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ABSTRACT 

 

Background: 

The lipid transporter, ATP-binding Cassette sub-family A member 3 (ABCA-3), found 

on the limiting membrane of lamellar bodies in type II alveolar cells of the distal lung is 

critical for the packaging of surfactant within lamellar bodies prior to secretion onto the 

alveolar surface. Pathogenic mutations in the ABCA3 gene can lead to an autosomal 

recessive condition called ABCA-3 deficiency that may result in respiratory distress in 

neonates or diffuse lung disease in children. Treatment options for patients with ABCA-

3 deficiency are extremely limited. Biologically relevant in vitro disease models are 

required to facilitate therapeutic development. Primary type II alveolar cell cultures 

would theoretically be the model of choice to study ABCA-3 deficiency in vitro. 

However, the need for an alveolar tissue biopsy to establish primary cultures and the 

instability of type II alveolar cells in culture has impeded the use of this culture model. 

My thesis sought to investigate two alternative potential in vitro culture platforms: 1) 

primary nasal epithelial cells and 2) induced pluripotent stem cell (iPSC)-derived 

organoids of alveolar-like cells (alveolospheres) and determine their biological relevance 

and usability as primary type II alveolar cell surrogates in the context of ABCA-3 

deficiency.  I hypothesised that these alternative culture platforms would serve as 

appropriate surrogates to primary type II alveolar cells.  

 

Aims: 

1) To evaluate the suitability of primary nasal epithelial cell cultures to model 

ABCA-3 deficiency. 

2) To develop and evaluate a nasal cell culture-based functionality assay to measure 

ABCA-3 function in vitro.  

3) To derive alveolospheres from iPSCs and evaluate their suitability as a model for 

ABCA-3 deficiency.  
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Methods: 

1) Nasal epithelial cells were obtained from children with and without ABCA-3 

deficiency to establish primary nasal cell cultures. Expression of ABCA-3 and surfactant 

proteins (SP), SP-B and SP-C were investigated in cultured cells using droplet digital 

polymerase chain reaction (ddPCR), immunocytochemistry and western blot and 

compared to samples of the A549 cell line, type I and type II alveolar cells. The presence 

of lamellar bodies, subcellular organelles thought to be specific to type II alveolar cells, 

was determined by transmission electron microscopy.  

2) A doxorubicin detoxification assay was investigated as a potential functionality 

assay to assess ABCA-3 function in primary nasal cell cultures. Viability and cytotoxicity 

in response to doxorubicin, measured by MTS assay, calcein blue staining and lactate 

dehydrogenase (LDH) assay, was compared between cell cultures from children with and 

without ABCA-3 deficiency and after treatment with ABCA-3 specific small interfering 

RNA (siRNA). 

3) Alveolospheres derived from an established iPSC line and a novel iPSC line 

generated from peripheral blood mononucleocytes (PBMCs) of a healthy donor were used 

to derive organoids of alveolar-like cells (alveolospheres). After optimising 

differentiation protocols in the novel iPSC line, alveolosphere samples from both iPSC 

lines were assessed at a gene, protein and ultrastructural level to determine their 

phenotypic similarity to primary type II alveolar cells.  

 

Results: 

1) Expression of ABCA-3 was detectable by ddPCR and fluorescent microscopy in 

primary nasal epithelial cells although gene expression levels were significantly lower 

than primary type II alveolar cells (p<0.001). Surfactant protein expression (SP-B and 

SP-C) was negligible at the transcriptional level while positive staining was detected by 

immunocytochemistry. However, there was variability in the staining pattern between 

nasal cultures of different participants. Additionally, SP-B and SP-C were not detected in 

whole cell lysates using western blotting. Lamellar body-like structures were observed 

by transmission electron microscopy. 



xxix 
 

2) Nasal epithelial cell cultures derived from patients with ABCA-3 deficiency had 

increased sensitivity to doxorubicin compared to healthy controls when viability was 

measured using an MTS assay (p<0.05). No effect was observed when cell viability was 

measured using calcein blue staining and a variable effect was seen when using the LDH 

assay. Knockdown of ABCA3 mRNA using siRNA did not result in reduced cell viability 

or increased cytotoxicity in response to doxorubicin treatment in primary nasal cells. 

Furthermore, siRNA treatment did not significantly decrease ABCA-3 protein 

expression.  

3) Clones of iPSCs had normal karyotypes, evidence of alkaline phosphatase activity 

and expressed pluripotency markers SSEA-4, TRA-1-60 and TRA-1-81 were 

successfully derived from PBMCs from one healthy donor. To generate putative 

alveolospheres, the duration of definitive endoderm induction and subsequent TGF-β and 

BMP signalling inhibition was determined to maximise the proportion of lung progenitor 

cells at day 15 of differentiation. Four days was found to be optimal for definitive 

endoderm induction as well as TGF-β and BMP signalling inhibition and yielded the 

highest proportion of lung progenitor cells (54.0 ± 7.35%; mean ± SD). Alveolospheres 

generated from the novel line and the established iPSC line were found to express  

ABCA3, SFTPB and SFTPC at the gene level, however this was found to be variable 

between iPSC lines. Furthermore, expression of these transcripts by the iPSC lines was 

consistently lower than type II alveolar cells. Expression of ABCA-3, SP-B, SP-C and 

their precursor proproteins was also detectable by fluorescent microscopy. There was 

variability in the intensity of antibody staining between the two iPSC lines, although not 

statistically significant, and between differentiation experiments within the same iPSC 

line.  Although western blot failed to detect SP-C and SP-B in whole cell lysates of 

alveolospheres, transmission electron microscopy revealed the presence of lamellar-body 

like structures.  

 

Conclusions: 

Detectable expression of ABCA-3 at both a transcriptional and protein level suggest that 

both primary nasal epithelial cells and iPSC-derived alveolospheres could potentially be 

used to some extent as platforms to model ABCA-3 deficiency in vitro. The ease of use 

and accessibility of primary nasal epithelial cells may mean that they could serve as a 

useful screening tool for potential drug candidates in a personalised medicine context. 
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Antisense therapy targeted at splice modulation for specific patient mutations may be one 

avenue worth exploring in future work. Experiments assessing detoxification of 

doxorubicin by nasal epithelial cells as a potential functionality assay had conflicting and 

inconclusive results. Functionality assays that directly assess the ABCA-3-dependent 

lipid-filling capacity of intracellular vesicles may be more suitable than the doxorubicin 

assay. Whether a functionality assay can be developed that can effectively measure the 

function of endogenous ABCA-3 in any cell culture platform is worth further 

investigation. The complexity of the alveolosphere model, lack of convincing evidence 

for phenotypic similarity with type II alveolar cells and variability in iPSC differentiation 

efficiency between and within iPSC lines, indicate that this platform may not be a reliable 

model to study ABCA-3 deficiency and develop therapeutics in its current state. It may 

be that the alveolosphere model requires further optimisation to generate a useable 

platform. 
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1. Literature Review 

1.1. Introduction 

Disorders of surfactant protein metabolism (DSPM) are a group of rare genetic disorders 

that present as respiratory distress in neonates or diffuse lung disease in children. 

Mutations in genes related to the surfactant system such as Surfactant Protein B (SFTPB), 

Surfactant protein C (SFTPC) and ATP-binding Cassette sub-family A member 3 

(ABCA3) can result in DSPM. ABCA-3 deficiency, a disorder caused by mutations in 

ABCA3, is the most common form of DSPM. The spectrum of lung disease varies from 

being rapidly fatal to a disease that slowly resolves during childhood (Kroner et al., 2017).  

Although rare, the severity of the disease, where mortality can be as high as 100% in the 

first year of life depending on the specific mutation (Wambach et al., 2014), adds 

significantly to family burdens and healthcare expenditure. Surviving patients commonly 

require hospital admission for their first year of life and considerable healthcare input 

post-discharge. At present, treatment options for patients are limited and there is a need 

to develop new therapies to improve health outcomes in patients with DSPM.  

 

1.2. Pulmonary Surfactant  

1.2.1. The alveoli 

Surfactant is synthesised and secreted by type II alveolar epithelial cells in the alveoli. 

The alveoli are small airspaces in the lung that are the principle sites of gas exchange 

between inhaled air and the blood. An alveolus comprises of an epithelial layer on one 

side, the endothelial layer of capillaries on the other side, and extracellular matrix or 

interstitium in between.  The main cell types present in the gas exchange region of the 

lung are type I and type II alveolar cells, which make up 95% and 5% of the alveolar 

surface area, respectively (Berthiaume et al., 2006). Type I alveolar cells form the thin 

epithelial barrier between the air and the blood and their specialised morphology allow 

for efficient exchange of oxygen and carbon dioxide (CO2) across the alveolar surface. 

Type II alveolar cells have a number of important functions including homeostatic roles 

in fluid balance,  regeneration and repair in the alveolus (Berthiaume et al., 1999), 

immunological defence (Fehrenbach, 2001) as well as the synthesis and secretion of 

pulmonary surfactant 
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1.2.2. Biophysical functions of surfactant  

The alveoli have a propensity to collapse due to their spherical shape and small size as 

well as the contribution of luminal water vapour on surface tension (Nkadi et al., 2009). 

Alveolar surface tension is particularly high at low lung volumes at end expiration where 

the attractive forces between water molecules are highest (Griese, 1999). Surfactant 

reduces surface tension at the air-liquid interface in the alveoli, preventing collapse and 

decreasing the work required to expand the lung upon inhalation. Surface-active 

materials, found in pulmonary surfactant, lower the force of surface tension from 70 

dynes/cm of water (Veldhuizen et al., 1998) to less than 6 dynes/cm (Ikegami et al., 1983) 

at the alveolar air-liquid interface through the formation of a surface film of lipid bilayers 

(Nkadi et al., 2009).    

 

1.2.3. Surfactant composition 

Surfactant is composed of a heterogeneous mix of approximately 90% lipid and 10% 

protein (Weaver and Whitsett, 1991). A lipid monolayer and attached bilayer lipid 

structures make up the surface film at the alveolar air-liquid interface that lies between 

inhaled air and alveolar cell surfaces (Veldhuizen et al., 1998). The lipid component of 

surfactant is made up primarily of glycerophospholipids such as phosphatidylglycerol, 

phosphatidylethanolamine, phosphatidylinositol and phosphatidylcholine (the most 

abundant being dipalmitoylphosphatidylcholine), as well as neutral lipids, predominantly 

cholesterol (Veldhuizen et al., 1998). Four associated surfactant proteins (SP), 

manufactured by type II alveolar cells, have roles in innate immunological defence of the 

lungs (SP-A and SP-D) and facilitate the surface activity of the lipids (SP-B and SP-C). 

The hydrophobic nature of both SP-B and SP-C promote close association with the lipid 

components of pulmonary surfactant. SP-B is a 17.4 kDa homodimeric protein that 

stabilises the lipid monolayer through the formation of extracellular surfactant structures 

such as tubular myelin, enhancing its surface activity (Cochrane and Revak, 1991) while 

SP-C is a 4.2 kDa transmembrane protein (Johansson, 1998) that facilitates the stability 

and spreading of phospholipids (Conkright et al., 2001).  

 

1.2.4. Surfactant metabolism 

Surfactant is synthesised intracellularly where it is stored in specialised intracellular 

organelles, called lamellar bodies, before being secreted onto the alveolar surface (Dietl 

and Haller, 2005; Andreeva et al., 2007). Lamellar bodies are composed of tightly-packed 
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concentric membrane lamellae surrounded by a limiting membrane (Weaver et al., 2002). 

Hydrophobic surfactant proteins, SP-B and SP-C, are localised inside the lamellar bodies 

and co-secreted with the phospholipid contents. Protein isoform member 3 of the 

adenosine triphosphate (ATP)-binding cassette subfamily A (ABCA-3) is a large 

transmembrane protein that is responsible for the translocation of surfactant lipids across 

the limiting membrane into the lamellar body and has an essential role in lamellar body 

biogenesis (Yamano et al., 2001).  

 

 

 

 

 

 

 

 

Figure 1.1. Electron microscopy of lamellar bodies in human type II alveolar cells 

(from Gower 2008). Examples of well-developed, osmiophilic lamellar bodies with 

characteristic concentric membrane lamellae in sections of normal human lung. Original 

magnification is 5,000x.   

 

Lamellar bodies are thought to be derived from a type of endosome termed a 

multivesicular body. Phospholipid membranes in multivesicular bodies are redistributed 

to form the characteristic concentric lamellae structure of lamellar bodies (Weaver et al., 

2002). Lamellar bodies share a number of common features with lysosomes including an 

acidic pH, lysosomal enzymes (acid phosphatase, cathepsins C and H) and membrane 

proteins lysosomal associated membrane protein (LAMP)-1, LAMP-2, LAMP-3 and 

CD208 (Andreeva et al., 2007). SP-B and SP-C are transported from the site of synthesis, 

the endoplasmic reticulum, via the Golgi apparatus and trans-Golgi network to the 

multivesicular bodies where they are internalized. SP-B is synthesised as a preprotein 

where its trafficking from the Golgi apparatus to the multivesicular body is enabled by 

the hydrophilic residues of the propeptide. Release of the mature SP-B protein from the 
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pre-protein is facilitated by an aspartic protease napsin A and a cysteine protease 

cathepsin H (Brasch et al., 2003). SP-B is thought to play an important role in the 

development of multivesicular bodies into mature lamellar bodies by promoting the 

formation of the lamellar membranes (Poulain et al., 1996).  SP-C is also synthesised as 

a proprotein consisting of a cytosolic tail that targets the proprotein to the secretory 

organelles. Mature SP-C consists of a cytosolic and a transmembrane domain that is co-

secreted with SP-B and surfactant phospholipids (Mulugeta and Beers, 2006). Unlike SP-

B, SP-C does not seem to have a function in lamellar body biogenesis (Glasser et al., 

2001).  

 

Surfactant secretion is primarily stimulated by the mechanical stretch associated with 

inspiration, but can also be induced through stimulation by catecholamines and 

purinoreceptor agonists (Whitsett et al., 2015). Oscillations in intracellular calcium levels 

in type II alveolar cells regulate surfactant secretion (Frick et al., 2001) and are thought 

to be initiated by type I alveolar cell response to mechanical distention, mediated by gap 

junctions between the two types of alveolar cells (Ashino et al., 2000). When calcium 

levels peak, surfactant is secreted by exocytosis of lamellar bodies, where the lamellar 

bodies’ limiting membrane fuse with the plasma membrane, form a fusion pore and 

release the vesicle contents into the alveolar space (Ashino et al., 2000; Frick et al., 2004). 

Subsequently, the internal lipid membranes of the lamellar bodies unravel at the air-liquid 

interface to form the surfactant film that spreads along the alveolar surface.  

 

The turnover of the alveolar surfactant pool appears to be rapid with approximately 10% 

recycled per hour (Wright, 1990). Surfactant is either reinternalised by type II alveolar 

cells (65%) for recycling (where it merges with biosynthesis pathways) or lysosomal 

degradation. Approximately 20% of the alveolar surfactant pool is cleared by alveolar 

macrophages (Rider et al., 1992) while 15% is lost to the upper airways via the 

mucociliary escalator (Pettenazzo et al., 1988). Phospholipid uptake and recycling in type 

II cells is promoted by SP-A (Bates, 2009) and is also regulated by SP-C and SP-D, which 

contribute to surfactant metabolism at the alveolar surface by promoting the breakdown 

of large surfactant aggregates to smaller surfactant aggregates (Olmeda et al., 2017).  A 

high turnover rate and adequate clearance of surfactant components by alveolar 
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macrophages is essential to remove lipids and proteins that are progressively altered and 

inactivated due to the highly oxidising environment of the alveoli (Olmeda et al., 2017). 

Figure 1.2. Schematic representation of surfactant metabolism in the alveolus. 

Surfactant proteins manufactured in the endoplasmic reticulum (ER) as proproteins are 

trafficked via the golgi body into multivesicular bodies/late endosomes (MVB/LE), 

which then develop to form mature lamellar bodies. Transport of phospholipids into the 

lamellar body is mediated by ABCA-3. The contents of the lamellar body are secreted 

into the alveolar space where it forms the surfactant film that coats the alveolar 

epithelium. The alveolar surfactant pool is then either reinternalised by type II alveolar 

cells for recycling or lysosomal degradation, lost to the upper airways or cleared by 

alveolar macrophages. Biosynthetic pathways are shown in green and catabolic pathways 

in red. Image created using BioRender.com and adapted from Whitsett et al. (2010).   

 

1.2.5. Surfactant system during lung development 

The importance of surfactant for pulmonary function is highlighted in neonates born 

prematurely that suffer respiratory distress due to an underdeveloped surfactant system. 

The maturation of the surfactant system is an essential step in mammalian lung 

development in utero to prepare the foetus for the commencement of air breathing at birth. 
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Type II alveolar cells differentiate from distal cuboidal epithelial cells during the 

canalicular and saccular phases of lung development between 24 and 34 weeks gestation 

(Whitsett et al., 2004). Components of the surfactant system, including lamellar bodies, 

begin to appear during this phase as well. Interestingly, the rate of de novo surfactant 

synthesis is relatively low after birth as a large proportion of surfactant is continuously 

recycled between the alveolar lumen and type II alveolar cells (Andreeva et al., 2007). 

Maturation and progressive septation of the alveoli to generate the large epithelial surface 

area for gas exchange, extends through the saccular and alveolar phases of lung 

development (Herriges and Morrisey, 2014). At term, the lungs are developed to a point 

of functional maturity enabling the successful adaptation to air breathing yet the structural 

development of the lung continues well into the post-natal period (Bernhard, 2016). 

Babies born prematurely (before 35 weeks gestation) when the surfactant system is not 

sufficiently developed, have a higher risk of developing neonatal respiratory distress 

syndrome (Sweet et al., 2013), specifically hyaline membrane disease, which is still a 

significant cause of infant morbidity and mortality despite improvements in clinical 

management over the decades (Sweet et al., 2013).  

 

1.2.6. Further knowledge of surfactant proteins gained from 

gene knock-out models 

Disruption of surfactant-related genes in animal models have helped to elucidate the 

function of certain proteins in the surfactant system. Mice that do not express SP-B exhibit 

respiratory failure at birth with lungs that remain atelectatic despite normal inspiratory 

efforts (Clark et al., 1995) and demonstrate ultrastructural abnormalities in their type II 

alveolar cells, including large, membranous intracellular inclusions and the lack of fully-

formed lamellar bodies (Clark et al., 1995; Stahlman et al., 2000).  Additionally, levels 

of mature SP-C are markedly reduced while an aberrant form of proSP-C can be detected 

(Clark et al., 1995). At the alveolar surface, tubular myelin is absent and abnormal 

proteinaceous material is evident. Knock-out SFTPB mouse models have demonstrated 

the importance of SP-B in routing, storage and function of surfactant phospholipids and 

proteins for normal respiratory function.    

 

In contrast to SP-B-deficient mouse models, SFTPC null mice do not develop respiratory 

failure at birth. Phenotypic characteristics of the null SFTPC genotype appears largely 
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dependent on the strain of mouse, indicating the strong influence of modifying genetic 

factors. An SFTPC null mouse model on an NIH Swiss Black genetic background 

exhibited few apparent pulmonary abnormalities with surfactant pool sizes, surfactant 

synthesis, type II alveolar cell ultrastructure and lung morphology similar to that of wild-

type mice, while studies in lung mechanics demonstrated reduced stability of surfactant 

at low lung volumes (Glasser et al., 2001). However, an SP-C null genotype on a 129/Sv 

background demonstrated a severe, progressive pulmonary disorder associated with 

emphysema, monocytic cell infiltrates, tissue remodelling, and abnormal accumulations 

of intracellular lipids in type II alveolar cells and alveolar macrophages (Glasser et al., 

2003). Collectively, these studies indicate both intracellular and extracellular roles for 

SP-C in surfactant homeostasis that are likely affected by extraneous genetic factors.   

 

Similar to SFTPB -/- mice, ABCA3 null mice suffer neonatal respiratory failure and die 

soon after birth. Lamellar bodies are absent and lungs appear less structurally mature than 

wild-type mice, demonstrating that the transporter function of ABCA-3 is essential for 

lamellar body biogenesis and may be important for lung development late in gestation 

(Cheong et al., 2007). Levels of mature SP-B protein are lower in ABCA3 null mice 

suggesting that ABCA-3 is required for SP-B processing (Cheong et al., 2007).  

Additionally, surfactant is absent from the alveolar space in the lungs of ABCA3 null mice 

and the levels of phosphatidylglycerol and short acyl-chained phosphatidylcholine 

species are altered, indicating that ABCA-3 is central to surfactant secretion and has a 

specific role in the metabolism of particular phospholipids (Fitzgerald et al., 2007). 

Unlike SP-B and SP-C, where gene expression is largely restricted to the respiratory 

epithelium, the ABCA3 transcript can be detected in extra-pulmonary organs including 

liver, stomach, kidney, pancreas and brain (Stahlman et al., 2007) where deficiency may 

have further implications that have yet to be elucidated.  

 

1.3. Inherited Disorders of Surfactant Protein Metabolism 

1.3.1. Clinical presentation and diagnosis 

Onset and clinical presentation of DSPM are highly variable and depend upon the specific 

gene involved, the precise genetic mutation as well as modifying genetic and epigenetic 

factors (Gupta and Zheng, 2016). Typically, DSPM present as one of two forms: (1) acute, 

severe respiratory distress in term newborns that rapidly deteriorates or (2) chronic 
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development of diffuse lung disease in infants or children with a variable course (Hamvas, 

2010). Inherited DSPM are just a small number of an entire spectrum of disorders that are 

encompassed by the childhood interstitial and diffuse lung disease (chILD) syndrome 

classification system (Table 1). The heterogeneous group of diseases associated with the 

chILD phenotype typically exhibit pathological involvement of the pulmonary 

interstitium, airways, airspaces, alveolar epithelium, pleura and/or pleural spaces 

(Thacker et al., 2016). DSPM can present with almost any of the features of chILD. To 

confirm the diagnosis of chILD, patients must exhibit three of the following four criteria: 

(1) respiratory symptoms (e.g. cough or exercise intolerance); (2) respiratory and/or non-

respiratory signs such as tachypnea, adventitious sounds, chest retractions, digital 

clubbing, failure to thrive or respiratory failure; (3) hypoxemia and (4) diffuse 

abnormalities on chest X-Ray (CXR) or Computerised Tomography (CT) scan (Kurland 

et al., 2013). The diagnosis of chILD and subsequent evaluation is essential to diagnose 

DPSM. 

 

Diagnostic evaluation for a patient with suspected chILD often involves an array of tests 

utilised to exclude disease that may mimic chILD. For example, echocardiography is used 

to exclude structural heart disease as well as to diagnose pulmonary hypertension, which 

has prognostic value for patients with paediatric diffuse lung disease (Dinwiddie et al., 

2002). Neonatal and infant pulmonary function tests are also nonspecific for particular 

chILD diagnoses, but contribute to the overall clinical picture by characterising 

physiologic abnormalities (Kurland et al., 2013). Bronchoscopy with bronchoalveolar 

lavage can be used to obtain specimens for microbiological and cytological analysis to 

exclude infection, pulmonary haemorrhage syndromes, pulmonary histiocytosis, 

sarcoidosis, Niemann-Pick disease, and aspiration as causes of paediatric diffuse lung 

disease (Kurland et al., 2013). Findings consistent with pulmonary alveolar proteinosis 

can prompt further investigation into surfactant dysfunction mutations and related 

disorders associated with chILD (de Blic, 2004). Imaging studies such as CXR and CT 

are used to refine the differential diagnosis with predominant findings associated with 

child, including interstitial changes, air-trapping, ground-glass opacities, nodules, cysts 

and linear/reticular opacities (Kim, 2014). Imaging often does not provide sufficient 

information to be diagnostic, but provides information about the presence, extent and 

pattern of lung disease (Kurland et al., 2013).  
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Adapted from Deutsch, Young et al. (2007) 

SFTPB: Surfactant Protein B; SFTPC: Surfactant Protein C; ABCA3: ATP-Binding 

Cassette subfamily A member 3; GM-CSF: Granulocyte-macrophage colony-stimulating 

factor; NKX2.1: NK2 homeobox 1; ILD: interstitial lung disease 

 

Table 1.1. 

An example of childhood interstitial and diffuse lung disease classification scheme 

Diffuse developmental 

disorders 
 Acinar dysplasia 

 Congenital alveolar dysplasia 

 Alveolar-capillary dysplasia with pulmonary 

vein misalignment 

Growth abnormalities 

 
 Pulmonary hypoplasia 

 Chronic neonatal lung disease 

 Congenital heart disease associated pulmonary 

structural changes 

 Lung disease related to chromosomal disorders   

Surfactant dysfunction 

mutations and related 

disorders  

 SFTPB mutations 

 SFTPC mutations 

 ABCA3 mutations 

 GM-CSF receptor deficiency  

 Lysinuric protein intolerance  

 NKX2.1 mutations 

Specific conditions of 

poorly understood 

aetiology 

 Neuroendocrine cell hyperplasia of infancy 

 Pulmonary interstitial glycogenosis  

Disorders related to 

systemic disease processes 
 Immune-mediated/collagen vascular disorders 

 Storage disease 

 Sarcoidosis 

 Langerhans cell histiocytosis 

 Malignant infiltrates 

Disorders of the normal 

host (immunocompetent)  
 Infectious/post-infectious processes 

 Lund disease related to environmental agents 

 Aspiration syndromes 

 Eosinophilic pneumonia 

Disorders of the 

immunocompromised host 
 Opportunistic infections 

 Lung disease related to therapeutic intervention 

 Lung disease related to transplantation and 

rejection 

 Diffuse alveolar damage, unknown etiology  

Disorders masquerading as 

ILD 
 Arterial hypertensive vasculopathy 

 Congestive changes related to cardiac 

dysfunction 

 Veno-occlusive disease 

 Lymphatic disorders  
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Genetic testing is strongly recommended for patients with suspected chILD as it can 

provide a definitive diagnosis for the subset of patients with single-gene mutations that 

result in diffuse lung disease (Gupta and Zheng, 2016; Thacker et al., 2016) and 

specifically SP-B deficiency, SP-C deficiency and ABCA-3 deficiency. Genetic testing 

also provides important prognostic information as well as recurrence risk for families. 

The selection of the panel of genes to be tested for a specific patient depends upon the 

age of disease onset, imaging findings and extrapulmonary features (Kurland et al., 2013). 

Although the sensitivity and specificity of genetic testing for chILD has not been formally 

evaluated, it is estimated that current sequencing techniques should be able to detect the 

vast majority of pathogenic variants (Kurland et al., 2013). However, there is a slight 

possibility that pathogenic variants that exist in untranslated regions of the gene as well 

as copy number variants may not be detected using current methodologies (Gower et al., 

2010). Furthermore, as gene mutations associated with DSPM are rare and family-

specific, distinguishing pathogenic mutations from benign variants can be challenging 

(Hamvas, 2010). 

 

Histopathological analysis of lung biopsies are also useful to determine a specific chILD 

diagnosis, particularly in patients with inconclusive genetic test results (Kurland et al., 

2013). However, histopathological analysis is not always diagnostic of specific surfactant 

protein related disorders due to the considerable overlap in histological features in 

patients with SFTPB, SFTPC and ABCA3 mutations. Characteristic histopathological 

findings that indicate DSPM include diffuse type II alveolar cell hyperplasia, alveolar 

septal thickening and pulmonary alveolar proteinosis (Hamvas, 2010). Histopathological 

patterns associated with DSPM are outlined in Table 2. Transmission electron microscopy 

examination of the lung biopsy sample can also provide diagnostic insight due to the 

distinctive lamellar body morphology indicative of particular surfactant-related protein 

disorders (Hamvas, 2010; Kurland et al., 2013).  
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Table 1.2. 

Common histopathology associated with DSPM 

Pattern Description  

Pulmonary alveolar 

proteinosis (PAP) 

Accumulation of granular, eosinophilic, 

lipoproteinaceous material within alveolar space with or 

without large, foamy macrophages, hyperplastic type II 

alveolar cells and septal thickening.   

Desquamative interstitial 

pneumonitis (DIP) 

Accumulation of macrophages within alveolar spaces 

with or without hyperplasia of type II alveolar cells.  

Chronic pneumonitis of 

infancy (CPI) 

Mild interstitial infiltrate and oedema accompanied by 

prominent type II cell hyperplasia and intra-alveolar 

accumulation of foamy macrophages. 

Nonspecific interstitial 

pneumonitis (NSIP) 

Inflammatory infiltrate of lymphocytes and plasma cells 

in the interstitium with varying degrees of fibrosis. 

Usual interstitial 

pneumonia (UIP) 

Fibroblastic foci in the lung with areas of dense fibrosis, 

remodelling and scarring.  

Adapted from Dishop et al. (2010) and Whitsett et al. (2015) 
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Figure 1.3. Histopathological patterns associated with DSPM. Normal lung histology 

(A) demonstrating thin alveolar septa and defined airspaces (image obtained from 

PathologyOutlines.com; accessed 15 December 2020). Pulmonary alveolar proteinosis 

(B) exhibited in the lung specimen from a neonate with a lethal SFTPB mutation (Whitsett 

et al., 2015). Desquamative interstitial pneumonitis (C) identified in a lung specimen from 

an infant with an NKX2.1 mutation (Whitsett et al., 2015). Chronic pneumonitis of infancy 

(D) demonstrated in the lung specimen from an infant with a SFTPC mutation {Whitsett, 

2015 #7}.  Non-specific interstitial pneumonia (E) exhibited in a lung specimen from an 

infant with a SFTPC mutation (Thomas et al., 2002). Usual interstitial pneumonia (F) 

identified in a lung specimen from an adult with a SFTPC mutation (Thomas et al., 2002). 

Arrowheads indicate fibroblastic foci.  

 

B 
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1.3.2. Disease associated with SFTPB mutations 

Mutations in SFTPB result in the neonatal onset of severe lung disease, typically 

associated with respiratory failure and death within the first 3-6 months of life (Wert et 

al., 2009). Disease associated with SFTPB mutations was first described in 1993 in a full-

term infant that died at 5 months of age from progressive respiratory failure (Nogee et al., 

1993). The incidence of disease related to SFTPB mutations is rare and estimated to be 

less than 1 per million live births (Gupta and Zheng, 2016). Disease can present soon after 

birth with patients exhibiting cyanosis, grunting, retractions and atelectasis. Patterns of 

lung disease evident on chest radiographs, such as decreased lung volumes and diffuse, 

hazy, granular opacities, resemble surfactant deficiency of prematurity (Gower and 

Nogee, 2011). Survival into later infancy and childhood is rare although milder disease 

phenotypes associated with specific genetic mutations have been reported (Dunbar et al., 

2000). Histopathology is consistent with the features of neonatal pulmonary alveolar 

proteinosis (PAP) and, less commonly, infantile desquamative interstitial pneumonitis 

(DIP). Examination of patient lung tissue by electron microscopy reveals distinctive, 

large, abnormal lamellar bodies with disorganised membranes and vacuoles of variable 

sizes although lamellar bodies may be absent altogether (deMello et al., 1994; Wert et al., 

2009).  

 

Lung disease associated with SFTPB mutations demonstrate an autosomal recessive 

pattern of inheritance with expression of one normal SFTPB allele precluding disease 

(Yusen et al., 1999; Whitsett et al., 2015). Over 40 mutations in SFTPB have been 

identified (Wert et al., 2009), although a particular frameshift mutation in exon 4 accounts 

for 60% to 70% of all mutant alleles (Hamvas et al., 2001). This specific mutation, 

c.397delCinsGAA, historically known as 121ins2, produces a premature stop codon in 

exon 6 resulting in an incomplete peptide (Nogee et al., 1994). According to the gnomAD 

browser, the allele frequency for the c.397delCinsGAA mutation in the general 

population is approximately 1/5000. Apart from the c.397delCinsGAA mutation that has 

been detected in seemingly unrelated individuals, although likely due to the founder effect 

(Nogee, 2019), all other identified mutations are family-specific (Hamvas, 2010). 

Sporadic disease associated with spontaneous mutations in SFTPB has not been 

identified.  
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In all cases of disease related to SFTPB mutations, pathology can be attributed to the 

deficiency of the mature SP-B peptide. Generally, nonsense and frameshift mutations in 

SFTPB result in the complete absence of both SP-B and proSP-B while missense and in-

frame insertion and deletions result in the production of proSP-B that is unable to be 

processed into the mature protein (Nogee et al., 2000). Deficiency in SP-B leads to 

abnormal surfactant composition and function resulting in increased surface tension in 

the lung and end-expiratory collapse (Beers et al., 2000). Additionally, impaired 

processing of SP-C due to SP-B deficiency may contribute to disease pathogenesis by 

promoting the accumulation of partially processed, inactive proSP-C in the alveolar space 

(Vorbroker et al., 1995).  The level of expression of functional SP-B that is required for 

normal surfactant function in humans is unknown, although murine models suggest that 

an expression level below 25% of normal values results in respiratory failure (Melton et 

al., 2003; Nesslein et al., 2005).  

 

1.3.3. Disease associated with SFTPC mutations 

Lung disease associated with mutations in SFTPC is highly heterogeneous with variable 

age of onset, clinical presentation and disease progression. Mutations in SFTPC causing 

lung disease was first reported in 2001 in a full-term infant and mother with respiratory 

insufficiency (Nogee et al., 2001). In most cases, patients present in infancy or childhood 

with diffuse lung disease and associated tachypnea, retractions, hypoxemia and digital 

clubbing (Wert et al., 2009). However, SFTPC mutations have also been known to cause 

neonatal respiratory distress as well as delayed presentation in adulthood, although this is 

less common. It is estimated that approximately 15% of patients become symptomatic in 

the first month of life and 55% of patients within 6 months (Wert et al., 2009). Disease 

outcomes are variable and range from respiratory failure, to persistent respiratory 

insufficiency, to lung disease that gradually resolves over time (Faro and Hamvas, 2008; 

Gupta and Zheng, 2016).  Disease heterogeneity is reflected in the lung histopathology 

with features of chronic pneumonitis of infancy (CPI), nonspecific interstitial 

pneumonitis (NSIP) or usual interstitial pneumonia (UIP) with extensive variability 

between patients (Chibbar et al., 2004). Additionally, there is no distinctive lamellar body 

morphology specific to SFTPC mutations (Hamvas et al., 2004) and lamellar bodies may 

even appear normal (Citti et al., 2013). Disease heterogeneity in SP-C disorders may be 

indicative of additional modifying genetic and/or environmental factors (Glasser et al., 

2013). For instance, there is evidence that viral infection, specifically with Respiratory 
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Syncytial Virus, Influenza A or Influenza B, may precipitate the onset of respiratory 

disease in patients with SFTPC mutations (Bridges et al., 2006).  

 

Disease related to SFTPC mutations is described as rare, although there are no available 

estimates of the disease incidence due to SFTPC mutations or the frequency of pathogenic 

SFTPC variants in the population. Lung disease is associated with autosomal-dominant 

inheritance with variable penetrance (Whitsett et al., 2015). Significantly, approximately 

55% of cases are related to spontaneous mutations in one allele causing sporadic disease 

(Hamvas et al., 2007). It has been postulated that the high rate of spontaneous pathogenic 

mutations may be due to the high degree of recombination within the SFTPC gene locus 

(McBee et al., 2008). In patients with familial or sporadic lung disease, over 40 different 

mutations in SFTPC have been identified (Wert et al., 2009). Mutations are most 

commonly missense mutations with the most common variant, p.I73T, accounting for 

approximately 25-35% of all mutations identified (Gower and Nogee, 2011). This variant, 

results in an amino acid substitution in codon 73 of the proSP-C peptide due to a missense 

mutation in exon 3 of SFTPC (Cameron et al., 2005). Lung disease has also been 

associated with frameshift, splice-site and small insertions and deletions in SFTPC 

(Nogee et al., 2001; Wang et al., 2003), particularly within the BRICHOS domain (exons 

4 and 5) of the SP-C pro-peptide (Nogee, 2002). Mutations in the BRICHOS domain of 

SP-C result in protein misfolding and cytosolic accumulation of the aberrant protein, with 

a dominant-negative effect (Wang et al., 2002).  

 

Lung disease associated with SP-C disorders is thought to result from the deleterious 

effect of abnormal SP-C rather than deficiency of the mature SP-C protein. Depending 

on the precise genetic mutation, mature SP-C may or may not be present in the lungs of 

patients with SP-C disorders (Hamvas et al., 2004). Pathogenic mutations tend to cluster 

in the carboxy-terminus of the pre-SP-C apoprotein, influencing the folding of the peptide 

(Citti et al., 2013). Intracellular accumulation of misfolded proteins initiates a cellular 

response that leads to endoplasmic reticular stress, proteasome dysfunction, reactive 

oxygen species activation and type II alveolar cell apoptosis (Mulugeta et al., 2005; 

Woischnik et al., 2010). Alternatively, mutations in the carboxy-terminus of the peptide 

may result in mis-trafficking of the protein to the endosomal compartment leading to the 
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accumulation of abnormal, inactive protein in the cytosol (Wang et al., 2003). Generally, 

mutations in SFTPC do not affect levels of other surfactant-related proteins.  

 

1.3.4. Disease associated with ABCA3 mutations 

Lung disease due to mutations in ABCA3 is the most common form of DSPM. Disease 

incidence has been predicted to be 1 in 3000 based on a carrier rate of 1 in 27 for ABCA3 

mutations (Gower and Nogee, 2011). However, due to the rarity of chILD and 

unexplained neonatal respiratory distress, this prediction may have been considerably 

overestimated (Gower and Nogee, 2011). Surfactant dysfunction due to ABCA3 mutations 

was first reported in 2004 in a group of ethnically diverse full-term infants with severe 

respiratory distress (Shulenin et al., 2004). Lung disease can present both during the 

neonatal period with respiratory distress, similar to SP-B deficiency, or later during 

infancy and childhood with symptoms associated with diffuse lung disease, like the 

majority of SP-C disorders (Doan et al., 2008). The reason for delayed clinical 

presentation is unclear but may depend on the severity of the specific mutation (Wambach 

et al., 2014). Prognosis is highly dependent on the precise genetic mutation and varies 

from fatal respiratory insufficiency, progressive disease with early mortality or resolution 

of disease with improvement of pulmonary function (Wambach et al., 2014). 

Histopathology varies with PAP or DIP in patients with neonatal onset of disease while 

older children exhibit DIP and NSIP. Lamellar body morphology is highly specific for 

ABCA-3 disorders and are described as having a “fried egg” appearance with tightly-

packed, concentric membranes and an eccentrically-placed core of electron-dense 

material (Edwards et al., 2005; Citti et al., 2013). However, normal lamellar body 

morphology has also been observed in lung biopsies of patients with respiratory disease 

and homozygous or compound heterozygous ABCA3 mutations (Citti et al., 2013).  

 

Disease associated with ABCA3 mutations exhibit an autosomal-recessive pattern of 

inheritance (Whitsett et al., 2015). The majority of mutations are private and most patients 

exhibit compound heterozygosity with a distinct pathogenic mutation on each allele. 

Homozygous mutations arise due to consanguinity. Over 400 mutations have been 

identified to date in both coding and non-coding regions of ABCA3 (Peca et al., 2015; 

Nogee, 2019) The frequency of specific mutations is low although one missense mutation 

resulting in a substitution of a valine for a glutamic acid in codon 292 (p. E292V) was 
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found in 7% of a cohort of term infants with respiratory distress syndrome (Bullard et al., 

2005). The p. E292V mutation is the most common mutation in ABCA3 and is associated 

with diffuse lung disease and a relatively mild course of disease (Bullard et al., 2005). 

Typically, frameshift or nonsense mutations in ABCA3 are predictive of neonatal disease 

onset and fatal outcomes while missense splice-site and substitutions are less dependably 

correlated with age of disease onset and disease severity (Wambach et al., 2014). 

Heterozygosity for ABCA3 mutations may have implications for other respiratory 

conditions and may even modify disease in patients with SFTPC mutations, resulting in 

poorer outcomes (Bullard and Nogee, 2007).  

 

Many deleterious mutations in ABCA3 are associated with abnormal phospholipid 

profiles and decreased phosphatidylcholine and phosphatidylglycerol levels (Garmany et 

al., 2006). Subsets of patients also exhibit lower levels of mature SP-B and SP-C proteins 

or they may be absent altogether (Brasch et al., 2006; Kroner et al., 2017). Impaired 

processing of proSP-B apoprotein in some patients results in the accumulation of this 

precursor protein in lamellar bodies, and leakage into the alveolar lumen (Peca et al., 

2015). Unlike SP-C disorders, proSP-C is not found in the alveolar space in ABCA-3 

disorders (Brasch et al., 2006). Surfactant proteins that do not rely on lamellar body-

dependent pathways for secretion, such as SP-A and SP-D are unaffected by ABCA3 

mutations and readily detected in the alveolar space (Bruder et al., 2007; Saugstad et al., 

2007).  

 

The proposed mechanism for lung disease pathogenesis due to mutations in ABCA3, is 

based on the loss of ABCA-3 function. Specific mutations may result in the loss of 

ABCA-3 expression, decreased ABCA-3 expression, abnormal intracellular trafficking 

of ABCA-3 to the lamellar body, abnormal packing of phospholipids in lamellar body 

and/or defective functional activity of ABCA-3, i.e. ATP hydrolysis or lipid transport 

(Wert et al., 2009). Additionally, some ABCA3 mutations can elevate endoplasmic 

reticulum stress leading to increased epithelial cell death (Weichert et al., 2011). Many 

pathogenic mutations are located on the nucleotide binding domain (NBD) 2 of the 

ABCA-3 protein leading to decreased ATP binding and/or hydrolysis (Peca et al., 2015). 

Extracellular domain (ECD) 1 is also a site for clustering of pathogenic mutations and is 

associated with impaired glycosylation and aberrant trafficking of ABCA-3 to the 
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lamellar body (Peca et al., 2015). Ultimately, the effect of ABCA3 mutations may result 

in abnormal lamellar body formation and trafficking of surfactant (Gupta and Zheng, 

2016), aberrant SP-B and SP-C processing (Brasch et al., 2006) and/or cellular injury 

leading to impaired surfactant homeostasis and lung disease (Gupta and Zheng, 2016).  

 

1.3.5. Disease associated with other surfactant-related genes 

Mutations in other genes related to surfactant may also cause pulmonary disease in both 

paediatric and adult populations. Furthermore, it is likely that there are other genes, yet 

to be determined, that may be implicated in the surfactant dysfunction phenotype as either 

causes of primary disease or as disease modifiers. With respect to inherited defects in 

surfactant-related genes that cause disease in children, there are two notable examples.  

 

Firstly, mutations in NKX2.1, associated with brain-lung-thyroid syndrome, are a rare 

cause of acute respiratory distress and subsequent respiratory failure in neonates and 

infants (Hamvas et al., 2013; Lee, 2013). A chronic phenotype with survival into 

adulthood has also been reported (Hamvas et al., 2013). NKX2.1 encodes thyroid 

transcription factor 1 (TTF-1), a transcriptional regulator selectively expressed during 

forebrain, thyroid and lung development (DeFelice et al., 2003). TTF-1 regulates the 

expression of SP-B (Bohinski et al., 1994), SP-C (Guillot et al., 2010) and ABCA-3 

(Galambos et al., 2010), therefore NKX2.1 mutations cause the abnormal transcription of 

surfactant-related genes leading to cellular injury and atelectasis (Kleinlein et al., 2011). 

Brain-lung-thyroid syndrome has an autosomal dominant inheritance pattern with over 

20 mutations reported, approximately half of which are de novo mutations (Maquet et al., 

2009; Hamvas, 2010; Barnett et al., 2012; Salerno et al., 2014). The distinguishing feature 

of TTF-1 disorders, when compared to other surfactant metabolism disorders, is the 

involvement of extra-pulmonary organs. Hypothyroidism is evident in patients with this 

syndrome as well as neurological features such as chorea, ataxia, developmental delay 

and hypotonia (Barnett et al., 2012; Salerno et al., 2014).  

 

The second example relates to mutations in colony stimulating factor 2 receptor alpha 

subunit (CSF2RA) and CSF2RB (Lee, 2013). These genes encode the two arms of the 

Granulocyte Macrophage-Colony Stimulating Factor (GM-CSF) receptor. Lung disease 

associated with abnormal GM-CSF receptor protein has an autosomal recessive pattern 
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of inheritance (Whitsett et al., 2015). Clinical features include diffuse lung disease with 

progressive dyspnea and congenital PAP (Suzuki et al., 2008). Abnormal GM-CSF 

receptor protein disrupts normal GM-CSF signalling cascades in alveolar macrophages 

resulting in impaired macrophage maturation (Trapnell and Whitsett, 2002). Alveolar 

macrophages are involved in the normal catabolism of surfactant lipids and proteins in 

the alveolar space (Reed et al., 2000). Immature macrophages are unable to perform this 

function, resulting in the accumulation of surfactant within the alveolus.  

 

Table 1.3. 

Genes associated with Disorders of Surfactant Protein Metabolism 

Locus SFTPB SFTPC ABCA3 NKX2.1 CSF2RA CSF2RB 

Protein SP-B SP-C ABCA-3 TTF-1 GM-CSF 

receptor alpha 

chain 

GM-CSF 

receptor 

beta 

chain 

Chromosome 2p11.2 8p21.3 16p13.3 14q13.3 Xp22.33 22q12.3 

Gene size: 

exon number 

9.5 kb: 11 

exons  
(7 splice 

variants) 

3.5 kb: 6 

exons 
(12 

splice 

variants) 

80 kb: 33 

exons  
(6 splice 

variants) 

3.3 kb: 3 exons  

(5 splice 
variants) 

45 kb: 13 

exons  
(19 splice 

variants) 

27 kb: 14 

exons  
(4 splice 

variants) 

Precursor 

protein 

381 aa 197 aa - - -  - 

Mature 

protein 

79 aa  35 aa  1704 aa  371 aa  400 aa  897 aa  

Expression  Lung 

(Type II 
alveolar 

cells) 

Lung 

(Type II 
alveolar 

cells) 

Lung 

(Type II 
alveolar 

cells); 

Heart; 

Brain; 

Pancreas; 

Kidney; 

Platelets 

Thyroid and 

lung  

Cells and 

tissues of 
immune 

system 

Cell and 

tissues of 
immune 

system 

Function Lamellar 

body 

biogenesis; 

Lowers 

surface 

tension in 

alveoli; 
SP-C 

processing  

Lowers 

surface 

tension 

in alveoli 

Lamellar 

body 

biogenesis; 

Trafficking 

of 

surfactant 

lipids and 
protein 

Thyroid and 

lung epithelial 

cell 

morphogenesis 

and 

differentiation; 

Upstream 
regulator of 

SP-C, SP-B 

and ABCA-3 

Receptor 

subunit for 

CSF 2, a 

cytokine 

involved in 

production, 

differentiation 
and function 

of 

granulocytes 

and 

macrophages 

Common 

beta 

chain of 

the high 

affinity 

receptor 

for IL-3, 
IL-5 and 

CSF 

SFTPB: surfactant protein B; SFTPC: Surfactant protein C; ABCA3: ATP-binding cassette 

subfamily A member 3; NKX2.1: NK2 Homeobox 1 TTF-1: Thyroid transcription factor 1; 

CSF2RA: Colony stimulating factor 2 receptor alpha subunit; CSF2RB: Colony stimulating factor 

2 receptor beta subunit; aa: amino acids; IL-3: Interleukin-3; IL-5: Interleukin-5.  
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1.3.6. Current therapies to treat DSPM 

No mechanism-specific interventions are currently available to treat DSPM and treatment 

options are limited to supportive care or lung transplantation to prolong survival (Faro 

and Hamvas, 2008; Hamvas, 2010; Eldridge et al., 2017). Treatment regimens are 

determined on a case-by-case basis and depend on the genetic defect, the age of the patient 

and the severity of the disease upon presentation.  Where available, lung transplantation 

is considered in the most severe cases of SP-B and ABCA-3 deficiency while aggressive 

chronic ventilation is favoured for infants with SP-C disorders (Deterding, 2010; Eldridge 

et al., 2017). Of the infants undergoing lung transplantation, the five-year survival rate is 

approximately 50% with post-transplant outcomes reflecting transplantation 

complications rather than underlying disease (Hamvas, 2010). Complications include 

infection, bronchiolitis obliterans or post-transplant lymphoproliferative malignancy 

(Eldridge et al., 2017). In addition to the post-operative complications, there are also 

several other challenges related to lung transplantation, including the shortage of donor 

organs, the risk of graft rejection and the life-long immunosuppressive therapy required. 

Consequently, many families opt for palliative care for their infants over the numerous 

short-term and long-term challenges associated with lung transplantation in very young 

children.  

 

Exogenous surfactant, which is highly effective as a treatment for hyaline membrane 

disease, offers transient or minimal benefit to patients presenting with DSPM and 

neonatal respiratory distress (Hamvas, 2010). Systemic corticosteroids are often 

prescribed empirically to treat diffuse lung disease associated with ABCA3 or SFTPC 

mutations by immunomodulation. There are case reports that support the use of 

hydroxychloroquine for patients with SP-C deficiency (Rosen and Waltz, 2005) and 

ABCA-3 deficiency (Williamson and Wallis, 2014) presenting with diffuse lung disease, 

while other reports propose a combination of intravenous pulse methylprednisolone and 

azithromycin with hydroxychloroquine (Hayes Jr et al., 2012; Tan et al., 2016). 

 

The rationale for anti-inflammatory treatment regimens to ameliorate symptoms 

associated with DSPM is the reduction of inflammation and prevention of progression to 

fibrosis (Hime et al., 2015). Hydroxychloroquine is an anti-malarial drug that acts as an 



22 
 

immunosuppressant by inhibiting antigen processing and presentation, affecting the 

stability of major histocompatibility complex (MHC) class 2 molecules (Lombard-Platlet 

et al., 1993) as well as inhibiting T cell activity by disrupting calcium-dependent 

intracellular signals (Lombard-Platlet et al., 1993). Likewise, glucocorticoids are 

immunosuppressive agents that have also been shown to increase ABCA3 expression in 

vitro (Mulugeta et al., 2002).  

 

While hydroxychloroquine and corticosteroids are widely used to treat diffuse lung 

disease associated with ABCA3 or SFTPC mutations, they do not always improve clinical 

outcomes and may only be beneficial to subsets of patients (Klay et al., 2018). Due to the 

rarity of the disorders, the evidence base for surfactant disorder treatments is limited. 

Recently, Griese and colleagues initiated a trial to systematically investigate the effect of 

hydroxychloroquine in children with interstitial lung disease (ClinicalTrials.gov identifier 

NCT02615938). Moreover concerns regarding the risks associated with long-term use of 

corticosteroids (de Benedictis and Bush, 2012) or hydroxychloroquine (Hamvas, 2010) 

such as opportunistic infection, fluid retention, hypertension and retinopathy (Deterding, 

2010; Breuer and Schultz, 2018) are well-documented. Therefore, there is a need to 

develop new therapeutics that directly target the disease mechanism.  

 

1.4. Type II Alveolar Cell Culture Models 

Pre-clinical development of therapeutics relies on the use of appropriate models to 

evaluate the potential of the candidate therapy to attenuate disease. An appropriate disease 

model needs to recapitulate pathological processes that are observed in the clinical 

phenotype. Disease associated with mutations in surfactant-related genes is essentially 

the result of type II alveolar cell dysfunction, therefore disease models for DSPM should 

optimally replicate type II alveolar cell characteristics. The development of personalised 

therapies for DSPM may also require an isogenic disease model that is specific to a patient 

to test custom-designed therapeutics.  
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1.4.1. Limitations of current cell culture models for type II 

alveolar cells 

1.4.1.1.  Primary alveolar cell cultures 

Of the established type II alveolar cell culture models, primary alveolar cell cultures 

derived from biopsy samples, lung resections or cadavers appear to be most representative 

of the in vivo type II alveolar cell phenotype (Bhowmick and Gappa-Fahlenkamp, 2016). 

However, the use and development of type II alveolar cell cultures has been fraught with 

challenges: 1) biopsies often yield insufficient cells or may be damaged during the 

collection process, limiting the ability to establish a viable cell culture (Bhowmick and 

Gappa-Fahlenkamp, 2016). 2) Type II alveolar cells are a problematic cell type to culture 

although protocols for the isolation and culture establishment from these cells have been 

developed (Fujino et al., 2011; Dobbs, 1990; Mao et al., 2015). Primary type II alveolar 

cells tend to spontaneously differentiate into type I alveolar cells after 1-2 weeks of 

culture (Fuchs et al., 2003; Mao et al., 2015). 3) Access to specific patient populations 

may be restrictive, particularly as alveolar tissue biopsy is an invasive procedure where 

the diagnostic value of the sample must be prioritised. Hence, there have been no reports 

of the establishment of primary type II alveolar cell cultures from patients with DSPM to 

date.  

 

1.4.1.2.  Nasal epithelial cell cultures 

To overcome the issue of tissue accessibility, the potential of using primary nasal 

epithelial cells as a surrogate for alveolar cells has been raised. One particular study 

demonstrated expression of surfactant proteins, SP-A, SP-B and SP-D in human nasal 

mucosa (Kim et al., 2007). However, the potential use of nasal epithelial cells as a disease 

model for DSPM has not been fully explored. 

 

1.4.1.3.  A549 cell lines 

Many of the mechanistic studies to investigate aberrant protein function in DSPM in vitro 

have been performed using the A549 human adenocarcinoma cell line (Wambach et al., 

2016; Wittmann et al., 2016a; Wittmann et al., 2016b). A549s were derived from a type 

II alveolar cell lung tumour in 1972 and are used as a model for type II alveolar cells 

(Giard et al., 1973). They express a number of phenotypic features of type II alveolar 

cells, including synthesis of phospholipids, cytoplasmic lamellar bodies and apical 
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microvilli (Lieber et al., 1976). However, the suitability of A549s as an appropriate model 

for type II alveolar cells has been questioned on numerous occasions. Analysis of the 

surfactant produced by A549s demonstrated significant differences in composition 

compared to that produced by primary type II alveolar cell cultures (Mason and Williams, 

1980). The cellular morphology and barrier properties of the A549 cells are distinct from 

type II alveolar cells (Godfrey, 1997). Furthermore, SP-C expression, a key phenotypic 

marker for type II alveolar cells, has been detected in A549 cells by some investigators 

(Fuchs et al., 2003) but not by others (Witherden et al., 2004; Swain et al., 2010; Mao et 

al., 2015). Inconsistencies between studies may reflect differences in culture conditions 

or passage number of the cells. There is also evidence that the phenotype of A549 cells is 

more similar to type I alveolar cells than type II alveolar cells (Swain et al., 2010).  

 

1.4.2. Type II alveolar cells derived from induced pluripotent 

stem cells 

One strategy to overcome the challenges of tissue accessibility and the biological 

relevance of tissue surrogates or cell-line substitutes, is to generate type II alveolar cells 

from patient-derived induced pluripotent stem cells (iPSCs). Pluripotent stem cell-derived 

differentiated cultures can be used for disease modelling and drug discovery but have not 

been extensively explored in relation to DSPM (Snoeck, 2015). To date, type II alveolar 

cells derived from an iPSC line specific to a patient with SP-B deficiency have been used 

to model the disease in vitro (Jacob et al., 2017) but corresponding patient-specific models 

for ABCA-3 deficiency or SP-C deficiency have not been developed.  

 

The distinguishing feature of pluripotent stem cells is their capacity to self-renew and 

differentiate into any of the three embryonic germ layers: endoderm, mesoderm and 

ectoderm. iPSCs are created by reprogramming somatic cells through the introduction of 

specific transcription factors as first described by Takahashi and Yamanaka (Takahashi 

and Yamanaka, 2006), whose seminal study demonstrated how pluripotency could be 

induced in mouse fibroblasts through the ectopic expression of Oct3/4, Sox2, c-Myc and 

Klf4 under embryonic stem cell (ESC) culture conditions.  A subsequent study 

recapitulated the findings using human skin fibroblasts (Takahashi et al., 2007).  
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Over the past decade, the reprogramming methodology pioneered by Takahashi and 

Yamanaka, has been further developed and refined. A major limitation of the original 

method was the use of lentiviral vectors, which would integrate into the host genome, 

sometimes leading to insertional mutagenesis. Alternative vectors have been explored 

including non-integrative viral vectors, such as the single strand RNA Sendai virus 

(Nakanishi and Otsu, 2012), as well as non-viral based delivery methods e.g. episomal 

plasmids (Okita et al., 2013), DNA transposons (Belay et al., 2011), recombinant proteins 

(Kim et al., 2009) and microRNAs (Subramanyam et al., 2011). Additionally, the 

integrative viral vector constructs have been modified to include LoxP sites (Kaji et al., 

2009; Soldner et al., 2009), which direct the excision of the integrated transgenes by 

recombination after delivery of the Cre recombinase enzyme into the host cell (Bichsel et 

al., 2011). The ability to reprogram a wide range of cell types has also been explored and 

iPSCs have been successfully derived from endothelial cells (Lagarkova et al., 2010), 

keratinocytes (Maherali et al., 2008), B lymphocytes (Hanna et al., 2008), hair follicles 

(Muchkaeva et al., 2014) and peripheral blood mononucleocytes (Churko et al., 2013), 

amongst other cell types. Despite considerable investigation into delivery methodology 

and appropriate sources of donor tissue, reprogramming efficiency (the number of iPSC 

colonies generated relative to the number of input cells) in adult somatic cells remains 

low (0.002 to 2-4%) (Novosadova and Grivennikov, 2014).  

 

Protocols for the directed differentiation of pluripotent cells down tissue-specific 

pathways have been developed through work with embryonic stem cells and subsequent 

application to iPSCs. Directed differentiation is made possible through the precise, 

temporal manipulation of culture conditions. Key insights from developmental biology 

underpin directed differentiation methodologies, which attempt to recapitulate the 

molecular mechanisms of embryonic development (Hawkins and Kotton, 2015). Critical 

signalling pathways in lung organ specification include fibroblast growth factor (FGF), 

bone morphogenetic protein (BMP), wingless/integrated (Wnt), hedgehog and retinoic 

acid (RA) pathways (Ghaedi et al., 2015). During embryogenesis, the primitive lung bud 

is derived from an outgrowth of the ventral side of the anterior foregut endoderm. In vitro, 

pluripotent stem cells can be stimulated to form definitive endoderm through treatment 

with Activin A, which induces Nodal signalling (Kubo et al., 2004). Subsequent 

inhibition of Transforming Growth Factor (TGF)-β and BMP signalling in definitive 

endoderm induces anterior foregut differentiation (Green et al., 2011).  
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A critical step in both lung morphogenesis in vivo and lung cell differentiation in vitro, is 

the induction of the transcription factor, TTF-1, the master regulator of lung development 

(Longmire et al., 2012). Endodermal progenitor cells expressing NKX2.1 have the 

potential to differentiate into cells of the thyroid epithelial lineage as well as proximal 

and distal lung lineages (Hawkins et al., 2017). Wnt, BMP4 and RA are essential for the 

induction of lung progenitors from pluripotent stem cells (Huang et al., 2014; Dye et al., 

2016). Derivation of alveolar cell types in vitro, that express key distal markers Sox9, 

SPC and SPB (Hawkins and Kotton, 2015), is based on treatment with signalling factors 

active around distal lung buds during branching morphogenesis in the lung. Stimulating 

lung progenitor cells with Wnt, FGF, cyclic adenosine monophosphate and glucocorticoid 

leads to the differentiation of more mature cell types of the distal lung (Huang et al., 

2015). Additionally, lung organoids that possess distal alveolar cell populations, 

including type II alveolar cells, can be generated through the treatment of three-

dimensional foregut spheroid cultures embedded in Matrigel with high concentrations of 

FGF10 (Desai et al., 2014; Jacob et al., 2017).  

 

1.5. Conclusion 

Treatment options for patients with DSPM are sadly limited. The impetus for drug 

development is lacking due to the rarity of the diseases. The diseases are highly 

heterogeneous in clinical presentation and severity depends greatly on the precise genetic 

mutation. Current disease models, such as gene-knockout mouse models, do not 

reproduce the spectrum of disease apparent in human populations, which reflects the 

diversity of disease-causing genetic mutations. A personalised approach targeting a 

patient’s specific mutation may prove to be the best strategy to develop treatments. 

Research into DSPM has been restricted by the lack of appropriate, biologically relevant 

disease models. DSPM are associated with the dysfunction of type II alveolar cells and 

the consequential disruption of pulmonary surfactant homeostasis. In vitro models of 

human type II alveolar cells would provide the best platform to test and validate drug 

candidates to evaluate efficacy and therapeutic potential. Two diverging options for 

development of type II alveolar cell models exist: 1) nasal epithelial cells that are easily 

accessible from individual patients and 2) the advent of iPSCs as well as the development 

of methods for directed differentiation into alveolar cell lineages, offer a novel 
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opportunity to generate disease patient-specific in vitro models for DSPM to test 

personalised therapeutics.  

 

1.6. Hypothesis and Aims 

This project seeks to evaluate the suitability of two cell culture models, specifically nasal 

epithelial cells and iPSC-derived type II alveolar cells as in vitro surrogates for primary 

type II alveolar cells. It was hypothesised that the in vitro surrogates investigated in this 

study can be used as workable platforms for future testing of personalised therapeutics 

for DSPM, with a focus on ABCA-3 deficiency. 

 

The specific aims of the project are: 

1. To evaluate the suitability of primary nasal epithelial cultures to model ABCA-3 

deficiency. 

2. To develop and evaluate a nasal cell culture-based functionality assay to measure 

ABCA-3 function in vitro.  

3. To derive alveolospheres from iPSCs and evaluate their suitability as a model for 

ABCA-3 deficiency. 



 

 

 

CHAPTER 2 

 

Materials and Methods 
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2. Materials and Methods 

2.1. Reagents 

β-actin antibody (mouse), Sigma Aldrich, St. Louis, MO, USA 

0.05% Trypsin/EDTA, Fisher Scientific, Hampton, NH, USA 

32% Hydrochloric Acid (HCl), Thermo Fisher Scientific, Scoresby, VIC, Australia 

1-Thioglycerol (MTG), Sigma Aldrich, St. Louis, MO, USA 

2-Mercaptoethanol, Sigma-Aldrich, St. Louis, MO, USA  

4 Bolt™ Lithium Dodecyl Sulphate (LDS) Sample Buffer, Thermo Fisher Scientific, 

Scoresby, VIC, Australia 

8-bromo-cyclic adenosine monophosphate (cAMP) sodium salt, Sigma Aldrich, St. 

Louis, MO, USA 

20  Bolt™ MES (2-ethanesulfonic acid) SDS Running Buffer, Thermo Fisher Scientific, 

Scoresby, VIC, Australia 

100 bp ladder, Geneworks, Thebarton, SA, Australia  

Acetone, Chem-Supply, Port Adelaide, SA, Australia 

Acetic acid, glacial, BDH laboratories, Dubai, U.A.E. 

Adenine, Sigma Aldrich, St. Louis, MO, USA 

Agarose powder, Scientifix, Clayton, VIC, Australia 

Alexa Fluor 488 (AF-488) Polyclonal Antibody anti-rabbit, Invitrogen, Carlsbad, CA, 

USA 

Alexa Fluor 555 (AF-555) Polyclonal Antibody anti-rabbit, Invitrogen, Carlsbad, CA, 

USA 

Alexa Fluor 647 (AF-647) Polyclonal Antibody anti-mouse, Invitrogen, Carlsbad, CA, 

USA 

All-trans retinoic acid (ATRA), Sigma Aldrich, St. Louis, MO, USA 

AmpliTaq Gold DNA polymerase and reaction buffer, Applied Biosystems, Foster City, 

CA, USA 

Anti-Adenosine Triphosphate (ATP) Binding Cassette sub-family A member 3 (ABCA-

3) – Rabbit (polyclonal), Seven Hills Bioreagents, Cincinnati, OH, USA 

Anti-ABCA-3 – Rabbit (polyclonal), Sigma-Aldrich, St. Louis, MO, USA 

Anti-ABCA-3 – Rabbit (polyclonal), Invitrogen, Carlsbad, CA, USA 

Anti-Feeder-PE antibody – Mouse (monoclonal), Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Anti-Mature-Surfactant Protein B (SP-B) – Rabbit (polyclonal), Seven Hills Bioreagents, 

Cincinnati, OH, USA 

Anti-Mature-Surfactant Protein C (SP-C) – Rabbit (polyclonal), Seven Hills Bioreagents, 

Cincinnati, OH, USA 



30 
 

Anti-ProSP-C – Rabbit (polyclonal), Seven Hills Bioreagents, Cincinnati, OH, USA 

Anti-ProSP-B – Rabbit (polyclonal), Seven Hills Bioreagents, Cincinnati, OH, USA 

Anti-human CD117 (c-kit), StemCell technologies, Vancouver, Canada 

Anti-human CD184 (CXCR4), StemCell technologies, Vancouver, Canada 

Araldite 520, ProSciTech, Kirwan, QLD, Australia 

Ascorbic acid, Sigma Aldrich, St. Louis, MO, USA 

B-27TM Supplement (50X), Invitrogen, Carlsbad, CA, USA 

Benzyldimethylamine 98% (BDMA), ProSciTech, Kirwan, QLD, Australia 

Bovine Serum Albumin (BSA), Sigma Aldrich, St. Louis, MO, USA 

Bromophenol blue, Sigma Aldrich, St. Louis, MO, USA 

Bronchial epithelial basal medium (BEBM), Lonza, Basel, Switzerland 

Bronchial Epithelial Cell Growth Medium (BEGMTM) BulletKitTM, Lonza, Basel, 

Switzerland 

Bolt™ Sample Reducing Agent, Thermo Fisher Scientific, Scoresby, VIC, Australia 

Calcein Blue AM, Invitrogen, Carlsbad, CA, USA 

CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay, Promega, Madison, 

WI, USA 

Chameleon duo pre-stained protein ladder, Li-Cor, Lincoln, NE, USA 

Cholera toxin, Sigma Aldrich, St. Louis, MO, USA 

Collagen I, rat tail, Invitrogen, Carlsbad, CA, USA 

Corning® Matrigel® hESC-Qualified Matrix, Corning, NY, USA 

Corning® Matrigel® Growth Factor Reduced (GFR) Basement Membrane Matrix, 

Corning, Corning, NY, USA 

CytoTox 96® Non-Radioactive Cytotoxicity Assay, Promega, Madison, WI, USA 

Cytotune iPS 2.0 Sendai Kit, Invitrogen, Carlsbad, CA, USA 

Dako fluorescence mounting medium, Glostrup, Denmark 

DAPI (4′,6-diamidino-2-phenylindole), Sigma Aldrich, St. Louis, MO, USA  

ddPCR™ Droplet Reader Oil, Bio-Rad, Hercules, CA, USA 

ddPCRTM Supermix for Probes, Bio-Rad, Hercules, CA, USA 

Deoxynucleotide triphosphates (dNTPs), Life Technologies, Carlsbad, CA, USA 

Dexamethasone, Sigma Aldrich, St. Louis, MO, USA 

Diffinity Rapid Tips, Diffinity Genomics, PA, USA 

Dimethyl Sulfoxide (DMSO), Sigma Aldrich, St. Louis, MO, USA 

Disodium phosphate (Na2HPO4), Sigma Aldrich, St. Louis, MO, USA 
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Dispase (1 U/mL), StemCell technologies, Vancouver, Canada 

Droplet Generation Oil for Probes, Bio-Rad, Hercules, CA, USA 

Dorsomorphin dihydrochloride, Tocris Bioscience, Bristol, UK 

Dodecenylsuccinic anhydride (DDSA), ProSciTech, Kirwan, QLD, Australia 

Doxorubicin hydrochloride, Sigma Aldrich, St. Louis, MO, USA 

DRAQ5 Stain, BioStatus, Shepshed, Loughborough, UK 

Dulbecco’s Modified Eagle’s Medium (DMEM), Invitrogen, Carlsbad, CA, USA  

Dulbecco’s Modified Eagle’s Medium /F12 (DMEM/F-12), Invitrogen, Carlsbad, CA, 

USA 

Dulbecco’s Phosphate Buffered Saline (DPBS), Invitrogen, Carlsbad, CA, USA 

Egtazic acid (EGTA), Sigma Aldrich, St. Louis, MO, USA 

Erythropoietin (EPO), R&D Systems, Minneapolis, MN, USA  

Embryonic Stem (ES) Cell Characterization Kit, Sigma Aldrich, St. Louis, MO, USA 

Ethyl alcohol, Pure, Sigma Aldrich, St. Louis, MO, USA 

Ethylenediaminetetraacetic acid (EDTA), Sigma Aldrich, St. Louis, MO, USA 

Epidermal Growth Factor (EGF), Sigma Aldrich, St. Louis, MO, USA 

Fibronectin, Sigma Aldrich, St. Louis, MO, USA 

Ficoll, Sigma Aldrich, St. Louis, MO, USA 

F12, Invitrogen, Carlsbad, CA, USA 

Foetal Calf Serum (FCS), Sigma Aldrich, St. Louis, MO, USA 

Formaldehyde solution (36.5-38%), Sigma Aldrich, St. Louis, MO, USA 

Gelatin, Sigma Aldrich, St. Louis, MO, USA 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) Loading Control Monoclonal 

Antibody (GA1R), Invitrogen, Carlsbad, CA, USA 

Glycine, Sigma Aldrich, St. Louis, MO, USA 

Gentle Cell Dissociation Reagent, StemCell technologies, Vancouver, Canada  

GlutaMAX™ Supplement, Invitrogen, Carlsbad, CA, USA 

Glutaraldehyde, Grade I (25%), Sigma Aldrich, St. Louis. MO, USA  

Glycerol, Sigma Aldrich, St. Louis, MO, USA 

Goat serum, Life Technologies, Carlsbad, CA, USA 

Halt™ protease and phosphatase inhibitor single-use cocktail, Thermo Fisher Scientific, 

Scoresby, VIC, Australia  

HyClone Foetal Bovine Serum (FBS), GE Healthcare Life Sciences, Chicago, IL, USA 

Hydrocortisone, Sigma Aldrich, St. Louis, MO, USA 
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Corning® Ham’s F-12 Medium with L-glutamine, Corning, Corning, NY, USA 

Recombinant Human Interleukin-3 (IL-3) Protein, R&D Systems, Minneapolis, MN, 

USA 

Iscove’s Modified Dulbecco’s Medium (IMDM), Invitrogen, Carlsbad, CA, USA 

Insulin, Sigma Aldrich, St. Louis, MO, USA 

IRDye® 800CW Goat-anti-Rabbit Antibody, Li-Cor, Lincoln, NE, USA 

IRDye® 800CW Goat-anti-Mouse Antibody, Li-Cor, Lincoln, NE, USA 

IRDye® 700CW Goat-anti-Mouse Antibody, Li-Cor, Lincoln, NE, USA 

Isobutylmethylxanthine (IBMX), Sigma Aldrich, St. Louis. MO, USA 

Lipofectamine™ RNAiMAX Transfection Reagent, Invitrogen, Carlsbad, CA, USA 

Magnesium chloride hexahydrate (MgCl2), Sigma Aldrich, St. Louis. MO, USA 

Methanol, Sigma Aldrich, St. Louis. MO, USA  

mTeSR™1, StemCell technologies, Vancouver, Canada 

MultiScribe™ Reverse Transcriptase, Invitrogen, Carlsbad, CA, USA 

N-2 Supplement (100X), Invitrogen, Carlsbad, CA, US 

Odyssey® Blocking Buffer in PBS, LI-COR, Lincoln, NE, USA 

Opti-MEM®, Invitrogen, Carlsbad, CA, USA 

Optimal Cutting Temperature Compound (OCT), ProSciTech, Kirwan, QLD, Australia 

Osmium Tetroxide, ProScitech, Kirwan, QLD, Australia 

Phycoerythrin (PE) anti-human CD26 Antibody, BioLegend®, San Diego, CA, USA 

Penicillin/Streptomycin, Invitrogen, Carlsbad, CA, USA 

Phosphate Buffered Saline Tablets, Thermo Fisher Scientific, Scoresby, VIC, Australia 

Potassium chloride (KCl), Sigma Aldrich, St. Louis, MO, USA 

Potassium dihydrogen phosphate (KH2PO4), Sigma Aldrich, St. Louis, MO, USA 

Primocin, Invivogen, San Diego, CA, USA 

Procure 812, ProSciTech, Kirwan, QLD, Australia 

Proteinase K, Sigma Aldrich, St. Louis, MO, USA  

Protease Inhibitor Cocktail, Sigma Aldrich, St. Louis, MO, USA 

Peridinin-Chlorophyll-protein (PerCP)/Cyanine (Cy)5.5 anti-human CD47 Antibody, 

BioLegend®, San Diego, CA, USA 

PureLink™ DNase Set, Invitrogen, Carlsbad, CA, USA 

PureLink™ RNA Mini Kit, Ambion, Carlsbad, CA, USA 

Quality Biological Serum Free (QBSF)-60 Medium, Quality Biological, Gaithersbrg, 

MD, USA 
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Random Hexamers, Invitrogen, Carlsbad, CA, USA 

RedSafe, iNtRON Biotechnology, Korea 

ReLeSRTM, StemCell Technologies, Vancouver, Canada 

Recombinant human Bone Morphogenetic Protein 4 (BMP-4), R&D systems, 

Minneapolis, MN, USA  

Recombinant human Insulin Growth Factor 1 (IGF-I), R&D Systems, Minneapolis, MN, 

USA 

Recombinant human Keratinocyte Growth Factor (KGF)/Fibroblast Growth Factor 

(FGF)-7, R&D systems, Minneapolis, MN, USA 

Recombinant Human Stem Cell Factor (SCF) protein, R&D Systems, Minneapolis, MN, 

USA 

Reverse Transcription 10 Buffer, Promega, Madison, WI, USA 

RNase Inhibitor, Applied Biosystems™, Foster City, CA, USA 

Roswell Park Memorial Institute (RPMI)-1640 media, Invitrogen, Carlsbad, CA, USA 

RPMI clear, Invitrogen, Carlsbad, CA, USA 

ReagentPack® subculture reagents, Lonza, Basel, Switzerland 

ReproTeSRTM, StemCell technologies, Vancouver, Canada 

Sapphire 700™ Stain, LI-COR, Lincoln, NE, USA 

SB431542, Tocris Bioscience, Bristol, UK 

Silencer select GAPDH siRNA, Invitrogen, Carlsbad, CA, USA 

Silencer select ABCA3 siRNA, Invitrogen, Carlsbad, CA, USA 

Silencer select negative control siRNA, Invitrogen, Carlsbad, CA, USA 

Sodium chloride (NaCl), Sigma Aldrich, St. Louis, MO, USA 

Sodium fluoride (NaF), Sigma Aldrich, St. Louis, MO, USA 

Sodium hydroxide (NaOH), Sigma Aldrich, St. Louis, MO, USA 

Sodium dodecyl sulphate (SDS), Sigma Aldrich, St. Louis, MO, USA 

Sodium orthovanadate, Sigma Aldrich, St. Louis, MO, USA 

Sodium pyrophosphate, Sigma Aldrich, St. Louis, MO, USA 

STEMdiffTM Definitive endoderm kit, StemCell technologies, Vancouver, Canada 

Stemgent Stemolecule CHIR99021, REPROCELL, Beltsville, MD, USA 

Stemgent Stemolecule Y27632 (Rho-associated protein kinase (ROCK) Inhibitor), 

ReproCELL, Beltsville, MD, USA 

Sucrose, Sigma Aldrich, St. Louis, MO, USA 

Superscript III RT-PCR kit, Life technologies, Carlsbad, CA, USA 

Tris-base, Sigma Aldrich, St. Louis, MO, USA 
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Tris hydrochloride (Tris-HCl), Sigma Aldrich, St. Louis, MO, USA 

Triton-X 100, Sigma Aldrich, St. Louis, MO, USA 

Trizma base, Sigma-Aldrich, St. Louis, MO, USA 

Trypan-Blue, Sigma Aldrich, St. Louis, MO, USA 

Trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA), Lonza, Basel, Switzerland 

Trypsin-EDTA, Sigma Aldrich, St. Louis, MO, USA  

Tween-20, Sigma Aldrich, St. Louis, MO, USA 

Xylene cyanol, Sigma Aldrich, St. Louis, MO, USA 

Y-27632 (ROCK Inhibitor), Enzo Life Sciences, Farmingdale, NY, USA 

 

2.2. Equipment  

2.2.1. Autoclave 

Tissue culture glassware, pipette tips and Eppendorf tubes were sterilised in a Cyber 

Series Chipmunk autoclave (Atherton, Alphington, VIC, Australia) set to 121oC degrees 

with 15 min holding time. Quality control was performed three h after sterilisation with 

biological indicators (BIONOVA BT220, Terragene, Sante Fe, NM, USA) and steam 

penetration validation tester PMS Compact-PCD® (BMSS, Jandakot, WA, Australia).  

 

2.2.2. Balances 

All reagents were weighed out using an HR-250AZ analytical balance (A&D Company, 

Thebarton, SA, Australia).  

 

2.2.3. Biological safety cabinets 

All cell culture was performed in an Esco SentinalTM Gold microprocessor that was 

certified by the National Association of Testing Authorities (Bentley, WA, Australia).  

 

2.2.4. Brushes 

Nasal brushings were collected using Olympus®BC-25105 nylon cytology brushes 

(Macquarie Park, NSW, Australia).  
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2.2.5. Blood collection tubes 

Blood was collected in BD Vacutainer® CPT™ Mononuclear Cell Preparation Tube 

(Sodium Citrate, Becton Dickinson, Franklin Lakes, NJ, USA) for isolation of peripheral 

blood mononucleocytes.  

 

2.2.6. Centrifuges 

Centrifugation was performed using either a Heraeus Multifuge X1R Centrifuge (Thermo 

Scientific, Waltham, MA, USA) or a Heraeus Pico 21 Centrifuge (Thermo Scientific, 

Waltham, MA, USA).  

 

2.2.7. Chemiluminescent imaging system 

Agarose gel images were captured using a Vilber Lourmat Fusion FX system (Vilber, 

Collégien, France).  Fusion software (Vilber) was used for image acquisition.  

 

2.2.8. Cryomicrotome 

Samples embedded in OCT were sectioned using a Leica CM186OUV cryomicrotome 

(Leica Biosystems, Wtzlar, Germany). Sectioning was performed at -30oC as optimised 

for gelatin-embedded samples.  

 

2.2.9. Cryovials 

Cells frozen down for long term storage in liquid nitrogen were aliquotted into cryovials 

(Nunc, Roskilde, Denmark).   

 

2.2.10. Mr Frostys 

Cryovials containing cell suspensions were loaded into Mr Frostys (Sigma Aldrich, St. 

Louis, MO, USA) before storage at -80C and subsequent transfer to liquid nitrogen for 

long term storage.  

 

2.2.11. Droplet generator 

Droplets were generated prior to droplet digital polymerase chain reaction (ddPCR) using 

a QX200™ Droplet Generator (Bio-Rad, Gladesville, NSW, Australia).  



36 
 

 

2.2.12. Droplet reader 

Signal detection post ddPCR was assessed using a QX200™ Droplet Reader (Bio-Rad, 

Gladesville, NSW, Australia). Data was analysed using the QuantaSoftTM Analysis Pro 

ver 1.0 software.  

 

2.2.13. Electron microscope 

Ultrastructure of cells was examined at high magnification using a Hitachi 7100 

Transmission Electron Microscope (Hitachi High-Tech, Tokyo, Japan). 

 

2.2.14. Filters 

Filter sterilisation of solutions was performed using either Nalgene™ Rapid-Flow™ 

Sterile Disposable Bottle Top Filters (Thermo Scientific, Waltham, MA, USA) for large 

volumes or 0.22 µm Polyethersulfone (PES) filters (Filter-Bio, Nantong City, Jiangsu, 

China) with syringes (TERUMO, Macquarie Park, NSW, Australia) for volumes between 

1 and 50 mL.  

 

2.2.15. Flow tubes 

Samples were prepared for flow cytometry in Falcon® 5mL sterile polystyrene round 

bottom tubes with or without a cell strainer cap (Corning, Mount Martha, VIC, Australia).  

 

2.2.16. Fluorescence microscope 

Fluorescence microscopy was performed using either a Nikon Eclipse TS2R inverted 

microscope (Nikon, Tokyo, Japan) or a Nikon Eclipse Ti inverted microscope coupled to 

a Nikon Intenselight C-HGFIE mercury lamp (Tokyo, Japan).   

 

2.2.17. Flow cytometer 

Flow cytometry was performed on prepared samples using a BD LSRFortessa™ (Becton 

Dickinson, Franklin Lakes, NJ, USA).  
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2.2.18. Glassware 

General glassware was sourced from Schott (Frenchs Forest, NSW, Australia) and 

Corning (Mount Martha, VIC, Australia). Before autoclaving, glassware was washed in 

a glassware washer (BHT Hygienetechnik GmbH, Gersthofen, Germany).  

 

2.2.19. Glass slides 

StarFrost® adhesive slides (Waldemar Knittel Glasbearbeitungs GmbH, Braunschweig, 

Germany) were used to mount cryosections.  

 

2.2.20. Grids 

Sections prepared for electron microscopy were mounted on Formvar support film copper 

slot grids (Electron Microscopy Sciences, Hatfield, PA, USA)  

 

2.2.21. Haemocytometer 

Cell counts were performed using a Neubauer counting chamber (Paul Marienfeld GmbH 

& Co.KG, Lauda-Kӧnigshofen, Germany).  

 

2.2.22. Heating devices 

2.2.22.1. Biowave 

A PELCO Biowave microwave 34700-230 fitted with PELCO coldspot (Ted Pella, Inc., 

Redding, CA, USA) was used for the processing samples prior to resin embedding for 

transmission electron microscopy.  

 

2.2.22.2. Microwave 

An LG Easyclean™ microwave was used to rapidly heat solutions to high temperatures 

as required.  

 

2.2.22.3. Heating Block 

Samples and reagents were heated to the required temperature using a Ratek heating block 

(Boronia, VIC, Australia). 
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2.2.23. Incubators 

Cell cultures were maintained at 37C at 5% CO2 in Heracell™ VIOS 160i CO2 incubators 

(Thermo Scientific, Waltham, MA, USA). A dedicated incubator was used to house all 

stem cell cultures.  

 

2.2.24. Infra-red scanner 

Signal detection for In-Cell Western™ and western blot assays was achieved using a LI-

COR Odyssey infrared scanner (Lincoln, NE, USA). Scans were performed at 700 nm 

and 800 nm wavelengths as required. Quantification and data analysis were performed 

using image studio version 5.2 software.  

 

2.2.25. Irradiator 

Fibroblasts were irradiated with 3000 cGy γ-radiation using the Gammacell® 3000 Elan 

(Nordion, UK).  

 

2.2.26. Membrane  

After separation of proteins by electrophoresis, proteins were transferred to an 

Immobilon-FL polyvinylidene difluoride (PVDF) membrane for Western Blotting 

(Merck, Kenilworth, NJ, USA).  

 

2.2.27. Microtome 

Resin-embedded samples were sectioned using a Leica EM UC7 ultramicrotome (Leica, 

Wetzlar, Germany) 

 

2.2.28. Nanodrop 

The quantity and purity of extracted total RNA was measured using an ND-100 

spectrophotometer (Thermo Fisher Scientific, Scoresby, VIC. Australia).  At least 1 µL 

of total RNA was assessed at 230 nm, 260 nm and 280 nm wavelengths.  
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2.2.29. Light microscope 

Cellular morphology and viability were assessed using a Nikon® Eclipse TS100 inverted 

microscope (Coherent Scientific, Hilton, SA, Australia).  

 

2.2.30. PAP pen 

A PAP pen (Sigma Aldrich, St. Louis, MO, USA) was used to create hydrophobic barriers 

around specimens on glass slides during immunostaining.  

 

2.2.31. Parafilm 

Parafilm (Bemis Company Inc., Neenah, WI, USA) was used as required to prevent 

evaporation of solutions from the surface of glass slides.  

 

2.2.32. pH meter 

The pH of all solutions was measured using an edgepH pH meter (HANNA® instruments, 

Keysborough, VIC, Australia).  

 

2.2.33. Pipettes 

For volumes less than or equal to 1 mL, Gilson Pipetman® micropipettes (Middleton, 

WI, USA) were used. Thermo Labsystems Finnpipette® (Helsinki, Finland) multi-

channel pipettes were used to deliver volumes across 96 well plates. For volumes between 

1 mL and 25 mL a Thermo Scientific S1 pipette filler (Waltham, MA, USA) was used to 

deliver appropriate volumes.  

 

2.2.34. Plasticware for molecular work 

Polymerase Chain Reactions (PCRs) were set up in Hard-shell PCR Plates (96-well, Bio-

Rad, Hercules, CA, USA). The reaction mix was transferred to DG8™ Cartridges for 

QX200™/QX100™ Droplet Generator (Bio-Rad, Hercules, CA, USA) and covered with 

a DG8™ Gaskets for QX200™/QX100™ Droplet Generator (Bio-Rad, Hercules, CA, 

USA) for droplet generation. Droplets were transferred to ddPCR™ 96-Well Plates (Bio-

Rad, Hercules, CA, USA) prior to plate sealing and ddPCR.  
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2.2.35. Plate sealer 

Plates prepared for ddPCR were covered in a pierceable, foil Plate Heat Seal (Bio-Rad, 

Hercules, CA, USA) and sealed at 180C in a PX1™ PCR Plate Sealer (Bio-Rad, 

Hercules, CA, USA).  

 

2.2.36. Solution agitation 

Solution agitation was achieved using a variety of equipment including a magnetic stirrer 

(Industrial Equipment and Control Pty Ltd, Thornbury, VIC, Australia), vortex (Thermo 

Scientific, Waltham, MA, USA) and adjustable rocker (Cole-Parmer, Vernon Hills, IL, 

USA).  

 

2.2.37. Spectrophotometer 

A Multiskan FC spectrophotometer (Thermo Fisher Scientific, Scoresby, VIC, Australia) 

or a BioTek SynergyMx spectrophotometer (Millennium Science, Mulgrave, VIC, 

Australia) was used to measure 96 well plates at specific spectrophotometry wavelengths 

according to application. Luminescence measurements were performed using a 

PerkinElmer Enspire® Multilabel plate reader (Melbourne, VIC, Australia).  

 

2.2.38. Thermocycler 

A Bio-Rad T100™Thermal Cycler (Gladesville, NSW, Australia) was used to perform 

PCR under conditions according to the application.  

 

2.2.39. Tissue culture plasticware 

All standard disposable plasticware for tissue culture was obtained from Sarstedt 

(Adelaide, SA, Australia), BD Biosciences (Franklin Lakes, NJ, USA) and Corning 

(Mount Martha, VIC, Australia). NuncTM Cell Culture Tubes were obtained from 

ThermoFisher Scientific (Scoresby, VIC, Australia). Chamber slides were sourced from 

ibidi GmbH (Planegg, Germany).  
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2.2.40. Water bath 

Samples and reagents were warmed as required using a Ratek water bath (Boronia, VIC, 

Australia).  

 

2.3. General Purpose Buffers and Solutions 

2.3.1. Double deionised water 

Double deionised water (ddH2O) was prepared by passing distilled water through a 

Millipore Milli-Q® water purification system (North Ryde, NSW, Australia).  

 

2.3.2. Ethanol 

An 80% (v/v) ethanol solution was prepared by adding 800 mL absolute ethanol to 200 

mL ddH2O and stored at room temperature until required.  

 

2.3.3. Phosphate buffered saline 

A 10 solution of Phosphate Buffered Saline (PBS) was prepared by dissolving 80 g of 

NaCl, 2 g of KCl, 14.4 g of Na2HPO4 and 2.4 g of KH2PO4 into 1000 mL ddH2O. The 

solution was then diluted 1:9 (v/v) with ddH2O before use.  

 

2.3.4. HEPES buffered saline solution 

A 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffered saline solution 

was prepared in 10 stock form by dissolving 47.6 g of HEPES, 70.7 g of NaCl, 2 g of 

KCl, 1.7 g of glucose and 10.2 g of Na2HPO4 in 800 mL of ddH2O. The pH of the solution 

was adjusted to pH 7.4 before making up the final volume to 1 L with ddH2O. The solution 

was autoclaved before a 1 solution was prepared by diluting 1:10 (v/v) with sterile 

ddH2O.  

 

2.3.5. Hydrochloric acid 

A 50 mL solution of 4mM HCl solution was prepared by diluting 20 µL of 32% HCl in 

49.98 mL of ddH2O and stored at room temperature until required. 
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2.3.6. Sodium hydroxide 

A 10 mL solution of 1 M NaOH was prepared by dissolving 0.4 g of NaOH pellets in 

ddH2O, made to a final volume of 10 mL and stored at room temperature until required. 

 

2.3.7. Sodium fluoride solution 

A 10 mL solution of 1 M NaF was prepared by dissolving 0.42 g NaF in ddH2O, made to 

a final volume of 10 mL and stored at room temperature until required.  

 

2.3.8. Sodium orthovanadate solution 

A 50 mL solution  of 200 mM sodium orthovanadate solution was prepared by dissolving 

1.85 g of sodium orthovanadate in ddH2O with a magnetic stirrer (refer to 2.2.36), made 

to a final volume of 50 mL and stored at room temperature until required.  

 

2.3.9. Sodium dodecyl sulphate solution 

A 100 mL solution of 20% (w/v) Sodium Dodecyl Sulphate (SDS) solution was prepared 

by dissolving 20 g of SDS in ddH2O with a magnetic stirrer (refer to 2.2.36), made to a 

final volume of 100 mL and stored at room temperature until required.  

 

2.3.10. Sodium deoxycholate solution 

A 100 mL solution of 10% (w/v) sodium deoxycholate was prepared by dissolving 10 g 

sodium deoxycholate in ddH2O with a magnetic stirrer (refer to 2.2.36), made to a final 

volume of 100 mL and stored at room temperature until required.  

 

2.3.11. Tissue culture PBS 

A 500 mL solution of PBS was prepared by dissolving one PBS tablet in 500 mL ddH2O. 

The resultant solution was autoclaved and stored at room temperature until required.  

 

2.3.12. Triton washing solution 

A 100 mL volume of 10% (v/v) Triton X-100 was prepared by diluting 10 mL Triton X-

100 in 90 mL 1 PBS (refer to 2.3.3) and stored at room temperature, protected from 

light, until required. A 500 mL volume of a 0.1% (v/v) solution of Triton X-100 was 
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prepared by diluting 5 mL 10% (v/v) Triton X-100 in 495 mL 1 PBS and stored at room 

temperature until required. A 5 mL volume of a 0.3% (v/v) solution of Triton X-100 was 

prepared by diluting 150 µL 10% (v/v) Triton X-100 in 4.85 mL 1 PBS and stored at 

room temperature until required.  

 

2.3.13. Tween washing solution 

A 20% (v/v) stock solution of Tween-20 was prepared by mixing 20 mL Tween-20 in 80 

mL 1 PBS and stored at room temperature until required. A 0.1% (v/v) Tween-20 

washing solution was prepared by diluting 5 mL 20% (v/v) Tween-20 in 995 mL 1  PBS 

(refer to 2.3.3) and stored at room temperature until required.  

 

2.3.14. Tris-HCl solution 

A 1 M Tris-HCl solution was prepared by dissolving 12.11 g Tris-HCl in ddH2O and 

made to a final volume of 100 mL. The solution was adjusted to pH 6.8 and stored at 

room temperature until required. A 0.5 M Tris-HCl solution was prepared by mixing 100 

mL of 1 M Tris-HCl in 100 mL ddH2O and stored at room temperature until required 

 

2.3.15. Tris-buffered saline solution 

A 1 L solution of 10  tris-buffered saline (TBS) was prepared by dissolving 24.25 g Tris-

base and 87.65 g NaCl in 750 mL ddH2O. The solution was adjusted to pH 7.5 and the 

volume made up to 1 L. The solution was stored at room temperature and diluted 1:9 (v/v) 

with ddH2O before use. 

 

2.3.16. Tris-buffered saline-Tween 20 solution  

A 1 L solution of 10 tris-buffered saline-Tween 20 (TBS-T) was prepared by dissolving 

24.25 g Tris-base and 87.65 g NaCl in 750 mL ddH2O. The solution was adjusted to pH 

7.5, 20 mL of Tween 20 added and the volume made up to 1 L. The solution was stored 

at room temperature and diluted 1:9 (v/v) with ddH2O before use. 
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2.3.17. Rinse buffer 

A 500 mL solution of Rinse Buffer was prepared by dissolving 4.38 g NaCl in 480 mL 

ddH2O, adding 20 mL of 0.5 M Tris-HCl (refer to 2.3.14) and 1.25 mL 20% (v/v) Tween-

20. The solution was adjusted to pH 7.4 and stored at room temperature until required.  

 

2.3.18. Blocking solution 

A 3 mL volume of 4% (v/v) goat serum blocking solution was prepared by diluting 120 

µL goat serum in 2880 µL 1 PBS (refer to 2.3.3).  

 

2.3.19. Cell extraction buffer 

Cell extraction buffer (CEB) was prepared by combining 1mL of 0.5 M Tris-HCl (pH 

6.8), 0.59 g of NaCl, 0.037 g of EDTA, 0.892 g of sodium pyrophosphate, 0.038 g EGTA, 

100 µL of 1 M NaF solution (refer to 2.3.7) and 1 mL of 200 mM sodium orthovanadate 

solution (refer to 2.3.8), which was then all dissolved in 70 mL of ddH2O. The solution 

was adjusted to pH 7.4 and 1 mL of Triton X-100, 10 mL of glycerol, 500 µL of 20% 

(w/v) SDS solution (refer to 2.3.9)  and 5 mL of 10% (w/v) sodium deoxycholate solution 

(refer to 2.3.10)  was added and dissolved. The final volume was adjusted to 100 mL with 

ddH2O, dispensed into 4 mL aliquots and stored at -20C until required. 

 

2.3.20. Triton-X lysis buffer 

A 100 mL volume of Triton-X lysis buffer was prepared by dissolving 714.9 mg HEPES 

and 876.6 mg NaCl in 98 mL ddH2O. A 1 mL volume of 1 M NaF (refer to 2.3.7) and 1 

mL volume of Triton X-100 was then added to the solution. The pH was then adjusted to 

pH 7.4 and 5 mL volumes dispensed and stored at -20C.  Halt™ protease and 

phosphatase inhibitor single-use cocktail was added at 10 µL/mL of Triton-X lysis buffer 

immediately prior to use.  

 

2.3.21. Laemmli buffer 

A 20 mL solution of 4 Laemmli buffer was prepared by combining 1.6 g SDS with 4 

mL β- mercaptoethanol, 8 mL glycerol and 5 mL 1 M Tris-HCl pH 6.8 (refer to 2.3.14). 
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The pH was adjusted with HCl to pH 6.8, the final volume made to 20 mL with ddH2O, 

and the solution stored at 4C until required.  

 

2.3.22. MES running buffer 

A commercially available 20 Bolt™ MES SDS Running Buffer was diluted 1:19 (v/v) 

in ddH2O before use.  

 

2.3.23. Transfer buffer 

A 1 L solution of 10 transfer buffer was prepared by dissolving 30 g tris-base and 150 g 

glycine in 1 L ddH2O and stored at room temperature until required. A 1 L solution of 1  

transfer buffer was prepared immediately prior to use by combining 100 mL 10  transfer 

buffer, 200 mL methanol and 700 mL ddH2O. The 1  transfer buffer solution was stored 

at 4C and used within 3 days.  

 

2.3.24. Procure-araldite resin 

A 25 mL mixture of procure-araldite resin was prepared on an electronic balance by 

combining 6.25 g procure 812, 3.75 g araldite 502 and 13.75 g DDSA and mixed before 

0.625 g BDMA was added. The resulting mixture was stirred thoroughly with a wooden 

stick before the resin mix was placed on a magnetic stirrer and mixed for 30 min. 

 

2.3.25. EDTA solution 

A 200 mL stock solution of 200 mM EDTA was prepared by dissolving 11.69 g EDTA 

in 150 mL ddH2O. NaOH was added to adjust the solution to pH 8 until the EDTA 

dissolved. The volume was then made up to 200 mL with ddH2O. The solution was stored 

at room temperature until required.  

 

2.3.26. Tris-acetate-EDTA buffer 

A 5 L solution of 1 Tris-acetate-EDTA (TAE) buffer was prepared by adding 1.21 g 

Trizma base, 11.5 mL acetic acid 25 mL of 200 mM EDTA to 4.96 L ddH2O. The solution 

was adjusted to pH 8.2 with acetic acid and stored at room temperature until required.  
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2.3.27. Gel loading dye 

A solution of gel loading dye was prepared by dissolving 0.25 g bromophenol blue, 0.125 

g xylene cyanol, 7.5 g Ficoll and 0.5 g SDS and made to a final volume of 50 mL in 

ddH2O. The gel loading dye was stored at room temperature until required.  

 

2.3.28. Agarose gel 

A 200 mL solution of 2% (w/v) agarose was prepared by adding 4 g agarose to 200 mL 

1 TAE buffer (refer to 2.3.26). The agarose suspension was heated in the microwave for 

30 s intervals until the agarose was completely dissolved and the solution stored at 60C 

until required. To make a 2% (w/v) agarose gel, ~50 mL molten 2% (w/v) agarose was 

poured into a tray to form a gel for electrophoresis, comb positioned and the gel allowed 

to set at room temperature for 20 min before use.  

 

2.3.29. Flow buffer 

A 200 mL solution of Flow Buffer was prepared by dissolving 1 g BSA in 198 mL 1  

PBS and adding 2 mL of the 200 mM EDTA stock solution (refer to 2.3.25). The resulting 

solution was then sterilised with a 0.22 µm filter and stored at 4C until required.  

 

2.4. Cell Culture Solutions 

2.4.1. Cell culture media additives 

2.4.1.1. 8-bromo-cAMP sodium salt 

An 8-bromo-cAMP sodium salt stock solution (0.1 M) was prepared under sterile 

conditions by dissolving 25 mg 8-bromo-cAMP sodium salt in 581 µL ddH2O. The stock 

solution was dispensed into 50 µL aliquots and stored at -20C until required.  

 

2.4.1.2. Ascorbic acid 

An ascorbic acid stock solution (50 mg/mL) was prepared by dissolving 500 mg of L - 

ascorbic acid in 10 mL final volume of ddH2O. The stock solution was dispensed under 

sterile conditions into 100 µL aliquots and stored at -20C until required.  
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2.4.1.3. Adenine 

A 0.5 M HCl solution was first prepared by diluting 2.05 mL of 37% (v/v) HCl in 47.95 

mL ddH2O. A 10 mg/mL stock solution of adenine was then prepared by dissolving 200 

mg of adenine in 20 mL final volume of 0.5 M HCl. The stock solution was then dispensed 

into 1.2 mL aliquots under sterile conditions and stored at -20C until required.  

 

2.4.1.4. B-27 supplement 

The B-27 supplement was thawed on ice and aliquoted in 1 mL and 500 µL volumes 

under sterile conditions before storage at -20C until required. 

 

2.4.1.5. Bone morphogenetic protein 4 

A 4 mM HCl solution was prepared by diluting 1 mL 4M HCl in 999 mL PBS. A 1 g/L 

solution of BSA was then prepared under sterile conditions by dissolving 100 mg of BSA 

in 100 mL of 4mM HCl. A 10 µg/mL stock solution of BMP4 was subsequently prepared 

by reconstituting 50 µg BMP4 in 5 mL of 1 g/L BSA solution. The BMP4 stock solution 

was dispensed in 100 µL aliquots and stored at -20oC until required.  

 

2.4.1.6. Bovine serum albumin  

A 7.5% (w/v) stock solution of BSA was prepared by dissolving 3 g BSA in 40 mL DPBS 

with a magnetic stirrer (refer to 2.2.36). The solution was filter sterilised, dispensed in 1 

mL aliquots and stored at -20C until required.   

 

2.4.1.7. CHIR99021 

A 3 mM stock solution was prepared by dissolving 10 mg of CHIR99021 in 7.16 mL 

DMSO under sterile conditions. The CHIR99021 stock solution was dispensed in 100 µL 

aliquots and stored at -20C until required. 

 

2.4.1.8. Cholera toxin 

A 200 µg/mL stock solution was prepared by dissolving 2 mg cholera toxin in 10 mL 

sterile ddH2O under sterile conditions. The cholera toxin stock solution was then 

dispensed in 21 µL aliquots and stored at -20C until required. 
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2.4.1.9. Dexamethasone 

A 50 stock solution of dexamethasone was prepared by dissolving 5 mg in 5 mL absolute 

ethanol. The 50  stock solution was dispensed in 200 µL aliquots under sterile conditions 

and stored at -20C. To prepare a 20 µg/mL solution of dexamethasone, one aliquot of 

the 50 stock was diluted in 9.8 mL DPBS under sterile conditions and subsequently 

dispensed in 200 µL aliquots and stored at -20C until required. 

 

2.4.1.10. Dorsomorphin dihydrochloride 

A 2 mM stock solution was prepared by dissolving 10 mg dorsomorphin dihydrochloride 

in 10 mL DMSO under sterile conditions with gentle warming at 45C in the water bath. 

The stock solution was dispensed in 100 µL aliquots and stored at -20C until required. 

 

2.4.1.11. Epidermal growth factor 

A BSA/HEPES buffered saline solution was first prepared by combining 2 mL BSA (refer 

to 2.4.1.6) and 18 mL HEPES buffered saline solution (refer to 2.3.4). A 25 µg/mL stock 

solution of EGF was then prepared by dissolving 200 µg rhEGF in 8 mL BSA/HEPES 

buffered saline solution. The EGF stock solution was then filter sterilised prior to 

dispensing in 500 µL aliquots and stored at -20C until required. 

 

2.4.1.12. Erythropoietin  

A 0.1% (w/v) BSA solution was prepared by dissolving 20 mg of BSA in 20 mL DPBS. 

A 2 U/mL stock solution was prepared by reconstituting 500 U EPO in 250 µL 0.1% BSA 

solution under sterile conditions. The stock solution was dispensed in 10 µL volumes and 

the aliquots stored -20C until required. 

 

2.4.1.13. Glutamax 

A commercial solution of glutamax was dispensed in 4 mL volumes under sterile 

conditions and aliquots stored at room temperature until required.  
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2.4.1.14. Hyclone foetal bovine serum 

The FBS product was thawed at 4C overnight prior to filtering with a 0.22 µm filter, 

dispensed in 4 mL volumes under sterile conditions and aliquots stored at -20C until 

required. 

 

2.4.1.15. Hydrocortisone 

A 95% (v/v) ethanol solution was first prepared by combining 19 mL absolute ethanol 

with 1 mL ddH2O. A 3.6 mg/mL hydrocortisone stock solution was then prepared by 

dissolving 72 mg hydrocortisone into a final volume of  20 mL of 95% (v/v) ethanol under 

sterile conditions. The stock solution was then dispensed in 69 µL aliquots and stored at 

-20C until required. 

 

2.4.1.16. Isobutylmethylxanthine  

A 0.1 M stock solution was prepared by dissolving 250 mg IBMX in 11.25 mL DMSO 

under sterile conditions. The stock solution was dispensed in 100 µL aliquots and stored 

at -20C until required. 

 

2.4.1.17. Insulin-like growth factor 1 

A 25 µg/mL stock solution was prepared by dissolving 200 µg of IGF-1 in 8 mL DPBS 

under sterile conditions. The stock solution was dispensed in 400 µL volumes and the 

aliquots stored at -20C until required.  

 

2.4.1.18. Interleukin 3 

A 0.1% (w/v) BSA solution was prepared by dissolving 20 mg of BSA in 20 mL DPBS. 

A 50 µg/mL stock solution of IL-3 was prepared by reconstituting 10 µg in 200 µL 0.1% 

(w/v) BSA solution under sterile conditions. The stock solution was dispensed in 10 µL 

volumes and the aliquots stored at -20C until required. 

 

2.4.1.19. Insulin 

A 4 mM solution of HCl was prepared by adding 17 µL of 32% HCl to 50 mL of ddH2O. 

A 2.0 mg/mL solution of insulin was then prepared by dissolving 50 mg insulin in 4 mM 



50 
 

HCl under sterile conditions. The insulin stock solution was then dispensed in 1250 µL 

aliquots and stored at -20C until required. 

 

2.4.1.20. Keratinocyte growth factor 

A 0.1% (w/v) solution of BSA was prepared by dissolving 100 mg BSA in 100 mL DPBS 

under sterile conditions. A 10 µg/mL stock solution of KGF was then prepared by 

dissolving 10 µg KGF in 5 mL of the 0.1% (w/v) BSA solution under sterile conditions. 

The KGF stock solution was dispensed in 300 µL aliquots and stored at -20C until 

required. 

 

2.4.1.21. N-2 supplement 

The N-2 supplement was thawed on ice and aliquoted in 1 mL and 250 µL volumes under 

sterile conditions before storage at -20C until required. 

 

2.4.1.22. Penicillin/streptomycin 

A commercial solution of 10,000 U/mL penicillin and 10,000 µg/mL streptomycin was 

thawed, and 4 mL aliquots were prepared under sterile conditions before storage at 4C 

until required. 

 

2.4.1.23. Primocin 

A commercial solution of primocin was thawed overnight at 4C, dispensed in 1 mL 

aliquots under sterile conditions and stored at -20C until required. 

 

2.4.1.24. Retinoic acid 

A 0.5 mM stock solution was prepared by dissolving 1.502 mg of all-trans retinoic acid 

(ATRA) in 10 mL DMSO. The stock solution was dispensed in 100 µL aliquots and stored 

at -20C until required. A new stock solution of ATRA was prepared every six months.  
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2.4.1.25. ROCK inhibitor (Y-27632) 

A 10 mM stock solution was prepared by dissolving 10 mg ROCK inhibitor (Stemgent, 

ReproCELL, Beltsville, MD, USA) in 3.12 mL DMSO. The stock solution was dispensed 

in 20 µL aliquots and stored at -20C until required. Furthermore, a 2.5 mg/mL stock 

solution was prepared by dissolving 25 mg ROCK inhibitor (Enzo Life Sciences, 

Farmingdale, NY, USA) in 7.8 mL ddH2O. The stock solution was dispensed in 500 µL 

aliquots and stored at -20C until required. 

 

2.4.1.26. Stem cell factor  

A 0.1% (w/v) BSA solution was prepared by dissolving 20 mg of BSA in 20 mL DPBS. 

A 100 µg/mL stock solution of SCF was then prepared by dissolving 10 µg IL-3 in 200 

µL 0.1% (w/v) BSA solution under sterile conditions. The stock solution was dispensed 

in 10 µL volumes and the aliquots stored at -20C until required. 

 

2.4.1.27. SB43152 

A 10 mM stock solution was prepared by dissolving 10 mg SB43152 in 2.51 mL DMSO 

under sterile conditions. The stock solution was then dispensed in 100 µL aliquots and 

stored at -20C until required. 

 

2.4.2. Cell culture media 

2.4.2.1. A549 growth media 

A549 growth medium was prepared by combining FCS (10% v/v) and 

penicillin/streptomycin (1% v/v) with RPMI-1640 under sterile conditions. The media 

was stored at 4C.  

 

2.4.2.2. NIH-3T3 growth media 

NIH-3T3 growth medium was prepared by combining FCS (10% v/v final), 

penicillin/streptomycin (1% v/v final) with DMEM (high glucose, no glutamine). The 

media was prepared under sterile conditions and stored at 4C until required.  
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2.4.2.3. Co-culture media for primary epithelial cell culture 

The co-culture medium (CCM) was prepared by first combining DMEM (high glucose + 

L-glutamine) with F12 at a 1:1 (v/v) ratio. FCS was then added to the base media to a 

final concentration of 5% (v/v). Hydrocortisone (refer to 2.4.1.15), insulin (refer to 

2.4.1.19), EGF (refer to 2.4.1.11), cholera toxin (refer to 2.4.1.8), adenine (refer to 

2.4.1.3), ROCK inhibitor (Enzo Life Sciences) (refer to 2.4.1.25) and 

penicillin/streptomycin (refer to 2.4.1.22) were then added to make final concentrations 

of 0.0004 mg/mL, 0.005 mg/mL, 0.01 µg/mL, 0.0084 µg/mL, 0.024 mg/mL, 0.0025 

mg/mL and 0.1% (v/v) respectively. The complete media was then filter sterilised using 

a bottle top filter and dispensed in 50 mL aliquots under sterile conditions. Aliquots were 

stored at 4C away from light.  

 

2.4.2.4. Nasal epithelial cell culture media 

The contents of the BEGMTM Bronchial Epithelial Cell Growth Medium BulletKitTM 

were thawed at room temperature. Additives provided in the BulletKitTM (bovine pituitary 

extract (BPE), hydrocortisone, epinephrine, transferrin, insulin, RA, triiodothyronine and 

Gentamicin/Amphotericin-B) were added to 500 mL BEBM under sterile conditions. 

Complete BEGMTM was dispensed in 50 mL volumes and aliquots stored at 4C away 

from light. BulletKitTM hEGF was aliquoted separately, stored at -20C and added to 

complete BEGMTM as required (0.1% v/v).  

 

2.4.2.5. Peripheral blood mononucleocyte expansion medium  

Small volumes of Peripheral Blood Mononucleocyte (PBMC) expansion medium (EM) 

were prepared as required and used within one week. Primocin (refer to 2.4.1.23), 

ascorbic acid (refer to 2.4.1.2), SCF (refer to 2.4.1.26), IL-3 (refer to 2.4.1.18), EPO (refer 

to 2.4.1.12), IGF-1 (refer to 2.4.1.17) and dexamethasone (refer to 2.4.1.9) were added to 

QBSF-60 media to final concentrations of 100 µg/mL, 50 µg/mL, 50 ng/mL, 10 ng/mL, 

2 U/mL, 40 ng/mL and 1 µM, respectively. The final media solution was filter sterilised 

under sterile conditions and stored at 4C away from light. 
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2.4.2.6. Reprogramming medium 

The ReproTeSRTM 25 supplement was thawed and dispensed in 1 mL volumes under 

sterile conditions. Aliquots were stored at -20C until required. To make up the complete 

media as required, one aliquot of the ReproTeSRTM 25 supplement was thawed and 

added to 24 mL of the ReproTeSRTM basal medium. Primocin was then added to the 

solution to a final concentration of 0.2% (v/v).   

 

2.4.2.7. Stem cell growth medium 

The mTeSRTM1 5 supplement was added to mTeSR TM1 basal medium under sterile 

conditions. Primocin was added to a final concentration of 0.2% (v/v). The complete 

media was dispensed in 45 mL volumes and aliquots stored at -20C. Prior to use, aliquots 

were thawed overnight at 4C away from light. 

 

2.4.2.8. Stem cell differentiation media 

2.4.2.8.1. Definitive endoderm medium 

The STEMdiffTM endoderm basal medium was thawed at 4C overnight, dispensed in 4 

mL volumes under sterile conditions and stored at -20C. The STEMdiffTM definitive 

endoderm supplement A and STEMdiffTM definitive endoderm supplement B were 

thawed on ice, dispensed in 22 µL aliquots and stored at -20C until required.  Prior to 

use, the STEMdiffTM endoderm basal medium was thawed overnight at 4C while 

STEMdiffTM definitive endoderm supplement A and supplement B were thawed on ice 

and added to the basal medium at 1% (v/v) concentrations immediately before use. 

STEMdiffTM supplement A was only added to the media for the first 24 h of definitive 

endoderm (DE) induction while supplement B was added for the duration of DE 

induction.  

 

2.4.2.8.2. CSFDM medium 

CSFDM basal media was prepared by combining IMDM to Ham’s F12 at a 3:1 ratio. A 

working stock solution of MTG (13 µL/mL) was prepared by diluting 26 µL MTG in 2 

mL IMDM. A working stock of primocin (100µg/mL) was prepared by diluting 20 µL 

primocin (refer to 2.4.1.23) in 10 mL DPBS. B-27 (with RA) supplement (refer to 

2.4.1.4), N-2 supplement (refer to 2.4.1.21), BSA (refer to 2.4.1.6), primocin working 
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stock, glutamax (refer to 2.4.1.13), ascorbic acid (refer to 2.4.1.2) and MTG working 

stock were then added to the basal media to final concentrations of 1% (v/v), 0.5% (v/v), 

0.05% (v/v), 200 ng/mL. 1% (v/v), 50 µg/mL and 4.5   10-4 M, respectively. Complete 

CSFDM media was then filter sterilised using a bottle-top filter under sterile conditions. 

CSFDM media was prepared in 250 mL batches, stored at 4C and used within two weeks.  

 

2.4.2.8.3. DS/SB medium  

Small volumes of DS/SB media were prepared as required and used within two weeks. 

CSFDM media was used as the base media and SB43152 (refer to 2.4.1.27) and 

dorsomorphin dihydrochloride (refer to 2.4.1.10) added to final concentrations of 10 µM 

and 2 µM, respectively. DS/SB media was filter sterilised under sterile conditions and 

stored at 4C until required. 

 

2.4.2.8.4. CBRa medium 

Small volumes of CBRa medium were prepared as required and used within two weeks 

of preparation. CSFDM media was used as the base media and CHIR99021 (refer to 

2.4.1.7) and BMP4 (refer to 2.4.1.5) added to final concentrations of 3 µM and 10 ng/mL, 

respectively. Media were filter sterilised under sterile conditions and stored at 4C. 

Immediately prior to use, ATRA was added to the volume of media to be used in the 

media change at a final concentration of 100 nM. Media was filter sterilised once again 

after the addition of ATRA until required.  

 

2.4.2.8.5. CK + DCI medium 

CK + DCI media was prepared in 50 mL batches and used within two weeks of 

preparation. CSFDM media was used as the base media and CHIR99021 (refer to 2.4.1.7), 

KGF (refer to 2.4.1.20), dexamethasone (refer to 2.4.1.9), 8-bromo-cAMP (refer to 

2.4.1.1) and IBMX (refer to 2.4.1.16) added to final concentrations of 3 µM, 10 ng/mL, 

50 nM, 100 µM and 0.5 µM, respectively. Media was filter sterilised under sterile 

conditions and stored at 4C until required.  
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2.4.3. Other cell culture solutions 

2.4.3.1. Cell line trypsin solution 

A commercial Trypsin-EDTA solution was thawed, dispensed in 4 mL volumes under 

sterile conditions and stored at -20C until required.  

 

2.4.3.2. Dispase solution 

A commercial solution of dispase was dispensed in 4 mL aliquots under sterile conditions 

and stored at -20C until required.  

 

2.4.3.3. Collagen coating buffer 

Collagen coating buffer was prepared by diluting Rat Tail Collagen I in sterile PBS (refer 

to 2.3.11) to form a 0.03 mg/mL solution. Collagen coating buffer was stored at 4C until 

required.  

 

2.4.3.4. Fibronectin coating buffer 

One milligram of fibronectin was dissolved in 10 mL BEBM and incubated at 37oC for 

60 min. Once dissolved, 1 mL collagen I and 10 mL of BSA stock (refer to 2.4.1.6) was 

added and the solution brought to a final volume of 100 mL with BEBM. Gentamicin 

(0.2% v/v) and amphotericin B (0.125 µg/mL) were added before filter sterilisation and 

aliquoting. Fibronectin coating buffer was stored at 4C away from light until required.  

 

2.4.3.5. Matrigel coating solution 

Matrigel stock (hESC-qualified) was thawed on ice overnight at 4C and dispensed, under 

sterile conditions, in volumes sufficient to coat 3 or 6 wells of a 6-well plate calculated 

from the dilution factor provided in the lot-specific certificate of analysis. Cold pipette 

tips were used for aliquoting to prevent Matrigel polymerisation.  Aliquots were stored at 

-20C and thawed on ice immediately prior to use.  

 

2.4.3.6. Growth factor reduced Matrigel 

Growth factor reduced Matrigel stock was thawed on ice overnight at 4C. Matrigel was 

dispensed in 200 µL aliquots while on ice using cold pipette tips to prevent Matrigel 
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polymerisation. Aliquots were stored at -20C until required. Aliquots were thawed on 

ice immediately prior to use.  

 

2.4.3.7. Formaldehyde solution 

A commercial solution of formaldehyde (36.5-38%) was diluted in sterile PBS (refer to 

2.3.11) to form a 3.65-3.8% (3.7%) solution of formaldehyde. The resulting solution was 

then stored at room temperature until required.  

 

2.4.3.8. Glutaraldehyde solution 

A commercial 25% solution of glutaraldehyde was diluted in sterile PBS (refer to 2.3.11) 

to form a 2.5% (v/v) glutaraldehyde solution. The solution was stored at 4C until use.  

 

2.4.3.9. Osmium tetroxide 

A 4% osmium tetroxide solution was diluted in 1  PBS (refer to 2.3.3) to form a 1% 

(v/v) osmium tetroxide solution. The solution was aliquoted in 1 mL volumes and stored 

at -20C until required. 

 

2.4.3.10. Doxorubicin stock solution 

A 10 mM doxorubicin stock solution was prepared by dissolving 11.6 mg doxorubicin 

hydrochloride in 2 mL sterile ddH2O. Doxorubicin stock solution was dispensed in 500 

µL volumes under sterile conditions and stored at -20C until required.  

 

2.4.3.11. Calcein Blue solution 

BD Pharmigen™ Calcein Blue AM was reconstituted in DMSO by adding 430 µL of 

DMSO to make a 5 mM stock solution of Calcein Blue. The solution was vortexed until 

the stock dye was completely dissolved and aliquots of the solution stored at -20C until 

required. 
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2.4.3.12. Gelatin solution 

A 10% (w/v) gelatin solution was prepared by dissolving 300 mg gelatin in 3 mL ddH2O. 

The solution was mixed on a magnetic stirrer at 60oC until homogenous. The 10% (w/v) 

gelatin solution was dispensed into 100 µL volumes and stored at -20oC until required. 

 

2.4.3.13. Sucrose solution 

A 30% (w/v) sucrose solution was prepared by dissolving 6 g sucrose in 20 mL 1 PBS 

(refer to 2.3.3) and stored at 4oC until required. A 1:1 (v/v) dilution of 30% (w/v) sucrose 

in 1 PBS was performed to form a 15% (w/v) sucrose solution, which was then stored 

at 4C until required.   

 

2.5. General Methods 

2.5.1. Ethics 

Recruitment of participants without lung disease for nasal brushing at Saint John of God 

Hospital, Perth, Western Australia, was approved by the Saint John of God Hospital 

Human Research Ethics Committee under the HAPPIER study (#452) and the Western 

Australian Epithelial Research Program (#901; UWA recognition no. RA/4/1/8271). 

Recruitment of healthy participants and patients with surfactant disorders for nasal 

brushings and blood sampling was approved by the Princess Margaret Hospital for 

Children Human Research Ethics Committee under the chILD study (2015031EP; UWA 

recognition no. RA/4/1/7932). Refer to appendix I for ethics approval letters.  

 

2.5.2. Sampling 

2.5.2.1. Nasal epithelial cell collection 

Primary nasal epithelial cells were collected by cytological brushing of the inferior nasal 

turbinate (Looi et al., 2011). Two nasal brushings were collected per participant. Once 

sampled, cells were immediately immersed in sterile collection media (RPMI-1640) 

containing 20% (v/v) heat-inactivated FBS.  The sample was processed according to 

methods previously described (Lane et al., 2005; Kicic et al., 2006). The collection tube 

containing the immersed brush tips, were vortexed to dislodge cells. The brush tips were 

then removed and placed in a fresh collection tube and the process repeated. Collection 

media from both tubes were then pooled and centrifuged at 500  g for 7 min at 4C. The 
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subsequent cell pellet was then resuspended in BEBM and passed three times through 

two syringe needles of 25 gauge and 27 gauge (TERUMO, Macquarie Park, NSW, 

Australia) to dissociate cell clumps. The cell suspension was then incubated with a 1:500 

dilution of CD-68 antibody in 1 PBS for 20 min at 37C at 5% CO2 to remove 

macrophages. Cell yield and viability were determined using a haemocytometer by 

Trypan Blue exclusion. A culture flask pre-coated with fibronectin coating buffer was 

prepared by seeding 125,000 irradiated NIH-3T3 in CCM and 125,000 nasal epithelial 

cells added according to the determined total cell count. Cell cultures flasks were 

maintained at 37C at 5% CO2.  

 

2.5.2.2. Blood collection 

Peripheral blood was collected by venipuncture in a BD Vacutainer Cell Preparation Tube 

(CPT) with sodium citrate. The tube was inverted 10 times and kept upright at room 

temperature until processing. Peripheral blood was centrifuged at 1,800  g for 30 min at 

room temperature within 2 h of collection. The mononuclear cells were collected by 

pipetting the buffy coat into a sterile conical tube, the volume brought to 10 mL with 

sterile PBS and the cells resuspended. The conical tube was then centrifuged for 15 min 

at 300  g at room temperature and the supernatant removed. The pellet was resuspended 

in 10 mL of sterile PBS and a cell count performed using a haemocytometer. The tube 

was then centrifuged again under the same conditions and the supernatant aspirated. The 

cell pellet was then resuspended in Hyclone FBS containing 10% (v/v) DMSO so that 

approximately 2  106 cells/mL were aliquoted per cryovial. Cryovials were transferred 

to -80oC and subsequently transferred to liquid nitrogen for long term storage.  

 

2.5.3. Cell culture 

2.5.3.1. A549 cells 

2.5.3.1.1. A549 cell line source 

A human lung epithelial cell line (A549), originally derived through explant culture of 

lung carcinomatous tissue, was purchased from the American Type Culture Collection 

(ATCC) (South Granville, NSW, Australia). 
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2.5.3.1.2. A549 cell line recovery 

A549 growth media was warmed to room temperature and appropriately aliquoted into a 

culture vessel. One cryovial containing A549 cells was taken from liquid nitrogen storage 

and thawed quickly in a water bath at 37C. The contents of the cryovial were transferred 

to a 15 mL conical tube containing 9 mL A549 growth media (refer to 2.4.2.1). The 

conical tube was then centrifuged at 500  g for 7 min at 4C. The supernatant was 

aspirated, and the cell pellet resuspended in 1 mL A549 growth medium. A cell count 

was performed using a haemocytometer to determine cell number and viability by Trypan 

blue exclusion. Cells were seeded into the culture vessel at a density of 1  104 cells/cm2 

and the culture maintained in a 37C incubator at 5% CO2. Media were renewed every 2 

to 3 days until cultures became confluent and required to be passaged.  

 

2.5.3.1.3. A549 cell line passage 

A549 cells were passaged once the cells in the culture vessel reached ~90% confluence. 

The culture medium was removed, and the cell layer briefly washed with PBS. The wash 

solution was aspirated before cells were treated with 1 mL of Trypsin-EDTA solution. 

The culture vessel was then placed at 37C and incubated for 3 -5 min until the cells had 

detached as observed by phase contrast microscopy. A549 growth medium was added to 

the culture vessel to neutralise the Trypsin and the cell suspension transferred to a 15 mL 

conical tube. The cell suspension was then centrifuged at 500  g for 7 min at 4C. A cell 

count was performed using a haemocytometer to determine cell number and viability by 

Trypan blue exclusion. Cells were then seeded in the desired culture vessel at the required 

seeding density and maintained in a 37C incubator at 5% CO2.  

 

2.5.3.1.4. A549 cell line cryopreservation 

A549 cryopreservation medium was prepared by adding of 5% (v/v) of DMSO to A549 

growth medium (refer to 2.4.2.1). Cryovials containing 5  105 cells in A549 

cryopreservation medium were transferred to -80C and subsequently moved to liquid 

nitrogen for long term storage.  
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2.5.3.2. NIH-3T3 cells 

2.5.3.2.1. NIH-3T3 cell line source 

An immortalised murine embryonic fibroblast cell line (NIH-3T3) was purchased from 

the ATCC (South Granville, NSW, Australia). NIH-3T3 cells were used as a feeder cell 

layer for establishing primary nasal epithelial cell cultures as previously described 

(Martinovich et al., 2017).  

 

2.5.3.2.2. NIH-3T3 cell line recovery 

Cryopreserved NIH-3T3 cells were thawed quickly at 37C in a water bath, before a 1:9 

(v/v) dilution was performed in RPMI-1640. The cell suspension was centrifuged for 7 

min at 500  g at 4C to obtain a cell pellet, which was then resuspended in 1 mL of NIH-

3T3 growth medium (refer to 2.4.2.2). Total cell count and cell viability were determined 

using a haemocytometer and trypan blue exclusion. Cells were seeded at an appropriate 

density into culture vessels and maintained in an incubator at 37C and 5% CO2.  

 

2.5.3.2.3. NIH-3T3 cell line passage 

NIH-3T3 cells were passaged once they reached over 80% confluence. The cell 

monolayer was first washed with PBS followed by incubation with 0.25% (v/v) Trypsin-

EDTA solution for up to 5 min at 37C until the cell layer detached from the culture 

vessel. Trypsin activity was neutralised with the addition of DMEM containing 10% (v/v) 

FCS and the cell suspension was collected in a 15 mL tube. The cell suspension was 

subsequently centrifuged at 500  g for 7 min at 4C to obtain a cell pellet and then 

resuspended in NIH-3T3 growth medium (refer to 2.4.2.2). A total cell count was 

performed, cell viability determined via trypan blue exclusion using a haemocytometer 

and cells seeded into a new culture vessel at an appropriate density. Cells were maintained 

in an incubator at 37C and 5% CO2.  

 

2.5.3.2.4. NIH-3T3 cell line cryopreservation 

NIH-3T3 cells were harvested from the culture vessel as per passage methodology (refer 

to 2.5.3.2.3) and a total cell count and cell viability performed using a haemocytometer 

and trypan blue exclusion. Cells were resuspended in 70% (v/v) culture media (refer to 

2.4.2.2) with 10% (v/v) DMSO and 20% (v/v) FCS at a density of 5  105 cells/mL. The 
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resulting cell suspension was dispensed into cryovials in 1 mL volumes and transferred 

to -80oC for at least 24 h. Cryovials were subsequently transferred to liquid nitrogen for 

long term storage.  

 

2.5.3.3. Primary nasal epithelial cell 

2.5.3.3.1. Primary nasal epithelial cell source 

Primary nasal epithelial cell cultures were derived from nasal epithelial cells recovered 

from nasal brushings of study participants (refer to 2.5.2.1). Cell cultures that were 

established were initially expanded and subsequently cryopreserved for long term storage 

in liquid nitrogen.   

 

2.5.3.3.2. Primary nasal epithelial cell recovery 

Cryopreserved nasal epithelial cells were thawed quickly in a 37oC water bath and 

dispensed into a 15 mL conical tube containing 9 mL of DMEM containing 10% (v/v) 

FCS. Cells were then centrifuged at 500  g for 7 min at 4oC. The cell pellet was 

resuspended in 1 mL of CCM (refer to 2.4.2.3) and cell number and viability determined 

using a haemocytometer (refer to 2.2.21) and trypan blue exclusion. Cells were then 

seeded at a density of 5,000 cells per cm2 into a culture flask pre-coated with fibronectin 

coating buffer containing γ-irradiated NIH-3T3 cells (refer to 2.2.25) at a 1:1 cell ratio. 

Cell cultures were maintained at 37C and 5% CO2 with medium renewal every 2 to 3 

days. Cells were maintained and passaged as previously described (Liu et al., 2012; 

Martinovich et al., 2017).  

 

2.5.3.3.3. Primary nasal epithelial cell passage 

Primary nasal epithelial cell cultures were grown in culture vessels pre-coated with 

fibronectin coating buffer (refer to 2.4.3.4) as previously reported (Martinovich et al., 

2017). When primary nasal epithelial cell cultures reached approximately 90% 

confluence, they were passaged by differential trypsinisation using a Trypsin/EDTA 

reagent pack. Briefly, the growth medium was aspirated and the cells washed with PBS 

prior to incubation in Trypsin/EDTA at room temperature for 2 min. Cells were then 

washed with HBSS and incubated in an equal volume of Trypsin/EDTA solution at 37C 

for 5-7 min or until the cells detached from the culture vessel as observed by phase 
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contrast microscopy. Cells were collected, centrifuged at 500  g for 7 min at 4C, 

resuspended in CCM (refer to 2.4.2.3) and a cell count performed to determine cell yield 

and viability by trypan blue exclusion. To expand the culture, cells were seeded into pre-

coated culture vessels seeded with γ-irradiated NIH-3T3 cells at a 1:1 cell ratio in CCM 

and maintained in a 5% CO2 incubator at 37C. To seed cells for experiments, cells were 

seeded in plates pre-coated in fibronectin coating buffer in nasal epithelial cell growth 

medium (refer to 2.4.2.4) at the appropriate seeding density. Cell cultures in nasal 

epithelial growth medium were maintained at 37C and 5% CO2.  

 

2.5.3.3.4. Primary nasal epithelial cell cryopreservation  

Cryopreservation medium was prepared by adding 10% (v/v) DMSO and 0.1% (v/v) 

ROCK inhibitor (Enzo Life Sciences) to FCS. Primary nasal epithelial cell cultures were 

cryopreserved in 1 mL of cryopreservation medium with 5  105 cells per cryovial. 

Cryovials were initially transferred to -80C in Mr Frostys before they were moved to 

liquid nitrogen for long-term storage.  

 

2.5.3.4. Induced pluripotent stem cell 

2.5.3.4.1. Stem cell source 

To establish and optimise iPSC methodologies, a previously published iPSC line, 

CF17/NKX2.1-green fluorescent protein (GFP) (Hawkins et al., 2017), was donated by 

Dr Brian Davis and sourced from the Center for Regenerative Medicine at Boston 

University (MA, USA). Novel iPSC lines were also established from PBMCs (refer to 

2.5.2.2) as part of the current study (refer to 5.2.2.3). 

 

2.5.3.4.2. Preparation of Matrigel-coated plates 

Induced pluripotent stem cells (iPSCs), and their differentiated progeny, were cultured in 

wells coated with Matrigel solution (refer to 2.4.3.5). Prior to thawing or passaging iPSCs, 

a Matrigel aliquot was thawed on ice and diluted in an appropriate volume of DMEM/F12 

(1 mL/well of a 6-well plate). The Matrigel solution was immediately added to the wells 

and the plate gently rocked for an even distribution of the coating solution. The plate was 

incubated at room temperature for at least 1 h before use. Immediately prior to use, excess 

liquid in wells was aspirated and each well washed with 1 mL DMEM/F12.  
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2.5.3.4.3. Stem cell recovery 

ROCK Inhibitor was added to 2.5 mL mTeSR™1 to make a final concentration of 10 

µM. One millilitre of mTeSR™1 (10 µM Stemgent ROCK Inhibitor) was added to one 

well of Matrigel-coated 6-well plate and placed in a 37C incubator.   The frozen cryovial 

was thawed quickly in a 37C water bath and its contents transferred to a 50 mL conical 

tube with a 5 mL serological pipette. Five millilitres cold mTeSR™1 was added dropwise 

while swirling the conical tube before cells were centrifuged at 300  g for 5 min at 4C. 

The supernatant was subsequently aspirated and 1 mL of mTeSR™1 (10 µM ROCK 

Inhibitor) added. The conical tube was gently flicked to resuspend the cells and the cell 

suspension transferred to a well in the Matrigel-coated plate using a 5 mL serological 

pipette. The plate was returned to the incubator and rocked back and forth to evenly 

distribute cells. Medium was renewed daily.  

 

2.5.3.4.4. Stem cell passage 

Stem cells were split when colonies were sufficiently large and before neighboring 

colonies started merging. Matrigel-coated plates were prepared as described above (refer 

to 2.5.3.4.2). The media from the stem cell culture plate was removed by aspiration and 

the cells washed with 1 mL warm DMEM/F12. Cells were treated with ReLeSR for less 

than one min at room temperature before the ReLeSR was aspirated and the plate placed 

in the 37oC incubator for 5-7 min. One millilitre mTeSR™1 was added down the side of 

the well and the plate gently tapped to fragment colonies. Floating colonies were 

transferred to 15 mL conical tube using a 1 mL serological pipette and pipetted up and 

down once before splitting at the desired ratio (1:4 to 1:10) and transferring the cell 

aggregates to the previously prepared 6-well plate.   

 

2.5.3.4.5. Stem cell cryopreservation  

The mTeSR™1 medium was aspirated from wells of a 6-well tissue culture plate and 

washed with 2 mL DMEM/F12. DMEM/F12 was subsequently removed followed by 

treatment with 1 mL ReLeSRTM per well at room temperature. ReLeSRTM was then 

aspirated within 1 min of its addition and the plate returned to an incubator for 5-7 min at 

37C. One millilitre of mTeSR™1 was added down the side of the well and the plate 

tapped to lift adherent colonies taking care to keep cell colonies as large as possible. 
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Colonies in suspension were transferred to a 15 mL tube using a 5 mL serological pipette 

and centrifuged at 200  g for 5 min. The supernatant was aspirated and 0.5 mL 

mTeSR™1 medium was added to the cell pellet. The tube was gently tapped to resuspend 

the cell pellet before 0.5 mL cold mTeSR™1 (20% DMSO v/v) was added dropwise 

while swirling the tube to mix. One millilitre of the cell suspension was transferred to a 

cryovial using a 5 mL serological pipette. The cryovial was stored at -80C in Mr Frostys 

for at least 24 h before being transferred to liquid nitrogen for long-term storage.  

 

2.5.3.5. Primary alveolar cell 

2.5.3.5.1. Primary alveolar cell source 

Samples derived from human primary type I and type II alveolar cell cultures were 

donated by Dr Nicole Schneider-Daum at the Helmholtz Institute for Pharmaceutical 

Research Saarland (Saarbrucken, Germany). The isolation, purification and cultivation of 

human alveolar epithelial cells was performed as previously described (Daum et al., 

2012).  

 

2.5.3.6. Primary large airway cell 

2.5.3.6.1. Primary large airway cell source 

Archived samples in RNA lysis buffer (RLT) (refer to 2.5.4) derived from large airway 

cell cultures were donated from a previous study. Cultures were established from 

cytological brushings of the segmental bronchi as previously described (Banerjee et al., 

2009).   

 

2.5.4. Total RNA extraction 

Cells were lysed by adding 350 µL of the RLT lysis buffer, supplemented with 1% (v/v) 

2-Mercaptoethanol, and collected in sterile 1.5mL tubes. Samples were stored at -80oC 

until thawed for RNA extraction. RLT lysis buffer, Wash Buffer I, Wash Buffer II and 

RNase-free water required for RNA extraction were included in the Purelink™ RNA 

Mini Kit.  Briefly, an equal volume of 70% (v/v) molecular grade ethanol was added to 

the cell lysates and mixed by vortexing and inversion. The lysate/ethanol mixture was 

transferred to a spin cartridge and centrifuged for 15 s at 12,000  g. The flowthrough 

was discarded and 80 µL of RNase-free DNase treatment (30 U DNase) was added per 
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column and incubated for 15 min at room temperature. Following DNase treatment, 350 

µL of Wash Buffer I added to the spin cartridge, centrifuged for 15 s at 12,000  g and 

the flowthrough discarded. The spin cartridge was transferred to a new collection tube 

and 500 µL of Wash Buffer II was added to the column and centrifuged at 12,000   g for 

15 s at room temperature.  The flowthrough was discarded, and the Wash Buffer II step 

repeated. The membrane was then dried by centrifugation at 12,000  g for 1 min and the 

spin cartridge transferred to a recovery tube. RNA was then eluted by adding 30 µL 

RNase-free water to the membrane and incubating for 1 min followed by centrifugation 

at 12,000  g for 2 min at room temperature. Quantity and purity of extracted RNA was 

determined using the ND-100 spectrophotometer (refer to 2.2.28). Total RNA elute was 

stored at -80C until required.  

 

2.5.5. Complementary DNA generation 

Complementary DNA (cDNA) was synthesised from extracted RNA using the 

MultiScribe™ Reverse Transcription Kit (Invitrogen™, Carlsbad, CA, USA). The 

reaction mix was prepared by combining 100 ng or 200 ng of RNA template, 1 reverse 

transcriptase buffer, dNTP mix (2 mM) MgCl2 (5.5 mM), random hexamers (2.5 µM), 

RNase inhibitor (8 units (U)), MultiScribe™ reverse transcriptase (25 U) and RNase-free 

water. The samples were then placed in a thermocycler (refer to 2.2.38) and run on a 

standard reverse transcription program of 25C for 10 min, 48C for 60 min and 95C for 

5 min. Finally, samples were stored at -20C until required.  

 

2.5.6. Droplet digital PCR 

Gene expression was assessed using ddPCR. cDNA samples were diluted by a factor 

empirically determined for each sample type and specific TaqMan probe to standardise 

template load across reactions (Table 2.1). Reactions were prepared on ice in 25 µL 

volumes comprising of 1.25 µL TaqMan probe, 6.25 µL nuclease-free water, 12.5µL 

ddPCRTM Supermix for Probes and 5 µL template at the appropriate dilution in a Bio-rad 

96-well PCR plate. No-template controls (NTCs) were prepared for each ddPCR run. A 

20 µL reaction volume was loaded into one well of the 8-well DG8™ Cartridge and 70 

µL of Droplet Generation Oil for Probes subsequently added to each well. Full cartridges 

were covered with a DG8™ Gasket, the cartridge inserted into the QX200™ Droplet 

Generator (refer to 2.2.11) and the droplet generation protocol run within two min of 
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loading the Droplet Generation Oil. A 40 µL volume of the generated droplets were then 

carefully transferred to a Bio-Rad ddPCR plate using Rainin™ pipette tips and once the 

plate was full, it was heat sealed using a PX1™ PCR Plate Sealer (refer to 2.2.35) with 

pierceable foil seals. The ddPCR program (Table 2.2) was then run using a Bio-Rad 

T100™Thermal Cycler (refer to 2.2.38) with a heated lid set to 105C. 

 

The ddPCR plate was then loaded into the droplet reader (refer to 2.2.12) to individually 

analyse each droplet in each well using a two-colour detection system. Data was analysed 

using QuantaSoft™ Analysis Pro software version 1.0.596, which measured the number 

of positive and negative droplets for each fluorophore in each sample. The software fitted 

the fraction of positive droplets to a Poisson algorithm to determine the concentration 

(copies/µL) of the starting amount of target cDNA molecules. The threshold for the 

detection of positive droplets was set manually on a well-by-well basis in the software. 

The dilution factor for each specific sample was then applied to determine the starting 

amount of cDNA in the original sample and, when applicable, the concentration 

expressed relative to an endogenous control gene (Peptidylprolyl isomerase A: PPIA). 

 

Table 2.1 Optimised template loads for ddPCR. 

Gene 

Expression 

Probe 

Sample Type 

AT-II 

cells 

AT-I 

cells 

Large 

airway cells 

Nasal 

cells 

Alveolospheres A549 

ABCA3 1 ng 1 ng 50 ng 50 ng 5 ng - 50 ng 5 ng 

SFTPB 0.05 ng 0.1 ng 50 ng 50 ng 1 ng - 50 ng 50 ng 

SFTPC 0.05 ng 0.1 ng 50 ng 50 ng 1 ng - 50 ng 50 ng 

ETV5 5 ng 5 ng 50 ng 50 ng 5 ng 5 ng 

SOX9 5 ng 50 ng 50 ng 5 ng 5 ng 5 ng 

NKX2.1 1 ng 1 ng 50 ng 50 ng 5 ng 50 ng 

SOX2 50 ng 50 ng 50 ng 5 ng 5 ng 50 ng 

TP63 50 ng 5 ng 5 ng 5 ng 50 ng 50 ng 

GAPDH N/A N/A N/A 1 ng N/A 1 ng 

PPIA 5 ng 5 ng N/A 5 ng 1 ng 1 ng 

N/A: not applicable 
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Table 2.2 Cycling conditions for Bio-Rad T100™ Thermal Cycler. 

 

Table 2.3 Taqman probes used for ddPCR. 

Taqman probe Assay ID 

ABCA3 Hs00184543_m1 

SFTPB Hs01090667_m1 

SFTPC Hs00161628_m1 

ETV5 Hs00927557_m1 

SOX9 Hs00165814_m1 

NKX2.1 Hs00968940_m1 

SOX2 Hs01053049_s1 

TP63 Hs00978340_m1 

GAPDH Hs02786624_g1 

PPIA Hs99999904_m1 

 

2.5.7. Total protein quantification 

Total protein concentration was determined with the micro-Bicinchoninic Acid (BCA) 

Protein Assay Reagent Kit (Thermo Fisher Scientific, Scoresby, VIC, Australia). The 

BCA protein assay is based on the reduction of Cu2+ to Cu1+ by protein in an alkaline 

medium with the colorimetric detection of the cuprous cation (Cu1+) by BCA 

(Wiechelman et al., 1988). Protein samples were diluted 1:10 and 1:20 in 1 PBS, a BSA 

protein standard was constructed with the concentration range between 12.5 – 400 µg/mL 

and 40 µL of the samples and standard dilutions were added in duplicate to the wells of a 

96 well plate. Secondary kit reagents were then combined in a 50:48:2 ratio and 200 µL 

of the mixture added to each well. The plate was incubated for 60 min at 37C and the 

absorbance of the wells read at 562 nm using a spectrophotometer (refer to 2.2.37). The 

absorbance of the standards was plotted against their known concentrations and a standard 

curve generated. The concentration of the sample was determined from the standard curve 

and multiplied by the relevant dilution factor.  

 

Cycling Step Temperature 

(C) 

Time Ramp 

Rate 

Number of 

Cycles 

Enzyme activation 95 10 min  

 

2C/s 

1 

Denaturation 94 30 s 40 

Annealing/extension 60 1 min 40 

Enzyme 

deactivation 

98 10 min 1 

Hold 4 Infinite 1 
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2.5.8. Western blotting 

Protein samples of known concentration were thawed on ice and 10 µg protein treated 

with 10 µL 4  Bolt™ LDS Sample Buffer with or without 4 µL Bolt™ Sample Reducing 

Agent and the volume made up to 40 µL with ddH2O. Protein samples designated for the 

detection of SP-C were treated with 10 µL 4 Laemmli buffer (refer to 2.3.21) instead of 

the 4 Bolt™ LDS Sample Buffer. The samples were then heated for 10 min at 70oC on 

a heating block to aid denaturation before being loaded into a pre-cast 4-12% Bis-Tris 

Plus Gel. Samples were then electrophoresed using a Novex Bolt™ apparatus (Life 

technologies, Carlsbad, CA, USA) in MES SDS running buffer (refer to 2.3.22) at a 

constant 200 V for 20 - 60  min at room temperature. A chameleon duo pre-stained protein 

ladder was run on all gels to serve as a reference for protein size. After separation, proteins 

were transferred from the gel onto a PVDF membrane (refer to 2.2.26) using a wet transfer 

method at 100 V for 2 h at 4C in 1 transfer buffer (refer to 2.3.23). After protein transfer, 

the PVDF membrane was blocked with Odyssey® Blocking Buffer for 1 h at room 

temperature with gentle rocking. The PVDF membrane was then incubated with the target 

primary antibody diluted in Odyssey® Blocking Buffer at 4C overnight with gentle 

rocking. The following day, the membrane was washed three times (15 min each) in TBS-

T (refer to 2.3.16). The membranes were then incubated in the dark with their respective 

IRDye® secondary antibodies diluted 1:20 000 in Odyssey® Blocking Buffer for 2 h at 

room temperature with gentle rocking. Once again, the membranes were washed three 

times (15 min each) in 0.2% (v/v) Tween-20 in 1 TBS solution. The procedure for 

probing the membrane was repeated for the house-keeping protein (β-actin) over the next 

day. After probing for the house-keeping protein was completed, the membranes were 

scanned using the LI-COR Odyssey infrared scanner at 680 nm and 800 nm channels. 

The bands were quantified using the 680 nm and 800 nm channels and analysed using the 

Image J software. The integrated density of each band was then normalised to the 

integrated density of the house-keeping protein. Depending on the target protein, there 

were slight variations in the Western blotting conditions (refer to Table 2.4).  
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Table 2.4 Protein electrophoresis and Western Blotting conditions for specific 

protein targets. 

Protein 

target  

Reducing conditions Primary antibody 

concentration 

IRDye® secondary 

antibody 

ABCA-3 Reduced 1:500 800CW goat-anti-rabbit 

SP-C Reduced 1:2500 800CW goat-anti-rabbit 

SP-B Unreduced 1:2500 800CW goat-anti-rabbit 

Β-actin Reduced or unreduced 1:2500 700CW goat-anti-mouse 

 

 

2.5.9. Electron microscopy 

2.5.9.1. Sample processing 

Cells embedded in 10% (w/v) gelatin (refer to 2.4.3.12) blocks were removed from 1 

PBS (refer to 2.3.3) and immersed in 1 mL 1% (v/v) osmium tetroxide solution (refer to 

2.4.3.9). Samples were processed under vacuum in a PELCO Biowave (refer to 2.2.22.1) 

for 2 min at 80W followed by a 2 min stand and then another 2 min at 80W. Osmium 

tetroxide was removed and subsequent dehydration steps in increasing concentrations of 

ethanol (50% (v/v), 70% (v/v), 90% (v/v) and 100%) followed by two steps in 100% 

acetone were performed in the PELCO Biowave at 250W without vacuum for 40 s each. 

Resin (refer to 2.3.24) infiltration steps were performed at room temperature on a sample 

rotator (refer to 2.2.36) and progressed through 3:1, 1:1 and 1:3 acetone: resin (v/v) mixes. 

The 3:1 and 1:1 infiltration steps were performed for 3 h each and the 1:3 infiltration step 

was performed overnight. The following day, the samples were immersed in 100% freshly 

prepared resin and left at room temperature for 3 h on the sample rotator. Subsequently, 

the samples were transferred to embedding moulds, covered with 100% resin and left at 

room temperature until moved to an oven for polymerisation at 70C overnight.   

 

2.5.9.2. Sectioning  

Resin-embedded samples were prepared for electron microscopy by shaving off excess 

resin and making 100 nm sections on a Leica EM UC7 ultramicrotome (Leica, Wetzlar, 

Germany ) using a ultra diamond knife (DiATOME, Hatfield, PA, USA) before mounting 

on copper grids.   
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2.5.9.3. Imaging 

Ultrastructure of cells was observed using a Hitachi 7100 Transmission Electron 

Microscope (Hitachi High-Tech, Tokyo, Japan). Images were captured at high 

magnification using an Orius CCD Camera (Gatan, Pleasanton, CA, USA) and 

DigitalMicrograph (Gatan, Pleasanton, CA, USA) image acquisition software.  

 

2.5.10. Mycoplasma testing 

 All cells used in this study were tested for infection with Mycoplasma spp. Mycoplasma 

infection can lead to chromosomal abnormalities, morphological aberrations and altered 

cellular biochemistry (DeBey et al., 1992; Paddenberg et al., 1996; Kazachkov et al., 

2002). Approximately 500 µL of culture supernatant was collected at confluence for each 

cell culture and stored at -80C until use. The MycoALert™ PLUS Assay (Lonza™, 

Basel-Stadt, Basel, Switzerland) was used to test cell culture supernatants as per the 

manufacturer’s instructions. All samples, positive and negative controls and assay 

reagents were brought to room temperature at least 15 min before testing. The culture 

supernatants and controls were diluted 1:10 by dispensing 45 µL of the MycoALert™ 

PLUS Assay Buffer into a 96 ½ area white plate and adding 5 µL of supernatant. The 

wells were incubated with 50 µL of MycoALert™ PLUS Reagent for 20 min at room 

temperature. The plate was scanned in an Enspire® Multilabel plate reader (refer to 

2.2.37) to generate results for Reading A. Then, 50 µL of MycoALert™ PLUS Substrate 

was added to each sample and incubated for 30 min at room temperature. The plate was 

then scanned with the Enspire® Multilabel plate reader and results were Reading B. 

Results from Reading B were divided by the corresponding results of Reading A where a 

ratio greater than 1.0 was considered positive for Mycoplasma infection.  

 

2.5.11. Statistical analysis 

Data were first tested for normality using the Kolmogorov-Smirnov and Shapiro-Wilk 

tests to determine whether parametric or non-parametric statistical analysis was 

appropriate. Where non-parametric tests were required or the sample size was small, 

Mann-Whitney tests were used to compare two groups of n>3 replicates. Unpaired, two-

tailed Student’s t-tests were used to compare two groups of n=3 replicates or when data 

passed the standards for normality. Where multiple groups were compared, the Kruskal-

Wallis test was used with the Dunn post-hoc test to correct for multiple comparisons.  
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Replicates were considered as either cell cultures from biologically independent 

participants or cell cultures from the same participant from repeated experiments. Each 

experiment was performed at least twice and included at least two technical replicates per 

sample unless otherwise specified. Data were presented as median or mean with error 

bars representing standard deviation or range, respectively, depending on sample size. All 

p values less than 0.05 (*p<0.05, **p<0.01, ***p<0.001) were considered significant. 

GraphPad Prism version 7.04 was used for all statistical analysis.  
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3. Primary Nasal Epithelial Cells as a Model for ABCA-3 

Deficiency 

3.1. Introduction 

Type II alveolar cell dysfunction is central to the pathogenesis of lung disease caused by 

deleterious mutations in ABCA3. Therefore, the ideal cell culture model to study and 

develop therapeutics for ABCA-3 deficiency would recapitulate the in vivo type II 

alveolar cell phenotype while being genetically identical to the patient’s cells. However, 

there are limitations to the use of primary type II alveolar cells for in vitro study, 

particularly the need to access lung biopsy material to derive cell cultures and the 

instability of the type II alveolar phenotype in culture (Daum et al., 2012). Therefore, 

there is a need to investigate potential surrogate cell culture models for type II alveolar 

cells. A suitable surrogate culture model would typically demonstrate phenotypic 

characteristics of type II alveolar cells, be obtained from an accessible tissue source and 

be cultured in the laboratory with ease, with the ability to expand and biobank patient-

specific samples. 

  

Primary nasal epithelial cells are potentially a workable surrogate culture model to study 

ABCA-3 deficiency in vitro, considering the ease of tissue accessibility and evidence for 

the expression of ABCA-3 (http://www.proteinatlas.org, accessed 14 December 2020) as 

well as particular surfactant proteins (Kim et al., 2007) in the human nasal mucosa. 

However, the function of ABCA-3 and surfactant proteins in the nasal epithelium is 

unclear. There have been reports of lamellar body-like structures found in the epithelium 

of upper airways, specifically the human sinus mucosa (Woodworth et al., 2005) as well 

as the lateral wall of the human nose (Svane-Knudsen et al., 1990). As lamellar bodies 

are lipid storage and secretory organelles known to be central to surfactant secretion 

pathways in type II alveolar cells (Ridsdale and Post, 2004), it may be possible that similar 

functions for ABCA-3 and surfactant proteins exist in nasal epithelial cells. To date, there 

have been no reports of lamellar body-like structures in cultured primary nasal epithelial 

cells.  

 

Despite the potential for primary nasal epithelial cells to act as a surrogate model for type 

II alveolar cells, any type of primary cell culture has limitations. Specifically,  samples 

are precious with a) restricted access to specific patients for sampling; b) limited capacity 
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for proliferation in vitro due to the activation of cellular senescence pathways (Kicic et 

al., 2006); and c) an inherent fragility upon freeze-thaw from cryopreservation, that can 

prevent long-term storage of particular samples to be drawn upon as required. The advent 

of conditional reprogramming of primary epithelial cells (Liu et al., 2012; Martinovich et 

al., 2017) has emerged as a powerful tool to overcome the limitations of traditional 

primary epithelial cell culture (Wu et al., 2020). Implementation of conditional 

reprogramming techniques by culturing primary airway epithelial cells with an irradiated 

mouse fibroblast feeder cell layer and ROCK inhibitor, vastly improves the expansion 

potential of primary airway epithelial cells, as well as recovery from cryopreservation, 

while maintaining disease-specific functional characteristics (Martinovich et al., 2017). 

Primary nasal epithelial cells coupled with a conditional reprogramming methodology 

could greatly expand the potential for therapeutic development in the context of rare 

diseases such as ABCA-3 deficiency where patient samples need to be maximised.  

 

While the use of feeder cells greatly expands the potential for primary epithelial cell 

culture, considerations may need to be made for certain downstream applications where 

the presence of contaminating feeder cells may confound analysis. Irradiation arrests the 

growth of feeder cells so that they can no longer proliferate, but the cells are still 

metabolically and transcriptionally active (Roy et al., 2001), making the task of 

differentiating between cellular products of feeder cells and primary epithelial cells 

challenging.  A differential trypsinisation method is used to remove feeder cells upon 

passage (Liu et al., 2012), exploiting the differences in cellular adhesion properties 

between fibroblasts and epithelial cells, but the effectiveness of this method may need to 

be determined empirically during method development.  

 

This chapter tested the hypothesis that conditionally reprogrammed primary nasal 

epithelial cells could act as a surrogate for type II alveolar cells to study ABCA-3 

deficiency in vitro. To be a suitable surrogate, the primary nasal epithelial cells would 

optimally need to a) express ABCA3 at gene level; b) express ABCA-3 at protein level; 

c) display phenotypic similarities to type II alveolar cells relevant to surfactant biology 

such as surfactant protein expression and evidence of lamellar bodies; and d) have 

insignificant levels of contaminating feeder cells and feeder cell gene expression. The 

current study aimed to determine whether primary nasal epithelial cell cultures satisfied 
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these four criteria. Firstly, the potential for confounding expression of ABCA3 by feeder 

cells at a gene and protein level was ascertained by molecular techniques and in-cell 

Western and flow cytometry used to quantify levels of feeder cell contamination. The 

phenotype of primary nasal epithelial cells were then compared to that of primary type II 

alveolar cells at a gene, protein and ultrastructural level using ddPCR, 

immunocytochemistry, western blotting and TEM.  

 

3.2. Materials and Methods 

3.2.1. Materials 

Refer to sections 2.1 and 2.2 for materials and reagents referenced in this chapter.  

 

3.2.2. Methods 

3.2.2.1. Participant demographics 

Primary nasal epithelial cells were obtained from nasal brushings from 15 children with 

no known respiratory disease (mean age 3.5 ± 2.3 years; 10 male).  

 

3.2.2.2. Cell culture 

3.2.2.2.1. Primary nasal epithelial cells 

Primary nasal epithelial cell cultures were first established upon thaw (refer to 2.5.3.3.2 ) 

as a co-culture with an irradiated NIH-3T3 feeder layer (refer to 2.5.3.2). Once primary 

nasal epithelial cells were sufficiently expanded to obtain the required cell yield for 

experiments, a differential trypsinisation step (refer to 2.5.3.3.3) was used to remove the 

feeder layer. The remaining cells were then harvested by trypsinisation (refer to 2.5.3.3.3) 

and were used for either 1) RNA extraction by first lysing 1  106 cells with 350 µL RLT 

buffer; 2) quantification of feeder cells by flow cytometry or 3) seeding feeder-free 

cultures in nasal epithelial growth medium (refer to 2.4.2.4). Primary nasal epithelial cells 

in feeder-free conditions designated for flow cytometry were seeded at 2  105, 1  105 

or 0.5  105 cells/well in a 12-well plate and were harvested after 2 days of culture. 

Primary nasal epithelial cells in feeder free conditions designated for fluorescence 

microscopy were seeded in chamber slides (refer to 2.2.39) at 1  105 cells/well and, when 

close to confluent, were fixed with 3.7% (v/v) formaldehyde (refer to 2.4.3.7) for 20 min 

at room temperature before submersion in 1 PBS (refer to 2.3.11 ). Primary nasal 
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epithelial cells in feeder-free conditions designated for characterisation by ddPCR, 

electron microscopy or western blotting, were seeded in 12-well plates at 2.5  105 

cells/well. Once the culture approached 100% confluency, cells were harvested and 5  

105 cells were allocated for either lysis in 350 µL RLT buffer, fixation in 1 mL 500 µL 

glutaraldehyde (refer to 2.4.3.8 ) or suspension in 500 µL CEB (refer to 2.3.19).  Samples 

were stored at either -80C (samples in CEB or RLT) or at 4C (samples fixed in 2.5% 

(v/v) glutaraldehyde or 3.7% (v/v) formaldehyde) until analysis was performed.  

 

3.2.2.2.2. A549 cells 

A549 cells were used as a standard of comparison for gene and protein expression in 

primary nasal epithelial cells. A549 cells were maintained (refer to 2.4.2.1) in a T25 flask 

until almost confluent. The cells were then harvested by trypsinisation (refer to 2.5.3.1.3) 

and allocated for either lysis in 350 µL RLT buffer or suspension in 500 µL CEB (refer 

to 2.3.19). Samples were stored at -80C until required.  

 

3.2.2.2.3. Primary alveolar cells 

Primary type I and type II alveolar cells were used as a standard of comparison for gene 

and protein expression. Cell products in RLT buffer or CEB (refer to 2.3.19) were kindly 

provided by Dr Nicole Schneider-Daum (Helmholtz Institute for Pharmaceutical 

Research, Saarland, Germany) (refer to 2.5.3.5.1).   

 

3.2.2.2.4. NIH-3T3 cells 

NIH-3T3 cells were used to determine the potential for confounding gene and protein 

expression or as a feeder cell layer to establish primary nasal epithelial cell co-cultures 

(refer to 2.5.3.3.3). Cells were maintained (refer to 2.4.2.2) until required for experiments. 

At this point, NIH-3T3 cells were harvested by trypsinisation (refer to 2.5.3.2.3) and a 

subset of 5  105 cells lysed with 350 µL RLT buffer, which was then stored at -80C 

until required. Harvested NIH-3T3 cells were also used for flow cytometry. Other 

experiments used NIH-3T3 cells post irradiation (refer to 2.2.25) where irradiated cells 

were seeded into a T25 flask and maintained in CCM (refer to 2.4.2.3) for 7 days of 

culture before trypsinisation. Irradiated NIH-3T3 cells were subsequently seeded into a 

CELLSTAR 96-well black microplate (Greiner-Bio, Kremsmunster, Austria) at either 1 
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 105,  5  104, 1  104, 5  103 or 1  103 cells/well or in a second T25 flask and 

maintained in nasal epithelial cell growth medium (refer to 2.4.2.4) for 5 days. Irradiated 

NIH-3T3 cells in the black microplate where then fixed with 3.7% (v/v) formaldehyde 

(refer to 2.4.3.7) for 20 min at room temperature. Cells were then stored in PBS (refer to 

2.3.11) at 4oC until use. Irradiated NIH-3T3 cells seeded into the T25 flask were 

harvested, lysed in 350 µL RLT buffer and stored at -80C until required.  

 

3.2.2.3. Qualitative PCR and gel electrophoresis 

Forward and reverse primers were selected using the Primer-BLAST tool (NCBI, 

Bethesda, MD, USA), designed to span a 1205 base region of the ABCA3 transcript from 

exon 13-21 and custom made by GeneWorks (Adelaide, SA, Australia). Forward (CTT 

TGA AGC CGA GCC AGA GG) and reverse (AGC TGT ATG CGG CCT TCT TC) 

primer stocks were reconstituted in nuclease-free water and diluted to give a 50 ng/µL 

working solution that was aliquoted and stored at -20C. Extracted NIH-3T3 cells and 

primary nasal epithelial cell RNA samples (refer to 2.5.4) were used in RT-PCR reactions 

according to manufacturer’s instructions for the One-step Superscript III RT-PCR kit with 

Platinum Taq Polymerase. Each RT-PCR reaction included 25 ng of each forward and 

reverse primer, 100 ng of RNA, 6.25 µL 2 buffer, 0.38 µL polymerase and nuclease-

free water to make a total reaction volume of 12.5 µL. Thermocycling conditions 

included: a 30 min hold at 55C, followed by a 2 min hold at 94C, followed by 35 cycles 

of 94C (30 s) and 64C (2 min) steps. A no template control (NTC) was included for all 

PCR runs.  

 

Products from the RT-PCR were fractionated on a 2% (w/v) agarose gel (refer to 2.3.28) 

in TAE buffer (refer to 2.3.26) at 100 V for 1.5 h. Products were mixed 4:1 (v/v) with 

loading dye (refer to 2.3.27) before loading onto the gel. A 4 µL volume of 100 bp ladder 

was loaded onto the gel concurrently with samples. After completion of fractionation, 

gels were stained for 10 min in TAE containing 1 RedSafe, then destained for 20 min in 

ddH2O. Gel images were captured on a Vilber Lourmat Fusion FX system (refer to 2.2.7), 

using Fusion software for image acquisition.   
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3.2.2.4. Gene sequencing 

To analyse the DNA sequence of RT PCR products from primary nasal epithelial cell 

RNA, agarose gel fractionation was repeated, stained in RedSafe and visualised on an 

ultraviolet (UV) lightbox. The band of interest was isolated by stabbing with a pipette tip 

and resuspended in a 24 µL PCR reaction mix containing 25 ng of forward and reverse 

primers, 2.5 µL 10 buffer, 0.1 µL AmpliTaq Gold DNA polymerase, 0.5 µL of 10 mM 

dNTPs, 2 µL of 25 mM MgCl2 and nuclease-free water. The product was then amplified 

by PCR with thermocycler conditions involving a 1 min hold at 94C followed by 30 

cycles of 94C (30 s) and 50oC (1 min) steps and finally a 72C hold for 2 min. To confirm 

the success of the band isolation, the PCR product was fractionated on a 2% (w/v) agarose 

gel and visualised at high UV frequency (365 nm) (refer to 3.2.2.3) before preparing the 

product for sequencing. The PCR product was purified for sequencing using Diffinity 

Rapid Tips as per the manufacturer’s instructions. A 12 µL reaction mix containing 2 µL 

purified DNA product, 1.5 µL primer and nuclease-free water was prepared for both 

forward and reverse primers and sent to the Australian Genome Research Facility (AGRF, 

Perth, Australia) for Sanger sequencing. Chromatograms were analysed using DNA 

Sequence Assembler v4 (Heracle Biosoft) and aligned with mouse 

(ENSMUST00000039013.14) and human (ENST00000301732.10) Ensembl reference 

transcripts for ABCA3.  

 

3.2.2.5. In-cell Western™ assay 

An In-Cell Western™ assay was performed using the standard protocol supplied by LI-

COR Biosciences and adapted to determine expression of ABCA-3 in irradiated NIH-3T3 

cells. Briefly, cells were washed five times with 0.1% (v/v) Triton washing solution (refer 

to 2.3.12) with gentle rocking for 5 min per wash to permeabilise the cells. To prevent 

non-specific antibody binding, cells were subsequently blocked with Odyssey Blocking 

Buffer for 1.5 h at room temperature with gentle rocking. The rabbit anti-ABCA-3 

antibody (Seven Hills Bioreagents) was prepared in Odyssey Blocking Buffer at a 1 in 

200 dilution (v/v) and incubated with the cells overnight at 4C with gentle rocking. 

Control wells that were not incubated with the primary antibody were included in the 

experimental plate. The cells were then washed five times with Tween Washing Solution 

(refer to 2.3.13) for 5 min per wash with gentle rocking to remove unbound primary 

antibody. The secondary antibody stain was then prepared by diluting goat-anti-rabbit 

IRdye800CW 1 in 800 (v/v) in Odyssey Blocking Buffer with 0.2% (v/v) Tween-20. The 
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cell and nuclear stain were added to the secondary antibody solution by adding 

Sapphire700 at a 1:1,000 dilution and Draq5 at a 1:10,000 dilution. The cells were 

incubated with the secondary antibody solution for 1 h at room temperature, protected 

from light, with gentle rocking. The cells were then washed five times with Tween 

Washing Solution (refer to 2.3.13) for 5 min per wash with gentle rocking to remove 

unbound secondary antibody. Plates were then scanned using both 700 nm and 800 nm 

channels with the LI-COR Biosciences Odyssey infrared scanner (refer to 2.2.24).   

 

3.2.2.6. Anti-feeder cell flow cytometry 

A method to distinguish murine embryonic fibroblasts from mouse embryonic stem cells 

(Molcanyi et al., 2014) using a Phycoerythrin (PE)-conjugated Anti-Feeder antibody was 

adapted to the primary nasal epithelial culture system (refer to 2.5.3.3) that relies on an 

NIH-3T3 feeder layer to support the proliferation of epithelial cells. Initially, the 

specificity of the antibody was tested by staining pure populations of primary nasal 

epithelial cells and NIH-3T3 cells with the Anti-Feeder antibody. The proportion of 

positive-staining cells in primary nasal epithelial cell cultures derived from NIH-3T3 co-

cultures was then determined using flow cytometry.  

 

The preparation of samples for flow cytometry was carried out according to the 

manufacturer’s instructions. Firstly, cells were harvested (refer to 2.5.3.2.3 and 2.5.3.3.3) 

and counted. Cells were dispensed into flow tubes, centrifuged for 10 min at 300  g at 

4C and the supernatant removed.  Antibody dilutions at 1:9 (v/v) were then prepared in 

flow buffer (refer to 2.3.29). The cell pellet was resuspended in 50 µL of the diluted 

antibody or flow buffer (for unstained controls) and incubated at 4C for 15 min in the 

dark. The cells were washed twice with 1-2 mL of flow buffer with centrifugation for 10 

min at 300  g at 4C. The cell pellet was resuspended in 500 µL flow buffer and kept on 

ice prior to analysis by flow cytometry. Flow cytometric analysis was performed using a 

BD LSRFortessa™ (refer to 2.2.17). Forward scatter and side scatter parameters were 

used to determine the cellular fraction of events and forward scatter height and area 

parameters used to eliminate doublets. The PE fluorochrome was excited by the 488 nm 

laser light source and detected using a 575/26 nm filter. Data analysis was performed 

using FlowJo v10 software. Gates were set based on unstained controls and the number 

of PE positive cells expressed as a percentage of cellular events.   
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3.2.2.7. Nasal epithelial cell characterisation 

Samples derived from primary nasal epithelial cell cultures were analysed for features of 

type II alveolar cells. Where samples were available, A549 cells and primary type I and 

type II alveolar cells were processed identically to nasal epithelial cell samples and used 

as a standard for comparison in subsequent experiments. Prior to processing for electron 

microscopy, primary nasal epithelial cells fixed in 2.5% (v/v) glutaraldehyde were 

embedded in gelatin blocks. Frozen aliquots of 10% (w/v) gelatin (refer to 2.4.3.12) were 

thawed in a microwave and placed in a heating block at 65C. Primary nasal epithelial 

cells in 2.5% (v/v) glutaraldehyde were centrifuged at 300  g for 5 min and the fixative 

removed. Cells were washed twice in 1 PBS (refer to 2.3.11) under the same 

centrifugation conditions and the buffer completely removed. Pre-heated pipette tips were 

used to transfer 50 µL warm 10% (w/v) gelatin to the cell pellet, which was then 

resuspended, briefly centrifuged and the gel cooled on ice. After 20 min on ice, gel blocks 

containing primary nasal epithelial cell pellets were excised out of the Eppendorf tubes 

using a scalpel and the gelatin blocks transferred to 1 PBS and stored at 4C. Resin-

embedding (refer to 2.5.9.1) for electron microscopy was performed the following day 

and 100 nm sections subsequently cut using a microtome (refer to 2.2.27). The 

ultastructural morphology of primary nasal epithelial cells was visualised by transmission 

electron microscopy (TEM) to identify intracellular structures that resembled lamellar 

bodies. Sectioning of resin-embedded primary nasal epithelial cells and TEM imaging 

was performed by staff at the Centre for Advanced Microscopy (Canberra, ACT, 

Australia).    

 

RNA was extracted (refer to 2.5.4) from primary nasal epithelial cell samples lysed in 

RLT buffer and quantified using an ND-100 spectrophotometer (refer to 2.2.28). 

Complementary DNA (cDNA) was generated (refer to 2.5.5) using 200 ng of extracted 

RNA and used as a template in ddPCR reactions (refer to 2.5.6) to quantify gene 

expression. Expression of specific genes related to surfactant production in type II 

alveolar cells was determined using specific Taqman probes for ABCA3 

(Hs00184543_m1), SFTPB (Hs01090667_m1) and SFTPC (Hs00161628_m1). Taqman 

probes were also used to determine the expression of other distal lung epithelial markers 

ETS variant transcription factor 5 gene (ETV5) (Hs00927557_m1) and SOX9 
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(Hs00165814_m1). The concentration of each target cDNA determined by ddPCR was 

converted to copies/ng RNA equivalent based on the template load.  

 

The total protein content of primary nasal epithelial cell samples in CEB buffer was 

quantified using the BCA protein assay (refer to 2.5.7). Western blotting (refer to 2.5.8) 

with standardised protein loading was subsequently used to quantify protein levels of SP-

B and SP-C relative to an endogenous control, β-actin.  

 

Primary nasal epithelial cells fixed in chamber slides were also processed for fluorescence 

microscopy to visualise proteins implicated in surfactant production, specifically ABCA-

3, SP-B, SP-C and their precursers proSP-B and proSP-C. The cells were first 

permeabilised with 0.3% (v/v) Triton-X-100 (refer to 2.3.12) for 25 min with gentle 

rocking (refer to 2.2.36) and subsequently blocked with Odyssey Blocking Buffer for 30 

min at room temperature, with gentle rocking. The primary antibodies were prepared in 

Odyssey Blocking Buffer supplemented with 0.3% (v/v) Triton-X-100 at 1 in 500 (SP-B 

and proSP-B) or 1 in 100 (ABCA-3, SP-C or proSP-C) dilutions (v/v). A 200 µL volume 

of a specific primary antibody solution was added to each chamber and one chamber 

without primary antibody was included as a negative control for each slide. Primary 

antibody solutions for ABCA-3, SP-B, proSP-B, SP-C or proSP-C were incubated with 

the cells at 4C overnight. The following day, chambers were washed three times with 1 

PBS for 15 min each with gentle rocking. A 1 in 1000 dilution (v/v) of goat anti-rabbit 

Alexa Fluor® 555 was prepared in Odyssey Blocking Buffer and incubated with the cells 

for 1 h at room temperature with gentle rocking protected from light. The secondary 

antibody was removed by washing three times with 1 PBS for 15 min each with gentle 

rocking and the cells counterstained with DAPI at a 1 in 10 000 dilution in 1 PBS. The 

cells were washed in 1 PBS for 5 min, the chambers dismantled, gasket removed, and a 

coverslip mounted using Dako fluorescent mounting medium. Slides were left to cure for 

1 h at room temperature before storage at 4C until antibody staining was visualised and 

images captured using a fluorescence microscope (refer to 2.2.16).  
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3.2.2.8. Statistical analysis 

Data were first tested for normality using the Kolmogorov-Smirnov and Shapiro-Wilk 

tests to determine whether parametric or non-parametric statistical analysis was 

appropriate. Where non-parametric tests were required or the sample size was small, 

Mann-Whitney tests were used to compare two groups of n>3 replicates. Welch’s t test 

was used to compare two groups of n=3 replicates. Where multiple groups were 

compared, the Kruskal-Wallis test was used with the Dunn post-hoc test to correct for 

multiple comparisons.  Data were presented as mean ± standard deviation. All p values 

less than 0.05 (*p<0.05, **p<0.01, ***p<0.001) were considered significant. GraphPad 

Prism version 7.04 was used for all statistical analysis. 

3.3. Results 

3.3.1. Quality control of the culture method 

3.3.1.1. Gene and protein expression in feeder cells 

Gene expression of ABCA3 was detected by RT-PCR using ABCA-3 specific primers that 

amplified a 1205 bp region in the ABCA3 transcript in both irradiated and non-irradiated 

NIH-3T3 cells (Figure 3.1 A).  Irradiated NIH-3T3 cells were seeded in duplicate or 

triplicate at decreasing densities in a microplate after 7 days of culture in CCM (refer to 

2.4.2.3) and were fixed after 5 additional days of culture in nasal epithelial growth media 

(refer to 2.4.2.4). An anti-ABCA-3 antibody was used to probe cells for ABCA-3 protein 

expression using an In-Cell Western™ Assay and imaged using 700 nm and 800 nm 

channels of an infra-red scanner (refer to 2.2.24). As demonstrated by the decreasing 

signal intensity of the cell and nuclear stain across wells detected using the 700 nm 

channel (Figure 3.1 B), lower number of cells initially seeded resulted in a reduced signal 

intensity. Expression of ABCA-3 was still detected across all wells even when seeding 

densities were low (Figure 3.1 C) and the 800 nm channel signal corresponded to the 

localisation of the cells when the 700 nm and 800 nm channels were merged (Figure 3.1 

D).  
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Figure 3.1. Expression of ABCA-3 transcription and protein in NIH-3T3 cells. 

RNA was extracted from irradiated and non-irradiated NIH-3T3 cells, converted 

to cDNA and amplified with ABCA3-specific primers. PCR products were 

fractionated on a 2% (w/v) agarose gel and a product of expected size (1205 bp) 

was detected for ABCA3 (A). A PCR product was generated from both irradiated 

and non-irradiated cells. Irradiated NIH-3T3 cells were seeded at various densities 

in a microplate after one week of culture in CCM and cultured for a further five 

days in nasal epithelial cell growth medium. Cells were fixed and probed for 

ABCA-3 using an In-Cell Western™ Assay and imaged using 800 nm (B) and 700 

nm (C) channels of an infra-red scanner. ABCA-3 protein was detectable (C) at all 

cell-seeding densities and aligned with cell localisation when 800 nm and 700 nm 

channels were merged (D). IR: irradiated; Ctrl: unstained control; NTC: no 

template control.     

1200 bp 
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3.3.1.2. Purity of the nasal epithelial cell population 

Primary nasal epithelial cell cDNA was amplified, and a 1205 bp PCR product (Figure 

3.2 A) purified, and subsequently sent for Sanger sequencing. The resulting 

chromatogram, a representative section shown in Figure 3.2 B, revealed a high quality 

readout of a 504 base sequence that could be mapped to the human ABCA3 transcript. 

Double peaks signifying two different bases were identified at 74 points in the 

chromatogram. To determine whether the second peak was due to contaminating murine 

mRNA, mouse and human reference sequences for the 504 base region of the ABCA3 

transcript were aligned in nucleotide Blast (Figure 3.2 C). The 74 points of non-homology 

that were identified corresponded to the double peaks observed in the chromatogram. Of 

the bases identified by the second peaks in the chromatogram, 97.3% corresponded to the 

base in the murine reference sequence.  

 

In order to quantify the number of NIH-3T3 feeder cells in primary nasal epithelial cell 

cultures, an anti-feeder antibody conjugated to PE was trialed in the co-culture system to 

identify feeder cells by flow cytometry. To validate the antibody specificity, pure 

populations of NIH-3T3 cells and primary nasal epithelial cells were stained with the anti-

feeder antibody (Figure 3.3). Flow cytometric analysis demonstrated that 96.8% of NIH-

3T3 cells bound to the anti-feeder antibody while 98.25% of the primary nasal epithelial 

cells did not bind to the anti-feeder antibody. Of a sample of pure primary nasal epithelial 

cells spiked 9:1 with NIH-3T3, 12.7% of cells were stained with the anti-feeder antibody.   

 

Primary nasal epithelial cells were cultured for 7 days with irradiated NIH-3T3 cells prior 

to differential trypsinisation and seeded at different densities in primary nasal epithelial 

cell growth media on Day 0. Cells were harvested for flow cytometry at Day 0 and Day 

2 to quantify the contaminating NIH-3T3 cell population using the anti-feeder antibody 

(Figure 3.4). The proportion of feeder cells at Day 0 was 3.60 ± 0.68% (n=3) and this 

proportion significantly decreased on Day 2 after seeding at 2  105 cells/well (1.50 ± 

0.18%; n = 3; p = 0.007). Seeding at lower densities, 1  105 or 0.5  105 cells/well, 

resulted in reduced proportions of feeder cells compared to the Day 0 (2.34 ± 1.40% and 

2.59 ± 1.40%, respectively) but was not a statistically significant reduction in the feeder 

cell population proportion (p = 0.234; n = 3 and p = 0.323; n = 3, respectively). 
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Figure 3.2. Purity of nasal epithelial cell mRNA. RT-PCR products from primary 

nasal epithelial cell and NIH-3T3 RNA were obtained from a PCR reaction 

amplifying a 1205 region of the ABCA3 transcript and fractionated on a 2% (w/v) 

agarose gel. A product observed at ~1200 bp (A) for the primary nasal epithelial 

cell PCR product was purified and sent for Sanger sequencing. A high quality DNA 

sequence of 504 bases from the resulting chromatogram could be mapped to the 

ABCA3 transcript. The chromatogram also revealed points where double peaks 

could be observed in primary nasal epithelial cell cDNA (B). Reference sequences 

for mouse (Query) and human (Sbjct) ABCA3 transcripts were aligned using 

nucleotide Blast to identify 74 points of non-homology in the 504 base region (C). 

The double peaks observed in the chromatogram corresponded with points of non-

homology.  NTC: no template control.  

Double Peaks 
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Figure 3.3. Validation of anti-feeder antibody in NIH-3T3 cells and nasal 

epithelial cells. Flow cytometry was used to quantify the cell population stained 

with a PE-conjugated anti-feeder antibody in a pure NIH-3T3 cell population 

(A), pure nasal epithelial cell population (B) and a mixed cell population 

containing 9:1 nasal epithelial cells: NIH-3T3 cells (C). Of the pure NIH-3T3 

cell population, 96.8% were stained with the anti-feeder antibody (n=1) while 

98.25% of the pure nasal epithelial cell population were negative for staining 

(n=1). Of the mixed population, 12.7% of cells were stained with the anti-feeder 

antibody (n=1). Flow cytometry gates were set based on unstained controls. FSC-

A: Forward Scatter–Area; PE-A: Phycoerythrin-Area.  
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Figure 3.4. Purity of primary nasal epithelial cell population. Primary nasal 

epithelial cells were co-cultured with irradiated NIH-3T3 cells for 7 days prior to 

differential trypsinisation and harvest to establish nasal cell cultures in feeder-free 

conditions at Day 0. Harvested cells were analysed for anti-feeder cell antibody staining 

by flow cytometry after differential trypsinisation at Day 0 (A) and at Day 2 following 

seeding at 2  105 (B), 1  105 (C) or 0.5  105 (D) cells/well at Day 0. The proportion 

of feeder cells (E) at Day 0 was 3.60 ± 0.68% (n=3) and this proportion significantly 

decreased on Day 2 after seeding at 2  105 cells/well (n = 3; p = 0.007). Seeding at 

other densities did not significantly reduce the proportion of feeder cells at day 2 (n=3). 

Flow plots are representative images. Flow cytometry gates were based on unstained 

controls. FSC-A: Forward Scatter –Area; PE-A: Phycoerythrin-Area; **p < 0.01.  

E 
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3.3.2. Primary nasal epithelial cell characterisation 

3.3.2.1. Morphology 

3.3.2.1.1. Phase-contrast microscopy 

Fixed primary nasal epithelial cultures were visualised by phase contrast microscopy 

(Figure 3.5 A and B). Submerged monolayer cultures grown in chamber slides had the 

cobblestone morphology typical of epithelial cell cultures.  

 

3.3.2.1.2. Ultrastructural analysis 

Electron micrographs of resin-embedded primary nasal epithelial cells demonstrated the 

presence of lamellar-body like structures. Intracellular organelles that have characteristic 

osmiophilic, concentric membranes could be clearly identified. Representative images 

that show intracellular organelles at a cellular (Figure 3.5 C) and subcellular level (Figure 

3.5 D) are depicted.  
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Figure 3.5. Morphology of nasal epithelial cells. Confluent primary nasal epithelial 

cells cultured in chamber-slides were fixed and visualised using phase-contrast 

microscopy at 100 (A) and 400 (B) total magnification. Cobblestone morphology 

was apparent. Resin-embedded primary nasal epithelial cells were sectioned to a ~100 

nm thickness and visualised using transmission electron microscopy at high 

magnification (C + D). At an ultrastructural level, lamellar body-like structures with 

osmiophilic, concentric membranes could be observed in electron micrographs. N: 

nucleus; Nu: nucleolus; PM: plasma membrane; LB: lamellar body-like structure.  
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3.3.2.2. Gene expression 

Expression levels of target genes in primary nasal epithelial cells (n = 5) were compared 

to A549 cells (n = 4), type I alveolar cells (n = 4) and type II alveolar cells (n = 5) (Figure 

3.6).  Expression levels of target genes are detailed in Table 5.4 and summarised in Figure 

3.6A. The expression of ABCA3 (Figure 3.6 B) in primary nasal epithelial cells was 

significantly different to the other cell types investigated (p < 0.0001). Primary nasal 

epithelial cell expression of ABCA3 was not significantly different (p = 0.627) compared 

to A549 cells, 7.38  102-fold lower (p = 0.029) than type I alveolar cells and 1.39  103-

fold lower (p = 0.0007) than type II alveolar cells. Expression of SFTPB (Figure 3.6 C) 

in primary nasal epithelial cells was significantly different to other cell types investigated 

(p = 0.0002). Primary nasal epithelial cell expression of SFTPB was not significantly 

different (p >0.999) to A549 cells, not significantly different (p = 0.077) to type I alveolar 

cells but 13.6  105 fold lower (p = 0.025) than type II alveolar cells.  Expression of 

SFTPC (Figure 3.6 D) in primary nasal epithelial cells was significantly different to the 

other cell types investigated (p <0.0001). Expression of SFTPC in primary nasal epithelial 

cells was not significantly different (p >0.999) to A549 cells, not significantly different 

(p = 0.109) to type I alveolar cells but 1.27  106 fold lower (p = 0.001) than type II 

alveolar cells. Expression of ETV5 (Figure 3.6E) varied significantly based on cell type 

(p = 0.003). Primary nasal epithelial cell expression of ETV5 was not significantly 

different to type I alveolar cells (p = 0.129) but was 6.69-fold lower than A549 cells (p = 

0.029) and 7.64-fold lower than type II alveolar cells (p = 0.008). Expression of SOX9 

(Figure 3.6F) varied significantly between the cell types investigated (p = 0.028) but there 

were no significant differences in expression levels of SOX9 in primary nasal epithelial 

cells compared to A549 cells (p = 0.101), type I alveolar cells (p > 0.999) or type II 

alveolar cells (p > 0.999).  
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Table 3.1. Expression levels of target genes in copies/ng RNA equivalent  

Cell type Primary nasal 

cells 

A549 Type I alveolar 

cells 

Type II 

alveolar cells 

ABCA3 1.97 ± 0.45 2.01  102 ± 

94.2 

1.45  103 ± 

5.42  102 

2.74  103 ± 

1.29  103 

SFTPB 0.11 ± 0.16 0.048 ± 0.096 1.19  105 ± 

6.71  104 

14.4  105 ± 

3.86  104 

SFTPC 0.20 ± 0.16 0.41  ± 0.38 6.56  103  ± 

6.14  103 

2.52  105  ± 

9.52  104 

ETV5 61.46 ± 20.41 4.31  102  ± 

1.87  102 

3.42  102  ± 

82.9 

4.70  102  ± 

2.05  102 

SOX9 70.03 ± 10.85 2.04  102  ± 

96.8 

50.13  ± 39.8 90.1  ± 62.8 

 

3.3.2.3. Protein expression 

3.3.2.3.1. Fluorescent microscopy 

ABCA-3 was detected in primary nasal epithelial cells (Figure 3.7) as well as SP-B, SP-

C and their precursors (Figure 3.8). All proteins exhibited a diffuse pattern of staining in 

the cell cytoplasm. However, there was heterogeneity in the intensity of the staining with 

some cells fluorescing more strongly than others (refer to appendix III for all staining 

observed).   

 

3.3.2.3.2. Western blot analysis 

Western blotting was used as an independent measure to verify results obtained by 

immunofluorescence. No detectable expression of SP-B or SP-C was observed in primary 

nasal epithelial cell samples using western blot (Figure 3.8). Likewise, neither SP-B nor 

SP-C was detected in A549 cells. Protein expression was quantified using integrated 

density measurements relative to the endogenous control, β-actin. Expression of SP-B 

was detectable as an ~18 kDa protein band in type I alveolar cells (1.76 ± 1.07 arbitrary 

units (AU); n = 3) and type II alveolar cells (5.30 ± 2.65 AU; n = 5). After the removal of 

outliers, SP-B expression varied significantly across the different cell types (p = 0.006). 

Expression of SP-C was detectable as a ~7 kDa protein band in type II alveolar cells (4.92 

± 3.98 AU; n = 5) only and varied significantly based on cell type (p = 0.001). The sizes 

of the SP-C and SP-B proteins detected by western blotting were equivalent to sizes 

previously described (Correll et al., 2018). The pattern of β-actin staining differed 
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between non-reduced (Figure 3.8C) and reduced (Figure 3.8D) samples. The expression 

of ABCA-3 was unable to be quantified using Western blotting (refer to Appendix IV).  

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Gene expression in primary nasal cells. Concentration of target mRNA 

for ABCA3 (B), SFTPB (C), SFTPC (D), ETV5 (E) and SOX9 (F) in primary nasal 

cells (n= 5), A549 cells (n = 4), type I alveolar cells (n = 4) and type II alveolar cells 

(n = 5) was determined by ddPCR and expressed as copies/ng of RNA equivalent. 

Expression levels of surfactant-related genes and distal lung gene markers in the 

different cell types are summarised as a heatmap (A). The expression of ABCA3 was 

significantly lower in primary nasal cells compared to type I alveolar cells (p = 0.029) 

and type II alveolar cells (p = 0.0007). The expression of SFTPB was significantly 

lower in primary nasal cells compared to type II alveolar cells (p = 0.025) while the 

expression of SFTPC in primary nasal cells was significantly lower compared to type 

II alveolar cells (p = 0.001). The expression of ETV5 was significantly lower in 

primary nasal cells compared to A549 cells (p = 0.029) and type II alveolar cells (p = 

0.008). AT-I cells: type I alveolar cells; AT-II cells: type II alveolar cells; *p < 0.05; 

**p < 0.01 
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Figure 3.7 Expression of ABCA-3 in primary nasal cells. Expression of ABCA-3 

was assessed in formaldehyde-fixed primary nasal cells cultured in chamber slides 

and visualised by fluorescent microscopy at 100 and 400 total magnification. 

ABCA-3 was detected in primary nasal cells with a diffuse pattern of expression in 

the cytoplasm. DAPI was used as a nuclear stain. Representative images are shown.  
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Figure 3.8 Expression of surfactant proteins and their precursors in primary nasal 

cells. Expression of SP-B, proSP-B, SP-C and proSP-C was determined in 

formaldehyde-fixed primary nasal cells cultured in chamber slides and visualised by 

fluorescent microscopy at 100 total magnification. A secondary antibody conjugated 

to AF-555 was used to detect primary antibodies bound to SP-B, proSP-B, SP-C and 

proSP-C. All protein targets were detected in the cytoplasm of primary nasal cells with 

a diffuse cytoplasmic pattern of expression and some cells staining more intensely than 

others. DAPI was used as a nuclear stain. Representative images are shown. Scale bar 

100 µm. 
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Figure 3.9. Western blot analysis on primary nasal cell lysates.  Expression of 

SP-B and SP-C in primary nasal cells (n = 5), A549s (n = 1), type I alveolar cells (n 

= 4) and type II alveolar cell (n = 5) samples was determined by western blot. An 

~18 kDa protein was identified in type I and type II alveolar cells, which 

corresponded to the molecular weight of SP-B (A). An ~7 kDa protein was 

identified in type II alveolar cells only, which corresponded to the molecular weight 

of SP-C (B). No SP-B or SP-C expression was detectable in primary nasal cell or 

A549 samples. The expression of SP-B (C) and SP-C (D) was quantified using 

integrated density measurements relative to the endogenous control, β-actin. 

Representative images are shown. AT-I cells: alveolar type I cells; AT-II cells: 

alveolar type II cells. 
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3.4. Discussion 

The current study demonstrated that NIH-3T3 cells do express ABCA3 transcript and 

protein and that mouse-specific ABCA3 mRNA could be detected in RT-PCR products 

from human primary nasal epithelial cell cultures. The differential trypsinisation method 

to eliminate feeder fibroblasts was not completely effective and there was carryover of 

feeder cells when establishing primary nasal epithelial cells in feeder-free conditions. 

However, the proportion of irradiated feeder cells in the primary nasal epithelial culture 

was extremely low and decreased after two days in culture. The current study also 

demonstrated that ABCA3 was expressed at a transcriptional and protein level in primary 

nasal epithelial cells, along with other surfactant-related genes SFTPB and SFTPC. 

However, expression of target genes was much lower in primary nasal epithelial cells 

compared to primary type II alveolar cells and there was heterogeneity in protein 

expression between different primary nasal epithelial cell cultures. Multilamellated 

structures, reminiscent of lamellar bodies found in type II alveolar cells, were identified 

in primary nasal epithelial cells by TEM.  

 

The use of feeder cells in the conditionally reprogrammed cell culture system pose the 

theoretical risk for confounding results due to contamination. Whether the presence of a 

small number of feeder cells in the primary nasal epithelial cell culture will pose an issue 

in a cell model, may depend on the specific downstream application. Cell lysates used for 

molecular or protein studies would inevitably include nucleic acid and protein from feeder 

cells, albeit at a low proportion compared to the nasal epithelial cell products. Due to the 

sensitivity of PCR, even small amounts of target nucleic acid derived from mouse feeder 

cells could be amplified to detectable levels. If purity is an issue for the application, 

investigators would need to design and validate human-specific primers, targeted to 

sequences of non-homology between human and mouse transcripts, which will not bind 

to the mouse transcript. In the current study, while the custom-made primers used for 

qualitative PCR of ABCA3 cDNA could detect both the human and mouse ABCA3 

transcripts, the commercially-available taqman probe used for the quantification of 

ABCA3 mRNA did not bind to ABCA3 from NIH-3T3 cells. Many commercially 

available ABCA-3 antibodies, for the detection of ABCA-3 protein in human samples, 

are predicted to react with the mouse ABCA-3 protein. Such products that do not specify 

cross-species reactivity would also have to be validated before use. In the current study, 

a detectable signal due to the expression of ABCA-3 by NIH-3T3 cells was identified by 
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In-Cell Western™, even when cell seeding density was low. Hence, some of the ABCA-

3 signal detected in primary nasal epithelial cells may potentially have been be due to the 

ABCA-3 expression in contaminating feeder cells, although the signal coming from the 

feeder cells would have been minimal.  

 

The current study employed the use of an anti-feeder antibody to determine the proportion 

of contaminating fibroblasts in primary nasal epithelial cell cultures by flow cytometry. 

The use of anti-feeder antibodies to label a range of mitotically inactivated mouse 

fibroblast-derived cell lines, such as mouse embryonic fibroblasts (mEFs), NIH-3T3 and 

Sandos inbred mice (SIM) 6-thioguanine-resistant, ouabain-resistant cells (STO), in the 

context of ESC and iPSC culture is not a new concept  (Knoebel et al., 2010; Molcanyi 

et al., 2014; Obara et al., 2016). However, the current study is the first report for the use 

of an anti-feeder antibody to identify NIH-3T3 cells in a primary epithelial cell derived 

culture system. The results obtained in the current study indicate that the differential 

trypsinisation method to eliminate feeder cells in the culture system does not generate a 

completely pure population of primary nasal epithelial cells. The differential 

trypsinisation method described by Liu et al. (2012) did not mention any form of feeder 

cell quantification post treatment. It is unclear how the investigators determined the 

method’s effectiveness other than observation of feeder cell detachment by phase 

microscopy.  

 

If culture purity is a priority for a downstream application, the use of the anti-feeder 

antibody employed in the current study could potentially be used to negatively select 

NIH-3T3 cells by fluorescent activated cell sorting (FACS) before establishing primary 

nasal epithelial cultures in feeder-free conditions. However, the results obtained also 

suggest that a small proportion of NIH-3T3 cells (~3%) may not be labelled by the anti-

feeder antibody. Therefore, the resultant cell culture may retain a very small number of 

contaminating fibroblasts even after FACS, though likely to be significantly fewer feeder 

cells than using differential trypsinisation alone. An alternative approach to generate a 

pure population of primary nasal epithelial cells could be to employ positive selection by 

FACS for epithelial cell specific cell surface markers such as E-cadherin (Kobayashi et 

al., 2000) or epithelial cell adhesion molecule (Ep-CAM)(Schnell et al., 2013).  
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Ultimately, to circumvent problems caused by feeder cell contamination of primary 

epithelial cell cultures in future work, a move away from feeder-dependent primary 

culture systems would be preferable. A number of feeder-free culture systems that 

maintain high proliferation capacity and long-term expansion potential of epithelial cells 

in vitro have emerged over the past few years. One group reported that the long-term 

propagation of epithelial cells from various tissues, including airway, in the absence of 

feeder cells could be achieved through the combination of transforming growth factor 

(TGF)-β signaling inhibition, PAK1-ROCK-Myosin II inhibition and low extracellular 

calcium concentration using an EpiX medium (Zhang et al., 2018). Another group used 

TGF-β/SMAD/BMP inhibition to promote the expansion of airway epithelial cells in a 

feeder-free culture system (Mou et al., 2016) while yet another group advocate the use of 

using Rho/SMAD/mTOR triple signaling inhibition to support long-term epithelial 

expansion (Lu et al., 2020).   

 

In the conditionally-reprogrammed primary nasal epithelial cell culture model, the 

detection of ABCA-3 expression in primary nasal epithelial cells at a transcriptional and 

protein level suggests that the cell culture model could potentially be used as a tool to 

study ABCA-3 deficiency in vitro. While the current study is the first report of ABCA-3 

expression in cultured primary nasal epithelial cells, ABCA-3 has previously been 

detected in epithelial cells of the nasopharynx (Human Protein Atlas project).  The results 

from the current study demonstrated that expression of ABCA3 is low compared to that 

in type II alveolar cells with a diffuse pattern of ABCA-3 staining seen by 

immunocytochemisty as opposed to a vesicular pattern observed in type II alveolar cells 

(Stahlman et al., 2007). The difference in staining pattern between cell types may suggest 

that the function of ABCA-3 in primary nasal epithelial cells is distinct from its function 

in type II alveolar cells. The suitability of primary nasal epithelial cell cultures as a 

surrogate cell model for type II alveolar cells will, to an extent, be determined by whether 

differences in ABCA-3 function in patients with ABCA-3 deficiency can be measured.   

 

The lack of substantial expression of key type II alveolar cell markers, SFTPB and SFTPC 

at a transcriptional level compared to expression levels in type II alveolar cells, suggest 

that the role of primary nasal epithelial cell cultures as a model for alveolar disease may 

be limited. Mature SP-B and SP-C, as the hydrophobic surfactant proteins associated with 
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pulmonary surfactant, are essential for normal lung function and ABCA-3 deficiency is 

sometimes associated with reduced or absent mature SP-B and SP-C (Brasch et al., 2006; 

Kroner et al., 2017) or altered levels of the mature forms relative to their precursors 

(Brasch et al., 2006; Peca et al., 2015). The complete biosynthesis of mature SP-B and 

SP-C from their respective precursors is thought to be an exclusive function of type II 

alveolar cells (Brasch et al., 2003; Beers and Mulugeta, 2005; Beers and Moodley, 2017). 

While there are limited reports that SP-B is present in the human nasal mucosa (Kim et 

al., 2007), there are no reports of SP-C expression in the nasal epithelium. No SP-B or 

SP-C expression was detected in the current study using western blotting. However, in 

contrast, mature SP-B, SP-C and their precursor pro-proteins were detected in primary 

nasal epithelial cell cytoplasm by immunocytochemistry. The discrepancy between the 

western blotting and immunocytochemistry results for SP-B and SP-C expression 

requires further investigation.  

 

While the multilamellated structures identified in the cytoplasm of primary nasal 

epithelial cells in the current study are suggestive of lamellar bodies, the presence of 

lamellar bodies in cultured nasal epithelial cells has not been reported to date. To 

substantiate the claim that the multilamellated structures observed are indeed lamellar 

bodies, further validation would be necessary to assert that the subcellular structures seen 

here are equivalent to the lamellar bodies found in type II alveolar cells. A comparative 

quantitative morphometric assessment by TEM would be required to ensure that the size 

and abundance of the lamellar body-like structures are comparable to type II alveolar cells 

(Beers and Moodley, 2017).  Additionally, to demonstrate that lamellar body-associated 

proteins such as ABCA-3 (Yamano et al., 2001), CD63 and lysosomal associated 

membrane protein 3 (LAMP-3) (Zhao et al., 2019) are co-localised with the structures 

seen by TEM, immunogold labelling would need to be employed. Furthermore, staining 

with Lysotracker (Van der Velden et al., 2013) and Nile red (Liu et al., 1996), coupled 

with high-resolution microscopy, could verify the presence of acidic and lipophilic 

cytosolic vesicles that would provide further evidence that the structures are functionally 

equivalent to lamellar bodies in type II alveolar cells.   

 

In summary, while the primary nasal epithelial cells used in the current study differ 

significantly from the type II alveolar cell phenotype, they could still be potentially used 
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as a surrogate cell culture model in the context of ABCA-3 deficiency to an extent. The 

results from the current study demonstrate that ABCA3 is expressed at a gene and protein 

level in primary nasal epithelial cells. There is also evidence of phenotypic similarities 

with type II alveolar cells relevant to surfactant biology with lamellar body-like structures 

observed by electron microscopy in primary nasal epithelial cells. However, further 

validation is required to confirm that the structures are indeed lamellar bodies. 

Importantly, feeder cell contamination could potentially influence results in future 

applications of the cell culture model, and will need to be accounted for, but is unlikely 

to significantly impact the results of the current project. For a primary nasal epithelial cell 

culture model to be useable for the development of therapeutics, an appropriate functional 

assay would need to be established to quantify ABCA-3 function in response to drug 

treatment. Additionally, other experimental models that more accurately recapitulate the 

type II alveolar cell phenotype, with higher endogenous expression of ABCA3, may 

complement results found in primary nasal epithelial cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

CHAPTER 4 

Doxorubicin Detoxification as a Measure for ABCA-3 Function in Primary Nasal 

Epithelial Cells 
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4. Doxorubicin Detoxification as a Measure for ABCA-3 

Function in Primary Nasal Epithelial Cells 

4.1. Introduction 

ABCA-3 deficiency is an inherited disorder that can cause respiratory distress in neonates 

or diffuse lung disease in infants and children (Doan et al., 2008). The membrane-bound 

lipid transporter protein, ABCA-3, is localised to the limiting membrane of lamellar 

bodies, a key subcellular organelle for the intracellular packaging and exocytosis of 

surfactant phospholipids in type II alveolar cells (Yamano et al., 2001; Dietl and Haller, 

2005).  The surfactant layer performs an essential role at the air-liquid interface in the 

alveoli by reducing surface tension in the lungs and preventing atelectasis as well as 

serving functions in innate immunity. Homozygous or compound heterozygous mutations 

in ABCA3 can impede the transporter function of the ABCA-3 protein, resulting in 

defective surfactant production and distribution at the alveolar surface. Over 200 

mutations in ABCA3 have been reported (Peca et al., 2015) and the diversity in individual 

mutations can account for some of the disease heterogeneity seen in ABCA-3 deficiency 

(Wambach et al., 2014).   

 

Currently, there are few therapeutic options for ABCA-3 deficiency. Hydroxychloroquine 

and corticosteroids are widely used to treat ABCA-3 deficiency but do not always 

improve clinical outcomes (Klay et al., 2018) while the risks for their long-term use are 

well-documented (Hamvas, 2010; Breuer and Schultz, 2018). Lung transplantation is 

considered in the most severe of cases but issues of donor organ shortage, access to 

transplantation facilities, risk of graft rejection, post-operative complications and the life-

long use of immunosuppressive therapy limit its standardised implementation (Faro and 

Hamvas, 2008). Therefore, there is a need to develop new, effective therapeutics for 

patients with ABCA-3 deficiency.  

 

To perform drug screening in vitro, a suitable cell culture model is required as well as a 

method to measure the functionality of the ABCA-3 protein in response to drug treatment. 

To date, ABCA-3 function has been measured experimentally in genetically modified cell 

lines using a variety of methodologies. Firstly, ATPase activity in A549 cells transduced 

with wild-type (WT) or mutant ABCA3 alleles has previously been measured (Wambach 

et al., 2016). Secondly, the doxorubicin detoxification capacity of HEK293 cells 
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transformed with WT or mutant ABCA3 has also been evaluated (Wittmann et al., 2016b). 

Finally, the ultrastructure of lamellar bodies have been compared between WT and mutant 

ABCA3  A549 (Wambach et al., 2016) and HEK293 (Wittmann et al., 2016b) cells as 

well as the lipid-filling capability of intracellular vesicles in A549 cells transformed with 

WT and mutant ABCA3 alleles (Höppner et al., 2017). However, the reliance on using 

gene technology to artificially introduce mutant ABCA3 alleles into cell lines, limits the 

relevance of subsequent results to specific patients with ABCA-3 deficiency due to the 

absence of an identical genetic background in the cell culture model. The use of a 

biologically-relevant, primary cell culture model could potentially overcome these 

limitations.    

 

A suitable assay to assess ABCA-3 function in vitro would have several features such as 

target specificity, the potential to scale up for high throughput drug screens as well as a 

robust, quantitative readout. The doxorubicin detoxification assay developed by 

Wittmann and colleagues (2016), is based on the transporter function of ABCA-3 which 

confers resistance in cells to the antineoplastic chemotherapy drug, doxorubicin 

(Steinbach et al., 2006). Wittman and colleagues demonstrated decreased viability in 

HEK293 cells expressing mutant ABCA-3 after doxorubicin treatment using an XTT 

(2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) assay to 

measure cell viability. The doxorubicin detoxification assay, aligned with a quantitative 

readout for cell viability, has great potential for high throughput drug screening due to 

the simplicity of the method and the 96-well format of the assay. Adapting the original 

assay described by Wittmann et al. to a primary nasal epithelial cell culture model may 

potentially provide a means to test personalised therapeutics targeting ABCA-3 

expression.  

 

This chapter explored whether the doxorubicin detoxification assay could be adapted to 

test ABCA-3 function using primary nasal epithelial cells. The specific aims of this study 

were to determine 1) whether there was a measurable difference in the cellular response 

to doxorubicin treatment between primary nasal epithelial cell cultures from patients with 

ABCA-3 deficiency and healthy controls and 2) whether the response to doxorubicin 

treatment in primary nasal epithelial cells were attributed specifically to the function of 

the ABCA-3 protein. To test the hypothesis that the doxorubicin detoxification assay can 
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be used to specifically assess ABCA-3 function in primary nasal epithelial cells, 

cytotoxicity and cell viability assays were used to measure the cellular response to 

doxorubicin treatment in primary cells from those with ABCA-3 deficiency and healthy 

controls. Furthermore, short interfering RNA (siRNA) was employed to downregulate 

ABCA-3 expression in those without ABCA-3 deficiency and cell viability in response 

to doxorubicin treatment measured. 

 

4.2. Materials and Methods 

4.2.1. Materials 

Refer to sections 2.1 and 2.2 for materials and reagents used in this chapter.  

 

4.2.2. Methods 

This study investigated the suitability of the doxorubicin detoxification assay as a method 

to assess ABCA-3 function in primary nasal epithelial cells. The doxorubicin 

detoxification assay, first described by Wittman and colleagues (2016), was adapted to 

an CellTiter 96® 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl-)-2-(4-

sulfophenyl)-2H-tetrazolium (MTS) colorimetric assay methodology and further 

developed in this study to include alternative measures of cell viability and cytotoxicity, 

namely Calcein Blue viability staining and lactate dehydrogenase (LDH) quantification. 

Furthermore, gene silencing of ABCA-3 was employed in the attempt to determine 

whether the sensitivity of primary nasal epithelial cells to doxorubicin observed in initial 

experiments could be specifically accounted for by the activity of the ABCA-3 protein. 

 

4.2.2.1. Participant demographics 

Primary nasal epithelial cells were obtained from nasal brushings (refer to 2.5.2.1) from 

two participants with ABCA-3 deficiency and used for subsequent experiments. 

Participant 1 was female, aged 2.2 years at the time of sampling and carried a homozygous 

mutation in ABCA3 (c.920C>T/c.920C>T). Participant 2 was male, aged 7.5 years at the 

time of sampling and carried a compound heterozygous mutation in ABCA3, 

(c.838C>T/c.3997_3998delAG). Details regarding genetic variants in ABCA3 for each 

participant are described in Table 4.1. Experiments for each patient were repeated at least 

three times. Healthy control data were provided by primary nasal epithelial cells from 
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eight participants without ABCA-3 deficiency or other respiratory disease (mean age 4.2 

± 3.0 years; 6 male).   

Table 4.1 Genetic variants in ABCA3 of participants with ABCA-3 deficiency.  

Genotype Participant 1 

Homozygous 

Participant 2 

Compound heterozygous  

Variant c.920C>T c.838C>T c.3997_3998delAG 

Exon 9 8 26 

Coding effect Missense Missense Frameshift 

Protein change p.Ala307Val p.Arg280Cys p.Arg1333Glyfs*24 

Grantham scorea  64 180 N/A 

Protein length Unchanged Unchanged 
Nonsense mediated 

decay 

Protein domain 
Transmembrane 

domain 1 
Transmembrane 

domain 1 
Cytosolic domain (C 

terminus) 

Inter-species 

conservation 
Conserved Conserved  Partly conserved 

Clinical 

significance 

(ClinVarb) 

Not listed 

Conflicting 

interpretations of 

pathogenicity 

Not listed 

HGMDc variant 

class 
Disease-causing Disease-causing Disease-causing  

Predicted 

pathogenicity 

(Mutation Tasterd) 

Pathogenic Pathogenic Pathogenic 

Participant clinical 

phenotype  

Diffuse lung 
disease  

(No lung biopsy 

taken) 

Diffuse lung disease 

(Lung biopsy result consistent with chronic 
pneumonitis of infancy) 

Family medical 

history 

Sibling (born at 
term) with same 

mutation and lung 

disease 

No family members with lung disease 

aScore between 0 and 215 that reflects the physiochemical differences for amino acid 

substitutions.  
bClinVar database accessed 10/5/2021 (https://www.ncbi.nlm.nih.gov/clinvar/). 
c HGMD database accessed 11/5/2021 

(https://my.qiagendigitalinsights.com/bbp/view/hgmd/pro/all.php). 
dMutation Taster in silico mutation pathogenicity prediction tool accessed 10/5/2021 

(http://www.mutationtaster.org). 

aa: amino acid; HGMD: Human Gene Mutation Database. 

 

4.2.2.2. Cell culture 

Conditionally reprogrammed nasal epithelial cells were initially expanded over two 

passages as submerged monolayer cultures (refer to 2.5.3.3.3) to obtain the cell yield 

required for experimentation. Experimental cell culture plates were maintained in nasal 
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epithelial cell growth medium (refer to 2.4.2.4) in feeder-free conditions for the duration 

of the experiment and media replenished every 1-3 days. Experiments were also 

conducted in A549 cells (refer to 2.5.3.1), as a comparator to primary nasal epithelial 

cells, since they have previously been shown to have higher basal expression of ABCA3 

(refer to 3.3.2.2). 

 

4.2.2.3. Doxorubicin treatment 

Serial dilutions of 10 mM doxorubicin (refer to 2.4.3.10) for experiments were prepared 

in nasal epithelial cell growth medium (refer to 2.4.2.4) without epidermal growth factor 

(EGF) at concentrations of 0.25 µM, 0.5 µM, 1 µM, 5µM and 10 µM. The initial dilution 

was filter-sterilised using a 0.22 µm syringe filter before preparing subsequent dilutions. 

One day prior to doxorubicin treatment, cells were switched from media supplemented 

with EGF to media without EGF. Cells were treated with different concentrations of 

doxorubicin for 3 h in triplicate for 96-well plates or duplicate for 12-well plates as 

previously described (Wittmann et al., 2016a). An untreated control was included for each 

experiment.  After 3 h of treatment with doxorubicin, cells were washed with PBS to 

remove residual doxorubicin and returned to nasal epithelial cell growth medium without 

EGF. Cells were then incubated for a further 24 h at 37°C and 5% CO2 before cell viability 

or cytotoxicity was assessed.  

 

4.2.2.4. MTS assay 

Viability of cells following doxorubicin treatment was measured using the MTS 

colorimetric assay. A 16.7% (v/v) solution of MTS/ phenazine methosulfate (PMS) 

solution in serum-free clear RPMI was prepared and protected from light. Cells were then 

washed briefly with PBS (refer to 2.3.11) and 120 µL of the 16.7% (v/v) MTS/PMS 

solution was delivered to each well. Blank wells containing the MTS/PMS solution 

without cells were included for each experimental plate.  Plates were incubated for 2 h at 

37oC and 5% CO2 before absorbances were read at 492 nm using a spectrophotometer 

(refer to 2.2.37) to detect the production of soluble formazan only produced by 

metabolically-active, viable cells. After the blank measurement was subtracted from all 

readings, results were standardised as a percentage of the untreated control.  
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4.2.2.5. Lactate dehydrogenase assay 

Cellular cytotoxicity in response to doxorubicin treatment was measured using the 

CytoTox 96® colorimetric assay, which measures the amount LDH release due to 

necrotic cell lysis. Lactate dehydrogenase is a large intracellular molecule that remains 

intracellular unless the cell membrane barrier is compromised. Cell culture supernatants 

from 96-well or 12-well experimental plates were collected 24 h post doxorubicin 

treatment and stored at -80°C until required. Stored supernatants were thawed, mixed 

with the CytoTox 96® Substrate Mix and incubated for 30 min at room temperature in 

the dark. The reaction was then stopped using the CytoTox 96® Stop Solution and the 

colour change was measured using a spectrophotometer (refer to 2.2.37) at 492 nm. 

Results were normalised and presented as a percentage of the untreated control.  

 

4.2.2.6. Calcein Blue viability staining and flow cytometry 

Live cells were labelled with BD Pharmigen™ Calcein Blue AM dye and the proportion 

of live cells post doxorubicin treatment quantified by flow cytometry. The Calcein Blue 

AM dye readily enters viable cells and esterase activity, specific to live cells, cleaves the 

AM groups off the weakly fluorescent Calcein Blue AM trapping fluorescent Calcein 

Blue within the cell. To process samples for Calcein Blue staining, cell culture 

supernatants, washings and cells harvested by trypsinisation where firstly combined in a 

15 mL conical tube and the cellular fraction obtained by centrifugation. The cell pellet 

was then washed once in Dulbecco’s Phosphate Buffered Saline (DPBS) before the cell 

pellet was resuspended in 500 µL of DPBS and a cell count performed. A 10 µM solution 

of the Calcein blue AM dye was prepared from the 5 mM stock solution in DPBS. The 

cell yield from each experimental well was split into stained and unstained fractions based 

on the cell count. The designated stained fraction of cells was resuspended in 10 µM 

Calcein Blue AM dye at 1  106 cells/mL while the unstained fraction of cells was 

resuspended in an equivalent volume of DPBS. The cell suspension was incubated for 30 

min at room temperature protected from light. The cells were washed twice with Flow 

Buffer (refer to 2.3.29) and then finally resuspended in 400 µL Flow Buffer.  The Calcein 

Blue dye was excited with a 405 nm wavelength laser light source and detected using a 

450/50 nm filter. Flow cytometric analysis was performed using a BD LSRFortessa™ 

(refer to 2.2.17). Forward scatter and side scatter parameters were used to determine the 

cellular fraction of events and the number of cells stained with Calcein Blue expressed as 
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a percentage of this fraction.  Results were normalised and presented as a percentage of 

the untreated control.  

 

4.2.2.7. Transient gene silencing 

Gene silencing via transient transfection of specific short interfering RNA (siRNA) 

probes into primary nasal epithelial cell monolayer cultures was performed to investigate 

the specificity of the doxorubicin detoxification assay to ABCA-3 function in primary 

nasal epithelial cells. Nasal epithelial cells were seeded into fibronectin-coated 96-well 

plates and 12-well plates at a sub-confluent seeding density of 7.8   104/cm2 and 7.1  

104/cm2, respectively. Two days after seeding, gene-specific siRNA or negative control 

siRNA at 1 pmol and 10 pmol (96-well plates) or 12.5 pmol or 125 pmol (12-well plates) 

final concentrations were delivered to an equivalent volume of diluted Lipofectamine® 

RNAiMAX Reagent. Dilutions of siRNA and Lipofectamine® RNAiMAX Reagent were 

performed in Opti-MEM media. The siRNA-lipid complex was incubated for 5 min 

before dropwise delivery to the cells. Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) siRNA was used as a positive control. The efficiency of the transient silencing 

of ABCA3 and GAPDH was assessed at an mRNA and protein level 24, 48 and 72 h after 

transfection. Transfected primary nasal epithelial cultures or A549 cells at 72 h post-

transfection were utilised in doxorubicin detoxification experiments to investigate the role 

of ABCA-3 function in doxorubicin resistance.   

 

4.2.2.8. Gene expression analysis 

Primary nasal epithelial cells and A549 cells were lysed in RLT buffer, RNA extracted 

(refer to 2.5.4), cDNA generated (refer to 2.5.5) and gene expression quantified by ddPCR 

(refer to 2.5.6). TaqMan probes for ABCA3 (Hs00184543_m1) and GAPDH 

(Hs02786624_g1) were used to determine the concentration of cDNA in the original 

sample and gene expression normalised to the expression of Peptidylprolyl isomerase A 

(PPIA) (Hs99999904_m1), known to have stable expression in human airway epithelial 

cells (He et al., 2008), to determine relative gene expression. Gene silencing efficiency 

was then expressed as relative gene expression of the cells exposed to gene-specific 

siRNA as a percentage of gene expression for the siRNA negative control. A no template 

control for each mastermix was run with each ddPCR experiment. One-sample t-tests 
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were used to determine if siRNA treatment differed significantly from the negative 

control.  

 

4.2.2.9. In-Cell Western™ assay  

Primary nasal epithelial cells and A549 cells cultured in CELLSTAR 96-well black 

microplates (Greiner-Bio, Kremsmunster, Austria) were fixed with 3.7% (v/v final) 

formaldehyde (refer to 2.4.3.7) for 20 min at room temperature. Cells were then stored in 

1 PBS (refer to 2.3.11) at 4°C until use. An In-Cell Western™ assay, which has 

previously been successfully used in primary airway epithelial cells (Looi et al., 2018), 

was performed from the standard protocol supplied by LI-COR Biosciences adapted to 

determine protein expression of ABCA-3 and GAPDH. Briefly, cells were washed five 

times with 0.1% (v/v) Triton washing solution (refer to 2.3.12) with gentle rocking for 5 

min per wash to permeabilise the cells. To prevent non-specific antibody binding, cells 

were subsequently blocked with Odyssey Blocking Buffer for 1.5 h at room temperature 

with gentle rocking. 1:100 dilutions of rabbit anti-ABCA-3 and mouse anti-GAPDH 

primary antibodies were prepared in Odyssey Blocking Buffer and incubated with the 

cells overnight at 4°C with gentle rocking. Control wells that were not incubated with the 

primary antibody were included with each experimental plate. The cells were then washed 

five times with Tween Washing Solution (refer to 2.3.13) for 5 min per wash with gentle 

rocking to remove unbound primary antibody. The secondary antibody stain was then 

prepared by diluting anti-rabbit or anti-mouse IRdye800CW 1:800 in Odyssey Blocking 

Buffer with 0.2% (v/v) Tween-20. The normalisation stain was added to the secondary 

antibody solution by adding Sapphire700 at a 1:1000 dilution and Draq5 at a 1:10 000 

dilution. Cells were then incubated with the secondary antibody solution for 1 h at room 

temperature protected from light with gentle rocking. The cells were then washed five 

times with Tween Washing Solution (refer to 2.3.13) for 5 min per wash with gentle 

rocking to remove unbound secondary antibody. Plates were then scanned with both 700 

nm and 800 nm channels using the LI-COR Biosciences Odyssey infrared scanner (refer 

to 2.2.24).  Results were analysed with Image Studio Ver 5.2 software and the 800 nm 

channel signal normalised to the 700 nm channel signal to determine relative protein 

expression. Gene silencing efficiency was expressed as relative protein expression of the 

cells exposed to gene-specific siRNA as a percentage of the protein expression for the 

siRNA negative control. One-sample t-tests were used to determine if siRNA treatment 

differed significantly from the negative control. 
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4.2.2.10. Statistical analysis 

Data were first tested for normality using the Kolmogorov-Smirnov and Shapiro-Wilk 

tests to determine whether parametric or non-parametric statistical analysis was 

appropriate. Where non-parametric tests were required or the sample size was small, 

Mann-Whitney tests were used to compare two groups of n>3 replicates. Welch’s t test 

was used to compare two groups of n=3 replicates. Where multiple groups were 

compared, the Kruskal-Wallis test was used with the Dunn post-hoc test to correct for 

multiple comparisons. One sample t-tests were used to determine silencing efficiency 

relative to the negative control siRNA.   Data were presented as mean ± standard 

deviation. All p values less than 0.05 (*p<0.05, **p<0.01, ***p<0.001) were considered 

significant. GraphPad Prism version 7.04 was used for all statistical analysis. 

 

4.3. Results 

4.3.1. Cell viability and cytotoxicity in response to doxorubicin 

treatment in primary nasal epithelial cells 

Higher concentrations of doxorubicin reduced cell viability in nasal epithelial cells from 

those with ABCA-3 deficiency compared to healthy controls in an assay-dependent 

manner. Primary nasal epithelial cells from Participant 1 demonstrated significantly 

reduced cell viability (p = 0.002) after treatment with 10 µM doxorubicin (75.13 ± 6.22%; 

n = 3) compared to healthy controls (95.63 ± 6.43%; n = 7) when measured using an MTS 

assay (Figure 4.1). Primary nasal epithelial cells from Participant 2 demonstrated 

significantly reduced cell viability after treatment with both 10 µM (65.78 ± 21.03%; p = 

0.006; n = 3) and 5 µM doxorubicin (60.9± 29.1%; p = 0.01; n = 3) when compared to 

healthy controls (101.5 ± 13.59%; n = 7) measured using an MTS assay (Figure 5.1). Cell 

viability was not significantly reduced in primary nasal epithelial cells from participants 

with ABCA-3 deficiency by doxorubicin concentrations lower than 5 µM.  To validate 

these findings, alternative measures of cell viability and cytotoxicity were utilised to 

quantify the response of primary nasal epithelial cells to treatment with 5 µM and 10 µM 

doxorubicin (Figure 4.2). Cytotoxicity measured by an LDH assay significantly increased 

in primary nasal epithelial cells from Participant 2 treated with 5 µM doxorubicin (178.9 

± 43.03%; p = 0.02; n = 3) compared to healthy controls (105.8 ± 7.92%; n = 4) but no 

significant difference was demonstrated when primary nasal epithelial cells were treated 
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with 10 µM doxorubicin (304.2 ± 49.59%; p = 0.32; n = 3) with respect to healthy controls 

(246.5 ± 78.08%; n= 4). While 5 µM doxorubicin increased cytotoxicity, in primary nasal 

epithelial cells from Participant 1 (170.7 ± 78.48%; n= 3) compared to healthy controls, 

this result was not significant (p = 0.15). Similarly, 10 µM doxorubicin treatment did not 

significantly increase cytotoxicity in primary nasal epithelial cells from Participant 1 

(279.7 ± 149.2%; n = 3) with respect to healthy controls (p = 0.72). Calcein blue staining 

did not demonstrate a significant change in cell viability of primary nasal epithelial cells 

from Participant 1 (110 ± 8.80%; p = 0.51; n = 3) or Participant 2 (103.1 ± 3.63%; p = 

0.84; n = 3) compared to healthy controls (104.6 ± 10.99%; n = 4) after treatment with 5 

µM doxorubicin. Similarly, there was no significant difference in cell viability of primary 

nasal epithelial cells from Participant 1 (98.36 ± 9.94%; p = 0.10; n = 3) or Participant 2 

(95.33 ± 13.41%; p = 0.10; n = 3) relative to healthy controls (112.6 ± 8.7%; n = 4) after 

treatment with 10 µM doxorubicin.   

 

 

 

 

 

 

 

 

Figure 4.1. Doxorubicin treatment reduced viability of nasal epithelial cells from 

patients with ABCA-3 deficiency. Submerged cultures of primary nasal epithelial 

cells from participants with and without ABCA-3 deficiency were exposed to 0, 0.25, 

0.5, 1, 5 or 10 µM of doxorubicin for 3 h at 37°C. Cell viability, measured using an 

MTS assay, was measured 24 h post doxorubicin treatment. 5 µM doxorubicin 

significantly reduced viability of nasal epithelial cells from Participant 2 (purple; n = 

3; p = 0.01) compared to healthy controls (blue; n = 7). Doxorubicin 10 µM 

significantly reduced viability of nasal epithelial cells from Participant 1 (orange; n = 

3; p = 0.002) and Participant 2 (n = 3; p = 0.006). Sample size reflects biological 

replicates (healthy control cell cultures) or separate repeated experiments (participant 

cell cultures). Experiments were performed in triplicate. Data were normalised to the 

untreated control and expressed as a percentage. *p<0.05; ** p<0.01.  
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Figure 4.2. Alternative measures of cytotoxicity and cell viability show variable 

sensitivity to doxorubicin in nasal epithelial cells from patients with ABCA-3 

deficiency.  To validate MTS assay results, submerged cultures of nasal epithelial cells 

from participants with and without ABCA-3 deficiency were exposed to 0 µM, 5 µM 

or 10 µM doxorubicin for 3 h at 37oC. Cytotoxicity measured using an LDH assay (A) 

and cell viability measured using Calcein Blue viability staining (B) were assessed 24 

h post doxorubicin treatment.  Doxorubicin at 5 µM but not 10 µM significantly 

increased cytotoxicity in nasal epithelial cells from Participant 2 (purple; n = 3; p = 

0.02) compared to healthy control nasal epithelial cells (blue; n = 4) while doxorubicin 

treatment had no significant effect in nasal epithelial cells from Participant 1 (orange; 

n = 3). Sample size reflects biological replicates (healthy control cell cultures) or 

separate repeated experiments (participant cell cultures). Data were normalised to the 

untreated control and expressed as a percentage. *p<0.05. 
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4.3.2. Cell viability and cytotoxicity in response to doxorubicin 

treatment with concurrent siRNA treatment in primary 

nasal epithelial cells 

To determine if the doxorubicin sensitivity of primary nasal epithelial cells is specific to 

ABCA-3 activity, ABCA-3 expression was knocked-down in primary nasal epithelial 

cells from healthy controls using ABCA3 siRNA prior to doxorubicin treatment. To 

assess the success of transfection at experimental time points, GAPDH siRNA was used 

as a positive control. To determine whether there was any dose-dependent effect, cells 

were treated with either 1 pmol or 10 pmol siRNA doses. Results generated did not show 

a dose-dependent relationship between siRNA dose and gene expression for either 

ABCA3 or GAPDH. To determine the optimal time point post-transfection to maximise 

gene silencing, gene expression was assessed 24, 48 and 72 h post transfection (Figure 

4.3). The expression of ABCA3 was maximally reduced to 43.4 ± 33.14% at 72 h post 

transfection (p = 0.02; n = 5) by 1 pmol ABCA3 siRNA. The expression of GAPDH was 

also maximally reduced to 16.96 ± 23.33% (p = 0.001; n = 5) 72 h post transfection by 1 

pmol GAPDH siRNA although significant reductions in expression were noted 24 h (p = 

0.004; n = 5) and 48 h (p = 0.01; n = 4) post transfection. Doxorubicin detoxification 

experiments were thus performed 72 h post transfection where ABCA3 knockdown was 

optimal (Figure 4.4 and Figure 4.5). Despite successful transfection and gene knockdown 

in primary nasal epithelial cells of ABCA3 by 1 pmol (14.17 ± 8.76%; p < 0.001; n = 4) 

and 10 pmol ABCA3 siRNA (25.89 ± 9.72%; p = 0.006; n =3), there was no evidence of 

a decrease in cell viability or increase in cytotoxicity by 1 µM, 5 µM or 10 µM 

doxorubicin (Table 4.2). Likewise, when the experiment was scaled up to 12-well plates 

to increase the cell yield for flow cytometry analysis of Calcein Blue staining, successful 

ABCA3 knockdown was achieved with 12.5 pmol (25.38 ± 9.03%; p <0.001; n = 4) and 

125 pmol ABCA3 siRNA (43.44 ± 31.16%; p = 0.04; n = 4). However, gene knockdown 

in ABCA3 did not decrease cell viability or increase cytotoxicity in response to 5 µM or 

10 µM doxorubicin (Table 4.3). As no effect of ABCA3 silencing at a functional level was 

observed with respect to doxorubicin sensitivity, the effect of siRNA treatment on protein 

expression was then investigated (Figure 4.6). Time-course experiments of protein 

expression did not demonstrate a significant decrease in either ABCA-3 or GAPDH 

protein levels at 24, 48 or 72 h post transfection with either 1 pmol or 10 pmol siRNA. 

Likewise, at the time of doxorubicin treatment for functionality experiments, 72 h post 
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transfection, there was no significant change in ABCA3 protein levels for either 1 pmol 

(p = 0.47; n = 4) or 10 pmol (p = 0.26; n = 3) ABCA3 siRNA doses.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Transfection with gene-specific siRNA reduced gene expression in 

nasal epithelial cells over time. Gene expression in submerged nasal epithelial 

cultures was assessed 24, 48 and 72 h after transfection with 1 pmol or 10 pmol ABCA3 

siRNA (A) or GAPDH siRNA (B). Expression of ABCA3 was significantly reduced by 

1 pmol ABCA3 siRNA relative to the negative control at 72 h post transfection (n = 5; 

p = 0.02). Gene expression of GAPDH was significantly reduced by 1 pmol GAPDH 

siRNA relative to the negative control at 24 (n = 3; p = 0.004), 48 (n = 3; p = 0.01) and 

72 h (n = 5; p = 0.001) post transfection. Neither ABCA3 nor GAPDH expression was 

significantly reduced by treatment with 10 pmol siRNA. *p<0.05; ** p<0.01. 
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Figure 4.4. Silencing ABCA3 prior to doxorubicin treatment did not change the 

sensitivity of nasal epithelial cells to doxorubicin measured by an MTS assay and 

LDH quantification. Treatment with 1 pmol ABCA3 siRNA or 10 pmol siRNA for 

72 h did not result in a change in cell viability (A) or cytotoxicity (B) after exposure 

with 1 µM, 5 µM or 10 µM doxorubicin measured by an MTS assay or LDH assay 

respectively. The success of the transfection and gene silencing was confirmed at 72 

h post transfection when cells were exposed to doxorubicin (C). Gene expression of 

ABCA3 was reduced to 14.17 ± 8.76% of the negative control by 1 pmol ABCA3 

siRNA (n = 4; p < 0.001) and to 25.89 ± 9.72% of the negative control by 10 pmol 

ABCA3 siRNA (n = 3; p = 0.006). Gene expression of GAPDH was reduced to 8.74 

± 3.43% by 1 pmol GAPDH siRNA (n = 4; p < 0.001) and to 6.52 ± 1.89% by 10 

pmol GAPDH siRNA (n = 3; p < 0.001). ** p < 0.01; ***p < 0.001. 
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Figure 4.5. Silencing ABCA3 prior to doxorubicin treatment did not change the 

sensitivity of nasal epithelial cells to doxorubicin measured by Calcein Blue 

staining and LDH quantification. Treatment with 12.5 pmol ABCA3 siRNA or 125 

pmol siRNA for 72 h did not result in a change in cell viability (A) or cytotoxicity (B) 

after exposure with 5 µM or 10 µM doxorubicin measured by Calcein Blue staining 

or an LDH assay respectively. The success of the transfection and gene silencing was 

confirmed at 72 h post transfection when cells were exposed to doxorubicin (C). Gene 

expression of ABCA3 was reduced to 25.38 ± 9.03% of the negative control by 12.5 

pmol ABCA3 siRNA (n = 4; p < 0.001) and to 43.44 ± 31.16% of the negative control 

by 125 pmol ABCA3 siRNA (n = 4; p = 0.04). Gene expression of GAPDH was 

reduced to 8.54 ± 2.67% by 12.5 pmol GAPDH siRNA (n = 4; p < 0.001) and to 6.35 

± 6.57% by 125 pmol GAPDH siRNA (n = 4; p < 0.001). * p < 0.05; ***p < 0.001. 
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Table 4.2. Cell viability and toxicity in primary nasal epithelial cells (96-well plate 

format) in response to doxorubicin treatment post ABCA3 silencing. 

Assay MTS LDH 

siRNA dose 1 pmol 10 pmol 1 pmol 10 pmol 

Doxorubicin 

concentration 

(µM) 

1 5 10 1 5 10 1 5 10 1 5 10 

p-value 0.28 0.15 0.71 0.22 0.16 0.21 0.86 0.49 0.19 0.37 0.65 0.76 

Number (n) 4 4 4 3 3 3 4 4 4 3 3 3 

 

 

Table 4.3. Cell viability and toxicity in primary nasal epithelial cells (12-well plate 

format) in response to doxorubicin treatment post ABCA3 silencing. 

Assay Calcein Blue staining LDH 

siRNA dose 12.5 pmol 125 pmol 12.5 pmol 125 pmol 

Doxorubicin 

concentration 

(µM) 

5 10 5 10 5 10 5 10 

p-value 0.94 0.61 0.74 0.56 0.16 0.07 0.93 0.55 

Number (n) 4 4 4 4 4 4 4 4 
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Figure 4.6.  Transfection with gene-specific siRNA did not reduce expression at 

a protein level. Protein expression in submerged nasal epithelial cultures was 

assessed 24, 48 and 72 h after transfection with 1 pmol (n = 5) or 10 pmol (n = 2) 

ABCA3 siRNA (A) or GAPDH siRNA (B). Neither ABCA-3 nor GAPDH protein 

expression was significantly decreased at any time-point measured. Protein expression 

levels were quantified for functionality experiments performed at the time of 

doxorubicin treatment (C). There was no detectable change in ABCA-3 protein levels 

(n=4) although GAPDH expression was significantly reduced to 61.09 ± 18.32% by 1 

pmol siRNA relative to the negative control (p= 0.02; n = 4). *p<0.05. 
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4.3.3. Cell viability and cytotoxicity in response to doxorubicin 

treatment with concurrent siRNA treatment in A549 cells 

Silencing experiments were repeated in A549 cells to determine whether similar results 

were obtained in a cell type with higher basal expression of ABCA3 compared to primary 

nasal epithelial cells. Expression of ABCA3 was specifically knocked-down in A549 cells 

using ABCA3 siRNA prior to doxorubicin treatment (Figure 4.7). To assess the success 

of transfection at experimental time points, GAPDH siRNA was used as a positive 

control. There did not appear to be a dose-dependent response in cell viability or 

cytotoxicity to doxorubicin treatment for any of the siRNA doses tested. Gene expression 

analysis confirmed knockdown of both ABCA3 and GAPDH mRNA, but this did not 

translate to a noticeable decrease in protein levels.  
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Figure 4.7. Transfection with gene-specific siRNA did not change the sensitivity 

of A549 cells to doxorubicin. Treatment with 1 pmol or 10 pmol siRNA did not 

change cell viability measured using an MTS assay (A) or cytotoxicity measured using 

an LDH (B) assay. Treatment with 1 pmol or 10 pmol siRNA had an effect at a gene 

expression level (C) but not at a protein expression level (D). Treatment with 12.5 

pmol or 125 pmol siRNA did not change cell viability measured using Calcein Blue 

viability staining (E) or cytotoxicity measured using an LDH assay (F) even though 

gene expression seemed to be reduced (G). One set of experiments (n= 1) (A-D) was 

performed in 96-wells and another set of experiments (E-G) was performed in 12-well 

plates (n= 1). 
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4.4. Discussion 

Primary nasal epithelial cells cultured from participants with ABCA-3 deficiency had 

increased sensitivity to higher concentrations of doxorubicin when measured using an 

MTS assay. This finding is consistent with a previous study which demonstrated 

increased sensitivity to doxorubicin of HEK293 cells transformed with mutant ABCA3 

(Wittman et al., 2016). While the main function attributable to the ABCA-3 protein is in 

the transport of surfactant phospholipids into lamellar bodies in type II alveolar cells, the 

wide distribution of expression of ABCA-3, at both a gene and protein level, over 

numerous tissue types (https://www.proteinatlas.org/ENSG00000167972-ABCA3) 

suggests that ABCA-3 may have roles beyond pulmonary surfactant homeostasis. Indeed, 

ABCA-3 has been implicated in lysosomal drug sequestration (Hupfeld et al., 2013) and 

exosome shedding (Sharma, 2017) in cancer demonstrating ABCA-3’s activity as an 

intracellular transporter protein for other endosomal compartments in the cell apart from 

lamellar bodies. It is this drug sequestration function of ABCA-3 that is made use of in 

the doxorubicin detoxification assay. Furthermore, as this function is not specific to type 

II alveolar cells, there is potential for this assay to be adapted to primary nasal epithelial 

cells to assess ABCA-3 function in vitro. The MTS assay results suggest that a 

doxorubicin detoxification assay is a viable method to assess ABCA-3 function in 

primary nasal epithelial cells. However, further validation testing suggested otherwise.  

 

Two alternative methods were used to assess cell viability and cytotoxicity in primary 

nasal epithelial cells in response to doxorubicin to validate results obtained using the MTS 

assay. While the concentrations of doxorubicin which induced a detectable difference in 

cell viability of primary nasal epithelial cells from patients with ABCA-3 deficiency using 

an MTS assay, they did not consistently produce the same effect when cytotoxicity was 

measured using an LDH assay or when cell viability was assessed using Calcein Blue 

staining. Calcein Blue staining demonstrated negligible difference in viability between 

primary nasal epithelial cells from patients with ABCA-3 deficiency compared to healthy 

controls, whereas a significant effect was only observed when primary nasal epithelial 

cells from Participant 2 were treated with 5 µM doxorubicin using the LDH assay.  

 

The different methods used in this study to assess viability and cytotoxicity in primary 

nasal epithelial cells in response to doxorubicin are based on distinct cell functions which 
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may explain conflicting results between assays. The MTS assay relies on the production 

of a coloured formazan product by the mitochondrial activity of living cells (Cory et al., 

1991), while Calcein Blue staining relies on the intracellular esterase activity and 

membrane integrity of viable cells to produce a fluorescent product and contain it within 

the cell (Coder, 2001). The LDH assay quantifies the amount of extracellular LDH in the 

cell culture supernatant released by damaged cells and relies on the production of a 

coloured formazan product indirectly through the enzymatic activity of LDH (Nachlas et 

al., 1960). Notably, doxorubicin is known to interfere with mitochondrial function which 

may confound MTS assay results following doxorubicin treatment (Marcillat et al., 1989; 

Bugger et al., 2011). It is unknown if this effect would influence the assay’s ability to 

assess ABCA-3 function in primary nasal epithelial cells. The use of Calcein Blue 

staining and flow cytometry to determine the proportion of viable cells of all cellular 

events may underestimate the cytotoxic effect of doxorubicin as debris from lysed cells 

and apoptotic bodies are not captured by this method. A more complex method of staining 

and gating by flow cytometry to determine cell populations undergoing different forms 

of cell death (Jiang et al., 2016) may be required, although the choice of stain is critical 

due to the potentially confounding fluorescent properties of doxorubicin (Shah et al., 

2017). Unlike Calcein Blue viability staining, the LDH assay has the capability to capture 

the full extent of necrosis as the extracellular LDH in the cell culture supernatant is 

directly related to the proportion of necrotic cells in the culture whether the cells are intact 

or not (Chan et al., 2013). However, the current study demonstrated marked variability in 

normalised cytotoxicity measurements between separate experiments for each participant 

for both doxorubicin concentrations tested. The lack of reproducibility of these results 

indicates that the use of the LDH assay to quantify doxorubicin-induced cytotoxicity may 

not be a reliable method to assess ABCA-3 function. 

 

Given the mixed results of the assays discussed above, there was a need to determine 

whether doxorubicin sensitivity in primary nasal epithelial cells was attributable to 

ABCA-3 functionality. Silencing of ABCA3 gene expression through siRNA treatment 

resulted in a reduction in ABCA3 mRNA levels but did not correspond to increased 

sensitivity of primary nasal epithelial cells to doxorubicin measured by MTS assay, LDH 

quantification or Calcein Blue viability staining. The lack of a detectable effect seen at a 

functional level suggests that the doxorubicin detoxification assay may lack specificity 

and hence is not a good measure for ABCA-3 function. However, although siRNA 
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treatment reduced ABCA3 mRNA levels, it had a negligible effect on ABCA-3 protein 

levels. As the drug sequestration function of the ABCA-3 protein is the central 

mechanism that underlies the doxorubicin detoxification assay, it is unsurprising that 

siRNA treatment had no effect at a functional level. If protein knockdown had been 

effective, a reduction in cell viability or increase in cytotoxicity may have been detected 

due to a reduced number of ABCA-3 molecules able to actively sequester doxorubicin 

into intracellular compartments and prevent cellular injury.  Due to conflicting results, 

this study has been unable to conclusively verify the specificity of the doxorubicin 

detoxification assay to the function of ABCA-3.  

 

The discrepancy between the effectiveness of siRNA treatment at the gene level versus 

the protein level may be due, in part, to the low basal expression of ABCA3 in primary 

nasal epithelial cells (refer to 3.3.2.2). While ABCA3 mRNA was reduced relative to the 

negative control by siRNA treatment, as the gene expression level was markedly low to 

begin with, mRNA reduction may not translate to protein level within an appropriate 

experimental timeframe. An alternative strategy to reduce ABCA3 expression may be 

required to effectively achieve protein knockdown. The transient nature of gene silencing 

using siRNA limits the timeframe to perform experiments in cells therefore using a 

system to knockout or stably knockdown ABCA3 gene expression may be a more suitable 

option. The clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 

system could be used to introduce double-strand breaks in ABCA3 exploiting the cell’s 

non-homologous end joining (NHEJ) repair mechanisms (Hsu et al., 2014) to generate 

cell populations with a non-functional ABCA3 gene. Importantly, the use of the 

CRISPR/Cas9 system in conditionally reprogrammed airway epithelial cells has been 

shown to be feasible (Chu et al., 2015). The CRISPR system could also be used to stably, 

specifically and robustly silence endogenous ABCA3 expression through the use of a 

CRISPR-associated catalytically inactive dCas9 protein (Gilbert et al., 2013). Ultimately, 

the aim would be to significantly reduce or ablate function at a protein level by either 

significantly reducing ABCA-3 protein levels or by blocking function. Ideally, a specific 

inhibitor for ABCA-3 could be used to block ABCA-3 function but there does not appear 

to one on the market. Orthovanadate has been used in ABCA-3 protein studies to block 

the ATPase function of ABCA-3 (Kinting et al., 2018) but this by no means a specific 

effect limited to ABCA-3. 
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The results in the current study provide conflicting and inconclusive evidence for the use 

of the doxorubicin detoxification assay in primary nasal epithelial cells as a measure of 

ABCA-3 function. Exploration of alternative assays that assess ABCA-3 function in the 

context of primary nasal epithelial cells should thus be explored. The ATP hydrolysis 

activity of ABCA-3 has previously been used as a measure of ABCA-3 function 

(Wambach et al., 2016) and may be worth testing although it is debateable whether the 

ATPase activity measured could be specifically attributed to ABCA-3. Other assays 

described in the literature as ABCA-3 functionality assays may be suitable for cell culture 

models that have lamellar body-like intracellular vesicles. Qualitative assessment of 

lamellar body morphology by electron microscopy could also be used to evaluate ABCA-

3 function as previously performed (Wittmann et al., 2016) although this method cannot 

be applied to a high throughput context. Alternatively, quantitative assessment by 

confocal microscopy of lipid filling and volume of intracellular vesicles with the use of 

fluorescently-labelled TopFluor phosphatidylcholine could be adapted from studies in 

A549 cells transformed with exogenous ABCA3 (Höppner et al., 2017).  

 

In conclusion, the doxorubicin detoxification assay was explored as a method to assess 

ABCA-3 function in primary nasal epithelial cells. The ability of the doxorubicin 

detoxification assay to discern between primary nasal epithelial cells from participants 

with and without ABCA-3 deficiency was largely dependent on the method used and the 

specificity of this result to the function of the ABCA-3 protein could not be conclusively 

confirmed. Further research is required to produce a suitable ABCA-3 functionality assay 

that is specific, sensitive, robust, accurate and reproducible enough to use as a screening 

tool for therapeutics for ABCA-3 deficiency.  
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5. Alveolospheres derived from Induced Pluripotent Stem 

Cells as a Model for ABCA-3 Deficiency  

5.1. Introduction 

As mentioned in previous chapters, significant limitations prohibit the use of primary type 

II alveolar cell cultures as a culture model for ABCA-3 deficiency. Such limitations could 

be potentially overcome through the use of alveolar-like cells derived from induced 

pluripotent stem cells (iPSCs). A wide range of accessible tissue sources can be used to 

derive iPSCs including skin (Maherali et al., 2008), blood (Churko et al., 2013), hair 

(Muchkaeva et al., 2014) and urine (Zhou et al., 2011) through the ectopic expression of 

specific transcription factors that reprogram the terminally-differentiated cell type into an 

embryonic stem cell (ESC)-like state (Takahashi and Yamanaka, 2006). The resultant 

cells, which are genetically identical to the donor, then have the unlimited capacity for 

self-renewal and the potency to differentiate into any cell type of the three embryonic 

germ layers: endoderm, mesoderm and ectoderm. Cryogenic preservation of iPSCs allow 

for the generation of biobanks of patient-specific cell lines that can be drawn upon as 

required for the purposes of disease modelling and the development of therapeutics.   

 

While the iPSC field has rapidly developed since the methodology was first described by 

Takahashi and Yamanaka (2006), the techniques used to reprogram differentiated cells 

into pluripotent stem cells are far from perfect. The reprogramming efficiency, dependent 

on the initial somatic cell type, reprogramming factor stoichiometry and the choice of 

reprogramming vector (Haridhasapavalan et al., 2020), can still be as low as 0.002% 

(Novosadova and Grivennikov, 2014). Incompletely reprogrammed iPSC colonies may 

arise during this process and may result in the collapse of some iPSC clones even after 

multiple passages (Ronen and Benvenisty, 2012). Reprogramming techniques can also 

induce genomic instability (Mayshar et al., 2010), depending on the choice of 

reprogramming vector (Sobol et al., 2015).  

 

Strict quality control measures are important to ensure standardised, high quality cell 

cultures, particularly as the starting state of an iPSC culture is a determining factor in 

subsequent differentiation experiments. The pluripotent state of the iPSC culture must be 

established by characterising the expression of key undifferentiated cell surface markers 

such as Tra-1-60, Tra-1-81, human stage-specific embryonic antigen (SSEA) 3 and 
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SSEA4 (Kato et al., 2016). The absence of chromosomal aberrations that may have 

occurred during reprogramming must also be confirmed by karyotyping. The quality of 

the iPSC cultures must be visually monitored to determine the resemblance of iPSC 

morphology to that of ESCs, which have distinctive morphological characteristics. High 

quality, healthy, undifferentiated pluripotent stem cells appear as tightly packed, round 

cells with large nuclei, notable nucleoli and smooth colony borders (Nagasaka et al., 

2017). Importantly, studies have shown that morphological features of pluripotent stem 

cell colonies are closely associated with cellular characteristics (Kato et al., 2016). 

 

Specification of iPSCs into cells of particular cell lineages can be driven by precise, 

temporal manipulation of culture conditions to promote differentiation of pluripotent cells 

down tissue-specific pathways. Critical signalling pathways, which have been identified 

through investigation into the molecular mechanisms of embryonic development 

(Hawkins and Kotton, 2015), are activated or inhibited through administration of specific 

factors to drive differentiation. The lung is a derivative of the ventral side of the anterior 

foregut endoderm (AFE) and activation of Nodal signalling in iPSCs (Kubo et al., 2004) 

to form definitive endoderm (DE) followed by the inhibition of transforming growth 

factor (TGF)-β and bone morphogenetic protein (BMP) signalling (Green et al., 2011) 

results in cells with the AFE phenotype. Subsequent activation of BMP, 

Wingless/integrated (Wnt) and retinoic acid signalling pathways (Huang et al., 2014) 

promote the differentiation of a population of lung progenitor cells that express a key 

transcription factor encoded by NKX2.1, described as the master regulator of lung 

development (Longmire et al., 2012). Stimulating lung progenitor cells with Wnt, 

fibroblast growth factor (FGF), cyclic adenosine monophosphate (cAMP) and 

glucocorticoid promotes the differentiation of more mature cell types of the distal lung 

(Huang et al., 2015). Type II alveolar cells can be grown in three-dimensional organoid 

structures embedded in Matrigel, termed alveolospheres, which can be matured through 

manipulating the administration of Wnt-agonist, CHIR99021 (Jacob et al., 2017). 

 

It is important to note that the stepwise differentiation of iPSCs into alveolospheres is not 

a completely efficient process and can give rise to a heterogeneous mix of cell types 

(Huang et al., 2014). Purity of the cell population at steps along the differentiation 

pathway can never be assumed as variability in differentiation efficiency exists between 
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different iPSC lines and even between different differentiation experiments using the 

same iPSC line (Hawkins and Kotton, 2015; Jacob et al., 2017). Characterisation of the 

cell population at specific stages of differentiation is essential to standardise protocols 

and rationalise phenotypic variability at experimental endpoints. Definitive endoderm can 

be characterised by the cell surface phenotype c-kit+CXCR4+ (Green et al., 2011) while 

single-cell global transcriptomic profiling of NKX2.1+ lung progenitors has identified a 

corresponding lung progenitor population with the cell surface phenotype CD47hiCD26lo 

(Hawkins et al., 2017). By analysing the proportion of the cell population that express the 

specific cell surface marker signatures for differentiation intermediates, the efficiency of 

the differentiation process can be assessed. Type II alveolar cell derivatives would only 

be useful for disease modelling and drug discovery if they can be reliably and 

reproducibly differentiated from iPSCs.   

 

The current chapter explored the suitability of using an iPSC-derived alveolosphere cell 

culture model, as a surrogate for type II alveolar cells, to study ABCA-3 deficiency in 

vitro. Optimally, the alveolospheres would need to a) express ABCA3 at a gene level, b) 

express ABCA-3 at a protein level, c) display phenotypic similarities to type II alveolar 

cells relevant to surfactant biology such as surfactant protein expression and evidence of 

lamellar bodies and d) demonstrate reproducibility of the differentiation process. It was 

hypothesised that the alveolosphere culture model would satisfy all four criteria and 

aimed to 1) generate novel iPSC lines from whole blood that satisfy quality control 

standards; 2) optimise and assess the efficiency of stepwise differentiation of iPSCs into 

type II alveolar cells and 3) characterise putative alveolospheres at a gene, protein and 

ultrastructural level to determine their biological relevance as a type II alveolar cell 

surrogate. 

 

5.2. Materials and Methods 

5.2.1. Materials 

Refer to section 2.1 and 2.2 for materials and reagents referenced in this chapter. 
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5.2.2. Methods 

5.2.2.1. Participant demographics 

The work for this chapter was completed using two iPSC lines derived from different 

donors. The first iPSC line, CF17/NKX2.1-GFP, was a previously published line 

(Hawkins et al., 2017; Longmire et al., 2012) with known potential to derive lung cell 

lineages. This iPSC line was donated by Dr Brian Davis and sourced from the Centre for 

Regenerative Medicine, Boston University, MA, USA. The CF17/NKX2.1-GFP iPSC 

line was originally derived from a patient with cystic fibrosis (CF) and the resultant iPSCs 

subsequently modified to correct the inherited mutation in the cystic fibrosis 

transmembrane conductance regulator gene (CFTR) using zinc-finger nucleases and 

restore CFTR function (Crane et al., 2015). The iPSC line was further modified to serve 

as a NKX2.1 reporter line with the introduction 2A-GFP Cassette into the NKX2.1 locus 

using TALEN technology (Hawkins et al., 2017). The second iPSC line was a novel line 

developed and characterised through the course of the current project and derived from a 

45 year-old healthy male participant, referred to as ILD001 in this chapter. No genetic 

modifications were performed on any iPSC clones derived from this participant.  

 

5.2.2.2. Blood collection and PBMC isolation 

Peripheral blood was drawn from the participant into one BD Vacutainer Cell Preparation 

Tube (CPT) with sodium citrate and processed as described (refer to 2.5.2.2).   

 

5.2.2.3. Reprograming PBMCs into iPSCs 

One vial of frozen peripheral blood mononucleocytes (PBMCs) was thawed using a 37C 

water bath, resuspended in 10 mL QBSF-60 medium and centrifuged at 300  g for 10 

min at room temperature. The cell pellet was resuspended in 2 mL of Expansion Medium 

(EM) (refer to 2.4.2.5) and transferred to 1 well of a 12-well plate. Media was refreshed 

every 3 days for 8 days. At 9 days post-thaw, PBMCs were transduced with 

reprogramming vectors that included the four Yamanaka factors, Oct3/4, Sox2, Klf4 and 

c-Myc using the Sendai virus delivery and expression system (Cytotune-iPS 2.0 Sendai 

Reprogramming Kit).  Cells were transferred to a conical tube, centrifuged at 300  g for 

10 min and the cell pellet resuspended in fresh EM plus polybrene (5 µg/mL). These were 

then counted using a hemocytometer and 2  105 cells plated into one well of a 12-well 

plate. The viral vectors were thawed briefly at 37C and added to the well at target 
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multiplicity of infections (MOIs) (hKOS = 5, hc-Myc = 5, hKlf4 = 3) according to the 

titre information on the lot-specific Certificate of Analysis. Cells were centrifuged at 

1,013  g for 90 min for spinoculation and returned to the incubator. Virus was removed 

24-h post transduction, cells resuspended in fresh EM and distributed over 6 wells of a 

Matrigel coated plate (refer to 2.5.3.4.2). The following day, 1 mL of fresh EM was added 

to each well without the removal of the original media. A volume of 1 mL ReproTeSR™ 

was then added to each well the subsequent day and again two days later. On day 7 post-

transduction, the medium was completely removed, and replaced with ReproTeSR™.  

 

5.2.2.4. Cell culture and clone selection of iPSCs 

PBMCs were maintained in ReproTeSR™ with daily media changes and monitored for 

iPSC colony development. Once iPSC colonies emerged, colonies were grown for a 

further 4-5 days in ReproTeSR™. When colonies were well-established and before they 

started to merge with one another, ~20 clones were picked by light microscopy under 

sterile conditions and seeded in mTeSR™1 with 10 µM ROCK inhibitor. Colony 

fragments from individual clones were transferred into separate, Matrigel-coated wells in 

a 12-well plate using a p200 pipette. Clones were maintained in mTeSR™1 with daily 

media changes and clones that exhibited good proliferation capacity and typical iPSC 

morphology were selected for manual passage into Matrigel-coated 6-well plates. Of the 

clones that were successfully passaged, 6 were selected for three more passages using 

ReLeSR™ (refer to 2.5.3.4.4). Of these clones, 3 were chosen, based on their 

morphology, to expand for the banking of frozen stocks, pluripotency characterisation 

and karyotyping. At the fifth passage, 8 vials of each clone were frozen down (refer to 

2.5.3.4.5) and two Matrigel-coated 12-well plates and culture tube (refer to 2.5.3.4.4) 

were set up. At 5 days post-seeding, the iPSCs in 4 wells of a 12-well plate were fixed in 

3.7% (v/v) formaldehyde (refer to 2.4.3.7) for 1.5 min and subsequently stored in 

Dulbecco’s phosphate buffered saline (DPBS) at 4C. Once colonies in 8 wells of a 

second 12-well plate reached an adequate size, they were fixed in 3.7% (v/v) 

formaldehyde (refer to 2.4.3.7) for 20 min and subsequently stored in DPBS at 4C. The 

culture tube was maintained until iPSC colonies covered ¾ of surface area before being 

sent for karyotyping.  
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5.2.2.5. A549 cell culture 

A549 cells were used as a standard of comparison for gene and protein expression in 

alveolospheres. A549 cells were maintained (refer to 2.4.2.1) in a T25 flask until close to 

confluence. The cells were harvested by trypsinisation (refer to 2.5.3.1.3) and allocated 

for either lysis in 350 µL RLT buffer or resuspension in 500 µL CEB (refer to 2.3.19). 

Samples were stored at -80C until required.  

 

5.2.2.6. Primary alveolar cell culture 

Primary type I and type II alveolar cells were used as a standard of comparison for gene 

and protein expression, as well as ultrastructural morphology, to alveolospheres.  Cell 

products in RLT buffer or CEB (refer to 2.3.19) were obtained from the Helmholtz 

Institute for Pharmaceutical Research Saarland (refer to 2.5.3.5.1).   

 

5.2.2.7. Characterisation of iPSC lines 

5.2.2.7.1. Immunostaining 

The ES Cell Characterization Kit (Merck Millipore, Burlington, MA, USA) was used to 

determine the presence of pluripotency markers specific to human undifferentiated stem 

cells: SSEA-4, TRA-1-60 and TRA-1-81. Briefly, cultured cells fixed with 3.7% (v/v) 

formaldehyde for 20 min were washed twice with Rinse Buffer (refer to 2.3.17) prior to 

permeabilisation with 0.1% (v/v) Triton X-100 for 10 min at room temperature. Cells 

were subsequently washed twice with Rinse Buffer followed by treatment with Blocking 

solution (refer to 2.3.18) for 30 min at room temperature. All primary antibodies provided 

by the kit were diluted in Blocking solution at a 1:20 (v/v) ratio and incubated with the 

cells for 1 h at room temperature. Separate wells were treated with separate primary 

antibodies for SSEA-1, SSEA-4, TRA-1-60 and TRA-1-81. The SSEA-1 primary 

antibody was used as a negative control. Cells were then washed three times with Rinse 

Buffer before incubation with goat anti-mouse AlexaFluor 647 secondary antibody at a 

1:1000 dilution in 1 PBS for 1 h at room temperature protected from light. Cells were 

then washed three times with Rinse Buffer before counterstaining with 1:10000 DAPI for 

5 min followed by three 1 PBS washes. Wells containing cells were submerged in 1 

PBS prior to visualisation and protected from light. The presence of pluripotency markers 

was visualised and images acquired using a fluorescence microscope (refer to 2.2.16).  
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5.2.2.7.2. Alkaline phosphatase staining 

Fast Red Violet (FRV) and Naphthol AS-BI phosphate solution provided in the ES Cell 

Characterisation Kit for alkaline phosphatase staining were mixed with water at a 2:1:1 

(FRV: Naphthol: Water) ratio. Cells fixed in 3.7% (v/v) formaldehyde for 1.5 min were 

then washed with Rinse Buffer before treatment with the Naphthol/FRV stain solution. 

Cells were incubated with the stain at room temperature for 15 min protected from light. 

Cells were washed once with Rinse Buffer before being submerged in 1 PBS for 

visualisation. Colonies that stained red, macroscopically, demonstrated the presence of 

alkaline phosphatase activity while colorless colonies identified differentiated cells. 

Images were acquired under brightfield microscopy.  Unstained wells were used as 

negative controls.  

 

5.2.2.7.3. Karyotyping 

Karyotype analysis was outsourced to CytoLabs Cytogenetics for Giemsa banding 

analysis. Culture tubes with iPSC colonies at ¾ confluence were transported to the 

external laboratory where they were maintained in a 37C incubator for harvesting the 

following day.  

 

5.2.2.8. Differentiation experiments 

5.2.2.8.1. Definitive endoderm induction and characterisation 

The STEMDiff Definitive Endoderm Kit (StemCell Technologies, Vancouver, Canada) 

was used to drive iPSCs down the endoderm differentiation pathway. Components of the 

kit were prepared as described in section 2.4.2.8.1 . Prior to endoderm induction, iPSCs 

were cultured and expanded in mTeSR™1 (refer to 2.4.2.7) to generate the required 

number of cells for the differentiation experiments. When colonies reached a suitable 

confluency, cells were washed with DPBS before treatment with Gentle Cell Dissociation 

Reagent and incubation at 37C for 10 min. Cells were dislodged by pipetting up and 

down 1 - 3 times and scraping the well surface. Cells were subsequently transferred to a 

conical tube containing an equal volume of DMEM/F12 and, along with well washings, 

centrifuged at 300  g for 5 min. Cells were then resuspended in mTeSR™1 with 10 µM 

ROCK inhibitor and a cell count performed using a hemocytometer prior to seeding in 

mTeSR™1 with 10 µM ROCK inhibitor at a density of 2.1  105 cell per cm2 onto 
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Matrigel-coated plates (refer to 2.5.3.4.2). The following day, DE medium containing 

Supplement A and Supplement B was prepared as described (refer to 2.4.2.8.1). Cells 

were washed with warm DMEM/F12 before treatment with warm supplemented DE 

media. Definitive endoderm media containing only Supplement B was given daily for the 

following 2-3 days after washing with DMEM/F12. To determine what time point DE 

markers peaked for each novel iPSC line, cells were sampled at 12 h intervals following 

initial endoderm induction up until 4 days post endoderm induction. The optimal time-

point was used in subsequent differentiation experiments. Briefly, cells were washed with 

DPBS and harvested using Gentle Cell Dissociation Reagent as described above. Once 

centrifuged, cells were resuspended in 3.7% (v/v) formaldehyde for 15 min before 

centrifugation at 300  g for 5 min, removal of fixative, resuspension in DPBS and storage 

at 4C.  

 

The purity of DE cells and efficiency of DE induction were measured by flow cytometry 

after labelling with fluorochrome-conjugated anti-CXCR4 (APC) and anti-c-kit 

(Phycoerythrin: PE). The co-expression of the two surface markers was indicative of DE. 

Fixed cells were resuspended in 1 mL flow buffer (refer to 2.3.29) and a cell count 

performed. For each time point, cells were designated for double-staining, single staining 

or no stain with 50,000 - 300,000 cells dispensed per 1.5 mL microfuge tube depending 

on the total cell count. Cell suspensions were centrifuged at 300  g for 5 min at 4C and 

the supernatant removed. Antibody dilutions of anti-CXCR4 (1:200), anti-ckit (1:200) 

and anti-CXCR4/ anti-c-kit (both 1:200) were prepared in flow buffer and protected from 

light. Cells were resuspended in the appropriate antibody mix or flow buffer only for 

unstained samples, at a cell concentration of 1  106 cells per 100 µL. Cells and antibodies 

were incubated on ice in the dark for 30 min. Subsequently, cells were transferred to flow 

tubes and washed twice with flow buffer to remove residual antibody with centrifugation 

at 300  g for 5 min at 4C. After the second wash, cells were resuspended in 400 µL 

flow buffer and filtered into flow tubes with cell strainer caps by centrifugation. Cells 

were kept on ice prior to analysis by flow cytometry performed using a BD 

LSRFortessa™ (refer to 2.2.17).  Forward scatter and side scatter parameters were used 

to determine the cellular fraction of events and forward scatter height and area parameters 

used to eliminate doublets. The PE fluorochrome was excited by the 488 nm laser light 

source and detected using a 575/26 nm filter. The APC fluorochrome was excited by the 

630 nm laser light source and detected using a 670/14 nm filter. Data analysis was 
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performed using FlowJo v10 software. Gates were set based on unstained and single 

stained controls and specific cell populations expressed as a percentage of total cellular 

events. 

 

5.2.2.8.2. Lung progenitor induction and characterisation 

Definitive endoderm cells cultured on Matrigel were subsequently induced to promote 

differentiation of endodermal cells into NKX2.1+ lung progenitor cells via the formation 

of AFE. Media was removed from endodermal cells, which were then treated with 1 mL 

Gentle Cell Dissociation Reagent for 2 min at room temperature. The solution was 

aspirated and replaced with 1 mL DS/SB media (refer to 2.4.2.8.3) supplemented with 10 

µM ROCK inhibitor. The media was pipetted up and down 3-5 times to dislodge cells 

from the plate into small aggregates. The cell suspension was transferred to a fresh 

Matrigel-coated 6-well plate (refer to 2.5.3.4.2) in DS/SB media supplemented with 10 

µM ROCK inhibitor and 50-300 µL volumes of the cell suspension dispensed per well 

into five of the wells. The ROCK inhibitor was removed after 24 h and the cells were 

subsequently maintained in DS/SB media for up to 5 days, refreshing media every second 

day. The AFE cells were then washed with DMEM/F12 and given CBRa media (refer to 

2.4.2.8.4) up until 15 days post endoderm induction, refreshing media every 48 h. To 

determine the optimal duration of AFE induction to maximise the efficiency of lung 

progenitor cell generation, DE was subjected to variable lengths of DS/SB treatment (24 

– 120 h) before switching to CBRa media and characterisation of the cell population at 

15 days post endoderm induction. The optimal time-point was used in subsequent 

differentiation experiments.  

 

At 15 days post endoderm induction, cells from each well were harvested using 1 mL 

0.05% trypsin per well for 10-15 min at 37C until a single cell suspension was obtained. 

Trypsin was neutralised with the addition of 1 mL DMEM/F12 supplemented with 10% 

(v/v) FBS to each well and the cells transferred to a 15 mL falcon tube and centrifuged at 

300  g for 5 min at 4C. The supernatant was aspirated and the cells resuspended in 500 

µL formaldehyde for 15 min before centrifugation at 300  g for 5 min, removal of 

fixative, resuspension in DPBS and storage at 4C. The efficiency of NKX2.1+ lung 

progenitor cell specification was determined by flow cytometry. Cells that were derived 

from the NKX2.1-GFP iPSC line were prepared for flow cytometry by resuspension in 
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400 µL flow buffer (refer to 2.3.29) and filtration into flow tubes with cell strainer caps 

by centrifugation. Cells that were derived from iPSCs without a GFP knockin reporter, 

were labelled with fluorochrome-conjugated anti-CD26 (PE) and anti-CD47 

(PerCP/Cy5.5) where the CD47hiCD26lo population corresponded to the NKX2.1+ lung 

progenitor cell population. Fixed cells were resuspended in 1 mL flow buffer (refer to 

2.3.29) and a cell count performed. Cells were allocated for double-staining, single 

staining or no stain with 50,000 – 200,000 cells dispensed per 1.5 mL microfuge tube 

depending on the total cell count. Cell suspensions were centrifuged at 300  g for 5 min 

at 4C and the supernatant removed. Antibody dilutions of anti-CD26 (1:200), anti-CD47 

(1:200) and anti-CD26/ anti-CD47 (both 1:200) were prepared in flow buffer and 

protected from light. Cells were resuspended in the appropriate antibody mix or flow 

buffer only for unstained samples, at a cell concentration of 1  106 cells per 100 µL. 

Cells and antibodies were incubated on ice in the dark for 30 min. Subsequently, the cells 

were transferred to flow tubes and washed twice with flow buffer to remove residual 

antibody with centrifugation at 300  g for 5 min at 4C. After the second wash, cells 

were resuspended in 400 µL flow buffer and filtered into flow tubes with cell strainer 

caps by centrifugation. Cells were kept on ice prior to analysis by flow cytometry 

performed using a BD LSRFortessa™ (refer to 2.2.17).  Forward scatter and side scatter 

parameters were used to determine the cellular fraction of events and forward scatter 

height and area parameters used to eliminate doublets. The PE fluorochrome was excited 

by the 488 nm laser light source and detected using a 575/26 nm filter. The PerCP/Cy5.5 

fluorochrome was excited by the 488 nm laser light source and detected using a 695/40 

nm filter. Compensation and data analysis was performed using FlowJo v10 software. 

Gates were set based on unstained and single stained controls and specific cell populations 

expressed as a percentage of total cellular events. 

 

5.2.2.8.3. Alveolosphere generation and characterisation 

Cell populations containing NKX2.1+ lung progenitor cells were induced to differentiate 

into distal lung cell lineages and generate 3D spheroid structures, putative alveolospheres, 

in a Matrigel matrix. A single well of the culture at day 15 post endoderm induction was 

selected to passage and harvested by trypsinisation as described above (refer to 5.2.2.8.2) 

to derive a single cell suspension. The cell suspension was then centrifuged at 300  g for 

5 min at 4C and the supernatant aspirated. The cell pellet was subsequently resuspended 

in 1 mL CSFDM (refer to 2.4.2.8.2) and 50 µL volumes of the cell suspension dispensed 
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into 1.5 mL microfuge tubes. An additional 1 mL of CSFDM was added to each tube and 

the tubes centrifuged at 300  g for 5 min at 4C. The supernatant was then completely 

removed and the cell pellet was placed on ice for 2 min. Each cell pellet was resuspended 

in 50 µL Growth Factor Reduced (GFR) Matrigel (refer to 2.4.3.6) and dropped into the 

centre of a single well in a 12-well plate, one Matrigel drop per well. The Matrigel drops 

were incubated at 37°C for 25 min before the addition of 1 mL CK + DCI media (refer to 

2.4.2.8.5), supplemented with 10 µM ROCK inhibitor, to each well and returned to the 

incubator. After 48 h, media was refreshed with CK + DCI media without ROCK inhibitor 

and maintained for a further 14 days with media changes every 48 h.  At day 32 post 

endoderm induction, the cell culture medium was switched to CK + DCI media excluding 

the CHIR99021 supplement. The cell cultures were maintained for 5 days in this growth 

medium before reverting to complete CK + DCI media containing the CHIR99021 

supplement for the remainder of the differentiation experiment. Differentiation 

experiments were performed to completion three times for each iPSC line.  

 

Putative alveolospheres were routinely re-plated in fresh Matrigel every 8 days from the 

time of seeding Matrigel drops. Matrigel was dissolved by treatment with 1 mL dispase 

(refer to 2.4.3.2) per well for 1 h. Spheroids in 1 mL dispase were transferred to 15 mL 

Falcon tubes containing 10 mL DMEM/F12 to wash and then centrifuged at 300  g for 

5 min at 4C. The supernatant was aspirated and the wash was repeated a second time. 

The supernatant was completely removed and the cell pellet was resuspended in fresh 

GFR Matrigel at the desired concentration. A split ratio of 1:2 - 1:6 was utilised depending 

on the density of the spheroids in the Matrigel drop. Spheroids suspended in Matrigel 

were dispensed in 50 µL volumes in a fresh 12 well plate and incubated at 37C for 25 

min before the addition of 1 mL per well of  the appropriate media supplemented with 10 

µM ROCK inhibitor.   

 

At day 40 post endoderm induction, putative alveolospheres were harvested for 

characterisation experiments. The Matrigel drops were dissolved with dispase and 

washed in DMEM/F12 as described above and the alveolospheres allocated for 

processing in various collection buffers dependent on the type of endpoint analysis. 

Alveolospheres designated for immunofluorescence analysis were fixed in 500 µL 3.7% 

(v/v) formaldehyde (refer to 2.4.3.7) for 15 min before centrifugation at 300  g for 5 min 
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and resuspension in DPBS while alveolospheres allocated for electron microscopy were 

fixed in 1 mL 2.5% (v/v) glutaraldehyde (refer to 2.4.3.8). Fixed samples were stored at 

4C until further analysis. Alveolospheres allocated for ddPCR analysis were lysed in 350 

µL RLT buffer while alveolospheres allocated for Western blot analysis were 

resuspended in 500 µL CEB and samples stored at -80C until further analysis.  

 

RNA was extracted (refer to 2.5.4) from alveolosphere samples lysed in RLT buffer and 

quantified using an ND-100 spectrophotometer (refer to 2.2.28). Complementary DNA 

(cDNA) was generated (refer to 2.5.5) using 200 ng of extracted RNA and used as a 

template in ddPCR reactions (refer to 2.5.6) to quantify gene expression. Expression of 

specific genes related to surfactant production in type II alveolar cells was determined 

using specific Taqman probes for ABCA3 (Hs00184543_m1), SFTPB (Hs01090667_m1) 

and SFTPC (Hs00161628_m1). Taqman probes were also used to determine the 

expression of other lung epithelial markers NKX2.1 (Hs00968940_m1) ETV5 

(Hs00927557_m1), SOX9 (Hs00165814_m1), SOX2 (Hs01053049_s1) and TP63 

(Hs00978340_m1). Concentration values of specific target cDNA in the reaction mix was 

converted to copies/ng RNA equivalent. A no template control for each mastermix was 

run with each ddPCR experiment.  

 

The total protein content of alveolosphere samples in CEB buffer was quantified using 

the BCA protein assay (refer to 2.5.7). Western blotting (refer to 2.5.8) with standardised 

protein loading was subsequently used to quantify protein levels of SP-B and SP-C. 

Integrated density measurements of SP-C and SP-B bands were obtained using ImageJ 

and expressed relative to β-actin as an endogenous control.   

 

Prior to processing for electron microscopy and immunofluorescence analysis, 

alveolospheres were embedded in gelatin blocks. Frozen aliquots of 10% (w/v) gelatin 

(refer to 2.4.3.12) were thawed in a microwave and placed in a heating block at 65C. 

Alveolospheres in 2.5% (v/v) glutaraldehyde were centrifuged at 300  g for 5 min and 

the fixative removed. The alveolospheres were then washed twice in 1 PBS (refer to 

2.3.3) under the same centrifugation conditions and the buffer completely removed. Pre-

heated pipette tips were used to transfer 50 µL warm 10% (w/v) gelatin to the cell pellet, 
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which was then resuspended, briefly centrifuged and the gel cooled on ice. 

Formaldehyde-fixed alveolospheres in DPBS were washed once with 1  PBS, the buffer 

completely removed and the cell pellet resuspended in 50 µL warm 10% (w/v) gelatin 

before being placed on ice. After 20 min on ice, gel blocks containing alveolospheres 

were excised out of the microfuge tubes using a scalpel and the gelatin blocks transferred 

to 1 PBS and stored at 4C. Resin-embedding for electron microscopy or processing for 

cryomicrotomy for immunofluorescence analysis was performed the following day. 

 

The ultastructural morphology of alveolospheres fixed in 2.5% (v/v) glutaraldehyde, was 

visualised by transmission electron microscopy (TEM) after resin-embedding and 

sectioning (refer to 2.5.9), to identify intracellular structures that resembled lamellar 

bodies. Sectioning of resin-embedded alveolospheres and TEM imaging was performed 

by staff at the Centre for Advanced Microscopy (Australian National University, 

Canberra, ACT, Australia). 

 

Formaldehyde-fixed alveolospheres embedded in gelatin blocks were processed for 

immunofluorescence to visualise proteins related to surfactant production. Gelatin blocks 

were prepared for cryomicrotomy by removal from 1 PBS buffer and transfer to a 15% 

(w/v) sucrose solution (refer to 2.4.3.13) for ~3 h at room temperature (until the block 

had sunk to the bottom) followed by emersion in a 30% (w/v) sucrose solution overnight 

at 4C. The gelatin blocks were then transferred to a cryomicrotome chuck and embedded 

in OCT. Sections of 5-7 µm thickness were cut using a cryomicrotome (refer to 2.2.8) at 

-30C and transferred to glass slides (refer to 2.2.19), which were stored at -80 C prior 

to immunostaining. Specimens on glass slides were thawed at room temperature for 20 

min before a PAP pen (refer to 2.2.30) was used to demarcate the sections on each slide. 

The sections were rehydrated with 1 PBS for 10 min, permeabilised with 0.3% (v/v) 

Triton X-100 (refer to 2.3.12 2.2.16) for 25 min and subsequently blocked with Odyssey 

Blocking Buffer for 30 min at room temperature. The primary antibodies were prepared 

in Odyssey Blocking Buffer supplemented with 0.3% (v/v) Triton-X-100 SP-B and 

proSP-B (both 1:500), SP-C and proSP-C (1:100) or ABCA-3 (1:25) dilutions (v/v). 

Primary antibody solutions were incubated with the sections, covered in parafilm, at 4C 

overnight in a humidified slide chamber. One section per slide was allocated as a negative 

control and was not treated with primary antibody. The following day, the sections were 
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washed three times with 1 PBS for 15 min each. A 1 in 1000 dilution (v/v) of goat anti-

rabbit Alexa Fluor® 555 was prepared in Odyssey Blocking Buffer and incubated with 

the sections for 1 h at room temperature protected from light. The secondary antibody 

was removed by washing three times with 1 PBS for 15 min each and the sections 

counterstained with DAPI at a 1 in 10 000 dilution (v/v) in 1 PBS. The sections were 

washed in 1 PBS for 5 min and a coverslip mounted using Dako fluorescent mounting 

medium. The slides were left to cure for 1 h at room temperature before storage at 4C. 

The presence of antibody staining was visualised and images acquired using a 

fluorescence microscope (refer to 2.2.16).  The level of fluorescence was quantified using 

ImageJ software to determine integrated density values of traced alveolosphere sections 

and calculate corrected total cell fluorescence (CTCF)(Burgess et al., 2010; Jones et al., 

2018).  

 

5.2.2.9. Statistical analysis 

Data were first tested for normality using the Kolmogorov-Smirnov and Shapiro-Wilk 

tests to determine whether parametric or non-parametric statistical analysis was 

appropriate. Where non-parametric tests were required, or the sample size was small, 

Mann-Whitney tests were used to compare two groups of n>3 replicates. Welch’s t test 

was used to compare two groups of n=3 replicates. Where multiple groups were 

compared, the Kruskal-Wallis test was used with the Dunn post-hoc test to correct for 

multiple comparisons.  Data were presented as mean ± standard deviation. All p values 

less than 0.05 (*p<0.05, **p<0.01, ***p<0.001) were considered significant. GraphPad 

Prism version 7.04 was used for all statistical analysis.  

 

5.3. Results 

5.3.1. Quality control of iPSC lines 

5.3.1.1. Morphology of iPSCs 

Emerging iPSC colonies from transduced PBMCs from ILD001 were manually picked 

and isolated for clonal expansion. Of the 18 clones that were manually picked to passage, 

13 successfully adhered to the Matrigel-coated surface of the plate. Over the following 7 

days, 2 more clones were lost to cell detachment. Of the remaining 11 clones, 6 were 

selected to passage using ReLeSR™ (refer to 2.5.3.4.4) 7-12 days after the first passage. 



142 
 

Selection was based on iPSC morphology and the growth rate of the colonies. At the 

second passage, iPSC growth was monitored and colonies imaged for gross 

morphological characterisation (Figure 5.1). The morphology of iPSC cultures was 

heterogeneous between different clones with clones C2, B1 and E2 displaying typical 

iPSC morphology with compact colonies that had distinct borders and well-defined edges, 

consisting of cells with a large nucleus and less cytoplasm (Figure 5.1). Clones C3, E1 

and D3 had atypical morphology for iPCSs, which suggested that the undifferentiated 

state of the culture had been compromised and the cells were undergoing spontaneous 

differentiation (Figure 5.1). At the following passage, iPSC clones C2, B1 and E2 were 

selected for further expansion, banking and characterisation while clones C3, E1 and D3 

were discarded.  

 

5.3.1.2. Pluripotency marker expression 

Colonies of iPSCs derived from ILD001 clones C2, B1 and E2 were formaldehyde-fixed 

and stained with antibodies specific to pluripotency markers, SSEA-4, TRA-1-60 and 

TRA-1-81, which are known to be expressed in undifferentiated human pluripotent stem 

cells and SSEA-1, which is not expressed by human pluripotent stem cells (Figure 5.2).  

All colonies of iPSCs derived from ILD001 clones C2, B1 and E2, exhibited positive 

staining detected by fluorescence microscopy for SSEA-4, TRA-1-60 and TRA-1-81 and 

negative staining for SSEA-1 (Figure 5.2). Similarly, all colonies of iPSCs derived from 

the established line, CF17/NKX2.1-GFP, used as a positive control, had positive staining 

for SSEA-4, TRA-1-60 and TRA-1-81 and negative staining for SSEA-1. Cytoplasmic 

and nuclear staining was observed for all three pluripotency markers. Staining intensity 

varied between the ILD001 clones with clone B1 demonstrating lower intensity staining 

for all pluripotency markers compared to clones C2 and E2. 
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ILD001-B1 
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ILD001-C3 

ILD001-E1 

ILD001-D3 

Figure 5.1. Morphology of iPSC clones derived from participant, ILD001. Colonies 

of iPSCs that emerged from transduced PBMCs were picked and clonally expanded. Of 

the clones that were successfully passaged, typical iPSC morphology was observed in 

clones C2, B1 and E2. These clones were selected for subsequent expansion, banking 

and characterisation. Atypical iPSC morphology was noted in clones C3, E1 and D3, 

where patches of spontaneous differentiation could be observed (outlined in red). Images 

were captured using a phase-contrast microscope at 40 total magnification.   



 

DAPI AF647 DAPI AF647 DAPI AF647 DAPI AF647 

ILD001 – C2 ILD001 – B1 ILD001 – E2 CF17/NKX2.1-GFP 

SS
EA

-1
 

SS
EA

-4
 

TR
A

-1
-6

0
 

TR
A

-1
-8

1
 



 

5.3.1.3. Alkaline phosphatase activity 

Colonies of iPSCs derived from C2, B1 and E2 clones of ILD001 were fixed briefly with 

formaldehyde after five days of culture and assessed for alkaline phosphatase activity 

(Figure 5.3). A red pigment in colonies of all three iPSC clones of ILD001 and in the 

CF17/NKX2.1 iPSC line was observed macroscopically and at low magnification using 

phase-contrast microscopy (Figure 5.3) after staining with the Napthol/Fast Red Violet 

staining solution. Similar levels of staining were observed in colonies derived from the 

established iPSC line, CF17/NKX2.1-GFP.  There was a distinct contrast in colony 

pigment, observed both macroscopically and microscopically, between cells treated with 

the stain solution or left untreated.   

 

5.3.1.4. Karyotype analysis 

A normal male karyotype (46 XY) was observed for iPSCs from the healthy participant 

for all three iPSC clones (C2, B1 and E2) analysed. Cytogenetics reports can be found in 

Appendix II. 

 

  

Figure 5.2. Characterisation of pluripotency for selected iPSC clones derived from 

participant, ILD001. Formaldehyde-fixed iPSC colonies were stained with antibodies 

specific to pluripotency markers SSEA-4, TRA-1-60 and TRA-1-81 and differentiation 

marker, SSEA-1, and detected using fluorescence microscopy.  Positive staining for 

SSEA-4, TRA-1-60 and TRA-1-81 was observed in iPSC cells derived from C2, B1 

and E2 clones while a negligible signal was observed in cells stained with the SSEA-1 

antibody. Colonies of iPSCs derived from the established CF17/NKX2.1-GFP iPSC 

line had the same pattern of staining as the ILD001 iPSC clones. DAPI was used as a 

nuclear stain. Images were captured using a fluorescence microscope at 40 total 

magnification. Scale bar 500 µm.  
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Figure 5.3. Alkaline phosphatase staining in iPSC clones derived from 

participant, ILD001. Alkaline phosphatase activity was assessed using a 

Napthol/Fast Red Violet stain solution. All iPSC colonies from clones C2, 

B1 and E2 appeared red after staining, which contrasted with the colourless 

colonies that were not treated with the stain solution. Colonies of iPSCs 

derived from the CF17/NKX2.1-GFP iPSC line were used as a positive 

control and also demonstrated positive staining. Scale bar 500 µm.    
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5.3.2. Line-specific optimisation of differentiation protocols 

Of the three iPSC clones developed that satisfied quality control criteria with normal 

karyotypes and positive staining for SSEA-4, TRA-1-60, TRA-1-81 and alkaline 

phosphatase activity, ILD001-C2 was selected to optimise for differentiation and 

alveolosphere generation. Initially, the optimal duration of endoderm induction was 

determined empirically by investigating the expression of DE cell-surface markers, c-kit 

and CXCR4, at 12 h intervals over a 96 h time period by flow cytometry. The proportion 

of the cell population that expressed c-kit and CXCR4 fluctuated over the time-course 

with a clear emergence of a c-kit+CXCR4+ population, indicative of DE, after 60 h of 

endoderm induction (Figure 5.4A). The c-kit+CXCR4+ population increased at the 

subsequent time-points and reached a maximal proportion of 95.6% of the total cell 

population (n=1) after 96 h of endoderm induction (Figure 5.4B). The 96 h time-point for 

DE induction was used in all subsequent differentiation experiments for ILD001-C2.  
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Figure 5.4. Optimisation of iPSC line, ILD001-C2, for definitive endoderm 

induction. Cell surface markers for DE, c-kit and CXCR4, were assessed at 12 h 

intervals following endoderm induction to determine the optimal period of time to 

maximise DE generation. The proportions of c-kit and CXCR4 positive and negative 

populations varied notably over the 96 h time-course (A) with a clear emergence of 

the double-positive (DE) cell population. The c-kit+CXCR4+ population increased 

markedly at 60 h post endoderm induction and peaked at 96 h where 95.6% (n=1) of 

the total cell population had the DE phenotype (B). The 96 h time-point was used in 

all subsequent differentiation experiments. DE: definitive endoderm.    
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The differentiation protocol was further optimised for the ILD001-C2 iPSC line by 

determining the optimal duration of TGF-β and BMP signaling inhibition, via treatment 

with DS/SB media (refer to 2.4.2.8.3), to maximise the production of NKX2.1+ lung 

progenitors at day 15. Subsequent to endoderm induction, cells were treated with DS/SB 

media for 1 to 5 days followed by CBRa media (refer to 2.4.2.8.4) up until day 15 when 

cell surface markers CD47 and CD26 were assessed by flow cytometry. Duration of 

DS/SB treatment had a significant effect on the proportion of the CD47-CD26+ (n = 5; p 

= 0.0002), CD47+CD26+ (n=5; p= 0.006); CD47+CD26- (n= 5; p = 0.0002) and the CD47-

CD26- (n=5; p = 0.005) cell populations relative to the total cell population (Figure 5.5A). 

The CD47+CD26- cell population, indicative of the NKX2.1+ lung progenitor cell 

population, reached its maximal proportion (54.0 ± 7.35% of the total cell population) 

with 4 days of DS/SB treatment which was significantly higher than 1 day (0.24 ± 0.05%; 

n = 5; p = 0.002) of DS/SB treatment (Figure 5.5B) after correction for multiple 

comparisons. Treatment for 2 days (1.65 ±0.69%; n = 5; p = 0.088), 3 days (22.84 ± 

2.02%; n = 5; p >0.999) or 5 days (54.78 ± 17.50%; n = 5; p > 0.999) with DS/SB did not 

significantly increase the proportion of the CD47+CD26- population compared to 4 days 

of treatment after correction for multiple comparisons. For all subsequent differentiation 

experiments using the ILD001-C2 line, DE was treated with DS/SB for 4 days prior to 

CBRa media substitution. The optimal duration for endoderm induction and DS/SB 

treatment for the ILD002-C2 iPSC line differed from the previously optimised protocol 

for the CF17/NKX2.1-GFP iPSC line. A comparison of the optimised differentiation 

timeline for the two iPSC lines used in the current study is outlined in Figure 5.6.  
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Figure 5.5. Optimisation of iPSC line ILD001-C2 for NKX2.1+ lung progenitor 

cell induction.  Cell surface markers CD47 and CD26 were assessed at day 15 post 

endoderm induction to determine the optimal duration of DS/SB treatment to 

maximise the specification of NKX2.1+ lung progenitor cells.  The proportions of 

CD47 and CD26 positive and negative populations varied notably depending upon the 

duration of DS/SB treatment (A). The CD47+CD26- population (B), indicative of the 

NKX2.1+ cells, varied significantly based on the duration of DS/SB treatment (n = 5; 

p = 0.0002) with the population peaking at 54.0% ± 7.35 with 4 days DS/SB treatment. 

A 4 day DS/SB treatment period was used in all subsequent differentiation 

experiments. The CD47-CD26+(C), CD47+CD26+(D) and CD47-CD26-(E) 

populations also varied significantly depending on the treatment regimen. *p<0.05; 

**p<0.01  



Figure 5.6. Optimised differentiation timeline for alveolosphere generation in iPSC lines ILD001-C2 and CF17/NKX2.1-GFP. The 

optimal differentiation timeline to maximise the NKX2.1+ population at day 15 for the ILD001-C2 iPSC line was different to the previously 

optimised differentiation timeline for the CF17/NKX2.1-GFP iPSC line. Undifferentiated iPSCs were seeded (A), induced to promote endoderm 

generation (B) before subsequent media substitutions to DS/SB (C) and CBRa (D) to stimulate specification of AFE and NKX2.1+ lung 

progenitors, respectively. Cells were seeded in GFR Matrigel (E) and maintained in CK + DCI media until CHIR99021 was withdrawn from the 

media (F) and subsequently added back (G). Alveolospheres were harvested for endpoint analysis at day 40 (H). Differentiation efficiency was 

assessed at certain time points for endodermal (C) and NKX2.1 (E) markers for both iPSC lines. DE: Definitive Endoderm; AFE: Anterior 

Foregut Endoderm.  
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5.3.3. Line-specific differentiation efficiency 

The efficiency of differentiation at particular time points for each differentiation 

experiment for both the CF17/NKX2.1-GFP iPSC line and the ILD001-C2 iPSC line, was 

verified by determining the proportion of c-kit+CXCR4+ cells at 3 or 4 days post 

endoderm induction and the proportion of NKX2.1+ lung progenitor cells at 15 days post 

endoderm induction by flow cytometry. Flow cytometry gates were set using unstained 

and single-stained controls and cell populations defined by surface marker or GFP 

expression and expressed as a percentage of the total cell population. 

 

Both iPSC lines exhibited a significant increase in the proportion of c-kit+CXCR4+ cells 

at the end of endoderm induction and a notable decrease in other cell populations (Figure 

5.7) although only the reduction in the c-kit+CXCR4- population for the CF17/NKX2.1-

GFP iPSC line was statistically significant. The mean population proportions for both 

iPSC lines is detailed in Table 5.1. Consistently high differentiation efficiency (>90%) 

was observed for DE induction for the two iPSC lines with a clear dominance of the c-

kit+CXCR4- population at the induction endpoint. While there were notable differences 

in population proportions between the CF17/NKX2.1-GFP iPSC line and the ILD001-C2 

iPSC line at Day 0 (Table 5.2), population proportions appeared to standardise between 

the two iPSC lines by the end of endoderm induction (Figure 5.7). No significant 

differences in cell population composition across the three differentiation experiments 

was found for either the ILD001-C2 (n = 4; p = 0.931) or the CF17/NKX2.1-GFP (n = 4; 

p = 0.431) iPSC line.  
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Table 5.1. Changes in cell population proportions with definitive endoderm 

induction. 

Population iPSC line n Day Mean ± SD (%) p 

c-kit+CXCR4+ 

ILD001-C2 
3 0 25.40 ± 15.93 

0.015 
3 4 95.00 ± 1.31 

CF17/NKX2.1-GFP 
3 0 5.81 ±  4.67 

0.002 
3 3 92.93 ± 2.33 

c-kit+CXCR4- 

ILD001-C2 
3 0 3.18 ± 0.62 

0.505 
3 4 3.66 ± 0.72 

CF17/NKX2.1-GFP 
3 0 75.63 ± 14.09 

0.014 
3 3 2.80 ± 1.09 

c-kit-CXCR4+ 

ILD001-C2 
3 0 28.03 ± 13.44 

0.073 
3 4 0.55 ± 0.28 

CF17/NKX2.1-GFP 
3 0 2.33 ± 2.32 

0.643 
3 3 1.65 ± 0.57 

c-kit-CXCR4- 

ILD001-C2 
3 0 43.43 ± 25.45 

0.098 
3 4 0.78 ± 0.65 

CF17/NKX2.1-GFP 
3 0 16.24 ± 7.66 

0.077 
3 3 2.61 ± 0.97 

 

Table 5.2. Population differences between iPSC lines with definitive endoderm 

induction 

Population n ILD001-C2 day CF17/NKX2.1-GFP day p 

c-kit+CXCR4+ 
3 0 0 0.159 

3 4 3 0.269 

c-kit+CXCR4- 
3 0 0 0.012 

3 4 3 0.325 

c-kit-CXCR4+ 
3 0 0 0.076 

3 4 3 0.547 

c-kit-CXCR4- 
3 0 0 0.199 

3 4 3 0.062 

 

The cell population at 15 days post endoderm induction was notably heterogeneous for 

both iPSC lines, reflected by the mix of cellular morphologies observed by phase contrast 

microscopy (Figure 5.7 C). The ratio of small, densely-packed cell clusters to the larger, 

surrounding cells varied between replicate wells within the same differentiation 

experiment for both iPSC lines. A single well, which had a confluence of 60 - 85%, from 

each differentiation experiment, was selected to seed in GFR Matrigel to continue the 

differentiation (Figure 5.6 E). Of the wells that were passaged, there was no statistically 

significant difference (p = 0.897) in the proportion of NKX2.1+ cells between the 

CF17/NKX2.1-GFP iPSC line (32.83 ± 14.89%) and the ILD001-C2 iPSC line (35.85 ± 
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33.68%; n = 3). However, while there was no significant difference in the proportion of 

NKX2.1+ cells across the three differentiations for the CF17/NKX2.1-GFP iPSC line (n 

= 5; p = 0.197), there was a statistically significant difference in the proportion of 

NKX2.1+ cells across the three differentiations for the ILD001-C2 iPSC line (n = 5; p = 

0.0002). Similarly, proportions of CD47-CD26+ (n = 5; p = 0.014), CD47-CD26- (n = 5; p 

< 0.0001) populations, but not the CD47+CD26+ population (n = 5; p = 0.305), varied 

significantly across the three differentiations (Figure 5.8 E-J).  The composition of the 

cell populations from the wells that were selected to seed in GFR Matrigel for each iPSC 

line are detailed in Table 5.3.  

 

Table 5.3. Cell population composition at Day 15 post endoderm induction 

according to differentiation experiment 

iPSC line ILD001-C2 CF17/NKX2.1-GFP 

Differentiation experiment 1 2 3 1 2 3 

 Population        

Day 15 

GFP+ (%)  35.2 46.4 16.9 

CD47+CD26- (%) 72.1 29.9 5.54  

CD47-CD26+ (%) 1.42 3.59 5.71 

CD47+CD26+ (%) 12.9 5.5 6.59 

CD47-CD26- (%) 13.6 61 82.2 
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Figure 5.7. Efficiency in definitive endoderm induction for the ILD001-C2 and 

CF17/NKX2.1-GFP iPSC lines. Cell surface markers c-kit and CXCR4 were assessed 

at Day 0 and Day 3 or 4 post endoderm induction by flow cytometry. Representative 

flow cytometry plots demonstrating the Day 0 population (red) and post endoderm 

induction population (blue) are shown for the ILD001-C2 iPSC line (A) and the 

CF17/NKX2.1-GFP iPSC line (B). The composition of the cell population changed 

markedly with DE induction with a clear emergence of the c-kit+CXCR4+ population 

for both the CF17/NKX2.1-GFP iPSC line (C) and the ILD001-C2 iPSC line (D). The 

c-kit+CXCR4+ (E), c-kit+CXCR4- (F), c-kit-CXCR4+ (G) and c-kit-CXCR4-  (H) 

population proportions varied between the ILD001-C2 iPSC (n = 3) and the 

CF17/NKX2.1-GFP iPSC (n = 3) lines at day 0 but the iPSC line differences resolved 

by the end of DE induction. *p<0.05; **p<0.01 
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5.3.4. Alveolosphere characterisation 

5.3.4.1. Morphology 

5.3.4.1.1. Phase-contrast microscopy 

The development of alveolospheres from the point of seeding Matrigel drops at day 15 

was monitored by phase contrast microscopy. Phase contrast images at low magnification 

(40  and 100  total magnification) were acquired for all differentiation experiments at 

the day 40 endpoint for both the ILD001-C2 iPSC and the CF17/NKX2.1-GFP iPSC 

lines. Representative images are shown in Figure 5.9. Putative alveolospheres derived 

from the ILD001-C2 iPSC appeared to be larger, more spherical and less irregular in 

structure than alveolospheres derived from the CF17/NKX2.1-GFP iPSC line. 

 

5.3.4.1.2. Ultrastructural analysis 

Resin-embedded alveolospheres from each differentiation experiment for both ILD001-

C2 and CF17/NKX2.1-GFP iPSC lines were sectioned to a ~100 nm thickness and 

visualised using transmission electron microscopy at high magnification (Figure 5.10). 

At an ultrastructural level, lamellar body-like structures with osmiophilic, concentric 

membranes could identified in electron micrographs (Figure 5.10 black arrows LB) but 

were not seen consistently in separate differentiation experiments and did not appear to 

be overly abundant within the cells. Lamellar body-like structures were identified in 

samples from all three differentiation experiments for the CF17/NKX2.1-GFP iPSC line 

Figure 5.8. Efficiency in NKX2.1+ lung progenitor cell induction for the ILD001-

C2 and CF17/NKX2.1-GFP iPSC lines. Flow cytometry was used to identify the 

NKX2.1+ population at day 15 post endoderm induction by assessing CD26 and CD47 

expression in cells from the ILD001-C2 iPSC line (A) or GFP expression in cells from 

the CF17/NKX2.1-GFP iPSC line (B). Representative flow cytometry plots are shown. 

A mix of cellular morphologies was observed at day 15 post endoderm induction (C) 

demonstrating culture heterogeneity, which varied between replicate wells. Of the wells 

that were selected to set up Matrigel drops, there was no significant difference between 

the proportion of NKX2.1+ cells identified by either the CD47+CD26- or GFP+ 

populations for the ILD001-C2 iPSC (n = 3) and CF17/NKX2.1-GFP iPSC (n = 3) lines 

(D). The composition of the cell population across differentiation experiments varied 

for the ILD001-C2 iPSC line (E; n = 5) but not the CF17/NKX2.1-GFP iPSC line (F; n 

= 5). For the ILD002-C2 iPSC line, there were significant differences in the proportions 

of CD47+CD26- (G), CD47-CD26+ (H), CD47-CD26- (J) populations but not the 

CD47+CD26+ (I) population across the three differentiation experiments.*p<0.05; 

**p<0.01 
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but were only observed in the third differentiation experiment for the ILD001-C2 iPSC 

line.     

 

 Differentiation 1 Differentiation 2 Differentiation 3 

C
F1

7
/N

K
X

2.
1

-G
FP

 iP
SC

 
IL

D
00

1
-C

2 
iP

SC
 

40
X

 
10

0X
 

40
X

 
10

0X
 

Figure 5.9. Alveolosphere morphology at differentiation endpoints for iPSC lines 

CF17/NKX2.1-GFP and ILD001-C2. Images were acquired under phase contrast 

microscopy at 40 and 100 total magnification at day 40 for each differentiation 

experiment. Putative alveolospheres derived from the ILD001-C2 iPSC appeared to be 

larger, more spherical and less irregular in structure than alveolospheres derived from 

the CF17/NKX2.1-GFP iPSC line.  
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Figure 5.10. Alveolosphere ultrastructure at differentiation endpoints for iPSC 

lines CF17/NKX2.1-GFP and ILD001-C2. Electron micrographs were obtained from 

resin-embedded alveolospheres at day 40 for each differentiation experiment. There was 

evidence of multi-lamellated structures observed at high magnification, which can 

tentatively be identified as lamellar bodies, in a selection of samples. The lamellar body-

like structures did not seem to be overly abundant within the cells and were not 

consistently identified with each differentiation experiment. Representative images are 

shown at two magnifications for each sample. Scale bar 2 µm (upper panel of images); 

0.5 µm or 1µm (lower panel of images). LB: lamellar body-like structure.   
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5.3.4.2. Gene expression 

Target gene expression (Figure 5.11) was compared between alveolospheres derived from 

the ILD001-C2 iPSC (n = 3) and the CF17/NKX2.1-GFP iPSC lines (n = 3) as well as 

A549 cells (n = 4), type I alveolar cells (n = 4) and type II alveolar cells (n = 5). Expression 

levels of target genes are detailed in Table 5.4 and summarised in Figure 5.11A, compiled 

with expression data from Chapter 3. Expression of ABCA3 was significantly different 

across the different cell types (p = 0.0028) (Figure 5.11B). There was no statistically 

significant difference in ABCA3 expression (p = 0.097) between the ILD001-C2 and the 

CF17/NKX2.1-GFP iPSC-derived alveolospheres. Expression of ABCA3 was 

significantly lower by 1.19  103-fold (p = 0.0028) in ILD002-C2 alveolospheres 

compared to primary type II alveolar cells but not statistically different compared to 

A549s (p = 0.976) or primary type I alveolar cells (p = 0.053). Alveolospheres derived 

from the CF17/NKX2.1-GFP iPSC line were not significantly different in ABCA3 

expression compared to A549 (p = >0.999), primary type I alveolar cells (p = 0.466) or 

primary type II alveolar cells (p = 0.054). The expression of SFTPB was significantly 

different across the different cell types (p = 0.004) (Figure 5.11C). There was no 

statistically significant difference in SFTPB expression (p = 0.172) between 

alveolospheres derived from the ILD002-C2 and the CF17/NKX2.1-GFP iPSC line 

although alveolospheres from two of the three differentiation experiments from the 

ILD001-C2 iPSC line had no detectable SFTPB expression.  There was no significant 

difference in SFTPB expression between alveolospheres derived from the ILD002-C2 

iPSC line and A549 (p > 0.999), type I alveolar cells (p = 0.143) or type II alveolar cells 

(p = 0.059). Expression of SFTPB was not significantly different in A549 (p = >0.999), 

primary type I alveolar cells (>0.999) or primary type II alveolar cells (p = 0.7066) 

compared to alveolospheres derived from the CF17/NKX2.1-GFP iPSC line.  There was 

a significant difference in SFTPC expression across different cell types (p = 0.002) 

(Figure 5.11D).  Alveolospheres generated from the ILD001-C2 iPSCs had no detectable 

SFTPC expression while those derived from the CF17/NKX2.1-GFP iPSC line did. 

Expression of SFTPC was significantly lower in ILD001-C2 alveolospheres compared to 

primary type II alveolar cells (p = 0.0015) but not type I alveolar cells (p = 0.086) or 

A549s (p > 0.999). Expression of SFTPC in alveolospheres derived from the 

CF17/NKX2.1-GFP iPSC line was not significantly different to expression in A549s (p 

> 0.999), type I alveolar cells (p > 0.999) or type II alveolar cells (p = 0.307). Expression 

of NKX2.1 was significantly different across the cell types (p = 0.009) (Figure 5.11E). 

There was no significant difference in NKX2.1 expression between alveolospheres from 
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the CF17/NKX2.1-GFP and ILD001-C2 iPSC lines (p = 0.106). Expression of NKX2.1 

was significantly higher by 9.72  103 fold in CF17/NKX2.1 alveolospheres compared to 

A549s (p = 0.035) but not type I alveolar cells (p > 0.999) or type II alveolar cells (p > 

0.999). Expression of NKX2.1 in alveolospheres from the ILD001-C2 iPSC line was not 

significantly different to A549s (p > 0.999), type I alveolar cells (p = 0.376) or type II 

alveolar cells (p = 0.650). Expression of ETV5 varied significantly across the different 

cell types (p = 0.016) (Figure 5.11F). Expression of ETV5 was significantly higher in 

alveolospheres derived from the CF17/NKX2.1-GFP iPSC line compared to those from 

the ILD001-C2 iPSC line by 8.43-fold (p = 0.008). There was no difference in ETV5 

expression between alveolospheres derived from the CF17/NKX2.1-GFP iPSC line and 

A549s (p = 0.376), type I alveolar cells (p = 0.140) or type II alveolar cells (p = 0.588). 

There were no significant differences in ETV5 expression between alveolospheres derived 

from the ILD001-C2 iPSC line and A549s (p = 0.447), type I alveolar cells (p > 0.999) 

or type II alveolar cells (p = 0.186).  The expression of SOX9 varied significantly based 

on cell type (p = 0.004) although there was no significant difference in expression 

between alveolospheres derived from the two iPSC lines (0.093). The expression of SOX9 

was significantly higher in alveolospheres derived from the CF17/NKX2.1-GFP iPSC 

line compared to type I alveolar cells (p = 0.009) and type II alveolar cells (p = 0.032) by 

16.8- and 9.39-fold, respectively, but not A549s (0.725). There were no statistically 

significant differences in SOX9 expression between ILD001-C2 alveolospheres and 

A549s (p > 0.999), type I alveolar cells (p = 0.0502) or type II alveolar cells (p = 0.157).  

The expression of SOX2 varied significantly across different cell types (p = 0.01) (Figure 

5.11H) although there were no significant differences in expression between 

alveolospheres derived from the ILD001-C2 and CF17/NKX2.1-GFP iPSC lines (p = 

0.139). Alveolospheres derived from CF17/NKX2.1 iPSCs had significantly higher 

expression of SOX2 compared to type I alveolar cells (p = 0.026) by 40.1-fold but not 

statistically different to A549 (p > 0.999) or type II alveolar cells (p = 0.479). There were 

also no statistically significant differences in SOX2 expression in ILD001-C2 

alveolospheres compared to A549s (p = 0.228), type I alveolar cells (p > 0.999) or primary 

type II alveolar cells (p = 0.415). Expression of TP63 was significantly different across 

cell types (p = 0.006) (Figure 5.11I) although there was no significant difference in 

expression between the alveolospheres from the two iPSC lines (p = 0.084). Expression 

of TP63 was significantly lower in alveolospheres derived from the ILD001-C2 iPSC line 

compared to A549s (p = 0.040) and type I alveolar cells (p = 0.009) by 128.8- and 238.4-

fold respectively. However, there were no significant differences in expression with type 
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II alveolar cells (p = 0.462). Alveolospheres derived from the CF17/NKX2.1-GFP iPSC 

lines had no significant differences in TP63 expression compared to A549s (p = 0.217), 

type I alveolar cells (p = 0.063) or type II alveolar cells (p > 0.999).  

 

Table 5.4. Expression levels of target genes in copies/ng RNA equivalent 

Cell 

type 

Alveolospheres Cell line Primary alveolar cells 

ILD001-C2 CF17/NKX2.1-

GFP 

A549 Type I Type II 

ABCA3 2.31 ± 0.260 105.9 ± 60.50 2.01  102 ± 

94.2 

1.45  103 ± 

5.42  102 

2.74  103 ± 

1.29  103 

SFTPB 4.36 ± 7.45 1.54  104 ± 

1.28  104 

0.048 ± 0.096 1.19 105 ± 

6.71  104 

14.4  105 ± 

3.86  104 

SFTPC 0.00  ± 0.00 1.24  103  ± 

7.84  102 

0.41  ± 0.38 6.56  103  ± 

6.14  103 

2.52  105  ± 

9.52  104 

NKX2.1 1.22  ± 1.01 1.75  103  ± 

1.07  103 

0.18  ± 0.15 1.70  103  ± 

1.28  103 

1.13  103  ± 

9.89  102 

ETV5 1.51  102  ± 

78.2 

1.28  103  ± 

2.30  102 

4.31  102  ± 

1.87  102 

3.42  102  ± 

82.9 

4.70  102  ± 

2.05  102 

SOX9 4.88  102  ± 

1.05  102 

8.46  102  ± 

2.25  102 

2.04  102  ± 

96.8 

50.13  ± 39.8 90.1  ± 62.8 

SOX2 9.27  ± 13.4 9.49  102  ± 

6.80  102 

1.22  102  ± 

93.0 

23.7  ± 7.70 83.4  ± 53.2 

TP63 1.50  ± 2.52 7.66  ± 3.70 1.93  102  ± 

94.7 

3.57  102   ± 

2.50  102 

63.3  ± 75.5 
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5.3.4.3. Protein expression 

5.3.4.3.1. Fluorescence microscopy 

The expression of ABCA-3, SP-B, SP-C and their precursor proteins was detected in 

alveolospheres derived from the CF17/NKX2.1-GFP (Figure 5.12) and the ILD001-C2 

(Figure 5.13) iPSC lines. A diffuse pattern of staining was observed although there was 

some evidence of higher signal intensity at the luminal surface of the alveolospheres. 

There was variability in the intensity of staining between separate differentiation 

experiments within the same iPSC line. For the CF17/NKX2.1 iPSC line, the intensity of 

staining was noticeably lower for ABCA-3 for the third differentiation experiment and 

SP-B for the second differentiation experiments. For the ILD001-C2 iPSC line, the 

intensity of staining appeared lower for all targets in the second differentiation experiment 

and was highest for all targets in the third differentiation experiment. The level of 

fluorescence was not significantly different between alveolospheres from the two lines 

for ABCA-3 (p = 0.238), SP-B (p = 0.603); proSP-B (p = 0.066); SP-C (p = 0.412) or 

proSP-C (p = 0.617) (Figure 5.14). Notable variability in fluorescence level was observed 

for ABCA-3 (2.53  107 ± 2.13  107 AU, n = 3), SP-B (6.69  106 ± 7.96  106 AU, n = 

3), proSP-B (1.58  107 ± 5.46  106  AU, n = 3), SP-C (2.32  107 ± 1.14  107 AU, n = 

3) and proSP-C (2.80  107 ± 1.01  107 AU, n = 3) between separate differentiation 

experiments from the CF17/NKX2.1-GFP iPSC line. Similarly, variability in 

fluorescence level between separate differentiation experiments from the ILD001-C2 

Figure 5.11. Gene expression in alveolospheres derived from the ILD001-C2 and 

CF17/NKX2.1-GFP iPSC lines. Concentration of target mRNA for ABCA3 (B), 

SFTPB (C), SFTPC (D), NKX2.1 (E), ETV5 (F), SOX9 (G), SOX2 (H) and TP63 (I) in 

alveolospheres from the ILD001-C2 (n = 3) and CF17/NKX2.1-GFP (n = 3) iPSC 

lines, A549 cells (n = 4), type I alveolar cells (n = 4) and type II alveolar cells (n = 5) 

was determined by ddPCR and expressed as copies/ng of RNA equivalent. Expression 

levels summarised as a heat map (A), adding to gene expression data from Chapter 3. 

Expression of ABCA3 (p = 0.003) and SFTPC (p = 0.001) was significantly lower in 

ILD001-C2 alveolospheres compared to type II alveolar cells. Alveolospheres derived 

from the ILD001-C2 iPSC line were also lower in TP63 expression compared to 

A549s (p = 0.04) and type I alveolar cells (p = 0.009). Expression in CF17/NKX2.1-

GFP alveolospheres was significantly higher than A549s for NKX2.1 (p = 0.035), 

ILD001-C2 alveolospheres for ETV5 (p = 0.008), type I alveolar cells for SOX9 (p = 

0.009) and SOX2 (p = 0.026) and type II alveolar cells for SOX9 (0.032). AT-I cells: 

type I alveolar cells; AT-II cells: type II alveolar cells; *p < 0.05; **p < 0.01 
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iPSC line was noted for ABCA-3 (5.12  106 ± 6.21  106 AU), SP-B (3.84  106 ± 1.97 

 106 AU), proSP-B (5.75  106 ± 3.96  106 AU), SP-C (1.58  107 ± 7.78  106 AU) and 

proSP-C (2.21  107 ± 1.53  107).  
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Figure 5.12. Protein expression in alveolospheres derived from the 

CF17/NKX2.1-GFP iPSC line. Cryosections of alveolospheres at differentiation 

endpoints were probed for ABCA-3, SP-B, proSP-B, SP-C and proSP-C and imaged 

using fluorescence microscopy. A secondary antibody conjugated to AF555 was 

used to detect a fluorescent signal. DAPI was used as a nuclear stain. A fluorescent 

signal was detected for each protein across all three differentiations although there 

was some variability in the signal intensity. A diffuse pattern of staining in the 

cytoplasm of the cells was observed for all proteins. There was some evidence of 

higher signal intensity at the luminal surface of the alveolospheres.  Scale bar 50 

µm.  
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Figure 5.13. Protein expression in alveolospheres derived from the ILD001-C2 

iPSC line. Cryosections of alveolospheres at differentiation endpoints were probed for 

ABCA-3, SP-B, proSP-B, SP-C and proSP-C and imaged using fluorescence 

microscopy. A secondary antibody conjugated to AF555 was used to detect a 

fluorescent signal. DAPI was used as a nuclear stain. A fluorescent signal was detected 

for each protein across all three differentiations although there was variability in the 

signal intensity. For differentiation experiments 1 and 2, the fluorescent signal for 

ABCA-3 was barely above background. The fluorescent signal for SP-B and proSP-B 

for differentiation 2 was also very low. A diffuse pattern of staining in the cytoplasm of 

the cells was observed for all proteins. There was some evidence of higher signal 

intensity at the luminal surface of the alveolospheres. Scale bar 50 µm.    
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Figure 5.14. Fluorescence levels in alveolospheres derived from the 

CF17/NKX2.1-GFP and ILD001-C2 iPSC lines. Images acquired by fluorescent 

microscopy for alveolospheres at differentiation endpoints probed for specific protein 

targets were processed to quantify fluorescence levels. The calculated corrected total 

cell fluorescence (CTCF) was not significantly different between alveolospheres from 

the two iPSC lines (n=3) for any of the protein targets although notable variability 

between separate differentiation experiments within the same line was demonstrated. 

There was a general trend, although not statistically significant, for lower fluorescent 

levels for protein targets in the alveolospheres derived from the ILD001-C2 line 

compared to those derived from the CF17/NKX2.1-GFP iPSC line.   
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5.3.4.3.2. Western blot analysis 

Western blotting was used as an independent measure for protein expression to verify 

results obtained using immunofluorescence microscopy. Alveolospheres derived from 

both CF17/NKX2.1-GFP (n = 3) and ILD001-C2 (n = 3) iPSC lines had no detectable 

expression of SP-B or SP-C using western blot (Figure 5.15). Neither SP-B nor SP-C was 

detectable in A549 cells. Expression of SP-B was detectable as a ~18 kDa protein band 

in type I alveolar cells (1.76 ± 1.07 AU; n = 3) and type II alveolar cells (5.30 ± 2.65 AU; 

n = 5). After the removal of outliers, SP-B expression varied significantly across the 

different cell types (p < 0.0001). Expression of SP-C was detectable as a ~7 kDa protein 

band in type II alveolar cells (4.92 ± 3.98 AU; n = 5) only and varied significantly based 

on cell type (p = 0.0003). The sizes of the SP-C and SP-B proteins detected by western 

blotting were equivalent to sizes previously described (Correll et al., 2018).  There was 

some variability in β-actin staining between non-reduced (Figure 5.15A) and reduced 

samples (Figure 5.15B). The expression of ABCA-3 was unable to be quantified by 

western blotting (refer to Appendix IV).  
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Figure 5.15. Western blot analysis on alveolosphere lysates derived from the 

CF17/NKX2.1-GFP and ILD001-C2 iPSC lines. Expression of SP-B and SP-C in 

alveolospheres, A549s, type I alveolar cells and type II alveolar cell samples was 

determined by western blot. A ~18 kDa protein was identified in type I and type II 

alveolar cells, which corresponded to the molecular weight of SP-B (A). A ~7 kDa 

protein was identified in type II alveolar cells only, which corresponded to the 

molecular weight of SP-C (B). No SP-B or SP-C expression was detectable in 

alveolosphere or A549 samples. The expression of SP-B (C) and SP-C (D) was 

quantified using integrated density measurements relative to the endogenous control, 

β-actin. Representative images are shown. AT-I cells: alveolar type I cells; AT-II cells: 

alveolar type II cells. 

 

A B 

C D 

ILD001-

C2 

CF17 AT-I 

cells 
AT-II 

cells 

50 kDa 

38 kDa 

15 kDa 

8 kDa 

25 kDa 

30 kDa 

15 kDa 

25 kDa 

30 kDa 

50 kDa 

38 kDa 

ILD001-

C2 

CF17 AT-I 

cells 

AT-II 

cells 

SP-C 

SP-B 



171 
 

5.4. Discussion 
Novel iPSC lines were successfully generated from PBMCs which satisfied quality 

control standards with the expression of pluripotency markers, evidence of alkaline 

phosphatase activity and normal karyotypes. The differentiation of one of the novel iPSC 

lines was optimised to derive lung progenitor cells at a specific mid-differentiation 

checkpoint, with an equivalent population proportion of progenitor cells compared to the 

previously established and characterised iPSC line.  Differentiation beyond the mid-

differentiation checkpoint to generate putative alveolospheres, was less effective in the 

novel iPSC line compared to the established iPSC line with lower gene expression of 

ABCA3, SFTPB and no detectable SFTPC expression. Expression of surfactant-related 

genes was lower in alveolospheres derived from both iPSC lines compared to primary 

type II alveolar cells.  There was detectable protein expression of ABCA-3, SP-B, SP-C 

and their precursors by immunostaining although there was variability in expression 

levels between separate differentiation experiments. No SP-B or SP-C was detectable 

using western blotting for any alveolosphere samples. Transmission electron microscopy 

revealed intracellular structures in the alveolospheres that resembled lamellar bodies and 

were more consistently observed in alveolospheres derived from the established iPSC line 

compared to the novel iPSC line.  

 

The current study is the first report in our laboratory for the successful use of the 

Cytotune-iPS Sendai virus Reprogramming Kit to generate iPSC clones from a healthy 

donor.  Importantly, the lines generated demonstrate the expression of SSEA-4 (Andrews 

et al., 1987; Andrews, 1984), TRA-1-60 and TRA-1-81 (Andrews et al., 1984) as well as 

alkaline phosphatase activity (O'Connor et al., 2008), all typical of human pluripotent 

stem cells in an undifferentiated state. The lack of expression of SSEA-1 in the iPSC 

clones confirmed that the cells were not undergoing differentiation at the time of 

cryopreservation (Andrews et al., 1987). Additionally, the iPSC lines generated had 

normal karyotypes, which verified that the reprogramming technique did not result in any 

chromosomal aberrations. The successful application of iPSC clone generation, selection 

and quality control assessment methodologies in the current study, establishes a platform 

for the generation of iPSC lines from individuals with ABCA-3 deficiency in our 

laboratory in the future.  
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Multistage differentiation protocols to derive the desired target cells through a number of 

intermediate progenitor cell types require considerable optimisation. The current study 

demonstrated that there is a clear difference between the optimal periods of endodermal 

induction and TGF-β and BMP signalling inhibition between the two iPSC lines to 

maximise the of lung progenitor cell population at day 15. Once the line-specific protocol 

was optimised, the two iPSC lines yielded similar proportions of c-kit+CXCR4+ cells and 

NKX2.1+ cells at the respective differentiation checkpoints despite differences in c-kit 

and CXCR4 expression profiles of the two iPSC lines at day 0.  The differences in timing 

of administration of specific factors that drive differentiation between the two iPSC lines 

highlights that a universal differentiation protocol to derive cells of specific lung cell 

phenotypes may not be applicable across multiple iPSC lines. The differentiation capacity 

of human ECSs varies considerably between cell lines with >100-fold differences in 

lineage-specific gene expression (Osafune et al., 2008). It is likely that the same applies 

to iPSC lines and that to maximise the derivation of the desired target cell, line-specific 

differentiation protocols would need to be developed.  

 

The gene expression profiles of the differentiation endpoint samples were noticeably 

different between alveolospheres from the ILD001-C2 and CF17/NKX2.1-GFP iPSC 

lines. It is known that a period of reduced Wnt activity is required for the maturation of 

lung progenitor cells into type II alveolar-like cells (Jacob, 2019), which is supported by 

observations regarding changes in Wnt responsiveness in alveolar progenitor cells at 

different stages of lung development (Frank et al., 2016). In the current study, the time-

point and duration for Wnt agonist withdrawal was not specifically optimised for the 

ILD001-C2 line, which may have inhibited the maturation of lung progenitor cells to a 

high SFTPC expressing stage, indicative of the mature type II alveolar cell phenotype. 

Further optimisation of the timing of Wnt signalling withdrawal may be required to 

improve the derivation of cells with a type II alveolar cell phenotype from the ILD001-

C2 iPSC line.  

 

Furthermore, the alveolospheres derived from the ILD001-C2 iPSC were comparatively 

low in NKX2.1 expression even when the day 15 population demonstrated a sizeable 

proportion of CD47+CD26- cells. Conversely, the expression level of NKX2.1 in 

alveolospheres from the CF17/NKX2.1-GFP iPSC line was on par with type II alveolar 
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cells. Low NKX2.1 expression in the ILD001-C2 alveolospheres suggests that the 

predominant molecular phenotype of the cells had drifted post day 15 into a non-lung 

phenotype. Phenotypic drift is a phenomenon that has been observed in cells undergoing 

directed differentiation where the resulting cells are plastic and can change into a variety 

of cells of both lung and non-lung lineages (McCauley et al., 2017). As the same 

differentiation protocol was applied for both iPSC lines in the current study, it could be 

hypothesised that the cells derived from the ILD001-C2 iPSC line have a greater 

propensity for phenotypic drift into non-lung phenotypes. The timing of Wnt withdrawal, 

which recent studies have performed at a much earlier time point, could also have affected 

the retention of distal lung epithelial fate in the differentiating iPSC lines (Hurley et al., 

2020).  Therefore, the differentiation protocols used could potentially be improved 

through earlier withdrawal of the Wnt agonist.  

 

Overall, the current study demonstrated lower expression levels of key surfactant-related 

genes in alveolosphere samples from both iPSC lines compared to primary type II alveolar 

cells. Along with the lack of SP-B and SP-C detected using western blotting in any 

alveolosphere samples, these findings suggest that the phenotypes of the derived cells are 

quite different from mature type II alveolar cells. In contrast, Jacob et al. (2019) found 

that the only known type II alveolar cell gene marker that was significantly lower in 

alveolospheres compared to primary adult type II alveolar cells was LAMP3, a lamellar 

body-associated marker not specifically assessed in the current study. Expression levels 

of ABCA3, SFTPB and SFTPC in alveolospheres were noticeably lower than in primary 

type II alveolar cells for the current study. Of note, alveolospheres from both iPSC lines 

had higher levels of SOX9 expression than primary type II alveolar cells. Upregulation of 

SOX9 expression in the distal lung, due to overactive FGF signalling, is associated with 

the decrease in expression of mature markers of type I and type II alveolar cells (Chang 

et al., 2013), which may explain why levels of ABCA3, SFTPB and SFTPC expression 

were considerably lower and SP-B and SP-C undetectable using western blot. Hence, the 

concentration of keratinocyte growth factor (KGF) in the differentiation media may need 

to be modified accordingly.  The timing of sampling at the differentiation endpoint also 

may have been a reason for lower surfactant gene expression in the alveolospheres 

generated in the current study. Hurley et al. (2020) demonstrated that ABCA3, SFTPB and 

SFTPC expression peaks at days 25-29 of differentiation, which is at an earlier time point 
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to when alveolospheres were sampled for gene and protein expression analysis in the 

current study.  

 

Immunostaining of alveolospheres demonstrated the presence of ABCA-3, mature SP-B, 

SP-C and their precursors, proSP-B and proSP-C at detectable levels suggesting that the 

alveolospheres have similar phenotypic characteristics to type II alveolar cells at a protein 

level. However, western blotting could not corroborate the presence of SP-B or SP-C in 

whole cell lysates of alveolospheres. None of the ABCA-3 antibodies tested appeared to 

be suitable for western blotting (refer to Appendix IV) and so immunostaining results 

could not be verified using an alternative method. It is unclear why SP-B and SP-C were 

only detected using immunostaining and not western blot. Western blot has been 

successfully used to detect SP-B and SP-C expression in alveolosphere samples in a 

previous study (Jacob et al., 2017). However, if expression levels are much lower in 

alveolosphere samples from the current study, the western blot method using whole cell 

lysates may not be an appropriately sensitive test. Immunoprecipitation or subcellular 

fractionation to concentrate low levels of SP-B and SP-C protein may be required to 

improve detection by western blot in alveolosphere samples. Expression of SP-B in type 

I and type II alveolar cells and SP-C in type II alveolar cells may be readily detectable by 

western blotting because SFTPB and SFTPC expression is much higher in these cell types 

compared to alveolospheres. Due to the discrepancy between the immunostaining and 

western blot results, another, more sensitive, method would be required to verify protein 

expression in alveolosphere samples. An immuno-PCR based method could be effective 

as it allows for greater signal amplification for the detection of low abundant proteins 

(Chang et al., 2016). To confirm that alveolospheres do have phenotypic similarities with 

type II alveolar cells related to surfactant biology, further validation would also be 

required, as described in Chapter 3, to confirm that the lamellar body-like structures 

observed by TEM are acidic, lipophilic organelles with co-localised expression of ABCA-

3, LAMP3 and CD63,  analogous to lamellar bodies found in type II alveolar cells.  

 

In some respects, the disparity in expression levels of surfactant-related genes and 

proteins between alveolosphere samples and primary type II alveolar cells is unsurprising. 

Directed differentiation protocols, even when adequately optimised, often result in a 

diverse mix of cells with different cell fates and levels of maturation. Factors that drive 
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phenotypic diversity are hard to control, which is why variability is inevitably seen 

between separate differentiation experiments, as is the case in the current study. Jacob et 

al. (2019) reported a variable proportion of 10% - 70% of SPC+ cells in alveolospheres 

derived from the same iPSC line across multiple differentiation experiments using a 

single differentiation protocol. Attempts to reduce heterogeneity by purifying the cell 

population for lung progenitors by FACS at certain stages of the differentiation 

procedure, still result in a heterogeneous mix of cells at the differentiation endpoint 

(McCauley et al., 2017). Sorting cells to purify lung progenitors also does not necessarily 

result in higher expression levels of type II alveolar cell markers (Jacob, 2019). In the 

current study, comparisons were made between pure populations of type II alveolar cells 

and heterogeneous mixes of cells that make up the alveolospheres. Analysis of whole cell 

lysates for gene and protein expression, as was performed in the current study, is unable 

to determine the extent of this heterogeneity and what proportion of the cell population is 

phenotypically similar to type II alveolar cells.  While the current study has attempted to 

profile alveolosphere samples to determine their molecular phenotype based on selected 

markers for the surfactant system (SFTPC, SFTPB, ABCA3), lung development and 

homeostasis (NKX2.1)(Boggaram, 2009),  distal lung (ETV5, SOX9)(Liu and Hogan, 

2002), and proximal airway (SOX2, TP63)(Hawkins et al., 2017; McCauley et al., 2017), 

a more sophisticated technique is warranted.  Single cell RNA sequencing (Macosko et 

al., 2015; Zheng et al., 2017), could be used to capture and interrogate the heterogeneity 

in the cell population and perform global transcriptional profiling to determine the variety 

of molecular phenotypes of the cells that make up the alveolospheres. In a culture 

platform with such heterogeneity and complexity inherent in the system, techniques that 

allow for the deconstruction of cell populations at a single-cell level would be the most 

appropriate for sample analysis.    

 

In summary, methodologies to generate iPSCs and direct their differentiation into distal 

lung progeny were implemented with moderate success. Expression of ABCA-3 was 

detected at a gene and protein level in the alveolospheres. There was evidence of some 

phenotypic similarities between alveolospheres and type II alveolar cells with the 

detection of lamellar body-like structures observed by TEM. However, the variability 

seen between separate differentiation experiments suggests further optimisation to 

improve the reproducibility and reliability of the directed differentiation method is 

needed. Specifically, the control of cellular fate, purity and maturation to provide a 
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faithful surrogate model for type II alveolar cells that adequately recapitulates their 

phenotypic characteristics needs to be addressed. Furthermore, line-specific 

differentiation protocols may be required as there were clear differences in expression 

profiles between alveolospheres derived from the two iPSC lines used. The presence of 

functional ABCA-3, and a mature surfactant system, needs to be validated before the 

alveolosphere model can be considered to study ABCA-3 deficiency in vitro.  
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6. General Discussion  

6.1. Summary 

This experiments described in this thesis aimed to assess two donor-derived in vitro 

models for suitability to provide useful cell culture platforms that obviate the need for 

primary type II alveolar cells: primary nasal epithelial cells and alveolospheres derived 

from iPSCs. Data presented in Chapter 3 demonstrated that endogenous ABCA-3 was 

detectable in primary nasal epithelial cells at a gene and protein level albeit at a 

comparatively low level compared to primary type II alveolar cells. Evidence of lamellar 

body-like structures in primary nasal epithelial cells suggest the presence of a surfactant 

system and functional ABCA-3. Results shown in Chapter 4 revealed that primary nasal 

epithelial cells derived from two children with ABCA-3 deficiency had increased 

sensitivity to doxorubicin using specific assays to measure cell viability, although this 

finding could not be directly attributed to decreased function of ABCA-3. Chapter 5 

focused on alveolospheres derived from iPSCs and demonstrated that while ABCA3 

expression was detectable, there were substantial differences in expression profiles 

between samples derived from the two iPSC lines. The expression profiles were also 

considerably different in alveolospheres compared to type II alveolar cells. However, like 

primary nasal epithelial cells, intracellular structures that resembled lamellar bodies were 

identified in some samples. Considered together, these findings suggest that the cell 

culture platforms investigated in my thesis could be used as surrogate models for primary 

type II alveolar cells for therapeutic development to an extent. Nonetheless, further 

optimisation and validation of both in vitro models is required. The findings generated in 

my thesis have created a number of discussion points for the field that will be discussed 

in detail.   

 

6.2. Discussion 

6.2.1. Do the cell models investigated satisfy the requirements 

for a suitable cell culture platform? 

No mechanism-specific interventions are currently available to treat ABCA-3 deficiency. 

It is the hope that cell culture platforms that offer an alternative to primary type II alveolar 

cells, may advance the development of therapeutics to treat the disease. For the purposes 

of drug discovery and development, cell-based systems would need to demonstrate a 

number of characteristics including: 1) biological relevance as type II alveolar cell 
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surrogates; 2) a robust assay to assess ABCA-3 function; 3) sampling accessibility; 4) 

scalability; 5) reproducibility and 6) cost-effectiveness. Whether the donor-derived cell 

culture platforms investigated in my thesis satisfy these requirements will determine their 

useability as tools for drug discovery in the future.   

  

Both cell-based systems used for the experiments described in this thesis had evident 

phenotypic differences compared to primary type II alveolar cells with lower expression 

levels of surfactant-related genes ABCA3, SFTPB and SFTPC. Surfactant proteins were 

detected by immunofluorescence microscopy, but SP-B and SP-C were undetectable 

using western blot. However, the identification of intracellular structures that resemble 

lamellar bodies in both primary nasal epithelial cell and alveolosphere models suggest the 

presence of a surfactant system and functional ABCA-3. It is known that ABCA-3 is 

required for normal lamellar body biogenesis (Yamano et al., 2001) with ABCA-3 null 

mice lacking lamellar bodies in their type II alveolar cells (Cheong et al., 2007). However, 

in the context of the cell models investigated in my thesis, more research is required to 

localise ABCA-3 to the organelle and characterise the structure’s properties as discussed 

in Chapter 3. Specifically, co-localisation of ABCA-3 and lamellar body-associated 

proteins, LAMP3 and CD63, to the lamellar body-like structures seen by transmission 

electron microscopy using immunogold labelling, could confirm that these structures are 

equivalent to the lamellar bodies found in type II alveolar cells.    

 

While these findings suggest limited biological relevance of the cell culture platforms to 

primary type II alveolar cells, it could be argued that for the purposes of therapeutic 

development, potential surrogate culture models do not have to be identical phenocopies 

of type II alveolar cells. At a minimum, for purposes of discovery and development of 

therapeutic candidates, cell culture platforms would need to possess functional ABCA-3, 

which could then be measured using a robust functionality assay to assess a drug 

candidate’s potential to improve ABCA-3 function. A prime example for how cell-based 

functionality assays have been essential for drug development and clinical translation has 

been the use of bronchial epithelial cells to assess cystic fibrosis transmembrane 

conductance regulator (CFTR)–dependent chloride transport under voltage clamp 

conditions (Ussing chambers) in response to CFTR modulator drugs (Zak et al., 2017) to 

develop therapies for Cystic Fibrosis (CF).  There are parallels that can be drawn between 
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CF and ABCA-3 deficiency, two recessive monogenic diseases where the dysfunction of 

a transporter protein causes lung disease. Like CFTR, ABCA-3 is part of the ABC 

transporter superfamily, a group of integral membrane proteins responsible for the active 

transport of various substrates across membranes (Rees et al., 2009). While the substrates 

transported by CFTR and ABCA-3 may be different, approaches to drug discovery using 

transporter functionality assays in cell culture platforms for CF could be used as a model 

system in the context of ABCA-3 deficiency (Beers and Mulugeta, 2017).  

 

The transporter function of ABCA-3 was measured indirectly by investigating the cellular 

response to the cytotoxic drug, doxorubicin, in primary nasal epithelial cells. While cells 

derived from children with ABCA-3 deficiency appeared to be more sensitive to 

doxorubicin, with access to cells from only two individuals with the disorder, one cannot 

generalise that the doxorubicin detoxification assay is appropriate for use in primary nasal 

epithelial cells to assess ABCA-3 function. Attempts to downregulate ABCA3 expression 

in primary nasal epithelial cells using siRNA had no effect on ABCA-3 protein expression 

or the doxorubicin detoxification capacity of these cells. Therefore, a direct link between 

ABCA-3 activity and resistance to doxorobucin-induced cytotoxicity was not able to be 

demonstrated in the primary nasal epithelial cell model.  Furthermore, it is unlikely that 

the doxorubicin detoxification assay could be adapted to an alveolosphere cell culture 

model due to the need for a submerged monolayer culture model and standardised cell 

seeding for the cell viability and cytotoxicity assays.  If functional ABCA-3 can be 

localised to the lamellar body-like structures observed by electron microscopy in primary 

nasal epithelial cells or alveolospheres, functionality assays that directly assess the 

ABCA-3-dependent lipid-filling capacity of intracellular vesicles (Höppner et al., 2017; 

Wambach et al., 2020) may be a more specific approach for measuring ABCA-3 function.  

 

In terms of sampling accessibility, methods to obtain PBMCs to derive iPSCs from a 

blood sample and primary nasal epithelial cells from a nasal brushing are comparable in 

terms of ease and invasiveness. Both sampling methods are preferable compared to the 

lung biopsy that is required to establish a primary type II alveolar cell culture. Scalability 

is also comparable between the two models as the use of the conditionally reprogrammed 

method for epithelial cell culture greatly increases the culture’s expansion potential while 

the expansion potential of iPSCs, once a line has been established, is theoretically 
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unlimited (Grskovic et al., 2011). Where the two models differ is in their reproducibility 

and cost-effectiveness. Variability in differentiation efficiency, as seen in the current 

study, would most likely be a factor that limits reproducibility in iPSC-derived 

alveolospheres where the complexity of the multistage directed differentiation procedure 

leads to inevitable phenotypic inconsistency in the derived cells. Conversely, the 

simplicity of the culture method for primary nasal epithelial cells allows for a more robust 

model with less inherent variability. The cost to establish a primary nasal epithelial cell 

culture from a nasal brushing and to expand the culture for experiments is minimal 

compared to the alveolosphere model. The cost of establishing, characterising and 

maintaining iPSC lines, optimising line-specific differentiation protocols and deriving 

their lung progeny with the use of specialised media for different differentiation stages 

can be prohibitive even on a small scale. Whether the alveolospheres derived using the 

procedures outlined in the current project have sufficient biological relevance to type II 

alveolar cells to justify the cost is debateable. Further optimisation of the directed 

differentiation protocols to modify the timing of Wnt withdrawal or differentiation 

endpoint sampling (Hurley et al., 2020) may improve alveolosphere differentiation 

outcomes. If modification of differentiation protocols resulted in a more reliable, 

consistent alveolar cell model that adequately recapitulates surfactant biology, the greater 

biological relevance of the alveolosphere model may be beneficial when characterising 

cellular responses to potential drug candidates.   

 

6.2.2. How do the cell culture models investigated compare to 

other cell-based platforms for ABCA-3 deficiency? 

Previously published work to model ABCA-3 deficiency in vitro has focussed on 

heterologous systems where wild type or mutant ABCA3 has been introduced onto an 

A549 or HEK293 background. These model systems have allowed for the functional 

classification of specific ABCA3 mutations based on abnormal trafficking due to protein 

misfolding, impaired ATP hydrolysis or a combination of both (Matsumura et al., 2006; 

Matsumura et al., 2008; Wambach et al., 2016). In doing so, they have also been used to 

develop in vitro tools to characterise ABCA3 mutations as detailed in Table 6.1.  As such, 

work with heterologous systems has generated an array of techniques that can be applied 

to drug discovery and used to characterise a therapeutic candidate’s ability to normalise 

ABCA-3 expression and restore ABCA-3 function in in vitro models with specific 

ABCA3 mutations. Clearly, heterologous systems allow for the expression of ABCA-3 at 
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a level where obvious functional effects of mutant ABCA-3 can be reliably detected and 

quantified within the cell culture model.  In the current project, it is unclear whether the 

low basal expression level of ABCA3 in primary nasal epithelial cell or alveolosphere 

models, which is substantially lower than ABCA3 expression in type II alveolar cells, 

allows for the detection of ABCA-3 function. To overcome issues of low expression in 

the donor-derived culture models, future work could involve the activation of endogenous 

gene expression using CRISPR-dCas9 techniques (Gilbert et al., 2013; Chiarella et al., 

2020) that specifically target the ABCA3 gene locus.  

 

Table 6.1. In vitro tools developed in heterologous cell-based systems to functionally 

characterise ABCA3 mutations.   
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Vesicle volume+     X X  X  X  
Intracellular localisation of ABCA-3+  X X   X    X X X 
Intracellular ABCA-3 processing      X X X X X X 
ABCA-3 glycosylation  X           
Lamellar body ultrastructure    X X  X  X X  
Lipid composition  X  X   X X  X   
Vanadate-induced nucleotide trapping  X  X         
ATPase hydrolysis activity      X     X  
Doxorubicin detoxification       X      
Topfluor phosphatidylcholine uptake+        X   X 

+Using confocal microscopy  

 

Where heterologous systems fall short is that they cannot reproduce the particular genetic 

background of a specific patient. Therefore, modifying gene variants that may contribute 

to the disease phenotype, would not be recapitulated in the cell model. For instance, 

ABCA3 variants can modify lung disease related to SFTPC mutation (Bullard and Nogee, 

2007). While the role of modifier genes in ABCA-3-related lung diseases is unknown, 

the spectrum of disease phenotypes suggests a role for genetic and/or environmental 

factors influencing the clinical course (Beers and Mulugeta, 2017). Heterologous systems 

are unable to capture these factors. Additionally, patients with compound heterozygous 
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mutations in ABCA3 form a sizable proportion of the patient population (Wambach et al., 

2014). Unique combinations of mutant ABCA-3 present in each specific patient, which 

may contribute to the overall clinical phenotype, would not be recapitulated in 

heterologous cell-based systems that introduce a single ABCA3 variant.  Furthermore, 

using heterologous expression systems to predict clinical benefit of potential therapeutic 

drugs does not necessarily translate to in vivo effects. For example, introduction of mutant 

CFTR cDNA for the G970 gating mutation into a heterologous system predicted clinical 

benefit of ivacaftor to attenuate CF disease, which did not correspond to a positive 

response in vivo (De Boeck et al., 2014). The disparity between the in vitro and in vivo 

responses was attributed to additional mutational defects, which affected splicing, that 

was not reproduced in the heterologous system.  In general, exonic and intronic mutations 

that affect splicing, a number of which have been reported for ABCA-3 deficiency 

(Wambach et al., 2014), cannot be recapitulated in cell models that involve either 

transfection or transduction of exogenous cDNA.  These examples demonstrate the value 

of donor-derived cell culture platforms, such as the primary nasal epithelial cell and 

alveolosphere models used in the current project, to recapitulate the endogenous 

expression of ABCA-3.  

 

A significant advantage of heterologous systems is the ability to introduce a 

hemagglutinin (HA) or green fluorescent protein (GFP) tag to identify ABCA-3 

expression in the cell model (Matsumura et al., 2007; Flamein et al., 2012; Beers et al., 

2013; Frixel et al., 2016; Wambach et al., 2016; Kinting et al., 2018). In the current 

project, confirmation of protein expression of ABCA-3 detected by immunostaining in 

primary nasal epithelial cells and alveolospheres was not successful using western blot 

despite testing multiple ABCA-3 antibodies in mouse lung homogenates, an appropriate 

positive control. Commercially available antibodies seem to be problematic and many 

studies that have used western blot to detect endogenous ABCA-3 have used antibodies 

developed in-house (Yamano et al., 2001; Yoshida et al., 2004; Brasch et al., 2006; 

Stahlman et al., 2007; Chapuy et al., 2008; Hupfeld et al., 2013). Bypassing the need to 

detect ABCA-3 with unreliable antibodies is a clear benefit for using model systems that 

consist of HA or GFP reporters, which is not possible when using unmodified donor-

derived cells. As antibody vendors do not often provide sufficient information about how 

particular antibodies are validated by their research development departments, a 
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systematic screen of commercially available antibodies targeted at ABCA-3 to determine 

their suitability for specific applications may be warranted.  

 

6.2.3. What is the potential for the development of therapeutics 

using the cell culture platforms investigated? 

Improvement in methodologies and validation of antibodies to detect endogenous ABCA-

3 would facilitate the use of donor-derived cell-based models in the future. Importantly, 

the use of donor-derived cells lends itself to personalised disease modelling which 

accounts for patient-specific responses to therapeutics. Because of the diversity in ABCA3 

mutations and the considerable interpatient variability in disease presentation and clinical 

course, it is unlikely that a ‘one-size-fits-all’ treatment can be developed for ABCA-3 

deficiency. A precision medicine approach in the development of therapeutics would be 

of more value. Personalised cell-based models have shown potential in predicting patient-

specific drug responses in vivo for other diseases such as gastrointestinal cancers 

(Vlachogiannis et al., 2018; Ooft et al., 2019) and CF (Dekkers et al., 2016; Berkers et 

al., 2019). Importantly, in vitro testing of therapeutic candidates in cell-based systems 

could lead directly to clinical translation without the need for clinical trials if repurposing 

existing compounds that are currently in clinical use. The ruling by the United States 

Food and Drug Administration (FDA) in 2017 to expand indications for the CF drug, 

ivacaftor, to patients with additional CFTR genetic variants based solely on in vitro 

evidence for efficacy (Kingwell, 2017; Durmowicz and Pacanowski, 2019), which now 

applies to ivacaftor/tezacaftor (Clancy et al., 2019) and elexacaftor/tezacaftor/ivacaftor 

(Sanders and Chmiel, 2020) combination therapy as well, sets a precedent for this 

approach in the context of other rare diseases with genetic origin. The traditional 

randomised, double-blind, placebo-controlled clinical trial model is not feasible for rare 

diseases like ABCA-3 deficiency where patient cohorts are small and geographically 

dispersed (Wambach et al., 2020). The potential for in vitro data to direct clinical practice 

highlights the importance for the development of biologically-relevant, donor-derived 

cell culture models with robust assays that can reliably determine functional rescue of 

ABCA-3 by drug candidates.  

 

Recent work in the field of therapeutics for ABCA-3 deficiency has been modelled on 

therapeutic development strategies for CF, targeting the correction of specific defects in 
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the mutant transporter protein by small molecule correctors. Furthermore, due to the 

structural similarities between ABCA-3 and CFTR, there is potential for the repurposing 

of existing CFTR compound libraries that have been developed through high throughput 

screening of thousands of small molecules (Galietta et al., 2001; Carlile et al., 2007) to 

improve defective CFTR function, which could then be applied to ABCA-3 deficiency 

(Beers and Mulugeta, 2017). The potential of FDA-approved VX-809 (lumacaftor) and 

six small molecule correctors, obtained from CFTR compound libraries, to restore 

ABCA-3 function for five clinically-relevant ABCA3 variants with missense mutations 

was explored by Kinting et al. (2018). Two of the correctors, C13 and C17, were shown 

to correct protein misfolding and rescue ABCA-3 function for four of the five mutant 

proteins. Additional work by the same group demonstrated that CFTR potentiators, 

ivacaftor and genistein, were able to improve the phospholipid transport function of 

mutant proteins for ABCA3 variants with mutations located in the nuclear binding domain 

1 (NBD1) (Kinting et al., 2019). Recently, variant–specific functional rescue of mutant 

ABCA-3 by C13 and C17 was reproduced in a newly developed A549 model with 

silenced endogenous ABCA-3 expression and stable expression of ABCA-3 variants 

(Wambach et al., 2020). While these studies are major advances in the field of therapeutic 

development for ABCA-3 deficiency, the authors do acknowledge the limitations of the 

use of heterologous systems employed in their work and the need for donor-derived cell 

culture models to determine patient-specific responses to treatment with small molecule 

correctors.  

 

While the use of small molecule correctors as a therapy for ABCA-3 deficiency has been 

a focus in recent years, there may be other therapeutic strategies that could be explored 

in the future.  As ABCA-3 deficiency is a recessive, monogenic disorder whereby lung 

disease results from ABCA3 mutations that cause loss of ABCA-3 function in type II 

alveolar cells, gene therapy approaches that target the genetic defect may be a therapeutic 

strategy worth investigating. In other disease contexts, in vivo gene therapy has been 

approved for use by the FDA to treat blindness caused by mutations in the RPE65 gene 

(Russell et al., 2017). Additionally, clinical trials for hereditary haemophilias are 

delivering promising outcomes (Kohn, 2019). Importantly, gene addition strategies where 

the introduction, through either viral or non-viral delivery mechanisms, of a functional 

gene into target cells in vivo to offset the disease phenotype, could potentially benefit all 

patients with ABCA-3 deficiency regardless of their specific genetic mutation. However, 
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there are various caveats that limit the application of gene addition therapy in a clinical 

context such as physical barriers to aerosol delivery to the lungs (i.e. the mucus layer), 

inappropriate vector construct design, immunogenicity of the vector, reaching the 

therapeutic threshold of transgene expression, and difficulties in targeting progenitor cells 

in vivo to allow for sustained expression of transgenes in the lung (Vu and McCray, 2020). 

These limitations have resulted in disappointing outcomes in many gene therapy clinical 

trials for CF (Aitken et al., 2001; Wagner et al., 2002; Flotte et al., 2003; Moss et al., 

2004; Moss et al., 2007), although a modest improvement in lung function was reported 

in a recent phase 2b clinical trial using a non-viral delivery system and aerosol 

administration (Alton et al., 2015). It is likely that challenges seen in gene therapy clinical 

trials for CF would be encountered for other pulmonary diseases such as ABCA-3 

deficiency. However, recent in vitro work with lung bud organoids has identified specific 

serotypes of recombinant adeno-associated virus that have a tropism for human lung 

parenchyma and could serve as suitable vectors for gene delivery to type II alveolar cells 

(Meyer-Berg et al., 2020), which is an encouraging first step to develop gene therapies 

for surfactant disorders such as ABCA-3 deficiency.  

 

Alternatively, gene editing approaches using the CRISPR/Cas system could be used to 

specifically correct disease-causing mutations in ABCA3 to alleviate lung disease in 

patients. The CRISPR/Cas system acts by specifically targeting a segment of the genome 

adjacent to a protospacer adjacent motif (PAM) site, through the complementary-binding 

of guide RNA (gRNA), and inducing a double strand break in the DNA molecule by the 

Cas endonuclease (Nishimasu and Nureki, 2017; Araldi et al., 2020). Homology-

dependent repair (HDR) mechanisms of the cell can then integrate template DNA with 

the desired modification into the genome, effectively correcting the mutation (Araldi et 

al., 2020). There are currently no approved therapies for in vivo gene editing using 

CRISPR/Cas systems, although correction of pathogenic mutations has been performed 

in animal models and patient derived cell-based systems in a number of rare disease 

contexts as reviewed by (Pradhan et al., 2020). However, challenges related to the 

delivery of gene editing constructs to target cells in the lung parallel limitations for gene 

addition therapy (Vu and McCray, 2020). Furthermore, caveats specific to CRISPR/Cas 

systems include low correction efficiency, relatively high insertion or deletion (indel) 

frequency and the risk of off-target effects (Vu and McCray, 2020). In vivo mouse studies 

that use HDR-mediated repair demonstrate very low efficiency of CRISPR/Cas gene 
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editing in the lung (Platt et al., 2014).  However, recent advancements in CRISPR/Cas9 

systems, such as base editing (Rees and Liu, 2018) and prime editing (Anzalone et al., 

2019), that involve modified Cas9 endonucleases, allow for precise gene editing at a 

higher correction efficiency and lower indel and off-target frequencies than gene editing 

mediated by HDR.  

 

Another therapeutic approach that has yet to be explored in the context of ABCA-3 

deficiency is antisense therapy. Antisense therapy involves the modulation of gene 

expression through the administration of antisense oligonucleotides (AOs): short, single 

strands of nucleic acid that bind with high affinity and specificity to a molecular target in 

precursor mRNA (Aartsma-Rus et al., 2009). Over the past 10 years, a number of AOs 

have been approved for clinical use to treat genetic disease including Mipomersen for 

familial hypercholesterolemia (Raal et al., 2010),   Nusinersen for spinal muscular atrophy 

(SMA) (Mercuri et al., 2018) and Eteplirsen (Syed, 2016) and Golodirsen (Frank et al., 

2019) for Duchenne muscular dystrophy (DMD). Importantly, AOs can also be tailored 

to a patient’s genetic sequence to specifically target the patient’s molecular defect for 

patient-customised therapy, which has recently been performed for a child with a rare 

neurodegenerative disease, neuronal ceroid lipofuscinosis 7 (Kim et al., 2019). In a rare 

disease, such as ABCA-3 deficiency, where mutations are often private with low 

frequencies of specific mutations in the patient population, a therapy that targets the 

patient’s specific mutation is particularly attractive. Depending on the nature of the 

mutation, a variety of AO splice correcting strategies could be utilised in the attempt to 

restore protein function and attenuate disease. For example, to target splice mutations 

such as c.1112-20 G>A, c.1742-10 T>A, c.3862+4 A>T, IVS-98T (Agrawal et al., 2012; 

Wambach et al., 2014), AOs could be used to sterically block aberrant splice sites to 

inhibit abnormal splicing. Depending on how the specific mutation alters splicing, AOs 

could be designed to supress cryptic splice sites or silence adjacent silencer elements to 

promote exon inclusion, much like the mechanism of action of Nusinersen for SMA (Hua 

et al., 2008). Alternatively, for disease associated with loss of function of ABCA-3, AOs 

could be used to skip exons containing frameshift or nonsense mutations to restore the 

open reading frame.  
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Splice modulation strategies may only be appropriate for some patients with ABCA-3 

deficiency and so it is important to have a cell model-based system to identify patients 

that would be amenable to AO therapy and to screen potential AOs to determine their 

splice-switching capacity. As ABCA3 expression is detectable in primary nasal epithelial 

cells, this cell model could be utilised to initially identify patients with splicing defects 

and to subsequently screen AO candidates to determine their effects on exon splicing by 

characterising RT-PCR products. In the preclinical development of AOs for ABCA-3 

deficiency, it would also be important to confirm whether AO-induced modulation of pre-

mRNA processing translates to the protein level and to evaluate whether ABCA-3 

function is restored and to what degree. However, as discussed in Chapter 3, there are 

limitations to the use of commercially available ABCA-3 antibodies for the purposes of 

western blotting to quantify protein expression in primary nasal epithelial cells following 

AO treatment. Furthermore, a suitable functionality assay would need to be validated 

prior to this point. If endogenous ABCA-3 expression is simply not high enough in 

primary nasal epithelial cells to obtain reliable protein and functional readouts, the 

effectiveness of candidate AOs would need to be confirmed using alternative models.  

 

6.2.4. Are there other donor-derived cell culture models that 

can be explored in the context of ABCA-3 deficiency? 

Further optimisation of the alveolosphere model could lead to a validation tool for 

screening potential therapeutics, such as AOs or small molecule correctors. However, the 

complexity of the model and the variability in differentiation efficiency limits its 

application as a tool for validation. A primary nasal epithelial cell model, which has been 

differentiated into a mucociliary phenotype, may be one alternative cell-based model that 

may be worth investigating in future work. Phospholipid-containing multilamellated 

structures similar to the lamellar bodies found in type II alveolar cells have been 

specifically identified in ciliated epithelial cells in the nasal mucosa (Svane-Knudsen et 

al., 1990). Primary nasal epithelial cells can be used to recapitulate the human nasal 

epithelium in vitro under air-liquid interface (ALI) conditions, which enables the 

differentiation of ciliated and mucus-producing cells (Müller et al., 2013). Kim et al. 

(2007) also demonstrated that expression of surfactant proteins SP-A2, SP-B and SP-D 

increased in response to mucociliary differentiation. Whether ABCA-3 expression 

increases as a function of mucociliary differentiation is unknown. It would be interesting 

to investigate if the multilamellated bodies observed in ciliated nasal epithelial cells in 
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human nasal mucosa can be identified in differentiated cultures at ALI at a comparable 

abundance to type II alveolar cells, and whether ABCA-3 can be localised to these 

structures. Furthermore, to determine whether the nasal epithelial ALI culture system 

could model other aspects of surfactant biology, it would be of value to characterise the 

phospholipid and surfactant protein composition in apical secretions from nasal epithelial 

ALI cultures. While there are still difficulties in standardising nasal epithelial cell 

differentiation procedures and variability in differentiation outcomes between donors 

(Luengen et al., 2020), compared to multistage differentiation protocols required for 

alveolosphere differentiation from iPSCs, deriving fully-differentiated cultures from 

isolated nasal epithelial cells would be relatively straightforward. Importantly, 

conditionally reprogrammed airway epithelial cells derived from nasal brushings and 

seeded on Transwell inserts can be differentiated into a mucociliary phenotype 

maintained at ALI (Martinovich et al., 2017). Additionally, the extended culture period 

required for complete differentiation of ALI cultures may allow for any residual irradiated 

fibroblast cells to die out, circumventing the issue of feeder cell contamination. Moreover, 

as discussed in Chapter 3, feeder-free systems that avoid the use of feeder cells altogether, 

while still maximising the expansion of primary epithelial cells, may be the way forward 

for primary nasal epithelial cell culture (Mou et al., 2016; Zhang et al., 2018; Dale et al., 

2019; Lu et al., 2020). If it can be shown that ABCA-3 is expressed endogenously at a 

higher level in the differentiated nasal cell culture system and is localised to intracellular 

vesicles where it has transporter activity, it may be possible to adapt previously described 

functionality assays to the nasal ALI model.  

 

6.2.5. What are the limitations for the use of donor-derived cell 

culture models? 

Donor-derived cells used to model ABCA-3 deficiency, whether it be primary type II 

alveolar cells obtained from biopsy tissue or surrogate models such as primary nasal 

epithelial cells or iPSC-derived alveolospheres like in the current project, all rely on 

access to patients with the disease to establish cell cultures. In contrast, heterologous 

systems rely on viral or plasmid constructs engineered to contain variant ABCA3 cDNA 

without needing any source material from patients other than their genetic information. 

In a rare disease like ABCA-3 deficiency where a small number of patients are 

geographically dispersed over many continents, logistical challenges arise when it comes 

to obtaining samples from patients to derive cell cultures. To generate a sizeable cohort 
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of patients with ABCA-3 deficiency, an indeterminate number of sites would need to be 

involved internationally. Naturally, sampling would need to occur in the location of the 

patient’s city of residence, which necessitates the need for a multi-centre study. As such, 

differences in ethics and governance frameworks between countries would need to be 

accounted for. Additionally, the sites would be required to have associated facilities 

suitable for the initial sample processing and cryogenic storage of isolated cells. The 

specific materials required for sampling and processing would also need to be available 

at each site. Trained personnel tasked with obtaining the samples from patients as well as 

laboratory processing would need to be involved. Additionally, in the current global 

climate of the COVID-19 pandemic, increased restrictions on the transport of biological 

specimens would impact the transfer of cell samples to centralised laboratories to 

establish cell cultures. Furthermore, the risk for harbouring SARS-CoV-2 in respiratory 

cell samples would need to be mitigated by implementing screening regimens for the 

detection of viral RNA prior to establishing cell cultures.  

 

In the timeframe of the current project, there were only three children in Western 

Australia with ABCA-3 deficiency, two of which were from the same family. Attempts 

to identify suitable participants with ABCA-3 deficiency from the rest of Australia to 

expand the patient cohort were not successful. There are very few individuals in Australia 

currently living with ABCA-3 deficiency and no new diagnoses have been made over the 

past four years. Consequently, small patient numbers were a limitation of the current 

project. In order to develop a proof of principle for the use of donor-derived cell culture 

platforms to model ABCA-3 deficiency in vitro, expanding recruitment internationally 

for access to more individuals with the disease would be beneficial. Alternatively, for 

purposes of developing a proof of principle for the use of donor-derived cell culture 

models with endogenous expression levels of ABCA3, work could focus on precise gene-

editing strategies using CRISPR-Cas9 technology to generate isogenic cell cultures for 

specific patients by correcting the particular mutation in the patient’s cells in vitro. The 

differences in ABCA-3 function between the two patient-specific, isogenic cell cultures 

could then be characterised. Previous work in iPSC-derived alveolospheres has described 

the use of gene-editing to develop isogenic culture models from a patient with SP-B 

deficiency (Jacob et al., 2017). While there are no reports of using CRISPR-Cas9 gene 

editing in conditionally reprogrammed epithelial cells, the technology has been 

successfully used to generate knock-out cell culture models (Chu et al., 2015).  
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There is an incontrovertible, unmet need for the development of therapeutics for people 

with ABCA-3 deficiency. While ABCA-3 deficiency may be a disease that affects a small 

number of people across the globe, rare disease collectively represents a considerable 

public health issue worldwide. The impact of rare disease on patients, their families, 

communities and health systems should not be understated. Government programs and 

initiatives do exist to support research into rare diseases, such as those under the National 

Strategic Action Plan for Rare Diseases in Australia. However, like most grant schemes 

in medical research, funding opportunities are competitive, which is compounded by the 

fact that there are more than 7000 rare diseases that are life threatening or chronically 

debilitating. For research and therapeutic development for ABCA-3 deficiency to be 

prioritised, community engagement is key with advocacy from patient interest groups, 

clinicians, researchers and foundations, such as the chILD Foundation. As stated above, 

conducting research across multiple nations is essential to advance the field in ABCA-3 

deficiency and is accompanied by its associated challenges. Ultimately, if donor-derived 

cell culture platforms are to be of use in future for the development of personalised 

therapeutics for ABCA-3 deficiency, there would need to be a great emphasis on 

international collaboration, data sharing, harmonisation of processes and procedures, 

maintenance of up-to-date patient registries, and open-source repositories of banked 

patient cell lines derived using standardised methodologies.  A collective, coordinated 

approach is the best way for researchers in the field to expedite therapeutic development 

and translation into clinical care for patients with ABCA-3 deficiency.  

 

6.3. Final conclusions  

While the cell culture platforms described in this thesis have limited phenotypic 

similarities with primary type II alveolar cells, they still may be useful to model ABCA-

3 deficiency for purposes of drug discovery in the future. Primary nasal epithelial cells 

express ABCA3 at a gene and protein level and may reproduce some features of surfactant 

biology. Therefore, primary nasal epithelial cells could be used as an initial screening tool 

to identify candidate molecular therapies such as AOs for antisense therapy. Whether the 

doxorubicin detoxification assay is suitable as an assay to assess ABCA-3 function in the 

primary nasal epithelial cell culture model remains unclear. A robust functionality assay 

is essential to assess the therapeutic potential of drug candidates. Future work will need 

to determine if endogenous expression of ABCA-3 is high enough in the primary nasal 
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epithelial cell model for a reliable functionality assay to be developed. While ABCA3 was 

expressed in alveolospheres, the limited biological relevance to primary type II alveolar 

cells was overshadowed by limitations in reproducibility and cost-effectiveness of the 

model. Further optimisation of the directed differentiation procedure is required before 

the alveolosphere model’s full potential can be realised. Donor-derived cell culture 

models offer a unique point of difference compared to heterologous expression systems 

to generate personalised disease models and recapitulate ABCA-3 deficiency in vitro. 

However, it is evident that the cell culture platforms investigated in this thesis need further 

validation and optimisation before they can be used to assess the potential of drug 

candidates for clinical translation. In the meantime, heterologous expression models may 

be the best way forward in the development of therapeutics for ABCA-3 deficiency.   



 

 

 

APPENDIX I 

Ethics approvals for the collection of human samples  
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APPENDIX II 

Cytogenetics reports for iPSC clones derived for the current project  
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APPENDIX III 

Additional images for primary nasal epithelial cell immunostaining  
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Figure C.1. Expression of ABCA-3 in primary nasal epithelial cells. Protein 

expression of ABCA-3 was determined in formaldehyde-fixed primary nasal cells 

cultured in chamber slides and visualised by fluorescent microscopy at 100 and 400 

total magnification. Expression of ABCA-3 was detected in primary nasal epithelial cells 

with a diffuse pattern of expression in the cytoplasm. Intensity in ABCA-3 antibody 

staining varied between cells within the same culture. Expression of ABCA-3 also varied 

across cell cultures from different donors. DAPI was used as a nuclear stain. Images 

shown supplement those from Donor 1 in Figure 3.7.  Scale bar 100 µm (100 

magnification) or 50 µm (400 magnification) 
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Figure C.2. Expression of surfactant proteins and their precursors in primary 

nasal epithelial cells. Protein expression of SP-B, proSP-B, SP-C and proSP-C was 

determined in formaldehyde-fixed primary nasal epithelial cells cultured in chamber 

slides and visualised by fluorescent microscopy at 100 total magnification. A 

secondary antibody conjugated to AF-555 was used to detect primary antibodies bound 

to SP-B, proSP-B, SP-C and proSP-C. All protein targets were detected in the cytoplasm 

of primary nasal epithelial cells with a diffuse cytoplasmic pattern of expression. Some 

cells stained more intensely than others within the same cell culture. Expression of 

surfactant proteins and their precursors also varied across cell cultures from different 

donors. DAPI was used as a nuclear stain. Images shown supplement those from Donor 

1 in Figure 3.8. Scale bar 100 µm. 



 

 

 

 

APPENDIX IV 

Western blotting to detect ABCA-3 expression  
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Sample MCF7 ML 1 ML 2 ML 3 

Lysis buffer CEB CEB CEB CEB 

Protein load 10 µg 10 µg 10 µg 10 µg 

Antibody ABCA3 1 ABCA3 1 ABCA3 1 ABCA3 1 

Dilution 1:1000 1:1000 1:1000 1:1000 

Sample ML 1 ML 1 ML  4 ML  4 

Lysis buffer CEB CEB T-X T-X 

Protein load 10 µg 40 µg 10 µg 40 µg 

Antibody ABCA3 2 ABCA3 2 ABCA3 2 ABCA3 2 

Dilution 1:500 1:500 1:500 1:500 

ML 1 ML 1 ML  4 ML  4 

CEB CEB T-X T-X 

10 µg 40 µg 10 µg 40 µg 

ABCA3 3 ABCA3 3 ABCA3 3 ABCA3 3 

1:500 1:500 1:500 1:500 
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Figure D.2. Western blotting to detect ABCA-3 protein in mouse lung 

homogenates. Mouse lungs were homogenised on ice in either CEB (refer to 2.3.19) or 

Triton-X lysis (refer to 2.3.20) protein extraction buffer and the sample supernatant used 

to detect ABCA-3 by western blot with standardised protein loading. Three different 

ABCA-3 antibodies were trialled to probe the membrane: WRAB-70565, Seven Hills 

Bioreagents (ABCA3 1); PA5-68105, Invitrogen (ABCA3 2) and PA5-103632, 

Invitrogen (ABCA3 3). Protein bands labelled with the ABCA-3 antibodies were 

visualised using the 800 nm channel (green). Protein bands labelled with a β-actin 

antibody were visualised using the 700 nm channel (red). No bands corresponding to 

170 kDa or 190 kDa forms of the ABCA-3 protein were detected using any of the 

antibodies tested. Multiple bands at other molecular weights were identified using the 

ABCA-3 antibodies. Modifying conditions by running non-reduced samples or reducing 

methanol concentration in the transfer buffer did not change antibody staining pattern 

on the membrane (data not shown). T-X: Triton-X lysis buffer; CEB: cell extraction 

buffer; ML: mouse lung.  
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