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Development of an in vitro human lung organoid system 
to study alveolar type 2 stem cell maintenance and 
dysfunction during disease  
Kelly Victoria Evans 

 

ABSTRACT 

 

The human adult distal lung parenchyma is maintained by alveolar type 2 (hAT2) cells that 

have the ability to self-renew and differentiate into alveolar type 1 (hAT1) cells, a critical 

cell type involved in gas-exchange. Cellular damage within the alveoli can lead to severe 

lung dysfunction, and major alveolar defects are characteristic of a number of incurable 

lung diseases, including Idiopathic pulmonary fibrosis (IPF). The appearance of aberrant 

cell types within disease-associated honeycomb regions of the distal lung are a hallmark of 

human IPF. However, the role of hAT2 cells in IPF development has not been fully 

explored, partially due to current in vitro human alveolar models failing to maintain hAT2 

identity, limiting their study. Therefore, development of alternative platforms are essential 

for elucidation of hAT2 maintenance during alveolar homeostasis and their potential 

dysfunction during disease.   

 

Utilising primary adult hAT2 cells isolated from human distal lung samples, I successfully 

developed and characterised a novel in vitro 3D organoid platform that allowed for long-

term hAT2 maintenance in chemically-defined conditions. Cultured hAT2-derived 

organoids underwent clonal expansion, were functionally mature and exhibited 

maintenance of differentiation capacity. High Wnt signalling and FGF7 presence were 

found to be essential for primary hAT2 self-renewal, while reduction of Wnt signalling led 

to hAT1 differentiation. To understand hAT2 dysregulation during disease, hypoxia was 
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used to mimic an aspect of the IPF lung environment. Culture of healthy hAT2 cells in 

hypoxic conditions resulted in aberrant differentiation of hAT2 cells to SOX2-expressing 

airway-like cells. These cells exhibited higher proliferative capacity than normal hAT2 

cells, with inhibition of Notch signalling resulting in a reduction in both the number of 

proliferative cells and SOX2+ organoids, indicating that hypoxia-induced induction of 

SOX2 in hAT2 cells may function through Notch signalling. Similar cells were also 

identified in honeycomb regions of human IPF patient lungs, implicating the hAT2 cell 

population as a potential origin for the ‘bronchiolisation’ observed in distal IPF lungs.   

 

My results indicate that functional adult-derived hAT2 cells can be maintained long-term 

as 3D organoids in chemically-defined conditions. This novel culture system can be utilised 

to better understand both normal physiological and dysfunctional hAT2 stem cell 

behaviour. In addition, my data suggest that aberrant activation of signalling pathways 

implicated in IPF, such as hypoxia and Notch signalling, may function in causing incorrect 

hAT2 cell differentiation to airway-like cells. This could ultimately lead to a loss of correct 

alveolar stem cell maintenance, and a decline in lung function, both of which are observed 

in progressive, chronic lung diseases such as IPF. 
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CHAPTER 1  

 

Introduction 

 
The lungs are a complex and beautiful system of branching tubes that lead down to around 

400 million alveoli whose primary function is gas-exchange (Ochs et al., 2004). The 

delicate structure of the alveoli has made them prone to damage, and as such they are 

considered as the main site for a host of lung diseases including developmental 

bronchopulmonary dysplasia (BPD) and Idiopathic pulmonary fibrosis (IPF; Barratt et al., 

2018; Bourbon et al., 2005; Davidson and Berkelhamer, 2017; Jobe and Ikegami, 1998; 

Jobe et al., 2008; Parimon et al., 2020; Wu et al., 2018). Despite this, little is known about 

the maintenance of the human alveolar epithelium, in part due to a lack of relevant in vitro 

models. The development of such models would not only improve our understanding of 

the mechanisms governing alveolar maintenance during both regeneration and disease, but 

could also aid in the discovery of improved therapeutics for the treatment of chronic lung 

diseases.   

 

In this chapter, I will outline the structure, function and cellular composition of the human 

lungs. I will then go on to describe what is currently known about the signalling pathways 

and mechanisms involved in mouse lung development and how similar developmental 

programmes are activated upon injury. Specifically, I will be focussing on describing the 

development and composition of the alveoli, part of the functional unit of the lungs that 

facilitates gas exchange, and describe how this relates to the limited knowledge we have 

for human development and lung maintenance. Finally, I will address what is currently 

known about the incurable disease IPF in terms of pathogenesis and clinical presentations, 
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and will discuss current in vivo and in vitro models that have been utilised to better 

understand alveolar maintenance. To avoid confusion, the following work will mainly 

focus on aspects of the human lung. For cases in which the majority of our knowledge 

comes from mouse models, appropriate comparisons between the human and mouse system 

will be made. There have been tremendous efforts made in elucidating stem cell identity, 

regulation and developmental processes in both the mouse and human lung. Although I will 

provide a thorough overview of the relevant studies, I apologise to all the authors of the 

excellent works I could unfortunately not include in this discussion.  

 
 
1.1. Physiology, structure and function of the human lung  
 
The human respiratory system consists of a complex, 3-dimensional tree-like structure that 

begins with a single proximal trachea that branches out into two mainstem bronchi, 

followed by further branching into respiratory bronchioles that eventually terminate in 

millions of delicate, gas-exchanging alveolar sacs at the distal end (Figure 1.1; Hogan et 

al., 2014). The lungs are located either side of the thorax and in humans are divided into 

five lobes by fissures; two lobes on the left to accommodate space for the heart and three 

on the right.  The primary function of the lungs is gas exchange between the air and the 

blood, and this is mediated by the alveoli which are arranged by acini and located within 

the distal parenchyma (Knudsen and Ochs, 2018). The alveoli, along with the bronchi, 

bronchioles, alveolar ducts and alveolar sacs make up the functional unit of the lungs. 

While the trachea and mainstem bronchi are anchored by cartilage, the alveoli are 

surrounded by the interstitium that contains blood vessels and cells of the extracellular 

matrix (ECM) that supports alveolar structural integrity and function (Knudsen and Ochs, 

2018). The structure of each compartment of the lung differs, with the trachea and bronchi 

being lined with a pseudostratified columnar ciliated epithelium, while the bronchioles are 

lined by simple columnar cuboidal epithelium. On the other hand, the alveoli possess a 

lining of mainly thin squamous epithelium (Hogan et al., 2014).  

 

 

1.2. The lung during homeostasis    
 

The lungs are made up of a plethora of cell types that differ along the proximo-distal axis, 

with each having its own specific function in the maintenance of proper lung homeostasis 
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(Figure 1.1). The lack of specific human cell surface markers and incomplete 

characterisation of the human lung has made it difficult to identify and fully characterise 

specific cell types and stem/progenitor populations. However, comparison with mouse 

lungs and the recent advent of single-cell RNA sequencing (scRNA-seq) analyses has 

improved our knowledge of cellular identities and cell-specific proteins and markers (Table 

1.1). Furthermore, optimisation of in vitro cultures of human cells have permitted the study 

of putative stem cell populations in the human lung, allowing for comparison with findings 

from in vivo mouse models (Figure 1.2). These cell types include basal, secretory cells, 

(including secretory club cells) and ciliated cells in the epithelium of the trachea and 

bronchiolar regions, while alveolar type 1 (hAT1; AT1 for mouse and rat) and alveolar type 

2 cells  (hAT2; AT2 for mouse and rat) exist in the alveoli.  

 

 
Figure 1.1. Structure and cellular composition of the human lung. 
Schematic illustrating the structure and cellular composition of the human lung along the proximo-distal axis 

(bronchiolar-alveolar). Featured cell types have been described in a number of major studies involving both 

histological analysis, comparison with mouse lungs and single-cell RNA sequencing (scRNA-seq; Hogan et 

al., 2014; Travaglini et al., 2020). Cells marked with a dotted line highlight putative populations that have 

been identified through scRNA-seq, but require further characterisation and phenotypic analysis. AT2-S 

(AT2-signalling) are a putative cell population that were identified on the basis of their expression of Wnt-

related transcripts in scRNA-seq studies (Travaglini et al., 2020). Adapted from Evans and Lee, 2020.  
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Table 1.1. Human lineage markers for lung epithelial cells.  

 

*Expressed in a subset of cells. Suggested lineage markers have not yet been fully validated. Adapted from 

Evans and Lee, 2020.  

 
 
 
 

Human 

epithelial 

cell type  

Established lineage 

markers  

Suggested 

lineage 

markers  

References  

Alveolar 

Type II 

(hAT2) 

ABCA3, HTII-280, 

LAMP3, LPCAT1, 

SFTPC, SFTPA, SFTPB, 

SFTPD 

*TM4SF1, 

MUC1 

Barkauskas et al., 2013; 

Chen et al., 2017; Gonzalez 

et al., 2010; Jacob et al., 

2017; Jacob et al., 2019; 

Nikolić et al., 2017; 

Travaglini et al., 2020; 

Yamamoto et al., 2017; 

Zacharias et al., 2018 

Alveolar 

Type I 

(hAT1) 

AGER, AQP5, CAV-1, 

HOPX, HTI-56, PDPN 

IGFBP2, 

CLIC5 

Nikolić et al., 2017; 

Travaglini et al., 2020; 

Wang et al., 2018 

Basal  KRT5, *KRT14, 

*NGFR, TP63, PDPN 

KRT15, 

KRT17, 

DAPL1 

Rock et al., 2009; Teixeira 

et al., 2013; Travaglini et 

al., 2020 

Secretory 

club  

*PLUNC, SCGB1A1, 

*SCGB3A1, *SCGB3A2 

CCKAR, 

CYP2F2 

Dye et al., 2016; Travaglini 

et al., 2020 

Ciliated  Acetylated tubulin, b3-

tubulin, FOXJ1 

TUBB1 Dye et al., 2016; Travaglini 

et al., 2020 

Goblet  MUC5AC, MUC5B, 

SPDEF 

 Travaglini et al., 2020 
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Figure 1.2. Cell lineage relationships during homeostasis for the mouse and human lung.  
Simplified schematic outlining major proposed cell lineage relationships for the mouse and human lung 

during homeostasis. Lineage-tracing studies in the mouse have identified putative stem/progenitor 

populations, while in vitro studies utilising human epithelial cells have suggested human lineages. Many other 

epithelial cell types are present within the lungs, but have been omitted for clarity. Dotted arrow represents 

possible lineage elucidated from in vitro findings. Many works have contributed to the discovery of these 

lineage relationships, including Barkauskas et al., 2013; Choi et al., 2021; Hogan et al., 2014; Rawlins et al., 

2009a; Rock et al., 2009; Watson et al., 2015. 



 27 

1.2.1. Major cell types of the human airway epithelium   

1.2.1.1. Basal cells 

Cuboidal basal cells are present throughout the trachea, bronchi and bronchioles, where 

they reside at the base of the epithelium, attached to the basement membrane but not 

extending into the luminal space (Figure 1.1.; Hogan et al., 2014). Unlike in the mouse, 

where basal cells are confined to the trachea and mainstem bronchi, basal cells in the human 

lung extend more distally, reaching as far as the respiratory bronchioles, although their 

numbers decrease with increasing distance (Rock et al., 2009). The presence of basal cells 

in the human respiratory bronchioles suggests that these cells may have a human-specific 

function, although this has not yet been identified. Basal cells are defined by their 

expression of markers including Tp63/TP63 and cytokeratin 5 (Krt5/KRT5). Lineage-

tracing studies in the mouse under homeostatic conditions have revealed that basal cells act 

as a stem cell population by self-renewing and differentiating into secretory cells (Rock et 

al., 2009). Utilizing a Krt5-CreER transgenic mouse line, basal cells were genetically 

labelled and traced during normal homeostasis, where they were shown to give rise to 

ciliated and secretory club cells in both the adult lung and during postnatal development 

(Rock et al., 2009). More recently, adult mouse basal cells have also been shown to produce 

neuroendocrine cells in vivo (Watson et al., 2015). It has also been suggested that mouse 

basal cells consist of two populations; classical basal cells which possess the capacity for 

self-renewal, and basal-luminal progenitors that have lost their self-renewal capacity and 

are committed to a luminal fate (Watson et al., 2015). Similarly, basal cells from the human 

lung have also been defined as stem cells, owing to their ability to self-renew and 

differentiate in vitro (Hynds et al., 2016; Rock et al., 2009). FACS-enrichment of TP63+ 

human basal cells using the markers NGFR and ITGA6 and subsequent 3D culture resulted 

in the formation of bronchospheres, containing basal, luminal and ciliated cells, 

demonstrating that human basal cells function as stem cells in vitro (Rock et al., 2009). 

More recent studies have also demonstrated that human basal cells can self-renew and 

differentiate in culture (Hynds et al., 2016; Sachs et al., 2019). The observation of the same 

somatic mitochondrial mutations in clones of epithelial human airway cells has also 

suggested that human basal cells may be multipotent in vivo (Teixeira et al., 2013).  

Furthermore, basal cell heterogeneity has been identified in human lungs, with only a 

subset of KRT5+ basal cells expressing the nuclear transcription factor TP63. These cells 

are suggested to be parabasal ‘intermediate’ cells that express markers of basal and luminal 
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cells (KRT5+ TP63- KRT8+) and are found in both human and mouse lungs (Hynds and 

Janes, 2017).  

 

1.2.1.2. Secretory cells  

Two major secretory cell types exist within the pulmonary epithelium, the aforementioned 

secretory club cells (formerly known as Clara cells) and goblet cells (Wansleeben et al., 

2013). Secretory club cells are non-ciliated cells that secrete several distinctive proteins, 

including the surfactant proteins A, B and D, and SCGB1A1, which is alternatively referred 

to as ‘club cell secretory protein’ or ‘uteroglobin’ (Singh and Katyal, 2006). In the mouse, 

club cells are more common, whereas goblet cells are enriched in human airways (Mercer 

et al., 1994, as cited by Nikolić et al., 2018). While basal cells have been defined as stem 

cells of the proximal airways at homeostasis, their absence from mouse bronchioles 

indicates an alternative cell source for airway maintenance. This led to the discovery that 

Scgb1a1+ secretory club cells act as a stem cell population in the proximal and distal 

bronchioles, due to their ability to self-renew and differentiate into ciliated cells (Rawlins 

et al., 2009a). Meanwhile, genetic lineage tracing studies in the mouse have highlighted 

that Scgb1a1+ secretory club cells in the trachea mainly act as a transit-amplifying 

population during homeostasis, dividing only for a limited time, with basal cells existing 

as the primary stem cell as previously described (Rawlins et al., 2009a; Rock et al., 2009; 

Watson et al., 2015). It is currently unknown whether human club cells differ between the 

trachea and more distal bronchioles. Secretory club stem cell capacity has also been 

observed in vitro upon culturing human or mouse secretory club cells in chemically-defined 

conditions (Choi et al., 2021). In contrast, goblet cells are responsible for the production of 

mucus, which lines the airways and traps pathogens and particulates, and are not thought 

to possess stem cell capacity.   

 

1.2.1.3. Ciliated cells, neuroendocrine cells and minor cell types 

Ciliated cells are the most abundant cell type of the human pulmonary epithelium and 

comprise a columnar shape (Davis and Wypych, 2021). Transcriptional analysis of healthy 

human lungs using scRNA-seq has identified at least two subtypes of ciliated cells based 

on their molecular profiles (Travaglini et al., 2020). They function in moving mucus, 

microbes and debris out of the airways towards the nasal passage. In addition, ciliated cells 

are considered to be terminally-differentiated in the mouse, with the same likely applying 
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to the human (Rawlins and Hogan, 2008). On the other hand, rare cell types also exist, 

including pulmonary neuroendocrine cells, which are present at higher frequencies in 

mouse lungs versus human lungs, tuft cells and CFTR-expressing pulmonary ionocytes 

(Montoro et al., 2018; Plasschaert et al., 2018).  

 

1.2.2. Major cell types of the human alveolar epithelium  

1.2.2.1. Alveolar type 2 cells  

hAT2 cells  are the major epithelial cell type of the distal alveoli, although due to their 

cuboidal nature they only comprise approximately 5-10% of the alveolar epithelial surface 

area (Crapo et al., 1982 and Haies et al., 1981, as cited by Penkala et al., 2021). hAT2 cells 

are located within the alveolar corner and are responsible for the biosynthesis and secretion 

of pulmonary surfactant, a complex mixture of phospholipids and proteins which is vital 

for the maintenance of low alveolar surface tension (Crapo et al., 1982, as cited by Nikolić 

and Rawlins, 2017). A low surface tension is required to prevent the thin and delicate 

alveoli from collapsing upon themselves during exhalation. Surfactant is synthesised in the 

endoplasmic reticulum (ER) and stored within lamellar bodies, acidic secretory organelles 

that exist within hAT2 cytoplasm (Beers and Moodley, 2017). hAT2 cells are considered 

to act as defenders of the alveoli, with additional functions including a role in the innate 

immune response and secretion of antimicrobial and anti-inflammatory substances 

(Wright, 2005). Furthermore, multiple studies have highlighted that at least a proportion of 

hAT2 cells act as a stem cell population, having the ability to both self-renew and 

differentiate into hAT1 cells (Barkauskas et al., 2013; Desai et al., 2014; Evans et al., 1973; 

Frank et al., 2016; Nabhan et al., 2018; Travaglini et al., 2020; Zacharias et al., 2018). 

Isolation of AT2 cells from the mouse has involved the use of cell surface marker 

combinations, such as Epcam+ Sca1- or fluorescent reporters including Sftpc-tdTomato 

(Barkauskas et al., 2013; Lee et al., 2014). Meanwhile, hAT2 cells have been more difficult 

to specifically isolate from human lungs, although recent efforts have included use of the 

surface marker HTII-280 (Gonzalez et al., 2010).  

 

Under normal homeostasis, AT2 cells have been shown to be relatively quiescent, with 

turnover in a Wnt-responsive Axin2+ subset approximately once every four months in the 

mouse (Nabhan et al., 2018). However, it is not clear whether AT2 cell heterogeneity arises 

as a result of intrinsic potential or microenvironmental regulation. The localisation of many 



 30 

Axin2+ AT2 cells next to single fibroblasts expressing Wnt genes suggests that it could be 

an environmental effect (Nabhan et al., 2018). However, a Wnt-responsive HTII-280+ 

TM4SF1+ sub-population of hAT2 cells representing 29% of total hAT2 cells from primary 

human lungs demonstrated increased responsiveness to Wnt modulation when compared 

to bulk HTII-280+ hAT2 cells in vitro (Zacharias et al., 2018). Additionally, depletion of 

the TM4SF1+ subset from hAT2 cells severely diminished in vitro organoid formation. This 

work suggested that hAT2 cells within adult human lungs exhibit transcriptional and 

functional heterogeneity. However, while the Axin2+ subset of AT2 cells in adult mouse 

lungs is well described, there are conflicting reports as to how much heterogeneity exists 

in the hAT2 population of the adult human lung. Reyfman et al. proposed that adult hAT2 

cells are a relatively homogenous population, as scRNA-seq failed to identify a subset of 

hAT2 cells enriched for AXIN2 or TM4SF1(Reyfman et al., 2019). However, the same 

study also failed to identify AT2 heterogeneity in the normal mouse lung, which may be 

due to sample preparation or sequencing depth. In contrast, a separate scRNA-seq study of 

healthy adult  human lungs revealed heterogeneity in the hAT2 population, with the 

identification of a distinct cluster of hAT2 cells, termed hAT2-signalling, that selectively 

expressed Wnt-related genes (Travaglini et al., 2020). Furthermore, a number of studies 

utilising induced pluripotent stem cell (iPSC)-derived hAT2 cells have observed TM4SF1 

in their cultures, although one study identified increased expression upon induction of a 

KRAS mutation, suggesting potential regenerative capacity upon damage (Dost et al., 2020; 

Schruf et al., 2020). Full validation and phenotypic analysis of these populations is required 

in order to understand their exact role in lung maintenance. The composition of the mouse 

and human alveoli is outlined in Figure 1.3.  

 

1.2.2.2. Alveolar type 1 cells  

While hAT2 cells are considered to make up the highest proportion of total epithelial cells 

in the human alveoli, it is the hAT1 cell population that comprises ~96% of the alveolar 

epithelial surface area due to their thin, squamous structure (Crapo et al., 1982 and Haies 

et al., 1981, as cited by Penkala et al., 2021). Their thin cytoplasmic extensions allow for 

easier gas permeability with the underlying capillaries, and thus hAT1 cells are vital for 

proper gas-exchange . Under normal homeostasis in the mouse, it is not thought that AT1 

cells possess the ability to self-renew in vivo, and it is likely that the same applies to the 

human (Hogan et al., 2014). Instead, they are replaced via differentiation of hAT2/AT2 
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cells (Barkauskas et al., 2013). However, limited studies in the rat have indicated that AT1 

cells have proliferative capacity and exhibit cellular plasticity in vitro (Gonzalez et al., 

2009). The same finding has yet to be observed in the human.  

 

1.2.3. Fibroblast and immune cell populations of the human alveoli  

In addition to cells of the epithelium, multiple other cell types including fibroblasts, 

immune cells and cells of the vasculature are present throughout the lungs. The lung 

mesenchyme is an important source of specification signals. A lack of defined markers has 

made it difficult to prise apart the cellular diversity of the lung mesenchyme in both the 

human and the mouse. However, recent advances in scRNA-seq technology have begun to 

elucidate specific mesenchymal populations. In the proximal lung, myofibroblasts and 

previously undescribed fibromyocytes, a population of fibroblasts that exhibit high 

expression of contractile genes have been identified through scRNA-seq analyses of human 

donor lungs (Travaglini et al., 2020). Meanwhile, in the alveoli at least two main types of 

fibroblast have been found to exist; alveolar fibroblasts and lipofibroblasts. However, it has 

been debated whether lipofibroblasts truly exist within human lungs, and the exact role of 

both cell types remains to be defined (Rehan et al., 2006; Tahedl et al., 2014). Recent 

studies employing scRNA-seq analyses have identified additional populations of 

fibroblasts based on their transcriptional signatures (Travaglini et al., 2020). These include 

two subpopulations of COL1A1+ fibroblasts; alveolar fibroblasts and adventitial fibroblasts 

which are found localised to vascular adventitia. However, these cell types, along with 

other components of the human lung mesenchyme await detailed characterisation and 

phenotypic analysis. Components of the immune system also make up the human lung 

parenchyma. Alveolar macrophages (AMs) comprise more than 95% of phagocytes in the 

alveoli during steady state and are located on the luminal surface of the alveolar epithelium 

(Balhara and Gounni, 2012; Evans and Lee, 2020; Guilliams et al., 2013; Sibille and 

Reynolds, 1990). They are responsible for clearing surfactant and protecting against 

pathogens, acting as the first line of defence. In healthy human lungs, scRNA-seq has 

revealed heterogeneity in the AM population, with at least two types present in the normal 

adult lung based on their proliferation status (Travaglini et al., 2020).  
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Figure 1.3. Mouse-human differences in cellular composition of the lung alveoli. 
Schematic illustrating the differences in structure and cellular composition of the human and mouse distal 

lung alveoli. Human and mouse lung diagrams are not to scale. Cells types outlined with a dashed line have 

been identified based on their transcriptional signature obtained from scRNA-seq studies, but await 

phenotypic analysis (Travaglini et al., 2020). Image was created by me and has been previously published 

(Evans and Lee, 2020).  

 
 
1.3. Lung development  
 

The majority of our current knowledge in regard to lung development has come from in-

depth studies of the mouse lung in vivo, particularly late stage alveologenesis, due to the 

inability to study human-derived tissue from late-stage embryonic lungs. Therefore, this 

section will focus on the information we have garnered from mouse lung development, and 

how this relates to what we know of human-specific development. In particular, recent 

advances in in vitro culture of embryonic lungs has improved our understanding of various 

aspects of human lung development.  
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1.3.1. Mouse lung development  

In order to better understand lung stem cell maintenance and disease mechanisms, 

knowledge of lung development is required, and this information is often used in generating 

or improving in vitro lung models. Similar to the human, the mouse lung is made up of five 

individual lobes. However, their arrangement differs to that of the human, with four lobes 

on the right and one on the left. These lobes initially arise as two lung buds from Nkx2.1+ 

ventral anterior foregut endoderm during development, a process that is orchestrated by a 

number of signalling cues (Morrisey and Hogan, 2010). For example, Wnt and Bmp 

signalling have been shown to be required for specifying the Nkx2.1+ respiratory endoderm 

progenitors required for lung fate. Wnt2/2b combined null mutants fail to form the trachea 

or branching lung due to loss of Nkx2.1+ endoderm, while Bmp4 is required to repress the 

transcription factor Sox2, allowing further expression of Nkx2.1 in the presumptive lung 

endoderm (Goss et al., 2009). Lung development occurs in stages that most likely overlap 

to some extent (Nikolić et al., 2018; Figure 1.4). Lung specification begins at around 

embryonic day (E) 9.0 in the mouse (post-conception week [pcw] 4-7 in the human), 

leading to the formation of the trachea and two lung buds by E9.5, and complete separation 

of the trachea from the oesophagus by E12 (embryonic stage; Figure 1.4). During the 

pseudoglandular stage (E12 – E15) branching morphogenesis occurs, resulting in the 

formation of thousands of terminal airway branches from the two lung buds, which 

eventually narrow to form epithelial alveolar sacs at the canalicular (E15-E17) and saccular 

(E17 to birth) stages. Alveologenesis (birth to post-natal day [P] 20) follows, which allows 

full maturation of the alveolus and efficient gas-exchange. Throughout all stages, the lung 

mesenchyme develops alongside the endoderm, and provides the signalling cues and 

regulatory mechanisms required to promote branching and differentiation, highlighting the 

important crosstalk that occurs between the different cell types (Nikolić et al., 2018). Fgf10 

signalling in the mesoderm to Fgfr2 in the endoderm is essential for branching 

morphogenesis. Fgf10 is thought to be regulated by additional signalling pathways 

including Sonic hedgehog (Shh) and Bmp4 at specific regions of the distal lung 

mesenchyme. The Nkx2.1+ endoderm gives rise to both Sox2+ proximal progenitors and 

Sox9+/Id2+ distal progenitors, which eventually form the airways and distal alveoli 

respectively (Rawlins et al., 2009b). At E10-E15, cells exiting the distal tip turn off Sox9 

and upregulate Sox2, allowing cells to differentiate along bronchiolar lineages, while cells 

exiting the tip at E16-E18 turn off Sox9 and co-express markers of epithelial alveolar cells 
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(Nikolić et al., 2018). The development of the alveoli is critical, with lack of mature alveoli 

in premature human babies leading to the neonatal disease BPD (Davidson and 

Berkelhamer, 2017; Toti et al., 1997). Furthermore, even in adulthood, destruction of the 

alveoli due to a number of various diseases or environmental insults can have severe 

clinical implications, highlighting the importance in understanding alveolar development, 

maintenance and repair.   

 

 
Figure 1.4. Comparison of developmental stages in the human and mouse lung. 

Schematic outlining the approximate time frames for lung development stages in the human (post-conception 

weeks, pcw) and the mouse (embryonic day, E). Image obtained from Nikolić et al., 2018.  

 

 

1.3.2. Human lung development  

The difficulty in obtaining human lung tissue at particular developmental stages has made 

it challenging to understand human lung developmental processes, with many cellular and 

molecular findings still relying on mouse models. Although possessing the same general 

structure and function as the mouse lung, aspects of the human lung, including 

developmental processes, cell types and cellular arrangements display many clear 

distinctions. Like the mouse lung, the human lung arises from anterior foregut endoderm 

during development, although the timings of developmental stages differ, including the 

observation that alveologenesis continues well into early adulthood (Herring et al., 2014; 

Narayanan et al., 2012). As with the mouse, human lung specification begins during the 

embryonic stage of lung development (4-7 post conception weeks, pcw; Figure 1.4) with 

the appearance of two primary lung buds. These lung buds are derived from NKX2.1+ 

ventral anterior foregut endoderm at around 4 pcw, adjacent to a ventral trachea that 

connects the lung buds. The pseudoglandular stage, which involves branching 

morphogenesis into the surrounding mesenchyme occurs from 5-17 pcw. It is also during 

this stage that foetal breathing begins (~10 pcw), highlighting the importance of mechanical 
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stimuli for lung development. This is then followed by epithelial differentiation at the 

canalicular stage (16-26 pcw) and alveolar sac formation at 26-36 pcw (saccular stage). 

Alveologenesis was initially thought to occur from birth up until 3 years of age, although 

more recent evidence using advanced imaging has suggested that alveolar formation can 

continue into early adulthood (~ 21 years; Herring et al., 2014).   

 

Recently, a study described a number of clear differences in terms of marker expression 

within cells of pseudoglandular human lungs when compared with mouse equivalents 

(Nikolić et al., 2017). For example, while distal epithelial tip cells of the embryonic lung 

during the pseudoglandular stage is Sox2-/Sox9+ in the mouse, they are SOX2+/SOX9+ in 

the human (Danopoulos et al., 2018; Miller et al., 2018; Nikolić et al., 2017). The functional 

significance of SOX2 presence in the human lung tip epithelium is currently unknown. In 

addition, the timing of marker gene onset for a number of lineage-specific genes differs 

between the mouse and human. Moreover, the terminal bronchioles during human 

development are SOX2+, but co-express alveolar markers, which has yet to be described in 

the mouse (Laresgoiti et al., 2016; Nikolić et al., 2017). Such findings highlight the need 

to study human-specific lung development and differentiation.  

 

1.3.3. Alveolar lineage differentiation from bipotent progenitors during 

development 
 

The classic model of alveolar lineage differentiation during development suggests that a 

pre-AT2 cell differentiated into a mature AT2 cell, followed by formation of an 

intermediate cell type that eventually gave rise to an AT1 cell (Adamson and Bowden, 

1975, as cited by Desai et al., 2014). However, the observation of AT1 marker expression 

up to 5 days prior to the appearance of mature AT2 cells, along with the lack of evidence 

for a partially flattened cell with lamellar bodies (the expected AT2-AT1 intermediate cells) 

contradicted this model (Desai et al., 2014). Furthermore, lineage tracing of Axin2+ AT2 

cells demonstrated that this population gave rise to mainly AT2 cells during sacculation, 

with only rare AT1 progeny observed (Frank et al., 2016). An alternative hypothesis, and 

one that has now garnered continued support through increasing experimental evidence, 

suggests that AT1 and AT2 cells both arise from a common multipotent progenitor during 

development (Desai et al., 2014; Frank et al., 2016; Jain et al., 2015). Initially, these cells 

were identified through analysis of AT1 and AT2 markers in the embryonic lungs of mice, 
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where they were found to express markers of both cell types, including Sftpc and Pdpn, 

during pre-sacculation but not late sacculation (Desai et al., 2014). Clonal analysis utilizing 

an inducible Shh-cre to label individual epithelial tip cells at E15 confirmed the presence 

of localised alveolar lineage clusters with marked AT1 and AT2 cells, providing additional 

evidence for individual bipotent cells. Furthermore, ultrastructural analysis revealed the 

presence of three classes of distal epithelial cell based on their morphology. For example, 

cuboidal cells with lamellar bodies were considered to be early AT2 cells, while partially 

flattened cells with vacuoles but no lamellar bodies were thought to be early AT1 cells 

(Desai et al., 2014). More recent studies utilising genetic lineage tracing techniques to label 

AT1 (Hopx-Cre) and AT2 (Sftpc-Cre) have also confirmed the presence of bipotent 

alveolar cells (Frank et al., 2019; Jain et al., 2015). Despite the observation of bipotent 

alveolar progenitors during lung development, there is currently no evidence to suggest that 

such a cell exists in the mature lung (Desai et al., 2014; Nikolić et al., 2017). Bipotent 

alveolar progenitors may also exist during human lung development (Nikolić et al., 2017) 

 

1.3.4. Major signalling pathways involved in alveolar and airway lineage 
differentiation in the mouse and human lungs 
 

Many signalling pathways contribute to lung developmental processes, with much crosstalk 

occurring between the endodermal and mesodermal compartments, in addition to 

epithelial-epithelial and epithelial-mesenchymal crosstalk later in development. The recent 

increase in directed differentiation protocols of human pluripotent stem cells to various 

lung cell lineages has improved our knowledge of some of the signalling pathways 

responsible for human lung developmental processes. 

 

1.3.4.1. Wnt signalling  

The Wnt signalling pathway is a major pathway involved in the development of multiple 

tissues and plays a critical role in the self-renewal and specification of multiple stem cells 

(Barker et al., 2007; Clevers et al., 2014b). In the lung, Wnt signalling plays an essential 

role in the specification of lung endoderm and early development (Frank et al., 2016; Goss 

et al., 2009). Canonical Wnt (Wnt/ß-catenin) signalling involves the binding of WNT1 

class ligands (WNT2, WNT3, WNT3A and WNT8A) to a member of the Frizzled trans-

membrane receptor family (MacDonald et al., 2009; Raslan and Yoon, 2020; Figure 1.5). 
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Binding can also occur with a co-receptor such as Lipoprotein Receptor-related Protein 

(LRP)-5 or LRP-6. Binding of Wnt ligands to a receptor culminates in the accumulation of 

ß-catenin protein within the cytoplasm through inhibition of glycogen synthase kinase 3 

beta (GSK-3β). This subsequently results in the translocation of ß-catenin to the nucleus, 

where it can activate target gene transcription. Secretory agonists such as R-spondin 

(RSPO) ligands also act alongside Wnt ligands to positively regulate Wnt signalling, while 

antagonists such as dickkopf-1 (DKK1) achieve the reverse (MacDonald et al., 2009). For 

modulation of Wnt signalling, a number of chemical Wnt activators exist, including the 

small molecule CHIR99021 (CHIR) which acts to enhance Wnt signalling through the 

inhibition of GSK-3β.  

 

 
 
Figure 1.5. Canonical Wnt signalling pathway.  
Simplified schematic of the canonical Wnt signalling pathway in mammals. ß-catenin is usually marked for 

ubiquitination and degradation by the destruction complex, a component of which is GSK-3β. Upon binding 

of a Wnt ligand to a member of the Frizzled family of receptors (along with occasional co-binding with a co-

receptor such as LRP; lipoprotein receptor-related protein) GSK-3β is inhibited, leading to an accumulation 

of ß-catenin in the cytoplasm. ß-catenin is then free to move to the nucleus and activate target gene 

transcription. CHIR99021 is small molecule that can be used to activate canonical Wnt signalling through 

the inhibition of GSK-3β.  
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As previously stated, the transcription factor Nkx2.1 is expressed throughout lung 

development and is regulated by a number of signalling pathways. Wnt7b is expressed in 

the developing lung epithelium, with promoter activity shown to be regulated by Nkx2.1, 

which is essential for differentiation of the lung epithelium, particularly AT2 cells, with 

Nkx2.1-/- mice failing to produce functional alveoli (Minoo et al., 1995; Weidenfeld et al., 

2002). Wnt signalling is further implicated in proper alveolar formation later in 

development by the observation of a Wnt-responsive AT2 subset defined by Axin2 

expression (AT2Axin2) that arises during alveologenesis (Frank et al., 2016). Labelling of 

these cells using a Wnt-signalling Axin2CreERT2-TdTom reporter mouse line revealed that they 

emerge at the onset of alveologenesis, suggesting that a wave of Wnt signalling regulates 

alveolar self-renewal and differentiation.  It was also shown using in vitro organoid models 

of mouse AT2 cells that activation of Wnt signalling resulted in proliferation of AT2 cells, 

while Wnt inhibition led to an AT1 fate (Frank et al., 2016). This Axin2+ subset were later 

shown to represent approximately 20% of AT2 cells in the adult mouse lung (Zacharias et 

al., 2018). A similar Wnt-responsive population has also been reported in human lungs and 

is marked by the surface marker TM4SF1 (Zacharias et al., 2018).  

 

While it has been difficult to elucidate the precise signalling pathways involved in human 

lung development and alveolar lineage specification in vivo, advances in in vitro culture 

systems utilising either human embryonic cells or pluripotent stem cells (hPSCs)/ iPSCs 

have begun to further our understanding. For example, Wnt activation (CHIR), BMP4 and 

retinoic acid were sufficient for the specification of NKX2.1+ lung progenitors from hPSCs 

(Gotoh et al., 2014; Jacob et al., 2017; Rankin et al., 2016). Meanwhile, 3D-culture of 

hPSC-derived ventral anterior foregut endoderm (VAFE) in high Wnt conditions promoted 

alveolar differentiation, while low Wnt signalling encouraged differentiation to airway 

fates (McCauley et al., 2017). Furthermore, culture of hPSCs as 3D-lung alveolar organoids 

require Wnt activation in the form of CHIR (Jacob et al., 2017; Jacob et al., 2019; 

Yamamoto et al., 2017).  

 

1.3.4.2. Fibroblast growth factor (Fgf) signalling  

The FGF family of growth factors are involved in a range of biological processes in both 

the human and mouse, including organogenesis, homeostasis and repair (Danopoulos et al., 

2019a). The canonical FGFs, including FGF7 (also known as keratinocyte growth factor; 
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KGF) and FGF10, are classed as paracrine/autocrine factors and bind to one of the four 

known FGF receptors (FGFR1, FGFR2, FGFR3 and FGFR4). Binding to one of the FGFRs 

activates phosphorylation of a specific tyrosine residue on the receptor, which in turn 

initiates downstream intracellular signalling; RAS-MAPK, PI3K-AKT, PLCγ, or STAT 

(Danopoulos et al., 2019a). FGFR2B is a reporter receptor for both FGF7 and FGF10. 

 

During mouse lung development, several Fgf ligands are expressed, including Fgf7 and 

Fgf10 (Volckaert and De Langhe, 2015). Fgf10 signalling has been found to be vital for 

lung branching morphogenesis in the mouse, with Fgf10-deficient mutants failing to form 

appropriate branching structures in vivo (Volckaert and De Langhe, 2015). As a result, 

Ffg10-deficient mice exhibit peri-natal lethality. Additionally, deletion of Fgfr2b also 

results in complete failure of proper lung formation, resulting in viable mice with severe 

lung defects (Arman et al., 1999; De Moerlooze et al., 2000; Sekine et al., 1999). Despite 

utilising the same cell surface receptor, Fgf7 was found to not be vital for lung branching 

morphogenesis, with Fgf7-deficient mutant mice displaying correct lung branching and no 

obvious lung phenotype (Guo et al., 1996). Fgf signalling is critical during mouse 

alveologenesis and Fgf receptors 1 to 4 are all expressed (Li et al., 2017; Powell et al., 

1998). Alveolar formation coincides with upregulation of Fgfr2 and Fgfr4, with mice 

lacking both receptors failing to form secondary alveolar septae (Li et al., 2017). A mouse 

alveolar mesenchyme lineage expressing Axin2 and Pdgfra was found to promote AT2 self-

renewal via IL6 and Fgf7 signalling (Zepp et al., 2017). Furthermore, Fgf7 can stimulate 

rat AT2 cells to proliferate in vitro and have a stimulatory effect on AT2 maturation during 

development (Portnoy et al., 2004; Zhang et al., 2004).  

 

In the human, FGF10 is expressed throughout lung development from 10-21 gestational 

weeks, with expression increasing in the canalicular stage, unlike the pseudoglandular 

increase in expression observed in mouse lungs (Al Alam et al., 2015; Danopoulos et al., 

2019b). However, it is not known whether FGF10 expression plays the same role in the 

human lung as it does in the mouse. Activation of Fgf signalling, in addition to EGF and 

Wnt and inhibition of BMP was sufficient to grow human epithelial tip cells from 

pseudoglandular lungs as self-renewing organoids (Nikolić et al., 2017). Removal of 

individual factors, including FGF7 and FGF10 still resulted in the formation of organoids, 

but their size was considerably smaller and further culture could not be attempted. 

Furthermore, removal of FGF7 and FGF10 together resulted in a significant decrease in 
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SOX9 expression and an increase in SOX2, suggesting that both were required to promote 

tip cell self-renewal. Removal of FGF7 or FGF10 alone had no effect (Nikolic et al., 2017). 

Furthermore, FGF7 was required for initial in vitro cell expansion of epithelial human tip 

progenitor cells in a separate study (Miller et al., 2018). Treatment of hPSC-derived foregut 

spheroids with high levels of FGF10 in 1% serum was sufficient to drive the generation of 

lung organoids containing airway-like structures, mesenchymal cells and cells expressing 

markers of both hAT1 and hAT2 lineage (Miller et al., 2019). This work, combined with 

previous studies, suggests the FGF10 alone may not be important in the initial 

establishment of lung tip progenitors in human development, but may instead play a role 

in establishing distal fate, as well as differentiation of airway epithelial cells.  

 

1.3.4.3. Epidermal growth factor (EGF) signalling  

EGF plays an important role in the regulation of growth, survival, proliferation and 

differentiation of mammalian cells, in addition to providing resistance to apoptosis (Wee 

and Wang, 2017). EGF acts as one of the many ligands that can bind the EGF receptor 

(EGFR) in order to elicit downstream signalling pathways, including MAPK, PI3K-AKT, 

SRC, PLC-γ1-PKC, JNK and JAK-STAT pathways. Upon EGF binding to EGFR, the 

receptor undergoes dimerization and trans-autophosphorylation for full activation, 

followed by recruitment of signalling proteins or adaptors. A role for Egf has previously 

been established in mouse lung development and epithelial maturation (Miettinen et al., 

1995). Egfr-/- mice exhibit respiratory failure, with a 50% reduction in branching, and die 

shortly after birth (Miettinen et al., 1995; Miettinen et al., 1997). Furthermore, a correlation 

was observed between low SFTPC expression and deficient alveolisation in these mice 

(Miettinen et al., 1997). In vitro culture of AT2 cells demonstrated that EGFR activity was 

essential for their self-renewal capacity, with dying AT1 cells being the most likely source 

of such signalling in vivo (Desai et al., 2014). In vitro, EGF addition has also been found 

to promote epithelial cell proliferation at the expense of differentiation (Barkauskas et al., 

2017).  

 

In addition to the signalling pathways described previously, a host of additional pathways 

play roles in the proper development of the lungs. For example, in the developing mouse 

lung, Bmp4 is expressed predominantly in the epithelium, with increased expression at the 

branch tips, and is thought to be a potent stimulator of lung branching, in addition to other 
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roles. Meanwhile, BMP2 and BMP7 are expressed at high levels in human tip cells, 

highlighting subtle differences between lung development in the human and the mouse 

(Bellusci et al., 1996, as cited by Nikolić et al., 2018). Meanwhile, Bmp4 has been found 

to inhibit AT2 proliferation in mouse AT2-derived organoids co-cultured with lung stromal 

cells in vitro (Chung et al., 2018). In contrast, antagonists of Bmp4 such as noggin promote 

AT2 self-renewal at the expense of differentiation to AT1 cells. Furthermore, Sonic 

hedgehog signalling is important in driving early embryonic distal lung branching, while 

the VEGF pathway has displayed a critical role in early lung morphogenesis (Cardoso and 

Lü, 2006).  

 
 
1.4. Lung regeneration and injury 
 
Tissue regeneration processes following injury often employ similar signalling pathways 

to those occurring during development. During homeostasis, the lung is suspected to be a 

relatively quiescent tissue, with genetic lineage-tracing studies in the mouse suggesting that 

a rare Axin2+ AT2 population exhibit cellular turnover once every 4 months (Nabhan et al., 

2018). Similarly, mouse tracheal basal cells exhibit turnover once every 11 days, while 

secretory club cells self-renew or differentiate to ciliated cells once every 25 days (Watson 

et al., 2015). This is in stark contrast to fast-cycling tissues such as the intestines, which 

are expected to turnover once every 3 to 5 days under normal conditions (Zhu et al., 2021). 

Despite slow cell turnover during steady state, the mouse lung is thought to possess 

remarkable regenerative capacity upon injury. In vivo ablation of specific cell populations 

has demonstrated that during injury settings, cells become activated and act to repair the 

damaged epithelium, with the observation of injury-induced cellular plasticity (Figure 1.6). 

However, due to the plethora of chronic lung diseases that can arise in human lungs, and 

the inability to assess regeneration in vivo, it has been debated as to what extent the human 

lung is able to regenerate, if at all. Nevertheless, recent studies involving the culture of 

isolated human lung cell lineages have begun to identify that multiple cell types have the 

ability to rapidly expand in vitro, suggesting at least some regenerative capacity.   
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Figure 1.6. Cell lineage relationships during injury and regeneration in the mouse lung.  
Simplified schematic outlining major proposed cell lineage relationships for the mouse lung during injury 

repair. Lineage-tracing studies in the mouse have identified epithelial cell lineage relationships upon injury. 

Many other epithelial cell types are present within the lungs, but have been omitted for clarity. A grey arrow 

represents differentiation capability upon injury, while a black arrow indicates lineage during homeostasis. 

Lineage negative epithelial progenitors (LNEPs) will be discussed in section 1.6. BASC; bronchoalveolar 

stem cell. Many works have contributed to the discovery of these lineage relationships, including (Barkauskas 

et al., 2013; Choi et al., 2021; Hogan et al., 2014; Kim et al., 2005; Lee et al., 2014; Rawlins et al., 2009a; 

Rock et al., 2009; Watson et al., 2015).  
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1.4.1. Regeneration and injury in the mouse lung 

Epithelial lung cell-lineage relationships during homeostatic maintenance of the mouse 

lung, and their possible similarities to human, have been described in Section 1.2. Upon 

injury, the mouse lung exhibits increased levels of cellular plasticity, with multiple cell-

lineage relationships arising that are not known to occur during homeostasis. An overview 

of these injury-induced lineage relationships can be found in Figure 1.6.   

 

Tracheal secretory club cells have been shown to de-differentiate to basal cells following 

ablation of resident Krt5+ basal cells (Tata et al., 2013). Early xenograft studies suggested 

that basal cells displayed stem cell properties, while genetic lineage tracing of Krt14+ basal 

cells highlighted their remarkable capacity to self-renew and differentiate in vivo into 

multiple airway cell types following Naphthalene injury (Hong et al., 2004). In the small 

airways, secretory club cell heterogeneity has been suggested, with at least two subsets 

present based on their ability to repopulate the epithelium following injury. Ablation of 

club cells using naphthalene revealed a minor population of naphthalene-resistant club cells 

within the conducting airways, later referred to as variant club cells, that reside close to 

clusters of neuroendocrine cells termed neuroendocrine bodies (NEBs) (Hong et al., 2001). 

These variant club cells successfully repopulated the severely damaged lung airway 

epithelium. Furthermore, in the distal lung, resident Scgb1a1+ secretory club cells exhibit 

differentiation capacity to AT2 cells during alveolar regeneration upon bleomycin injury 

(Choi et al., 2021). Secretory club-to-AT2 differentiation occurred through an Il1ß-Notch-

Fosl2 axis, with Il-1ß signalling responsible for modulating expression of the Notch ligands 

Jag1 and Jag2 in ciliated cells. This in turn resulted in Notch inhibition within the 

neighbouring secretory club cells and subsequent lineage plasticity. In contrast to airway 

basal and secretory club cells, ciliated cells in the mouse have been shown to be terminally-

differentiated, and do not proliferate even after injury (Rawlins and Hogan, 2008).  

 

The transitionary zone between the conducting airways and the alveoli in the mouse is 

referred to as the Bronchoalveolar Duct Junction (BADJ). In this region exists a rare 

population of cells that co-express the club cell secretory protein Scgb1a1, in addition to 

the normally AT2-restricted protein Sftpc (Kim et al., 2005; Lee et al., 2014). Initially 

found as small clusters of cells present in Lox-k-ras tumours, these cells were also observed 

within wild type adult murine lungs, and were later named bronchoalveolar stem cells 
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(BASCs; Jackson, 2001; Kim et al., 2005). Upon in vivo bronchiolar injury with 

naphthalene or alveolar injury with bleomycin, BASCs were found to proliferate, and 

displayed self-renewal and multi-lineage differentiation in vitro by differentiating to 

alveolar or club cells (Kim et al., 2005). In vitro 3D organoid cultures utilizing single 

FACS-isolated BASCs also demonstrated that BASCs produced alveolar, bronchiolar and 

mixed bronchioalveolar organoids containing club and AT2 cells (Lee et al., 2014). 

Alveolar identity could be encouraged by the modulation of a Bmp4-controlled NFATc1-

TSP1 signalling axis in supporting endothelial cells (Lee et al., 2014). Although these 

properties indicated stem cell function, evidence that such cells actually contributed to lung 

epithelial repair in vivo following injury was lacking. Lineage-tracing analysis using an 

Scgb1a1-CreER mouse did not find evidence that BASCs contribute to adult homeostasis 

or repair (Rawlins et al., 2009a). However, later use of both a dual genetic lineage tracing 

system utilizing cre- and dre-recombinase and a split-effector based targeting system 

specifically labelled and traced BASCs in vivo (Liu et al., 2019; Salwig et al., 2019). During 

homeostasis, the number of BASCs remained stable, indicating that they do not contribute 

significantly to cellular turnover under homeostatic conditions. However, following 

bronchiolar injury, BASCs gave rise to club and ciliated cells, while alveolar injury with 

bleomycin resulted in differentiation to AT1 and AT2 cells, highlighting that different 

modes of injury could lead to different differentiation outcomes. Clonal analysis 

demonstrated that single BASCs substantially expanded after bronchiolar or alveolar 

injury, although were not the only population that were responsible for repopulating the 

lung epithelium (Liu et al., 2019). Furthermore, DTA-mediated ablation of BASCs was 

shown to compromise appropriate regeneration of distal airways, suggesting their 

contribution to repair is essential (Salwig et al., 2019). However, further investigations are 

needed to assess the highlighted discrepancies between different systems and studies in 

regard to BASC contribution to injury, and to establish whether an equivalent population 

of cells exists within human lungs.  

 

It has been shown that following infection with Pseudomonas aeruginosa, Notch signalling 

is activated and results in differentiation of AT2 cells to AT1 (Finn et al., 2019). 

Alternatively, clonal lineage analysis of surviving AT2 cells following targeted AT2 

ablation using diphtheria toxin demonstrated enhanced clonal growth and differentiation 

during the regeneration phase, albeit at lower levels than those observed following 
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bleomycin injury, highlighting that different injuries elicit diverse responses (Barkauskas 

et al., 2013). Such findings suggest either the presence of a dedicated subset of AT2 cells 

that have an increased capacity for regeneration, or the ability of all AT2 cells to become 

“activated” following injury. As previously addressed, lineage tracing studies and in vitro 

organoid assays in the mouse have revealed that a subset of Wnt-responsive AT2 cells 

expressing Axin2 have an increased capacity to regenerate the alveolar epithelium 

following injury (Frank et al., 2016; Nabhan et al., 2018; Zacharias et al., 2018). Following 

pneumonectomy, a subset of AT1 cells expressing the immature AT1 marker Hopx, but not 

Igfbp2, were found to be able to transdifferentiate to AT2 cells in order to aid in repairing 

the injury, demonstrating that even cells that were previously considered to be terminally 

differentiated can gain phenotypic plasticity within injury settings (Jain et al., 2015; Wang 

et al., 2018). Furthermore, AT1 differentiation to AT2 cells has also been observed upon 

hyperoxic injury in both neonatal and adult mouse lungs (Penkala et al., 2021). Additional 

lineage negative epithelial progenitors (LNEPs) have been observed to form TP63+/KRT5+ 

‘pods’ in the alveoli following injury such as influenza infection, which will be discussed 

in greater detail in Section 1.6 (Vaughan et al., 2015).  

 

1.4.2. Regeneration in the small airways and alveoli of the human lung   

It has been challenging to determine whether the human lung possesses equivalent 

regenerative capacity and cellular plasticity as that observed in the mouse. Unlike the BADJ 

of the mouse, the human distal lung does not consist of a transitionary zone of epithelium 

between the airways and the alveoli. Instead, there is an abrupt transition between airway 

and alveolar epithelium in this region. As mentioned previously, the human lungs comprise 

basal cells as distally as the respiratory bronchioles. It is not yet known whether basal cells 

in the human distal lung are functionally distinct from those of the upper respiratory tract. 

However, basal cells from both the proximal airways and the distal lung parenchyma of 

human lungs have been shown to form organoids in vitro, having the ability to self-renew 

and differentiate into multiple airway cell types (Rock et al., 2009; Sachs et al., 2019; 

Salahudeen et al., 2020). It has been reported that a rare population of human SOX9+ basal 

cells were able to give rise to alveolar and bronchiolar epithelium when transplanted into 

injured mouse lungs (Ma et al., 2018). Transplantation of these SOX9+ basal cells was also 

performed in two human patients suffering with Bronchiectasis. This resulted in the 

observation of thinner bronchial walls and improved pulmonary function. However, the 
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direct contribution of delivered cells and the long-term effects of this procedure are 

currently unknown. Furthermore, the differentiation capacity and identity of these cells 

upon transplantation in the human remains unknown, and reproducibility needs to be 

proven. Alternatively, evidence in the mouse has suggested that upon injury, “pods” of 

KRT5+ basal arise within the alveoli (Kumar et al., 2011). Interestingly, the alveolar 

epithelium of human idiopathic pulmonary fibrosis (IPF) patients often consists of airway-

like cells, although their origin remains to be elucidated (Adams et al., 2020; Habermann 

et al., 2020; Xu et al., 2016). The significance of distal basal cells in the human lung and 

their role during homeostasis and disease needs to be confirmed.  

 

Human AT2-derived alveolar culture systems have demonstrated that hAT2 cells can self-

renew and differentiate into hAT1 cells (Barkauskas et al., 2013; Fuchs et al., 2003; Mason 

and Williams, 1977; Uhal, 1997; Zacharias et al., 2018). As I have discussed previously, a 

subpopulation of TM4SF1+ hAT2 cells were shown to have increased capacity for 

proliferation and differentiation to hAT1 cells, displaying increased Wnt-responsiveness in 

3D-organoid culture (Zacharias et al., 2018). These ‘alveolar epithelial progenitor’ (AEP) 

cells  behave in a similar way to the Axin2+ AT2 cells of the mouse lung, and were found 

to exhibit increased clonogenic capacity upon Wnt activation. It remains to be elucidated 

whether subpopulations of hAT2 cells are functionally distinct in vivo, and what their 

relevance, if any, is during lung homeostasis, repair, and disease. However, it is clear that 

recent utilisation of in vitro systems, such as organoid production from human stem cells, 

has been fundamental in increasing our understanding of human epithelial stem/progenitor 

populations in the lung.  
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1.5. In vitro 3D-lung organoid models  
 

Organoids are multicellular 3-dimensional (3D) structures made from stem cells than can 

self-organise and give rise to some or all epithelial cell types of a particular tissue. Recent 

years have experienced a vast increase in the production of human organoid models, for 

tissues including but not limited to the intestines, lung, pancreas, liver and endometrium 

(Broutier et al., 2017; Huch et al., 2015; Sachs et al., 2018; Sachs et al., 2019; Seino et al., 

2018; Figure 1.7). They have a number of advantages over traditional 2D cell cultures, such 

as increased physiological relevance and 3D arrangement, and allow for the study of cell-

to-cell interactions. Initially established from adult mouse and rat cells, the platform has 

now expanded to the human, allowing for improved understanding of human stem cell 

maintenance and dysregulation during disease. The human-specific nature of the system 

has also allowed for some level of investigation into disease modelling and patient-targeted 

therapies (Broutier et al., 2017; Dutta et al., 2017; Sachs et al., 2019; Youk et al., 2020).  

 

 

 
Figure 1.7. Human organoids established from adult stem cells.   
Schematic overview of various organoids derived from adult human stem cells. Lg, Lung; Lv, Liver; Ma, 

mammary gland; Pc, Pancreas; Pr, Prostate; St, Stomach; Tg, Tongue. Image obtained from Huch and Koo, 

2015. 
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1.5.1. Airway organoids and the need for improved in vitro alveolar models  

A number of studies have successfully established airway organoids from human basal 

cells or bulk epithelial populations from human airways upon in vitro culture with 

supporting mesenchyme populations (Hynds et al., 2016; Rock et al., 2009). More recent 

bodies of work have successfully reported the molecular requirements for the in vitro 

culture and differentiation of airway cell types from human adult basal and secretory club 

cells, embryonic lung tip progenitors and hPSCs/iPSCs (Chen et al., 2017; Choi et al., 2021; 

McCauley et al., 2017; Nikolić et al., 2017; Sachs et al., 2019). For example, Sachs et al., 

reported the first chemically-defined culture condition for the “long-term” maintenance and 

differentiation of airway organoids derived from adult lungs (Sachs et al., 2019; Zhou et 

al., 2018). Upon culture of EpCAM+ lung cells derived from proximal airway brushings in 

conditions including FGF activation, BMP inhibition and TGFß inhibition, the study 

reported the formation of organoids that contained basal, secretory and ciliated cells. 

Despite utilising whole epithelial cell fractions, no alveolar cell types were observed, likely 

due to the utilisation of proximal airway samples. A host of additional studies have since 

reported similar findings (Salahudeen et al., 2020; Zhou et al., 2018).   

 

Despite knowledge that many lung diseases, including IPF, cause massive damage and 

destruction to the alveolar unit, the challenge of culturing alveolar epithelial cell types has 

hindered our understanding of how such diseases specifically affect these cells. 

Traditionally, research into human alveolar maintenance has primarily utilised the in vitro 

study of human airway cell types, either from normal tissue or cancer cell lines, generally 

due to their ease of culturing or increased availability of material (Foster et al., 1998; Ren 

et al., 2016; Rucka et al., 2013; Salomon et al., 2014). Therefore, in contrast to airway cell 

types, study of both human and mouse alveolar epithelial cells have lagged behind their 

airway counterparts, due to incomplete understanding of the mechanisms governing hAT2 

maintenance. The majority of current culture conditions have utilised feeder cells, which 

do not fully support hAT2 maintenance or differentiation, leading to suboptimal conditions 

(Barkauskas et al., 2013; Glisinski et al., 2020; Zacharias et al., 2018). Therefore, long-

term culture of functionally mature hAT2 cells has remained challenging. However, recent 

advances in cell isolation strategies and directed differentiation of hPSCs/iPSCs to alveolar 

lineages have slowly begun to fill this research gap.    
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1.5.2. Alveolar organoids from mouse adult stem cells  

Traditional in vitro systems for the study of primary adult AT2 cells from mice, rats and 

humans have involved the culture of cells in two-dimension (2D) on tissue culture plastic 

with serum (Dobbs et al., 1988). However, such culture systems failed to maintain AT2 

identity, with cells instead terminally differentiating into AT1 cells within 3-5 days, 

limiting their study. The need to establish in vitro systems that allowed for the maintenance 

of AT2 cell identity has therefore been a topic of great interest. Many strategies exist that 

have been utilized to isolate AT2 cells from mouse lungs, including the use of antibodies 

bound to cell surface markers or lineage-traced fluorescent reporters coupled with FACS. 

A genetic mouse model combining the Sftpc-CreER knock-in and Rosa26-lox-stop-lox–

tdTomato alleles was utilized to isolate Sftpc-expressing AT2 cells, which were 

subsequently co-cultured in matrigel with Pdgfrα+ mesenchymal cells to produce 3D-

alveolarspheres (Barkauskas et al., 2013). These structures consisted of Sftpc+ AT2 cells 

on the periphery and AT1 cells internally. Alternatively, antibody strategies for AT2 cell 

isolation have included the selection of Epcam+ Sca1- or Epcam+ Sca1- Cd24- Sftpc-GFPhigh 

cells, leading to the formation of alveolar organoids again consisting of Sftpc+ AT2 cells 

on the periphery and Hopx+/Pdpn+/Ager+ AT1 cells internally (Lee et al., 2013; Lee et al., 

2014). Both of these studies relied on co-culture with mesenchymal populations in 

undefined culture conditions, making it difficult to identify specific regulatory mechanisms 

for AT2 maintenance or differentiation. However, more recently a number of studies have 

successfully established feeder-free alveolar organoids from mouse AT2 cells (Choi et al., 

2021; Katsura et al., 2020; Shiraishi et al., 2019b). scRNA-seq analysis of adult AT2 cells 

cultured in MTEC media with fibroblasts revealed a number of  differentially-expressed 

ligand-receptor pairs in epithelial AT2 cells (Katsura et al., 2020). This subsequently 

resulted in the identification of factors that were sufficient to promote proliferation and 

maintenance of AT2 cells as 3D-organoids in vitro without the need of supporting stromal 

cells. Resulting conditions promoted Wnt, Fgf10 and Egf signalling and inhibited Bmp and 

p38 Map kinase. AT1 differentiation was achieved upon culture with 10% foetal bovine 

serum (FBS). In a separate study, AT2 cells derived from SFTPC-CreERT2/+; R26RtdTomato/+ 

adult reporter mice were cultured under similar conditions (Choi et al., 2021). These 

organoids comprised Sftpc+ AT2 cells that could be maintained long-term, although 

differentiation to AT1 cells was not assessed.   
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In addition to alveolar organoid derivation from adult AT2 cells, lung cell lineage plasticity 

has led to the production of organoids containing alveolar lineages derived from cells 

besides AT2 cells. BASCs have been shown to possess the ability to differentiate into 

secretory club or AT2 cells both in vitro and in vivo, with the endothelial protein 

thrombospondin-1 (Tsp1) being suggested to induce alveolar lineage differentiation 

following bleomycin-induced lung injury (Lee et al., 2014). Similarly, in vitro 3D-organoid 

culture of mouse club cells demonstrated multi-lineage differentiation capabilities 

depending on the identity of the supporting mesenchymal cells, with Lgr5+ lung 

mesenchymal cells leading to alveolar fate (Lee et al., 2017). Similarly, culture of Scgb1a1+ 

club cells from distal lungs of fluorescent reporter mice and culture in Wnt and Fgf7/Fgf10-

enriched, feeder-free conditions resulted in the formation of airway organoids and alveolar 

organoids containing Sftpc+ AT2 cells and some AT1 markers (Choi et al., 2021). A 

proportion of organoids were described as mixed and contained both secretory club and 

AT2 cells, with these organoids eventually comprising 100% of cultures by passage 5. 

Interestingly, inhibition of Notch signalling increased differentiation of secretory club to 

AT2 cells (Choi et al., 2021). This study indicated that Scgb1a1+ secretory club cells have 

the ability to differentiate to alveolar lineages under certain conditions, a finding that was 

also confirmed in vivo. Isolation of human secretory club cells with the cell surface marker 

KDR demonstrated similar results (Choi et al., 2021). Finally, 3D co-culture of Epcam+ 

Sca1+ distal lung epithelial progenitors with mesenchymal stem cells increased alveolar 

differentiation, resulting in filled spheres of SFTPC+ AT2 cells (Leeman et al., 2019).  

 

1.5.3. Alveolar organoids from human adult stem cells 

The relative difficulty in obtaining distal human lung parenchyma samples and the resulting 

lack of knowledge regarding requirements for human alveolar cell maintenance has 

hindered the in vitro culture of human alveolar cell types. Suboptimal culture conditions 

coupled with poor in vitro growth and lack of appropriate cell surface markers for hAT2 

isolation have presented major problems. However, in 2010 a monoclonal antibody was 

developed which marked the apical surface of hAT2 cells (Gonzalez et al., 2010). This 

antibody was found to recognise a 280- to 300-kDa protein, later called HTII-280, which 

has the biochemical properties and characteristics of an integral membrane protein. This 

was the first instance that a surface marker was identified that could be used to specifically 

isolate hAT2 cells from adult donor lungs, leading to the production of human alveolar 
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organoids from adult tissue (Barkauskas et al., 2013). However, the precise role of HTII-

280 remains unknown. Following co-culture of HTII-280+ hAT2 cells with MRC5 

fibroblasts, spheres of cells formed, some of which expressed SFTPC, although no cells 

resembling hAT1cells were present, suggesting that MRC5 fibroblasts may not be 

sufficient to fully support hAT2 cell differentiation. However, cells could be passaged at 

least once, highlighting the self-renewal capacity of adult hAT2 cells. Prior to sorting and 

subsequent culture, cells were grown overnight in commercial media, possibly leading to 

preferential selection of specific cell populations. Building upon this, EpCAM+HTII-

280+TM4SF1+ hAT2 cells were isolated and cultured, with these organoids possessing 

higher organoid forming efficiency than EPCAM+HTII-280+TM4SF1- or bulk 

EpCAM+HTII-280+ cells (Zacharias et al., 2018). However, in this case long-term culture 

was not supported, and morphology and cellular structure differed to the previous study, 

with organoids often forming as a sphere of cells mainly expressing SFTPC, although the 

presence of the hAT1 marker AQP5 was also observed in some cells. This difference in 

cellular composition may be due to differences in cell isolation strategies and culture 

conditions. Modulation of Wnt signalling with the Wnt-inhibitor XAV-939 resulted in an 

increased number of AQP5+ cells and reduced SFTPC, implicating Wnt signalling in the 

maintenance of hAT2 cells, as previously reported for the mouse (Frank et al., 2016; 

Zacharias et al., 2018). Furthermore, hAT2 cells derived from adult lungs failed to form 

organoids when cultured in commercialised small airway growth medium (SAGM) without 

the addition of mesenchymal (MRC5) feeder cells (Jacob et al., 2017; Jacob et al., 2019) 

 

During late 2020 and early 2021, a number of studies were published that successfully 

established alveolar organoids from adult hAT2 cells in chemically-defined conditions 

(Ebisudani et al., 2021; Katsura et al., 2020; Salahudeen et al., 2020; Youk et al., 2020 

[current study]). These will be described and discussed in greater detail in Chapter 6 

(Discussion).   

 

1.5.4. Alveolar organoids from human pluripotent and induced pluripotent 
stem cells 
 

In addition to the establishment of alveolar organoids from isolated adult hAT2 stem cells, 

a number of studies have utilised hPSCs and iPSCs as an alternative culture method. 

Increased understanding of human lung development has allowed for improved directed 
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differentiation protocols to alveolar lineages. For example, alveolar spheroids were 

established through directed differentiation of hPSCs to foregut endoderm, followed by 

induction of an NKX2.1+ lung progenitor phase and eventual initiation of an SFTPC+ cell 

subset (Dye et al., 2015; Gotoh et al., 2014). Additionally, two separate studies successfully 

established alveolar organoids from hPSCs by generating improved protocols for hAT2 

induction (Jacob et al., 2017; Jacob et al., 2019; Yamamoto et al., 2017). Utilising SFTPC-

reporter lines of iPSCs, Jacob et al., demonstrated that hAT2 transcriptional signatures 

could be activated upon treatment of NKX2.1+ lung progenitor cells with CHIR, FGF7 and 

three further maturation factors, some of which are known to increase surfactant production 

in hAT2 cells of premature babies (Dexamethasone, IBMX and 8-bromo cyclic AMP; 

Jacob et al., 2017). Resulting ‘alveolospheres’ comprised SFTPC+ hAT2 cells with 

functional lamellar bodies, and exhibited in vitro self-renewal capacity. Little evidence of 

hAT1 cell presence was observed, although hAT1 marker expression greatly increased 

upon 2D-culture of alveolospheres in 10% serum. In a separate study, pre-conditioning of 

NKX2.1-enriched CPM+ VAFE cells from human iPSCs with CHIR, FGF7, FGF10 and 

the Notch inhibitor DAPT was found to be optimal for the induction of SFTPC (Yamamoto 

et al., 2017). 3D co-culture of these cells with human foetal lung fibroblasts resulted in the 

formation of alveolar organoids. Both of these highlighted studies also achieved induction 

of SFTPC+ hAT2 cells without the presence of mesenchymal support cells, although long-

term culture of hAT2 cells in these conditions was only reported in one study, possibly due 

to differences in cell derivation. These organoids again lacked fully-differentiated hAT1 

cells, although some hAT1 marker expression was observed, including AQP5 and 

podoplanin (PDPN; Yamamoto et al., 2017). Temporal activation of Wnt signalling has 

been suggested to promote hAT2 cell maturation (Jacob et al., 2017). However, culture of 

hPSCs in Collagen I gels, rather than the Matrigel that was used for previous studies, 

indicated that CHIR withdrawal induced multilineage maturation of proximal and distal 

fates (de Carvalho et al., 2019). This work contradicts previous studies in which exogenous 

Wnt (CHIR) was required for hAT2 cell fate, but may be due to differences in experimental 

design (Jacob et al., 2017; McCauley et al., 2017).  
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1.5.5. Alveolar organoids from human embryonic lungs 

As briefly described in Section 1.3, the use of human embryonic lungs is an alternative 

approach to establishing organoids of human lung lineages, and is an excellent way to study 

human-specific developmental processes. Culture of pseudoglandular (5-9 pcw) epithelial 

tips from human embryonic lungs formed organoids in 3D culture when supplemented with 

activators of Wnt and Fgf signalling (Nikolić et al., 2017). These could be propagated as 

self-renewing organoids of SOX2+SOX9+ tip epithelial cells, with limited stromal cell 

contamination. Upon transplantation of cultured tip cells into the lungs of 

immunocompromised NOD-scid-IL2rg-/- (NSG) mice, human cells were observed in the 

bronchioles and alveoli, and exhibited early signs of airway differentiation, but not 

alveolar. Attempts to differentiate tip cells to alveolar lineages in vitro in chemically-

defined conditions (CHIR, FGF7, FGF10, Dexamethasone, cAMP, IBMX, T3 and DAPT) 

led to improper differentiation to hAT2 cells. Resulting cells were SOX2- SOX9- and 

exhibited low levels of pro-SFTPC, but their columnar morphology suggested alveolar fate 

as opposed to full differentiation. More robust hAT2 differentiation was achieved upon co-

culture with PDGFRß+ mesenchymal support cells (Nikolić et al., 2017). Similarly, Miller 

et al., successfully propagated human embryonic (12-week gestation) epithelial bud tip 

progenitor cells in vitro in the presence of CHIR, FGF7 and retinoic acid (Miller et al., 

2018). SOX2+ SOX9+ tip cells expressed low levels of SFTPC, but differentiation to 

alveolar lineages was not investigated. In contrast, Shiraishi et al., successfully established 

feeder free alveolar spheroids from embryonic (20 week and 18 week) lungs in fibroblast-

free culture (Shiraishi et al., 2019a). These cultures utilised GSK3ß, TGFß and BMP4 

inhibitors, along with Notch and Fgf ligands to form spheres of SFTPC+ hAT2 cells that 

could be passaged at least four times. However, it is important to note that this study utilised 

hAT2 cells from a commercial source, therefore the precise isolation strategy and pre-

culture environment are unknown and could influence downstream analyses. An alternative 

approach for differentiation from 3D-cultured human lung tip cells involved transferral of 

cells to 2D-culture, resulting in the formation of a “bronchioalveolar” model (Lamers et al., 

2021).   
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1.5.6. Current drawbacks of human alveolar organoids 

Despite recent advances in the in vitro culture of human alveolar cell types, particularly in 

regard to the culture of hAT2 cells derived from multiple sources, there are a still a number 

of caveats that need to be overcome. One of the main issues is the lack of defined culture 

media for hAT2 cell growth and maintenance. The majority of studies to date that have 

utilised adult hAT2 cells have relied on co-culture with supporting stromal or mesenchymal 

cells, often with commercial media that include serum and unspecified components. The 

stromal/mesenchymal cells may not fully support hAT2 stem cell activities due to possible 

differences to the in vivo microenvironment, potentially resulting in incorrect signalling 

cues. Similarly, the presence of unspecified factors in the culture medium makes it difficult 

to identify key regulators of cell maintenance and differentiation. This has impeded studies 

to analyze precise regulatory mechanisms and cellular requirements for supporting alveolar 

stem/progenitor cells and maintaining their differentiated lineages. Long-term expansion 

of adult lung alveolar organoids with sustained functional lineages, as well as efficient 

isolation and expansion of cells from limited material have also been challenging. 

 

Another major drawback of current human alveolar organoid models from multiple sources 

is the lack of hAT1cells, suggesting that there are still gaps in our knowledge in regard to 

hAT2-to-hAT1 cell differentiation. Furthermore, the low number of hAT2-specific cell 

surface markers and isolation strategies makes it difficult to isolate hAT2 cells under 

certain conditions. For example, the most commonly used marker for hAT2 cell isolation 

from adult lung tissue, HTII-280, is not expressed on all hAT2 cells, with HTII-280- 

SFTPC+ hAT2 cells occasionally observed in vitro (Shiraishi et al., 2019a). Furthermore, 

differential expression is observed in certain disease settings, and HTII-280 is a less useful 

marker for subculture of hAT2 cells in vitro, as expression can be lost during culture 

(Gonzalez et al., 2010; Korogi et al., 2019). Alternative hAT2 isolation strategies, such as 

the use of fluorescent Lysotracker dye to mark lamellar bodies, have recently been utilised 

(Korogi et al., 2019).  

 

Due to the sometimes-limited access to adult lung tissue, the use of hPSCs and iPSCs is an 

attractive alternative to adult stem cell cultures. However, while a number of studies have 

begun to investigate specific mechanisms and growth factors in the directed-differentiation 

of hPSCs/iPSCs to hAT2 cells, it has become apparent that full differentiation to mature 
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cell types remains incomplete. Multiple groups have reported the establishment of alveolar 

organoids or “alveolospheres” from hPSCs and iPSCs, but the hAT2 cells within these 

structures share transcriptional similarities with embryonic lungs as opposed to adult hAT2 

cells (Jacob et al., 2017; Yamamoto et al., 2017). Additionally, epigenetic, age-related 

signatures can potentially be captured through culture of adult-derived hAT2 cells, while 

patient-derived adult cells could help elucidate disease mechanisms or potential intrinsic 

dysfunction. Therefore, the need to establish adult-derived cultures is still of particular 

interest.  
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Table 1.2. Current strategies for the in vitro culture of hAT2 cells. 
Isolation 

strategy 

Culture 

method  

Cell types 

present 

(primary) 

Culture 

capacity/ 

primary 

forming 

efficiency 

Reference  

Adult cells  

FACS 

enrichment of 

adherent 

overnight culture 

cells derived 

from primary 

distal lung tissue 

(EpCAM+ HTII-

280+) 

Co-culture with 

MRC5 

fibroblasts and 

ALI-medium 

(Randell et al., 

2011) 

Some SFTPC+ 

hAT2 cells 

~ 3 passages 

 

4.2% ± 0.8% 
 

(Barkauskas 

et al., 2013) 

MACS 

enrichment from  

primary distal 

lung tissue 

(EpCAM+ HTII-

280+ TM4SF1+) 

Co-culture with 

MRC5 

fibroblasts and 

SAGM 

medium 

(Lonza) 

SFTPC+ hAT2 

cells and AQP5+ 

cells 

Not disclosed 

(analysed 

after 14-21 

days) 

 

~4-5% 

(Zacharias 

et al., 2018) 

Embryonic lungs 

Enzymatic 

dissociation of 5-

20 pcw lungs and 

culture of 

dissected 

epithelial tips 

and stalks in 

matrigel. 

Self-renewal 

medium, 

chemically-

defined (EGF, 

NOGGIN, 

FGF7, FGF10, 

CHIR, SB4).  

SOX2+/SOX9+ 

cells. Airway-like 

cells formed upon 

transplantation 

into mouse lungs. 

Also formed 

alveolar cells 

when transplanted 

under mouse 

kidney capsule. 

Long-term 

culture. 

 

100% 

efficiency 

from 

dissociated 

tips.  

(Nikolić et 

al., 2017) 
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Mechanical and 

enzymatic 

dissociation of 

12-week lungs. 

Lung buds 

placed into 

matrigel.  

Bovine serum 

albumin (BSA), 

FGF7, FGF10, 

BMP4, retinoic 

acid (RA). 

SOX9+ and 

SOX2+ cells. 

Weak SFTPC 

staining, no TP63 

or HOPX. 

Not reported.  (Chen et al., 

2017) 

hPSCs/iPSCs 

hPSCs 

differentiated 

into lung 

epithelial cells 

via an NKX2.1+ 

VAFE stage.  

Co-culture with 

human foetal 

lung fibroblasts 

and RA, CHIR 

and BMP4  

SFTPC+, SFTPB+, 

AQP5+, NKX2.1+. 

Not reported. (Gotoh et 

al., 2014) 

FACS isolation 

of CPMhi cells 

from NKX2.1+ 

VAFE cells.  

Cultured with 

FGF7, FGF10, 

dexamethasone, 

8-Br-cAMP, 

IBMX, CHIR 

and SB4. 

hAT2 cells and 

hAT1 marker 

expression. 

Fibroblast co-

culture for 

over 200 

days.  

(Yamamoto 

et al., 2017) 

Reporter lines of 

VAFE cells 

sorted for 

NKX2.1 

GFP+/SFTPC 

tdTomato+ cells. 

Cultured with 

FGF7, FGF10, 

dexamethasone, 

8-Br-cAMP, 

IBMX, CHIR 

and SB4. 

hAT2 cells Serial 

passage with 

and without 

mesenchymal 

co-culture.  

(Jacob et 

al., 2017) 

hPSCs were used 

to form NKX2.1+ 

VAFE spheroids, 

and plated in 

matrigel.  

Media 

including BSA, 

FGF7, RA and 

CHIR.  

NKX2.1 and 

SOX2. Removal 

of CHIR and RA 

increased hAT2 

and hAT1 marker 

expression. 

Over 16 

weeks in 

culture.  

(Miller et 

al., 2018) 
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1.6. Idiopathic pulmonary fibrosis 
 

1.6.1. Epidemiology, disease pathology and bronchiolisation  

End-stage respiratory failure is the third most common mortality due to non-infectious 

disease. Interstitial lung diseases (ILD) are a host of pathologies that affect the parenchymal 

region of the lung, and are characterised by varying levels of inflammation and fibrosis. 

While some have known causes, including drug or toxin exposure, others are idiopathic, 

with Idiopathic Pulmonary Fibrosis (IPF) existing as the most common ILD with no 

identifiable cause (Barratt et al., 2018). Primarily observed in adults, IPF is increasing in 

prevalence globally, with an incidence of 32,500 people in the UK alone in 2012 (British 

Lung Foundation, 2012). Patients usually present with dyspnea, persistent cough and a 

general decline in lung function, while acute exacerbations of the disease are observed in 

some patients, although the reason for such exacerbations is not yet known. Prognosis is 

poor and treatments are limited, with only two anti-fibrotic drugs; Pirfenidone and 

Nintedanib currently available in the clinic (Lancaster et al., 2019; Margaritopoulos et al., 

2016; Margaritopoulos et al., 2018; Ryerson et al., 2019). Despite providing a survival 

advantage to some patients, prevention or reversal of fibrosis has not been achieved, and 

disease progression is inevitable. The only option for end-stage disease to-date is lung 

transplantation, although access to suitable donor lungs is limited, and survival rates remain 

low, with a median survival of 2-3 years post diagnosis (Barratt et al., 2018). Additionally, 

IPF is a heterogeneous disease, further complicating treatment.  

 

The most characteristic histopathological hallmark of IPF is the presence of usual 

interstitial pneumonia (UIP). This includes aberrant deposition of collagen ECM, 

architectural remodelling, hyperplastic hAT2 cells and clusters of fibroblasts and 

myofibroblasts arranged into structures termed fibroblastic foci, considered to be the 

“active” regions of lung remodelling. Epithelial micro-“honeycombing” is also observed 

in the distal lung parenchyma of IPF patients. Traditionally thought to be caused by 

inflammation, treatment options involving immunosuppressive drugs displayed little 

effect, suggesting an alternative disease mechanism (King et al., 2009; Raghu et al., 2008; 

The Idiopathic Pulmonary Fibrosis Clinical Research Network, 2012). Many hypotheses 

exist as to how the disease arises. A key feature of IPF is bronchiolisation of the distal lung 

parenchyma, where cell types that normally reside in the airways are present within the 
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alveoli of remodelled IPF lungs. The recent advances in scRNA-seq analyses of whole 

patient lungs have begun to prise apart cellular diversity that arises during disease, with the 

description of aberrant cell types that arise in the distal lung parenchyma of IPF patients 

(Adams et al., 2020; Habermann et al., 2020; Xu et al., 2016). In 2016, one study utilised 

Illumina technology and reported the presence of “indeterminate” cell types within the 

EpCAM+ population of human IPF lungs, a population that was not observed in healthy 

background lungs (Xu et al., 2016). This unusual cell population was characterised based 

on its mixed alveolar (hAT2 and hAT1) and airway transcriptional signature. SOX2 

expression was observed in some cells expressing RNAs normally restricted to hAT2 cells, 

and was frequently co-expressed with SOX9, highlighting potential disruption in proximal-

distal patterning. Furthermore, two additional cell clusters were also identified in distal IPF 

lungs; secretory club/goblet cells and basal cells. Together with the observation that the 

majority of cells from healthy background lungs were hAT2 cells, this study indicated an 

enrichment of airway cell types in the lung parenchyma of IPF patients. A more recent 

study by Adams et al. has since described a unique population of “aberrant basaloid cells” 

characterised by their SOX9+ TP63+ KRT5- KRT17+ profile, while a separate study 

discovered a KRT5- KRT17+ population in peripheral human IPF lung tissue, likely 

representing the same cell population (Adams et al., 2020; Habermann et al., 2020). Such 

cells may be implicated in IPF pathogenesis due to their observed proximity to fibroblastic 

foci and their expression of genes related to pathological ECM and epithelial-to-

mesenchymal transition (EMT). Characterization and phenotypic analysis of these 

populations need to be performed to determine their role, if any, in IPF initiation and 

progression, as well as to validate their cellular identity. Aberrant basaloid cells have also 

been identified in the lungs of patients with chronic obstructive pulmonary disease 

(COPD), although their numbers were significantly lower than those of IPF lungs (3.3% of 

total epithelial cells in IPF versus 1.1% in COPD; Adams et al., 2020). However, this 

suggests the possibility for at least some overlapping disease mechanisms between IPF and 

other lung diseases.  

 

With the presence of aberrant epithelial cell types in the distal lung parenchyma of IPF 

patients, the question arises as to where these cells originate from. It is also not known how 

such cells contribute to disease and whether they are a driver or consequence of disease-

related processes. Studies in the mouse have observed migration of epithelial Sox2-derived 

Krt5+ cells to distal lung regions following influenza injury (Kumar et al., 2011; Ray et al., 
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2016; Vaughan et al., 2015; Xi et al., 2017; Zuo et al., 2015). Genetic lineage tracing of 

Axin2+ AT2 cells following influenza infection demonstrated that no Krt5+ cells arose from 

this AT2 population (Zacharias et al., 2018). Furthermore, levels of Sox2 and Krt5 were 

low in Axin2+ AT2 cells, indicating that they were derived from a separate lineage to distal 

Krt5+ cells. Krt5+ epithelium has been exclusively observed within areas of severe alveolar 

injury following influenza infection, although the number of Sftpc+ or Sftpc+ Krt5+ cells 

were rare, suggesting that Krt5+ cells do not efficiently regenerate Sftpc+ cells (Vaughan et 

al., 2015; Xi et al., 2017; Zacharias et al., 2018). In the context of human disease, such a 

finding could have severe implications in proper functioning of the alveolar unit. It is 

therefore possible that aberrant basaloid cells or indeterminate cells in IPF lungs arise from 

epithelial cells of the airway, where they migrate to the alveoli upon repeated alveolar insult 

to assist in re-creating an epithelial barrier. However, recent studies have suggested the 

hAT2 population as a potential alternative source for aberrant epithelial remodelling in IPF. 

Upon damage with bleomycin, AT2 cells have been found to transition through an 

intermediate cell state during the differentiation process to AT1 cells (Choi et al., 2020; 

Kobayashi et al., 2020; Strunz et al., 2020). These cells, termed damage-associated 

transient progenitors (DATPs; Choi et al., 2020) or pre-alveolar type-1 transitional cell 

state (PATS; Kobayashi et al., 2020) expressed the luminal cell marker Krt8, and were 

found to persist in response to chronic Il-1ß-mediated inflammation (Choi et al., 2020). 

Interestingly, cells expressing similar transcriptional signatures have been found to persist 

in fibrotic lungs of human IPF patients (Choi et al., 2020; Kobayashi et al., 2020). 

Therefore, it is possible that in IPF, chronic inflammation and damage to the hAT2 

population results in a stall in differentiation between hAT2-DATP-hAT1 cells, leading to 

accumulation of DATPs, loss of hAT1 cells and inefficient repair of the alveolar 

epithelium. It remains to be confirmed whether aberrant epithelial cell types in IPF, such 

as basaloid cells, are the same population as DATPs/PATS, or whether they represent a 

different population. However, due to the heterogenous nature of the disease, coupled with 

a host of complex disease processes that act across cellular compartments, it is possible that 

the aberrant epithelial cell types observed in the IPF lung epithelium arise from multiple 

sources and could be considered as separate populations. Future work involving detailed 

phenotypic characterisation and comparison of molecular signatures will increase our 

understanding of these cells and how they contribute to disease.  
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1.6.2. Potential IPF disease mechanisms   

1.6.2.1. Alveolar cell dysfunction  

While traditionally considered to be an inflammatory-driven disease, with chronic 

inflammation thought to lead to repetitive damage to the alveolar epithelium, the lack of 

ongoing inflammation and failure of immunosuppressant treatments in alleviating IPF-

related symptoms suggested an alternative source (King et al., 2009; Raghu et al., 2008; 

The Idiopathic Pulmonary Fibrosis Clinical Research Network, 2012). Due to the 

observation of epithelial remodelling and “hyperplastic” hAT2 cells in IPF-derived lung 

parenchyma, the contribution of the alveolar epithelium to IPF-related fibrogenesis and 

scar formation was alternatively considered. Specifically, chronic injury to resident hAT2 

stem cells has more recently been proposed as a potential source of dysregulated repair and 

pathogenic activation of fibroblasts in IPF. There are number of studies that appear to 

support this hypothesis.  

 

Firstly, as discussed in the previous section, scRNA-seq analysis of human IPF lung 

parenchyma has indicated a reduction in the total number of hAT2 cells versus healthy 

control lungs, suggesting potential stem cell exhaustion (Xu et al., 2016). A number of 

additional studies involving analysis of human IPF lungs have also revealed increased 

levels of apoptotic cells, a finding that is not recapitulated in healthy lungs, again 

suggesting potential hAT2 exhaustion. Furthermore, Transforming Growth Factor-ß1 

(TGFß1), a potent pro-fibrotic cytokine that is present at high levels in human IPF lungs, 

has been shown to mediate fibroproliferative effects through induction of AT2 apoptosis 

(Lee et al., 2004). This study utilised a triple transgenic mouse system to target biologically 

active TGFß1 to the lung using a CC10 (Scgb1a1) protein promoter, and achieved epithelial 

apoptosis followed by inflammation, fibrosis and alveolar remodelling. TGFß1 and its role 

in IPF will be discussed in greater detail in section 1.6.2.2.  

 

In some cases of familial or sporadic human IPF, around 60 separate mutations have been 

discovered within the SFTPC gene, a key gene expressed in hAT2 cells (Katzen et al., 

2019). Of these mutations, two have been identified as the most prevalent and well-studied; 

I73T and L188Q. I73T, the most common SFTPC-related mutation observed in IPF, is a 

missense mutations that has been shown to cause mis-trafficking of SFTPC to the cell 

surface rather than to multivesicular bodies in both mouse and human AT2 cells 
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(Alysandratos et al., 2021; Dickens et al., 2021). Meanwhile L188Q is a TàA transversion 

in exon 5, causing the SFTPC precursor protein to not fold correctly in the ER, leading to 

ER stress and activation of the unfolded protein response. ER stress can also initiate hAT2 

apoptosis (Kropski and Blackwell, 2018). Both of these mutations suggest a role for 

dysregulated hAT2 cells in the pathogenesis of IPF. As a proof-of-concept, an inducible 

knock-in mouse model was created that allowed for regulated expression of SftpcI73T 

(Nureki et al., 2018). Upon tamoxifen treatment and induction of  SftpcI73T, levels of 

misprocessed pro-SftpcI73T rapidly increased, in addition to mortality rates. This early stage 

was accompanied by diffuse parenchymal lung injury, inflammation and poly-cellular 

alveolitis, while later stages (2-4 weeks) displayed aberrant remodelling, collagen 

deposition and AT2 dysplasia. Interestingly, multiple human-related IPF biomarkers were 

also observed. This study indicated that induction of an IPF-related mutation into the Sftpc 

gene of AT2 cells was sufficient to drive spontaneous lung fibrosis, further strengthening 

the role of AT2 cells in IPF pathogenesis. Similar findings have also been observed upon 

induction of SFTPCI73T in hAT2 cells in vitro. For example, establishment of iPSC-derived 

hAT2 cells from the fibroblasts or peripheral blood mononuclear cells of patients with 

heterozygous SFTPCI73T/WT mutation successfully modelled aspects of pulmonary fibrosis 

(Alysandratos et al., 2021). Mutant iPSC-derived hAT2 cells exhibited reduced progenitor 

capacity, metabolic reprogramming and acted as a pro-inflammatory hub through 

activation of the NFκB pathway. As with previous studies, SFTPC was found to be 

misprocessed and mis-trafficked within hAT2 cells when compared with gene corrected 

iPSC-derived hAT2 cells.  

 

While the SFTPCI73T mutation represents the most common clinical SFTPC-related 

mutation involved in pulmonary fibrosis, the majority of the 60 described human-related 

mutations in the SFTPC gene occur in the distal C-terminal (residues 94–197) BRICHOS 

domain of the SFTPC pro-protein (pro-SFTPC; Katzen et al., 2019; Maguire et al., 2011). 

Such mutations lead to aggregation of pro-proteins and ER stress. A mouse model 

generated containing a SftpcC121G mutation confirmed retention of pro-Sftpc in the ER 

which led to substantial epithelial ER stress both in vitro and in vivo (Katzen et al., 2019). 

Furthermore, fibrotic remodelling of the lung was also observed and cytokine expression 

was similar to that observed in BALF of paediatric ILD patients. As with previously 

described studies, this work again implicated the role of dysregulated hAT2 cells in the 

aberrant induction of sporadic pulmonary fibrosis. Finally, besides mutations within the 
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SFTPC gene,  20-25% of sporadic and familial forms of IPF also exhibit shorter telomeres, 

particularly within hAT2 cells, leading to increased cellular stress (Alder et al., 2008; 

Courtwright and El-Chemaly, 2019; Victorelli and Passos, 2017). Furthermore, 

approximately 15% of patients with familial IPF have TERT/TERC mutations. A number 

of telomere-related mutations have been reported, including missense, frameshift, and 

splice site mutations. Together, these studies implicate the hAT2 population as a key cell 

involved in IPF-initiation and progression.  However, much work still remains to determine 

the precise mechanisms for hAT2 dysregulation or depletion in IPF, particularly in the 

context of early stages of the disease.  

 

1.6.2.2. TGFß signalling  

Of all the signalling pathways and signalling molecules that have been implemented in 

playing a role in IPF initiation or progression, one of the major contenders is TGFß. TGFβ 

is one of the most well-studied pro-fibrotic cytokines and has a role in several different 

processes, including cellular differentiation, proliferation, wound healing and apoptosis 

(Meng et al., 2016). In the lung, it is produced by a wide variety of cell types, including 

alveolar macrophages and activated alveolar epithelial cells (Fernandez and Eickelberg, 

2012). While usually secreted as an inactive form, activation of TGFβ under various 

conditions, including but not limited to presence of reactive oxygen species (ROS) or tissue 

stiffness, results in its cleavage and release from the latency-associated peptide/latent 

TGFβ-binding protein complex. Such activation of extracellular TGFβ stores is considered 

a fundamental process in fibrogenesis and fibrotic diseases, including IPF (Meng et al., 

2016). Although TGFβ has three major isoforms in mammals, it is TGFβ1 that has been 

implicated as having a substantial role in IPF (Ask et al., 2008; Khalil et al., 1996). TGFβ1 

can induce differentiation of pulmonary fibroblasts to myofibroblasts, which in turn 

produce high levels of collagen and ECM deposition, resulting in a loss of lung elasticity 

and function (Yue et al., 2010). Additionally, activation of TGFβ1 via cell surface integrin 

receptors, in particular αvβ6 integrins, has been shown to be a central process in disease 

pathogenesis in animal models of fibrosis (Tatler et al., 2016). Furthermore, the αvβ6 

integrin is up-regulated in patients with IPF (John et al., 2020). Together, these findings 

highlight the potential role of TGFβ in fibrotic diseases such as IPF.  
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1.6.2.3. Wnt signalling  

As discussed previously, Wnt signalling plays a vital role in tissue development, as well as 

in the self-renewal and specification of multiple stem cells (Barker et al., 2007; Clevers et 

al., 2014a). Aberrant reactivation of developmental signalling pathways has been suggested 

to play a role in IPF pathogenesis (Königshoff et al., 2008). Increased nuclear β-catenin has 

been reported in IPF tissue sections, suggesting an increase in Wnt signalling (Chilosi et 

al., 2003). Furthermore, matrix metalloproteinase (Mmp) 7, a Wnt target gene, is also 

increased in IPF along with numerous components of the Wnt signalling pathway, 

including multiple Wnt receptors and the intracellular signal transducer GSK3β 

(Königshoff et al., 2008). Therefore, Wnt signalling is considered to be another major 

player in the pathogenesis of IPF.  

 

1.6.2.4. Notch signalling  

Reactivation of a series of developmental programmes, including Wnt, Hippo and Notch, 

has been observed in IPF tissues. The Notch signalling pathway is a highly conserved cell-

cell signalling pathway that functions through short-range cellular communication in a 

juxtracrine manner (Bray, 2006; Bray, 2016; Figure 1.8). In both humans and mice, the 

pathway initiates with four receptors and five canonical ligands. Upon binding of one of 

the ligands to the Notch receptor, the Notch intracellular domain (NICD) undergoes three 

cleavages, the third of which is performed by γ-secretase. This leads to the NICD being 

cleaved from the receptor and its translocation to the nucleus, where it acts as a co-receptor 

for the induction of Notch target genes such as Hes family bHLH transcription factor 1 

(HES1; Bray, 2016). A number of studies, including scRNA-seq analysis, have reported 

that Notch signalling becomes re-activated in hAT2 cells of IPF lungs (Reyfman et al., 

2019; Wasnick et al., 2019). Inhibition of Notch signalling in IPF-derived ex vivo precision-

cut lung slices resulted in an increase in mature surfactant protein B (SFTPB) and a 

reduction of ECM staining versus PCLS from healthy lungs (Wasnick et al., 2019). This 

study indicated that Notch signalling induced a fibrotic phenotype, whereas Notch 

inhibition attenuated lung fibrosis. Nuclear HES1 expression has also been observed within 

hAT2 cells of human IPF lung tissue (Wasnick et al., 2019). In the mouse, it has been 

shown that following acute lung injury with Pseudomonas aeruginosa, Notch signalling is 

activated in AT2 cells for alveolar repair (Finn et al., 2019). However, deletion of Dlk1 (a 

non-canonical Notch ligand that can inhibit Notch signalling) in an inducible AT2-specific 
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conditional knock-out mouse line (Dlk1DAT2), followed by genetic lineage tracing, 

demonstrated impaired AT2-to-AT1 differentiation (Finn et al., 2019). This work 

suggested that inhibition of Notch by the non-canonical Notch ligand Dlk1 is required for 

complete AT2-AT1 differentiation, implicating persistent Notch signalling in the 

impairment of AT2-to-AT1 differentiation. Furthermore, persistent Notch activation has 

been found to activate a ΔNp63/Krt5 program in LNEPs of influenza or bleomycin 

damaged mouse lungs (Vaughan et al., 2015). Activation of this programme resulted in a 

failure to properly regenerate the damaged alveolus. Interestingly, the development of 

epithelial honeycomb cysts similar to those found in IPF were also observed during 

persistent activation of Notch post-injury. In contrast, blocking Notch promoted an alveolar 

cell fate (Vaughan et al., 2015). Inhibition of Notch signalling has also been implicated in 

driving secretory club cell plasticity to AT2 cells in both the human and mouse, again 

suggesting that repression of Notch can promote alveolar differentiation programmes (Choi 

et al., 2021).  

 

 
Figure 1.8. Canonical Notch signalling 
pathway.   
Simplified schematic of the Notch signalling 

pathway. CSL, CBF1/suppressor-of-

hairless/Lag-1; NICD, Notch intracellular 

domain. DAPT is a molecule that can be 

used to inhibit notch signalling through the 

inhibition of γ-secretase.  
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1.6.2.5. Hypoxia  

Due to the excess accumulation of fibroblasts, myofibroblasts and ECM components that 

occurs in IPF lungs, a lack of tissue oxygenation leads to the creation of a hypoxic 

environment, with hypoxia considered to be one of the prominent features of late-stage IPF 

(Aquino-Gálvez et al., 2019). Thus, hypoxia has been found to contribute to the 

pathogenesis of fibrotic diseases and is also observed in cancers (Lee et al., 2019; 

Senavirathna et al., 2018; Zhang et al., 2013). Hypoxia mediates the expression of many 

downstream genes through hypoxia-inducible factors (HIFs), of which there are three 

isotypes; HIF1, HIF2 and HIF3 (Lee et al., 2019). Each isoform is further composed into 

two subunits; alpha (α) and beta (ß). While the HIF-ß subunit is constitutively expressed, 

the HIFα subunit is sensitive to oxygen levels, and contains amino- and carboxyl-terminal 

oxygen-dependent degradation domains (termed NODDD and CODDD, respectively). 

When oxygen concentration within tissue is low, proline residues within the HIFα 

degradation domains are not hydroxylated, preventing HIFα from undergoing proteasomal 

degradation. This in turn allows HIFα to translocate to the nucleus, where it subsequently 

binds to the HIFß subunit to initiate target gene transcription. Hypoxia mimetics such as 

cobalt chloride and deferoxamine allow for stabilisation of HIF1α under normal 

physiological oxygen levels through inhibition of prolyl-hydroxylase-mediated HIF1α 

degradation (Guo et al., 2006; Triantafyllou et al., 2006).  

 

While the majority of studies have concentrated on the effect of hypoxia on fibroblast 

populations and myofibroblast activation, a number of more recent studies have indicated 

a role for hypoxia in the regulation of epithelial cells during pulmonary fibrosis. As 

previously discussed, following influenza infection, LNEPs within mouse lungs exhibit 

induction of a ΔNp63/Krt5 program in a Notch-dependent manner, while blockade of 

Notch signalling resulted in differentiation to AT2 cells (Vaughan et al., 2015). 

Interestingly, further studies have identified that local lung hypoxia, mediated by HIF1α, 

drives Notch signalling and Krt5+ basal-like cell expansion in mouse lungs following H1N1 

(P8) influenza infection (Xi et al., 2017). In contrast, deletion of HIF1α within Sox2+ 

LNEPs blocked Notch and Krt5 activation and instead promoted differentiation to AT2 

cells, allowing for improved alveolar repair (Xi et al., 2017). Furthermore, transcriptional 

profiling of single hAT2 cells from fibrotic human lungs revealed the presence of a hypoxic 

subpopulation that displayed activated Notch levels, reduced SFTPC expression and 
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aberrant trans-differentiation to a KRT5+ basal-like cell state (Xi et al., 2017). In an 

alternative study, IL-1ß-driven inflammation and HIF1α regulation has also been 

implicated as an essential regulator of AT2-to-AT1 differentiation in the mouse lung (Choi 

et al., 2020). Analysis of scRNA-seq data derived from lineage-traced AT2 cells from 

SFTPC-CreERT2;R26RtdTomato mice following bleomycin lung injury revealed the presence 

of the AT2-AT1 intermediate cell state, DATPs. A unique metabolic signature was 

identified in DATPs that featured higher expression of glycolysis-related genes and 

enrichment of HIF1α expression. Interestingly, deletion of HIF1α specifically within the 

AT2 cell population inhibited generation of AT1 cells, both in vitro and in vivo (Choi et 

al., 2020). DATPs share similar transcriptional signatures to the aberrant “basaloid” 

populations of KRT5- KRT17+ cells in the lungs of IPF patients (Adams et al., 2020; Choi 

et al., 2020; Habermann et al., 2020; Kobayashi et al., 2020). Therefore, it is possible that 

incorrect maintenance of HIF1α-mediated glycolysis in hAT2 cells leads to inefficient 

differentiation to hAT1 cells and accumulation of DATPs. As local lung hypoxia has been 

reported to be increased in IPF lungs, particularly in regions of active remodelling, 

additional work needs to be performed to better understand the effects of hypoxia on 

epithelial cells of the human lung during IPF progression.  

 

1.6.2.6. The inflammatory niche  

While no longer considered to be the main driving force of IPF pathogenesis, the 

contribution of the inflammatory system to complex IPF-related disease processes cannot 

be overlooked, particularly as a number of inflammatory cytokines are found to be 

increased in IPF patient lungs (Schruf et al., 2020). Various studies have highlighted that 

rather than being initiated by an inflammatory mechanism, innate and adaptive immune 

processes could instead orchestrate existing fibrotic responses (Desai et al., 2018). For 

example, early work demonstrated that alveolar macrophages from IPF patients stimulated 

fibroblast accumulation in a paracrine manner, while more recent studies confirmed the 

fibroblast-stimulating properties of lung-derived macrophages (Bitterman et al., 1986; 

Zhou et al., 2014). In addition to fibroblast stimulation and accumulation, release of 

inflammatory cytokines from macrophage populations may also have an effect on epithelial 

cell populations. IL-1ß is a cytokine protein that in humans is encoded by the IL1ß gene. 

Upon IL-1ß binding to its receptor (IL1R1) a structural change occurs in the receptor that 

allows binding of the co-receptor IL1R3, eventually triggering a cascade of kinases that 
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produce a pro-inflammatory signal and activation of NFκB (Dinarello, 2018). A subset of 

AT2 cells have been found to express the IL1 receptor IL1R1 in both the mouse and human, 

with levels increased in hAT2 cells from fibrotic lungs (Choi et al., 2020; Reyfman et al., 

2019). In the mouse, IL-1ß secreted by interstitial macrophages upon injury has been found 

to prime IL1R1+ AT2 cells prior to their differentiation to DATPs and AT1 cells (Choi et 

al., 2020). However, mimicking chronic injury and inflammation through sustained IL-1ß 

treatment of adult mouse AT2-derived organoids resulted in an accumulation of DATPs 

and stalled AT1 differentiation. This stall in AT1 differentiation could be rescued upon 7-

day withdrawal of IL-1ß from the culture system. As mentioned previously, DATPs 

expressing markers such as Krt8 and Cldn4 display similar transcriptional signatures to the 

KRT5- KRT17+ basaloid cells observed in human IPF (Adams et al., 2020; Choi et al., 

2020; Habermann et al., 2020; Kobayashi et al., 2020). It is therefore possible that such 

cells can arise in the lungs of IPF patients through persistent inflammation and injury to the 

hAT2 population. However, a similar study utilising adult mouse AT2 cells did not find 

the presence of DATPs in their culture system, and instead suggested that IL-1ß (and 

TNF-α) treatment promoted increased AT2 proliferation (Katsura et al., 2019). 

Nevertheless, this could be due to the use of a lower concentration of recombinant cytokine 

versus the study by Choi et al. Furthermore, presence of DATP-related markers was not 

specifically assessed. 

 

In addition to IL-1ß, TNF-α is another inflammatory cytokine that is present at high levels 

in the BALF of IPF patients and is thought to play an important role in the development of 

pulmonary fibrosis (Fujita et al., 2003; Schruf et al., 2020). TNF receptor 1 (TNFSFR1) is 

expressed across many cell types in the human lung. However, there is increased expression 

in some fibrosis-derived AT2 cells (Reyfman et al., 2019). The effects of cytokines on 

hAT2 cells have also been assessed in vitro. IL-13 was found to reduce SFTPC expression 

in both mouse and human organoids established from adult AT2 cells (Glisinski et al., 

2020). Interestingly, IL-13-treated mouse AT2 cells exhibited aberrant expression of 

KRT5, a phenomenon that is observed in fibrotic or injured lungs of both mouse and 

humans (Adams et al., 2020; Habermann et al., 2020). The same was not observed for 

hAT2 cells, but may be due to the presence of MRC5 fibroblasts in the culture system. A 

separate study utilising iPSC-derived hAT2 cells in an air-liquid interface (ALI) culture 

discovered a similar loss of SFTPC and gain of KRT5 and airway-related transcripts upon 

culture with a ‘cytokine cocktail’ (Schruf et al., 2020). This cytokine cocktail contained 
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nine individual cytokines found to be upregulated in IPF-derived BALF or 

sputum; TGF-β1, IL-1β, TNF-α, IL-8, MCP-1, IL-33, TSLP, IL-13 and IL-4. IL-13 in 

particular was postulated to be a driver of proximalisation in the culture system, as removal 

of IL-13 from the cytokine cocktail impaired the induction of airway-associated markers. 

However, IL-13 failed to fully recapitulate all findings associated with the full cytokine 

cocktail, making it likely that a single cytokine may not be sufficient to drive all aspects of 

IPF disease. Furthermore, during the differentiation process to AT2 cells, rare KRT5+ basal 

cells were already present prior to cytokine treatment (Schruf et al., 2020). Therefore, the 

potential contribution of these cells to the observed increase in airway cells upon cytokine 

treatment needs to be assessed to rule out the possibility of basal cell expansion rather than 

KRT5 induction in hAT2 cells. It is important to note that due to the complex nature of IPF 

disease processes, coupled with various interactions between cells across multiple 

compartments, the likelihood of one specific mechanism being involved in the initiation of 

IPF is unlikely.  

 

1.6.3. Current models of lung fibrosis  

In an attempt to better understand the initiation and progression of IPF and pulmonary 

fibrosis, a host of in vivo and in vitro models have been employed. These have included in 

vivo mouse models in addition to various in vitro and ex vivo studies involving  the use of 

human primary cells and lung tissue. However, no IPF models thus far have been able to 

fully-recapitulate all aspects of disease.  
 

1.6.3.1. Bleomycin and transgenic mouse models   

The majority of IPF disease models to date have involved the use of various animal models 

(Tashiro et al., 2017). A number of models exist that have involved the use of various 

chemicals, such as silica and asbestos (Tashiro et al., 2017). However, the most traditional 

model for studying IPF initiation and disease processes in vivo has been the bleomycin 

experimental mouse model. This system involves instillation (usually through the trachea) 

of a single-dose of bleomycin, a chemotherapeutic drug known to cause pulmonary 

interstitial fibrosis, into the lungs of mice. Although such models result in an increase in 

collagen deposition within the lung parenchyma, as is observed in patients with IPF, the 

development of patchy fibrosis and rapid immune infiltration are unlike human disease. 

Furthermore, resolution of fibrosis approximately 21 days after bleomycin injury is unlike 
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the progressive fibrosis that is observed in human IPF lungs. From the observation of rapid 

immune infiltration and assessment of early molecular signatures, it has been shown that 

bleomycin injury results in injury more similar to the accelerated acute phase of IPF in 

humans rather than long-term, progressive fibrosis (Peng et al., 2013). Despite these 

findings, the bleomycin mouse model remains the most well-characterised in vivo model 

of IPF, and has been used for preclinical studies into the two approved IPF drugs; 

Pirfenidone and Nintedanib. A more human-relevant bleomycin mouse model was later 

achieved through repetitive intratracheal instillation of bleomycin in order to more 

accurately model the recurrent alveolar injury thought to occur in human IPF (Degryse et 

al., 2010). Similar to human UIP, harvested lungs following multi-dose bleomycin 

treatment exhibited AT2 hyperplasia and marked fibrosis. When compared to single-dosed 

mice, multi-dose bleomycin injury (twice a week for 8 weeks) resulted in significantly 

higher overall levels of  lung fibrosis. Furthermore, fibrotic remodelling persisted for 10 

weeks, longer than the ~21 days observed in single-dose models (Degryse et al., 2010). 

However, unlike in human IPF lungs, observations of fibroblastic foci were rare and 

epithelial honeycombing was not observed, although this could be due to the relatively 

short experimental time-frame. Despite this, bleomycin mouse models of IPF have been 

fundamental in advancing our knowledge of various disease processes, such as defining the 

role of fibroblasts and myofibroblasts in pulmonary fibrosis and identifying cytokines 

involved in fibrotic development. The majority of bleomycin lung injury studies have 

involved the use of young male mice, therefore it will be important in future to assess the 

effects of bleomycin injury on aged mice, as IPF is generally considered to be an age-

related disease (Redente et al., 2011; Sueblinvong et al., 2012).   

 

In addition to bleomycin injury, more recent animal models have involved transgenic 

approaches to introduce IPF-related mutations into the cells of mouse lungs. As previously 

discussed, development of an inducible knock-in mouse model that allowed for regulated 

expression of SftpcI73T, a human IPF-associated mutation, resulted in diffuse parenchymal 

lung injury, inflammation and poly-cellular alveolitis (Nureki et al., 2018). This was then 

followed by aberrant lung remodelling, collagen deposition and AT2 dysplasia, similar to 

observations made in human IPF lungs. In addition, introduction of an alternative mutation 

into the Sftpc gene (SftpcC121G) led to fibrotic remodelling of the lung and similar cytokine 

expression patterns to those observed in BALF of paediatric ILD patients, again 

highlighting the utility of animal models (Katzen et al., 2019). However, although animal 
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models have proved useful in modelling aspects of lung fibrosis, they fail to fully 

recapitulate the complexity of human disease initiation and progression. Therefore, more 

human-specific models are required to better understand IPF. 

 

1.6.3.2. Precision-cut lung slices  

The need to find a suitable human-specific model that could complement animal studies 

has led to the development of ex vivo and in vitro systems that allow the culture and 

propagation of tissue and cells derived from human IPF lungs, or the study of IPF-related 

mutations and processes (Evans and Lee, 2020). PCLS involve the isolation and ex vivo 

culture of tissue from healthy or diseased lungs, and recapitulate tissue-specific features 

such as cellular architecture. One of the benefits of this system has been maintenance of 

alveolar structure, a component that is lacking from in vitro systems (see also Section 

1.6.6.3; Parrish et al., 1995; Placke and Fisher, 1987). A recent pre-print demonstrated the 

utility of PCLS in modelling IPF-associated disease related to a specific cell type, in this 

case hAT2 cells (Wasnick et al., 2019). PCLS derived from IPF patients exhibited an 

increase in mature SFTPB upon inhibition of Notch signalling with the γ-secretase inhibitor 

DAPT (Wasnick et al., 2019). Meanwhile, a separate study assessed the effects of a 

‘fibrosis cocktail’ on PCLS derived from excess tissue of healthy donor lungs (Stegmayr 

et al., 2021). Following 48-hours of treatment, bulk RNA-sequencing analysis 

demonstrated that PCLS exhibited increased gene expression levels of fibrotic-related 

transcripts and decreased alveolar markers such as SFTPC and HOPX, indicating a fibrotic 

response. Resulting fibrotic PCLS were also treated with two novel drugs, both of which 

demonstrated a reduction in fibrotic gene expression ex vivo. Together, these studies 

highlight the utility in using human PCLS to assess aspects of IPF-related processes. 

However, their limited long-term culture ability coupled with the inability to study in vivo 

processes such as immune cell recruitment indicate that improvements need to be made to 

increase their usefulness in studying complex diseases such as IPF (Evans and Lee, 2020; 

Neuhaus et al., 2017)   

 

1.6.3.3. In vitro cultures  

Advances in in vitro culture of human epithelial cells, particularly as 3D-organoids, have 

allowed for investigations into IPF- and fibrotic-related processes. CRISPR/Cas9 editing 

of hPSC-derived lung organoids was used to model Hermansky-Pudlak syndrome (HPS), 
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a rare disorder in which specific mutations within protein complexes leads to the 

development of pulmonary fibrosis. The resulting organoids demonstrated a fibrotic 

phenotype, with the presence of increased numbers of mesenchymal cells, and enhanced 

levels of fibronectin and collagen deposition compared with non-mutated organoids (Chen 

et al., 2017; Strikoudis et al., 2019). Patient-derived HPS organoids containing a mutation 

in the HPS2 gene were gene-corrected using CRISPR/Cas9, with restoration of the protein 

trafficking gene APB31 achieved at the transcriptional level (Korogi et al., 2019). 

Subsequently, the inflammatory cytokine IL-11 was found to be upregulated in both 

fibrotic organoids and IPF patients, and treatment of HPS-mutated organoids with IL-11 

was essential for fibrosis induction (Strikoudis et al., 2019). Similarly, IL-13 is upregulated 

in the broncho-alveolar lavage fluid (BALF) of IPF patients, and may be implicated in IPF 

pathogenesis. Interestingly, IL13 was found to reduce the number of SFTPC+ hAT2 cells 

in adult hAT2 cell-derived organoid culture (Glisinski et al., 2020). As the organoids were 

co-cultured with supporting stromal cells, it is not yet known whether the effects of IL-13 

were acting directly on the hAT2 population or indirectly through interaction with the 

supporting mesenchyme. In contrast to assessing the effect of inflammatory cytokines, a 

separate study assessed the effect of the IPF-associated mutation SFTPCI73T in iPSC-

derived hAT2 cells (Alysandratos et al., 2021). Resulting hAT2 cells exhibited reduced 

progenitor capacity, improper SFTPC trafficking and metabolic reprogramming similar to 

IPF patients. Despite the increase in human-relevant models of IPF, the precise mechanisms 

of disease initiation and progression remain to be discovered.  

 

 

1.7. Outstanding questions and project aims 

It is evident that there is much knowledge still to be gained in regard to hAT2 cell 

maintenance mechanisms, and how these mechanisms may become dysregulated in IPF. 

The lack of appropriate, human-specific in vitro hAT2 models has made it difficult to 

understand hAT2 cell maintenance and their potential role in disease. Furthermore, 

although mouse alveolar and IPF models are currently more numerous and advanced than 

their human counterparts, the clear differences between the mouse and human lung need to 

be considered. Therefore, establishment of a human-relevant hAT2 cell model is required. 

In particular, defining conditions that do not rely on supporting mesenchymal cells is of 

particular interest. Optimising conditions for in vitro culture of adult hAT2 cells will not 
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only increase our understanding of their cellular requirements for growth, cell maintenance 

and differentiation, but will also allow for investigations into how their dysregulation can 

lead to disease.  

 

Therefore, during my project I aimed to establish an in vitro human alveolar organoid 

system from adult hAT2 stem cells in chemically-defined conditions. I investigated 

multiple growth factors to assess the essential requirements for hAT2 self-renewal, 

maintenance and differentiation. Finally, I utilised my alveolar organoid system in order to 

assess the effect of HIF1α-mediated hypoxia and cytokine presence on hAT2 cell 

maintenance. Both hypoxia and chronic inflammation have been previously  found to result 

in an accumulation of DATPs and a stall in proper AT2 differentiation to AT1 cells in 

injured mouse alveoli (Choi et al., 2020), and have also been implicated in IPF. Application 

of my organoid system allowed for the study of these aberrant disease-processes, 

implicating hAT2 cells as a potential contender in the initiation or progression of IPF.  
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CHAPTER 2 

 

Materials and Methods 
A  list of reagents and commercial kits used in this study can be found in Table 2.1. 

 

2.1. Human lung tissue 

2.1.1. Tissue acquirement, ethics and HTA guidance 

Distal parenchymal tissues from deidentified lungs not required for transplantation were 

obtained from adult donors with no background lung pathologies from Addenbrookes 

Hospital (Cambridge University NHS foundations trust; Krishnaa T. Mahbubani, Kourosh 

Saeb-Parsy) under appropriate Human Tissue Act (HTA) guidance. Additional control lung 

tissue was obtained from UCL Hospital (NHS University College London Hospitals; Sam 

Janes and Sarah Clarke) and Papworth Hospital NHS research tissue bank (Research Tissue 

Bank Generic REC approval, Tissue Bank Project number T02233) and derived from 

regions distant from tumours of patients undergoing lobectomy for lung cancer. Normal 

lung architecture and absence of tumour tissue was confirmed by a pathologist. IPF lung 

tissue was obtained from patients upon lung transplantation and provided by Papworth 

Hospital NHS research tissue bank (T02233). Informed consent was obtained from all 

subjects. Tissue information can be found in Table 2.2.  

 

2.1.2. Fixation and preparation for paraffin embedding/cryo-protection 

Fresh tissue was transported in alphaMEM (STEMCELL Technologies) or Hibernate 

media (Gibco) supplemented with 1 U/mL Penicillin/Streptomycin (Pen/Strep), 50 µg/mL 

Gentamicin, 250 ng/mL Amphotericin B and either processed immediately, or stored 

overnight at 4 °C. For fixation, spare tissue was cut using a scalpel into 1 cm x 1 cm cubes 
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and immersed into 4% formaldehyde for 12 hours at 4 °C with rotation. Following fixation, 

tissue was washed three times with PBS for 5 min each wash,  followed by a 1 hr wash in 

PBS at 4 °C with rotation. Tissue was transferred to plastic histology cassettes and stored 

in 70% ethanol (EtOH) prior to paraffin embedding. Dehydrated samples were cleared in 

xylene, and paraffin infiltration was performed overnight using a TP1020 Leica Tissue 

Processor. The following day, tissue was paraffin embedded using EG1160 Leica 

Embedding Station, and 4.5 µm paraffin sections were prepared using a microtome 

(RM2255: Leica). Sections were flattened using a 45 °C water bath, and collected on 

Superfrost Plus slides. Paraffin embedding, section cutting and mounting was performed 

by Irina Pshenichnaya (Wellcome-MRC Cambridge Stem Cell Institute histology core 

facility). H&E staining was performed using Harris Haematoxylin and 0.5% Eosin. For 

cryoprotection, fixed tissues were incubated in increasing concentrations of sucrose 

solution (15%, 20%, 30%; diluted in PBS) for 1 hr each at room temperature (RT) with 

agitation. Tissue was then transferred to a cryoblock containing 100% optimal cutting 

temperature (OCT) compound, and allowed to freeze on dry ice. Sections were cut to a 

thickness of 5-7 µm using a cryostat (Leica).  

 

2.1.3. Tissue processing for cell dissociation from normal background lung 

Tissue was processed as soon as possible in order to minimise cell yield loss and maintain 

cell viability. Tissue was washed with PBS to remove excess blood and transferred to a 10 

cm petri dish, where it was minced into small (1 mm) pieces using a scalpel. Once minced, 

tissue pieces were transferred into fresh, pre-warmed digestion buffer containing 2U/ mL 

Dispase II (Sigma), 1 mg/mL Collagenase/dispase (Sigma) and 0.1 mg/mL DNase I 

(Sigma) in PBS. Tubes were sealed with parafilm, and placed on a rotor at 37 °C for 1 hr 

with agitation. Time in digestion buffer was limited to maintain cell viability. Tissue cell 

suspensions were filtered through a 100 µm cell strainer into a 50 mL falcon tube to remove 

cell debris, and washed with 10 mL of DMEM (Gibco). Remaining tissue in the cell strainer 

was ground using a syringe plunger to increase cell yield, and washed with a further 10 mL 

of DMEM. Cells were centrifuged at 350 x g for 10 min, supernatant was carefully 

aspirated, and cell pellet resuspended in 5 mL red cell lysis buffer (150 mM NH4Cl, 10 mM 

KHCO3 in distilled H2O) for 5 min at RT. The reaction was quenched using 5 mL of 

DMEM, and the entire 10 mL of cell suspension was transferred to a 15 mL falcon tube, 

followed by 10 min centrifugation at 350 x g. Supernatant was removed, and cell pellet 
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resuspended in DMEM for counting. On average (depending on tissue quality and digestion 

efficiency) a sample of normal background lung of 2 cm x 2 cm in size was expected to 

yield in the region of 30 million total cells. These cells could then be used for either 

fluorescence activated cell sorting (FACS) or magnetic-activated cell sorting (MACS).  

 

2.1.4. Tissue processing for cell dissociation from IPF patient lungs  

IPF tissue consists of increased amounts of ECM components and fibrosis in comparison 

with healthy background lung tissue, which makes the tissue stiffer and more difficult to 

digest. To combat this, tissue was digested for a longer period of time (2-3 hr), with digested 

tissue suspension harvested following 1 hr, and undigested tissue fragments incubated in 

fresh digestion buffer at 37 °C for a further 1 to 2 hr.   

 

2.1.5. Cryopreservation of human lung tissue for long-term storage  

When clinical specimens were not immediately required, they were prepared for 

cryopreservation and long-term storage. Upon receipt of donor or IPF lung specimens, 

tissue was washed with PBS, followed by transferral to a petri dish. Tissue was chopped 

into 1 cm3 pieces using a scalpel, and each piece was placed onto the inner surface of a 50 

mL conical tube on ice. Using a pair of scissors, tissue pieces were minced into a thick 

paste. Freezing medium (FBS/10% DMSO) was prepared fresh, and added to the tissue 

using a 5 mL Strippette. Tissue pieces were pipetted up and down in the freezing solution 

a couple of times, and then 1 mL of tissue solution was transferred to a cryopreservation 

tube. Tubes were transferred to a Mr Frosty and stored at -80 °C overnight, after which 

they were stored in liquid nitrogen for long-term storage. When tissue was required, tubes 

were thawed quickly for 1 min in a water bath at 37 °C, and tissue solution transferred to 9 

mL of pre-warmed DMEM, followed by 5 min centrifugation at 400 x g. Supernatant was 

then removed, and the tissue pellet was transferred to digestion solution and processed as 

in 2.1.3 and 2.1.4.  
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Table 2.1. List of reagents and commercial kits.  

Name Company  Cat. no. 

4% Paraformaldehyde Biosesang PC2031-050-00 

Accutase STEMCELL Technologies 07920 

Alpha Modified Eagle Medium Merck Sigma-Aldrich  M4526-500ML 

Ammonium chloride  Merck Sigma-Aldrich 213330 

Amphotericin B Merck Sigma-Aldrich A2942 

Ampicillin Merck Sigma-Aldrich A0166-5G 

Anti-mouse IgM human MicroBeads Miltenyi 130-047-301 

Bambanker solution Alpha Labs  302-14681 

Bovine Serum Albumin  Merck Sigma-Aldrich AB412-100ML 

Calcium chloride (CaCl2) Merck Sigma-Aldrich C1016 

CD31 MicroBead kit, human Miltenyi 130-091-935 

CD326 Microbeads, human Miltenyi 130-061-101 

CD45 MicroBead kit, human  Miltenyi 130-045-801 

Chloroform Sigma-Aldrich C2432 

Click-iT EdU kit Vector Laboratories  C10640 

Collagenase/Dispase Sigma-Aldrich 10269638001 

D-glucose Sigma-Aldrich G8270 

ddH2O CSCI Core Facilities  N/A 

Dispase (Corning) Fisher Scientific  11553550 

Dispase II  Sigma-Aldrich 4942078001 

DMSO Sigma-Aldrich D2650 

DNase I Sigma-Aldrich D4527-10KU 

EDTA Sigma-Aldrich E9884 

Ethanol CSCI Core Facilities N/A 

FBS Gibco 16000-044 

Gentamicin Sigma-Aldrich G1397 

GFR-Matrigel CORNING 356231 

HEPES Invitrogen  15630-080 

Histogel Fisher Scientific  HG-4000 

Human Serum  Sigma-Aldrich H4522 

Hydrochloric acid (concentrated) Sigma-Aldrich 320331 
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Isopropanol Sigma-Aldrich I9516 

KaryoMAXTM ColcemidTM Solution  Gibco 15212012 

KCl Sigma-Aldrich P3911 

Lenti-X concentrator  Takara Bio Europe  631231 

Matrigel growth factor reduced 

basement membrane matrix 

SLS (Corning)  356231 

Na2HPO4 Sigma-Aldrich S9763 

NaCl Sigma-Aldrich S9888 

NaOH (5N) Sigma-Aldrich S5881 

Normal donkey serum Jackson immuno NC9624464 

OCT compound  VWR International 361603E 

PBS Sigma-Aldrich D8537-

6X500ML 

Potassium bicarbonate  Merck Sigma-Aldrich 237205 

Power SYBR Green PCR Master 

Mix 

Thermo Fisher Scientific 4367659 

PureLinkTM HiPure Plasmid 

Midiprep Kit 

Thermo Fisher Scientific K210005 

Rapiclear®  SUNJin Lab RC152001 

Serum-free DMEM Gibco 41966-029 

Sodium citrate tribasic dihydrate Sigma-Aldrich 6858-44-2 

Sucrose Sigma-Aldrich S0389-500G 

SuperScript IV Thermo Fisher Scientific 18091050 

Tris-base Merck Sigma-Aldrich TRIS-RO 

Triton X-100 Sigma-Aldrich T9284-100ML 

TRIzol Thermo Fisher Scientific  15596026 

TrypLE Select Gibco 12563-029 

Trypsin/EDTA CSCI Core Facilities  N/A 
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Table 2.2. Patient information.

Patient 
number  

Patient ID Age  Sex  Procedure and diagnosis Background lung disease 
(excluding cancer) 

Smoking 
history  

Cells isolated  

Donor 1 P306 68 F Right upper lobectomy for LUAC Mild emphysema  Yes (current) EpCAM+ 

Donor 2 P312 57 M Squamous cell carcinoma  None  Yes (current) EpCAM+ 

Donor 3 TB18.0130 57 M Right upper lobectomy for LUAC None  Yes (current) EpCAM+ 

Donor 4 P329 56 F Right lower lobectomy for lesion None  No HTII-280 (+ and -) 

Donor 5 P367 74 F Lobectomy for LUAC None  No HTII-280 (+ and -) 

Donor 6 502B 61 F Donation after brainstem death None  No HTII-280 (+ and -) 

Donor 7 538C 52 M Donation after circulatory death None  Yes (current) HTII-280 (+ and -) 

Donor 8  ASC-017X 57 F Lobectomy for LUAC None  No HTII-280 (+ and -) 

Donor 9 640C 74 F Donation after circulatory death None  No  HTII-280 (+ and -) 

IPF 1 TB18.0763 68 M Single right lung transplant  IPF No HTII-280 (+ and -) 

IPF 2 TB18.0893 57 M Single left lung transplant  IPF  Yes (past) HTII-280 (+ and -) 

IPF 3 TB19.0018 67 M Lung transplant  IPF and emphysema  Yes (past) HTII-280 (+ and -) 

IPF 4 TB19.0379 66 M Single left lung transplant  IPF Yes (past) HTII-280 (+ and -) 

IPF 5 TB20.0031 56 M Single left lung transplant  IPF No HTII-280 (+ and -) 

IPF 6 TB21.0215 64 M Lung transplant  IPF and asbestos exposure Yes (past) HTII-280 + ITGB4 
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2.2. Generation and culture of human 3D adult alveolar 

organoids  

2.2.1. Antibody preparation for flow cytometry  

For isolation of Lysotrackerhigh cells, cells were incubated prior to primary antibody 

addition with 50 ng/µL of Lysotracker™ (Invitrogen, L12492), diluted in pre-warmed 

expansion medium, for 30 min at 37 °C and protected from light. Cells were pelleted by 

centrifugation at 350 x g for 5 min, and washed twice in PF10 buffer (10% FBS in PBS). 

Supernatant was removed, and cells were resuspended in PF10 buffer at a ratio of 4 

million cells/ 100 µL of buffer. A small volume of cell suspension was removed and 

placed into separate Eppendorf tubes for non-stained and single stained FACS controls. 

Cells were stained with primary antibodies (Table 2.3 and 2.4) at a dilution of 1:40 per 4 

million cells for 30 min on ice, unless otherwise stated. Non-stained and single-stained 

samples were prepared as compensation controls. Cells were washed twice with excess 

cold PF10 buffer, and incubated with fluorescence-conjugated secondary antibodies, 

where required (Table 2.3) at 1:100 for 30 min on ice. Cells were washed with PF10 

buffer, and counted using a haemocytometer to assess dilution required for final volume. 

Cells were diluted at a concentration of 30 million cells/ mL and filtered through a 35 µm 

cell strainer into polypropylene FACS tubes. Samples were sorted on an Aria III fusion 

using a 100 µm nozzle into polypropylene collection tubes containing 1 mL of PF10 

buffer.  

 

2.2.2. Antibody preparation for Magnetic-activated cell sorting (MACS) 

Cells were centrifuged at 350 x g for 5 min, supernatant was removed, and cells 

resuspended in fresh cold  MACS buffer (2 mM EDTA, 0.5% BSA in PBS) at a dilution 

of 50 million cells per 500 µL of buffer. For negative antibody selection, cells were 

stained with CD31 and CD45 beads (Miltenyi) at a ratio of 1:50 each, and incubated for 

30 min on ice. LD-columns (Miltenyi) were placed into a MACS separator stand 

(Miltenyi) above 15 mL falcon tubes, and equilibrated with 3 mL of cold MACS buffer. 

Cells were washed with MACS buffer, applied directly to the columns and allowed to 

filter through. Columns were washed twice with 3 mL of MACS buffer each wash, and 

the resulting cell suspension was centrifuged at 350 x g for 5 min. For positive antibody 

selection of human alveolar type 2 (hAT2) cells, cells were incubated with HTII-280 
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(IgM) for 30 min on ice, followed by two washes with cold MACS buffer. The staining 

process was repeated with MACS IgM beads (Miltenyi). LS-columns (Miltenyi) were 

placed into a MACS separator stand above 15 mL falcon tubes, and equilibrated with 3 

mL of cold MACS buffer. Cell suspensions were applied directly to the column, and 

allowed to filter through, followed by three column washes with 1 mL of MACS buffer 

each wash. Columns containing the cells of interest were removed from the MACS 

separator stand and placed above a 15 mL falcon tube containing 1 mL of MACS buffer, 

followed by application of 5 mL of MACS buffer to the column. A plunger was used 

immediately to flush the labelled cells through the beads and into the collection tube. 

Cells were then ready for culture. For further isolation of epithelial HTII-280- cells, HTII-

280-depleted cells were incubated with EpCAM beads for 30 min on ice, followed by 

selection with LS columns as described above.  

 

2.2.3. Establishment of 3D human alveolar organoids 

Sorted hAT2 cells (EpCAM+ HTII-280+; EpCAM+ Lysotrackerhi, EpCAM+ HLA-DR+) 

were cultured in Matrigel growth factor reduced basement membrane matrix (henceforth 

referred to as Matrigel; Corning) at a ratio of 5000-10,000 cells/ 20 µL Matrigel in 48-

well culture plates or 8-well chamber slides. Matrigel was allowed to solidify for 20 min 

at 37 °C. For culture in 0.4 µm pore transwell inserts (Corning), 50 µL of Matrigel/cell 

suspension was diluted 1:1 with DMEM at a concentration of 10,000 -20,0000 cells per 

100 µL of total volume. 100 µL of cell suspension was applied to each transwell insert 

within a 24-well plate, and allowed to solidify at 37 °C for 1 hr. The protein concentration 

of Matrigel used for this study ranged between 8.7-8.9 mg/mL.  

 

2.2.4. Organoid culture conditions  

Culture reagents for alveolar maintenance medium can be found in Table 2.6. To 48-well 

plates and 8-well chamber slides, 250 µL of pre-warmed medium was added carefully to 

each well so that the Matrigel/cell domes were completely submerged. For transwell 

inserts, 500 µL of pre-warmed medium was added to each lower chamber. Cultures were 

maintained under standard conditions (37 °C, 5% CO2), with medium changes every 2-3 

days. ROCK inhibitor was added to cultures for the first 24-48 hr. Additionally-tested 

components can be found in Table 2.7, further information for which is outlined in the 
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results. Human airway organoids were cultured under published conditions, unless 

otherwise stated (Sachs et al., 2019).  

 

2.2.5. 2D-differentiation of organoid-derived hAT2 cells to alveolar type 1 
cells 
 

2D-differentiation was performed in collaboration with Taewoo Kim (Ju lab, KAIST). 

Alveolar organoids were dissociated into single cells using Accutase (STEMCELL 

Technologies) for 5 min at 37 °C. Following a 5 min wash with PBS, dissociated cells 

were resuspended in differentiation medium containing DMEM, 10% human serum 

(Sigma) and 1% Pen/Strep, and seeded at a ratio of 25,000 cells per well either in a 

LabTek 8-well glass-bottomed slide (ThermoFisher), or in Collagen I coated 8-well glass 

slide (SPL). Following 4 days of culture, cell attachment was observed, after which cells 

were fixed and stained with a number of hAT2 and alveolar type 1 (hAT1) markers in 

situ in order to assess differentiation ability (Tables 2.4 and 2.5). 

 

2.2.6. 3D-differentiation of organoid-derived hAT2 cells to hAT1 cells 

For 3D-differentiation of organoid-derived hAT2 cells in serum, passage (P)3 or P6 

hAT2 cells were cultured in complete medium (Table 2.6) for 10 days, followed by a 

switch to basic medium containing 10% human serum for a further 11 days of culture. 

For chemically-defined 3D-differentiation, primary or P6 hAT2 cells were cultured for 

14 days in complete medium, followed by removal of CHIR99021 for a further 7 days.  

 

2.2.7. Chemical induction of hypoxia in hAT2-derived organoid cultures 

To assess the effect of chemical inducers of hypoxia on hAT2 cell behaviour and identity,  

primary or P6 hAT2 cells were cultured in complete medium for 14 days, followed by 

addition of either Cobalt Chloride (CoCl2) or deferoxamine (DFO) to the complete 

medium at a concentration of 50 µM or 100 µM for an additional 7 days.  For assessment 

of  Notch signalling on hypoxia cultured hAT2 cells, 20 µM of the γ-secretase inhibitor 

DAPT was added to DFO-treated cultures for the final 4 days of culture. 
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Table 2.3. Conjugated antibodies for FACS analysis. 

              

        

 

 

 

 

 
 

Antibody  Conjugation Dilution Company  Cat no. Research Resource 
Identifier (RRID) 

Anti-human CD31 APC 1:40 BioLegend  303116 AB_1877151 

Anti-human CD45 APC 1:40 BioLegend  368512 AB_2566372 

Anti-human EpCAM FITC 1:40 BioLegend  324204 AB_756078 

Anti-human EpCAM bv-421 1:40 BioLegend  324220 AB_2563847 

Anti-human HLA-DR FITC 1:50 eBioscience  11-9956-42 AB_2572544 

Anti-human ITGB4 Biotin  1:50 Thermo Fisher  13-1049-82 AB_1210583 

Anti-mouse IgM PE 1:100 eBioscience  12-5790-81 AB_465939 

LysotrackerTM  Deep Red 50 ng/µL Invitrogen  L12492 N/A 

Streptavidin  APC-Cy7 1:100 eBioscience  47-317-82 N/A 
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Table 2.4. Primary antibodies for immunofluorescence staining (continued on next page). 
Antibody  Dilution Antigen 

retrieval 
(paraffin) 

Antigen 
retrieval 

(cryo) 

Whole-
mount 

Company  Cat no. Research 
Resource 

Identifier (RRID) 

Goat anti-

RAGE/AGER 

1:200 Tris-EDTA Tris-EDTA Yes R&D Systems  AF1145 AB_354628 

Mouse anti-

ABCA3 
1:300 Citrate  N/A No Seven Hills Bioreagents WRAB-ABCA3  AB_577286 

Mouse anti-ACT 1:3000 No N/A No Sigma T7451 AB_609894 

Mouse anti-HTI-56 
IgG 

1:100 N/A Tris-EDTA No Terrace Biotech TB-29AHT1-56    AB_2847898 

Mouse anti-HTII-

280 IgM 
1:500 Citrate  Citrate  Yes Terrace Biotech TB-27AHT2-280 AB_2832931 

Mouse anti-KI67 1:200 Citrate  Citrate  Yes  BD Pharmigen 550609 AB_393778 

Mouse anti-

MUC5AC 

1:100 N/A No No Thermo Fisher  MS-145-P0 AB_2314822 

Mouse anti-TP63 1:500 Citrate  Citrate  Yes Abcam ab735  AB_305870 

Rabbit anti-AQP5 1:200 N/A N/A Yes Abcam ab92320 AB_2049171 

Rabbit anti-CAV1 1:200 Citrate  N/A N/A Cell Signaling Tech 3267S AB_2275453 

Rabbit anti-CRB3 1:400 N/A N/A Yes Novus Biologicals NBP1-81185 AB_11038157 
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Rabbit anti-HOPX 1:200 Citrate  Citrate  Yes Santa Cruz sc-30216 AB_2120833 

Rabbit anti-ITGB4 1:200 Citrate  Citrate  Yes  Sigma HPA036349 AB_2675078 

Rabbit anti-KI67 1:200 N/A N/A Yes MenaPath MP-325-CRM01 N/A 

Rabbit anti-KRT5 1:500 Citrate  No Yes Biolegend 905501 AB_2565050 

Rabbit anti-KRT8 1:200 Citrate  N/A N/A DSHB TROMA-I AB_531826 

Rabbit anti-KRT17 1:200 Citrate  N/A N/A Abcam ab53707 AB_869865 

Rabbit anti-

LPCAT1 

1:100 Citrate  Tris-EDTA No Proteintech 16112-1-AP AB_2135554 

Rabbit anti-SCRIB 1:100 Citrate  N/A N/A GeneTex GTX107692  AB_1241297 

Rabbit anti-SFTPB 1:200 Citrate  N/A N/A Seven Hills Bioreagents WRAB-48604 N/A 

Rabbit pro-SFTPC 1:500 Citrate  N/A Yes Merck Millipore AB3786 AB_91588 

Rat anti-SCGB1A1 1:200 Citrate  N/A Yes R&D Systems MAB4218  AB_2183286 

Rat anti-SOX2 1:200 Citrate  N/A Yes Thermo Fisher 53-9811-82 AB_2574479 

Sheep anti-PDPN 1:200 Citrate  N/A N/A R&D Systems  AF3670 AB_2162070 
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Table 2.5. Secondary antibodies for immunofluorescence staining. 

 
 
 
 
 
 
 

Antibody  Dilution Company  Cat no. Research Resource 

Identifier (RRID) 

Donkey anti-goat IgG (H+L), Alexa Fluor 555 1:1000 Thermo Fisher Scientific A-21432 AB_141788 

Donkey anti-Mouse IgG (H+L), Alexa Fluor 488 1:1000 Thermo Fisher Scientific A-21202 AB_141607 

Donkey anti-Mouse IgG (H+L), Alexa Fluor 555 1:1000 Thermo Fisher Scientific A-31570 AB_2536180 

Donkey anti-Mouse IgG (H+L) Alexa Fluor 647 1:1000 Thermo Fisher Scientific A-31571 AB_162542 

Donkey anti-Rabbit IgG (H+L) Alexa Fluor 488 1:1000 Thermo Fisher Scientific A-21206 AB_2535792 

Donkey anti-Rabbit IgG (H+L), Alexa Fluor 555 1:1000 Thermo Fisher Scientific A-31572 AB_162543 

Donkey anti-Rabbit IgG (H+L), Alexa Fluor 647 1:1000 Thermo Fisher Scientific A-31573 AB_2536183 

Donkey anti-Rat IgG (H+L), Alexa Fluor 488 1:1000 Thermo Fisher Scientific A-21208 AB_2535794 

Donkey anti-Sheep IgG (H+L), Alexa Fluor 488 1:1000 Abcam ab150177 AB_2801320 

Goat anti-Mouse IgM (heavy chain), Alexa Fluor 555 1:1000 Thermo Fisher Scientific A-21426 AB_2535847 

Streptavidin-APC 1:1000 eBioscience  17-4317-82 N/A 
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Table 2.6. Chemical compounds for culture of 3D human-derived alveolar organoids. 

* CHIR99021 not required for culture of airway organoids from EpCAM+ HTII-280- cells.  

Media component Signalling pathway  Supplier and catalogue number Stock 

Concentration  

Final 

Concentration  activation block 

Advanced DMEM  Base medium Fisher Scientific 11510436 N/A N/A 

Hepes Buffer Invitrogen 15630-080 1M 10mM 

Penicillin / Streptomycin Antibiotics CSCI core facility 100U/ml 1U/ml 

L/glutamine Amino acid CSCI core facility 200mM 2mM 

R-Spondin 1 conditioned medium Wnt/b-catenin signalling CSCI core facility  N/A 10% 

B27 supplement a.o. insulin signalling Thermofisher 17504044 50x 1x 

FGF 7 FGFR2b signalling Peprotech 100-19 100µg/ml 100 ng/ml 

FGF 10 FGFR2b signalling Peprotech 100-26 100µg/ml 100ng/ml 

Noggin TGFß signalling Peprotech 250-38 100µg/ml 100ng/ml 

EGF Promotes proliferation, 

differentiation, and survival 

Life Technologies PMG8043  2000x 50ng/ml 

N-Acetylcysteine Antioxidant Sigma A9165 500mM 1mM 

Nicotinamide Co-enzyme precursor Sigma N0636 2M 10mM 

SB431542 TGFß signalling Tocris 1614/10  10mM 10uM 

*CHIR99021 Wnt/b-catenin signalling Tocris 4423/10 10mM 3uM 

Y-27632 (for first 48 hr) ROCK signalling Cambridge Bioscience SM02-100 10mM 10µM 
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Table 2.7. Additional organoid culture reagents.  

Media component Signalling pathway  Supplier and catalogue number Stock 

Concentration  

Final 

Concentration  activation block 

Cobalt Chloride (COCl2) HIF1α -dependent hypoxia Sigma C8661-25G 100 mM 50 or 100 µM 

DAPT Notch signalling Sigma D5942-25MG 20 mM 20 µM 

Deferoxamine (DFO) HIF1α -dependent hypoxia Sigma D9533-1G 100 mM 50 or 100 µM 

Human serum N/A Sigma H4522 100% 10% 

Recombinant IL-1ß Inflammatory cytokine Peprotech 200-01B-2 100 µg/mL 50 or 100 ng/mL 

Recombinant human RSPO-1 Wnt/b-catenin signalling Peprotech 120-38 500 µg/mL 500 ng/mL 

SB202190 p38 MAPK signalling  Sigma S7067 500 µM 500 nM 

Recombinant TNF-α Inflammatory cytokine Peprotech 300-01A-10 100 µg/mL 50 or 100 ng/mL 

WNT3A conditioned medium Wnt/b-catenin signalling CSCI core facility  100% 50% 
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2.3. Maintenance of adult alveolar and airway organoids  

2.3.1. Enzymatic passaging of organoids 

Organoid lines were passaged at different days depending on organoid size, with culture 

days varying from 21-35 days. Culture medium was removed from wells, 250 µL of 

dispase (Fisher Scientific) was added on top of each Matrigel dome, and allowed to 

incubate at 37 °C for 30 min to allow Matrigel to dissolve. For transwell inserts, media 

was removed from the bottom chamber, and 100 µL dispase was added directly to the 

Matrigel plug. Following incubation, the bottom of the wells were scraped with a P1000 

pipette, and the solution gently pipetted up and down and transferred to a 15 mL falcon 

tube, where the contents of 3 wells were pooled. Wells were washed with 250 µL 

DMEM-F12 to harvest as many organoids as possible. Organoids were centrifuged at 350 

x g for 10 min. For production of single cells, the pellet was resuspended in 200 µL of 

TrypLE (ThermoFisher), and incubated at 37°C for 5-10 min, with pipetting every 1-2 

min to gently break up organoids. Success of single cell dissociation was checked under 

a microscope. TrypLE was quenched by addition of 800 µL DMEM-F12, cells were 

centrifuged at 350 x g, and washed once with DMEM-F12. Following counting with a 

haemocytometer, cells were resuspended in  Matrigel at a dilution of 5,000 cells/ 20 µL 

and cultured as before. For transwell inserts, 50 µL of Matrigel/cell suspension was 

combined with 50 µL DMEM-F12 per insert at a concentration of 10,000 cells per 100 

µL	total	volume	and	cultured	as	above.	 
 

2.3.2. Mechanical passaging of organoids  

When single cells were not required, organoids could be broken into fragments by 

removing the media and adding 300 µL of cold PBS, and incubating at RT for 5 min, or 

on ice if the entire plate was to be passaged. The well was gently scraped with a pipette 

tip, and the organoids harvested, followed by further pipetting to break into fragments. 

This method did not require the use of dispase.  

 

2.3.3. Karyotyping of late passage alveolar organoids  

Organoid karyotyping was performed by Seon Young Kim (Chungnam National 

University College of Medicine). Briefly, organoids from 6-month-old cultures were 
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harvested from Matrigel using Cell Recovery Solution (Corning), and dissociated into 

single cells using Accutase (STEMCELL technologies) at 37 °C for 5 min. Following a 

short wash with PBS, cells were incubated with colcemide (Gibco) for 45 min at 37 °C, 

then rinsed with PBS and incubated with KCl in order to allow for cell enlargement. Cells 

were fixed with acetone, stained with Giemsa, and karyotypes were observed using 

Cytovision (Leica).  

 

2.3.4. Transmission electron microscopy  

Transmission electron microscopy (TEM) was performed by Yongsuk Her (Biomedical 

Research Centre, KAIST), Taewoo Kim (KAIST), and Ho Min Kim (KAIST). TEM was 

performed according to Youk et al., 2020. 

 

2.3.5. Cryopreservation of alveolar organoids for long-term storage  

For long-term storage of hAOs, organoids were enzymatically passaged to single cells as 

described above (section 2.3.1). Single cells were re-suspended in freezing medium 

(FBS/10% DMSO or serum-free Bambanker [Thermo Fisher]) at a ratio of at least 

100,000 cells per mL, and 1 mL was transferred to a cryotube. Tubes were transferred to 

a Mr Frosty and stored at -80 °C overnight, after which they were stored in liquid nitrogen 

for long-term storage. When cells were required, tubes were thawed quickly for 1 min in 

a water bath at 37 °C and cell solution transferred to 9 mL of pre-warmed DMEM, 

followed by 5 min centrifugation at 400 x g. Cells were then counted and plated at a ratio 

of 5,000-10,000 cells per 20 µL of Matrigel in a 48-well plate, and cultured as described 

above.  

 

 

2.4. Organoid preparation for immunofluorescence analysis 

2.4.1. Histogel/ paraffin embedding of organoids  

Organoids grown in transwell inserts were used for paraffin embedding and histology at 

day 21 of culture. Cell medium was removed from the lower chamber of transwell inserts, 

and pre warmed 4% formaldehyde was added; 500 µL to the lower chamber and 100 µL 

to the top. Plates were sealed and incubated in the dark at RT for 1-2 hr. Formaldehyde 

was carefully removed by turning each insert on its side onto a roll of tissue and gently 
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shaking. Inserts were washed three times with PBS for 5 min each wash. Histogel 

(ThermoFisher) was warmed, and small 50 µL flat disks were pipetted onto a cell culture 

plate lid placed on ice. Transwell inserts were dried using tissue, turned upside down, 

and the membrane was carefully cut using a razor blade. Once the membrane was 

detached, the entire matrigel plug was removed with tweezers and placed face up directly 

on top of a Histogel disk. An additional 50-100 µL of Histogel was layered over the 

Matrigel, and allowed to solidify for 5 min. Histogel-embedded organoids were 

transferred to plastic histology cassettes, and stored in 70% EtOH until processing and 

paraffin embedding (as described in Section 2.1.2).  

 

2.4.2. Wholemount staining of organoids in situ 

Prior to staining, organoids were cultured in 8-well chamber slides (LabTek) under 

standard culture conditions. At day 21 of culture, media was removed from each well, 

being careful to avoid the matrigel dome, and a 5 min wash was performed with PBS at 

RT. PBS was removed, and organoids were fixed by adding 200 µL of prewarmed 4% 

formaldehyde to each well and incubating at RT for 30 min. Formaldehyde was removed, 

and the wells were washed gently three times with PBS for 5 min each wash. For 

quenching of auto-fluorescence, 50 mM NH4Cl was added for 30 min at RT. Two PBS 

washes were performed for 5 min each wash, organoids were permeabilized with 0.2% 

Triton-X in PBS for 30 min, and washed a further two times with PBS. Non-specific 

antigen sites were blocked with 5% normal donkey serum (NDS) in PBS for 1 hr, 

followed by overnight incubation with primary antibodies (Table 2.4) at 4 °C. Antibodies 

were removed, wells were washed three times in PBS for 5 min, organoids were 

incubated with secondary antibodies (Table 2.5) for 1 hr at RT, washed twice with PBS, 

and incubated with 0.5 µg/mL DAPI for 5 min to stain nuclei. Following two further PBS 

washes (5 min) chamber sides were removed according to the manufacturer’s 

instructions. Slides were mounted with RapiClear (Sun Jin Lab) and sealed with clear 

nail polish. Samples were imaged on a Leica SP5 confocal microscope. For 

Lysotracker™ staining of lysosomes, live organoids were incubated in situ with 50 ng/µL 

of Lysotracker™ (Invitrogen, L12492), diluted in pre-warmed complete medium, for 1 

hr at 37 °C. Lysotracker was removed, and organoid/matrigel suspension was carefully 

washed for 5 min in PBS, followed by addition of fresh, pre-warmed complete medium. 
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Cells were protected from light and imaged immediately using an EVOS cell imaging 

system. 

 

2.4.3. Immunofluorescence staining of paraffin-embedded organoids and 
tissue 
 

Pre-cut paraffin sections were de-waxed and rehydrated using a Leica AutoStainer 

(ST5010; sequential immersion in xylene, 100% EtOH, 90% EtOH, 75% EtOH, distilled 

water). Where antigen retrieval was required, slides were submerged into pre-heated 

antigen retrieval buffer (Citrate buffer or Tris-EDTA buffer, depending on antibodies; 

Table 2.4, 2.5 and 2.8) and allowed to boil in a rice cooker for 15 min. Slides were cooled 

in buffer for 20 min, washed in running water for 3 min, and permeabilised with 0.3% 

Triton-X in PBS for 15 min. Following permeabilization, tissue/organoid sections were 

circled with a hydrophobic PAP pen, blocked for 1 hr in 5% NDS serum in PBS at RT, 

and incubated with primary antibody mix (Table 2.4) overnight at 4 °C. Antibodies were 

removed with three PBS washes, and samples were incubated with secondary antibodies 

(Table 2.5) for 1 hr at RT. Following PBS washes, nuclei were stained with 0.5 µg/mL 

DAPI for 5 min, slides were mounted with RapiClear and sealed with clear nail polish.  

 
Table 2.8. Recipes for antigen retrieval.  

 

 

2.5. Immunofluorescence staining of cryo-protected tissue  

Fixed lung tissue samples were cryo-protected, and 5-7 µM sections were cut on a 

cryostat (Leica) and fixed to glass slides (Superfrost plus). Slides were stored at -80 °C 

prior to use. Slides were allowed to thaw at RT for 5 min, before either immersing in 

 Reagent  Amount for 500 mL 

Citrate buffer 
(pH 6) 

Sodium citrate tribasic dihydrate 1.47 g 

DI water Up to 500 mL 

Hydrochloric acid (concentrated) ~ 200 µL 

TE Buffer 
(pH 8) 

Tris-base 0.606 g 

EDTA 0.185 g 

DI water Up to 500 mL  
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antigen-retrieval buffer (if antigen retrieval was required) or permeabilizing immediately 

with 0.3% Triton-X in PBS for 15 min. Antibody staining was performed as for paraffin 

sections (Table 2.4 and 2.5; Section 2.4.3).  

 

 

2.6. RNA extraction and qRT-PCR 

2.6.1. TRIZOL RNA extraction from organoids 

Organoids were harvested with dispase as stated above, and either frozen as a pellet on 

dry ice and stored at -80 °C for later extraction, or lysed immediately by addition of 1 

mL of TRIZOL for 5 min at RT. Phase separation was performed by addition of 200 µL 

of chloroform and vortexing for 15 sec, followed by incubation at RT for 5 min. Samples 

were centrifuged at 12,000 x g for 15 min at 4 °C, and the upper aqueous phase was 

carefully transferred to a new Eppendorf tube. RNA was precipitated by addition of 500 

µL isopropanol for 10 min at RT, and centrifugation at 12,000 x g for 10 min at 4 °C. 

Supernatant was removed, and RNA washed once with 75% EtOH in  

DiEthylPyroCarbonate (DEPC)-treated water. Following centrifugation at 7,500 x g for 

5 min at 4 °C, supernatant was removed and the pellet was air-dried. RNA was dissolved 

in 15 µL DEPC-treated water and concentration analyzed using 1 µL of sample on a 

NanoDrop One Microvolume UV-Vis Spectrophotometer (ThermoFisher). RNA was 

stored at -80 °C, or DNase-treated immediately.  

 

2.6.2. DNase treatment  

For DNase treatment of RNA, up to 500 ng of RNA was combined with 1 µL 10X DNase 

reaction buffer, 1 µL DNase I and an appropriate amount of DEPC-treated water to a 

final volume of 10 µL. Samples were incubated for 15 min at RT, and the reaction 

inactivated by 1µL 25 mM EDTA at 65 °C for 10 min. DNase-treated RNA was then 

used for cDNA synthesis.  

 

2.6.3. cDNA synthesis  

cDNA was synthesized using the Superscript IV cDNA kit. DNase-treated RNA (up to 

11 µL) was combined with 50 µM random hexamers (1 µL), 10 nM dNTP mix (1 µL) 

and nuclease-free water to a final volume of 13 µL, and heated at 65 °C for 5 min. 
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Samples were then combined with 5X SSIV buffer (4 µL), 100 mM DTT (1 µL), 

RNaseOUT inhibitor (1 µL), and 200 U/µL SuperScript IV reverse transcriptase (1 µL), 

and incubated in a thermocycler (23 °C for 10 min, 55 °C for 10 min, 80 °C for 10 min). 

cDNA synthesized from 500 ng RNA was diluted in 40 µL nuclease free water, and either 

used immediately for qPCR analysis, or stored at -80 °C.  

 

2.6.4. qRT-PCR  
Taqman 96 well plates were set-up with 7.7 µL DNase-free water, 10 µL taqman 2X 

Master Mix, 1 µL target probe (Table 2.9), 0.3 µL of housekeeping probe (ß-Actin, VIC 

reporter dye), and 1 µL cDNA. Samples were run in duplicate in a StepOne real-time 

PCR machine and comparative cycle threshold (CT) values measured. For SYBR Green 

probes (Table 2.10), 1 µL cDNA was combined with 1 µL of forward primer, 1 µL of 

reverse primer, 10 µL Fast SYBR Green master mix and 7 µL DNase-free water in a 96 

well qPCR plate. All reactions were performed in duplicate as for Taqman probes.   

 
Table 2.9. TaqMan probes. 

 

 

 

 

 

 

 

 

 

Gene  Company Name  Cat no. Dye 

ACTB Thermofisher Hs01060665_g1 4448491 VIC - MGB 

AGER Thermofisher Hs00542584_g1 4331182 FAM - MGB 

FOXJ1 Thermofisher Hs00230964_m1 4331182 FAM - MGB 

TP63 Thermofisher Hs01114115_m1 4453320 FAM - MGB 

SCGB1A1 Thermofisher Hs00171092_m1 4331182 FAM - MGB 

SFTPC Thermofisher Hs00951326_g1 4448892 FAM - MGB 
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Table 2.10. Primer sequences for SYBR Green qPCR.  
Gene  Forward sequence  Reverse sequence  Reference  

ABCA3 TCTCCTTCAGCTTCATGGTCAG TGGCTCAGAGTCATCCAGTTG Korogi et al. 2019 

AGER GCCACTGGTGCTGAAGTGTA TGGTCTCCTTTCCATTCCTG  Korogi et al. 2019 

GAPDH AATGAAGGGGTCATTGATGG  AAGGTGAAGGTCGGAGTCAA  Miller et al. 2018 

HES1 AGTGAAGCACCTCCGGAAC TCACCTCGTTCATGCACTC PrimerBank 

HOPX GCCTTTCCGAGGAGGAGAC  TCTGTGACGGATCTGCACTC  Miller et al. 2018 

IL17RA TTCATTCCTATGCCTGAGTC TACAGTAAGTGGCTCGACCT PrimerBank 

IL1R1 AGAGGAAAACAAACCCACAAGG CTGGCCGGTGACATTACAGAT PrimerBank 

NOTCH1 GAGGCGTGGCAGACTATGC CTTGTACTCCGTCAGCGTGA PrimerBank 

RPL13A CAGGTCCTGGTGCTTGATG GGCCCAGCAGTACCTGTTTA PrimerBank 

SFTPC AGCAAAGAGGTCCTGATGGA CGATAAGAAGGCGTTTCAGG Miller et al. 2018 

SLC2A1 GGCCAAGAGTGTGCTAAAGAA ACAGCGTTGATGCCAGACAG PrimerBank 

SOX2 GCTTAGCCTCGTCGATGAAC  AACCCCAAGATGCACAACTC  Miller et al. 2018 

TNFR1 ACCAAGTGCCACAAAGGAAC CTGCAATTGAAGCACTGGAA PrimerBank 

TNFR2 TTCGCTCTTCCAGTTGGACT CACCAGGGGAAGAATCTGAG PrimerBank 

TP63 CCACAGTACACGAACCTGGG  CCGTTCTGAATCTGCTGGTCC  Miller et al. 2018 
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2.7. SFTPC-eGFP lentiviral production 

2.7.1. Bacterial transformation  

Lenti-EF1a-tagRFP-SFTPC-eGFP (hereafter SFTPC-eGFP) plasmid DNA was kindly 

provided by Dr Emma Rawlins and Dr Kyungtae Lim (Figure 2.1; Lim et al., 2020). 

Approximately 15 µg (5 µL) of SFTPC-eGFP plasmid DNA was combined with 100 µL 

of competent cells in an Eppendorf tube, and mixed gently by flicking the bottom of the 

tube. The competent cell/DNA mixture was allowed to incubate for 30 min on ice. Cells 

were heat shocked by incubation in a 42°C water bath for 45 sec, after which tubes were 

incubated on ice for a further 2 min. Cell/DNA mix (50 µL) was plated onto a 10 cm LB-

agar plate containing ampicillin, and grown in an incubator overnight at 37°C. As a 

negative control, plates containing non-transformed cells were also prepared. The 

following day, single bacterial colonies were picked using a pipette tip, and incubated 

overnight in 15 mL tubes containing 2 mL LB medium with ampicillin in a shaker at 37 

°C, 220 rpm. 

 

2.7.2. Bacterial midi-prep of plasmid DNA 

Overnight bacterial cultures of expanded bacteria in Ampicillin-LB medium were 

prepared, and plasmid DNA isolation was performed using the PureLinkTM HiPure 

Plasmid Midiprep Kit (Invitrogen) according to the manufacturer’s instructions.  

 

2.7.3. Culture and maintenance of HEK293T cells  

Frozen stocks of P4, mycoplasma-free HEK293T cells were thawed for 2 min in a 37°C 

water bath, and added slowly to 9 mL of pre-warmed HEK293T culture medium 

(DMEM, 1% Pen/Strep, 10% FBS). Cells were centrifuged for 5 min at 350 x g, 

supernatant was removed, and cell pellet was resuspended in 1 mL of  culture medium. 

Cells were seeded in 15 cm plates at a density of 5 x 105 per dish in 20 mL of culture 

medium. Cultures were maintained under standard conditions (37 °C, 5% CO2), with 

media changes every 2 days, and passaging twice a week for general maintenance. For 

passaging, medium was removed and plates were washed gently with PBS at RT, 

followed by trypsination by adding 2 mL of trypsin/EDTA for 2-5 min at 37 °C. 

Following cell detachment, trypsin was quenched with 8 mL of culture medium, cells 

were centrifuged for 5 min at 350 x g, and re-seeded into fresh culture plates. Cells were 
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passaged at least twice prior to performing lentiviral packaging, to allow any possible 

adverse growth effects from freezing to be minimised.  

 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
Figure 2.1. Plasmid map for SFTPC-eGFP vector. 

Plasmid map created in SnapGene.  
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2.7.4. Lentiviral packaging by lipofectamine  

For lentiviral packaging, 7 x 106 HEK293T cells were seeded per 10-cm plate in 

DMEM/10% FBS (without antibiotics) and cultured overnight at 37 °C. Fresh pre-

warmed medium was added to plates and allowed to rest at 37 °C while packaging 

reagents were prepared. For the DNA plasmid mix, 3 µg pMD2.G, 6 µg psPAX2, 3 µg 

pAdvantage, and 10 ug of p-lentiviral vector of interest (SFTPC-eGFP; Figure 2.1) was 

added to 750 µL of Opti-MEM in a tube, mixed gently, and allowed to incubate at RT 

for 5 min. Following incubation, 800 µL Opti-MEM/Lipofectamine mix (750 µL Opti-

MEM, 50 µL lipofectamine) was added to the DNA plasmids, mixed gently, and 

incubated at RT for 20 min. The mixture was carefully added dropwise to a pre-prepared 

plate of HEK293T cells, and incubated at 37 °C for 6-8 hr. Medium was replaced with 

fresh DMEM/ 10% FBS, and incubated at 37 °C for 24 hr. Supernatant containing the 

viral particles was removed and stored at 4 °C in a 50 mL conical tube. Fresh DMEM/ 

10% FBS was added to cells and plates were incubated for a further 24 hr at 37 °C. New 

viral supernatant was harvested and transferred to the pre-collected supernatant.  

 

2.7.5. Lentiviral packaging by calcium phosphatase transfection of 
HEK293T cells   
 

Prior to transfection, plates of HEK293T cells at 70-90% confluency were split at a ratio 

of 1:10 into 10 cm plates, and allowed to grow overnight so that plates were 

approximately 70% confluent by the following morning. For each plate, the following 

reagents were added to an Eppendorf tube to make the DNA solution: 315 µL DI water, 

10 µg SFTPC-GFP vector DNA, 3 µg pMD2.G, 6 µg psPAX2, 3 µg pAdvantage, and 2.5 

M CaCl2. A second Eppendorf containing 2X HBS was prepared, and the DNA mixture 

was added dropwise to the tube while vortexing in order to properly aerate the system 

and achieve appropriate formation of calcium-DNA precipitates (Table 2.11). The 

solution was allowed to stand at RT for 20 min, during which time fresh DMEM/10% 

FBS medium was added to HEK293T cells. Calcium phosphatase DNA solution was 

added dropwise to the cells, and the plates moved gently in order to ensure homogenous 

distribution of the solution. Plates were incubated for 8-12 hr at 37 °C, after which plates 

were washed with PBS, medium was changed, and plates incubated for a further 48 hr to 

allow collection of properly packaged lentivirus, with supernatant collected and pooled 

at both 24 hr and 48 hr.  



 99 

Table 2.11. Recipe for 2X HBS used in calcium phosphatase transfection  

 

2.7.6. Lentiviral concentration by Lenti-X concentrator  

Lentiviral-containing supernatant was centrifuged at 300 x g for 5 min at 4 °C to remove 

debris, the supernatant was filtered through a 0.45 µm filter and the virus was 

concentrated using Lenti-XTM concentrator (Takara). Briefly, a third volume of 

concentrator was added to viral supernatant and incubated overnight at 4 °C on a tube 

rotator. Tubes were centrifuged at 1,500 x g at 4 °C for 45 min, the pellet resuspended in 

500 µL PBS per starting plate, and stored as a single-use aliquot at -80 °C. 

 

2.7.7. Lentiviral transduction of human alveolar organoids 

Organoids cultured in 48-well plates for at least 14 days (between P0 and P2) were 

dissociated to single cells using dispase and TryplE according to section 2.3.1. For 

lentiviral transduction, 100,000 – 300,000 single cells in PBS were re-suspended 1:1 with 

the lentivirus of interest, transferred to a single well of a 48-well plate, and sealed with 

parafilm. Plate was spinocculated at 1,500 x g at 32 °C for 90 min. Plates were then 

allowed to rest at 37 °C for 1-4 hr. Following incubation, virus/cell mix was harvested, 

washed with PBS, and plated in an appropriate volume of matrigel as previously 

described (section 2.3.1). Plates were incubated at 37 °C, 5% oxygen, and analysed at 72 

hr post-plating to visualise GFP and RFP expression. 

 

 

 Reagent  Amount for 500 mL 

2X HBS 

D-glucose 1 g 

HEPES 5 g 

KCl 0.36 g 

NaCl 8 g 

Na2HPO4 0.1 g 

ddH2O Up to 500 mL 

NaOH (5N) Adjust to pH 7.05 
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2.8. Data analysis  

2.8.1. Cell counting and organoid forming efficiencies  

Total number of organoids per well were counted for each sample/treatment at day 14 of 

culture using the Fiji cell counter plugin. Each sample was counted in triplicate for N=3 

individual patients, unless otherwise stated. Organoid forming efficiencies were expressed 

as a percentage of total organoids formed per well (number of organoids formed/number 

of cells seeded x100), and are expressed as the mean ± SEM of 3 individual donors/patients, 

unless otherwise stated. For each donor/patient sample, a minimum of 3 wells were 

assessed as technical replicates, with the mean value then used, unless otherwise stated. For 

hAOs, a structure was counted as an organoid if it possessed a 2D-surface area of more 

than 1600 µM2. Organoid sizes were assessed using the ‘analyse particles’ function in Fiji. 

Quantification of organoid doubling time was performed according to Huch et al., 2015. 

 

2.8.2. Image acquisition and analysis  

Brightfield images were captured using an EVOS FL cell imaging system (ThermoFisher) 

with a X2, X4 or X10 objective. Immunofluorescence images were captured using a Leica 

SP5 confocal microscope with a X20 or X40 objective. Images were analysed using Fiji 

imaging software. All images included in the study are representative of at least 3 

individual experiments, unless otherwise stated. For assessment of cell staining percentages 

for specific proteins (e.g., pro-SFTPC) within an organoid, the total number of pro-SFTPC+ 

cells were assessed and expressed as a percentage of the total number of DAPI+ cell nuclei. 

Cells within organoids were counted on a single imaging plane, unless otherwise stated.  

 

2.8.3. Flow cytometry data analysis  

FACS plots were analysed and presented using FlowJo analysis software.   

 

2.8.4. Statistics and reproducibility   

All graphs and statistical analyses were performed using Prism 8 GraphPad software. All 

individual data points are the mean of 3 technical replicates (e.g., wells) per biological 

sample, unless otherwise stated. Statistical significance across biological replicates (where 

relevant) was assessed using the non-parametric Mann-Whitney U test.  
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CHAPTER 3  

 

Results I: Identification and characterisation of 

epithelial progenitor cells in the adult human lung 
parenchyma 

 

3.1. Introduction 
 
The human adult lung parenchyma consists of the gas-exchanging unit of the lung and is 

made up of delicate, thin-walled alveoli and respiratory bronchioles. This region comprises 

a plethora of cell types, ranging from mesenchymal, endothelial and immune cells to 

epithelial cells of both alveolar and airway lineages (Evans and Lee, 2020; Hogan et al., 

2014). The vast array of cell types present, coupled with poor characterisation, has made it 

difficult to isolate and culture individual cell types and lineages from the human lung. The 

need to understand the regulation of epithelial progenitor cell populations, including the 

alveolar type 2 (hAT2) population of the human lung parenchyma has clinical relevance, 

owing to the number of respiratory diseases that affect this region, including Idiopathic 

pulmonary fibrosis (IPF; Barratt et al., 2018; Lawson et al., 2004; Wu et al., 2018). Within 

the lung parenchyma, a number of epithelial stem/progenitor populations have been 

proposed from both mouse studies and in vitro human systems. While basal cells are 

confined to the trachea and mainstem bronchi of the mouse, they extend distally in the 

human. In vivo, use of a Krt5-CreER transgenic mouse line identified that basal cells self-

renew and differentiate to secretory club and ciliated cells under normal homeostasis, while 

a separate study suggested that there are two populations of mouse basal cells; classical 
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basal cells which possess the capacity for self-renewal, and basal-luminal progenitors that 

have lost their self-renewal capacity and are committed to a luminal fate (Rock et al., 2009; 

Watson et al., 2015). Genetic lineage tracing studies have highlighted that Scgb1a1+ 

secretory club cells maintain the small airways, differentiating to ciliated and additional 

secretory club cells, due to the absence of basal cells from mouse lung bronchioles (Rawlins 

et al., 2009a). Meanwhile, AT2 cells were identified as a stem cell population of the alveoli, 

demonstrating the ability to both self-renew and differentiate to alveolar type 1 (AT1) cells 

in vivo using an SFTPC-Cre lineage traced mouse line (Barkauskas et al., 2013). Similar 

findings have also been suggested in the human upon in vitro culture of isolated cells 

(Barkauskas et al., 2013; Choi et al., 2021; Rock et al., 2009). While mouse models have 

proved useful in elucidating cellular identities and some of the regulatory mechanisms 

associated with human lung epithelial maintenance during homeostasis and disease, the 

presence of mouse-human differences and failure of mouse models to fully recapitulate 

human disease indicates the need for understanding human-specific processes (Nikolić et 

al., 2017; Tashiro et al., 2017). 

 

Prior to the start of my PhD, the molecular requirements for the in vitro growth, 

maintenance and differentiation of primary epithelial cells from the adult human lung 

parenchyma were unknown. Traditionally, research into the maintenance of epithelial cells 

of the human parenchyma has primarily utilised the in vitro study of human airway cell 

types, either from normal tissue or cancer cell lines generally due to their ease of culturing 

or increased availability of material (Foster et al., 1998; Ren et al., 2016; Rucka et al., 2013; 

Salomon et al., 2014). More recently, cells derived from primary human lung tissue, such 

as basal cells and hAT2 cells, were either co-cultured with stromal cells or cultured in 

poorly-defined conditions. Such culture conditions often exhibited suboptimal cell growth 

or maintenance capacity, and it was difficult to assess the effect of individual exogenous 

growth factors on specific epithelial cell types. For example, primary hAT2 cells were co-

cultured with MRC5 foetal fibroblasts, but exhibited poor passage ability and loss of hAT2 

identity and surfactant production (Barkauskas et al., 2013; Zacharias et al., 2018). 

Similarly, a separate study confirmed human airway basal cells as a stem cell population 

of the lung using an in vitro 3D-culture system, but utilised a commercial medium for which 

the components were not well-defined (Rock et al., 2009). Later, a study was published 

from the Clevers’ group that successfully established airway organoids from proximal lung 

samples and bronchoalveolar lavage fluid in chemically-defined conditions (Sachs et al., 
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2019). Airway organoids comprised basal, secretory and ciliated cells, and displayed long-

term self-renewal capacity and disease-modelling capabilities. Despite this finding, a 

chemically-defined culture system for the study of hAT2-derived alveolar organoids 

remained elusive, owing to the molecular requirements for their self-renewal and 

maintenance being unknown. Therefore, this chapter will explore the in vitro characteristics 

of epithelial progenitor cell populations of the human adult lung parenchyma and aim to 

elucidate the molecular requirements for in vitro growth, differentiation and maintenance 

of these cell lineages.  

 

3.2. Aims 
• Assess the expression of canonical lung epithelial markers in distal parenchymal 

regions of human donor lungs.  

• Establish a chemically-defined in vitro culture system to support and expand primary 

human lung epithelial cells from multiple cell lineages of the lung parenchyma in order 

to understand the molecular requirements for their self-renewal and differentiation.  

• Characterise organoids derived from epithelial HTII-280- (non-alveolar type 2) cell 

cultures.  

 

 

3.3. Results 

3.3.1. Characterisation of the healthy human adult lung parenchyma  

The human adult lung consists of a number of different epithelial cell types, with single-

cell RNA sequencing (scRNA-seq) analyses identifying between 11 and 15 individual 

populations in normal background lungs (Adams et al., 2020; Habermann et al., 2020; 

Travaglini et al., 2020). Of these, at least 9 are present within the distal lung parenchyma 

(Travaglini et al., 2020). As outlined in Section 1.1, the parenchymal region of the lung 

comprises the gas-exchanging unit and is made up of the alveoli and respiratory 

bronchioles. In order to establish a 3D-organoid model utilising cells of the lung 

parenchyma, it was important to first gain an understanding of these cell types and the 

markers that could be used for their visualisation and characterisation. Healthy human 

parenchymal lung tissue was obtained from either patients undergoing lobectomies for lung 

cancer, with tissue distant from the tumour being confirmed as macroscopically 
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inconspicuous by a pathologist prior to use, or from donors with no background lung 

disease. Tissue from both types of donor were utilised and characterised in the study. By 

conducting haematoxylin and eosin (H&E) staining of paraffin-embedded parenchymal 

lung tissue, I confirmed the presence of squamous hAT1 and cuboidal hAT2 epithelial cells 

forming individual alveolar subunits (Figure 3.1A). For all tissue samples analysed, the 

alveoli represented the major structure present, with only few airways identified, as 

expected due to the distal location of obtained samples.  

 

In order to better characterise these cells, I performed immunofluorescence (IF) staining 

for a number of previously described lung lineage markers, as outlined in Section 1.2 (Table 

1.1.). As previously reported, hAT2 cells expressed a number of markers, including pro-

SFTPC, SFTPB, ABCA3, LPCAT1 and the cell surface marker HTII-280 (Barkauskas et 

al., 2013; Gonzalez et al., 2010; Figure 3.1B). However, I observed that heterogeneity 

existed within the hAT2 population in regard to marker expression. Although the 

expression of HTII-280, a monoclonal antibody that marks the apical membrane of adult 

hAT2 cells (Gonzalez et al., 2010) was found abundantly on hAT2 cells expressing SFTPB, 

a minority of SFTPB+HTII-280- cells were also observed (Figure 3.1B, arrowhead). 

Furthermore, a number of HTII-280+ hAT2 cells were also positive for nuclear HOPX, a 

transcription factor that is normally present in hAT1 cells, although its presence in hAT2 

cells at low transcriptional levels has been recently reported (Travaglini et al., 2020). This 

is unlike reports involving AT2 cells from the mouse, which do not express Hopx in the 

adult lung, highlighting a clear difference in canonical marker expression between the 

mouse and the human (Jain et al., 2015). hAT1 cells were marked by membrane expression 

of a number of markers, including HTI-56, AGER, podoplanin (PDPN) and caveolin-1 

(CAV1) (Figure 3.1B). 

 

In addition to alveoli, a small number of bronchioles were also observed in the lung 

parenchyma, with the number and size varying from sample-to-sample, likely due to slight 

differences in tissue biopsy location (Figure 3.1C). As previously reported (Table 1.1), 

bronchioles consisted of a number of airway cell types, including KRT5+ and TP63+ basal 

cells, KRT8+ luminal cells, SCGB1A1+ secretory club cells, MUC5AC+ goblet cells and 

acetylated tubulin (ACT)+ ciliated cells. The cytokeratin KRT17 was also found to mark 

basal cells, while the hAT2 cell markers HTII-280 and pro-SFTPC were not observed in 

small airways (Figure 3.1D).  



 
 

105 

 
Figure 3.1. Characterisation of the human adult lung parenchyma from normal background 

lungs (figure legend on next page). 
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Figure 3.1. Characterisation of the human adult lung parenchyma from normal background 
lungs. 
A. Representative H&E image of the healthy human adult lung parenchyma showing the presence of 

epithelial alveolar type 1 (hAT1) and alveolar type 2 (hAT2) cells arranged into individual alveoli. Scale bar, 

50 µm. B. hAT2 cells express a number of canonical markers, including (from left to right) pro-SFTPC 

(green), HTII-280 (red, green), SFTPB (green), ABCA3 (red, white, pink) and LPCAT1 (white). Although 

expressed in the majority of hAT2 cells, rare HTII-280- cells exist (SFTPB/HTII-280 arrowhead). hAT1 cells 

express markers including HOPX (red), HTI-56 (green), AGER (red), PDPN (red), and CAV1 (green). An 

orange colour shows co-localisation of the studied markers. For HTII-280/HOPX, asterisk denotes co-

expression of both markers, arrow denotes HOPX-only cell, arrowhead denotes HTII-280-only cell. Scale 

bars (from left to right); 50 µm (top row, panels 1-3 and their magnifications), all other panels, 100 µm. C. 
Representative H&E image of a respiratory bronchiole (Br) in the human lung parenchyma. Scale bar, 100 

µm. D. IF images of respiratory bronchioles; basal cells, TP63 (white), KRT5 (red, white) and KRT17 

(white); luminal cells, KRT8 (green) and SCGB1A1 (green); goblet cells, MUC5AC (red); ciliated cells, 

acetylated tubulin (ACT, white). No hAT2 markers are present within respiratory bronchioles (pro-SFTPC, 

white; HTII-280, red). Scale bars, 100 µm. For A to D, boxed regions are magnified below the relevant panels. 

 

 

3.3.2. Establishment of in vitro human lung organoids  

To better understand the functional role of human lung epithelial progenitor cells in tissue 

maintenance, I sought to establish physiologically relevant in vitro culture models by 

determining the molecular requirements for their growth. Utilising healthy background 

tissue derived from the distal lung parenchyma of patients undergoing lobectomy for lung 

cancer, I mechanically and enzymatically dissociated the tissue to produce single cell 

suspensions (Figure 3.2A to E). To achieve this, I used a scalpel to cut the tissue into small 

(1 mm3) pieces and transferred the pieces into an enzymatic digestion solution containing 

collagenase/dispase, dispase II and DNase. Following a one-hour incubation in the 

digestion solution at 37 °C, digested cellular suspension was filtered to remove remaining 

debris and processed for magnetic-activated cell sorting (MACS). More detailed discussion 

of the tissue processing method can be found in Section 2.1.3. Using MACS beads, 

EpCAM+ epithelial cells were isolated and seeded at a ratio of 5,000 or 10,000 cells in 20 

µL Matrigel per well of a 48-well plate, and cultured under a number of various growth 

factor conditions (Figure 3.3A to G). Ratio for initial cell seeding was determined from 

existing literature, which I then optimised for my own culture system by plating cells at 

different densities and assessing cell growth (Barkauskas et al., 2013; Broutier et al., 2017; 

Huch et al., 2015; Rock et al., 2009; Sato et al., 2011). Factors were chosen and tested 
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based on the culture conditions for mouse lung epithelial progenitor cells in my lab, which 

were in accordance with previous literature regarding mouse and human lung development, 

current knowledge of mouse lung organoid culture conditions and recent efforts in deriving 

organoids from multiple human epithelial tissues (Barker et al., 2007; Broutier et al., 2017; 

Choi et al., 2021; Huch et al., 2015; Nikolić et al., 2017). 

 

 
Figure 3.2. Tissue dissociation method for deriving cells from human lung parenchyma 
samples.  
A. Representative image of clinical lung parenchyma specimen derived from a human normal background 

lung. B. Representative image of tissue pieces following mechanical dissociation with a scalpel. C. 
Remaining tissue debris following 1-hour enzymatic digestion with collagenase/dispase, dispase II and 

DNase. D. Digested cellular supernatant achieved after filtering digested lung solution through a 100 µm 

mesh cell strainer. E. Cell pellet following centrifugation of digested lung supernatant. More detailed 

discussion of tissue-processing method can be found in Section 2.1.3. 
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Figure 3.3. FGF7 and Wnt are required for the growth of human lung primary epithelial cells. 
A. MACS-derived EpCAM+ cells cultured in complete medium consisting of factors including FGF7, FGF10, 

NOGGIN, RSPO-1 (R-spondin 1)- conditioned medium, CHIR99021 (CHIR) and SB431542 (SB4). Images 

were taken at day (D) 3, D7, D10, D15 and D19. Scale bars,  2000 µm. B to G. Culture of primary EpCAM+ 

cells for 14 days (D0-D14) in various conditions. B. Complete medium. C. Replacement of CHIR99021 with 

WNT3A-conditioned medium. D. Removal of FGF10. E. Removal of FGF7. F. Removal of the TGFß 

inhibitor SB431542. G. Removal of exogenous Wnt (CHIR99021) and RSPO-1-conditioned medium. Scale 

bars for images B-G; top panels, 2000 µm, bottom panels, 400 µm (10x magnifications of boxed regions). 

Representative brightfield images were taken at D14 of culture at P0.  H. Organoid forming efficiency of 

EpCAM+ cells at passage 0 (P0) following 14 days of culture. Each individual dot represents the mean of 3 

technical replicates (separate wells) for 3 independent biological samples. I. Passage ability of organoids 

grown under tested conditions for 3 individual donor lung samples, with each dot representing an individual 

passage (passage 10 equivalent to more than 300 days in culture).  

 

 

EpCAM+ cells cultured in complete medium (EGF, Noggin, R-spondin 1-conditioned 

medium, FGF7, FGF10, CHIR99021, and SB431542) began to form small spherical 

structures by day 3 of culture, becoming visible organoids by day 7-10 of culture, and 
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increased in size for up to 3 weeks (Figure 3.3A and 3.3B; Table 3.1). Due to the inclusion 

of EpCAM+ cells that comprised multiple epithelial cell populations, organoid 

morphologies and sizes were heterogeneous (Figure 3.3B). Organoid passage ability and 

forming efficiency varied between individual patients, with primary cultures in complete 

medium forming organoids at an average efficiency of 4.7% ± 3.83% (Figure 3.3H and 

3.3I). In order to assess which growth factors were essential for organoid establishment and 

maintenance, I withdrew individual factors at day 0 (D0) of primary culture, and 

maintained cells in these conditions for 3 weeks. Culturing EpCAM+ cells in the absence 

of FGF10 had no major effect on organoid size or organoid forming efficiency, although 

long-term passage ability was reduced by a single passage for each of the three donor 

samples analysed (Figure 3.3B, 3D, 3.3H and 3.3I). However, the absence of FGF7 resulted 

in failure of cells to form organoids, indicating the importance of FGF7 in human lung 

epithelial cell maintenance and organoid formation (Figure 3.3E, 3.3H and 3.3I). Although 

resulting in the formation of a limited number of spherical organoids, a similar effect was 

also observed in conditions lacking the Wnt-activator CHIR99021 (CHIR). This finding 

implicated Wnt-signalling as another important factor in the maintenance and growth of 

isolated human lung epithelial cells (Figure 3.3G). Additionally, I compared CHIR-

containing cultures with cultures containing WNT3A-conditioned medium as the source of 

Wnt-signalling, but found that WNT3A led to decreased or variable organoid forming 

efficiency, possibly due to batch effects of the in-house made conditioned medium (Figure 

3.3C and 3.3H). I therefore chose CHIR as the Wnt-activator for subsequent cultures. 

Finally, although successfully forming organoids, albeit at a lower efficiency than complete 

medium (2.02% ± 0.96%), cultures lacking the TGFß inhibitor SB431542 (SB4) failed to 

re-form organoids following enzymatic dissociation and re-seeding upon passage (Figure 

3.3F, 3.3H and 3.3I). This finding has been observed in multiple human epithelial organoid 

cultures, where TGFß inhibition was required for long-term maintenance of stem cell self-

renewal capacity in vitro (Huch and Koo, 2015; Huch et al., 2015; Sato et al., 2011). The 

same was not true for mouse organoid cultures, suggesting an important difference between 

mouse and human epithelial cell requirements. For further analysis and characterisation, I 

utilised organoids cultured in complete medium containing FGF7 and FGF10. Although I 

have shown that FGF10 had no discernible advantages during early culture in terms of 

organoid establishment and forming efficiency compared with medium containing FGF7 

alone, my observation that FGF10 addition led to a slight increase in long-term passage 

ability encouraged me to include it in subsequent culture conditions (Figure 3.3H and 3.3I).  
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Table 3.1. Featured media conditions.  
 

 

 *Denotes compound for which its removal was singly-tested in growth of primary EpCAM+ human lung 

cells.  

 

 

3.3.3. Characterisation of EpCAM+-derived human parenchymal lung 
organoids 
 

Culture of EpCAM+ cells in complete medium resulted in the formation of organoids of 

multiple morphologies (Figure 3.4A). It is important to note that all organoids, regardless 

of their identity, formed initially as a small, filled sphere of cells, with clear morphological 

differences not arising until day 5 to 7 of culture. Cultures could be passaged by enzymatic 

dissociation to single cells and were successfully maintained for up to 11-months, although 

I observed a trend for decreased organoid forming efficiency during later culture (Figure 

3.4A, 3.4B and 3.4C). Heterogeneity existed between individual tissue samples, with some 

organoid cultures growing slower or smaller than others, occasionally with more limited 

expansion capacity (Figure 3.4B and 3.4C). Therefore, I passaged individual organoid lines 

at different timepoints depending on their growth, with each donor-derived line possessing 

varying organoid forming efficiencies over passage (Figure 3.4B and 3.4C). However, I 

generally observed with all samples that organoid forming efficiency would peak around 

passage 2 to 5, followed by a gradual decline until organoids could not be cultured further 

(Figure 3.4C).  

 

I next sought to investigate the cell types present within the organoids. IF analysis of 

primary cultures revealed the presence of at least two types of organoids retaining alveolar 

lineages (hereafter alveolar organoids) and airway lineages (hereafter airway organoids). 

They displayed clear morphological differences (Figure 3.5A; Table 3.2). Alveolar 

Media condition  Media composition (main factors) 

Complete (+ CHIR) *CHIR99021, *FGF7, *FGF10, NOGGIN, EGF, *Rspo-1 

conditioned medium, *SB431542 

- CHIR FGF7, FGF10, NOGGIN, EGF,  Rspo-1 conditioned medium, 

SB431542 

- CHIR + SB2 FGF7, FGF10, NOGGIN, EGF,  Rspo-1 conditioned medium, 

SB431542, SB202190 
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organoids of varying sizes tended to consist of a folded structure, often with an inner lumen, 

although more spherical structures were also present at lower frequency. All primary 

alveolar organoids were characterised by expression of pro-SFTPC and the hAT2 cell 

surface marker HTII-280 (Figure 3.5A). Alveolar organoids represented around 60% of 

organoids in primary EpCAM+-derived cultures (Figure 3.5B). In contrast, airway 

organoids made up approximately 25% of primary EpCAM+-derived cultures, were 

generally much larger and stained negative for pro-SFTPC and HTII-280, instead 

consisting of cells expressing the basal cell markers TP63 and KRT5 (Figure 3.5A and 

3.5B). SCGB1A1+ secretory club cells were also present within the majority of these 

organoids, often residing in the centre of the sphere. Basal cell-only organoids were also 

observed at a lower frequency and were usually smaller in size, potentially suggesting that 

differentiation to secretory club cells had not yet occurred, or that a rare subpopulation of 

human basal cells are slow-cycling and only self-renew without undergoing differentiation 

in vitro. Furthermore, rare SCGB1A1+/KRT5- organoids were occasionally observed, 

which likely arose from secretory club cells, as has been previously reported for both mouse 

and human (Choi et al., 2021; data not shown). No ACT+ ciliated cells were identified in 

airway organoids, potentially indicating that differentiation of ciliated cells was not 

supported.  

 

The majority of airway organoids cultured under these conditions had large spherical 

morphologies with no lumen, although some lumen-containing airway organoids were 

present. Occasional organoids existed that did not express any of the tested markers, and I 

have described these as ‘undetermined’ cell types, due to their lineage identity not being 

clear. Undetermined organoids made up the remaining 15% of organoids (Figure 3.5B). At 

later passages, following enzymatic dissociation to single cells, pro-SFTPC-expressing 

alveolar organoids still existed, although their number was reduced compared to primary 

culture (Figure 3.5A and 3.5B). Analysis of SFTPC mRNA levels in EpCAM+-derived 

cultures confirmed the reduction in SFTPC expression over time, whereas TP63 expression 

levels remained stable (Figure 3.5C).  
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Figure 3.4. Human EpCAM+ epithelial lung parenchymal cells can be passaged repeatedly 
for up to 11 months. 
A. Representative brightfield and H&E images of EpCAM+ organoids following 2 weeks of culture in 

complete medium at multiple passages. Scale bars (brightfield); 2000 µm (top), 400 µm (bottom); H&E, 50 

µm. B. Organoid cultures from different patients were passaged at different timepoints depending on growth. 

Each point represents a single passage. N= 3 donor lungs. C. Organoid forming efficiencies over multiple 

passages for EpCAM+ cells grown in complete medium for 3 individual donors. A single point represents the 

mean of 3 technical replicates (separate wells) for each individual donor. P0 to P4, 3 biological replicates; P5 

to P9, 2 biological replicates; P10 to P11, 1 biological replicate.   

 

 

Table 3.2. Antibody panel for IF staining of alveolar and airway EpCAM+-derived organoids. 

 

*HTII-280 expression only used to determine hAT2 cell fate when expressed with another hAT2 marker. 

Organoid identity  Antibody staining panel 

Alveolar  HTII-280/pro-SFTPC 

Airway (secretory and basal/parabasal) SCGB1A1/KRT5 

Airway (ciliated and basal/parabasal) ACT/KRT5 

Alveolar and airway (secretory, hAT2 and 

basal/parabasal) 

SCGB1A1/pro-SFTPC/KRT5 

Alveolar and airway (secretory, hAT2 and  

basal/parabasal)  

SCGB1A1/HTII-280*/KRT5 

Alveolar and airway (hAT2 and  basal) pro-SFTPC/TP63 
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Figure 3.5. Characterisation of EpCAM+ organoids retaining alveolar and airway organoids.  
A. Representative H&E and IF images of alveolar (top) and airway (bottom) organoids presented in EpCAM+ 

primary culture. IF images show various epithelial lineages within organoids at P0, P3 and P5. hAT2 cells, 

pro-SFTPC (red) and HTII-280 (green, red); basal cells, KRT5 (red, white); secretory cells, SCGB1A1 

(green). ACT+ ciliated cells were not observed (green). DAPI (cell nuclei, blue). Scale bars, 50 µm. Images 

were obtained at D (day) 21 of primary culture. H&E images are increased magnification of organoids found 

in Figure 3.4A. B. Quantification of organoid identity from IF analysis in A. Data are mean ±SEM of 2 

biological replicates (P0 and P3) and 1 biological replicate (P5). Total number of organoids (n) assessed for 

each passage; P0 (n= 204), P3 (n= 38) and P5 (n= 43). C. Relative mRNA expression of lung lineage genes 

over passage. Data are mean ±SEM for 2 biological samples (primary and P1) and 1 biological sample (P5). 

Data are expressed as relative to the housekeeping gene GAPDH.  
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Interestingly, a number of organoids began to arise which no longer expressed the alveolar 

marker pro-SFTPC, but still retained HTII-280 staining on the surface (Figure 3.5A). By 

P3, alveolar organoids were dramatically reduced, while airway and ‘undetermined’ 

organoids increased, and this trend continued during P5 (Figure 3.5B). This suggested that 

either my culture conditions for EpCAM+ cells were preferentially allowing outgrowth of 

airway cell types and undetermined cells over their alveolar counterparts, or that airway 

cells expand at a faster rate (Figure 3.5B). While undetermined cells still maintained 

NKX2.1 expression (data not shown), indicating their maintenance of lung lineage, no 

other tested lung-lineage markers were expressed. Therefore, it was not known what these 

cell types were. However, they still maintained self-renewal capacity. Although a limited 

number of organoids still expressed HTII-280, the lack of all other hAT2 cell markers led 

me to no longer refer to these organoids as alveolar (Figure 3.5A and 3.5B). Throughout 

all passages, no organoids containing both alveolar and airway cells were observed in any 

cultures (Figure 3.5A and 3.5B). Collectively, these data showed that FGF7 and Wnt 

signalling were required for organoid establishment, while TGFß inhibition in the form of 

the small molecule SB4 was required for long-term self-renewal and culture maintenance. 

Such conditions resulted in a heterogenous mix of alveolar and airway organoids, arranged 

in multiple organoid morphologies. However, the number of alveolar organoids decreased 

over time. This possibly indicated that either the conditions were not fully optimal for long-

term maintenance of alveolar cell types, or that the conditions allowed preferential 

outgrowth of airway cell types and later undetermined cell types.  

 

3.3.4. Establishment and characterisation of airway organoids from human 
EpCAM+ HTII-280 - cells  
 

In Section 3.3.2. and 3.3.3., the observation that alveolar organoids decreased over time in 

culture led me to next investigate whether I could separate hAT2 cells from non-hAT2 cells 

and culture them separately in complete medium. To do this, I mechanically and 

enzymatically dissociated fresh human lung parenchymal samples derived from healthy 

background lung donors as before, and employed fluorescence-activated cell sorting 

(FACS). I gated the cells based on their CD31-CD45-EpCAM+ profile to remove 

endothelial and immune cells and select epithelial cells, and subsequently isolated hAT2 

cells based on HTII-280 expression (Figure 3.6A). HTII-280+ hAT2 cells represented 

approximately 75% of total EpCAM+ cells, as has been shown previously, while HTII-280- 
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cells should have included other epithelial cell types, including basal cells and secretory 

club cells, according to tissue staining data (Figure 3.1D; Barkauskas et al., 2013; Zacharias 

et al., 2018). This was also confirmed by qPCR analysis, where HTII-280- cells displayed 

higher levels of airway marker genes such as TP63, SCGB1A1 and FOXJ1 than HTII-280+ 

cells (Figure 3.6B). In contrast, HTII-280+ cells expressed significantly higher levels of 

hAT2 marker genes such as SFTPC (Figure 3.6B).  

 

 
 

Figure 3.6. The strategy of FACS based cell isolation for hAT2 cells and non-hAT2 cells from 
human lung parenchymal tissues (figure legend continued on next page).   
A. Primary human lung cells from healthy background lung specimens were sorted with FACS based on their 

CD31- CD45- EpCAM+ profile in order to isolate epithelial cells, and further gated on the basis of their HTII-

280 expression in order to specifically isolate hAT2 cells (HTII-280+) from other epithelial cell types (non-

hAT2, HTII-280-). Unstained and single-stained controls are also provided. FACS plots representative of 3 
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individual samples. B. Relative mRNA expression of lung lineage markers in isolated primary human 

epithelial lung cells (HTII-280+ and HTII-280-). Data are the mean ± SEM of 3 biological replicates (TP63), 

1 biological replicate (SCGB1A1), 2 biological replicates (FOXJ1) and 4 biological replicates (SFTPC), and 

are expressed as relative mRNA expression versus the housekeeping gene GAPDH. Each individual dot 

represents the mean of 1 biological replicate (2 technical replicates each). For TP63 and SFTPC, statistical 

significance was tested using the non-parametric Mann-Whitney U test; ns = non-significant, * = p < 0.05.  

 

 

In order to establish alveolar organoids derived from HTII-280+ hAT2 cells to better 

understand the functional behaviours of hAT2 cells, I decided to use HTII-280- cells as a 

control to compare in vitro growth capacity. Therefore, before setting up culture conditions 

for hAT2 cells, I wanted to test and characterise the growth of non-hAT2 epithelial cells 

isolated from the HTII-280- cell fraction which includes basal and secretory club cells. I 

isolated HTII-280- cells with FACS as described above and plated single cells in Matrigel 

at a ratio of 5000 cells per well and cultured in complete medium. As low Wnt conditions 

had been previously demonstrated to promote airway cell development (McCauley et al., 

2017), I also cultured HTII-280- cells in complete medium without CHIR (-CHIR medium; 

Table 3.1). I found that upon culturing HTII-280- cells in -CHIR medium, filled, spherical 

organoids could be observed by day 14 of culture, and these continued to grow for up to 28 

days, forming large structures (Figure 3.7A). This was consistent with the airway organoids 

that were observed in EpCAM+-derived cultures (section 3.3.2. and 3.3.3.). In contrast, 

culture of HTII-280- cells in complete medium resulted in failure of cells to form organoids, 

an observation that was consistent for all tested donor samples. This suggested that when 

hAT2 cells were absent from the culture system, remaining epithelial cells were sensitive 

to exogenous Wnt addition, at least during primary culture (Figure 3.7B). This may be due 

to the possibility that the presence of hAT2 cells allowed for the growth of airway cell types 

in high Wnt conditions, either through physical cell-to-cell contact or secretion of ligands 

and signalling molecules. Such cell-to-cell interactions have been suggested previously, 

such as the inhibition of secretory cell de-differentiation to basal cells when mouse basal 

and secretory cells are cultured together in vitro, but not when secretory cells are cultured 

alone (Tata et al., 2013). However, the precise effect of hAT2 cells on airway organoid 

growth warrants further study. Although HTII-280- cells cultured in -CHIR medium could 

be passaged multiple times depending on donor sample, the number of passages achievable 

was reduced in comparison with organoids derived from EpCAM+ cells (Figure 3.7C and 

3.7D; Figure 3.4B and 3.4C). Upon passaging and re-plating as single cells, organoids were 
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re-established and again formed large, spherical structures lacking a lumen, although rare 

lumen-containing organoids were also present, which became more prevalent during later 

passages (Figure 3.8A). IF of primary cells cultured in -CHIR medium confirmed that 

organoids formed large spherical structures with occasional small lumen, resembling the 

airway organoids generated from EpCAM+ cells (Figure 3.5A). HTII-280- organoids 

cultured in -CHIR medium were characterised as possessing extensive KRT5 staining 

throughout the entire organoid structure, and also possessed some TP63+ and SOX2+ cells, 

identifying these cells as airway basal cells (Figure 3.8B). Occasional organoids also 

expressed the secretory club cell marker SCGB1A1 (data not shown), but no other cell 

lineage was observed (Figure 3.8B). At later passages, the number of cells expressing TP63 

decreased, although cells still retained KRT5 expression, indicating that these cells could 

have been parabasal cells, a basal-secretory intermediate cell type (Figure 3.8B; Hynds and 

Janes, 2017). However, KRT8 expression was not assessed, so it is difficult to determine 

the exact identity of these cells. However, these data confirmed that HTII-280- cells mainly 

retain basal cells in culture, which can preferentially grow and differentiate in low, but not 

high, Wnt conditions.  

 

 
Figure 3.7. HTII-280- cells form airway organoids in low Wnt conditions (figure legend on 
next page).  
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Figure 3.7. HTII-280- cells form airway organoids in low Wnt conditions. 
A. Representative brightfield images of organoids derived from HTII-280- cells and cultured in -CHIR99021 

(-CHIR) medium. Scale bar, 2000 µm. B. Representative brightfield images of primary HTII-280- cells grown 

with or without CHIR (D14). D = day post-plating. Scale bar, 2000 µm. C. Organoid cultures from different 

patients were passaged at different timepoints depending on growth. Each point represents a single passage. 

D. Organoid forming efficiencies over multiple passages for HTII-280- cells grown in -CHIR medium for 3 

individual donors. A single point represents the mean of 3 technical replicates (separate wells) for each 

individual donor. P0 to P1, 3 biological replicates; P2 to P4, 2 biological replicates.  
 

 
Figure 3.8. Passage of HTII-280- cell-derived organoids (figure legend on next page).   
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Figure 3.8. Passage of HTII-280- cell-derived organoids. 
A. Representative brightfield and H&E images of HTII-280- cells grown without CHIR (D14) across multiple 

passages. Scale bar, 2000 µm (brightfield); 50 µm (H&E). B. IF images of HTII-280- derived organoids across 

passages; TP63 (green, white), SOX2 (green), and KRT5 (red, white), pro-SFTPC (red) and AGER (white). 

DAPI, cell nuclei (blue). Scale bar, 50 µm. 

 

 

While I had successfully established airway organoids derived from HTII-280- cells, Hans 

Clevers’ group has since reported culture conditions to grow human airway organoids in 

slightly different conditions (Sachs et al., 2019). Therefore, I compared the culture 

conditions and characterised these two organoid systems in parallel. Their media conditions 

were similar to my -CHIR medium except for two main factors; EGF was not added, and 

the p38 Map-kinase (MAPK) inhibitor SB202190 (SB2) was included (Table 3.1). In order 

to simplify conditions and make appropriate comparisons between cultures, all other factors 

were included at the same concentrations as I had used previously. Additionally, I observed 

that removal of EGF had no apparent effects on organoid establishment or cellular 

composition within the organoids, therefore I included EGF in the culture (Figure 3.9A). I 

therefore referred to the published airway medium as ‘-CHIR/+SB2 medium’.  

 

Primary HTII-280- cells cultured in -CHIR/+SB2 medium formed mainly large, cystic 

organoids with a single lumen, although rare smaller filled structures were also observed, 

as found in a separate study (Figure 3.9A, Zhou et al., 2018). Upon passaging by enzymatic 

dissociation and re-plating as single cells, organoids remained stable for more than 150 

days in culture, with passaging possible every 2-3 weeks (Figure 3.9B). Primary organoid 

forming efficiency was low, likely due to the low number of starting organoid-forming 

cells present within the HTII-280- mixture of cells from parenchymal lung tissue, which 

was expected to include a number of cell types including ciliated, secretory and hAT1 cells 

(Figure 3.6B). However, organoid forming efficiency greatly increased upon the first 

passage. This was likely in part due to the enrichment of basal cells, with organoid forming 

efficiency remaining between 10% and 15% for multiple passages, generally higher than 

those of cells cultured in -CHIR medium (Figure 3.9C; Figure 3.7D). Organoid 

morphologies varied, with some cystic organoids with an inner lumen or rounded structures 

with no lumen, although interestingly the majority of primary organoids comprised a single, 

large lumen (Figure 3.9D). The formation of HTII-280- organoids with a large lumen 

in -CHIR/+SB2 medium was in stark contrast to organoids formed from primary HTII-280- 
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cells cultured in -CHIR medium, which resulted almost exclusively in the establishment of 

large, filled organoids with no visible lumen. Although not assessed during the present 

study, Sachs et al. also reported the presence of functional ciliated cells lining the luminal 

surfaces of their airway organoids, a cell type not observed in my -CHIR medium (Sachs 

et al., 2019). Therefore, the formation of an organoid lumen from primary HTII-280- cells, 

and possibly the differentiation of ciliated cells, was likely due to p38 MAPK inhibition 

through SB2 addition, although the precise mechanism for this is currently unknown. To 

test this hypothesis, I cultured airway organoids continually in -CHIR medium for 4 

months, then switched to -CHIR/+SB2 conditions (Figure 3.10A). Interestingly, only 

the -CHIR/+SB2 cultured organoids formed a lumen, again suggesting that p38 MAPK 

inhibition leads to lumen formation of airway organoids in vitro.  

 

IF analysis of primary organoids in -CHIR/+SB2 medium revealed that cystic organoids 

consisted of a well-organised, layered epithelium consisting of KRT5+ TP63+ basal cells 

within the outermost layers, which also co-expressed PDPN, another basal cell marker 

(Figure 3.9D). The airway-lineage marker SOX2 was observed in the majority of cells, and 

the secretory club cell marker SCGB1A1 was expressed in cells on the luminal side of the 

organoids, with positive staining also present within the lumen. Meanwhile, the hAT2 

markers pro-SFTPC and HTII-280 were not present (Figure 3.9D). These organoids 

persisted throughout multiple passages, maintaining stable expression of KRT5 and 

possessing some TP63+ cells. Secretory club cells were also observed, with SCGB1A1 

staining again present on the luminal surface. No expression of hAT2 markers was present 

even during later culture, indicating that there was no aberrant trans-differentiation of 

airway cells to alveolar lineages in this culture condition (Figure 3.9D).  
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Figure 3.9. Culture of primary HTII-280- in Sachs et al. 2019 human airway organoid 

conditions.  
A. Representative brightfield images of HTII-280- cells grown without CHIR and with addition of SB2 (D14) 

across multiple passages. Scale bar, 2000 µm (top panel); 1000 µm (bottom panel). B. Organoid cultures 

from 2 separate patients were passaged at different timepoints depending on growth. Each point represents a 

single passage. C. Organoid forming efficiencies over multiple passages for HTII-280- cells cultured 

in -CHIR/+SB2 medium for 2 individual donors. A single point represents the mean of 3 technical replicates 

(separate wells) for each individual donor. D. Representative H&E and IF images of HTII-280- cells cultured 

in +SB2 medium at both primary culture and following passage. KRT5 (white), TP63 (green, white), 

SCGB1A1 (green), PDPN (green), pro-SFTPC (red), HTII-280 (red) and ABCA3 (white). Images were 

obtained at D21. Scale bars, 50 µm.  
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Figure 3.10. Switching airway organoids to media containing SB2 leads to lumen formation.  
A. IF images of airway organoids at passage 6 that were switched from -CHIR medium to -CHIR/+SB2 
medium. SCGB1A1 (green), KRT5 (white), DAPI (cell nuclei, blue). Scale bar, 100 µm. 

 

3.4. Conclusions 

In conclusion, isolation of EpCAM+ cells derived from healthy adult human lung 

parenchymal tissues and subsequent 3D-culture in medium comprising FGF7 and Wnt 

signalling resulted in formation of organoids comprising either alveolar or airway lineages. 

Promisingly, the culture conditions were able to support epithelial cells from multiple 

donor lungs. TGFß inhibition allowed for long-term maintenance of EpCAM+ organoids, 

although the culture composition changed over time, with airway lineage organoids 

becoming more abundant compared to their alveolar counterparts during early culture. This 

was followed by loss of alveolar lineages following 3 to 6 months, leading to the outgrowth 

of organoids with ‘undetermined’ identities. Investigation of individual cell lineage growth 

through the isolation and culture of single HTII-280- cells in low Wnt conditions resulted 

in the formation of airway organoids mainly comprising basal and secretory club cells. 

Primary organoids established in -CHIR medium formed large, filled structures, while 

additional supplementation with the p38 MAPK inhibitor SB2 resulted in the production 

of organoids that almost exclusively possessed a single, inner lumen. SB2-treated 

organoids possessed improved passage ability and organoid forming efficiency versus cells 

cultured in -CHIR medium alone. My data suggest that p38 Map kinase inhibition resulted 

in more stable, long-term maintenance of human airway cell types as 3D-organoids, and 

may have contributed to lumen production and ciliated cell differentiation in primary 

organoids through a currently unknown mechanism.  
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CHAPTER 4  

 

Results II: Establishment and characterisation of a 

chemically-defined in vitro human alveolar 

organoid system from adult lung stem cells 

 

4.1. Introduction 

The gas-exchanging alveolar region of the lung is vital for proper lung function, and 

dysregulation or damage to this region leads to a host of chronic lung diseases, including 

Bronchopulmonary dysplasia (BPD) and Idiopathic pulmonary fibrosis (IPF). Such 

diseases are characterised by destruction of the alveolar epithelial unit, resulting in 

inefficient gas-exchange and severe breathing difficulties. To better understand and treat 

such diseases, a system to study human epithelial alveolar cell types, particularly resident 

alveolar type 2 (hAT2) stem cells is required. However, lack of knowledge about the 

molecular mechanisms underlying hAT2 regulation and differentiation has made this 

challenging. Efforts have been made to establish in vitro culture systems that support 

functional hAT2 cells. However, many of these in vitro culture conditions are short-term 

cultures and still utilise supporting cells such as mesenchymal cells (Barkauskas et al., 

2013; Glisinski et al., 2020; Zacharias et al., 2018). These approaches do not fully support 

cell self-renewal and differentiation, and make it difficult to assess regulatory signalling 

pathways on an individual cell type. Identifying essential factors would allow for the 

identification of precise regulatory signals that are required for hAT2 cell maintenance, 

differentiation and self-renewal and may highlight key disease mechanisms. In this chapter, 

I will investigate the molecular requirements for self-renewal and differentiation of primary 
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donor-derived, FACS-purified hAT2 cells. Using this knowledge, I will then establish and 

characterise an in vitro 3D-organoid system for the propagation and maintenance of 

purified hAT2 cells in chemically-defined conditions. Much of the work within this chapter 

has recently been published (Youk et al., 2020).  

 

 

4.2. Aims 

• Identify the molecular requirements for supporting the growth of primary adult hAT2 

cells from healthy background lungs in 3D-culture. 

• Establish chemically-defined conditions for the long-term culture of human alveolar 

organoids (hAOs) from FACS-purified HTII-280+ hAT2 cells. 

• Characterise hAT2-derived organoids during long-term culture and assess their 

functional maturity and requirements for differentiation to hAT1 cells.  

• Assess the utility of adult-derived hAOs in downstream applications such as gene 

editing and viral infection studies.  

 

 

4.3. Results 

4.3.1. Establishment of alveolar organoids from primary hAT2 cells  

I aimed to establish and characterise in vitro alveolar organoids derived from human adult 

primary hAT2 cells. HTII-280+ and HTII-280- cells were isolated with FACS as before 

(Chapter 3) and 5000 HTII-280+ cells were placed into organoid culture with complete 

medium (Figure 4.1A and 4.1B; Table 3.1). As a non-hAT2 control, HTII-280- cells were 

cultured in -CHIR medium as in Section 3.3.4. To confirm hAT2 identity in HTII-280+ 

cells, transcript levels for the key hAT2 marker SFTPC were assessed, revealing higher 

levels in HTII-280+ cells versus HTII-280- cells, in accordance with IF analysis of tissue 

specimens (Figure 4.1C; Figure 3.1B). Additionally, the hAT1 marker AGER was 

expressed at higher levels in HTII-280- cells. Culture of HTII-280+ cells in complete 

medium resulted in the emergence of heterogenous organoids that differed in both their 

size and morphology (Figure 4.1D). By day 7 of culture, HTII-280+-derived organoids were 

small and rounded, but became larger and more folded by day 15, although some organoids 
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established a cystic appearance (Figure 4.1D). Organoids continued to exhibit growth 

capacity for up to 4 weeks prior to passaging (Figure 4.1D). In addition to complete 

medium, organoid establishment and growth was assessed in -CHIR medium. By 

comparing the HTII-280+ cultures to their HTII-280- counterparts, I observed that 

exogeneous Wnt signalling was vital for the outgrowth of organoids from primary 

HTII-280+ cells, with limited organoid formation observed in -CHIR medium (Figure 

4.1E). In contrast, HTII-280- cells only formed organoids in the absence of CHIR (Figure 

3.7B). This suggested the different molecular requirements for self-renewal of hAT2 cells 

and airway cells derived from human lung parenchyma. Organoid morphology also differed 

between the two populations, as was observed previously in EpCAM+ cultures (Figure 

3.5A).  

 

IF analysis revealed that primary HTII-280+ organoids strongly expressed cytoplasmic pro-

SFTPC in all cells, as well as ABCA3, identifying the cells as hAT2 cells (Figure 4.1F). 

Therefore, throughout the remainder of this study, I will refer to these structures as human 

alveolar organoids (hAOs). Transmission electron microscopy (TEM) analysis of hAOs at 

passage (P)2 (day 21 post-re-plating) revealed the presence of lamellar bodies and 

microvilli on the apical cell surface (Figure 4.2A, 4.2B and 4.2C). TEM analysis was kindly 

performed by Yongsuk Her (Biomedical Research Centre, KAIST), Taewoo Kim (KAIST) 

and Ho Min Kim (KAIST). The presence of these microstructures, coupled with surfactant 

production and ABCA3 presence, highlighted that hAT2 cells within hAOs cultured in 

complete medium were functionally mature. As described above, two different organoid 

morphologies existed in primary hAO cultures; folded and cystic, with folded organoids 

making up a higher proportion of observed organoids in primary cultures (Figure 4.2D, 

4.2E and 4.2 F). The hAT2 cell surface marker HTII-280 was strongly expressed in primary 

cultures, although the location of expression differed between individual organoids, 

displaying inner, outer or dual localisation (Figure 4.1F and 4.2D). Interestingly, cystic 

organoids almost exclusively expressed HTII-280 on the inner surface of the organoids, 

while folded organoids displayed more variation in HTII-280 localisation (Figure 4.2F). In 

vivo, HTII-280 is localised to the apical cell surface (Gonzalez et al., 2010; Figure 3.1B). I 

therefore questioned whether the position of HTII-280 staining in hAOs correlated with 

cellular polarity. IF analysis of F-actin and Scribble (SCRIB) revealed apical localisation 

of F-actin and basolateral distribution of SCRIB, in accordance with previous studies (El-

Hashash and Warburton, 2011; Rodriguez-Boulan and Macara, 2014). Although CRB3 has 



 
 

126 

previously been identified as marking the apical domain of epithelial cells, including 

proximal airway epithelium during lung development (Pocha and Knust, 2013; Szymaniak 

et al., 2015), it was found to be expressed more broadly within cultured hAT2 cells (Figure 

4.2G). Staining and imaging of F-actin and CRB3 were performed by Taewoo Kim 

(KAIST). The above findings indicated that hAT2 cells within hAOs maintain correct 

polarity, irrespective of HTII-280 cellular location. Therefore, HTII-280 localisation does 

not accurately correspond with hAT2 cell polarity in vitro.  

 

Following enzymatic dissociation into single cells, HTII-280+ cells were again able to form 

organoids in culture, with similar folded or sometimes cystic morphologies to those 

observed in primary culture (Figure 4.3A). Further passaging appeared to result in the 

eventual loss of the large, folded structures observed during primary cultures. Instead, 

organoids became more homogenous, presenting themselves in small, spherical 

arrangements with a small inner lumen (Figure 4.3A). To assess whether hAT2 cells 

maintained genetic stability following long-term in vitro culture, 6-month-old organoids 

were dissociated and subjected to karyotype analysis, as kindly performed by Seon Young 

Kim (Chungnam National University College of Medicine; Figure 4.3B). Cultured hAT2 

cells presented with normal karyotype numbers, suggesting the absence of genetic 

aberrations and maintenance of chromosomal-level genomic stability even following long-

term culture (Figure 4.3B). This finding suggested that my culture system maintained 

healthy primary hAT2 cells and prevented any aberrant cell transformations. Like human 

lung cultures from other cell populations, passage ability varied between individual donors, 

with some cultures growing at faster rates than others, although hAOs were generally 

passaged every 3-4 weeks for up to 11 months (Figure 4.3C and 4.3D). Organoid forming 

efficiency also increased up until P3, after which it began to slowly decline, along with 

average hAO size (Figure 4.3C, 4.3D and 4.3E). On the level of cumulative population 

doublings, cell doublings continued to occur until at least P6, although some donor samples 

exhibited a decrease, suggesting population reduction (Figure 4.3G). However, samples for 

which population doubling decreased also tended to exhibit lower primary organoid 

forming efficiency and reduced passage ability, and often correlated with smoking-status 

of the donor or poorer sample quality (also see Chapter 2 – Methods).  
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Figure 4.1. Primary HTII-280+ cells cultured in high Wnt conditions form hAOs comprising 
hAT2 cells (figure legend continued on next page).  
A. Schematic outlining the process for isolation and culture of hAT2 cells. Adapted from Youk et al. 2020. 

B. FACS gating strategy for the isolation of CD31-/CD45-/EpCAM+/HTII-280+ hAT2 cells from healthy 

donor lungs (FACS plot was also utilised in Figure 3.6A). C. Relative mRNA expression of SFTPC and 

AGER in primary HTII-280+ and HTII-280- cells. Data are mean ± SEM for 3 individual donor samples and 

values are expressed relative to the housekeeping gene GAPDH. D. Representative brightfield images of 

primary HTII-280+ cells cultured in complete medium. Scale bar, 2000 µm. E. HTII-280+ cells cultured in 

complete or -CHIR medium. Scale bar, 2000 µm. F. IF images of primary (P0) HTII-280+ derived hAOs 
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grown in complete medium for 21 days. pro-SFTPC (red), ABCA3 (white), HTII-280 (green) and DAPI 

(blue). Scale bar, 50 µm. 

 

 
Figure 4.2. Cultured hAT2 cells from alveolar organoids are functionally mature and display 
correct polarity (figure legend continued on next page).  
A. TEM image of a representative alveolar organoid comprising multiple hAT2 cells. Individual hAT2 cell 

membranes are delineated with white dashed lines. Red asterisk, alveolar space; Nu, nucleus. Image is 

representative of 10 individual hAOs derived from 1 donor at passage 2 (P2). B and C. Two individual hAT2 

cells (boxed regions from A) comprising lamellar bodies (blue arrows) and microvilli (black arrows). n=10 

individual alveolar organoids at P2 comprised from 1 donor. A-C scale bars, 1 µm. Images were obtained by 

Yongsuk Her (Biomedical Research Centre, KAIST), Taewoo Kim (KAIST), and Ho Min Kim (KAIST), 

and have previously been published (Youk et al. 2020). D. IF images of folded (with or without a small 
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lumen) and cystic (round with a large lumen) hAOs. HTII-280 (green), pro-SFTPC (red) and DAPI (cell 

nuclei, blue). Asterisk, luminal HTII-280 expression; arrowhead, basal HTII-280 expression. Scale bar, 50 

µm. E. Quantification of primary hAO morphology, expressed as a percentage of total organoids at P0. Data 

are mean ± SEM for 3 individual donor samples (n = 67 for donor 1, n = 50 for donor 2 and n = 50 for donor 

3; n = total number of organoids scored per donor). Statistical significance was tested using the non-

parametric Mann-Whitney U test; ns = non-significant. F. Quantification of HTII-280 staining location for 

folded or cystic primary alveolar organoids analysed in E. G. IF images of representative primary alveolar 

organoids expressing HTII-280 (green), F-actin (white), CRB3 (red), SCRIB (red) and DAPI (blue). Scale 

bar, 50 µm. Images for F-actin and CRB3 obtained by Taewoo Kim (KAIST).  
 

 

 
Figure 4.3. Human alveolar organoids can be stably maintained for up to 11 months in 

culture and exhibit no chromosomal aberrations (figure legend on next page).   
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Figure 4.3. Human alveolar organoids can be stably maintained for up to 11 months in 
culture and exhibit no chromosomal aberrations 

A. Brightfield images of HTII-280+-derived hAOs across multiple passages. Scale bars; brightfield, 2000 µm 

(top row) and 1000 µm (bottom row). B. Representative karyotype of hAO-derived hAT2 cells following 6 

months of culture (P5). N = 1 donor, n= 6 hAT2 cells, all arrested in G2/M phase. Karyotyping performed by 

Seon Young Kim. C. Organoid cultures derived from HTII-280+ cells from different donors were passaged 

at various timepoints depending on growth. Each point represents a single passage. D. Organoid forming 

efficiencies over multiple passages for HTII-280+ cells grown in complete medium. A single point represents 

the mean of 3 technical replicates (separate wells) for each individual donor. N=3 individual donor samples 

(P0 to P3), 2 donor samples (P4 to P7), and 1 donor sample (P8 and P9). E. Quantification of alveolar organoid 

surface area for 3 donor samples over long-term culture. Areas are presented as mean (10-90 percentile), with 

each dot representing an individual organoid (n= 300 organoids per donor at each passage, except P2 donor 

3, where n= 228 and P8 where n = 37). F. IF analysis of HTII-280+-derived alveolar organoids up to P8 (9 

months in culture). HTII-280 (green), pro-SFTPC (red), DAPI (nuclei, blue). Scale bars, 50 µm. G. 

Cumulative population doublings for hAT2 organoids derived from 3 separate donors. Calculation for 

population doublings can be found in Methods. H. Quantification of organoid identity from HTII-280+-

derived cultures based on pro-SFTPC and TP63 IF staining. Data are presented as mean ± SEM of 2 biological 

replicates (P0 and P1) and 1 biological replicate (P6 and P8). n = 131 for P0, n = 55 for P1, n = 50 for P6 and 

n = 25 for P8, where n denotes the total number of organoids quantified. I. Relative mRNA expression of the 

hAT2 marker SFTPC and the basal cell marker TP63 in HTII-280+ and HTII-280- derived organoids at 

multiple passages. Primary cells, 3 biological replicates; P1 and P6, 1 biological replicate.  

 
During primary culture, almost 100% of organoids were classed as hAOs consisting 

entirely of pro-SFTPC+ hAT2 cells, with only a single organoid from one of the three 

analysed donors not staining for any tested lung lineage (Figure 4.3H). hAT2 cell identity 

was still maintained at P6 (following 6 months of culture), although following this point 

the number of pro-SFTPC+ hAOs began to reduce (Figure 4.3H). No TP63+ cells were 

observed in hAOs at any stage of culture, indicating that no aberrant differentiation to 

basal-like cells was occurring (negative staining data not shown). Despite the gradual loss 

of pro-SFTPC expression, 40% of organoids still expressed pro-SFTPC following 8 to 9 

months of culture, the longest amount of time adult-derived hAT2 cells have been 

successfully maintained in vitro (Table 4.1). This finding differs to hAOs derived from 

EpCAM+ cells, which were greatly reduced in number by P3 (Figure 3.5B). This may have 

been due to preferential selection of airway and undetermined cell types in EpCAM+ 

cultures. This suggested that specifically isolating hAT2 cells using HTII-280 resulted in 

more stable culture and propagation of hAOs and increased retention of hAT2 cell markers 
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compared to culturing EpCAM+ epithelial cells. Promisingly, no hAOs throughout any of 

the passages displayed airway cell phenotypes (negative staining data not shown). This 

indicated both that the sorting strategy for hAT2 cells resulted in little to no contamination 

with airway cell types, and that hAO-containing hAT2 cells do not aberrantly 

transdifferentiate to airway cell types in my culture system (Figure 4.3H). Analysis of 

alveolar and airway transcripts in primary HTII-280+ cells and HTII-280+-derived hAOs at 

early and late passage revealed that SFTPC expression persisted during culture, even up to 

P6, albeit at lower levels than primary cells (Figure 4.3I). However, the expression of the 

basal cell marker TP63 was not observed in any hAO cultures, confirming the IF findings 

(Figure 4.3H and 4.3I; negative TP63 staining data not shown).  

 

Table 4.1. Comparison of hAOs in chemically-defined conditions versus co-culture  

Isolation strategy Culture 

method  

Cell types 

present 
(primary) 

hAO culture 

capacity and 
primary 
forming 
efficiency 

Reference  

FACS enrichment 

from primary distal 

lung tissue 

(EpCAM+ HTII-

280+) 

Chemically-

defined  

Pro-

SFTPC+ 

hAT2 cells 

> 10 months  

(11 passages) 

 

~5-9% 

Youk et al., 

2020 (current 

study) 

FACS enrichment 

of adherent 

overnight cells 

from primary lung 

tissue (EpCAM+ 

HTII-280+) 

Co-culture 

with MRC5 

fibroblasts and 

ALI-medium 

(Randell et al., 

2011) 

Some 

SFTPC+ 

hAT2 cells 

~ 3 passages 

 

4.2% ± 0.8% 
 

Barkauskas et 

al., 2013 

MACS enrichment 

from  primary 

distal lung tissue 

(EpCAM+ HTII-

280+ TM4SF1+) 

Co-culture 

with MRC5 

fibroblasts and 

SAGM 

(Lonza) 

SFTPC+ 

hAT2 cells 

and AQP5+ 

cells 

Not disclosed 

 

~4-5% 

Zacharias et 

al., 2018 
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4.3.2. Investigation of molecular pathways involved in hAT2-to-hAT1 
differentiation 
 

Now that I had established that hAT2 cells could maintain their identity and stable 

expansion in vitro for at least 6 months, I next wanted to assess whether they also 

maintained their ability to differentiate into hAT1 cells. Co-culture systems involving 

mouse-derived AT2 cells and fibroblasts exhibit differentiation of AT2 cells to 

morphologically-distinct AT1 cells that are co-maintained within the same organoid 

(Barkauskas et al., 2013). However, differentiation of hAT2 cells has traditionally involved 

2D-culture in un-defined conditions such as serum addition, although co-maintenance of 

hAT2 and hAT1 cells in the same culture has not been achieved (Dobbs et al., 1988; Jacob 

et al., 2017; Katsura et al., 2020). Therefore, it was important to first ascertain whether 

hAT2 cells cultured in my culture system maintained their differentiation capacity in vitro. 

A number of primary hAOs cultured in the presence of CHIR (complete medium) strongly 

co-expressed the hAT1 marker HOPX with pro-SFTPC, although as mentioned previously 

this observation has already been made in hAT2 cells of the adult lung in vivo (Figure 4.4A; 

Figure 3.1B; Travaglini et al., 2020). Additionally, co-expression of SFTPC with the hAT1 

marker PDPN was also observed in some cells, although AGER presence was not present 

in any hAOs (Figure 4.4A). Additionally, cells morphologically resembling hAT1 cells 

were not observed. Therefore, these findings confirmed that culture of hAT2 cells in 

complete medium resulted in formation of organoids entirely comprised of hAT2 cells. 

However, upon removing P2 hAOs from complete medium at D10 of 3D culture, and 

transferring to 2D culture with 10% human serum addition, hAT2 cells began to elongate 

and lose their columnar shape (Figure 4.4B). The change in cell shape was accompanied 

by a loss of pro-SFTPC expression, and a gain of AT1 marker expression including AQP5 

and AGER, indicating that cultured hAO-derived hAT2 cells maintained their ability to 

differentiate in vitro (Figure 4.4B). 2D culture and characterisation was performed by 

Taewoo Kim (Ju lab, KAIST) with my help.  
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Figure 4.4. Organoid-derived hAT2 cells maintain their ability to differentiate into hAT1 
cells following long-term culture (figure legend continued on next page). 
A. IF analysis of primary hAT2-derived organoids cultured continuously in complete medium. pro-SFTPC 

(red), HTII-280 (red), PDPN (green), HOPX (green), AGER (white) and DAPI (blue). B. IF analysis of P2 

hAT2 cells cultured in 2D with 10% human serum. AGER (red), AQP5 (green), pro-SFTPC (white) and 

DAPI (blue). 2D culture was performed by Taewoo Kim (Ju lab, KAIST). C. Schematic of experimental set-

up for culture of hAOs following addition of 10% human serum, or withdrawal of CHIR. D. Quantification 

of organoid identities at passage 0, 3 and 6 when cultured in 3D with the treatments outlined in C. E to H. 

Representative immunofluorescent images of hAT2 cell-derived organoids following 3D culture in 10% 
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human serum at P3 and P6 (E and F) or following withdrawal of CHIR at D14 in P0 or P6 cultures (G and 

H). pro-SFTPC (green), AGER (red), HTI-56 (white), DAPI (blue). Images obtained at D21. Scale bars, 50 

µm. 

 

 

Despite effective differentiation of hAT2 cells into hAT1 cell fate in 2D culture, it was 

unclear whether hAT1 differentiation was occurring because of undefined factors within 

the serum, or due to direct contact with the plate plastic, as mechanical cues have already 

been demonstrated as important contributors for AT2-to-AT1 differentiation (Li et al., 

2018a). Therefore, I next investigated whether addition of serum to hAOs within 3D culture 

also resulted in differentiation to hAT1 cells (Dobbs et al., 1988; Jacob et al., 2017). hAOs 

at P3 and P6 were cultured normally in complete medium for 10 days, after which the 

conditions were switched to basic medium containing 10% human serum (Figure 4.4C). 

Upon analysis at D21 (11 days post-serum addition), hAOs exhibited a clear loss of 

pro-SFTPC expression, and gain of the AT1 markers HTI-56 and AGER (Figure 4.4D, 

4.4E and 4.4F). However, unlike 2D culture, serum addition to 3D cultures did not result 

in the clear morphological change in cells. This potentially suggested that undefined 

components within the serum resulted in loss of hAT2 identity and induction of AT1 

marker expression, while a stiff surface such a tissue culture plastic may influence changes 

in cell morphology.  

 

As human serum is undefined, and consists of many complex components, study of precise 

regulatory signals and mechanisms for hAT2-to-hAT1 differentiation is difficult to assess. 

Therefore, I investigated potential molecular mechanisms that regulate the differentiation 

of hAT2 cells into hAT1 cell fate. Previous work in the mouse has suggested that Wnt 

activation is important for maintenance of AT2 identity, while loss of localised Wnt 

signalling can lead to AT1 differentiation (Frank et al., 2016). In order to assess the effect 

of Wnt activity on adult hAT2 differentiation, primary (P0) and late culture (P6) hAOs 

were initially cultured in 3D in complete medium for 14 days, followed by withdrawal of 

CHIR for a further 7 days (Figure 4.4C). This allowed hAT2 cells to initially form hAOs, 

as immediate culture in –CHIR medium led to failure of organoid formation (Figure 4.1E). 

Following removal of CHIR from the culture system at D14, primary hAOs exhibited clear 

loss of pro-SFTPC expression upon analysis at D21, and gain of AGER expression, 

although no change in cell morphology was achieved (Figure 4.4G). P6 organoids also 
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exhibited gain of AGER expression following CHIR withdrawal, again confirming that 

cultured hAT2 cells maintained their differentiation ability even following long-term 

culture (Figure 4.4H). Interestingly, a number of organoids in P6 cultures displayed cell 

elongation, with resulting cells more closely resembling the morphological characteristics 

of hAT1 cells. Notably, throughout all differentiation experiments, no hAOs were observed 

that comprised both hAT2 and fully-differentiated hAT1 cells within the individual 

organoid at the analysed timepoint. No airway markers were observed (negative data not 

shown). These results suggest that Wnt activation, mediated by CHIR, is required for 

maintaining hAT2 identity and loss of Wnt activation leads to hAT1 differentiation in the 

culture condition, as previously reported in mouse AT2 cells. 

 

Due to the lack of retention of hAT2 cells in hAOs in my –CHIR differentiation medium, 

I reasoned to test whether low Wnt activation allowed me to retain hAT2 and hAT1 cells 

within the individual hAOs, providing a better platform to assess their transitioning process. 

Therefore, I used WNT3A-conditioned medium as an alternative source of Wnt activity, 

which seems to reveal lower Wnt activity compared to CHIR. To do this, I first cultured 

primary hAT2 cells in media containing WNT3A-conditioned medium from D0, and 

analysed organoid growth and cellular composition. As a control, hAOs cultured in 

complete medium (+CHIR) were used. Brightfield images of organoids at D21 revealed 

that hAT2 cells cultured in complete medium formed mostly folded organoids as normal, 

and IF analysis revealed that all hAOs expressed pro-SFTPC and no AGER (Figure 4.5A). 

In contrast, although many hAOs formed in WNT3A conditions were folded, a few 

structures arose that were cystic, more than were observed in controls. As hAOs can 

occasionally form cystic structures, IF analysis was performed to determine the identity of 

cystic organoids in WNT3A conditions. Unlike cystic hAOs formed in complete medium, 

cystic organoids arising from WNT3A conditions expressed AGER, with virtually no 

pro-SFTPC expression present within these organoids upon analysis at D21, highlighting 

hAT1 differentiation (Figure 4.5A). However, as was observed in serum-treated and 

CHIR-withdrawal 3D-cultures, no hAOs in WNT3A conditions retained both hAT2 and 

fully-differentiated hAT1 cells within the same structure. Following passage without 

sorting, organoid forming efficiency for WNT3A-cultured hAT2 cells decreased in 

comparison to controls, likely due to the increased presence of hAT1 cells, that were not 

thought to possess self-renewal capacity (Figure 4.5B). Due to the difficulty in maintaining 

WNT3A cultures overtime, I was unable to assess the effect of WNT3A on mid- or late-
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passage hAOs. Therefore, I instead assessed WNT3A addition in P3 and P6 organoids that 

had previously been cultured in CHIR-containing complete medium (Figure 4.5C). 

Addition of WNT3A-conditioned medium as the Wnt source to P3 and P6 hAOs again 

resulted in induction of hAT1 cell markers and loss of pro-SFTPC by D21, with some P3 

and P6 hAOs even consisting of cell markers from both lineages (Figure 4.5D and 4.5E). 

However, AGER+ cells within these mixed organoids did not morphologically resemble 

fully-differentiated hAT1 cells (Figure 4.5D). Furthermore, occasional cells existed that 

co-expressed pro-SFTPC and AGER, perhaps representing differentiating cells. 

Interestingly, as was observed in CHIR-withdrawal P6 hAOs, P6 WNT3A cultures 

consisted of a number of organoids comprised entirely of elongated hAT1 cells, again 

suggesting that later passage hAT2 cells could more readily differentiate (Figure 4.5D). 

However, WNT3A-conditioned medium did not support co-retention of hAT2 and 

fully-differentiated hAT1 cells within the same organoid, as has been observed for the 

mouse (Barkauskas et al., 2013). Therefore, conditions will need to be optimised further in 

order to support both cell types within the same culture system to investigate hAT2-hAT1 

interactions.  

 

 

4.3.3. Investigation of purification strategies to specifically isolate hAT2 

cells following sub-culture 
 

All experiments performed in this project involved the initial isolation of HTII-280+ cells 

as hAT2 cells from human lung specimens, followed by serial single-cell passage of hAOs 

without further sorting. This allowed for propagation of hAOs in complete medium, as 

organoids consisted entirely of hAT2 cells. However, in conditions where induction of 

hAT1 cells was achieved, it would be helpful to establish a better quantitative assessment, 

such as flow cytometry analysis with surface markers, to assess the number of hAT2 cells 

and achieve their isolation from hAOs. To confirm that HTII-280 was still expressed on all 

viable hAT2 cells, I dissociated primary non-differentiated hAOs cultured in complete 

medium at day 21 and re-sorted with FACS based on their HTII-280 expression. Although 

the majority of cells still expressed HTII-280, approximately ~20% of cells were found to 

be HTII-280- (Figure 4.6A). However, analysis of mRNA transcript levels found that hAO-

derived HTII-280- cells still expressed SFTPC at a higher level than airway organoids, 

although levels were reduced compared with HTII-280+ cells (Figure 4.6B). Despite the 
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reduction in SFTPC levels, culture of both cell types in complete medium resulted in 

organoid establishment (Figure 4.6C and 4.6D). These data indicated that HTII-280 may 

not be a useful marker for detecting hAT2 cells in culture, due to the transient loss of HTII-

280 expression from a proportion of viable hAT2 cells.  

 
 

 
Figure 4.5. WNT3A-conditioned medium results in hAT1 marker induction in hAOs.  
A. Brightfield and IF images of primary human HTII-280+ epithelial cells cultured in either CHIR (complete) 

or media containing WNT3A-conditioned medium. pro-SFTPC (green), AGER (red) and DAPI (blue). Scale 

bars; 2000 µm (left panels), 400 µm (middle panels) and 50 µm (right panels). B. Organoid forming efficiency 

of HTII-280+ cells cultured with CHIR or WNT3A from primary culture. Data are presented as mean ± SEM 

for 2 individual donors (P0 and P1) and 1 donor (P2). C. Experimental design for addition of WNT3A-

conditioned medium to hAOs at P3 or P6. Organoids were cultured continuously in complete (+CHIR) 

medium up until switch to WNT3A-medium. D. IF images of HTII-280+ derived alveolar organoids cultured 

continuously with CHIR or supplemented with WNT3A-conditioned medium at P3 or P6. pro-SFTPC 

(green), AGER (red), HTI-56 (white). Scale bars; 50 µm. E. Quantification of organoid staining from ‘A’ 

and ‘C’. Data are presented as the mean from 1 biological replicate.  
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Figure 4.6. HTII-280 does not reliably correspond with hAT2 identity during continuous in 
vitro culture.   
A. Representative FACS plot of gating strategy used to isolate P1 cells (HTII-280+ at primary establishment) 

using HTII-280. B. Relative mRNA expression levels of SFTPC in P1 HTII-280+ and HTII-280- cells derived 

from hAOs. Data are presented as the mean of 2 technical replicates (1 biological replicate) and are expressed 

relative to the housekeeping gene GAPDH. C. Brightfield images of hAO-derived P1 HTII-280+ and HTII-

280- cells cultured in complete medium. Scale bar; 2000µm (top), 1000 µm (bottom). D. Quantification of 

organoid forming efficiency for hAO-derived HTII-280+ and HTII-280- cells (P1). Data are presented as the 

mean of 3 technical replicates (1 biological replicate).  

 

 

Therefore, I sought to investigate whether additional strategies could be used as an 

alternative isolation approach. Lysotracker is a fluorescent dye that labels acidic 

components of organelles within live cells and has been recently shown to label the lamellar 

bodies of hPSC-derived hAT2 cells, as well as hAT2 cells in precision cut lung slices 

(Korogi et al., 2019; Yamamoto et al., 2017). Hence, I first investigated whether 

Lysotracker could also be used to isolate adult hAT2 cells from primary lung tissue. 

Following gating for EpCAM+ epithelial cells, FACS analysis demonstrated that the 

majority of HTII-280+ cells also retained high levels of Lysotracker (Lysotrackerhi), while 

the remaining cells retained low levels (Lysotrackerlow; Figure 4.7A). The presence of a 
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small proportion (~ 1%) of HTII-280+ Lysotrackerlow cells may indicate the presence of an 

immature population of hAT2 cells, as Lysotracker is accumulated into functional lamellar 

bodies. Upon culturing in complete medium, HTII-280+ Lysotrackerhi cells successfully 

formed organoids by day 14 of culture, with 100% able to accumulate Lysotracker dye 

(Figure 4.7B). The majority of these cells also expressed pro-SFTPC (data not shown). In 

comparison, although HTII-280+ Lysotrackerlow cells also formed organoids, albeit at a 

lower efficiency, these could not be passaged due to lack of growth, although this could 

have been due to insufficient starting number of cells (Figure 4.7B and 4.7C). This 

indicated that Lysotracker could be used to isolate adult hAT2 cells from primary tissue. 

Upon comparison of Lysotracker-derived hAO cultures with HTII-280+-derived hAOs, it 

was thought that Lysotracker had no adverse effects on hAT2 cell viability or proliferation 

(Figure 4.3D and 4.7C). In contrast to HTII-280+ cells, HTII-280- cells formed airway 

organoids in -CHIR medium as usual, regardless of Lysotracker staining status. As non-

hAT2 cell types such as basal cells are not thought to possess acidic organelles that can 

accumulate Lysotracker dye, it is likely that the positive staining observed in primary 

HTII-280- cells was due to the presence of residual dye. It is also important to note that 

even in the HTII-280–Lysotrackerhi primary population, the staining intensity did not match 

that of the HTII-280+ Lysotrackerhi hAT2 cells, and they do not represent a substantial 

population (Figure 4.7A). 

 

Following from this, I then determined whether Lysotracker could also be used as an 

improved method for isolating hAT2 cells following 3D in vitro culture. Taking hAOs at 

P6, HTII-280 and Lysotracker expression were assessed by FACS, leading to the 

observation of four separate populations (Figure 4.7D). The largest population was made 

up of HTII-280+ Lysotrackerhi cells, which were postulated to be hAT2 cells, while a 

population of HTII-280–Lysotrackerhi cells was also present. Upon plating these 

populations, I found that the HTII-280+ Lysotrackerhi population most readily formed hAOs 

in complete medium, displaying the highest level of organoid forming efficiency (Figure 

4.7E). However, both HTII-280–Lysotrackerhi and HTII-280–Lysotrackerlow cells were also 

able to re-form hAOs, albeit with a lower efficiency (Figure 4.7E). When P6 HTII-280+ 

cells were compared with primary HTII-280+ cells, it was promising to observe that over 

90% of the population retained high expression of Lysotracker dye, indicating the 

maintenance of functional lamellar bodies (Figure 4.7F). One possible issue with the use 

of Lysotracker was that positive staining also existed in some primary HTII-280– cells. This 
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meant that without an additional marker such as HTII-280, separating hAT2 cells from 

other epithelial cell types could prove challenging.  

 

 
Figure 4.7. Investigation of the use of Lysotracker for improved sub-culturing of organoid-
derived hAT2 cells. 
A. Representative FACS plot of primary epithelial cells (EpCAM+) gated on the basis of their HTII-280 and 

Lysotracker-DeepRed staining. B. Representative brightfield and IF images of HTII-280+/Lysotrackerhi and 

HTII-280+/Lysotrackerlow cells cultured in complete medium for 14 days. Scale bar (left and middle panels); 

2000µm (top), 1000 µm (bottom); right panel 1000 µm (top), 400 µm (bottom). C. Organoid forming 

efficiency of primary HTII-280+/Lysotrackerhi and HTII-280+/Lysotrackerlow cells cultured in complete 

medium. Data are presented as mean of 3 technical replicates (Lysohigh) and 2 technical replicates (Lysolow) 

from 1 donor. D. FACS plot of passage 6 cells gated for HTII-280 and Lysotracker. E. Representative 

brightfield images of P6 hAO-derived cells following HTII-280/Lysotracker FACS isolation. Scale bar; 

2000µm (top), 1000 µm (bottom). F. FACS histogram of Lysotracker-Deep Red staining in primary and P6 

HTII-280+ cells.  

 

 

I also investigated other surface markers that could potentially be used to isolate and 

propagate adult hAT2 cells. MHCII class antigens have been successfully used to isolate 

AT2 cells from mouse lungs in my laboratory and others (Choi et al., 2020; Hasegawa et 

al., 2017). Notably, in a previous study, the analysis of immunohistochemistry for MHCII 

class antigens, HLA-DR and HLA-DP, revealed their expression on the surface of hAT2 

cells (Cunningham et al., 1994). As studies have shown that HLA-DR is expressed at higher 
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levels on the surface of hAT2 cells than HLA-DP, I chose this antigen to proceed with 

further analysis. I first confirmed that HLA-DR is expressed in hAT2 cells in lung tissues 

(Figure 4.8A). Utilising freshly isolated cells from normal human lungs, CD31-CD45-

EpCAM+ cells were gated based on their HTII-280 and HLA-DR expression. From this, it 

was observed that all HTII-280+ cells were also positive for HLA-DR, while the majority 

of HTII-280- cells were negative for HLA-DR (Figure 4.8B and 4.8C). Upon culture, 

HTII-280+ HLA-DR+ and HTII-280- HLA-DR- formed organoids in complete and -CHIR 

medium, respectively (Figure 4.8D). A small proportion of cells were HTII-280-HLA-DR+, 

although only represented a minor population, and single cells from this population failed 

to form organoids in subsequent culture. This suggested that at least in primary culture, 

HLA-DR was expressed mainly in HTII-280+ hAT2 cells. Next, to assess whether 

HLA-DR could also be used to isolate hAT2 cells from organoid culture, P6 cells obtained 

from HTII-280+ derived hAOs were analysed and sorted using the same strategy as above. 

I found that the three populations that existed in primary tissue were present again, with 

HTII-280+ HLA-DR+ cells comprising the largest population (Figure 4.8E). However, the 

HTII-280- HLA-DR- cell population was much more substantial than in primary cells. 

When placed into culture with complete medium, all three populations formed organoids, 

although HTII-280+ HLA-DR+ cells produced the largest hAOs with the highest forming 

efficiency (Figure 4.8F). Therefore, it is likely that the use of additional markers such as 

Lysotracker or HLA-DR will enable us to purify hAT2 cells that have the better capacity 

to form organoids during subculture of adult hAOs. Due to Lysotracker requiring 

successful incorporation into live hAT2 cells, HLA-DR may prove to be a more useful 

additional hAT2 marker, depending on the downstream application.  

 



 
 

142 

 

 

Figure 4.8. HLA-DR as a novel marker to isolate adult hAT2 cells from primary human lungs 
and cultured hAOs.  
A. Representative IF staining of healthy human lung alveoli. PDPN (green), pro-SFTPC (red), HLA-DR 

(white) and DAPI (blue). Scale bar, 50 µm. B. FACS gating strategy for isolation of hAT2 cells from primary 

adult human lung tissue based on their CD31-/CD45-/EpCAM+/HTII-280+/HLA-DR+ expression profile. C. 

Non-stained and single-stained controls for markers used in B. D. Brightfield images of organoids formed 

from two of the cell populations isolated in B. Images were obtained at D7 of culture and grown in complete 

or -CHIR medium. Scale bars, 1000 µm (top panel), 400 µm (bottom panel). E. HLA-DR/HTII-280 gating 

strategy for isolation of cells from P6 HTII-280+ derived cultures. F. Brightfield images of cells isolated in 

E. Cells were grown in complete medium, and images obtained at day 14 of culture. Scale bars, 1000 µm.  

 
 

Finally, the use of fluorescent-reporters for marking hAT2 cells would be extremely useful 

not only for detecting and isolating hAT2 cells, but also for tracing their differentiation 

behaviours. For this, primary HTII-280+ hAT2 cells were cultured as hAOs as normal for 
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21 days. At day 21, hAOs were dissociated to single cells, and transduced with 

Lenti-EF1a-tagRFP-SFTPC-eGFP (hereafter SFTPC-eGFP; Lim et al., 2020) plasmid 

DNA using lentiviral transduction (Figure 4.9A). The plasmid and lentivirus was kindly 

provided by Dr Kyungtae Lim in the laboratory of Dr Emma Rawlins. At 48-hours post-

transduction, I observed RFP+ and GFP+ cells, which became abundant by day 14 (Figure 

4.9B). IF analysis revealed that all RFP+GFP+ cells formed organoids that also expressed 

pro-SFTPC. Quantification of the number of transduced cells confirmed that 100% of 

transduced (RFP+) cells also expressed the SFTPC-eGFP reporter, with a transduction 

efficiency of around 17%, highlighting the exclusive presence of SFTPC-expressing hAT2 

cells (Figure 4.9C and 4.9D). Reporter hAO lines could successfully re-form organoids 

following dissociation to single cells and FACS enrichment of the RFP+GFP+ fraction, 

although cell expansion proved difficult (Figure 4.9E and 4.9F). This may be due to toxicity 

of the lentiviral system to fragile hAT2 cells, although cell death was not specifically 

assessed. Therefore, gene-editing of hAOs will require further optimisation. However, 

these data demonstrated that hAT2 cells propagated as hAOs could undergo gene-editing 

strategies. This, when combined with other fluorescent reporters, would prove useful in 

applications such as studying cell differentiation upon chemical modulation.   

 

 

4.3.4. Downstream applications of hAOs  

The ability to freeze-thaw lines of hAOs would increase flexibility for experimental design 

and would allow researchers to more easily collaborate and share specific hAO lines. To 

assess freeze-thaw ability, I enzymatically dissociated P3 organoids from HTII-280+ 

cultures and froze down at least 100,000 single cells/ mL in a solution of FBS/10% DMSO. 

Upon rapid thawing and plating, HTII-280+-derived cells re-formed organoids that retained 

pro-SFTPC expression, although there was a decrease in initial organoid forming efficiency 

when compared with non-frozen P3 controls (Figure 4.10A to 4.10C). Use of serum-free 

commercial freezing medium (Bambanker) also yielded similar results (data not shown). 

Further culture and passage of these cells usually resulted in an improvement in organoid 

forming efficiency over initial efficiency (data not shown). These data suggest that hAOs 

could be frozen for long-term storage, and re-plated to form hAOs, although with an initial 

reduction in cell viability.  
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Figure 4.9. hAT2-derived alveolar organoids can undergo successful lentiviral transduction 
but exhibit limited expansion.  
A. Schematic outlining the process for generating SFTPC-eGFP reporter lines in primary hAT2 cells using 

lentiviral transduction. B. Brightfield and fluorescent images of hAOs following lentiviral transduction at P1. 

RFP+ = successful transduction, GFP+ = SFTPC-expressing. Scale bars; 2000 µm (top row) and 1000 µm 

(middle row). C. IF images of transduced and non-transduced organoids. pro-SFTPC (white), successful 

transduction (RFP), SFTPC+ reporter (GFP), DAPI (blue). Scale bar, 50 µm. D. Transduction efficiency and 

percentage of RFP+/GFP+ and RFP+/GFP- cells achieved for 3 technical replicates (P1). Line represents the 

mean of the technical replicates. For transduction of P1 hAT2 cells, 100% of transduced cells expressed GFP 

(SFTPC). E. Representative IF images of SFTPC-eGFP reporter hAOs following passage (P2). Scale bar, 

1000 µm. F. FACS histogram of GFP expression in RFP- and RFP+ hAO fractions at P3.  
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Figure 4.10. Alveolar organoids can be freeze-thawed for long-term storage and culture 
(figure legend continued on next page).   
A. Brightfield images of HTII-280+ human distal lung cells following freeze-thawing in DMSO-containing 

freezing medium at P3, or continuous culture of the same primary cell line without freezing. Images were 

obtained at day 14 of culture. Scale bar, 2000 µm. B. IF image of a HTII-280+ derived alveolar organoid 

following one round of freeze-thawing. pro-SFTPC (green), AGER (red), DAPI (blue). Scale bar, 50 µm. C. 

Organoid forming efficiency of HTII-280+ cells following one round of freeze-thawing versus non-frozen 

control. Data are presented as mean for 2 technical replicates (control) and 3 technical replicates (freeze-

thawed), for 1 biological sample. D. FACS gating strategy for the isolation of HTII-280+ and HTII-280- cells 

from frozen human clinical lung specimens versus fresh tissue control. It is important to note that the featured 

clinical specimen was derived from a more proximal lung region, which is reflected in the lower proportion 

of hAT2 (HTII-280+) cells versus distally obtained samples. E. Brightfield images of HTII-280+ derived 
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organoids from frozen human lung tissue at P0 and P2. Scale bar, 1000 µm. F. IF image of a HTII-280+ 

alveolar organoid derived from frozen human lung tissue. Scale bar, 50 µm. G. Organoid forming efficiency 

of HTII-280+ cells derived from frozen human lung tissue versus non-frozen control. Data are presented as 

mean ± SEM for 2 biological replicates (3 technical replicates each).  

 

 

Another important aspect is whether viable hAT2 cells could be obtained from frozen 

human lung tissue. This would greatly improve experimental design, as procurement of 

fresh human lung specimens can often be challenging or sporadic. The ability to isolate 

viable hAT2 cells from frozen tissue would make the culture of primary hAT2 cells more 

accessible, allowing for reduced wastage of valuable tissue, shipment of frozen tissue, or 

storage of frozen samples until they are required. In order to assess viability of cells from 

frozen lung tissue, clinical lung specimens were divided in half upon arrival, with one half 

being mechanically minced and resuspended in freezing medium (FBS/10% DMSO) for 

freezing, while the other half was processed immediately for FACS. Cell isolation from 

frozen tissue was performed one week after fresh tissue. FACS analysis revealed that 

HTII-280+ cells made up the largest proportion of cells from gated CD31-CD45-EpCAM+ 

cells, as previously observed (Figure 4.10D). It is important to note that the featured clinical 

specimen was derived from a more proximal lung region, which was reflected in the lower 

proportion of hAT2 (HTII-280+) cells versus distally obtained samples (50% versus more 

than 75% in distally acquired samples). In contrast, FACS analysis of cells derived from 

freeze-thawed lung tissue of the same region revealed a reduction in the number of 

HTII-280+ cells, possibly suggesting reduced survivability of the hAT2 cell fraction (Figure 

4.10D). Upon plating the frozen tissue-derived HTII-280+ cells, the ability to form hAOs 

was maintained, although overall organoid forming efficiency was reduced in comparison 

with controls (Figure 4.10E, 4.10F and 4.10G; Figure 4.3D). However, upon passaging, 

organoid growth was partially rescued (Figure 4.10G). hAOs derived from hAT2 cells of 

frozen lung tissue still maintained their ability to produce surfactant, as evidenced by the 

expression of pro-SFTPC (Figure 4.10F).  

 

Finally, the utility of organoid systems as models for understanding human disease is an 

attractive alternative or supplement to in vivo animal studies, owing to their ability to more 

closely mimic human physiology. To this end, the ability of adult-derived hAOs to model 

viral infection was assessed. Covid-19, the disease caused by the virus SARS-CoV-2, can 
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result in respiratory distress and pneumonia, with one of the main targets of the virus being 

the alveoli and hAT2 cells (Carcaterra and Caruso, 2021). In collaboration with researchers 

from the Korea Advanced Institute of Science and Technology and the Korea Centers for 

Disease Control and Prevention (see also Contributions), adult hAOs established using my 

culture system were shown to express the SARS-CoV-2 viral entry factors ACE2 and 

TMPRSS2. Adult hAOs also demonstrated viral permissiveness, activation of endogenous 

immune responses, and loss of hAT2 identity, highlighting their utility in modelling human 

viral infection response (Youk et al., 2020).  

 

 

4.4. Conclusions 

Throughout this chapter, I have demonstrated how I developed and characterised a novel 

in vitro 3D-organoid platform in chemically-defined conditions from adult lung-derived, 

FACS-enriched HTII-280+ hAT2 cells. Resulting hAOs could be clonally expanded, were 

functionally mature and exhibited differentiation ability to hAT1 cells upon modulation of 

Wnt signalling or serum addition. HLA-DR was identified as an alternative marker for the 

isolation of hAT2 cells from both primary human lungs and established hAOs, while the 

possibility of generating fluorescent reporter lines through gene-editing was also assessed. 

Furthermore, hAOs were able to be freeze-thawed and derived from frozen primary tissue, 

increasing their accessibility and allowing long-term storage. Finally, assessment of hAO 

use in downstream applications indicated their permissiveness to viral infection. As 

previously mentioned, my established hAO system has been used to study SARS-CoV-2 

infection (Youk et al., 2020). In conclusion, these data suggest the usefulness of adult-

derived hAO cultures in assessing the effects of molecular pathways and disease on hAT2 

stem cell maintenance and differentiation.   
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CHAPTER 5A 

Results IIIA: Establishment and characterisation 
of epithelial lung organoids from patients with 

Idiopathic pulmonary fibrosis (IPF) 

 

5A.1. Introduction 

Idiopathic pulmonary fibrosis (IPF) is a devastating disease that causes irreversible damage 

to the gas-exchanging alveoli. Characteristic hallmarks of IPF include the presence of usual 

interstitial pneumonia (UIP), increased deposition of collagen and extracellular matrix 

(ECM), architectural remodelling and clusters of fibroblasts and myofibroblasts arranged 

in fibroblastic foci (Barratt et al., 2018). Currently, only two approved treatments exist for 

treating IPF, and neither are effective in halting or reversing disease progression (Lancaster 

et al., 2019; Margaritopoulos et al., 2016; Ryerson et al., 2019). Recent studies have 

suggested that the disease may arise through dysregulation of the alveolar type 2 (hAT2) 

population (Lawson et al., 2004; Nureki et al., 2018; Parimon et al., 2020). However, there 

are currently no suitable human-specific IPF lung models and fibrotic mouse models fail 

to fully recapitulate all aspects of the disease (Tashiro et al., 2017). A lack of relevant 

models has hindered attempts in furthering the understanding of IPF initiation and 

progression, making development of new therapeutic drugs challenging. Therefore, 

establishment of a human-specific IPF disease model would be advantageous. In this 

chapter, I will assess differences in the characteristics, molecular requirements and growth 

ability of epithelial cells from IPF patient lungs and compare these with healthy alveolar 
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and airway controls. In order to achieve this, I will employ my organoid system established 

in Chapter 3 and Chapter 4.  

 

 

5A.2. Aims 

• Characterise epithelial cell composition of distal lung parenchyma from human IPF 

patients. 

• Establish and characterise distal epithelial lung organoids from IPF patient lungs. 

• Compare IPF-derived lung organoids with airway organoids and hAOs from healthy 

donor lungs in terms of cellular composition, self-renewal and long-term maintenance.  

 

 

5A.3. Results 

5A.3.1. Characterisation of the distal lung of adult IPF patients  

I first aimed to examine how the lung architecture of human IPF lungs differed to the lungs 

of healthy donors. Concentrating on the distal lung region, analysis of H&E staining 

derived from multiple human IPF lungs suggested the inter- and intra-heterogeneity of the 

pathologic phenotypes in the lungs. An assortment of micro-architectures were present, 

including relatively unaffected distal airways, dysregulated alveoli with thickened 

interstitium, regions of immune infiltrates, fibroblastic foci and epithelial honeycombing 

(Table 5.1, Figure 5.1A). IF analysis of alveolar structures revealed the presence of hAT2 

cells expressing pro-SFTPC (Figure 5.1B). Expression of the hAT1 marker PDPN was 

limited, indicating that these cell types were likely already damaged or lost from the 

alveolar epithelium (Figure 5.1B). This was in stark contrast to healthy background lungs, 

which stained extensively for PDPN (Figure 3.1B). Many alveolar regions of IPF lungs 

displayed extensive HTII-280 staining along the epithelium, an observation that has 

previously been made in damaged human lungs (Figure 5.1B; Figure 3.1B; Gonzalez et al., 

2010). Some of these HTII-280+ cells expressed pro-SFTPC, but many did not (Figure 5.1B 

and 5.1C). In contrast to alveoli, IPF distal airways appeared relatively unaffected, with 

TP63+ basal cells still localised to the base of the pseudostratified airway epithelium. 

SOX2+ cells were also present throughout the airway epithelium, although some regions 

appeared to possess higher quantities of the secretory club cell protein SCGB1A1, an 
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observation that has been made previously (Xu et al., 2016). Importantly, no alveolar 

markers, including HOPX and ABCA3, were present in distal IPF airways (Figure 5.1B).  

 

A hallmark feature of human IPF lungs is the presence of epithelial ‘honeycombing’ as a 

result of active tissue remodelling (Barratt et al., 2018). These epithelial honeycombs were 

present throughout all IPF lungs analysed. Therefore, I next aimed to identity the cell types 

within these regions. IF staining revealed that the cellular architecture of these honeycomb 

regions was diverse, with a host of lung lineage markers expressed throughout the 

structures (Figure 5.1C). Due to the distal location, a number of cells expressed pro-SFTPC. 

However, a number of TP63+ cells were observed within close proximity to hAT2 

marker-expressing cells, a phenomenon that does not occur within healthy lungs (Figure 

5.1C.i and Figure 5.1C.i’; Figure 3.1B and 3.1D). Interestingly, some epithelial cells within 

honeycomb regions co-expressed markers of both hAT2 and airway lineages, as evidenced 

by co-expression of pro-SFTPC and HTII-280 with the airway-related transcription factor 

SOX2 (Figure 5.1C.ii, Figure 5.1C.ii’, Figure 5.1C.iii and Figure 5.1C.iii’). HTII-280 

marked the apical epithelial layer of honeycomb regions and was often co-expressed with 

KRT17, another marker that has been shown to be expressed in airway basal cells of healthy 

human lungs (Figure 5.1C.iv and Figure 5.1C.iv’; Figure 3.1D). Apart from epithelial 

honeycombs, smaller hAT2-containing cysts were also observed; these expressed 

pro-SFTPC, HTII-280, ABCA3 and occasionally TP63, but not SOX2 (Figure 5.1C.v, 

Figure 5.1C.vi and Figure 5.1C.vii). Additional cysts were also found and expressed SOX2 

and HTII-280, but not ABCA3 (Figure 5.1C.viii). As previously reported, these data 

showed the aberrant epithelial cells or states in lung tissues of IPF patients. Some of these 

epithelial cells co-expressed both alveolar and airway-related markers within disease-

associated ‘honeycomb’ regions, indicating aberrant differentiation. In contrast, no 

aberrant cell types were observed in the lungs of healthy controls (Figure 3.1).   

 

 
 
 
 
 
 
 
 



 
 

151 

 
 

Figure 5.1. Human IPF lungs are characterised by honeycomb structures containing 
abnormal airway-like cells in the distal region of the lung (figure legend on next page).  
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Figure 5.1. Human IPF lungs are characterised by honeycomb structures containing 
abnormal airway-like cells in the distal region of the lung.  
A. Representative H&E images of regions and microstructures observed in human end-stage IPF lungs. Scale 

bars, 100 µm. B. IF staining of alveolar and airway regions of IPF lungs, showing markers for the following 

cell types (from left to right); hAT2 (pro-SFTPC, green), hAT1 (PDPN, red), basal (TP63, white); hAT2 

(HTII-280, red), pro-SFTPC (white); hAT2 (pro-SFTPC, green), basal (TP63, white); airway (SOX2, green), 

hAT1 (HOPX, red), hAT2 (ABCA3, white); secretory club (SCGB1A1, green). Scale bar; 100 µm. C. IF 

staining of honeycomb lesions. i and i’, hAT2 (pro-SFTPC, green), hAT1 (PDPN, red), basal (TP63, white); 

ii, ii’, iii and iii’, airway (SOX2, green), hAT2 (HTII-280, red), hAT2 (pro-SFTPC, white); iv and iv’, hAT2 

(HTII-280, red), basal (KRT17, white). Middle row images (i’, ii’, iii’ and iv’) are increased magnifications 

of boxed regions of panels in the top row. Bottom row (v, vi, vii and viii); cysts containing hyperplastic hAT2 

cells. v and vi, hAT2 (pro-SFTPC, green), AT1 (PDPN, red), basal (TP63, white); vii and viii, airway (SOX2, 

green), AT2 (HTII-280, red),  hAT2 (ABCA3, white). Scale bars; 100 µm (top and bottom panels), 50 µm 

(middle panels). All featured images are representative of 5 individual patient lungs.  

 

  

Table 5.1. Patient samples utilised for characterisation of IPF tissue and organoids.    

 

 

5A.3.2. Characterisation of isolated EpCAM+ IPF-derived lung cells    

Following characterisation of the cellular composition of distal IPF lungs, I next sought to 

analyse cellular behaviours of epithelial cells isolated from IPF lung tissues. hAOs and 

airway organoids derived from healthy adult lungs were used as controls. IPF tissues 

obtained from distal lung regions of patients undergoing lung transplant were mechanically 

and enzymatically dissociated to single cells, as performed previously for healthy tissue 

(Figure 5.2A to 5.2E). Of note, IPF tissue was generally stiffer and much more fibrous than 

healthy donor tissue, as was expected due to the fibrotic nature of IPF (Figure 5.2A and 

Patient 
number  

Age  Sex  Procedure and diagnosis Background lung 
disease  

Smoking 
history  

IPF 1 68 M Single right lung transplant  IPF No 

IPF 2 57 M Single left lung transplant  IPF  Yes (past) 

IPF 3 67 M Lung transplant  IPF and emphysema  Yes (past) 

IPF 4 66 M Single left lung transplant  IPF Yes (past) 

IPF 5 56 M Single left lung transplant  IPF No 

IPF 6 64 M Lung transplant  IPF Yes (past) 
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5.2B; Figure 3.2A). As a result of the increased fibrosis, one-hour enzymatic digestion was 

not sufficient to properly dissociate the tissue, and some fibrotic tissue was still present 

even following 2-hours of digestion (Figure 5.2C to 5.2E). After 2-hour digestion, cells 

were subjected to FACS-isolation, and epithelial cells selected based on their CD31-CD45-

EpCAM+ profile (Figure 5.3A). The proportion of EpCAM+ cells in processed IPF lungs 

was increased versus healthy lungs (30% versus 15%), likely due to the reduced efficiency 

of tissue digestion resulting in fewer stromal cell populations present upon FACS analysis 

(Figure 5.3A; Figure 3.6A). As with healthy control lungs, EpCAM+ IPF cells were then 

isolated based on their HTII-280 expression (Figure 5.3A). I found that the number of 

EpCAM+HTII-280+ cells were dramatically reduced in IPF lungs, a finding that was 

consistent across all IPF lung samples analysed (N=6) and has also been observed in other 

studies (Figure 5.3A; Figure 4.6A; Xu et al., 2016). This result was likely due to the overall 

reduction in hAT2 cells in IPF lungs, and the increase in cells of other lineages. Due to the 

observation that HTII-280-expression in IPF lungs did not exclusively mark hAT2 cells, 

but instead could also be found on aberrant epithelial cells that co-express both alveolar 

and airway lineages, the question arose as to whether isolated cells reflected this finding. 

Therefore, I performed qPCR analysis on both IPF and healthy HTII-280+ and HTII-280- 

epithelial cells to assess the expressions of  lung lineage markers. As shown previously, 

healthy HTII-280+ cells were enriched for hAT2 cells, expressing markers such as SFTPC 

and ABCA3. In contrast, primary HTII-280- cells from healthy lungs expressed a 

heterogeneous mix of cell-lineage markers, including airway markers such as SOX2 and 

TP63 (Figure 5.3B; Figure 3.6B). Similar to healthy controls, IPF-derived HTII-280+ cells 

maintained expression of the hAT2 markers SFTPC and ABCA3, with comparable levels 

to control samples. However, as was observed in the tissue, HTII-280+ IPF cells expressed 

increased levels of both SOX2 and TP63 versus healthy controls. Interestingly, HOPX was 

also increased in IPF-derived HTII-280+ cells in comparison with controls. In contrast, 

transcriptional levels of multiple lung lineage genes in HTII-280- cells were similar 

between IPF and healthy lungs. Unexpectedly, TP63 levels were higher in IPF-derived 

HTII-280+ cells than HTII-280- cells of both IPF and donor lungs (Figure 5.3B). This may 

be due to increased levels of heterogeneity in the HTII-280- population of both healthy and 

IPF lungs, which are thought to contain multiple cell types including basal, secretory and 

hAT1 cells (Figure 3.6B). Together, these data suggest that IPF distal lungs retain diverse 

epithelial cells or states compared to the healthy donor lungs, with IPF-derived HTII-280+ 

epithelial cells in particular comprising increased variation in their cell types or states.  
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Figure 5.2. Tissue dissociation method for deriving cells from human IPF distal lung 
samples.  
A. Representative image of clinical lung specimen derived from human IPF lung. B. Representative image 

of tissue pieces following mechanical dissociation with a scalpel. C. Tissue debris following 1-hour 

enzymatic digestion. Note the increased fibrous nature of IPF lung tissue versus healthy lung tissue D. 
Digested cellular supernatant following 2-hour enzymatic digestion. Some indigestible tissue still remained. 

E. Cell pellet following filtration of digested tissue through a 100 µm cell strainer and centrifugation.  
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Figure 5.3. The number of HTII-280+ cells is dramatically reduced in IPF lungs.  

A. Representative FACS plot for the isolation of CD31- CD45- EpCAM+ HTII-280+ and CD31- CD45- 

EpCAM+ HTII-280- cells derived from human IPF lung tissue. FACS plots are representative of 3 individual 

patient samples. B. Analysis of mRNA expression levels for the genes SFTPC, ABCA3, HOPX, SOX2 and 

TP63 in healthy and IPF-derived HTII-280+ and HTII-280- cells. Data are the mean ± SEM of 3 biological 

replicates, and are expressed as relative mRNA expression versus the housekeeping gene GAPDH. Statistical 

significance was tested using the non-parametric Mann-Whitney U test; ns = non-significant.   

 
 

5A.3.3. Establishment and characterisation of epithelial organoids derived 
from human IPF lungs    
 

I next aimed to place these cells into 3D-culture in order to assess their growth capacity 

and differentiation potential versus healthy control organoids. To make appropriate 

comparisons between individual cultures, and due to the presence of diverse cell 

types/states in IPF HTII-280+ cells, I tested three separate media conditions that could 

support either the growth of hAOs or airway organoids; complete medium, -CHIR medium 

and -CHIR/+SB2 medium (Table 3.1). Primary FACS-isolated HTII-280+ and HTII-280- 

cells from IPF lungs were plated at a density of 5000 cells per well, and cultured in Matrigel 

for 14 days in one of the three media conditions. Analysis of cultured HTII-280+ cells 

revealed the formation of organoids in all three tested conditions, although the organoid 

forming efficiency varied between patient samples, particularly for complete medium, 
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which failed to produce organoids from some patient samples (Figure 5.4A and 5.4B; Table 

2.2). This was likely due to the high disease heterogeneity present between IPF patients. 

However, a consistent finding was that the largest and most numerous organoids were 

established in -CHIR medium, an observation that is also made upon culture of healthy 

airway cells (Figure 5.4A). This was in stark contrast to healthy HTII-280+ cultures, which 

consistently formed organoids only in the presence of CHIR (complete medium) owing to 

the enrichment of Wnt-dependent hAT2 cells (Figure 5.4B). Despite successful organoid 

formation from HTII-280+ IPF cells, the overall organoid forming efficiency was generally 

low, perhaps reflecting a reduction in IPF cell self-renewal capacity or viability. Culture of 

IPF-derived HTII-280- cells yielded a similar observation to HTII-280+ IPF cells, where 

organoids again formed under all three tested conditions, and the largest and most 

numerous structures arose in -CHIR medium (Figure 5.4C and 5.4D). In contrast to IPF 

HTII-280- cells, healthy HTII-280- cells consistently did not yield organoids in complete 

medium (Figure 5.4D; Figure 3.7B). Representative H&E images from both HTII-280+ and 

HTII-280- IPF cells suggested the unusual organoid morphologies that arose from both cell 

populations (Figure 5.4E). The majority of IPF-derived organoids throughout all tested 

conditions displayed structures more similar to healthy airway organoids, either being large 

and filled or cystic with a single lumen (Figure 5.4E). However, a number of organoids 

existed in both complete and -CHIR conditions that possessed multiple lumen (Figure 

5.4E). Very few organoids were observed as having the folded morphology I have 

described previously for healthy hAOs (Figure 5.4E).  
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Figure 5.4. IPF-derived epithelial cells exhibit growth in low Wnt conditions and form 
organoids with unusual morphologies.  
A. Brightfield images of primary IPF-derived HTII-280+ cells grown under 3 conditions; complete, -CHIR 

and -CHIR/+SB2. Scale bars; 2000 µm (top row), 1000 µm (bottom row). Images obtained at day (D)14. B. 

Organoid forming efficiency at passage 0 (P0, D14) for IPF and healthy donor-derived HTII-280+ cells 

cultured in 3 separate conditions. A single line represents the mean of 3 technical replicates for each 

individual donor. Data are presented as mean ±SEM of 3 technical replicates for 5 separate biological 

replicates (IPF) or 3 biological replicates (healthy). C. Brightfield images of primary IPF-derived HTII-280- 

cells grown under 3 separate conditions. Scale bars; 2000 µm (top row), 1000 µm (bottom row). Images 

obtained at D14. D. Organoid forming efficiency at P0 (D14) for IPF and healthy donor-derived HTII-280- 

cells cultured in three separate conditions. A single line represents the mean of 3 technical replicates for each 

individual donor. Data are presented as mean ±SEM of 3 technical replicates for 5 separate biological 

replicates (IPF) or 3 biological replicates (healthy). E. Representative H&E images of primary HTII-280+ and 

HTII-280- organoids derived from IPF or healthy lungs (Chapter 3) and cultured under 3 separate conditions. 

Images were obtained following formaldehyde-fixation at D21 of primary culture. Scale bars, 50 µm. 
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I next assessed the cellular composition of IPF organoids cultured under the three tested 

conditions. IF analysis of primary IPF organoids at D21 suggested that the majority of 

organoids throughout all conditions comprised cells expressing airway markers, including 

TP63, KRT5, SOX2 and SCGB1A1 (Figure 5.5A). Unlike healthy controls, where primary 

airway organoids only formed from HTII-280- cells, airway organoids were present in 

cultures derived from both HTII-280+ and HTII-280- populations obtained from IPF lungs 

(Figure 5.5A; Chapter 3). Out of five patient-derived organoid lines, hAOs were only 

observed in one line, and were present upon culture of both HTII-280+ or HTII-280- cells 

in complete medium (Figure 5.5A). However, their frequency was dramatically low, with 

the majority of organoids possessing airway identity. These data suggest that in the majority 

of IPF lung tissues derived from patients with end-stage disease, the number of viable hAT2 

cells that retain their ability for self-renewal in vitro is low. Furthermore, HTII-280 marks 

epithelial IPF cells with airway phenotypes that can be expanded as airway organoids in 

vitro, a finding that recapitulates observations in patient-derived IPF tissue.  

 

Analysis of qPCR data for alveolar and airway related genes in primary IPF organoids from 

HTII-280+ cells confirmed the high levels of TP63 versus controls, again demonstrating 

enrichment for basal-like cells (Figure 5.5B). HTII-280- IPF-derived organoids expressed 

low levels of SFTPC, which was also observed in healthy HTII-280- derived organoids. In 

contrast, the levels of SFTPC transcription in IPF-derived HTII-280+ organoids cultured in 

complete medium were comparable to healthy controls, highlighting an apparent 

discrepancy between transcriptional and protein levels, as very few pro-SFTPC-containing 

organoids were observed in culture (Figure 5.5A, 5.5B and 5.5C). IPF-derived HTII-280+ 

cells cultured in -CHIR and -CHIR/+SB2 medium also expressed higher transcriptional 

levels of SFTPC than HTII-280- IPF and healthy control cells. This finding was not 

observed during IF analysis. Thus, these data suggested the possibility that a proportion of 

HTII-280+ cells from IPF lungs maintained the capacity for transcription of surfactant-

related proteins such as SFTPC, but there may be an issue with downstream processing 

which resulted in a reduction or loss of protein. Upon passage to single cells without further 

sorting, IPF organoids from both HTII-280 lineages were able to reform organoids in all 

three media conditions. Passaged organoids contained cells of airway lineages, which 

persisted throughout subsequent culture (Figure 5.5D, 5.5E and 5.5F). No hAOs or alveolar 

cell types were observed within any patient-derived cultures from P1 onwards.  
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Figure 5.5. IPF-derived HTII-280+ and HTII-280- cells form organoids comprising airway cell 
types which persist upon passage (figure legend continued on next page). 
A. IF images of primary (P0) organoids derived from HTII-280+ and HTII-280- IPF cells under 3 separate 

culture conditions; complete, -CHIR and -CHIR/+SB2. HTII-280 (green), pro-SFTPC (red), SCGB1A1 

(green), TP63 (red), pro-SFTPC (white), KRT5 (white), SOX2 (green), PDPN (green), ABCA3 (red), DAPI 

(blue). Scale bars, 50 µm. B. Analysis of mRNA expression levels for the genes SFTPC and TP63 in primary 

healthy and IPF HTII-280+ and HTII-280- -derived organoids relative to the housekeeping gene RPL13A. Data 

are the mean of 2 technical replicates for 1 biological replicate, and are expressed as relative mRNA 

expression versus the housekeeping gene GAPDH. N/A = organoids could not be assessed in highlighted 

medium due to lack of growth. C. Quantification of IF data from primary IPF-derived organoids. Data are 
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presented as mean ±SEM of 2 biological replicates, except for HTII-280+ (-CHIR and -CHIR/+SB2) and 

HTII-280- (-CHIR/+SB2), which are derived from 1 biological replicate. D. Brightfield images of IPF-derived 

HTII-280+ and HTII-280- cell-derived organoids at P2. Images were obtained at D14. Scale bars, 2000 µm. 

E. Organoid forming efficiency of HTII-280+ and HTII-280- derived IPF organoids at P2. Data are presented 

as mean ±SEM of 5 biological replicates. F. IF images of HTII-280+ and HTII-280- derived IPF organoids at 

P2. SCGB1A1 (green), pro-SFTPC (red), TP63 (white), DAPI (blue). Scale bars; 50 µm. 

 

 

To further assess SFTPC-levels in IPF-derived organoids, I inserted a SFTPC-eGFP 

reporter plasmid into P1 HTII-280+ IPF organoids following lentiviral transduction (Figure 

5.6A; Lim et al., 2020). Patient-derived IPF organoids could undergo gene-editing, as 

evidenced by RFP-expression in organoids at 14-days post-transduction. However, overall 

transduction efficiency was reduced versus healthy HTII-280+ cells, and the number of 

transduced cells expressing SFTPC-eGFP was also reduced (Figure 5.6A to 5.6C; Figure 

4.10). The majority of RFP+ transduced cells were SFTPC-, confirming the low number of 

SFTPC-expressing cells present in IPF HTII-280+ cells (Figure 5.6B and 5.6C). IF and 

FACS analysis further confirmed the lack of SFTPC-expressing cells (Figure 5.6D and 

5.6E).  
  

 

5A.4. Conclusions 

In this chapter, I investigated differences in the cellular architecture of human IPF patient 

lungs versus healthy donor lungs, and established organoids derived from IPF patient 

tissues. IF analysis showed that, in contrast to healthy lungs, distal human IPF lung tissue 

comprised a diverse array of tissue microarchitectures as a result of active tissue 

remodelling. These observations included dysregulated alveoli with thickened alveolar 

interstitial walls, mass inflammation, accumulation of fibroblast populations arranged in 

‘fibroblast foci’ and epithelial honeycombing. Analysis of epithelial populations, 

particularly within epithelial honeycombs, revealed the presence of cells that possessed 

aberrant differentiation by expressing both alveolar- and airway-related markers, including 

pro-SFTPC, HTII-280 and SOX2. FACS-enrichment of epithelial populations from IPF 

lungs revealed a substantial reduction in the total number of HTII-280+ epithelial cells. IPF-

derived HTII-280+ cells expressed both alveolar and airway markers, including SFTPC, 

ABCA3, TP63 and SOX2, confirming in vivo observations of protein presence. Culture of 
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IPF-derived cells under conditions that were previously shown to support the growth of 

alveolar or airway cells from healthy lungs revealed an absence of alveolar cell types and 

an abundance of airway organoids.  

 

 
 

Figure 5.6. Lentiviral transduction of IPF-derived HTII-280+ cells with SFTPC-GFP reporter 
highlights low number of SFTPC-expressing hAT2 cells in culture.  
A. Brightfield and fluorescent images of IPF-derived HTII-280+ organoids following lentiviral transduction 

with a SFTPC-eGFP reporter at passage 1 (P1). Scale bars; 2000 µm (top row), 1000 µm (bottom row). B. 

Transduction efficiency of HTII-280+ IPF organoids. Data are presented as mean (line) of 2 technical 

replicates (dots), expressed as a percentage. C. Total number and total percentage of RFP+/GFP+ and 

RFP+/GFP+ following lentiviral transduction. D. IF images of transduced and non-transduced organoids. pro-

SFTPC (white), successful transduction (RFP), SFTPC+ reporter (GFP), DAPI (blue). Images obtained 

following formaldehyde fixation at D21 (P1). Scale bar, 50 µm. E. FACS analysis of transduced IPF HTII-

280+ cells at P2.  
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CHAPTER 5B  

 

Results IIIB: Investigating the role of hypoxia in 

the appearance of aberrant epithelial cells in 

human Idiopathic pulmonary fibrosis (IPF) 

 
 

5B.1. Introduction 

I found aberrant epithelial cells that co-express both alveolar and airway lineage markers 

in the lung tissues of IPF patients, similar to what has been reported previously (Adams et 

al., 2020; Habermann et al., 2020; Xu et al., 2016). However, little is known in regard to 

how they arise within distal IPF lungs. It has been suggested that HIF1α -mediated hypoxia 

is involved in both the development and progression of IPF, although studies have mainly 

involved the investigation of hypoxia effects on fibroblast populations and not on epithelial 

cell types such as hAT2 cells (Aquino-Gálvez et al., 2019; Senavirathna et al., 2018). 

Recently, we identified the distinct population of damage-associated transient progenitors 

(DATPs) that derive from AT2 cells and emerge during regeneration after alveolar injury 

in mouse lungs (Choi et al., 2020). A HIF1α-mediated pathway was found to regulate 

DATP behaviours during this differentiation process. Importantly, we discovered aberrant 

accumulation of DATP-like cells in IPF patient tissues, suggesting their implication in IPF 

progression. Given the similar gene expression signatures in our DATPs and basaloid cell 

populations in IPF lungs (Adams et al., 2020; Choi et al., 2020; Habermann et al., 2020; 

Kobayashi et al., 2020), I hypothesise that HIF1α-mediated hypoxia may be involved in 

the appearance of aberrant IPF epithelial cell populations in the distal lung parenchyma that 
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express airway-related transcripts. In this chapter, I will investigate the effect of IPF-related 

hypoxia conditions on hAT2 cells from healthy donor lungs in order to assess their possible 

role as an origin cell for aberrant IPF epithelial cells in vitro.  

 
 

5B.2. Aims 

• Investigate the effect of HIF1α -mediated hypoxia on hAT2 cells derived from healthy 

tissue, as increased hypoxia is common in late-stage IPF lungs.  

• Assess potential downstream signalling pathway responsible for findings in hAT2 cells 

under hypoxic conditions.  

• Elucidate potential mechanism and cellular origin for the appearance of aberrant 

epithelial cell types in IPF lungs.   

 
 

5B.3. Results 

5B.3.1. Up-regulation of hypoxia-related genes in human IPF lungs 

To investigate the possible effect of hypoxia on the hAT2 cell population, I first examined 

the level of hypoxia in human IPF lungs. qPCR analysis revealed increased levels of the 

HIF1α-regulated gene SLC2A1 (Glucose Transporter 1; GLUT1) in IPF-derived HTII-280+ 

cells compared to controls (Figure 5.7A). Furthermore, analysis of published data from the 

IPF cell atlas showed an increase in HIF1α levels in IPF lungs versus donor lungs across 

many cell types, including hAT2 cells and aberrant basaloid cells (Adams et al., 2020; 

Habermann et al., 2020; Neumark et al., 2020). These data led me to first ask how increased 

hypoxia signalling, through the stabilisation and accumulation of HIF1α, affects the hAT2 

cell population.  
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Figure 5.7. Levels of hypoxia are increased in IPF epithelial cells 
versus healthy controls.  
A. Relative mRNA expression levels of the downstream hypoxia gene 

SLC2A1 in primary tissue-derived HTII-280+ and HTII-280- cells from IPF 

lungs or healthy controls. Data are presented as the mean ±SEM of 3 

biological replicates, and are expressed as the relative mRNA expression 

versus the housekeeping gene GAPDH. Statistical significance was tested 

using the non-parametric Mann-Whitney U test; ns = non-significant.  

 

 

5B.3.2. Chemical induction of HIF1α-mediated hypoxia results in SOX2 

expression in hAT2-derived organoids 
 
 

To assess the effect of hypoxia on the cellular behaviours and identity of hAT2 cells in 

vitro, I first aimed to modulate the oxygen levels in the culture environment. To optimise 

the culture system, I utilised primary HTII-280- cells isolated from a normal lung 

background donor. I placed these cells in culture in -CHIR medium as usual, and allowed 

them to form airway organoids over 7 days. On day 7, I removed one plate of organoids 

and placed these in an incubator that had been pre-set to 5% oxygen, and cultured these for 

a further 8 days. At day 15, brightfield images revealed no major differences between 

organoid morphology or growth capacity between cells cultured in atmospheric oxygen or 

5% oxygen (Figure 5.8A). Furthermore, quantification of gene expression levels for the 

downstream hypoxia gene SLC2A1 indicated no increase in expression levels in cells 

cultured in 5% oxygen versus control cells (~21% oxygen; Figure 5.8B). These data 

suggested that culturing cells in a regular incubator set to 5% oxygen was not sufficient in 

activating hypoxia in vitro in this study. This could be due to a number of reasons, including 

rapid influx of atmospheric oxygen upon opening the tissue culture incubator and presence 

of normal oxygen levels upon media changes. Both of these scenarios would potentially 

lead to improper maintenance of 5% oxygen levels. Therefore, I next aimed to investigate 

an alternative approach to induce hypoxia in vitro.  
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Figure 5.8. Culture of airway organoids in 5% oxygen did not lead to upregulation of the downstream 

hypoxia-related gene SLC2A1.  

A. Representative brightfield images of primary HTII-280- cells cultured in atmospheric (~21% oxygen) or 

hypoxic (5% oxygen) culture conditions. Hypoxia organoids were cultured for 7 days under normal 

atmospheric oxygen conditions before being switched to 5% oxygen on day 7. All cells were cultured 

in -CHIR medium. Images were taken at day 15 of culture. Scale bar; 2000 µM. B. Relative mRNA expression 

levels of the downstream hypoxia gene SLC2A1 in HTII-280- cells from A. Data are presented as the mean 

of 2 technical replicates (individual wells) for both 21% and 5% oxygen (1 biological replicate). mRNA 

expression is presented relative to the housekeeping gene GAPDH.  

 

Cobalt chloride (CoCl2) and deferoxamine (DFO) are chemical inducers of hypoxia that 

act to stabilise HIF1α by inhibiting the function of prolyl-hydroxylases (PHds) which 

normally act to degrade HIF1α (Guo et al., 2006). Multiple studies have utilised these 

chemicals to induce hypoxia-like processes under normal atmospheric oxygen conditions 

(Guo et al., 2006; Triantafyllou et al., 2006; Wu and Yotnda, 2011). Primary HTII-280+ 

hAT2 cells derived from healthy donor lungs were cultured as normal for 14 days in order 

to form hAOs, after which either CoCl2 or DFO were supplemented to the cell media for a 

further 7 days (Figure 5.9A). To assess the potential effects of hypoxia on long-term 

cultured hAT2 cells, P6 hAOs were also utilised. There were no discernible changes both 

in morphologies and organoid forming efficiency of primary hAT2 cells treated with COCl2 

or DFO at a concentration of either 50 µM or 100 µM (Figure 5.9B and 5.9C). Due to the 

similarity between CoCl2 and DFO-treated organoids, I used DFO for subsequent 

experiments. qPCR analysis confirmed the induction of the hypoxia-related genes SLC2A1 

and VEGFA in DFO-treated organoids compared to control, indicating DFO successfully 

induced hypoxia in hAO cultures (Figure 5.9D). Interestingly, the expression of SFTPC 

was reduced in DFO-treated cultures (Figure 5.9D).  
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To assess whether hypoxia resulted in a loss of hAT2 identity in hAOs, I performed 

immunofluorescence (IF) analysis. As found previously, control hAOs cultured in 

complete medium exclusively contained cells expressing pro-SFTPC (Figure 5.9E and 

5.9F). However, following 7-day DFO treatment, no AGER+ cells were identified, 

indicating that loss of SFTPC was not due to differentiation to hAT1 cells. Instead, three 

separate organoid types arose from DFO-treated hAO cultures: 1) pro-SFTPC+/SOX2- 

organoids that were indistinguishable from control hAOs; 2) pro-SFTPC+/SOX2+ (mixed) 

organoids that consisted of a mixture of cells expressing both markers; and 

3) pro-SFTPC- /SOX2+ organoids that had lost their pro-SFTPC expression and exclusively 

expressed SOX2 (Figure 5.9E and 5.9F). A similar observation was made when P6 

organoids were treated with DFO, although the number of pro-SFTPC-/SOX2+ organoids 

was increased versus DFO-treatment in primary cells, perhaps suggesting increased cellular 

plasticity. Interestingly, mixed organoids not only comprised pro-SFTPC+ and SOX2+ cells, 

but also single cells that expressed both markers. To avoid confusion, the use of the term 

‘mixed’ organoid will encompass all organoids that comprise a mixture of pro-SFTPC-

single positive, SOX2-single positive and pro-SFTPC+/SOX2+ dual-expressing cells. Cells 

within mixed organoids were reminiscent of the aberrant cell types observed in epithelial 

honeycomb regions of human IPF lungs, suggesting that trans-differentiation of IPF lung 

epithelial cells may result from inappropriate regulation in resident hAT2 cells (Figure 

5.1C). This led me to further investigate how HIF1α -mediated signalling pathway controls 

the induction of SOX2+ cells in IPF hAT2 cells, and what biological significance of such 

cells are in the initiation and progression of IPF.  

 

 

5B.3.3. Aberrant SOX2+ epithelial cells localise to  IPF honeycomb cysts 
and exhibit increased Notch signalling  
 
 

As shown previously, SOX2+ cells existed within epithelial honeycomb cysts of distal IPF 

lungs, where they often co-expressed the hAT2 markers pro-SFTPC and HTII-280, or 

resided within close-proximity of pro-SFTPC-expressing hAT2 cells (Figure 5.1C).  Notch 

signalling has been implicated in IPF progression and has been demonstrated to exist 

downstream of HIF1α -mediated hypoxia signalling in multiple tissues (Gustafsson et al., 

2005; Li et al., 2018b; Mukherjee et al., 2011; Wasnick et al., 2019; Zong et al., 2016). I 

therefore asked whether Notch signalling is upregulated in IPF lungs, and specifically 
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within aberrant SOX2+ epithelial cells. qPCR analysis for the Notch target gene HES1 

demonstrated an increase in expression level for both HTII-280+ and HTII-280- IPF cells 

versus control cells (Figure 5.10A). IF staining data confirmed an increase in nuclear HES1 

expression within IPF lungs, particularly in SOX2-expressing epithelial honeycombs 

(Figure 5.10B). HES1+ SOX2+ cells also expressed pro-SFTPC and HTII-280, confirming 

their identity as aberrant IPF cells (Figure 5.10B). These data suggested that Notch 

signalling was increased in cells of human IPF lungs, including aberrant SOX2+ distal 

epithelial cells.  
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Figure 5.9. DFO treatment leads to SOX2 induction in SFTPC+ hAT2 cells (figure legend on 
next page). 
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Figure 5.9. DFO treatment leads to SOX2 induction in SFTPC+ hAT2 cells. 
A. Schematic outlining the experimental design of culturing control HTII-280+ hAT2 cells under chemically-

induced hypoxic conditions using supplementation of control (complete) medium with Cobalt Chloride 

(CoCl2) or Deferoxamine (DFO) at D14 of culture. B. Brightfield images of HTII-280+ hAOs cultured in 

complete medium (control) or hypoxia-induced conditions at two different concentrations (50 µM and 

100 µM). Scale bars; 2000 µm (top row), 400 µm (bottom row). C. Organoid forming efficiency of cultures 

in B. D. Relative mRNA expression levels of the downstream hypoxia genes SLC2A1 and VEGFA, and the 

hAT2 gene SFTPC in control versus DFO-treated organoids. Data are presented as the mean of 2 technical 

replicates (1 biological replicate), and are expressed as the relative mRNA expression versus control hAT2 

organoids. E. IF images of control and DFO-treated hAOs (treated at either P0 or P6). SOX2 (green), AGER 

(red), pro-SFTPC (white), DAPI (blue). F. Quantification of immunofluorescent data obtained in E. Data are 

presented as the mean ±SEM (where relevant). For control, n = 35 organoids for P0 pooled from 2 donor 

samples, n = 27 organoids for P6 from 1 donor sample. For DFO, n = 20 organoids for P0 pooled from 2 

donor samples, n = 12 for P6 from 1 donor sample.  
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Figure 5.10. Notch signalling is increased in IPF honeycomb lesions and may function 
downstream of hypoxia (figure legend continued on next page). 
A. Relative mRNA expression levels of the Notch target gene HES1 in primary tissue-derived HTII-280+ and 

HTII-280- cells from IPF lungs or healthy (WT) controls. Data are presented as the mean ±SEM of 3 

biological replicates, and are expressed as the relative mRNA expression versus the housekeeping gene 

GAPDH. Statistical significance was tested using the non-parametric Mann-Whitney U test; ns = non-

significant. B. Staining data for Notch signalling components in healthy and IPF human lung tissue. SOX2 
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(green), HTII-280 (red), HES1 (white) and DAPI (blue). Inset, HTII-280 (red), pro-SFTPC (white). Scale 

bars, 50 µm. C. Schematic outlining the experimental design of culturing control HTII-280+ AT2 cells with 

DFO, or with additional supplementation of the Notch inhibitor DAPT. D. Brightfield images of primary 

HTII-280+ healthy lung tissue-derived hAT2 cells cultured in control (complete) medium, +DFO and 

additional supplementation with DAPT. Scale bars; 2000 µm (top panel), 1000 µm (bottom panel). Images 

obtained at day 21 of primary culture. E. Organoid forming efficiency of healthy-derived HTII-280+ hAOs 

cultured in control, +DFO and +DFO/+DAPT conditions. Data are presented as the mean ± SEM for 2 

biological replicates. F. Relative mRNA expression levels of SFTPC, HES1 and NOTCH1 in control and 

DFO-treated organoids. Data are presented as the mean of 2 technical replicates (1 biological sample), and 

are expressed as the relative mRNA expression versus control hAOs. G. Representative IF image of mixed 

organoid formed arising in +DFO/+DAPT treatment. SOX2 (green), TP63 (red), pro-SFTPC (white) and 

DAPI (blue). H. Quantification of pro-SFTPC and SOX2 staining in organoids derived from D. I. 

Quantification of pro-SFTPC+/SOX2+ cells in mixed (pro-SFTPC+/SOX2+) organoids of DFO-treated and 

DFO/DAPT-treated organoids, expressed as a percentage of the total number of DAPI+ cell nuclei. Each dot 

represents a single (mixed phenotype) organoid. The number of pro-SFTPC+/SOX2+ cells and total DAPI+ 

cells were quantified for a single plane per organoid. Data are presented as the mean ± SEM; n = 7 (DFO) 

and n = 5 (DFO + DAPT), where n denotes the total number of mixed organoids assessed for 1 donor sample.  

 

 

To next assess whether Notch signalling is also implicated in the induction of SOX2 

expression in hypoxia-treated hAT2 cells, I employed the use of the γ-secretase inhibitor 

DAPT. Under normal circumstances, Notch ligand binding to a Notch receptor leads to 

cleavage of the Notch intracellular domain (NICD) by γ-secretase, allowing the NICD to 

translocate to the nucleus and activate target gene transcription by acting as a co-activator. 

Therefore, DAPT inhibits this Notch-enabled gene transcription by inhibiting NICD 

cleavage. Primary HTII-280+ cells were isolated from healthy donor lungs as before, and 

cultured in complete medium for 21 days (Figure 5.10C). For DFO-treatment, cell medium 

was supplemented with DFO from D14 to D21, while DAPT-treated cells were cultured 

with DFO for 3 days (D14 to D17) followed by additional DAPT-treatment for a further 4 

days (D17 to D21). Organoids were successfully formed under all 3 conditions (Figure 

5.10D and 5.10E). Analysis of gene expression levels of HES1 and NOTCH1 showed 

increased expression in DFO-treated organoid versus controls (Figure 5.10F). 

DAPT-treatment resulted in a decrease in expression of both genes, with a reduction in 

HES1 levels versus DFO-treated hAOs, confirming successful inhibition of Notch 

signalling (Figure 5.10F). SFTPC expression was slightly rescued in DAPT-treated hAOs 

versus DFO-treated hAOs at the transcriptional level (Figure 5.10F). IF staining indicated 
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that DAPT-treated hAT2 cells still formed mixed organoids, likely owing to the initial 3-

day culture in DFO prior to DAPT addition, although the overall number of these organoids 

was decreased in comparison with DFO-treatment (Figure 5.10G and 5.10H). However, 

there was an increase in pro-SFTPC+/SOX2- hAOs (Figure 5.10H). No pro-SFTPC-/SOX2+ 

organoids were observed in DAPT-treated hAO cultures. Interestingly, quantification of 

the number of individual pro-SFTPC+/SOX2+ cells within mixed organoids showed an 

increase in the number of these cells versus DFO-treatment alone, suggesting that Notch 

inhibition stalls the aberrant differentiation of hAT2 cells to SOX2+ airway-like cells 

(Figure 5.10G and 5.10I). These findings suggested that Notch signalling, a pathway 

already implicated in IPF progression, may function downstream of chemically-induced 

HIF1α stabilisation, where it acts to induce the aberrant expression of SOX2 in hAT2 cells. 

This ultimately implicated hAT2 cells as a potential cell-of-origin for this 

transdifferentiated aberrant epithelial cell populations observed in human IPF lungs.   

 

 

5B.3.4. ITGB4 as a potential marker for aberrant SOX2+ IPF cells  
 

Analysis of the IPF cell atlas revealed that aberrant IPF basaloid cells shared a similar 

transcriptional signature to our DATPs (Adams et al., 2020; Choi et al., 2020; Habermann 

et al., 2020; Neumark et al., 2020; IPF Cell Atlas). I therefore tested whether pro-

SFTPC+/SOX2+ cells, identified in this study, can be detected by a marker for DATPs. I 

especially sought to identify surface markers enabling the isolation of these cells for in vitro 

organoid cultures. Among DATP markers, the expression of ITGB4 has been known in 

basal cells, but also reported at increased levels in IPF lung tissues (IPF Cell Atlas; Adams 

et al., 2020; Habermann et al., 2020; Neumark et al., 2020). I therefore wanted to assess 

whether ITGB4 could be utilised in specifically isolating aberrant SOX2+ cells from both 

IPF lungs and DFO-treated organoid cultures. IF analysis of ITGB4 in healthy human 

alveoli revealed a complete absence of ITGB4+ cells, while ITGB4+ cells are observed at 

the base of SOX2+ airways, identifying them as basal cells, as expected (Figure 5.11A). In 

contrast, while unaffected airways of IPF lungs also displayed ITGB4-positivity in the 

basal cell layer (data not shown), IPF parenchymal alveolar regions demonstrated distinct 

ITGB4+ cells within epithelial honeycomb cysts (Figure 5.11A). These ITGB4+ cells co-

expressed SOX2 and HTII-280, as well as pro-SFTPC, indicating that ITGB4 could 

potentially be applied in selecting these cells. Assessment of control and DFO-treated 
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hAT2-derived organoids revealed positive ITGB4-expression in DFO-treated, SOX2+ 

organoids (Figure 5.11B and 5.11C). Similarly, analysis of primary IPF-derived HTII-280+ 

and HTII-280- organoids cultured in both complete or -CHIR conditions also suggested 

ITGB4 presence, with cells often co-expressing HTII-280, as was observed in vivo (Figure 

5.11B, 5.11C and 5.11D). These findings suggested that IPF-derived organoids resemble 

aberrant airway cell types found in the epithelium of distal IPF lung parenchyma.  

 

 

Figure 5.11. ITGB4 is expressed in epithelial cells of IPF honeycomb cysts. 
A. IF images of healthy human distal lungs (alveoli and airways) and IPF honeycomb cysts. SOX2 (green), 

HTII-280 (red), ITGB4 (white) and DAPI (blue). Scale bars; 50 µm. B. IF images of control and DFO-treated 

AT2 organoids. SOX2 (green), HTII-280 (red), ITGB4 (white), DAPI (blue). Images were obtained at day 

21 of culture. Scale bars; 50 µm. C. Quantification of the number of ITGB4+ organoids in control and DFO-

treated AT2-derived organoids from IF data obtained in B. n = 10 organoids quantified D. IF images of 

patient-derived HTII-280+ and HTII-280- primary organoids from IPF lungs. Cells were cultured either in 

complete medium (+CHIR) or – CHIR medium. SOX2 (green), HTII-280 (red), ITGB4 (white), DAPI (blue). 

Images were obtained at day 21 of culture. Scale bars; 50 µm. 
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I next attempted to specifically isolate these cells for culture in order to assess their cellular 

behaviours in vitro. Due to the observation that aberrant hAT2-derived SOX2+ cells often 

co-express HTII-280 both in vivo and in vitro, I combined the expression of HTII-280 and 

ITGB4 to exclude basal cells but obtain aberrant airway-like SOX2+ honeycomb epithelial 

cells for FACS (Figure 5.12A and 5.12B). This led to the observation of four separate 

populations; HTII-280+ITGB4- cells (likely hAT2 cells) which made up 5% of total 

epithelial cells, a small population of HTII-280+ITGB4+ cells which were expected to 

consist of aberrant SOX2+ cells, and two large populations of HTII-280- ITGB4+ (basal) 

cells and HTII-280- ITGB4- cells. This was in contrast to epithelial cells derived from 

control donor lungs, where the largest population of cells was the HTII-280+ITGB4- 

fraction, while ITGB4 expression was practically non-existent due to the lack of basal cells 

(Figure 5.12C). qPCR analysis for multiple genes revealed that the hypoxia-induced gene 

SLC2A1 was expressed at higher levels in three of the IPF-derived populations (HTII-280-

ITGB4+, HTII-280+ITGB4+ and HTII-280-ITGB4-) versus healthy controls (Figure 5.12D). 

In addition, a number of the IPF populations also expressed higher levels of HES1 and 

SOX2, while SFTPC levels were reduced (Figure 5.12D). Upon 3D-culture of the resulting 

cell populations, control cells cultured in complete medium (HTII-280+ITGB4-) and -CHIR 

medium (HTII-280-ITGB4+) formed hAOs and airway organoids, respectively (Figure 

5.12E). In contrast, IPF-derived cells formed organoids mainly from the HTII-280-ITGB4+ 

population, although a small number of organoids also arose from the additional 3 

populations, albeit with low organoid forming efficiency (Figure 5.12E and 5.12F). Due to 

low cell number, it was difficult to assess their cellular composition, although their 

morphology indicated that they were airway organoids (Figure 5.12E). While control 

organoids successfully re-formed following passage and re-plating of single cells, only 

HTII-280-ITGB4+ cells from IPF lungs could be passaged (data not shown). These data 

suggested that the HTII-280+ITGB4+ IPF population displayed decreased clonogenic 

capacity. The HTII-280- ITGB4+ population resulted in the highest self-renewal capacity in 

vitro. However, it was difficult to assess whether ITGB4+ IPF cells arose from epithelial 

honeycombs or less-damaged airways.  

 

Utilising the same FACS isolation strategy as for primary IPF tissue, I next assessed 

HTII-280 and ITGB4 marker expression in passaged control and DFO-treated 

hAT2-derived organoids. This led to the observation that DFO-treatment resulted in an 

increase in both HTII-280+ITGB4+ and HTII-280-ITGB4+ cells, confirming what I had 
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demonstrated previously with IF analysis (Figure 5.13A and 5.13B; Figure 5.11B). 

However, upon plating of single cells, only control cells were able to re-form organoids, 

with DFO-treated cells of all populations failing to form organoids, despite being re-

cultured in complete medium upon plating (Figure 5.13C and 5.13D).  

 

 
Figure 5.12. The number of ITGB4+ cells is drastically increased in IPF distal lungs (figure 
legend continued on next page).  
A. FACS gating strategy for isolation of epithelial cells from primary human IPF lung tissue based on their 

CD31-/CD45-/EpCAM+ expression profile, which were then further gated using HTII-280 and ITGB4. B. 

Non-stained and single-stained controls for markers used in A. C. FACS gating strategy for isolation of HTII-
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280 and ITGB4 epithelial cells from healthy background lungs, using the same markers as in A. D. Relative 

mRNA expression of lung lineage markers in the four populations identified in A. Data are presented as the 

mean of two technical replicates for 1 donor per disease state. E. Representative brightfield images of the 3 

populations of cells isolated in A. Cells were cultured in complete (+CHIR) conditions, unless otherwise 

stated, and imaged at D14. Scale bars; 2000 µm (top panels), 1000 µm (bottom panels). F. Quantification of 

organoid forming efficiency from cultures in E. Data are presented as the mean of two technical replicates (1 

biological replicate).  

 

 
Figure 5.13. Treatment of hAT2 organoids with DFO leads to an increase in ITGB4+ cells 
(figure legend continued on next page). 
A. FACS gating strategy for isolation of epithelial cells from cultured hAOs based on their CD31-/CD45-

/EpCAM+ expression profile, which were then further gated using HTII-280 and ITGB4. Control cells and 

DFO-treated cells were analysed. B. Non-stained and single-stained controls for markers used in A. C. 

Representative brightfield images of the 3 populations of cells isolated in A. Cells were cultured in complete 

(+CHIR) conditions and imaged at D14. Scale bars; 2000 µm (top panels), 1000 µm (bottom panels). D. 
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Quantification of organoid forming efficiency from cultures in C. Data are presented as the mean of two 

technical replicates (1 biological replicate). 

 
 

5B.3.5. SOX2+ cells in both hAOs and IPF lung tissue display increased 
levels of proliferation  
 
 

Given the observation of SOX2+ airway-like cells in DFO-treated hAOs, IPF-derived 

organoids and IPF lung tissues, I asked what the biological significance of these cells are 

in the progression of IPF. Due to repeated epithelial damage, hAT2 cells are thought to 

become irreversibly damaged, where they can no longer self-renew or differentiate into 

hAT1 cells (Parimon et al., 2020). However, one of the defining features of IPF is 

hyperplasia of hAT2 cells that are often found in the honeycomb regions and/or around the 

fibroblastic foci (Barratt et al., 2018), suggesting the emergence of “hyperproliferative 

hAT2” cells during IPF progression. I therefore investigated the proliferative capacity of 

SOX2+ cells in DFO-treated hAOs and the honeycomb regions of IPF lung tissues.  

 

Control (complete medium) hAOs at D21 of primary culture exhibited no proliferative 

cells, as confirmed by the absence of the proliferation marker KI67 (Figure 5.14A and 

5.14B). In contrast, DFO-treated hAOs exhibited a significant increase in the number of 

KI67+ cells per organoid (Figure 5.14B; number of KI67+ cells quantified as a percentage 

of the total number of DAPI+ nuclei). Importantly, KI67+ cells were observed only within 

SOX2+ or mixed organoids, whereas SFTPC+/SOX2- organoids contained no KI67+ cells 

(Figure 5.14A and 5.14B). Within mixed organoids, proliferation occurred exclusively in 

SOX2-expressing cells. Proliferation could also be observed within individual 

pro-SFTPC+/SOX2+ cells within mixed organoids (Figure 5.14A, asterisk). This 

recapitulated in vivo findings, where IF analysis revealed KI67+ expression in some SOX2+ 

cells that co-expressed ITGB4, a marker for basal cells or aberrant basaloid cells in IPF 

lung tissues, while there are no hAT2 cells expressing KI67 in the alveoli (Figure 5.14C; 

IPF Cell Atlas). I should note that, due to the lengthy duration between surgery and 

collection of clinical lung specimens for processing, observed proliferation in the tissue 

may not be fully reflective of true proliferation levels in vivo. Hence, this may explain the 

relatively low overall numbers of KI67+ cells. 
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I then further assessed the clonogenic capacity of these cells by performing single-cell 

passage. Due to the increased presence of SOX2+ cells, and the prior observation that low 

Wnt conditions allowed for expansion of human airway cells, I used both complete 

and -CHIR medium (Figure 5.14D, Table 3.1). Control and DFO-treated hAOs were 

dissociated into single cells, and replated as organoids. Unexpectedly, however, cells from 

DFO-hAOs failed to re-form organoids under either condition (Figure 5.11E and 5.11F). 

Meanwhile, control cells re-formed organoids as usual (Figure 5.14E and 5.14F). Although 

SOX2+ cells in DFO-treated cultures are initially proliferative, it is likely that prolonged 

culture (> 7 days) under chemically-stimulated hypoxic conditions may infer a decrease in 

cell viability or self-renewal capacity which becomes apparent upon passage. It would be 

important to further elucidate the underlying mechanisms that modulate their behaviours 

and contribution to IPF progression in the future study. Together, my results suggest that 

HIF1α-mediated hypoxia induces the trans-differentiation of hAT2 cells into aberrant 

airway-like cells expressing SOX2, which are possibly similar to DATPs or basaloid cells 

within IPF lungs. In my system, these cells retain proliferative potency and likely contribute 

to development of the honeycomb cysts in IPF lung tissues. 
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Figure 5.14. hAT2-derived SOX2+ cells display increased proliferation versus SOX2— hAT2 
cells (figure legend continued on next page).  
A. IF images of hAT2-derived organoids cultured in control (complete medium) or following 7-day treatment 

of DFO (treated at day 14, imaged at day 21). SOX2 (green), KI67 (red), pro-SFTPC (white), DAPI (blue). 

Asterisk denotes proliferative SFTPC+/SOX2+ cell expressing KI67. Scale bars; 50 µm. B. Left; 

quantification of the number of KI67+ cells per total number of DAPI+ cell nuclei identified in DFO-treated 

and control hAOs at day 21. Each individual dot represents one organoid and data are presented as the mean 

±SEM (n=20 organoids pooled from two donors). Statistical significance was tested using the non-parametric 

Mann-Whitney U test; * = p <0.05. Right; quantification of the number of KI67+ cells per total number of 

DAPI+ cell nuclei identified in the three separate types of DFO-treated hAOs. Number of cells were quantified 

for each organoid on a single plane. Asterisk denotes proliferative KI67+ pro-SFTPC+ SOX2+ cell within 

mixed organoid. C. IF image of distal honeycomb in IPF patient lung epithelium. SOX2 (green), KI67 (red), 
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ITGB4 (white) and DAPI (blue). Asterisk denotes proliferative ITGB4+/SOX2+ cell expressing KI67. Scale 

bar, 50 µm. D Schematic for culture strategy of control and DFO-treated organoids following passage. E. 

Brightfield images of control, DFO-treated (complete medium) and DFO-treated (-CHIR) following passage. 

Scale bars; 2000 µm (top panels), 1000 µm (bottom panels). F. Quantification of organoid forming efficiency 

of cultures in E. Data are presented as the mean of 2 technical replicates (individual wells) for each condition 

for 1 donor sample.  

 

 

5B.4. Conclusions 

In this chapter, I aimed to assess the effect of chemically-induced hypoxia on healthy 

donor-derived hAT2 cells in vitro and to identify a potential mechanism for the appearance 

of airway-like cells within distal IPF lungs. Chemical induction of hypoxia using DFO from 

day 14 to 21 of culture resulted in an overall reduction in the number of pro-SFTPC-

expressing hAOs. In contrast, there was an increase in the number of organoids expressing 

the airway transcription factor SOX2, a finding not observed in control hAOs. Interestingly, 

a proportion of organoids arose in DFO-treated hAO cultures that co-expressed pro-SFTPC 

and SOX2 within the same organoid, as well as within individual cells, a finding that was 

reminiscent of the aberrant pro-SFTPC+/SOX2+ cells observed in the lungs of IPF patients. 

This may reflect a potential heterogeneity in hAT2 cell response to hypoxia. These data 

suggest that trans-differentiation into airway-like cells of the distal IPF lung may result 

from inappropriate signalling cascades in resident hAT2 cells. These findings fit in with 

previous work from the mouse (Choi et al., 2020; Kobayashi et al., 2020; Strunz et al., 

2020). Upon damage to the alveoli, DATPs emerge from AT2 cells to assist with 

regeneration of the alveolar epithelium, with transition to the DATP state found to be 

essential for differentiation to AT1 cells. However, chronic inflammation and injury 

resulted in aberrant accumulation of DATPs, with high HIF1α implicated in the stall of 

DATP differentiation to AT1 cells. Importantly, aberrant accumulation of DATP-like cells 

has been observed in IPF patient tissues, suggesting their implication in IPF progression. 

DATP-like cells express similar molecular signatures to the previously identified basaloid 

cells of IPF lungs, making it possible that they represent the same or similar population. 

Furthermore, as found during the present work, DATPs also express SOX2.  

 

In addition to SOX2 expression, DFO-treated hAOs exhibited higher levels of proliferation, 

with proliferative cells exclusively occurring within SOX2+ and mixed organoids, a finding 
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that was also confirmed in IPF lung tissue. Importantly, in mixed organoids, KI67 was 

exclusively expressed in SOX2+ and pro-SFTPC+ SOX2+ cells, indicating that the presence 

of SOX2 inferred a proliferative effect. As hAT2 cells are considered to be relatively 

quiescent, it is possible that upon injury, activation of SOX2 and an airway-like molecular 

programme allows for increased proliferation in an attempt to rapidly repair the damaged 

epithelium. Notch pathway components were increased in IPF lungs and DFO-treated 

hAOs, and blocking Notch signalling resulted in a partial rescue of hAT2 identity in 

DFO-treated hAOs, suggesting that DFO-induced hypoxia may function through 

downstream Notch signalling. ITGB4 was identified as a potential marker for aberrant pro-

SFTPC+/SOX2+ and SOX2+ cells, and was found to be massively increased in IPF lungs 

and DFO-treated hAOs. Together, these data highlight that hAT2 cells possess the capacity 

to differentiate to airway-like cells under IPF disease-associated processes such as hypoxia, 

identifying hAT2 cells as a potential cell-of-origin for the appearance of airway cell types 

in distal IPF lungs.   
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CHAPTER 5C  

Results IIIC: Investigating the effect of 
inflammatory cytokines on hAT2 cell identity  

 
 

5C.1. Introduction 	 

Idiopathic pulmonary fibrosis (IPF) is a disease of heterogenous nature and unknown 

etiology, making it unlikely that a single signalling pathway is responsible for all disease 

observations. Rather, it is feasible that a whole host of mechanisms and signalling pathways 

interact in a complex crosstalk leading to IPF initiation and progression. In addition to 

increased fibrosis and reduced tissue oxygenation, inflammation through the release of 

inflammatory cytokines has been considered to play a role in IPF pathogenesis (Barratt et 

al., 2018). In particular, cytokines including IL-1ß and TNF-α are specific contenders, due 

to the observation of high cytokine levels in bronchoalveolar lavage fluid (BALF) obtained 

from IPF patient lungs (Schruf et al., 2020). Recently, we uncovered that pro-inflammatory 

cytokines, including IL-1α, IL-1ß, and IL-17A, are integral to regenerate the alveoli after 

bleomycin-induced lung injury via induction of  damage associated transient progenitor 

(DATP) states (Choi et al., 2020; Katsura et al., 2019). Importantly, persistent IL-1ß 

signalling resulted in abnormal accumulation of DATPs, which was also observed in IPF 

lungs. These results led me to hypothesise that pro-inflammatory cytokines induce aberrant 

SOX2+ airway-like cells derived from hAT2 cells in IPF lung tissues. To prove my 

hypothesis, I will assess whether treatment of hAT2 cell-derived hAOs from healthy donor 
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lungs with the cytokines IL-1ß and TNF-α could have a similar effect on hAT2 cell identity 

as chemical induction of hypoxia. 

 

 

5C.2. Aims 

• Investigate the effect of inflammatory cytokines on the cellular behaviours of hAT2 

cells (IL-1ß and TNF-α).  

• Characterise cytokine-treated hAOs in terms of cell identity and self-renewal capacity.  
 

 

5C.3. Results 

5C.3.1. Increased inflammatory cytokine presence in human IPF lungs 

In addition to our recent study, both IL-1ß and TNF-α have been previously implicated in 

IPF progression due to their up-regulation in patient-derived BALF (Reyfman et al., 2019; 

Schruf et al., 2020). I first examined the expression levels of functional receptors for these 

cytokines in freshly isolated HTII-280+ and HTII-280- cells from healthy donors. qPCR 

analysis showed higher levels of IL1R1, TNFR1 and TNFR2 expression in the HTII-280+ 

(hAT2) cells compared to those in HTII-280- cells (Figure 5.15A). In contrast, the IL-17 

receptor IL17RA was expressed at relatively low levels for both populations of cells. These 

data indicate that hAT2 cells can be responsive to IL-1ß and TNF-α signalling, as 

previously shown in other studies (Choi et al., 2020; Reyfman et al., 2019).  

 
Figure 5.15. IL-1ß and TNF-α receptors are up-

regulated in hAT2 cells.  
A. Relative mRNA expression levels of the cytokine 

receptors IL1R1, TNFR1, TNFR2 and IL17RA in 

primary donor lung-derived HTII-280+ and HTII-280- 

epithelial cells. Data are presented as the mean of 2 

technical replicates (1 biological replicate) and are 

expressed as the relative mRNA expression versus the 

housekeeping gene GAPDH.  
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5C.3.2. IL-1ß and TNF-α signalling in hAT2 cells leads to aberrant 
differentiation to KRT5-expressing airway-like cells in vitro  
 
 

To investigate the effect of exogenous cytokines on hAOs, primary hAT2 cells from 

healthy donors were isolated as before (CD31-CD45-EpCAM+HTII-280+) and placed in 

3D-culture as single cells in either complete medium (control) or with addition of 100 ng/ 

mL human recombinant IL-1ß (+IL-1ß) or 100 ng/ mL human recombinant TNF-α (+TNF-

α). Cytokines were supplemented to complete medium every other day up to 28 days of the 

culture period. At D14, brightfield images showed the formation of small, folded structures 

throughout all 3 conditions, with their morphology suggesting their identity as hAOs 

(Figure 5.16A). Organoid forming efficiency was similar between all 3 conditions, 

although TNF-α-treated organoids showed a slight decrease in the total number of 

organoids for some donors (Figure 5.16B). However, by D28, organoid morphology had 

dramatically changed. While control hAOs still possessed a small and folded structure, 

IL-1ß-treated and TNF-α-treated cultures became more heterogeneous, with a number of 

large cystic or folded organoids (Figure 5.16A). These large structures closely resembled 

the airway organoids that arose normally from HTII-280- cultures. To rule out the 

possibility of cytokine treatment causing outgrowth of potential contaminating airway cells 

within the cultures, primary HTII-280+ cells were also cultured in -CHIR medium, which 

does not support hAO formation but does allow airway organoid growth (Chapter 3 and 

Chapter 4). However, few organoids formed under this condition, confirming that 

HTII-280+ hAT2 cells formed the large organoids mediated by IL-1ß and TNF-α. 

Additionally, culture of HTII-280- airway organoids with IL-1ß and TNF-α failed to exhibit 

an expansion (data not shown). Therefore, I could confirm that the large structures arising 

following IL-1ß- or TNF-α-treatment were arising from the hAT2 cell population.  

 

In order to assess the cellular identity of IL-1ß- and TNF-α-treated organoids, I employed 

immunofluorescence (IF) analysis. Control hAOs cultured in complete medium consisted 

of cells expressing pro-SFTPC, as previously described (Figure 5.16D; Chapter 4). In 

contrast, the majority of cells in IL-1ß-treated organoids completely lost pro-SFTPC 

expression, and strongly expressed the basal cell marker KRT5 (Figure 5.15D). However, 

despite the KRT5 expression, no airway markers, including TP63 and SOX2, were 

observed in these cells (Figure 5.16D and 5.16E). Loss of SFTPC expression was also 

observed at the transcriptional level, along with an increase in TP63 (Figure 5.16F).  In 
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contrast, TNF-α-treated organoids contained airway cells expressing SOX2+, TP63+ and 

KRT5+ cells, with a complete loss of pro-SFTPC (Figure 5.16D and 5.16E). Loss of SFTPC 

expression from TNF-α-treated organoids was also observed at the transcriptional level, in 

addition to an increase in TP63, as observed for IL-1ß (Figure 5.16F). Together, these 

results indicated that hAT2 cells possessed the capacity for differentiation into aberrant 

airway-like cells when subjected to IPF processes, including increased IL-1ß and TNF-α 

signalling or hypoxia (Figure 5.16; Chapter 5B).   

 

 
Figure 5.16. IL-1ß and TNF-α treatment induce airway-like phenotypes in hAT2 cell-derived 
hAOs (figure legend continued on next page). 
A. Representative brightfield images of primary hAT2-derived organoids from healthy human lungs 

following continuous culture in complete medium, or treatment with the cytokines IL-1ß and TNF-α. Images 

were obtained at day (D) 14 and D28 of culture. Scale bars, 400 µm. P0 = passage 0. B. Organoid forming 

efficiency of cultures established in A. The number of organoids were quantified at D14 of culture. C. 

Brightfield images of primary hAT2-derived organoids at day 28 of culture following continuous culture in 

medium lacking CHIR99021. D. Representative H&E and IF images of hAOs at D28 of culture following 
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continuous culture in complete medium, or with the cytokines IL-1ß and TNF-α. SOX2 (green), pro-SFTPC 

(red), TP63 (white, red), CCSP (green), KRT5 (white) and DAPI (blue). Scale bars, 50 µm. E. Quantification 

of IF staining of organoids in D. F. Relative mRNA expression levels of SFTPC in complete, IL-1ß, and 

TNF-α cultures. Data are presented as the mean of 2 technical replicates, and are expressed as the relative 

mRNA expression versus the housekeeping gene GAPDH.  

 

 

5C.4. Conclusions 

In this chapter I demonstrated that IL-1ß and TNF-α, both inflammatory cytokines that 

exhibit marked increases in the lungs of IPF patients, led to the formation of airway-like 

organoids when applied to donor hAT2-dervied hAOs in vitro. Organoid morphology in 

IL-1ß- and TNF-α-treated hAOs greatly changed between D14 and D28 of culture, with the 

appearance of large, cystic organoids. This was in stark contrast to control hAOs, which 

maintained a folded appearance and exclusively expressed hAT2 markers such as 

pro-SFTPC. Such findings were also confirmed at the transcriptional level, with a reduction 

in SFTPC expression and an increase in TP63 expression in IL-1ß- and TNF-α-treated 

hAOs. Interestingly, induction of airway cell fate in hAT2 cells was also achieved upon 

DFO treatment. These findings fit in with recent mouse studies from my lab (Choi et al., 

2020). Upon injury with bleomycin, IL-1ß is secreted by interstitial macrophages, which 

primes IL1R1+ AT2 cells prior to their differentiation to DATPs and AT1 cells in vivo (Choi 

et al., 2020). Under normal reparative processes, transition through the DATP state was 

essential for AT1 formation. However, chronic inflammation through sustained IL-1ß 

treatment of adult mouse AT2 organoids resulted in an accumulation of DATPs and stalled 

AT1 differentiation. DATPs were found to be enriched for expression of Hif1α, and 

deletion of Hif1α from mouse AT2 cells during injury prevented the formation of DATPs 

in vivo. Furthermore, blocking Hif1α with digoxin prevented DATP formation from IL-1ß-

treated AT2 cells in vitro. Therefore, in the context of chronic injury and inflammation 

within the human lung, it is possible that an accumulation of DATPs or DATP-like cells is 

a result of persistent IL-1ß, which can enhance Hif1α levels leading to the induction of 

metabolic changes in AT2 cells. Together, these data, combined with my previous findings 

in regard to hypoxia, highlight that hAT2 cells possess the ability to differentiate to airway 

cell types under conditions of increased cytokine presence. Thus, I propose that aberrant 
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epithelial cell types present within distal IPF lungs may arise as a result of dysregulated 

signalling acting upon the hAT2 population. 
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CHAPTER 6 

Discussion 
 

In the human lung, epithelial alveolar type 2 (hAT2) cells are suspected to maintain the 

alveolar epithelium, while their dysregulation has been implicated in Idiopathic pulmonary 

fibrosis (IPF; Lawson et al., 2004; Nureki et al., 2018; Parimon et al., 2020; Sisson et al., 

2010). During my PhD programme, I aimed to understand cellular behaviours of hAT2 

cells in healthy and diseased lungs by developing alveolar organoids derived from primary 

hAT2 cells. I determined the molecular mechanisms underpinning aberrant trans-

differentiation of hAT2 cells mediated by hypoxia, which is implicated in IPF. The model 

of human primary in vitro organoids from healthy background lungs showed the long-term 

maintenance of functionally mature hAT2 cells in chemically-defined conditions (Chapter 

3 and Chapter 4). Human alveolar organoids (hAOs) required Wnt signalling for their self-

renewal capacity and maintenance of hAT2 identity in vitro, in contrast to airway cell types, 

while reduced Wnt signalling promoted hAT2-to-alveolar type 1 (hAT1) differentiation. 

Isolation of epithelial (EpCAM+) cells from IPF patient lungs revealed a substantial 

decrease in hAT2 viability and organoid-forming ability, with organoid cultures instead 

being enriched with airway cell types (Chapter 5A). Importantly, culture of healthy donor-

derived hAT2 cells with a chemical-inducer of hypoxia resulted in the aberrant expression 

of SOX2, which was found to often be co-expressed with pro-SFTPC (Chapter 5B). These 

cells exhibited higher proliferative capacity than non-SOX2-expressing hAT2 cells, and 

were also observed within IPF patient lungs. Inhibition of Notch signalling reduced the 

number of SOX2+ hAT2 cell-derived organoids, suggesting that hypoxia may function 

through the Notch pathway. Finally, in vitro culture of healthy hAOs with exogenous IL-1ß 

and TNF-α, two cytokines that are increased in human IPF lungs, resulted in aberrant 
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differentiation of hAT2 cells to KRT5-expressing, basal-like airway cells (Chapter 5C). 

Together, these results suggest that aberrant activation of signalling pathways implicated 

in IPF may function in causing hAT2 cell differentiation to airway-like cells and loss of 

alveolar stem cell maintenance. 

 

 

6.1. Alveolar and airway organoids from normal background 

human adult lungs  
 

6.1.1. Fgf and Wnt signalling are essential for in vitro self-renewal of distal 
EpCAM+ and hAT2 primary human lung cells 
 
 

Throughout lung development, and during repair following lung injury, a number of 

signalling pathways are activated or modulated to achieve appropriate tissue patterning, 

cell specification, differentiation and proliferation. During Chapter 3 and Chapter 4, I found 

that EpCAM+ distal human lung cells require FGF7 and Wnt signalling for primary self-

renewal capacity. This finding draws parallels with what is currently known from a number 

of in vivo studies in the mouse, in addition to work utilising human embryonic lungs and 

human pluripotent and induced-pluripotent cells (hPSCs and iPSCs). Several Fgf ligands 

are expressed during lung development, including Fgf7 and Fgf10 (Volckaert and De 

Langhe, 2015). During development, Fgf10 signalling is vital for lung branching 

morphogenesis in the mouse (Volckaert and De Langhe, 2015). Conversely, although not 

vital for lung morphogenesis, Fgf7 stimulates rat AT2 cells to proliferate (Portnoy et al., 

2004; Zhang et al., 2004). Furthermore, an Axin2+/Pdgfra+ alveolar mesenchymal lineage 

was found to promote mouse AT2 self-renewal via Il-6 and Fgf7 signalling (Zepp et al., 

2017). In the human, FGF7 and FGF10 also appear to play key roles in lung development. 

Culture of human embryonic distal lung epithelial tips in the presence of factors including 

FGF7, FGF10 and Wnt activation was sufficient to promote organoid formation and growth 

(Miller et al., 2018; Nikolić et al., 2017). In hPSCs, differentiation of ventralised anterior 

foregut endoderm (VAFE) to NKX2.1+ lung progenitors was achieved through FGF7 and 

FGF10 presence, in addition to Notch and GSK3 inhibition (Gotoh et al., 2014; Yamamoto 

et al., 2017). Removal of FGF7 completely abolished primary EpCAM+ organoid formation 

in the current study, as has been reported recently for organoids derived from mouse 

secretory club and AT2 cells (Choi et al., 2021). FGF7 was also previously found to be 
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required for initial expansion of human epithelial lung tip progenitor cells from 

pseudoglandular lungs (Miller et al., 2018). On the other hand, removal of FGF10 from 

EpCAM+ cultures in the present study was found to not have any obvious effects on 

organoid formation or identity, a discovery that has also been noted in the culture of mouse 

epithelial lung organoids (Figure 3.2; Choi et al., 2021). However, it is important to note 

that the inclusion of CHIR99021 (CHIR, a GSK3ß inhibitor) could possibly compensate 

for FGF10 removal, as FGF10 is known to be a major activator of ß-catenin signalling 

(Danopoulos et al., 2019a). The same may not apply to FGF7, as it has been reported that 

FGF7 and FGF10 function in different ways (Danopoulos et al., 2019a). Together, these 

studies highlight the importance of Fgf signalling in the maintenance of epithelial lung 

progenitor populations in vitro.  

 

My finding that human-derived epithelial lung organoids could only be passaged long-term 

in the presence of TGFß inhibition, regardless of specific lineage, is similar to observations 

made in multiple human organoid systems (Broutier et al., 2017; Huch and Koo, 2015; 

Huch et al., 2015; Nikolić et al., 2017; Sachs et al., 2019). This is unlike epithelial organoids 

derived from multiple mouse tissues, including the lung, where TGFß inhibition is usually 

not required (Choi et al., 2021; Huch and Koo, 2015; Nikolić et al., 2017). Despite this 

clear species difference, no studies have yet addressed the reason behind this finding. 

Therefore, the precise mechanism for TGFß inhibition and its role in long-term self-

renewal capacity of human epithelial cells in vitro warrants further study.  

 

Despite the observation for the importance of exogenous Wnt presence, there was a clear 

difference in Wnt-dependence between primary FACS-purified hAT2 cells and airway cell 

lineages, with hAT2 cells requiring high exogeneous Wnt signalling in the form of CHIR 

addition. The observation that differing levels of Wnt signalling dictates either alveolar or 

airway lineage is supported by a number of studies. Lineage tracing in the mouse has 

identified a subset of Wnt-responsive Axin2+ AT2 cells that have an increased capacity for 

regeneration of the alveolar epithelium (Frank et al., 2016; Nabhan et al., 2018). A similar 

population has also been proposed for the human lung (Zacharias et al., 2018). High Wnt 

signalling was also found to promote alveolar differentiation in hPSC-derived VAFE cells, 

while low Wnt encouraged airway lineages (McCauley et al., 2017). Furthermore, removal 

and then subsequent add-back of CHIR to hPSC-derived hAT2 organoids resulted in their 

expansion and maturation (Jacob et al., 2017). Therefore, Wnt activation is important in 
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promoting self-renewal and long-term maintenance of lung epithelial progenitor 

populations, particularly the hAT2 cell population, both in vitro and in vivo.  

 

One apparent discrepancy that arose from this study was the observation that during 

primary culture, EpCAM+ lung cells were able to form both alveolar and airway organoids 

under high Wnt (CHIR) conditions. In contrast, when hAT2 cells were removed from the 

primary cell suspension during FACS enrichment using HTII-280, HTII-280- cells failed 

to form organoids in high Wnt cultures. Instead, low Wnt signalling in the form of CHIR 

removal was required for primary airway organoid establishment, as has been previously 

reported (Sachs et al., 2019). HTII-280--derived organoids established in -CHIR medium 

were identical to the airway organoids formed from EpCAM+-derived cells in complete 

medium; large, filled organoids comprising basal/parabasal and secretory cells. 

Interestingly, airway organoids were also able to form from primary EpCAM+ cells in the 

presence of WNT3A-conditioned medium, while hAOs remained small, likely due to the 

lower levels of Wnt signalling versus CHIR-treated cultures. The only difference between 

EpCAM+ and HTII-280- cultures was the absence of hAT2 cells from the HTII-280- culture 

system. It is possible that the presence of hAT2 cells allows for the growth of airway cell 

types in high Wnt conditions, either through physical cell-to-cell contact, or secretion of 

ligands and signalling molecules, some of which could have diluted Wnt activation. Similar 

scenarios have been demonstrated previously. For example, secretory cell de-

differentiation to basal cells was inhibited upon co-culture of mouse basal and secretory 

cells, but not when secretory club cells were cultured alone (Tata et al., 2013). Furthermore, 

another study recently published by the Sato group also found that they could co-culture 

human organoids of alveolar and airway lineage in WNT3A-conditioned medium 

(Ebisudani et al., 2021). However, they did not investigate whether airway organoids 

displayed the same growth ability in the absence of hAT2 cells. The cell secretome is often 

an understudied but nonetheless important area of future research. It would therefore be 

interesting to study the secretome of cultured in vitro human epithelial cells of multiple 

lung lineages, and assess which factors may play a part in the interaction between cell 

lineages of alveolar and airway fate. Identification of such factors may lead to further 

improvements in culture conditions for human epithelial lung cells.  
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6.1.2. p38 MAP-Kinase inhibition and its potential role in lumen 
establishment in primary airway organoids   
 

Culture of non-sorted adult human lung cells in low Wnt (-CHIR) conditions along with 

p38 MAP-kinase (MAPK) inhibition resulted in the formation of airway organoids (Sachs 

et al., 2019). Organoids were well-organised, and displayed a large, single-lumen during 

primary culture. Similarly, when I utilised the same culture conditions in FACS-isolated 

HTII-280- cells, the formation of airway organoids with a large inner lumen was also 

achieved. However, this was in stark contrast to the large, filled spheres that arose from 

culture in -CHIR medium (without p38 MAPK inhibition). Similar to my own findings, 

another study also achieved the formation of filled airway organoids in the absence of p38 

MAPK inhibition (Salahudeen et al., 2020). Furthermore, I found that upon switching late 

passage airway organoids from my media (-CHIR) to -CHIR/+SB2 conditions, organoids 

formed a lumen (Figure 3.10). This suggests that inhibition of p38 MAPK plays a role in 

lumen formation within airway organoids. The question therefore arises as to how p38 

MAPK inhibition may be involved in lumen formation in human primary airway organoids. 

In epithelial cells, p38 MAPK inhibition can decrease ligand-driven degradation of the EGF 

receptor, allowing for increased cell proliferation, and can also act in reducing cellular 

senescence (Frey et al., 2006). Furthermore, p38 MAPK signalling has been implicated in 

the regulation of Wnt/ß-catenin signalling in embryonic mouse cells (Bikkavilli et al., 

2008). However, neither of these described roles explain the formation of a lumen. The 

difference in organoid structure may relate to differences in cellular polarity. For example, 

human enteroids grown in BME form an inner lumen with appropriate apical-basal polarity, 

while suspension culture resulted in the loss of a lumen and correct polarity (Co et al., 

2019).  However, not much is currently known about the possible role of p38 MAPK 

inhibition in establishing cellular polarity. Additionally, I did not observe ciliated cells in 

airway organoids cultured in -CHIR medium, while they were present in -CHIR/+SB2 

medium, perhaps suggesting another role in ciliated cell differentiation (Sachs et al., 2019).  

 

6.1.3. Modulation of Wnt signalling allows hAT2-hAT1 differentiation in vitro 

The molecular requirements for the full differentiation of hAT2-to-hAT1 cells have 

remained elusive, owing to the complex nature of the human alveolar epithelium. In chapter 

4, I demonstrated that cultured hAT2 cells exhibited differentiation potential to hAT1 cells, 

even following 6 months of in vitro propagation as hAOs (Figure 4.4). Both 2D and 3D 
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culture of early passage (P; P2 and P3) hAOs in 10% human serum was sufficient to drive 

partial differentiation to hAT1 cells. This was evident by the observed loss of pro-SFTPC 

expression and gain of hAT1 markers such as AGER. However, only 2D-cultured, serum-

supplemented early passage hAOs differentiated into elongated hAT1 cells similar to those 

found in vivo, which has been previously found following culture of freshly-isolated rat 

AT2 cells (Dobbs et al., 1988) and hAT2 cells derived from hPSCs (Jacob et al., 2017). 

This finding may reflect the in vivo environment of the lung alveoli, where breathing 

movements continuously cause stretch and relaxation of the alveolar epithelium (Li et al., 

2018a). As the chemical composition of human serum is undefined, it is difficult to 

postulate which factors are responsible for induction of hAT2-to-hAT1 differentiation. In 

the mouse, an Axin2+ AT2 subset has been identified that plays a critical role during 

alveologenesis (Frank et al., 2016; Nabhan et al., 2018). It was found that Wnt signalling 

promoted Axin2+ AT2 cell growth while inhibiting their differentiation into the AT1 

lineage, indicating that Wnt signalling was important for maintenance of AT2 identity. 

Therefore, in addition to serum-supplementation, I found that removal of exogenous Wnt 

activation was also sufficient to drive hAT2-to-hAT1 differentiation in 3D hAO culture. 

Wnt ligands have been previously reported to function as local signals, with a range of 

approximately one to two cells (Farin et al., 2016). In the mouse, Axin2+ AT2 cells have 

been found to reside in a niche consisting of single Pdgfra+ fibroblasts (Nabhan et al., 

2018). These Pdgfrα+ fibroblasts express Wnt5a and other Wnt genes, and maintain AT2 

identity. Upon AT2 cell-division, resulting daughter cells leave the Wnt-niche, leading to 

loss of Axin2 expression and differentiation to AT1 cells. Furthermore, treatment of adult 

hAT2 cells with XAV-939, a potent inhibitor of Wnt/ß-catenin-mediated transcription, 

increased the number of AQP5+ cells at the expense of SFTPC expression (Zacharias et al., 

2018). However, resulting AQP5+ cells remained cuboidal in shape, indicating incomplete 

hAT1 differentiation. Furthermore, cells were co-cultured with MRC5 fibroblasts in 

commercial media, so it is not known whether the inhibition of Wnt-mediated transcription 

occurred directly on the hAT2 population, or indirectly through the supporting cells. 

Nevertheless, these studies highlight the importance of Wnt signalling in maintaining hAT2 

cell identity, while a reduction in Wnt exposure caused hAT1 differentiation.   

 

Interestingly, I observed that removal of CHIR from 6-month-old (P6) hAOs led to an 

increase in the number of organoids consisting of elongated AGER+ cells (Figure 4.4 F and 

4.4 G). The same was also observed in P6 hAOs supplemented with WNT3A, but not in 
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serum-cultured P6 hAOs or primary hAOs (Figure 4.4). These data suggest that hAT2 cells 

within later-passage hAOs may be able to more readily differentiate to fully-elongated 

hAT1 cells, either through increased cellular plasticity or enrichment of hAT2 cells that 

possess increased differentiation capacity.   

 

6.1.4. Culture of adult-derived hAOs versus recently published systems  

I found that culture of FACS-purified adult hAT2 cells in chemically-defined conditions 

displayed a number of advantages over previously reported co-culture systems. Firstly, the 

utilisation of chemically-defined conditions allows for in-depth study of regulatory 

mechanisms for cell maintenance and differentiation. Secondly, my culture system exhibits 

long-term maintenance of hAT2 cell identity, with pro-SFTPC expression still observed 

following 6-months of culture. In contrast, culture of adult hAT2 cells with MRC5 

fibroblasts exhibited limited culture capacity, low organoid forming efficiency and loss of 

SFTPC expression, even in multiple cells of primary culture (Barkauskas et al., 2013). This 

is likely due to MRC5 fibroblasts not being able to fully support hAT2 cell identity. 

Additionally, digested whole cell pellets were cultured overnight prior to FACS-

enrichment for HTII-280+ cells, which may have created a cell bias. Similarly, a separate 

study utilising a population of ‘Wnt-responsive’ hAT2 cells cultured with MRC5 

fibroblasts and SAGM (Small Airway Epithelial Growth Medium, Lonza) displayed 

similar limited long-term culture capacity (Zacharias et al., 2018).  

 

Recently, a number of studies involving the establishment of adult-derived hAOs were 

published, including the publication of my own organoid system (Youk et al., 2020). An 

overview of the findings from each of these studies can be found in Table 6.1. Each of these 

published studies achieved similar maintenance of hAT2 cell identity in culture over time, 

but some of the findings differ to what I found during the present work. For the culture of 

primary tissue-derived hAT2 cells, I found that culture in cell medium containing FGF7, 

FGF10, EGF, NOGGIN, CHIR99021 and SB431542 was sufficient to drive hAT2 self-

renewal and maintenance in vitro (also discussed in section 6.1). Similarly, a report by 

Katsura et al. utilised a comparable culture strategy, resulting in the production of folded 

hAOs that expressed SFTPC and HTII-280, although the p38 inhibitor BIRB796 and 

heparin were also included (Katsura et al., 2020). Another study by Ebisudani et al. also 

succeeded in establishing SFTPC-expressing folded hAOs from enriched adult hAT2 cells, 
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although overall organoid forming efficiency was low in comparison with other studies 

(0.03-0.1% in primary culture; Ebisudani et al., 2021; Table 6.1). It was also shown that 

cultured hAT2 cells (passage 7) exhibited some autocrine/paracrine secretion of Wnt 

signalling when cultured with RSPO1, although exhibited increased growth ability when 

WNT3A was also included (Ebisudani et al., 2021).  

 

However, an alternative study by Salahudeen et al. developed a hAO culture system 

utilising a dramatically simplified media composition (Salahudeen et al., 2020). Most 

notably, their culture system excluded all Fgf and Wnt signalling. This was surprising, as 

my study and others found that Fgf and Wnt signalling were essential for primary hAT2 

growth in vitro (Ebisudani et al., 2021; Katsura et al., 2020; Youk et al., 2020). However, 

the findings of Salahudeen et al. may be due to differences in initial culture composition 

and preparation. While my study and others utilised FACS-purified populations of HTII-

280+ hAT2 cells, Salahudeen et al. plated entire cell suspensions of un-sorted lung tissue in 

droplets of BME II (a collagen/laminin mixture). These cell suspensions would include 

non-epithelial cell lineages, including cells of the stroma. Therefore, it is possible that the 

presence of multiple cell types could have provided additional supporting signals, allowing 

for initial organoid growth in simplified media conditions. This culture system was found 

to support both alveolar and airway organoids, but the authors did not report the ratio of 

the two organoid types. Purified hAOs were later established from EpCAM+Lysotracker+ 

hAT2 cells derived from mixed cultures, and formed organoids for up to 4 months. 

However, unlike the folded hAO structures that have been reported previously, many of 

the resulting hAOs were solid spheres, with unusual distribution of HTII-280 staining, 

although there is no suggestion as to whether this may be due to improper cell polarity. 

Addition of Wnt signalling in the form of WNT3A and RSPO1 was found to increase the 

growth capacity of hAOs from purified cultures, in accordance with previous work and the 

present study (Ebisudani et al., 2021; Katsura et al., 2020; Youk et al., 2020).  

 

Throughout all of these studies, it is evident that culture with growth factors and signalling 

molecules associated with lung development or alveolar regeneration can lead to 

proliferation and maintenance of hAT2 cells as in vitro 3D-organoids. However, 

differences in starting cell populations or culture composition can cause variations in 

organoid forming efficiency, long-term maintenance and hAO cell composition.  
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Table 6.1. Comparison of culture methods for adult hAO production in chemically-defined conditions.  

 
*BIRB796 is a p38 MAPK inhibitor, **A83-01 is a TGFß inhibitor, *** WNT-C59 is a serum-containing fibroblast-conditioned medium.

Isolation strategy 3D-culture 

matrix  

Media composition (main 

factors) 

Primary organoid 

forming efficiency  

hAO culture 

capacity  

Reference  

FACS enrichment from primary distal 

lung tissue (EpCAM+ HTII-280+) 

Matrigel (5000 

cells/ 20 µL in 

48-well plate) 

CHIR99021, FGF7, FGF10, 

NOGGIN, EGF, SB431542 

~5-9% > 10 months  (Youk et al., 

2020,current 

study) 

FACS enrichment from primary distal 

lung tissue (EpCAM+ HTII-280+) 

Matrigel (1000 to 

3000 cells/ 50µL) 

CHIR99021, FGF10, 

NOGGIN, EGF, SB431542, 

BIRB796*, heparin 

~11-13% At least 6 

months 

(Katsura et 

al., 2020) 

1) Direct plating of whole-tissue-

derived cell suspension. 2) EpCAM+ 

MACS enrichment. 3) EpCAM+ 

Lysotracker+ FACS-enrichment from 

established organoids.  

BME II (10 

volumes to whole 

cell pellet, or 

1000 cells/5 µL 

for EpCAM+) 

NOGGIN, EGF, A83-01** 

(also tested WNT3A, 

RSPO1, WNT-C59***) 

Not disclosed ~ 4 months (Salahudeen 

et al., 2020) 

FACS enrichment from primary distal 

lung tissue (EpCAM+ HTII-280+) 

Matrigel (30,000 

cells/well in 48-

well plate) 

Afamin-WNT3A, EGF, 

NOGGIN, RSPO1, A83-01, 

IGF1, FGF2, FGF7, FGF10, 

NRG1 

0.03–0.1% 

(10-30 organoids 

per well) 

> 8 months 

(only in 

presence of 

NRG1) 

(Ebisudani et 

al., 2021) 



6.1.5. Loss of pro-SFTPC expression in hAOs following 6 months of culture 

During the continuous culture of bulk EpCAM+ adult lung cells, I observed that a 

proportion of organoids began to arise that did not stain for any tested markers following 

IF analysis. Due to the marked decrease in the number of hAOs (pro-SFTPC+) coinciding 

with an increase in the number of “undetermined” organoids, it is possible that the 

undetermined cell population was arising directly from the hAT2 population. A similar loss 

of hAT2 marker expression was also observed in FACS-enriched hAOs during later 

culture. Although my culture system supported the maintenance of FACS-enriched adult 

hAT2 cells for at least 6 months (and up to 10 months) of continuous culture, longer than 

any previously reported in vitro system (Barkauskas et al., 2013; Ebisudani et al., 2021; 

Katsura et al., 2020; Salahudeen et al., 2020; Zacharias et al., 2018), I observed that the 

number of pro-SFTPC+ hAOs decreased over time. Cells within these hAOs often still 

expressed HTII-280, but due to the lack of surfactant production or other standardised 

hAT2 markers they could no longer be considered as hAT2 cells. Additionally, differential 

expression of HTII-280 on the surface of hAT2 cells both in vitro and in vivo, in 

combination with its still unknown role makes it unreliable as a hAT2 marker in vitro 

(Gonzalez et al., 2010; Korogi et al., 2019). Furthermore, hAO forming efficiency slowly 

decreased over time. Although loss of SFTPC expression was not carefully assessed in 

alternative hAO systems during long-term culture, some did report an overall reduction in 

forming efficiency over time (Ebisudani et al., 2021). One possible reason for the observed 

loss of hAT2 identity and self-renewal capacity over time may be that the current culture 

conditions do not fully support the hAT2 cell population for long-term maintenance. 

Studies of human alveolar epithelial cells are still in their infancy, therefore a number of 

molecular mechanisms involved in their maintenance may await discovery. However, there 

are a number of alternative reasons that could explain the loss of surfactant production or 

hAT2 identity over time.  

 

Firstly, the telomere length in isolated adult hAT2 cells may limit their expansion ability 

in vitro. It is well reported that telomere shortening is associated with age-related cellular 

senescence (Childs et al., 2015; Victorelli and Passos, 2017). Additionally, environmental 

factors such as smoking or pollution exposure can lead to accelerated telomere shortening 

in lung tissues (Astuti et al., 2017). In the lung epithelium, the hAT2 population in 

particular has been shown to exhibit pronounced telomere shortening in smokers and in 
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patients suffering with diseases such as IPF (Alder et al., 2008; Alder et al., 2015; 

Courtwright and El-Chemaly, 2019; Kropski et al., 2015). Furthermore, telomere-

associated mutations have been linked to some forms of IPF (Courtwright and El-Chemaly, 

2019). Telomere length or cellular senescence were not assessed during the present study, 

therefore their role in the loss of hAT2 cell identity following 6-month culture is currently 

unknown, but should be addressed in future. Secondly, the age of the donor from which 

hAT2 cells were derived may influence surfactant production and culture maintenance. 

Analyses of aged human lungs (age >60 years) versus young lungs (age <40 years) have 

revealed a reduction in the number of hAT2 cells with age, as confirmed through analysis 

of pro-SFTPC staining (Lee et al., 2021). However, it is not clear whether additional hAT2 

markers were assessed, and the authors did not address the possibility that the lack of pro-

SFTPC could have been due to a reduction in surfactant processing or secretion as opposed 

to a complete loss of the hAT2 population. One of the difficulties of working with human 

adult lungs is the variable range of ages and lung statuses of individual donors, which are 

difficult to control. Due to the lung being directly linked to the environment, even a 

relatively healthy individual may have been exposed to environmental factors such as high 

air pollution or passive smoking, even if they were not a smoker themselves. The effect of 

such factors on hAT2 and other lung cell populations are not well known. All donors 

featured in the present study were aged between 52 and 74 (median age 57), with 4 out of 

9 being classed as current smokers (Chapter 2, Table 2.2). Organoid forming efficiency and 

passage ability varied between all samples, as would be expected due to the diverse tissue 

backgrounds (Chapter 3 and 4).  It is therefore possible that hAO culture capacity could 

correlate with patient age or smoking-status, although hAOs from a wider range of patients 

would need to be investigated before this could be confirmed.  

 

Genetic lineage tracing studies in mouse models have indicated that AT2 cells have the 

potential to be a stem cell population, although it is debated as to whether all AT2 cells 

possess the same capacity for self-renewal and differentiation (Nabhan et al., 2018; 

Zacharias et al., 2018). Compared with stem cell populations of other tissues such as the 

intestines, AT2 cells are considered to be generally quiescent, with turnover estimated as 

once every 4 months in a rare subpopulation of Axin2+ mouse AT2 cells (Nabhan et al., 

2018). However, there is currently little evidence to suggest that hAT2 cells in adult human 

lungs (and indeed the mouse lung) are true stem cells i.e., possess the capacity for self-

renewal and differentiation indefinitely. Therefore, they may instead represent a long-lived, 



 
 

199 

epithelial progenitor population as opposed to a bona fide stem cell. It could be that when 

hAT2 cells are taken from aged human lungs and placed into culture, the resulting 

expansion and proliferation that is observed during primary and early culture occurs at a 

much faster rate than would transpire in vivo. This could potentially lead to accelerated 

telomere shortening and cellular senescence, or eventual loss of SFTPC expression and 

surfactant secretion in already aged hAT2 cells. Accelerated cellular ageing could also 

explain the observed reduction in hAO forming efficiency over time. For example,  in a 

recent study utilising paediatric and adult lung samples, it was found that paediatric airway 

epithelial cells exhibited higher colony forming ability, increased proliferation and 

improved in vitro growth than their adult counterparts (Maughan et al., 2020).  

 

Therefore, as opposed to an omission of a specific signalling factor, the loss of hAT2 

identity in vitro after long-term culture may be a result of the intrinsic biology of hAT2 

cells derived from already aged or smoke-damaged lungs. For my study, I unfortunately 

did not receive samples from a large enough range of ages or smoking statuses to address 

whether patient age or smoking status could influence in vitro growth capacity of hAT2 

cells. Therefore, in future it would be interesting to compare culture capacity and 

maintenance of hAT2 cells from young and old lungs, and from age-matched lungs of 

smokers versus non-smokers. Furthermore, analysis of telomere length and cellular 

senescence in early and late passage hAOs from a range of donor backgrounds warrants 

additional study. This would allow for a better understanding of the effect of age or 

environmental factors on hAT2 cell maintenance and surfactant production in vitro.  

 

 

6.2. Aberrant epithelial cell types co-expressing alveolar and 

airway transcripts are present within human IPF lungs  
 

I found that the distal lungs of IPF patients comprised a number of aberrant cell types not 

observed in healthy lungs, including an epithelial population of SOX2+ pro-SFTPC+ cells 

localised to honeycomb cysts. This finding is consistent with recent studies employing 

single cell RNA sequencing (scRNA-seq; Adams et al., 2020; Habermann et al., 2020; Xu 

et al., 2016). scRNA-seq studies have aimed to elucidate the diverse transcriptional 

signatures present within epithelial populations of human distal IPF lungs. In 2016, Xu et 

al. first reported the presence of “indeterminate” cell types within the EpCAM+ population 
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of human IPF lungs, which were named and characterised based on their mixed alveolar 

(hAT2 and hAT1) and airway transcriptional signature (Xu et al., 2016). Two further cell 

clusters were also identified in distal IPF lungs; secretory club/goblet cells and basal cells. 

Furthermore, both SOX2 and TP63 were predicted to be upstream regulators of 

“indeterminate cells”. SOX2 expression was also observed in some cells expressing RNAs 

normally restricted to hAT2 cells, and was frequently co-expressed with SOX9, 

highlighting potential disruption in proximal-distal patterning. Meanwhile, “normal’ hAT2 

cells were only observed in healthy lungs, with no cells co-expressing alveolar and airway 

transcripts, as I also found during the present study (Travaglini et al., 2020; Xu et al., 2016). 

This work by Xu et al. highlights the abundance of cells expressing airway-related 

transcripts present within EpCAM+ cell populations of human IPF lungs. More recent 

studies have further probed the presence of airway-like cells in distal IPF lungs. Both 

Adams et al. and Habermann et al. identified a population of KRT5-KRT17+ cells in IPF 

peripheral lung tissue, with the former referring to these cells as “basaloid” cells (Adams 

et al., 2020; Habermann et al., 2020). It is difficult to determine whether the aberrant cell 

types observed in the Xu et al. study are the same as basaloid cells, or whether they 

represent slightly different cell lineages or states. Therefore, further work is required to 

assess the physiological relevance and phenotypic characteristics of these cell types. 

However, it is clear that IPF disease processes result in the appearance of aberrant epithelial 

cell types of unknown lineage.  

 

6.2.1. Origin of aberrant epithelial cell types in human IPF lungs  

The origin of airway-like cells in distal IPF lungs has been widely debated. One suggestion 

is the possibility that upon damage, airway cells migrate down from the distal airways into 

the alveoli in order to help with regeneration, as has been observed for the mouse (Kumar 

et al., 2011; Vaughan et al., 2015; Zuo et al., 2015). A number of reports have suggested a 

population of Sox2-derived Krt5+ airway cells that can migrate to distal alveolar regions 

upon damage in order to repair the epithelial barrier in mouse lungs (Kumar et al., 2011; 

Ray et al., 2016; Vaughan et al., 2015; Xi et al., 2017; Zuo et al., 2015). Furthermore, it 

was reported that a rare population of human SOX9+ basal cells were able to give rise to 

alveolar and bronchiolar epithelium when transplanted into injured mouse lungs (Ma et al., 

2018). These studies highlight the ability for resident Krt5+ airway cell populations to not 

only migrate to distal alveolar regions, but also potentially give rise to alveolar lineages. 
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Additionally, Flk1/KDR+ secretory club cells have also been shown to exhibit 

differentiation plasticity to AT2 cells in both mouse and human lungs, respectively (Choi 

et al., 2021). Such findings again suggest the possibility of AT2 cells arising from airway 

lineages under certain conditions.  

 

However, another possible origin for the bronchiolisation of human IPF lungs, and the 

mechanism I suggest based off my current findings, could be the resident hAT2 cell 

population itself. Upon alveolar injury, the mouse lung has demonstrated a remarkable 

regenerative capacity, with AT2 cell populations rapidly proliferating and differentiating 

to AT1 cells to successfully repair the damage (Barkauskas et al., 2013). However, chronic 

injury or inefficient repair can disrupt this regenerative process, leading to tissue 

dysfunction and disease. A number of recent studies have reported the presence of an 

AT2-AT1 intermediate cell state that emerges during injury repair in murine lungs (Choi 

et al., 2020; Kobayashi et al., 2020; Strunz et al., 2020). Choi et al. demonstrated that 

injury-induced Il-1ß promoted AT2-AT1 differentiation via a primed cell state and 

transient progenitor (termed “damage-associated transient progenitor; DATP). Meanwhile, 

chronic inflammation impaired full maturation to AT1 cells, resulting in an accumulation 

of Krt8+/Cldn4+ DATP cells via a Hif1α -mediated glycolysis pathway. In the normal lung, 

Krt8 is a marker of luminal cell types (Rock et al., 2011). Similar populations of cells have 

also been observed in the distal lungs of IPF patients (Choi et al., 2020; Kobayashi et al., 

2020). I found that hypoxic culture through chemical-stabilisation of HIF1α led to 

induction of SOX2 expression in hAT2 cells. Interestingly, glycolysis is known to maintain 

pluripotency in iPSCs, and activates a number of factors including SOX2 (Spyrou et al., 

2019). Therefore, Hif1α-mediated glycolysis may be key in triggering increased hAT2 

plasticity upon injury, and should be studied in more detail.  

 

A similar airway-like signature was also achieved in hAT2 cells upon treatment with the 

inflammatory cytokines IL-1ß and TNF-α in vitro. Resulting cells share similar signatures 

to DATPs, which express multiple airway related markers including Krt8, Krt17 and Itgb4 

(Choi et al., 2020; Kobayashi et al., 2020). Similarly, Il-13 was recently found to induce a 

Krt5 airway gene signature in murine AT2 cells in vitro (Glisinski et al., 2020). 

IL-13-treatement in hAT2 cells exhibited a loss of SFTPC expression, but KRT5 

expression was not observed. However, this could be due to the culture system, which 

employed co-culture with MRC5 fibroblasts as opposed to chemically-defined conditions. 



 
 
202 

It is therefore unknown whether IL-13 was having a direct effect on the hAT2 cells, or 

indirectly through the fibroblasts. Likewise, an air-liquid interface (ALI) culture system 

using iPSC-derived hAT2 cells led to induction of airway-related gene signatures upon 

culture in a multi-cytokine culture cocktail (Schruf et al., 2020). Additionally, a recent pre-

print from the Peng and Chapman labs identified that hAT2 cells undergo trans-

differentiation into metaplastic KRT5+ cells when cultured with adult human lung 

mesenchyme (AHLM; Kathiriya et al., 2020). A hAT2-basal cell intermediate was 

observed prior to full-differentiation, which may be similar to the SOX2+ pro-SFTPC+ cells 

I discovered in vitro following 7-days of hypoxic culture. Although it was not addressed 

why AHLM from healthy human lungs had this effect on hAT2 cells in vitro, it is clear that 

hAT2 cells possess the ability to differentiate into airway-like or basal-like cells under 

certain conditions. Interestingly, the authors also demonstrated that transplantation of 

hAT2 cells into fibrotic mouse lungs resulted in the same trans-differentiation to KRT5+ 

cells as was observed in vitro. The proportion of hAT2 cells undergoing trans-

differentiation was increased upon co-transplantation with AHLM. These studies mark 

hAT2 cells as a key potential origin for the appearance of airway-like cells in the distal 

lungs of IPF patients.  

 

6.2.2. Hypoxia-induced Notch signalling and SOX2 expression in hAT2 cells  

Previous studies of hypoxia in IPF have mainly focussed on fibroblast populations, with 

limited data available on its effect on lung epithelial cells, such as hAT2 cells. However, 

with the current consensus suggesting that hAT2 cells are a major cell type involved in IPF 

initiation and progression, it was important to assess IPF-related hypoxia on hAT2 cells 

(Lawson et al., 2004; Nureki et al., 2018; Parimon et al., 2020; Sisson et al., 2010). 

Additionally, a hypoxic subpopulation of hAT2 cells have been identified in human IPF 

lungs (Xi et al., 2017). In this study, I have demonstrated that upon chemical-induction of 

HIF1α-mediated hypoxia, hAT2 cells undergo aberrant differentiation to SOX2-expressing 

airway-like cells. These resulting cells exhibited increased proliferation compared with 

SOX2- hAT2 cells, and closely resembled some of the aberrant pro-SFTPC+SOX2+ 

epithelial cells observed in distal IPF lungs. Similar SOX2-induced proliferation has been 

observed in a number of human cancers, which are often also associated with hypoxia 

(Chen et al., 2008; Chou et al., 2013; Liu et al., 2018; Maurizi et al., 2018; Takeda et al., 

2018). SOX2 expression is associated with poor prognosis in lung cancer patients, where 
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it promotes excess proliferation (Chou et al., 2013). Furthermore, HIF-dependent 

demethylation of SOX2 mRNA has been found to induce an endometrial cancer stem-like 

cell phenotype in vitro (Chen et al., 2020). This finding was observed under both low 

oxygen (2%) and chemical-stabilisation of HIF1α with cobalt chloride (CoCl2). 

Meanwhile, in gastric cancer, SOX2 was found to enhance HIF1α promoter activity in 

order to regulate glucose metabolism in human cell lines (Gan et al., 2018). As I have 

described previously, glycolysis is known to maintain pluripotency in iPSCs, and activates 

a number of factors including SOX2 (Spyrou et al., 2019). Interestingly, DATPs that occur 

as a result of lung regeneration in the mouse also express SOX2, and transcriptionally 

resemble cells that are not only observed in human IPF lung tissue, but also in patients with 

lung adenocarcinoma (Choi et al., 2020). Therefore, while induction of the DATP state is 

essential for alveolar regeneration following injury, chronic damage can potentially lead to 

hypoxia and SOX2 expression, which can work co-operatively in promoting cellular 

proliferation and plasticity. Disease processes in IPF initiation and progression may 

therefore employ similar processes to lung cancer.   

 

I found that inhibition of Notch signalling reduced the number of SOX2+ hAT2-dervied 

cells in chemically-stimulated hypoxia cultures. Notch signalling has been found to be 

increased in human IPF lungs and experimental models of lung fibrosis (Aoyagi-Ikeda et 

al., 2011; Hu and Phan, 2016; Kiyokawa and Morimoto, 2020; Wasnick et al., 2019). IF 

analysis revealed an increase in nuclear HES1 staining in IPF hAT2 cells, both in the 

present study and elsewhere (Wasnick et al., 2019). Furthermore, inhibition of NOTCH1 in 

human IPF precision-cut lung slices (PCLS) improved surfactant processing (Wasnick et 

al., 2019). Furthermore, SOX2-induction has previously been implicated downstream of 

Notch and hypoxia in certain cancers (Batchuluun et al., 2017; Li et al., 2018b; Seo et al., 

2016; Wu et al., 2019). For example, a hypoxia-Notch-SOX2 signaling axis was observed 

in cancer stem cells of ovarian cancer (Seo et al., 2016). Following influenza infection in 

the mouse, Hif1α has been found to drive Notch signalling and expansion of Krt5+ basal-

like cells. A host of other studies have also implicated increased Notch signalling in the 

induction of SOX2 in multiple systems (Gustafsson et al., 2005; Seo et al., 2016). Finally, 

in the human, single-cell transcriptional profiling of hAT2s from fibrotic lungs highlighted 

a hypoxic subpopulation exhibiting activated Notch signalling, reduced SFTPC and trans-

differentiation to a KRT5+ basal cell-like state (Xi et al., 2017). The authors isolated hAT2 

cells based on their HTII-280+ status, although as I have shown in the current study, 
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HTII-280 in fibrotic IPF-lungs marks a number of cell types or states (Figure 5.1B and 

5.1C). Although SOX2 expression was not assessed, its presence was likely based on the 

presence of other airway and basal cell markers.  

 

Blocking Notch signalling using the γ-secretase inhibitor DAPT reduced the overall 

number of SOX2+ hAOs. hAT2 cells and mouse AT2 cells have been shown to express 

Notch receptors on their cell surface, although they are not known to express Notch ligands 

(Choi et al., 2021). As hAOs in complete medium consist entirely of hAT2 cells, the 

question arises as to what the source of the Notch ligands could be. In Drosophila 

melanogaster, it has been found that a blood cell type termed a crystal cell expresses 

elevated levels of a Hifα ortholog under conditions of normal oxygen. This Hifα ortholog 

can activate full-length Notch receptor signalling via a noncanonical, ligand-independent 

mechanism. This same mechanism was also observed under hypoxic stress, in which the 

Hifα ortholog directly binds to the Notch receptor. Although this same mechanism has not 

yet been proven in mammals, the observation of up-regulation of Hifα protein in well-

oxygenated environments indicates that it could be conserved in mammals (Mukherjee et 

al., 2011).  

  

Hypoxia is a complex process that can involve multiple signalling pathways and 

interactions (Lee et al., 2019). Although I have demonstrated that Notch signalling may 

play a part in eliciting the downstream effects of HIF1α stabilisation in the aberrant 

differentiation of hAT2 cells to SOX2+ airway-like cells, the possibility of other 

mechanism involvement cannot be overlooked. For example, it is well reported that 

hypoxia can lead to the nuclear translocation of YAP, another signalling pathway found to 

be increased in hAT2 cells of IPF lungs (Gokey et al., 2018). In IPF, YAP acts to increase 

cell proliferation and migration, and may contribute to the pathogenesis of IPF by inhibiting 

epithelial differentiation (Gokey et al., 2018). Additionally, YAP has previously been 

found as an important regulator of AT2 to AT1 differentiation, with YAP activation leading 

to increased AT1 marker expression and total number of AT1 cells (Gokey et al., 2021; Liu 

et al., 2016). Hypoxia is known to activate NFKB activity, a major signalling pathway 

involved with inflammation (van Uden et al., 2008). Hypoxia has also been known to 

activate Wnt signalling in cancers of multiple tissues, including the lung and liver (Hong 

et al., 2017; Xu et al., 2017; Zhang et al., 2013). However, of particular interest is the 

glycolysis pathway, due to its role in inducing cellular plasticity and pluripotency. The 
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molecular mechanisms underlying IPF initiation and progression are therefore complex, 

and it is likely that multiple signalling pathways interact across various cell compartments 

in order to achieve the mass fibrosis and epithelial remodelling that is observed.   

 

A chemical inducer of hypoxia (deferoxamine, DFO) was utilised in establishing a hypoxic 

in vitro environment. DFO acts as an iron chelator, which prevents degradation of HIF1α 

by sequestering iron from prolyl hydroxylases (PHds) under an oxygen rich environment 

(Guo et al., 2006; Triantafyllou et al., 2006). This is clearly different to the process that 

occurs under low oxygen conditions, and creates an artificial system. Although chemical 

inducers such as DFO and cobalt chloride are commonly used and well-established as 

hypoxia mimics in vitro, it will be important to also establish whether the same effects 

observed during the present study also occur under low oxygen conditions. In particular, I 

observed that DFO-treated hAOs lost their self-renewal capacity upon passage to single 

cells, even when re-plated in growth factor-enriched complete medium. It is possible that 

7-day culture with DFO could cause a decrease in cell viability or culture capacity, and 

may not be directly linked to hypoxia itself. The question therefore arises as to whether the 

same effect on cell viability would have been observed if the hAOs were cultured under 

low oxygen conditions. For example, iron plays a critical role in proliferation, and iron 

deficiency results in G1/S cell cycle arrest and apoptosis, a factor that could have played a 

part in the observed failure for DFO-treated cells to re-form organoids (Fu and Richardson, 

2007). Unfortunately, due to time constraints, I was unable to investigate apoptosis on 

DFO-treated hAOs, or the effect of low oxygen on hAT2 cell identity and self-renewal 

capacity. However, the effects of low oxygen versus chemical-inducers of hypoxia on 

viability and SOX2-induction in hAT2 cells needs to be addressed.  

 

6.2.3. IL-1ß and TNF-α-mediated induction of airway cell fate in hAT2-
derived hAOs 
 

Multiple reports have suggested that various inflammatory cytokines are present at 

increased levels in the bronchoalveolar lavage fluid (BALF) and sputum of IPF patients, 

including IL-1ß and TNF-α (Kolb et al., 2001; Oikonomou et al., 2006; Piguet et al., 1993; 

Schruf et al., 2020). Furthermore, IL-1ß is responsible for priming IL1R1+ AT2 cells 

towards differentiation to AT1 cells upon lung injury in the mouse, with chronic 

inflammation linked to an accumulation of intermediate DATPs and a stall in AT1 
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differentiation (Choi et al., 2020). Interestingly, DATPs share similar molecular signatures 

to aberrant basaloid cells in IPF lungs (Choi et al., 2020; Kobayashi et al., 2020). Therefore, 

I aimed to investigate the effect of pro-inflammatory cytokines on the cellular behaviours 

of hAT2 cells. Upon culture of primary hAT2 cells in complete medium supplemented with 

either IL-1ß or TNF-α, organoids arose that no longer expressed hAT2 markers such as pro-

SFTPC, but instead expressed airway cell markers (Chapter 5C). This finding is in 

accordance with a number of recent studies. As stated above, DATPs possess similar 

molecular signatures to IPF basaloid cells, with expression of a number of airway-related 

markers including KRT8, KRT17 and ITGB4 (Adams et al., 2020; Choi et al., 2020; 

Habermann et al., 2020; Kobayashi et al., 2020). Additionally, I observed a number of cells 

within IPF parenchymal honeycombs that displayed heterogenous marker presence, 

including airway-like cells expressing TP63 and SOX2 but no pro-SFTPC (Figure 5.1).    

 

As described in Section 6.2.1, IL-13 was found to reduce SFTPC expression in adult-

derived hAT2 organoids when co-cultured with MRC5 fibroblasts (Glisinski et al., 2020). 

Furthermore, culture of iPSC-derived hAT2 cells in ALI culture with a cytokine cocktail 

containing nine separate cytokines, including IL-1ß and TNF-α, resulted in a reduction in 

alveolar marker expression and an increase in airway-related genes such as SOX2, TP63 

and KRT5 (Schruf et al., 2020). The authors proposed that their cytokine cocktail mimicked 

IPF conditions due to the ability of the cocktail to induce collagen I formation in primary 

human lung fibroblasts. Although the authors found that removal of IL-1ß or TNF-α alone 

was not sufficient to reduce the induction of airway transcripts, this could be due to 

synergistic interactions between the remaining cytokines. However, another study that 

utilised IL-1ß in the culture of primary adult hAT2 cells as hAOs did not report an induction 

of airway transcripts, although this could be due to the relatively short culture time 

compared with previous studies (IL-1ß added from day 0 to day 7; Katsura et al., 2020).  

 

It was interesting to observe that TNF-α cultures comprised organoids co-expressing 

markers such as KRT5, SOX2 and TP63, while IL-1ß-treated hAT2-dervied organoids only 

expressed KRT5. This raises the possibility that IL-1ß-treated culture may be preferentially 

supporting outgrowth of parabasal-like cells, which are known to express KRT5 but not 

TP63 (Hynds and Janes, 2017). Expression of KRT8 was not assessed. It is not known why 

these organoids do not also exhibit SOX2 expression. Additionally, no SCGB1A1+ 

secretory club cells were observed throughout any of the IL-1ß or TNF-α-treated cultures. 
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Unlike hypoxia-cultured hAOs, IL-1ß and TNF-α-treated hAOs did not comprise cells that 

co-expressed alveolar and airway-related markers. However, this could be due to the 

difference in treatment timing between hypoxia and cytokine cultures. While hypoxia-

cultured hAOs were treated with DFO for only 7 days (D; D14-D21), cytokine-treated 

hAOs were cultured with IL-1ß or TNF-α continuously until analysis (D0-D21/28). This 

long-term, continuous culture with inflammatory cytokines likely mimics chronic 

inflammation. It is therefore possible that the longer culture time in the presence of high 

cytokine concentrations could have driven hAT2 cells to full-differentiation to an airway-

like fate. Hence analysis at an earlier time-point would be required to assess whether 

cytokine-treated hAOs go through a hAT2-airway cell intermediate. Furthermore, the 

heterogenous nature of the organoids may reflect an underlying heterogeneity in hAT2 

response to cytokines or HIF1α-stabilisation. For example, only a subset of mouse AT2 

cells express IL1R1 (Choi et al., 2020). However, this would have to be carefully assessed.  

 

6.2.4. Lack of hAT2 cells and abundance of airway cell types in IPF-derived 
patient organoids  
 

Culture of FACS-enriched HTII-280+ and HTII-280- cells from epithelial cells of IPF 

patients resulted in the formation of very few hAOs, with hAOs established from only one 

of the five patient samples analysed. The lack of hAOs from IPF patient lungs likely 

corresponds with the severity of the disease. All IPF patients featured in this study were 

already in the final stages of the disease, where lung transplantation was the final option 

after all other treatment options had been exhausted. The end-stage nature of the disease, 

coupled with heavy smoking in some patients, may have accounted for the poor 

survivability of hAT2 cells in culture. For example, while hAT2 cells generally displayed 

viability of 80-90% when derived from healthy donor tissue, this number was dramatically 

reduced to around 30% for IPF patients (viability was assessed by Trypan Blue exclusion 

in cells). The inability of IPF-derived hAT2 cells to form hAOs, even within a growth 

factor-enriched environment, highlights that the cells have already been intrinsically 

damaged.  

 

Another potential reason for the lack of hAT2 cells in patient-derived IPF epithelial 

organoids is due to the presence of aberrant cell types expressing airway transcripts. Instead 

of the formation of hAOs, IPF-derived HTII-280+ cells form airway organoids in 3D-
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culture. However, no organoids were observed in culture that co-expressed airway and 

alveolar markers. From IF staining of IPF lung tissue, it was clear that populations of 

aberrant alveolar/airway cell types were present, with many of these cells also staining for 

HTII-280 on their surface. Therefore, it is highly likely that these cells were responsible 

for the formation of airway organoids in HTII-280+ cultures. However, organoids 

expressing both alveolar and airway markers at the protein level were not observed, but 

this may be due to organoid analysis not occurring until 21 days after plating. It is therefore 

likely that any cells expressing both alveolar and airway markers differentiated fully to 

airway cell types during culture, as was observed in a proportion of organoids from 

hypoxia-treated hAO cultures. Interestingly, analysis of freshly isolated HTII-280+ IPF 

cells prior to culture revealed that SFTPC expression was maintained at the gene level, a 

finding which was also observed in cultured (P1) cells. Despite this observation, pro-

SFTPC was not observed at the protein level. The question therefore arises as to why there 

is a discrepancy in SFTPC expression between the gene and protein level. Although I could 

not address this during the present study, the lack of pro-SFTPC could be due to a block in 

proper processing/secretion of the protein. In future, it would be interesting to establish and 

characterise organoids from early-stage IPF patient lungs, and compare these to mid- and 

late-stage disease. This could potentially lead to the identification of biomarkers that could 

be used to diagnose IPF at an earlier stage, in addition to a better understanding of hAT2 

dysregulation during disease progression. 

 

 

6.3. Limitations and Future work 

6.3.1. Lack of sequencing for IPF-derived tissue and organoids 

One of the attractive benefits of utilising organoids derived from patient tissues is the 

possibility of capturing the disease-specific and patient-specific gene expression and 

genomic landscape. Multiple studies of various tissues have also demonstrated that 

organoids have the capacity to recapitulate disease-related processes in vitro (Broutier et 

al., 2017; Lancaster and Huch, 2019). In this work, I established organoids from the lungs 

of patients with severe cases of IPF. Although these organoids led to a number of findings, 

including loss of hAT2 cells and increase in airway cell types, one of the major limitations 

of this work is the lack of transcriptional phenotyping of the IPF-derived organoids and 



 
 

209 

tissue. Without such profiling, it is difficult to make conclusions on whether particular 

findings are truly due to disease processes. As IPF material was limited, I was unfortunately 

unable to perform bulk or single-cell transcriptional profiling on IPF-derived lung tissue or 

organoids. In future, it will be important to carefully phenotype IPF lung tissue samples 

and their resulting organoids, allowing comparisons to be made and similarities to be 

identified. This will allow us to determine whether patient-derived IPF organoids can 

maintain epigenetic disease signatures. Furthermore, transcriptional profiling of IPF lung 

tissue and organoids could enable improved in vitro disease culture conditions, as IPF-

related pathways could be modulated accordingly to better mimic the in vivo disease 

environment. For example, while the TGFß inhibitor SB431542 was used for long-term 

maintenance of both healthy and IPF organoids, TGFß is active in IPF in vivo (Meng et al., 

2016; Yue et al., 2010).  

 

6.3.2. Use of DFO as a hypoxia mimetic   

During this study, I utilised DFO as a chemical inducer of hypoxia in vitro. While the use 

of hypoxia-mimetic agents such as CoCl2 and DFO for the induction of hypoxia and HIF1α 

stabilisation in vitro has been well reported, there are a number of potential issues with 

their use (Guo et al., 2006; Pavlacky and Polak, 2020; Triantafyllou et al., 2006; Wu and 

Yotnda, 2011). For example, DFO functions as an iron chelator, which can bind free iron 

in a stable complex, resulting in the prevention of the iron subsequently entering chemical 

reactions. As iron plays a critical role in many cellular processes, the use of iron-chelators 

such as DFO could create undesired interference in a number of various pathways. 

Furthermore, while hypoxia resulting from low oxygen concentrations increases reactive 

oxygen species (ROS), DFO can be used to reduce ROS levels. This highlights that the 

mechanism and outcome of DFO treatment may differ to true, low oxygen-induced hypoxia 

and HIF1α stabilisation. Therefore, it is difficult to ascertain whether the findings obtained 

from DFO treatment of hAT2 cells, such as SOX2 activation, are truly due to hypoxia and 

HIF1α stabilisation, or whether they are the result of an alternative mechanism. It will be 

vital that future work addresses this uncertainty by culturing hAT2 cells under low oxygen 

conditions. Although I have shown that culture of human lung airway cells in a regular 

incubator set to 5% oxygen was not sufficient to up-regulate downstream hypoxia genes 

versus controls, this may be due to improper maintenance of the correct oxygen 

concentration. As an alternative, a hypoxia chamber could be used which can more 
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accurately control low oxygen concentrations (Wu and Yotnda, 2011). Furthermore, cell 

culture medium should be de-gassed prior to use, which reduces oxygen concentration in 

the medium, and plates should undergo limited handling so that low oxygen concentrations 

can be maintained (Wu and Yotnda, 2011). Such measures will be important in determining 

the effect of low oxygen concentration and HIF1α stabilisation on hAT2 identity.  

 

6.3.3. Current drawbacks to adult hAT2-derived hAO system  

Although I successfully established a chemically-defined in vitro organoid system for the 

culture and maintenance of adult hAT2 cells, there are still a number of issues that need to 

be addressed in the future. Firstly, adult hAOs do not produce the full-spectrum of alveolar 

epithelium (i.e., hAT2 and hAT1 cells), likely due to differences in signalling requirements 

such as described previously (Section 6.1.3). This has so far made it difficult to assess 

hAT2 and hAT1 interactions. However, this finding is not restricted to adult hAOs, with 

hAT2 cells from both hPSCs/iPSCs and embryonic lungs failing to maintain 

morphologically distinct hAT2 and hAT1 cells within the same organoid/culture system 

(Barkauskas et al., 2013; Ebisudani et al., 2021; Jacob et al., 2017; Katsura et al., 2020; 

Nikolić et al., 2017; Salahudeen et al., 2020; Yamamoto et al., 2017; Youk et al., 2020; 

Zacharias et al., 2018). This is in stark contrast to mouse alveolar organoids that possess 

both AT2 cells and morphologically distinct AT1 cells, although this is only observed in 

co-culture systems with stromal cell populations (Barkauskas et al., 2013; Choi et al., 

2021). Such a finding is likely due to differences in molecular requirements of AT2 cells 

between the mouse and human.  

 

Secondly, current hAO systems, including my own, lack complete cellular interactions. 

This is a particularly important consideration when modelling complex diseases such as 

IPF, which likely exhibit cell-cell interactions between multiple cell types, including cells 

of the epithelium, stroma and immune system. Future work could involve developing 

optimised conditions that allow hAT2 cells to be co-cultured with multiple cell types, 

including immune cell populations and cells of the stroma. However, this may prove 

challenging, owing to potential differences in culture requirements. Despite this, there are 

already a few studies that have demonstrated successful assessment of interactions between 

epithelial and immune cells in organoid culture, particularly for the intestine (Cattaneo et 

al., 2020; Chakrabarti et al., 2018; Holokai et al., 2019; Schreurs et al., 2021). Additionally, 
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hAOs lack the tissue architecture observed in vivo. Future advances in engineering 

strategies such as “lung-on-a-chip” technology may be able to address this issue, possibly 

even allowing the co-retention of alveolar and airway cell types in distinct epithelial 

compartments. Finally, long-term maintenance of SFTPC expression in hAT2 cells in vitro 

appears to be a common problem across many hAO systems. However, further study is 

required to assess the effects of age and environmental factors on surfactant production and 

long-term maintenance of cultured, adult-derived hAT2 cells.  

 

Regardless of these challenges, it is an exciting time for the field of human lung biology.  
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CONCLUSIONS  
 

1. Primary adult hAT2 cells can be propagated and maintained as self-renewing alveolar 

organoids from both EpCAM+ and EpCAM+ HTII-280+ cells upon the activation of 

FGF7 and Wnt signalling, and the inhibition of TGFß.  
 

2. In contrast to hAOs, airway organoids derived from EpCAM+ HTII-280- human distal 

lung epithelial cells did not require exogenous Wnt signalling for their self-renewal.  
 

3. Cultured hAT2 cells can be maintained for at least 6 months in culture, are functionally 

mature and exhibit differentiation capacity to hAT1 cells upon modulation of Wnt 

signalling, even during late culture.  
 

4. hAOs could be used for a number of downstream applications including gene-editing 

and viral infection studies.  
 

5. IPF lungs comprise a number of aberrant cell types expressing both alveolar and airway 

transcripts, and EpCAM+ cells derived from IPF lungs mainly form airway organoids 

in vitro, with very few hAOs present, likely reflecting aspects of the in vivo 

environment.  
 

6. Hypoxia signalling is increased within HTII-280+ fraction of IPF lungs, and DFO-

stimulated chemical induction of hypoxia in hAOs results in the reduction of pro-

SFTPC-expressing cells and induction of the airway fate transcription factor SOX2. 

Some cells co-expressed pro-SFTPC and SOX2, resembling aberrant cell types in vivo. 
 

7. Notch signalling may function downstream of hypoxia, as blocking the Notch pathway 

in DFO-treated hAOs reduced the number of SOX2-expressing cells.  
 

8. Treatment of hAOs with continuous, high levels of IL-1ß and TNF-α to mimic chronic 

inflammation leads to induction of airway-associated markers.  
 

9. Aberrant epithelial cell types observed within human IPF lungs, such as basaloid cells 

or DATPs, may arise through dysregulated signalling processes in the resident hAT2 

cell population. 
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