P1” 

cells were all in a regular shape and contained visible lumen structure. Organoids from “P2” 

cells started to look irregular in size and shape. Organoids from “P3” cells lost the shape as 

“P1” and reduced in numbers, especially for culture M1C130 and M1C154. Therefore, early 

passage cells were preferred in airway organoid cultures.  
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Figure 5.4 Cell density investigation of airway organoid culture 

NHBE cells were seeded at 1,000 cells (A), 2,000 cells (B), 5,000 cells (C), 8,000 cells (D), 

and 10,000 cells (E) per well to generate airway organoids. Representative brightfield images 

(4x objective) were taken at Day 18.   

 

 

Table 5.2 The mRNA concentration of NHBE derived airway organoids 

NHBE cells were seeded at 1,000 cells, 2,000 cells, 5,000 cells, 8,000 cells, and 10,000 cells 

per well to generate airway organoids. Total mRNA was extract at Day 7, 14, 21, and 28 and 

the concentration was measured by Nano Drop 1000. 

mRNA 

concentration 

(ng/µL) 

1,000 

cells/well 

2,000 

cells/well 

5,000 

cells/well 

8,000 

cells/well 

10,000 

cells/well 

Day 7 11 36 75 85 94 

Day 14 9 39 107 110 104 

Day 21 7 43 75 92 83 

Day 28 1 10 52 45 41 
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Figure 5.5 Airway organoids generated from HBEB cells at different passages. 

HBEB cells at passage 1, 2, and 3 were seeded to generate airway organoids. Representative 

brightfield images (4x objective) were taken at Day 21 

 

5.3.3 Investigation of culture media in airway organoid culture 

With all the modifications illustrated above, we then tried to achieve a successful airway 

organoid culture with cell differentiation. Primary cells from normal donors, asthmatic 

patients, and COPD patients were used to generate airway organoids. All these cells have 

been previously confirmed to be differentiable in ALI cultures (Prodanovic et al., 2017). 

After three weeks, there was not much difference in morphology among NHBE, asthmatic-

HBE, and COPD-HBE cells (Figure 5.6A, B, C), except that asthmatic-HBE organoid 

culture had fewer small cell clumps or single cells. The mRNA was extracted weekly and cell 
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marker genes expression was measured to monitor the cell differentiation: basal cell markers, 

integrin alpha-6 (ITGA6), p63, and keratin 5 (KRT5) (Figure 5.6D); ciliated cell markers, 

dynein heavy chain 1, 5 (DNAH1, DNAH5), and forkhead box protein J1 (FOXJ1) (Figure 

5.6E); and secretory cell markers, mucin 5AC (MUC5AC), mucin 5B (MUC5B), and trefoil 

factor 3 (TFF3) (Figure 5.6F). MUC5B was not shown, as it was below the limit of 

detection. As expected, the levels of basal cell markers ITGA6 and KRT5 were decreased 

over time. Ciliated cell marker DNAH1 increased, whereas DNAH5 and FOXJ1 stayed at the 

same level. Likewise, secretory cell markers didn’t change. Overall, the relative levels of 

ciliated and secretory cell markers remained close to the limit of detection.  

We further reviewed our culture method and noticed that the culture media might be the key 

factor in this apparently limited differentiation response. We started organoid culture from 

2017 when there was no standard protocol available. Hence, the BEGM medium was used to 

support ALI cultures as one report suggested it can support airway organoid culture (Hild and 

Jaffe, 2016). We used BEGM in airway organoid cultures as well. With more and more 

airway organoid reports published, we turned to the airway organoid media (AO media) 

recipe from Han Clevers group (Sachs et al., 2019) (Table 5.3) in 2019. From the recipe, we 

selected A83-01 and Y-27632 supplemented into BEGM. We also supplemented BEGM with 

the Notch inhibitor DAPT (Zhou et al., 2018). However, none of these combinations 

supported the cell differentiation in airway organoid culture. Then, we replaced the BEGM 

with AO media in airway organoid culture. Three NHBE cultures were tested in AO media 

(Figure 5.7A, B, C). As expected, gene expression of basal cell markers, secretory cell 

markers, and ciliated cell markers suggested the cell differentiation (Figure 5.7D). MUC5AC, 

MUC5B, and TEKTIN gene expression was profoundly increased. The beating cilia captured 

under microscope reinforced the evidence of cell differentiation (Video S1, S2, S3). Notably, 

inverted cilia were found across all the cultures.  

Furthermore, we did a cross combination of media to investigate the best condition for airway 

organoid culture. The STEMCELL PneumaCultTM medium system were included as a 

promising ALI medium over BEGM medium. Submerged NHBE and BCi cells were cultured 

in BEGM or PneumaCultTM Ex Plus medium and changed to AO media or PneumaCultTM 

ALI (P-ALI) medium for airway organoid culture as illustrated in Table 5.4. Only NHBE 

cells from BEGM medium to AO media successfully differentiated (Figure 5.8A; Video S4). 

NHBE cells from Ex Plus medium generated nice shape of organoids in AO media, but no 

evidence showed cell differentiation (Figure 5.8B). NHBE cells died in PneumaCultTM Ex 
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Plus medium to P-ALI medium (Figure 5.8C). For BCi cells, none of the combinations of 

media supplements supported the cell differentiation (Figure 5.8D, E, F). Cells from Ex Plus 

medium to P-ALI medium didn’t support the generation of organoid-like structure and 

massively expanded the monolayer cell numbers.   

            

Table 5.3 Airway organoid media recipe  

From reported protocol(Sachs et al., 2019). 

Media component 

Signalling pathway  

Activation Block 

R-Spondin 1 Wnt/-catenin signalling 

FGF 7 FGFR2b signalling 

FGF 10 FGFR2b signalling 

Noggin TGF- signalling 

A83-01 TGF- signalling 

Y-27632 ROCK signalling 

SB202190 p38 MAPK signalling 

B27 supplement a.o. insulin signalling 

N-Acetylcysteine Antioxidant 

Nicotinamide Co-enzyme precursor 

GlutaMax 100x Nutrient 

HEPES Buffer 

Penicillin / Streptomycin Antibiotics 

Primocin Antibiotic/antimycotic 

Advanced DMEM/F12 Base medium 
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Figure 5.6 Airway organoids generated from NHBE, Asthmatic-HBE, and COPD-HBE 

cells in BEGM medium 

NHBE, Asthmatic-HBE, and COPD-HBE cells were seeded to generate airway organoids 

using BEGM medium. Representative brightfield images (4x objective) of NHBE (A), 

Asthmatic-HBE (B), COPD-HBE (C) cells derived airway organoids were taken at Day 21. 

Total RNA was extracted and gene expression of basal cell markers (A), ciliated cell markers 

(B), and secretory cell markers (C) were measured by RT-qPCR. Gene expression is 

expressed as -∆CT (Log2). Data are presented as mean and SEM for n=3 independent 

cultures.  
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Figure 5.7 Airway organoids generated from NHBE cells in Airway Organoid medium 

NHBE cells were seeded to generate airway organoids using Airway Organoid medium. 

Representative brightfield images (4x objective) of three independent NHBE cell cultures (A, 

B, C) derived airway organoids were taken at Day 21. (D) Total RNA was extracted and gene 

expression of basal cell markers (left), secretory cell markers (middle), and ciliated cell 

markers (right) were measured by RT-qPCR. Gene expression is expressed as -∆CT (Log2). 

Data are presented as mean and SEM for n=3 independent cultures. A paired-samples t-test 

was used for analysis, *: P<0.05, **: P<0.01. 
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Table 5.4 Cross combination of media in airway organoid culture 

Submerge culture Airway organoid culture 

BEGM AO media 

PneumaCultTM Ex Plus 

AO media  

PneumaCultTM ALI (P-ALI) 

 

 

 

Figure 5.8 Airway organoids generated from NHBE and BCi cells in different 

combination of culture media 

Submerged NHBE cells in BEGM medium seeded in AO medium (A), submerged NHBE 

cells in PneumaCultTM Ex Plus medium seeded in AO medium (B) or P-ALI medium (C) to 

generate airway organoids. Submerged BCi cells in BEGM medium seeded in AO medium 

(D), submerged BCi cells in PneumaCultTM Ex Plus medium seeded in AO medium (E) or P-

ALI medium (F) to generate airway organoids. Representative brightfield images (4x 

objective) were obtained at Day 21.  
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5.3.4 Characterization of airway organoids 

To gain a detail view of the structure, airway organoids were fixed and stained with cell 

marker antibodies and junction proteins. In comparison, whole mount staining and staining of 

paraffin sections was performed in ALI cultures as a reference. For airway organoids, we 

only performed whole mount staining, whereas paraffin-embedding was difficult to achieve 

for the size and number of organoids. In airway organoids, the basal cells marker KRT5 was 

highly expressed in cells at the border of the organoid (Figure 5.9A). F-actin was distributed 

at the cell membrane and highlighted the lumen structure inside the organoid. MUC5AC 

were positively stained in the lumen, suggesting the goblet cells secreted mucin into the 

lumen. In ALI cultures, H&E staining showed pseudostratified columnar epithelial cells 

(Figure 5.9B). IF staining indicated that the basal cells were localized underneath the ciliated 

and secretory cells (Figure 5.9C). In whole mount staining, E-Cad were evenly distributed at 

the cell membrane, further demonstrated the columnar structure.  
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Figure 5.9 Characterization of air-liquid interface culture and airway organoids 

NHBE cells were differentiated in airway organoid culture and air-liquid interface culture. 

Airway organoids were fixed after 21 days of culture. Air-liquid interface culture was fixed 

after 28 days. (A) Immunofluorescence staining of basal cell marker KRT5 (red), goblet cell 

marker MUC5AC (magenta), F-actin (green), and nucleus (blue) in NHBE cells derived 

airway organoid. (B) H&E staining on NHBE cells derived ALI paraffin section. (C) 

Immunofluorescence staining of basal cell marker KRT5 (yellow), ciliated cell marker 

acetylated tubulin (magenta), club cell marker CC10 (green), and nucleus (blue) on NHBE 

cells derived ALI paraffin section. Images were taken with 20x and 60x objective. (D) Whole 

mount staining of E-cad (red), club cell marker CC10 (green), and nucleus (blue) on NHBE 

cells derived ALI.  
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5.3.5 ENaCα, β, γ subunits gene expression was restored by airway 

organoid culture and ALI culture. 

Hence the airway organoid culture been finalized, the gene expression of ENaCα, β, γ 

subunits was measured to identify whether they are suitable for assessing channel activity. 

The mRNA from submerged NHBE cells, NHBE derived organoids, and NHBE derived ALI 

were collected and measured (Figure 5.10). The comparison was made within the same 

NHBE culture to exclude donor variation. The ENaCα gene expression was not altered by 

either airway organoid culture or ALI culture, same as native and submerged HBEB cells 

(Figure 4.6B). Interestingly, both airway organoid and ALI culture increased the ENaC β and 

γ subunits gene expression to levels close to in native HBEB cells (Table 5.5).   

 

Table 5.5 The comparison of ENaCα, β, γ subunits gene expression in HBEB cells, 

NHBE cells, airway organoids, and ALI 

Airway organoid cultures were collected after 21 days of culture. Air-liquid interface culture 

was collected after 28 days. Total RNA extracted and gene expression of ENaCα, ENaCβ, 

and ENaCγ were measured by RT-qPCR. Gene expression is expressed as -∆CT (Log2). Data 

are presented as mean and SEM for n=6 independent HBEB cultures, n=4 independent 

experiments from NHBE cells and airway organoid cultures, n=10 ALI cultures.  

∆CT (Log2) 
Native 

HBEB 

HBEB 

Submerged 

NHBE 

Submerged 

NHBE-

Organoids 
NHBE-ALI 

ENaCα -16.8±0.4 -17.6±0.2 -15.1±0.2 -14.5±0.4 -15.9±0.1 

ENaCβ -16.5±0.2 -22.2±1.3 -22.5±1.0 -17.6±0.7 -17.3±0.2 

ENaCγ -20.8±0.3 -28.5±0.6 -26.9±0.8 -23.8±0.8 -25.2±0.2 
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Figure 5.10 The gene expression of ENaCα, β, γ in submerged NHBE cells, airway 

organoid cultures, and ALI culture  

NHBE cells were differentiated in airway organoid culture and air-liquid interface culture. 

Airway organoid cultures were collected after 21 days of culture. Air-liquid interface culture 

was collected after 28 days. Total RNA extracted and gene expression of ENaCα, ENaCβ, 

and ENaCγ were measured by RT-qPCR. Gene expression is expressed as -∆CT (Log2). Data 

are presented as mean and SEM for n=4 independent experiments from NHBE cells and 

airway organoid cultures (A), n=10 ALI culture (B). A paired-samples t-test (A) and unpaired 

t-test (B) were used for analysis, *: P<0.05, **: P<0.01. 
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5.4 Discussions 

In this chapter, we successfully generated airway organoids using protocols modified from 

the culture formats reported in the literatures. The silicone mask made the droplet uniform in 

size and shape to reduce the variance of organoids between wells of culture plate, increasing 

the reproducibility. The cell differentiation in airway organoid culture requires specific 

culture media. Both airway organoid culture and air-liquid interface culture supported cell 

differentiation and recapitulated in vivo architecture. They restored the ENaC subunits 

expression to levels in native human epithelial cells, suggesting they have the potential to be 

used in evaluating ENaC channel activity.  

Overlaying cells on Matrigel® bed could lead to insufficient cell migration, increasing the 

culture complexity. Initially, some studies chose to overlay the cells on top of the Matrigel® 

bed (Hild and Jaffe, 2016; Tan et al., 2017; Wu et al., 2011). Overlaying NHBE cells on 

Matrigel® showed more efficiency than embedding cells either in 100% Matrigel® or 1:1 

diluted Matrigel® to generate 3D glandular acini (Wu et al., 2011). It is understandable 

considering the characteristic of Matrigel®. Basement membrane is mainly composed of type 

IV collagen, laminin, nidogen/entactin, and perlecan (LeBleu et al., 2007). Matrigel®, 

extracted from the Engelbreth-Holm-Swarm (EHS) tumour, contains collagen IV (~30%), 

laminin (~60%), entactin (~8%), and perlecan (~2-3%) (Corning, 2019; Kleinman et al., 1986; 

Kleinman et al., 1982). It also contains a wide range of growth factors, including TGF-β, 

fibroblast growth factors (FGFs), epidermal growth factor (EGF), platelet-derived growth 

factor (PDGF), vascular endothelial growth factor (VEGF), and insulin-like growth factor 

(IGF) (Corning, 2019). The gelation of Matrigel® happens at 22-37°C, during which entactin 

crosslinks collagen and laminin to create a water-swollen, crosslinked network (Aisenbrey 

and Murphy, 2020). It is extremely important to handle the Matrigel® in chilled/ice-cold 

environment to avoid pre-gelling. In airway organoid culture, overlaying cells on gelled 

Matrigel® might protect cells from a “temperature shock”. Temperature reduction might 

regulate cell cycle, metabolism, transcription, translation, and cell cytoskeleton (Al-Fageeh et 

al., 2006). But mammalian cells can survive under 4°C at a reduced growth rate (Fujita, 1999; 

Hunt et al., 2005). Therefore, it is probably acceptable to mix the cells with cold Matrigel® in 

airway organoid culture. We have seen cells remain on top of the Matrigel® layer instead of 

moving into the Matrigel®. Using a model containing both monolayer cells and sphere-like 

cells has the potential to make the results confusing, especially in mechanopharmacology. It 

was well established that membrane-anchored matrix metalloproteinases (MT-MMPs) 
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regulate cell migration through ECM and affect cell self-organization (Hotary et al., 2000; 

Quaranta, 2000). Insufficient expression of MT-MMPs could be responsible for the formation 

of monolayer cells. 

Hydrophobic polydimethylsiloxane is the most familiar silicone polymer (Owen, 2017). 

Although the initial purpose of introducing it into airway organoid culture was to use as a 

mask to assist Matrigel® gelation, the outcome indicated its potential for standardization and 

industrialization of airway organoid culture. Moreover, the size of the silicone mask 

determines the droplet curvature. Tissue shape and growth can be regulated by surface 

tension, which is related to local curvature (Beltrán-Heredia et al., 2017; Ehrig et al., 2019; 

Fischer-Friedrich et al., 2014). Therefore, the response of organoids to surface tension can be 

investigated by controlling silicone mask.  

The cell condition used in organotypic cultures might be one of the key factors. It is well 

accepted that the primary cells have limited lifespan and numbers of time cells can divide. 

Most of the studies use cells at passage one or two to guarantee their differentiation potential. 

In ALI cultures, it is now possible to use cells beyond passage four in presence of Rho kinase 

(ROCK) inhibitor or in PneumaCultTM Ex Plus medium (Rayner et al., 2019). ROCK 

inhibitor, Y-27632, allowed extension of airway basal cells (Horani et al., 2013; Wolf et al., 

2017). Cells treated with Y-27632 expressed more intermediate filament and desmosomal 

genes and less protease gene expression with implications for ECM remodelling (Reynolds et 

al., 2016). The use of the ROCK inhibitor can also maintain iPSCs phenotype and enhance 

the recovery of iPSCs by phosphorylating and activating the myosin II pathway (Claassen et 

al., 2009; Vernardis et al., 2017; Watanabe et al., 2007). Although confidential, one could 

speculate that PneumaCultTM Ex Plus medium contains ROCK inhibitor. However, cells 

submerged in PneumaCultTM Ex Plus medium only differentiated in ALI culture, not in 

airway organoid culture. It is an interesting contrast, considering that the ROCK inhibitor is 

one of the components of the airway organoid media. This is suggesting that airway organoid 

culture might have different requirements for cell conditions than those supporting ALI 

culture. In airway organoid cultures, stem cells isolated from lung tissue and hPSCs are more 

often used (Chen et al., 2017; McCauley et al., 2017; Sachs et al., 2019; Song et al., 2021; 

Zhou et al., 2018). Freshly isolated cells keep the most in vivo features as well as having the 

best maintained differentiation potential. However, these cells are short supply and low in 

number and with limited range of sources. Lack of maturity, phenotypic heterogeneity, and 
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genetic instability limit the use of iPSCs (Doss and Sachinidis, 2019). Further study on 

generating airway organoids from BCi cells would benefit large scale screening.  

Media component is another key factor. For ALI culture, retinoic acid (RA) is believed to be 

the essential component for promoting mucociliary differentiation (Cao et al., 2021; Luengen 

et al., 2020). Lack of RA resulted in decreased mucin secretion and mucin genes expression 

in ALI culture (Yoon et al., 1997). Binding of RA to receptors activate the transcription of 

primary target genes, induce epigenetic changes, and induce genes encoding transcription 

factors and signalling proteins which further alter the gene expression (Gudas and Wagner, 

2011). The activation of retinoic acid receptor α led to c-FOX/c-JUN dependent claudin 1 

promoter activation and increased tight junction permeability (Lochbaum et al., 2020). 

However, neither BEGM with RA, nor PneumaCultTM ALI medium support mucociliary 

differentiation in airway organoid culture. The AO media from Hans Clevers group was 

developed from medium for intestine, liver, pancreas (Broutier et al., 2016). These organoid 

cultures share most of the components, whereas airway organoids do not require exogenous 

WNT3A (Sachs et al., 2019). For iPSCs, low Wnt conditions promoted lung progenitors to 

airway progenitors to grow airway organoids, whereas high Wnt drove to differentiation of 

alveolar progenitors (McCauley et al., 2017). Addition of A83-01 or Y-27632 into BEGM 

could not support cell differentiation, suggesting that all the AO media components might be 

indispensable. Nevertheless, it would be interesting to investigate the key components in 

airway organoid culture so that other growth factors could be reduced/replaced in 

pharmacology and pathophysiology studies. For instance, A83-01 (IC50=12 nM) is more 

potent in inhibiting TGF-β receptor ALK5 than SB431542 (IC50=94 nM), a selective 

inhibitor of ALK5 (Inman et al., 2002; Tojo et al., 2005). The existence of such a potent 

TGF-β inhibitor would compromise the predictive value of airway organoid culture in 

investigating the influence of matrix stiffness on TGF-β actions. 

Controlling mucociliary differentiation direction in organotypic cultures could provide 

models for disease associated with goblet cell hyperplasia. IL-6 addition in ALI cultures 

resulted in increased ciliated cells and fewer secretory cells, which was through activation of 

STAT3 to regulate Notch1, Mcidas, and FOXJ1 genes (Tadokoro et al., 2014). Interleukin-13 

and interleukin-4 have been shown to increase goblet cell formation (Kuperman et al., 2002; 

Laoukili et al., 2001; Munitz et al., 2008). IL-13 increased mucin genes expression in airway 

organoids was inhibited by Notch2 inhibitor, suggesting Notch2 might be required for goblet 

cell metaplasia (Danahay et al., 2015). The Notch signalling inhibitor, DAPT promoted 
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ciliated cells over secretory cell differentiation (Konishi et al., 2016; Zhou et al., 2018). In 

ALI cultures, Notch signalling also regulated the balance of ciliated and secretory cell (Gomi 

et al., 2015; Rock et al., 2011) However, we didn’t see any evidence suggesting cell 

differentiation in airway organoids cultured in BEGM supplemented with DAPT. It might not 

be surprising, considering that the BEGM medium might not be suitable.  

Airway organoid culture and ALI culture both brought ENaC β and γ subunits to levels close 

to native cells. Ussing chamber and single-clamp patch assay have been used in ALI culture 

to measure ENaC and CFTR activity (Den Beste et al., 2013; Gentzsch et al., 2016; Gianotti 

et al., 2018; Rayner et al., 2019). These conventional methods to measure ENaC channel 

activity, as described in Chapter 4, are either single-use or tissue based. The membrane in the 

transwell could be cut to fit into the Ussing chamber, but this would be too difficult for 

airway organoids. Forskolin-induced swelling assay (FIS assay) is applicable to airway 

organoids (Boj et al., 2017; Dekkers et al., 2013). Forskolin activates CFTR by increasing 

intracellular cyclic adenosine monophosphate (cAMP) levels (Collawn and Matalon, 2014). 

Organoids exposed to forskolin swell as a result of ion and water transport. In the assay, the 

organoids swelling is recorded by fluorescent cell-permeable dye, calcein green. ENaC 

channel works co-ordinately with CFTR. Therefore, the FIS assay might also be suitable to 

measure ENaC channel activity. Compared to FLIPR® membrane potential assay used in 

Chapter 4, FIS assay visualizes the functional consequences of the channel current change 

but might not be extendable to high-throughput and has not been validated in airway 

organoids. 

In summary, organotypic culture can restore the ciliated and secretory cell populations. The 

culture medium and cell conditions in organotypic culture are critical for mucociliary 

differentiation. Controllable organotypic cultures could be beneficial for physiology, 

pathology, and pharmacology research.  
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6.1 Introduction 

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) has rapidly spread globally since December 2019. The World 

Health Organization (WHO) declared the COVID-19 outbreak a pandemic in March 2020 

(WHO, 2020). As of June 2021, more than 175 million people have been confirmed infected 

with more than 3.8 million deaths announced. The symptoms of COVID-19 when present are 

highly varied, but may include fever, dry cough, and shortness of breath. Severe cases of 

COVID-19 can lead to hypoxia, respiratory failure, and death. Currently, the US Food and 

Drug Administration (FDA) has approved the anti-viral agent remdesivir for hospitalized 

patients who require supplemental oxygen (FDA, 2020) and monoclonal anti-spike protein 

antibodies bamlanivimab and etesevimab in combination for the treatment of mild to 

moderate COVID-19 in adults and paediatric patients (FDA, 2021). Dexamethasone, alone or 

in combination with remdesivir, is approved for hospitalized patients. Baricitinib in 

combination with remdesivir is also approved for hospitalized patients requiring 

supplemental oxygen or extracorporeal membrane oxygenation. Pfizer-BioNTech, Moderna, 

Oxford-AstraZeneca, and Sinopharm vaccines have been approved for use in several 

countries. The progress of vaccination and emerging data suggests that the burden of 

infection in many countries is reduced but not eliminated. Control of COVID-19 is 

complicated by the emergence of variant viruses that are more transmissible (e.g., the delta 

variant) or against which current vaccines show reduced effectiveness (beta variant). Vaccine 

hesitancy, an inevitable fraction of the population who fail to mount an adequate immune 

response and the potential development of new virus strains resistant to vaccines further 

emphasize the necessity to continue to understand and develop additional rational treatment 

approaches for COVID-19, including repurposed drugs and perhaps even novel agents.  

Case studies of hospitalized COVID-19 patients suggest older age, hypertension, diabetes, 

cardiovascular disease, and higher number of comorbidities are associated with disease 

severity (Li et al., 2020; Wu and McGoogan, 2020; Zhang et al., 2020b). Surprisingly, 

asthma, chronic obstructive pulmonary disease (COPD), and allergic disease have not been 

identified as risk factors for COVID-19 severity (Chhiba et al., 2020; Li et al., 2020; 

Lovinsky-Desir et al., 2020; Zhang et al., 2020b). This lack of susceptibility of patients with 

lung diseases contrasts with observations with other respiratory viruses, such as rhinovirus 

(RV), respiratory syncytial virus (RSV), or influenza virus, which are known to exacerbate 

the inflamed airways in these prevalent airway/lung diseases (Tan et al., 2020). Additionally, 
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patients with cystic fibrosis (CF) were also underrepresented in COVID-19 cohort (Colombo 

et al., 2020). The hallmark of pulmonary manifestations of cystic fibrosis is infection by 

bacterial and viral pathogens(De Boeck and Amaral, 2016).  The unexpectedly low 

proportion of patients with chronic respiratory disease in COVID-19 cohorts led us to 

question whether the underlying inflammatory features and/or therapeutics for chronic 

respiratory disease could provide any insights into determinants of COVID-19 severity.  

A range of airway cellular models have been developed for investigation of respiratory 

infections. Freshly isolated and uncultured primary cells provide the closest model to the 

native condition but are limited in utility by a short ex vivo lifespan, access to donors, and cell 

numbers that can be obtained. The A549 type II alveolar epithelial carcinoma cell line and 

BEAS-2B simian virus 40 (SV40)-transformed bronchial epithelial cell lines have been 

commonly used in respiratory research. The data from these cell lines may sometimes be 

extrapolated to primary epithelial cells (Hillyer et al., 2018; Keenan et al., 2014).  

Notwithstanding their widespread usage, these cell lines lack in vivo architecture and 

phenotypic diversity, and their transformed proliferative pathways distort cellular 

pharmacology. One of the difficulties noted in studying SARS-CoV-2 is that most of the 

human cell lines were not infectible, except for CaCo2 and Calu3 cells (Chu et al., 2020). 

Therefore, more (patho)physiologically relevant cellular models are needed for COVID-19.   

Since development in 1980s, the air-liquid interface (ALI) culture has become a routine 

approach to differentiate epithelial cells (Chen and Schoen, 2019) for a variety of viral 

infection studies, including influenza (Pharo et al., 2020; Wu et al., 2016), RSV (Xia et al., 

2017), coronaviruses (Dijkman et al., 2013; Jia et al., 2005; Jonsdottir and Dijkman, 2016), 

and SARS-CoV-2 (Abo et al., 2020; Marsh et al., 2021; Pizzorno et al., 2020; Vanderheiden 

et al., 2020; Zhu et al., 2020). In the last decade, self-renewing organoid models have rapidly 

advanced understanding of stem cell biology, organogenesis, and human pathologies (Dutta 

et al., 2017). The use of organoids in studying influenza virus (Zhou et al., 2018) and adeno-

associated virus (Meyer-Berg et al., 2020) promised researchers versatile models to cover the 

gaps between in vitro and in vivo infection models. In recent work, liver organoids (Yang et 

al., 2020) and lung bud tip organoids (Lamers et al., 2020) both showed susceptibility to 

SARS-CoV-2 infection. 

We have systematically compared airway cell lines, ALI, and airway organoid culture to 

freshly isolated human bronchial epithelial cells to benchmark the expression and distribution 

of angiotensin converting enzyme 2 (ACE2), the main or primary receptor for SARS-CoV-2. 
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Biopsies from a cohort of asthmatic and non-asthmatic subjects (Keenan et al., 2018; Li et al., 

2019) were also evaluated for the distribution and abundance of ACE2. The level and cellular 

distribution of the ACE2 in biopsies provided a further benchmark for comparison with ALI 

and airway epithelial cultures. Cytokine levels and morphogenic changes in ALI cultures 

after SARS-CoV-2 infection confirmed their utility in investigations of COVID-19. 
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6.2 Methods 

6.2.1 Study participants 

Twelve paediatric cystic fibrosis (CF) patients and four non-CF participants at the Royal 

Children’s Hospital Melbourne were recruited. The clinical characteristics of the subjects 

with CF are shown in Table 6.1. The research ethics committees of the Royal Children’s 

Hospital Melbourne (approval no. HREC 25054) and the University of Melbourne (approval 

no. HREC 2056658) approved the study. Written consent was obtained from the parents of 

the children enrolled into the study. 

 

Table 6.1 Characteristics of donors of primary human bronchial epithelial brushing cell 

cultures 

ID 
CF/   

Non-CF 
Age Sex 

CFTR 

mutation 1 

CFTR 

mutation 2 

Modulator 

use 

M1C130 CF 4.9 Male deltaF508 G551D Ivacaftor 

M1C154 CF 3.2 Male deltaF508 deltaF508 No 

M1C175 CF 1.0 Female 
c.1521_1523 

(delCTT) 

c.1521_1523 

(delCTT) 
No 

M1C134 CF 5.0 Male delta F508 delta F508 No 

M1C172 CF 2.0 Male delta F508 delta F508 No 

M1C151 CF 4.0 Male delta F508 delta F508 No 

M1C123 CF 6.0 Female delta F508 delta F508 
Lumacaftor

-ivacaftor 

M1C126 CF 5.9 Female p.F508del p.F508del No 

M1C129 CF 5.9 Male delta F508 p.G551D Yes 

M1C158 CF 3.9 Female 
p.Arg1158Te

r 

p.Arg1158Te

r 
No 

M1C176 CF 1.9 Male p.Phe508del p.Phe508del No 

M1C184 CF 0.5 Female p.1507del p.F508del No 
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M1N050 Non-CF 8.4 Female N/A N/A N/A 

M1N055 Non-CF 1.1 Male N/A N/A N/A 

M1N056 Non-CF 5.9 Female N/A N/A N/A 

M1N057 Non-CF 3.7 Male N/A N/A N/A 

CFTR: cystic fibrosis transmembrane conductance regulator. 

 

6.2.2 Primary human bronchial epithelial cell brushings  

The establishment of primary human bronchial epithelial brushing cells (HBEB) were 

described as in Section 2.1.3.3. Briefly, the bronchial epithelial brushing cells obtained 

during flexible bronchoscopy using cytology brushes were dislodged by agitation, then 

seeded onto collagen-coated 25 cm2 cell culture flasks in Bronchial Epithelial Growth 

Medium supplemented with Single Quots and Amphotericin B at 37°C in air containing 5% 

CO2. The native cells were sedimented onto cytocentrifuge slides (Cytospin 2, Shandon, 350 

rpm, 10 min) left to dry overnight and fixed in pre-chilled methanol for 5 min and then 

washed with PBS, prior to storage or staining. 

 

6.2.3 Primary human bronchial epithelial cell (HBEC) 

Primary human bronchial epithelial cells were established from bronchi of lung resection 

specimens derived from donors without chronic respiratory disease as previously describe 

(Schuliga et al., 2009). Samples were obtained with approval from the University of 

Melbourne (approval no. HREC 1750014) and Alfred Hospital (approval no. 336/13; Alfred 

Hospital, Melbourne, VIC, Australia). The establishment of primary human bronchial 

epithelial cells (HBEC) were described as in Section 2.1.3.4. Briefly, the bronchial epithelial 

cells were obtained by scraping the inner surface of airway with a no. 23 scalpel blade. The 

cells were resuspended in BEGM medium and seeded on collagen-coated 25 cm2 cell culture 

flasks. Cells were cultured at 37°C in a humidified atmosphere containing 5% CO2. 
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6.2.4 Primary human bronchial epithelial cell cultures 

Primary human bronchial epithelial cell cultures, purchased from Lonza or prepared as 

described in Section 6.2.2 and 6.2.3. Briefly, cells were cultured in BEGM at 37°C in air 

containing 5% CO2. Once cell cultures reached 80% confluency, the cells were dissociated 

using trypsin/EDTA and trypsin neutralizing solution. 

 

6.2.5 Cell culture 

The well-characterized immortalized BCi cell line (Walters et al., 2013) was provided by 

Drs. Mathew Walters and Ronald Crystal (Weill Cornell Medical College, NY) and cultured 

as described in Section 2.1.2 and 2.1.3. 

African green monkey kidney epithelial cells Vero cells (#CCL-81, ATCC) were cultured at 

37°C, 5% CO2 in Minimum Essential Media (MEM) (Media Preparation Unit, Peter Doherty 

Institute) supplemented with 5% Fetal Bovine Serum (Sigma), 1X penicillin/streptomycin 

(Gibco), 1X GlutaMAX (Gibco), and 15 mM HEPES (Gibco). Vero/hSLAM cells (European 

Collection of Authenticated Cell Cultures [ECACC], #04091501) were grown at 37°C, 5% 

CO2 in MEM with 7% FBS (Sigma), 1X penicillin/streptomycin (Gibco), 1X GlutaMAX 

(Gibco), and 15 mM HEPES (Gibco) and 0.4 mg/ml geneticin (Gibco). 

 

6.2.6 Air-liquid interface 

The primary epithelial cells were seeded to generate air-liquid interface culture as described 

in Section 2.3.1. Briefly, cells used for ALI culture were originally passaged in submerged 

culture in BEGM prior to medium change to PneumaCultTM Ex Plus medium (STEMCELL 

Technologies), supplemented with hydrocortisone (STEMCELL Technologies). Upon 

reaching 80% confluency, the cells were dissociated using an animal component-free cell 

dissociation kit (STEMCELL Technologies), then seeded on fibrillar collagen (0.03 mg/mL 

rat tail collagen)-coated 24-well Corning® Transwell® (surface area: 0.33 cm2) with 0.4 µm 

pore polyester membrane inserts (Corning). The cells were cultured in PneumaCultTM Ex 

Plus for 4 days until 100% confluency was reached. Upon confluency, the cells were “air-

lifted” by removing the growth medium from the apical surface and replacing the basal 

medium with PneumaCultTM ALI Medium (STEMCELL Technologies), supplemented with 

hydrocortisone and heparin (STEMCELL Technologies) according to manufacturer’s 
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instructions. The PneumaCultTM ALI medium was changed every second day and apical 

surfaces were washed with PBS (no Ca+, Mg2+) every week, from one week after air lifting. 

One day before viral infection or drug treatment, if not otherwise specified, the 

hydrocortisone concentration in the medium was reduced to 100nM according to previous 

protocol (Prodanovic et al., 2017; Xia et al., 2017). Bright-field microscopy detectable cilia 

beating was captured using Olympus IX53 microscope equipped with QImaging optiMOS 

high speed camera (100 frames/sec). The cells were fixed in 10% neutral buffered formalin 

(NBF, Grale Scientific) for 10 min. The membrane was excised from the transwell and cut 

into 4 pieces (Levardon et al., 2018) for whole-mount staining or embedded in paraffin and 

sectioned for staining.      

 

6.2.7 Airway organoids 

The airway organoid culture was generated in a droplet format as described in Section 2.3.2. 

Briefly, the elastomeric stencil silicone mask was used to standardize the size and shape of 

the Matrigel® droplet (Figure 6.1). The diameter of the mask can be adjusted to fit different 

culture plates or bio-printing settings. Briefly, an elastomeric stencil silicone mask was 

placed in the 48-well plate (diameter: 11 mm). The outer diameter and inner diameter of the 

silicone mask are 8mm and 5mm. The inner surface bounded by the mask was then coated 

with 25 µL of 1% BSA for 1h at 37°C. The residue was removed and washed once with PBS. 

The plate was left to dry and pre-warmed in the incubator. The NHBE cells cultured in 

BEGM were dissociated as descried above and resuspended in 50% growth factor reduced 

(GFR) Matrigel® (Corning) at a density of 3,000 cells/well. A 25 µL droplet was added onto 

the inner surface of the silicone mask. After solidification of the droplet, 250 µL of the 

airway organoid medium (Table 2.6) was added into the plate. The medium was changed 

every second day. All the organoids were cultured for 3 weeks. The development of airway 

organoids was recorded using the same microscope, camera and methodology as for ALI. 

The organoids were fixed in 10% NBF for 30 min as described previously (Broutier et al., 

2016; Dekkers et al., 2019). All the tips and tubes in contact with organoids were coated with 

1% BSA to minimise cell adherence.  



Organotypic Airway Epithelial Cultures for SARS-CoV-2 Research 

 142 

 

Figure 6.1 Airway organoid culture with silicone mask 

 

6.2.8 Immunofluorescence staining 

In general, samples were blocked in 5% goat serum/0.1% Triton X-100 in PBS for 1 h at 

room temperature. The samples were incubated with primary antibodies (Table 2.8) diluted 

in 1% BSA/0.1% Triton X-100 in PBS overnight at 4°C, followed by incubation of secondary 

antibodies (Table 2.8) for 1 h at room temperature. Nuclei and actin filaments were stained 

with DAPI (Santa Cruz) and Alexa Fluor® 488 Phalloidin (Cell Signaling). DAKO 

fluorescent mounting medium (DAKO) was used for mounting. Airway organoids were 

stained, cleared, and mounted as described previously (Dekkers et al., 2019). Specifically, 

Poly (2-hydroxyethyl methacrylate) (Poly-HEMA, Sigma) coated plates were used for 

immunofluorescence staining. For ALI samples, all the staining steps were carried out in 

Eppendorf tubes. The membrane piece was transferred into the mounting media dropped onto 

a microscope slide bordered by double-sided sticky tape (Scotch 3M) to avoid disruption of 

the 3D organoid structure. The confocal images were acquired using a Zeiss LSM880 

Airyscan Fast confocal microscope (Biological Optical Microscopy Platform, University of 

Melbourne) and analysed using Imaris 9.2 and FIJI Image J software.   
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6.2.9 Immunohistochemistry staining 

The airway biopsies used in this study were obtained from subjects recruited from the 

Melbourne Epidemiological Study of Childhood Asthma (MESCA) cohort. Details are 

described as in Section 2.4.4. The demographic data are provided in Table 6.2. 

Paraffin-embedded sections of human airway and ALI derived from NHBE cells were stained 

with ACE2 or IgG isotype control using three-layer immunoperoxidase protocol, as described 

in Section 2.4.4.3. ACE2 expression level was determined by a semi-quantitative IHC 

scoring method. 

 

Table 6.2 Demographic data for subjects from the MESCA cohort from whom biopsies 

were obtained for ACE staining using Immunohistochemistry 

 Non-Asthma Mild Asthma 1 Moderate 

Asthma 1 

Severe 

Asthma 1 

Subject n (M/F) 12 (7/5) 17 (3/12 2) 9 (7/2) 9 (2/7) 

FEV1 %pred 114 (98-141) 102 (83-115) 66 (50-73) 64 (56-101) 

Atopic (%) 50 94 100 56 

Current smokers (%) 0 53 56 50 3 

β2-adrenoceptor 

agonists (%) 
0 65 100  N/A 

Inhaled steroids (%) 0 41 100 100 

Oral steroids (%) 0 88 22 0 

Data presented as median (interquartile range) or %. M: male; F: female; FEV1: forced 

expiratory volume in one second; %pred: % predicted. 1: classified using Global Initiative for 

Asthma guidelines; 2: 2 unknowns; 3: 5 unknowns. 

 

6.2.10 SARS-CoV-2 preparation 

Briefly, a SARS‐CoV‐2 isolate (BetaCoV/Australia/VIC01/2020), provided by the Victorian 

Infectious Diseases Reference Laboratory (VIDRL) was passaged in Vero hSLAM cells and 

stored at -80°C. Virus stocks were quantified by virus titration as the median tissue culture 
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infectious dose (TCID50) in Vero cells as previously described (Mills et al., 2021). All work 

with infectious virus was performed inside a biosafety II cabinet, in a biosafety containment 

level 3 facility, and personnel wore powered air-purifying respirators (3M TR-315A 

VERSAFLO) or P2 masks. 

 

6.2.11 SARS-CoV-2 infection 

Primary normal human bronchial epithelial cell (NHBE)-ALI and BCi-ALI cultures were 

inoculated at a multiplicity of infection (MOI) of 0.1 and 1 (104 and 105 TCID50) of SARS-

CoV-2 via the apical surface for 1 hour at 37°C at University of Melbourne. The inoculum 

was removed, and the apical surface washed twice with PBS (second wash is the D0 sample). 

Up to day six, daily apical samples were obtained by PBS washing for 30 minutes at 37°C 

and stored at -80°C. Infectious virus titre was quantified as TCID50/ml as previously 

described (Mills et al., 2021). For immunofluorescence analysis, cells were fixed using 10% 

formalin. NHBE ALI cultures inoculated with SARS-CoV-2 at a MOI of 0.05 for 1 h at 37°C 

at Australian Centre for Disease Preparedness (Marsh et al., 2021). The inoculum was 

removed, and the apical surface washed with PBS. Cells were cultured at 37°C for 48 h. Cells 

were lysed for RT-qPCR analysis. Basolateral supernatants were collected and gamma-

irradiated before cytokine analyses. All work with infectious virus was performed in a 

biosafety containment level 4 facility. 

 

6.2.12 Rhinovirus infection and Poly I:C treatment 

Human rhinovirus (RV), RV16 strain (ATCC VR-283) was prepared as previously described 

(Xia et al., 2017). NHBE ALI cultures was inoculated with rhinovirus at a MOI of 1 for 1 h at 

37°C. The inoculum was removed, and the apical surface washed with PBS. Cells were 

cultured at 37°C for 48 h. NHBE ALI cultures treated with 10 µg/mL 

Polyinosinic:polycytidylic acid (Poly I:C) were cultured at 37°C for 24 h. Basolateral 

supernatants were collected for cytokine/chemokine analysis.    
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6.2.13 Isolation of total RNA and RT-qPCR 

Total mRNA extraction and RT-qPCR were carried out as described in Section 2.4.1. Briefly, 

total RNA from SARS-CoV-2 infected cells was extracted using MagMAXTM-96 Total RNA 

Isolation Kit (Invitrogen) or TRIzol (Invitrogen). Total RNA from all the other experiments 

was extracted using illustra RNAspin Mini RNA Isolation Kit (GE Healthcare). RNA extracts 

were reverse transcribed using a High Capacity RNA-to-cDNA Kit (Applied Biosystem). 

Real-time PCR was performed on QuantStudio 6 Flex Real-Time PCR System using iTaqTM 

Universal SYBR® Green Supermix (Bio-Rad). 18S ribosomal RNA was used as reference. 

Primer sequences documented in Table 2.7.  

 

6.2.14 Quantification of cytokine levels in supernatant  

Supernatants were collected for measurement of IL-6, IL-8, GM-CSF by ELISA, as described 

in Section 2.4.2.1. High throughput cytokine/chemokine measurement was done by using 

Bio-Plex ProTM Human Cytokine Grp I Panel 27-Plex, as described in Section 2.4.2. 

 

6.2.15 Statistical analysis 

All data were statistically analysed by GraphPad Prism 7.0 (GraphPad, San Diego, CA, USA) 

and presented as the mean ± standard error of mean (SEM) for n individual experiments in 

cell lines, n individual donors of primary epithelial cell culture. For one independent variable, 

one-way analysis of variance (ANOVA) with the Dunnett’s post-hoc test or unpaired t test 

were used. Two-way ANOVA with Bonferroni post-hoc tests were used for two independent 

variables. P<0.05 was considered to be statistically significant. 
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6.3 Results 

6.3.1 Air-liquid interface culture and bronchial organoid culture can 

recapitulate in vivo bronchial epithelial structures 

In cells derived from bronchial brushing and subsequently fixed prior to any ex vivo culture, 

the ciliated cells, goblet cells, club cells, and basal cells were stained by the respective cell 

type specific markers: acetylated tubulin, MUC5AC, CC10, p63, and KRT5 (Figure 6.2). 

Following isolation, the native epithelial cells were cultured in tissue culture flask to generate 

submerged primary epithelial cell culture. Increased basal cell marker gene expression and 

decreased ciliated and secretory cell marker gene expression is consistent with the inability of 

the ciliated and secretory cells to propagate in conventional two-dimensional culture (Figure 

6.3). To assess the possibility of maintaining ciliated and secretory cells, native bronchial 

epithelial cells were seeded into 24-well plate. After 72 h, the cilia beating was captured by 

microscopy (Video S5). Additionally, the native human bronchial epithelial cells were 

embedded in Matrigel®. From the second day of Matrigel® culture, the cell clusters started to 

generate spheroid-like structures. The cilia kept beating for 14 days (Video S6) and 

maintained their outward orientation in the spheroid. However, there was no enlargement of 

the spheroids during this period, consistent with a lack of cell proliferation under these 

conditions.  

We used normal human bronchial epithelial cells (NHBE) or immortalized human airway 

basal epithelial cell line BCi (Walters et al., 2013) to generate ALI cultures. Each cell 

preparation differentiated into ciliated and secretory cells under ALI culture conditions 

(Figure 6.4A, B), consistent with previous observations (Keenan et al., 2014; Prodanovic et 

al., 2017; Xia et al., 2017). 

Advanced DMEM/F12 supplemented with FGF7, FGF10, R-Spondin 1, Noggin, A83-01, Y-

27632, and SB202190 supported the differentiation of NHBE, but not BCi cells. The size of 

the organoids not only varied within each culture, but also varied between cultures derived 

from different donors (Figure 6.5). Moreover, a lumen structure was not consistently 

obtained. Beating cilia were identified after two weeks of culture. Notably, the cilia were 

oriented toward both the outer surface of the organoid and inside of the lumen (Video S1, 

S7). This phenomenon was observed across four different NHBE cultures, with most of the 

cilia facing outwards. The immunofluorescence staining clearly showed that the mucin was 

also secreted to both the outside and inside of the organoid (Figure 6.4C).  These “bipolar” 
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organoid structures have rarely been reported (Zhou et al., 2018), whereas “unipolar” 

organoid structures are commonly reported (Danahay et al., 2015; Sachs et al., 2019). 

Although the primary human epithelial cells can differentiate under both ALI and organoid 

culture conditions, the proportion of ciliated and secretory cells differed. The expression of 

genetic markers of ciliated cells was higher in ALI whereas secretory cell marker expression 

was higher in organoids (Figure 6.6). The IF staining of ALI showed that the majority of 

cells are ciliated (Figure 6.7), whereas fewer than 10% of epithelial cells in the organoids 

were ciliated.  

The transwell membrane creates a stiff microenvironment for ALI culture which is partially 

shielded by the layer of collagen hydrogel coated on the polystyrene base, whereas organoids 

develop in soft Matrigel®. F-actin was evident as abundant filaments throughout cells at 

bottom layer in ALI culture; more limited amounts of F-actin appeared to be restricted to the 

cell membrane in organoids (Figure 6.8).  Mechanical influences on organotypic culture 

differentiation require further investigations. 

 

 

Figure 6.2 Detection of differentiated cells in native human bronchial brushing 

epithelial cells 

Immunofluorescence staining for ciliated cells (acetylated tubulin, magenta), club cells 

(CC10, green), basal cells (p63 and KRT5, red), and nucleus (DAPI, blue). 
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Figure 6.3 The gene expression in native human primary bronchial epithelial brushing 

cells 

HBEB cells were collected from native samples, three passages from submerged culture. 

Total RNA was extracted and gene expression of basal cell marker ITGA6 (A) and KRT5 

(B), ciliated cell marker DNAH5 (C) and FOXJ1 (D), secretory cell marker MUC5AC (E) 

and TFF3 (F) were measured by RT-qPCR. Gene expression is expressed as -∆CT (Log2). 

Data are presented as mean and SEM for n=3 independent cultures analysed without culture 

(native) or at stated passage numbers (P1-3). 
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Figure 6.4 Characterization of air-liquid interface culture and airway organoids 

NHBE cells were differentiated in airway organoid culture and air-liquid interface culture. 

BCi cells were differentiated in ALI culture. Immunofluorescence staining of acetylated 

tubulin (magenta), CC10 (green), KRT5 (red), and nucleus (blue) in BCi (A) and NHBE (B) 

cell derived ALI. Immunofluorescence staining of MUC5AC (magenta), F-actin (green), 

KRT5 (red), and nucleus (blue) in NHBE cell derived bronchial organoid (C).  

 

 

 

Figure 6.5 Airway organoids generated from NHBE cells 

NHBE cells were seeded to generate airway organoids using Airway Organoid medium. 

Representative brightfield images (4x objective) of two independent NHBE cell cultures (A, 

B) derived airway organoids were taken at Day 21. 
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Figure 6.6 The gene expression in airway organoids and ALI generated from NHBE 

cells 

NHBE cells were differentiated in airway organoid culture and air-liquid interface culture. 

Total RNA was extracted and gene expression of basal cell markers (A), secretory cell 

markers (B), and ciliated cell markers (C) were measured by RT-qPCR. Gene expression is 

expressed as -∆CT (Log2). Data are presented as mean and SEM for n=4 independent 

experiments from 2D submerged NHBE cells and airway organoid cultures, n=5 ALI culture. 

Two-way ANOVA was performed to compare the gene expression in ALI and organoid 

culture to 2D submerge, *: P<0.05, **: P<0.01, ***: P<0.001, ****: P<0.0001. 
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Figure 6.7 Whole mount staining of NHBE cell derived ALI 

Immunofluorescence staining of acetylated tubulin (magenta), CC10 (green), KRT5 (red), 

and nucleus (blue) in NHBE cell derived ALI. Confocal fluorescence images were acquired 

using Leica Confocal microscope with THUNDER Analysis (Leica). 
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Figure 6.8 F-actin distribution in ALI and airway organoids 

Immunofluorescence staining of F-actin (green), KRT5 (red), and nucleus (blue) in NHBE 

cell derived ALI (left) and organoid (right) cultures. 

 

6.3.2 ACE2 and TMPRSS2 are restored by air-liquid interface culture 

and bronchial organoids culture 

To evaluate the utility of airway epithelial in vitro models in viral infection studies, the 

expression of toll-like receptor (TLR) genes was assessed in comparison to levels expressed 

in native human epithelial cells. The TLRs were divided into four groups based on the 

expression pattern among native epithelial cells, submerged NHBE cells, submerged BEAS-

2B cells, ALI, and organoids. TLR3 was similarly expressed in each of the five models 

(Figure 6.9A). In BEAS-2B cells, ALI, and organoids but not in NHBE cells, TLR4 and 

TLR6 expression levels were similar to those measured in native cells. The expression of 

TLR1, TLR2, TLR5, and TLR7 in ALI and organoids were lower than those in native cells, 

but higher than in submerged epithelial cells (Figure 6.9B). TLR8 and TLR9 were 8-fold 

more highly expressed in organoids compared to ALI (Figure 6.9C). TLR10 was expressed 

to similar levels in BEAS-2B, NHBE, and ALI, but was almost undetectable in organoids 

(Figure 6.9D). In general, the aberrant TLR expression in submerged cells was restored to 

near native cell expression levels by culture in ALI and organoid formats.  
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To further differentiate the utility of these models in studying SARS-CoV-2 infection, SARS-

CoV-2 receptor ACE2 and priming protein transmembrane serine protease 2 (TMPRSS2) 

gene expression levels were evaluated. ACE2 and TMPRSS2 genes were expressed to similar 

levels in native epithelial cells derived from adult and infant donors (Figure 6.10A; Figure 

6.11A). There was also no obvious difference between non-CF and CF infants, albeit the 

study was not statistically powered for this question. ACE2 and TMPRSS2 gene expression 

levels markedly declined upon subjecting primary cells to submerged cell culture conditions 

(Figure 6.10B; Figure 6.11B). BEAS-2B and A549 cells expressed significantly lower 

levels of ACE2 and TMPRSS2 than native cells (Figure 6.10C; Figure 6.11C). BCi and 

NHBE cultured at ALI showed restoration of ACE2 and TMPRSS2 expression levels 

compared to submerged culture, albeit the levels remained somewhat lower than those in 

native cells (Figure 6.10D; Figure 6.11D). As the BCi cells did not form differentiated 

organoids, only ALI from BCi cells were evaluated in this study. Organoids cultured from 

NHBE cells also showed a restoration of the ACE2 and TMPRSS2 to near-native expression 

levels. The primary epithelial cell cultures derived from COPD and asthma patients were 

differentiated under ALI; ACE2 and TMPRSS2 gene expression in these cultures did not 

appear to be different in this limited set of samples from COPD and asthma donors, but the 

study was not powered to address this question (Figure 6.10E; Figure 6.11E). 
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Figure 6.9 The gene expression of TLRs in airway epithelial cells 

Total RNA was extracted and gene expression of TLR 1-10 were measured by RT-qPCR. 

Gene expression is expressed as -∆CT (Log2). Interval equals to 8-fold difference. Data are 

presented as mean and SEM n=4 for native HBEC, n=5 for BEAS-2B, n=5 for A549, n=4 for 

NHBE, n=5 for NHBE-ALI, n=4 for NHBE-organoids.  
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Figure 6.10 The gene expression of ACE2 in airway epithelial cells 

Total RNA was extracted and gene expression of ACE2 were measured by RT-qPCR. Gene 

expression is expressed as -∆CT (Log2). Data are presented as mean and SEM n=4 for native 

adult HBEC, n=4 for native infant non-CF, n=8 for native infant CF, n=1 propagated infant 

non-CF, n=3 for propagated infant CF, n=5 for BEAS-2B, n=5 for A549, n=5 for BCi, n=4 

for NHBE, n=5 for NHBE-ALI, n=4 for NHBE-organoids, n=3 for BCi-ALI, n=3 for COPD-

ALI, n=4 for asthmatic-ALI. 
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Figure 6.11 The gene expression of TMPRSS2 in airway epithelial cells 

Total RNA was extracted and gene expression of TMPRSS2 were measured by RT-qPCR. 

Gene expression is expressed as -∆CT (Log2). Data are presented as mean and SEM n=4 for 

native adult HBEC, n=4 for native infant non-CF, n=8 for native infant CF, n=1 propagated 

infant non-CF, n=3 for propagated infant CF, n=5 for BEAS-2B, n=5 for A549, n=5 for BCi, 

n=4 for NHBE, n=5 for NHBE-ALI, n=4 for NHBE-organoids, n=3 for BCi-ALI, n=3 for 

COPD-ALI, n=4 for asthmatic-ALI. 
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6.3.3 ACE2 is highly expressed in ciliated and basal epithelial cells 

ACE2 protein expression levels were measured immunohistochemically in biopsies from 

non-asthmatic subjects, patients with mild, moderate, and severe (steroid-resistant) asthma 

(Figure 6.12). Mild asthma subjects showed slightly lower levels of ACE2 compared to non-

asthma control subjects (Figure 6.13). The ACE2 expression appeared to be uninfluenced by 

sex or atopic status, nor usage of inhaled corticosteroids (ICS) or long acting β2-agonist 

(LABA) (data not shown), whereas smokers showed reduced ACE2 expression compared to 

non-smokers. Interestingly, in BCi cell derived ALI cultures, ACE2 gene expression was not 

altered by budesonide (ICS), alone or in combination with formoterol (LABA), and 

dexamethasone (Figure 6.14A). However, pilot data showed that Dexamethasone tended to 

increase ACE2 gene expression when hydrocortisone concentration in the medium was 

reduced from 1 to 0 µM (Figure 6.14B), suggesting that the medium composition has a 

potentially confounding effect when considering effects of synthetic ICS, as we have 

observed previously (Prodanovic et al., 2017).    

Goblet cell and submucosal gland enlargement are the typical structural changes in COPD 

airway remodelling (Bergeron et al., 2009; Wadsworth et al., 2012). The reduced ACE2 in 

smokers may be explained by changes in cellularity as ACE2 expression in the airway 

epithelium proved to be cell type dependent in ALI and organoid cultures (see below). The 

paraffin blocks of biopsies were cut into 2 µm sections. Sequential 2 µm sections were 

stained with cell markers: acetylated tubulin for ciliated cells, CC10 for club cells, MUC5AC 

for goblet cells, and KRT5 for basal cells. High magnification images (63x objective) were 

taken from the same area to target the similar/overlapping cells. The 2 µm biopsy sections 

from both non-smoking non-asthma subject (Figure 6.15A) and smoking mild-asthma 

subject (Figure 6.15B) showed that ACE2 was present in cells expressing ciliated and basal 

cell markers. Regions of goblet cell hyperplasia in smoking mild asthma were devoid of 

ACE2 expression, potentially explaining the lower level of receptor expression in this group. 

In ALI sections, ACE2 was readily identified but was differentially distributed within the cell 

populations present (Figure 6.16). Whole mount staining images suggested that ACE2 is 

expressed in both NHBE cell derived ALI (Figure 6.17A) and BCi cell derived ALI (Figure 

6.17B). ACE2 immunoreactivity was attenuated at the cell membrane. ACE2 was also 

expressed at cell membrane in both inside-out (Figure 6.18A) and inside-in organoids 

(Figure 6.18B). In 2 µm ALI sections, ACE2 was expressed in basal cells and ciliated cells, 

with especially high expression in the cilia (Figure 6.19) but appeared to be undetectable in 
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secretory club and goblet cells. In airway organoids, ACE2 was localised in cells with cilia, 

but not in secretory cells expressing CC10 (Video S8). Thus, ACE2 distribution observed in 

airway biopsies was recapitulated in the ALI and airway organoids. 

 

 

Figure 6.12 The expression of ACE2 in the large airway biopsies from the Melbourne 

Epidemiological Study of Childhood Asthma study 

Paraffin-embedded sections of human airways from non-asthmatic control (A), mild asthma 

(B), moderate asthma (C), and steroid resistant asthma (D) patients were stained using three-

layer immunoperoxidase method. The expression of ACE2 was detected with specific ACE2 

antibody. Representative images were taken using Olympus IX51 with 60x objective. Scale 

bar = 18 µm. 
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Figure 6.13 Detection of ACE2 expression in the epithelial cells of the large airways 

from the Melbourne Epidemiological Study of Childhood Asthma study 

(A) Comparison of the ACE2 expression in the non-asthmatic control, mild, moderate, and 

severe asthmatic patients using semi-quantitative IHC scoring method, in which the negative 

controls were scored with 0, and the positive controls with 5. Data are presented as median 

with interquartile range. Non-parametric Kruskal-Wallis test was used for analysis. 

Comparison of the ACE2 expression in the epithelial cells between smoking status (B), sex 

(C), and atopic status (D) using semi-quantitative IHC scoring method. Data are presented as 

median with interquartile range. Non-parametric Mann-Whitney test was used for analysis. *: 

P<0.05. 
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Figure 6.14 The influence of ICS, LABA, and hydrocortisone on ACE2 gene expression 

in ALI culture  

(A) BCi-ALI culture medium was changed to medium containing 100nM hydrocortisone 24h 

prior treatment of Budesonide (Bud) and/or formoterol (Form) and Dexamethasone (Dex). 

Gene expression of ACE2 is expressed as -∆CT (Log2) for n=3. (B) BCi-ALI culture 

medium was changed to medium containing 0, 100 nM, and 1 µM hydrocortisone 24 h prior 

Dexamethasone treatment. Gene expression of ACE2 is expressed as -∆CT (Log2). Data are 

presented as mean and SEM. 
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Figure 6.15 ACE2 localization in 2 µm human airway biopsy sections 

Immunofluorescence staining of acetylated tubulin (magenta), CC10 (green), MUC5AC 

(cyan), KRT5 (yellow), ACE2 (red), and nucleus (blue) in 2 µm NHBE cell derived non-

smoking, non-asthma subject (A) and smoking, mild-asthma subject (B) paraffin sections. 

The left panel images were obtained using 63x objective and were taken from the highlighted 

area in the corresponding right-hand side panel (20x objective). 
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Figure 6.16 The expression of ACE2 in the air-liquid interface culture 

ACE2 immunoreactivity in NHBE cells derived ALI cultures. Images from same section. 

Scale bar = 180 µm. 

 

 

 

Figure 6.17 The expression of ACE2 in NHBE and BCi cells derived air-liquid interface 

culture 

Immunofluorescence staining of acetylated tubulin (magenta), CC10 (green), ACE2 (red), 

and nucleus (blue) in NHBE cells derived ALI (A), BCi cells derived ALI (B). 
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Figure 6.18 The expression of ACE2 in NHBE cells derived airway organoids 

Immunofluorescence staining of acetylated tubulin (magenta), CC10 (green), ACE2 (red), 

and nucleus (blue) in NHBE cells derived airway organoids with cilia towards outside (A) 

and inside (B). 

 

 

 

Figure 6.19 ACE2 localization in 2µm ALI sections 

Immunofluorescence staining of acetylated tubulin (magenta), CC10 (green), MUC5AC 

(cyan), KRT5 (yellow), ACE2 (red), and nucleus (blue) in 2 µm NHBE cell derived ALI 

paraffin sections. The left panel images were obtained using 63x objective and were taken 

from the highlighted area in the corresponding right-hand side panel (20x objective). 
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6.3.4 SARS-CoV-2 can infect NHBE and BCi ALI 

To evaluate the infectivity of SARS-CoV-2, NHBE and BCi ALI cultures and submerged 

NHBE and BCi cells were inoculated with SARS-CoV-2. At the outset, airway organoids 

were deemed unsuitable, based on challenges in their use in biosafety level 3 (and higher) 

facilities. As expected, based on ACE2 expression levels, submerged NHBE and BCi cells 

were not susceptible to SARS-CoV-2 (data not shown). In contrast, both NHBE (Figure 

6.20A) and BCi (Figure 6.20B) ALI cultures were susceptible to SARS-CoV-2 infection, 

with peak virus shedding in the apical wash at 48-96 h post infection remaining detectable up 

to 6 days. Additionally, SARS-CoV-2 viral RNA (vRNA) was readily detectable in cells at 

48h (Figure 6.20C) and 5-6 days post infection (Figure 6.20D, E). However, there was no 

induction of interferons by SARS-CoV-2 in either NHBE or BCi ALI at 48 h or 6 days post-

infection (Figure 6.21A, B, C). Although IL-6 was reported to be elevated in serum in severe 

COVID-19 (Cummings et al., 2020), there was no significant inflammatory cytokine 

induction by SARS-CoV-2 (Figure 6.22A), whereas in separate experiments increased 

cytokine levels were induced by rhinovirus (Figure 6.22B) or Poly I:C (Figure 6.22C). 

Mean IL-6 concentrations remained at 2pg/mL after SARS-CoV-2 infection, whereas IL-6 

was increased 100-fold by Poly I:C. 

To confirm viral tropism, SARS-CoV-2 (dsRNA, magenta) was co-stained with the viral 

receptor ACE2 (red) and club cell marker CC10 (green) (Figure 6.23A, B). At 5 days post 

infection, viral dsRNA was found in cells infected with both doses of virus. There appeared 

to be more mucus secreted after viral infection. Surprisingly, the virus seemed to be mostly 

colocalized with secretory cells, but not other cell phenotypes. ACE2 expression was 

diminished compared to mock-infected cells, especially at cell membranes (Figure 6.23B). 

The peptide sequence used to generate ACE2 antibody is from the C-terminus and is part of 

the ectodomain that is subject to ADAM17 cleavage (Jia et al., 2009). The corollary of this 

observation is that the residual intracellular product of cleaved ACE2 will not be detected by 

this antibody. These findings raise the possibility that SARS-CoV-2 infection triggers ACE2 

cleavage, which is suggested to be protective of further infection (Taglauer et al., 2021), but 

carries the strong potential for host damage (Wang et al., 2022). In addition, ACE2 shedding 

may explain discordance between single cell mRNA expression and IHC findings. This 

further suggested that SARS-CoV-2 infected ALI cultures through ACE2. Furthermore, the 

disruption of the tight junction protein ZO-1 (Figure 6.24) suggested a loss of cell integrity 

following infection with SARS-CoV-2.  
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Figure 6.20 ALI cultures infected with SARS-CoV-2 

ALI cultures were infected with SARS-CoV-2 for 1h. SARS-CoV-2 replication kinetics in 

NHBE cell derived ALI (A) and BCi cell derived ALI (B) were detected from apical washes. 

Gene expression of SARS-CoV-2 in NHBE-ALI was measured 48 h (C) and 6 days (D) post-

infection, in BCi-ALI was measured 5 days (E) post-infection. Gene expression is expressed 

as -∆CT (Log2). Data are presented as mean and SEM for n=1 independent culture with 3-4 

technical repeats. NHBE cells used for (C) and (A)(D) were from 2 independent donors. 
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Figure 6.21 Interferons gene expression in SARS-CoV-2 infected ALI cultures 

ALI cultures were infected with SARS-CoV-2 for 1 h. Gene expression of interferons in 

NHBE cell derived ALI was measured 48 h (A) and 6 days (B) post-infection, in BCi cell 

derived ALI was measured 5 days post-infection (C). Gene expression is expressed as -∆CT 

(Log2) for n=1 independent culture with 3-4 technical repeats. NHBE cells used for (A) and 

(B) were from 2 independent donors. 



Organotypic Airway Epithelial Cultures for SARS-CoV-2 Research 

 167 

 

Figure 6.22 Cytokine production in SARS-CoV-2, Poly I:C, and Rhinovirus infected 

ALI cultures 

Cytokines in supernatants were measured in ALI cultures 48 h post-infected with SARS-

CoV-2 (A, n=1 independent culture with 3-4 technical repeats) and Rhinovirus (RV, C, n=4 

independent culture), and 24 h post-stimulated with 10µg/mL Poly I:C (B, n=3 independent 

culture). Data are presented as mean and SEM. A paired-samples t-test was used for analysis, 

*: P<0.05, **: P<0.01. NHBE cells used for ALI cultures were from 8 independent donors. 
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Figure 6.23 Immunofluorescence staining of SARS-CoV-2 dsRNA in ALI cultures 

SARS-CoV-2 infected BCi-ALI cultures were stained for ACE2 (red), CC10 (green), and 

dsRNA (magenta) at 6 days post-infection. Images were obtained using 20x objective (A) 

and 63x objective (B). 

 

 

 

Figure 6.24 SARS-CoV-2 disturbed tight junction of ALI culture 

NHBE-ALI cultures were infected with SARS-CoV-2 for 1 h and stained with ZO-1 (red) at 

6 days post-infection. (A) Mock; (B) NHBE-ALI infected with 104 SARS-CoV-2 (n=1).  
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6.4 Discussion 

Following evaluation of the potential utility of a range of airway cellular models for the study 

of viral infections, ALI organotypic cultures proved the most promising of airway cellular 

models for studies of SARS-CoV-2 infection. Both ALI and airway organoid organotypic 

culture recapitulate ACE2 and TMPRSS2 gene expression, that was suppressed in primary 

epithelial cells under submerged culture conditions lacking ciliated, secretory or goblet cell 

phenotypes. Moreover, benchmarking against ACE2 distribution patterns in non-asthmatic 

and asthmatic subject biopsies, it was clearly evident that ALI and airway organoid culture 

could faithfully replicate the heterogeneous distribution of ACE2 in different cell 

populations. Based on current techniques, the reproducibility and easy-handling properties of 

ALI prioritize it over airway organoid culture in studying infectious diseases, especially in 

the context of biosafety level 3 and higher facilities. After SARS-CoV-2 infection of ALI, 

cytokine levels were not elevated; a finding that is perhaps to have been expected, given the 

majority of the population under 80 years of age with COVID-19 suffer few or no symptoms 

(Oran and Topol, 2020). However, we note a disparity between the typical age and health 

status of donors of available airway epithelial cultures and those needed to represent the most 

affected demographic. 

Native epithelial cells could be considered to be ideal tools for short-term in vitro studies. 

However, drug screening usually requires large numbers of cells, limiting their direct use in 

drug screening. Therefore, attention has been directed to the three-dimensional models: air-

liquid interface and airway organoid. ALI and airway organoid organotypic cultures share the 

capacity to recapitulate the in vivo structure and the functionally differentiated airway 

epithelium of conducting airways. The differentiation of basal cells at ALI restored the 

complete loss of ciliated and secretory cells during submerged culture, thereby restoring the 

elements of the mucociliary clearance mechanisms. Donor or patient pluripotent stem cells 

(PSC) are also used following further differentiation to make ALI and organoid cultures 

(Chen et al., 2017; Dye et al., 2016; Huang et al., 2020a; Konishi et al., 2016). Although the 

latter approaches enable personalized assessment of therapy, these types of organotypic 

cultures require three to four weeks of time consuming and costly manual preparation. In the 

context of earlier discussion about age-appropriate sources of culture material it is generally 

held that induced PSC (iPSC)-derived cells show a more fetal phenotype (Doss and 

Sachinidis, 2019; Volpato and Webber, 2020).  
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ALI and airway organoid cultures differ in several aspects (Table 6.3). The ALI culture 

method has been optimized during the last 30 years (Pruniéras et al., 1983; Rayner et al., 

2019). Although the organoid culture technology in general has rapidly developed in the last 

10 years, airway organoid culture has not been as widely published as other mature organoid 

cultures, such as intestine organoids. The variability of organoid morphology and function 

renders these structures prone to reproducibility issues (Fustin et al., 2019). Some of the 

requirements for innovative engineering approaches for the production, control, and analysis 

of organoids and microenvironment have been fulfilled by “organoids-on-a-chip” (Park et al., 

2019). For studying infectious diseases, the microbes can be simply added to the apical 

surface of ALI, whereas for organoid culture, inoculation has to be done by microinjection 

(Meyer-Berg et al., 2020) or mechanical disruption and re-embedding (Zhou et al., 2018). 

Therefore, further technical improvements are required for organoids to have the potential to 

displace ALI as the preferred format for higher-throughput pre-clinical research.   

 

Table 6.3 Comparison of ALI and airway organoid culture 

 ALI Airway organoid 

Mature protocol +++ + 

Easy handling +++ + 

Reproducibility +++ + 

Physiological mechanical environment + +++ 

In vivo architecture ++ +++ 

Patient specific +++ +++ 

Time consuming +++ +++ 

Confounding from media components +++ +++ 

 

The collagen-coated transwell membrane in ALI cultures and the Matrigel® in organoid 

cultures can be regarded as extracellular matrix (ECM), with the transwell being the stiffer 

substrate. The ECM in organoid culture may be tuneable (Gjorevski et al., 2016). The 

cytoskeletal components function as mechanosensitive elements to sense the external 



Organotypic Airway Epithelial Cultures for SARS-CoV-2 Research 

 171 

mechanical inputs and transduce these into intracellular signals (Jansen et al., 2017). As a 

result, the cytoskeleton distribution in different ECM may lead to different drug responses 

between ALI and organoid culture. The epithelial cells are uni-polar in ALI culture, but bi-

polar in organoid culture, an unexpected phenomenon that requires further investigation to 

potentially reveal differential mechanical cues for development in these two settings. The 

bidirectionality of organoids certainly creates more unwanted and unphysiological 

heterogeneity. Everted organoids have been reported (Zhou et al., 2018), but the mechanism 

behind this morphogenesis is not known. In prostate epithelial cells, the E-cadherin and the 

spindle positioning interacts with cell polarity protein SCRIB and forms a ternary protein 

complex to bridge cell polarity and cell division orientation (Huang et al., 2014). Whether E-

cadherin and SCRIB or other factors are involved in mediating the airway organoid 

orientation is worthy of further investigation, especially if controllable everted organoid 

morphologies could be developed to facilitate infection studies.  

The immortalized basal cell line (BCi) was generated from a healthy donor and has been well 

characterized for its unique multipotent differentiation capacity over long-term culture 

(Walters et al., 2013). The expression of ACE2 and TMPRSS2 in BCi-derived ALI reinforce 

its potential in studying SARS-CoV-2 infection. However, we did notice dyskinetic motile 

cilia in BCi-derived ALI, which has been described previously (Kuek et al., 2018). 

Regardless, BCi cells offer a robust and strategically important model for genetic 

manipulation and drug screening.   

Pulmonary epithelial cells express pattern recognition receptors (PRRs) for pathogen-

associated molecular patterns (PAMPs) from viruses, bacteria, fungi, and multicellular 

parasites (Lloyd and Marsland, 2017). Toll-like receptors expressed in respiratory epithelial 

cells can mediate the innate host defence responses (Ioannidis et al., 2013). TLR 1, 2, 4, 5, 

and 6 bind to components of microbial cell walls and membranes allowing innate response to 

pathogens. TLR3, 7, 8, and 9 bind to microbial nucleic acids, including double and single-

stranded RNA from RNA viruses and DNA from most organisms (Christmas, 2010). The 

similar TLR expression levels in submerged cell cultures and native cells make the cell lines 

potentially useful for studying TLR-mediated inflammatory cytokine production. Whilst 

certain phenomena, such as the impairment of glucocorticoid activity by RSV infection in 

BEAS-2B cells is also observed in NHBE-derived ALI (Xia et al., 2017), responses requiring 

communication between diverse of cell phenotypes are unlikely to be faithfully modelled in 

cell lines such as BEAS-2B and A549. 
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ACE2 has been identified as the primary receptor of SARS-CoV-2, as it is for both SARS-

COV and HCoV-NL63 (Hoffmann et al., 2020b; Hofmann et al., 2005; Kuhn et al., 2004). 

The receptor binding domain (RBD) within the S1 region of the spike (S) protein binds to the 

ACE2 receptor in host cell (Cannalire et al., 2020). Following binding to ACE2, the S protein 

is proteolytically cleaved by TMPRSS2 to promote viral access to host cellular cytosol 

(Hoffmann et al., 2020b). Targeting both the viral and host factors for SARS-CoV-2 entry 

may be a promising strategy for controlling viral infections. The TMPRSS2 inhibitor, 

camostat mesylate suppresses SARS-CoV-2 infection (Hoffmann et al., 2021). Although 

clinical trial of camostat mesylate 200 mg t.i.d was not associated with increased adverse 

events during hospitalization of COVID-19 (Gunst et al., 2021), there was no beneficial 

effect. The possibility of benefit with other TMPRSS2 inhibitors and higher doses of 

camostat mesylate cannot be excluded. Moreover, TLR4 may have a crucial role in SARS-

CoV-2 induced inflammation (Choudhury and Mukherjee, 2020). TLR adaptor signalling 

may contribute to a protective innate immune response to SARS-COV infection (Totura et 

al., 2015). Thus, organotypic cultures with a more globally faithful phenotype are 

strategically favoured over the use of submerged cultures in evaluating these anti-viral 

approaches. 

There was no apparent relationship between ACE2 and TMPRSS2 gene expression and 

asthma, cystic fibrosis or COPD status of native cells or ALI cultures. In our well-powered 

investigation of ACE2 expression in airway epithelium, ACE2 levels did not consistently 

change in asthma of different severities (Li et al., 2019; Qiao et al., 2017; Ward et al., 2008). 

Consistent with our findings, ACE2 and TMPRSS2 mRNA expression in bronchial brush 

samples and sputum cells have also been reported to be unaffected by asthma status and 

shows no correlation with sex or age (Bradding et al., 2020; Peters et al., 2020). SARS-CoV-

2 transmits by droplets and aerosols and has been detected in sputum (Wolfel et al., 2020).  

COPD patients on ICS had a reduced sputum cell expression of ACE2 gene (Finney et al., 

2021). However, our findings do not show an effect of ICS on ACE2 in vitro, which may 

have been due to cortisol in the differentiation media. The medium for both ALI and airway 

organoid cultures are highly bioactive and include growth factors, cortisol, potent TGF-β 

inhibitors, antioxidant reagents, and ROCK inhibitors. These components are necessary for 

cell proliferation and differentiation but compromise the predictive pharmacology. For 

example, cortisol concentration used in ALI culture limits gene transactivation by synthetic 

ICS (Prodanovic et al., 2017).     



Organotypic Airway Epithelial Cultures for SARS-CoV-2 Research 

 173 

ACE2 is highly expressed in ciliated and basal epithelial cells in patient biopsies, allowing 

comparison with organotypic ALI culture which indeed show similar cellular distributions of 

ACE2. Single-cell transcriptomics data indicated high expression of ACE2 in ciliated cells 

(Hikmet et al., 2020). Immunohistochemical staining in bronchial tissues from donors aged 

between 45-75 years further confirmed the high expression of ACE2 in ciliated cells 

compared goblet cells (Hikmet et al., 2020). The ACE2 is also evident in transient secretory 

cells (Lukassen et al., 2020), displaying a phenotype between goblet and ciliated cells. 

Airway remodelling in asthma (and COPD) includes goblet cell metaplasia and submucosal 

gland enlargement. Thus, the increased proportion of ciliated cells or secretory cells might 

lead to differences in ACE2 abundance, resulting in different SARS-CoV-2 infectivity or 

COVID-19 severity in remodelled airways. However, data contrasting with our findings has 

indicated elevated ACE2 gene expression by smoking (Zhang et al., 2020a). Notably, this 

was only observed in small airway epithelium and the proportion of ciliated and secretory 

cells was not analysed. ACE2 protein expression in the small airway epithelium from a 

smoker with COPD has been contrasted with non-smokers who showed no detectable ACE2 

immunoreactivity (Brake et al., 2020). However, the study was limited to a single biopsy, the 

epithelial layer in the control sample was incomplete and the ACE2 immunoreactivity in 

COPD-smoker sample was identified in basal and ciliated cells.  

Early in the COVID-19 pandemic, severe respiratory illness was ascribed to a cytokine storm 

with blood IL-6 levels correlated to mortality (Hojyo et al., 2020; Zhou et al., 2020). 

However, asymptomatic persons now seem to account for approximately 40% to 45% of 

SARS-CoV-2 infections, able to transmit the virus for an extended period (Oran and Topol, 

2020). Asymptomatic individuals exhibited lower levels of pro- and anti-inflammatory 

cytokines, suggesting a weaker innate response to SARS-CoV-2 infection (Long et al., 2020). 

Compared to patients with cytokine release syndromes unrelated to COVID-19, the mean 

serum concentration of IL-6 in severe COVID-19 was as low as one hundredth (Leisman et 

al., 2020). Interferons (IFN) mediate cellular anti-viral defences, with Interferon beta therapy 

undergoing clinical trial, as interferon beta-1b in combination with lopinavir and ritonavir 

reduced viral load and accelerated recovery (Hung et al., 2020). The logic of such an 

approach is further emphasized by the observation by us and others that SARS-CoV-2 

infection only induces low or no IFN-I and IFN-III (Blanco-Melo et al., 2020; Vanderheiden 

et al., 2020). Understanding the limited interferon induction may support therapeutic 

augmentation. The preponderance of severe cases occurs in subjects of advanced age for 
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which we lack biobanks of specimens or culture material to ascertain age-related differential 

ACE2 expression and interferon responses.  

Taken together, our comparison of the utility of different cell lines and cultures suggests that 

ALI cultures provide the greatest utility to model SARS-CoV-2 infection. ALI culture could 

reflect the pathological changes after SARS-CoV-2 infection, including morphogenic 

changes and inflammatory responses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

CHAPTER 7  

GENERAL DISCUSSION AND CONCLUSIONS
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7.1 Key findings and their significance 

7.1.1 Matrix stiffness influences airway epithelial cell biology 

Airway epithelium acts as a physical barrier and plays critical roles in respiratory diseases. 

These cells sit on a basement membrane that becomes thicker in remodelled airway. 

Transforming growth factor beta (TGF-β) has been identified to be involved in airway 

remodelling, epithelial mesenchymal transition, and fibrosis (Aschner and Downey, 2016; 

Halwani et al., 2011; Stewart et al., 2018; Willis and Borok, 2007). Glucocorticoids (GC) are 

one of the major therapeutic treatments for respiratory diseases, such as asthma, COPD, and 

COVID-19 (GINA, 2020; GOLD, 2020; Group et al., 2021). This thesis provided the 

evidence that conventional stiff culture plastic promotes airway epithelial cells to exhibit 

fibre-like cytoskeleton morphology and be high responsiveness to TGF-β compared to cells 

cultured on soft environment. However, GC actions and TGF-β induced GC resistance 

appeared to be uninfluenced by matrix stiffness. 

These findings are significant in several aspects. Firstly, gene expression levels in cells 

cultured on soft environment are closer to those in native epithelial cells, compared to 

extreme stiff culture plastic. In such circumstances, drugs developed in conventional culture 

plastic, targeting these differentially expressed genes, are more likely to fail in efficacy or 

have adverse effect in clinical trial. Secondly, fibrogenic genes and proteins, especially IL-11, 

are highly expressed and produced in response to TGF-β in airway epithelial cells cultured on 

stiff environment. This is indicating a potential feedback loop in pulmonary fibrogenesis. 

Fibroblasts and airway smooth muscle cells contribute to the deposition of extracellular 

matrix (ECM), which thickens the basement membrane. Oval-shaped pores are found in 

basement membrane at a density of 863 pores/mm2 and have a diameter ranging from 0.75 to 

3.85 µm (Howat et al., 2002; Howat et al., 2001). These pores traverse the full depth of the 

basement membrane, providing a conduit for immune cells. Therefore, fibrogenic proteins, 

secreted by airway epithelial cells on stiffened basement membrane, might travel through 

basement membrane and in turn further activate fibrogenic response in fibroblasts. This 

suggestion may explain the finding that epithelial cell derived IL-11 level after incubation on 

collagen hydrogel is considerably reduced, possibly by its polar release into the “basolateral” 

hydrogel rather than the supernatant. Thirdly, GC transactivation on inflammatory factors and 

inhibition on TNF-α-induced cytokines are not influenced by matrix stiffness, further 

providing evidence showing the effectiveness of GC in inflammation. Taken together, these 
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results demonstrated the importance of mechanics in pre-clinical research and provided 

airway epithelial cells to be a potential therapeutic target for fibrosis.   

 

7.1.2 Versatile in vitro model is required in studying epithelial sodium 

channels 

Epithelial sodium channels (ENaC) play critical role in regulating airway surface liquid to 

maintain mucociliary clearance. This thesis showed that ENaC α subunit gene is highly 

expressed in soft environments. However, ENaCα protein expression is not associated with 

severity of asthma, indicating culture plastic cannot accurately represent pathological 

stiffness. ENaC channel activity in cell lines is not regulated by matrix stiffness, whereas 

ENaC channel is more active in primary epithelial cells cultured on soft environment. These 

controversial results led us to the finding that submerged cultured airway epithelial cells lack 

of ENaC β and γ subunit, when all three subunits are essential in an active channel (Chen et 

al., 2015; Hughey et al., 2004; Randrianarison et al., 2008). In contrast, native cells from the 

“soft” human body and containing ciliated and secretory cells have all three subunits highly 

expressed. Hence, our data further illustrated the importance of mechanics in pre-clinical 

research and raised the requirement for versatile in vitro models to facilitate ENaC channel 

studies and perhaps other ion channels. 

Additionally, this thesis applied a high-throughput assay to measure ENaC channel activity. 

Despite the fact that this assay needs further optimization, this assay enables us to achieve 

quick and high-content screening in early stage of drug development. Furthermore, real-time 

monitoring of channel activity might also be achieved, as it is a fluorescence-based assay.  

 

7.1.3 Organotypic cultures utility in infection and inflammation 

In an effort to fulfil the requirement of versatile in vitro models, this thesis applied airway 

organotypic cultures, air-liquid interface culture (ALI) and airway organoid culture, to 

systematically compare the utility of these models for the study of viral infection and 

inflammation. Firstly, data obtained in this thesis showed that ALI and airway organoid 

culture can recapitulate in vivo architecture. The most distinct difference between submerged 

culture and in vivo is the cell diversity. The lack of ENaC β and γ subunit in submerged 

cultured cells is due to lack of ciliated and secretory cells, which are restored by organotypic 
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culture. Secondly, this thesis presented the differences between ALI and airway organoid 

cultures, which should be considered in choosing them for specific applications. ALI culture 

is a mature protocol, enabling direct infection and drug treatment. Uniform transwells ensure 

high reproducibility of ALI cultures, whereas airway organoids have huge inter- and intra- 

donor variation. Transwells in ALI culture are relatively stiff compared to soft Matrigel® in 

airway organoid culture, albeit not as stiff as culture plastic, given the thin collagen hydrogel 

coating. The distribution of F-actin filaments further proved the different stiffness 

environment in these two models. Lastly, ALI and airway organoids are both time consuming 

and may have confounding effects on pharmacological and physiological responses from the 

bioactive media components required for their differentiation. Although cell differentiation 

starts at 10-14 days, it generally takes 3 to 4 weeks to fully mature. Culture media is the most 

important factor in cell differentiation, especially for airway organoids. However, the 

complex compositions in the media may compromise the predictive value of these models in 

pharmacological and pathophysiological research. Nevertheless, our work has demonstrated 

organotypic airway cultures have the potential to be applied in a variety of studies, but extra 

consideration should be taken to provide better predictive value. 

 

7.1.4 ACE2 expression is restored in organotypic cultures and cell 

phenotype dependent  

Therapeutic strategies for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

infection caused coronavirus disease 2019 (COVID-19) are urgently needed, regardless of the 

increasingly successful vaccination outcomes. However, most of the human cell lines are not 

susceptible to SARS-CoV-2, except for CaCo2 and Calu3 cells (Chu et al., 2020). This thesis 

provided evidence that expression of SARS-CoV-2 receptor angiotensin converting enzyme 2 

(ACE2) and priming protein transmembrane serine protease 2 (TMPRSS2) in organotypic 

cultures is at similar level as that of native epithelial cells, whereas submerged cultures only 

express low levels of ACE2 and TMPRSS2. ACE2 is highly expressed at the cell membrane 

and in ciliated and basal epithelial cells, further demonstrating the potential of organotypic 

cultures in studying SARS-CoV-2 infection. Given the considerations elucidated above, ALI 

culture is prioritized in SARS-CoV-2 infection. Our initial data that ALI cultures are 

susceptible to SARS-CoV-2 and viral RNA remains detectable up to 6 days. Moreover, the 

lack of cytokine production and interferon (IFN) expression correlates with the weaker innate 

response in asymptomatic individuals (Oran and Topol, 2020). These findings provide 
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evidence that ALI cultures can recapitulate the pathological changes after SARS-CoV-2 

infection. 

The proportion of patients with chronic respiratory disease, including asthma, chronic 

obstructive pulmonary disease (COPD), and cystic fibrosis (CF) (Chhiba et al., 2020; 

Colombo et al., 2020; Lovinsky-Desir et al., 2020) is unexpectedly low in COVID-19 cohorts. 

Our initial findings showed that ACE2 expression is not related to severity of asthma, 

compatible with the lack of increased susceptibility of asthmatics to SARS-CoV-2 infection 

over and above that of non-asthmatics.  
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7.2 Future directions 

7.2.1 Is the difference between 2D stiff and 2D soft due to collagen? 

This thesis has utilized conventional culture plastic as a2D stiff environment and collagen 

hydrogel as a 2D soft environment, demonstrating the influence of matrix stiffness on airway 

epithelial cells. Collagen type I is most widely used in preparing collagen hydrogels for 

bioengineered tissue microenvironment and can be easily extracted (Antoine et al., 2014), 

despite the fact that epithelial cells predominantly interact with basement membrane 

components collagen IV and laminin in vivo (LeBleu et al., 2007). Matrigel® provides high 

concentration of collagen IV but also contains a variety of growth factors. Thus, collagen 

type I hydrogel was initially selected as our 2D soft setting, albeit that it is more abundant in 

pathological conditions. Epithelial cells bind to basement membrane through Arg-Gly-Asp 

(RGD)-based integrin ligands. There are about 24 human integrin heterodimers binding to the 

RGD-recognition sequence (Plow et al., 2000; Takada et al., 2007). Collagen and heat 

denatured collagen (gelatin) binds to αv integrins through RGD sites (Davis, 1992). Culture 

plastic is made of polystyrene, a long carbon chain polymer. Polystyrene surface is normally 

treated using corona discharge or gas-plasma to turn it from hydrophobic to hydrophilic 

(Ramsey et al., 1984). Modified polystyrene generates high surface density of hydroxyl 

groups, which is important in cell adhesion (Curtis et al., 1983). Therefore, in our 

experimental settings, cells bind to collagen via integrins but to polystyrene through 

vitronectin and fibronectin (Curtis et al., 1983; Ramsey et al., 1984), raising the question as 

to whether different binding sites might initiate different mechanotransduction signalling. 

Moreover, the collagen hydrogel might increase the dimensionality. Although the cells 

appeared to be in 2D when cultured on the collagen hydrogel, this would be better evidenced 

with 3D reconstruction using confocal microscopy. Denatured gelatin-coated culture plastic 

can preserve the RGD binding site of collagen and maintain the cells in 2D. This was in our 

initial plan but paused by COVID-19. Further investigations on well-controlled stiff and soft 

settings are needed to rule out the influence of substrate differences. 

Additionally, other substrates with tuneable stiffness are also preferred to verify our findings. 

The most commonly used substrates include synthetic hydrogels, like polyacrylamide (PA) 

gel (Liu et al., 2010; Shkumatov et al., 2015) and polyethylene glycol (PEG) gel (Lin and 

Anseth, 2009), and hybrid hydrogels, combining two or more components to amplify the 

advantages of each component and potentially create new properties (Visser et al., 2015). 
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7.2.2 Applying shear stress and compression force into further 

investigation 

In this thesis, we have focused on the influence of matrix stiffness on airway epithelial cells, 

which is more related to fibrotic rather than immune pathology. As summarized in Chapter 1, 

airway epithelial cells are in a complex mechanical environment, including stiffness from 

basement membrane, shear stress from mucociliary transport, and compression from 

neighbour cells. Moreover, airway epithelial cells can also feel compression from 

bronchoconstriction. It would also be interesting to learn how cells respond to these 

mechanical forces. 

To study compression, an in vitro compressive system might be preferable (Park et al., 2012; 

Park and Tschumperlin, 2009; Tschumperlin et al., 2004). In this system, a transwell supplied 

with a silicone plug forms pressurized chamber. By controlling the pressure ranging from 3 

cm H2O of pressure as in normal breathing to 30 cm H2O as in asthmatic airway, goblet cell 

hyperplasia and MUC5AC high expression was observed in ALI cultures (Park and 

Tschumperlin, 2009). Combining this compressive system with different stiffness settings 

might provide new insights into drug therapies for asthma and COPD, as they together mimic 

the remodelled airway. 

 Lung-on-a-chip technique has advanced the capability of conventional cellular models (Huh 

et al., 2007; Huh et al., 2010). In this microfluidic device, the airway epithelial cells and 

endothelial cells are cultured on each side of the membrane. The medium perfused through 

the channels gives cells shear stress. Additionally, stretchable membrane also can mimic the 

contractile forces or strains. Although it provides a superb model, the foreseeable challenge is 

how to apply organotypic cultures in these “small” and multi-tubing devices. As presented in 

this thesis, ALI culture and airway organoid culture both need long-term culture and most 

importantly medium renewal. Organoids-on-a-chip seems to be able to fulfil the need for 

controlling organoids and their microenvironment (Park et al., 2019). Nevertheless, 

combining multidisciplinary technologies will enable us to gain better understanding of 

airway epithelium and other tissues.  
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7.3 General conclusions 

This thesis has provided evidence that matrix stiffness has an influence on airway epithelial 

cells biology, particularly on TGF-β-induced fibrogenesis. This thesis also illustrated that 

diverse epithelial cell phenotypes are needed in assessing epithelial sodium channel (ENaC) 

activity. To fulfil the requirement for cell diversity and mechanically relevant 

microenvironment, organotypic cultures are applied in this thesis and systematically 

characterized to better identify their potential utility. In response to COVID-19, this thesis 

further demonstrates that air-liquid interface cultures (ALI) provide the greatest utility in 

modelling SARS-CoV-2 infection. The findings within this thesis have emphasised the 

importance of mechanics and cell diversity in pre-clinical research, and ultimately may 

provide insights into new therapeutic targets for fibrosis. Organotypic airway epithelial 

cultures, especially ALI cultures, are superior to submerged cultures in drug screening and 

disease mechanisms, enabling evaluation of clinical potential therapeutics for COVID-19.       
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SUPPLEMENTS 

Video S1-4 Airway organoids cultured from four independent NHBE cultures. Videos were 

recorded using Olympus IX53 microscope equipped with QImaging optiMOS high speed 

camera at 100 frames/sec.   

 

Video S5 Native primary human bronchial epithelial cells were isolated from human lung 

tissue. Videos were recorded 72 h after cells were seeded into collagen coated tissue culture 

plate.   

 

Video S6 Native primary human bronchial epithelial cell brushings were embedded in 

Matrigel®. Cells generated spheroid-like structures and kept alive after 14 days.  

 

Video S7 Everted cilia in NHBE cells derived airway organoids. 

 

Video S8 Immunofluorescence staining of acetylated tubulin (magenta), CC10 (green), 

ACE2 (red), and nucleus (blue) in NHBE cells derived organoid. 
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