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Abstract 

Type 2 alveolar epithelial cells (AECs) are the facultative progenitors of the lung 

alveolar epithelium, as they self-renew and dedifferentiate into type 1 AECs under 

homeostatic conditions and in response to chronic injury. They are responsible for the 

synthesis and secretion of a lipoprotein rich surfactant to aid in the mechanics of 

breathing, preventing alveolar collapse at periods of low lung volume during 

respiration. Surfactant protein C (SFTPC) is synthesised exclusively in type 2 AECs and 

enhances phospholipid adsorption and spreading. Damage to type 2 AECs is implicated 

in diseases such as idiopathic pulmonary fibrosis (IPF), and several genetic and 

environmental risk factors have been identified. This includes mutations in SFTPC 

identified in familial cases of pulmonary fibrosis. Access to type 2 AECs for research is 

limited, and so animal models have primarily been used. However, animal models lack 

many features of human development and disease and as a result newly developed 

therapeutics for lung disease often fail in clinical trials.    

The advent of human induced pluripotent stem cell technology and directed 

differentiation has circumvented some of these problems, providing an unlimited 

source of adult cells to model human development and disease, and for clinical 

translation. However, one major limitation of current protocols to differentiate human 

pluripotent stem cells (hPSCs) to type 2 AECs is the presence of animal-derived 

components in medium and the widespread use of basement membrane matrices like 

Matrigelϰ. This can cause significant biological variability and limits the therapeutic 

application of derived cells.  

To address these issues, we reprogramme fibroblasts from a patient diagnosed with 

familial idiopathic pulmonary fibrosis (fIPF) harbouring a heterozygous mutation in the 

BRICHOS domain of SFTPC to human induced pluripotent stem cells (hiPSCs). Using 

base-editing technology, we generate homozygous-corrected and homozygous-

mutant isogenic control hiPSC lines. We describe the development a novel, xeno-free 

protocol for the directed differentiation of hiPSCs to type 2 AEC organoids using 

chemically defined medium and human recombinant laminin. To overcome the need 

for fluorescence reporter cell lines, we develop a strategy to enrich for lung epithelial 

progenitor cells and type 2 AECs via cell surface markers by fluorescence activated cell 



2 | P a g e 

Liam Reed ς PhD Thesis 

sorting (FACS). Importantly, type 2 AEC organoids derived from healthy and mutant 

hiPSCs are able to recapitulate features of human lung disease. We perform detailed 

transcriptomic profiling across the differentiation and confirm the enrichment of 

genes related to major stages of embryonic lung development. Finally, we benchmark 

our type 2 AECs to primary lung samples and confirm similar gene expression profiles 

to late human fetal lung. These findings provide a platform to investigate lung disease 

and generate type 2 AECs with clinical applicability.  
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1. General Introduction 

1.1. Introduction to the lungs  

The lungs are the major organ of the respiratory system and form an arborized 

network of conducting and respiratory airways which terminate in the alveoli, the site 

of gas-exchange at the alveolar-capillary barrier. Specialised epithelial cells lining the 

lung derive from a population of embryonic endoderm cells at gastrulation and 

facilitate several critical functions in coordination with a diverse range of endothelial, 

smooth muscle and stromal cells, including gas-exchange, physical protection from 

inhaled noxious stimuli, removal of pathogens and roles in regulating innate immunity 

to maintain lung homeostasis. Development of the mammalian respiratory system 

occurs across 5 major stages: the embryonic, pseudoglandular, canalicular, saccular 

and alveolar stage (Parker & Prince, 2011; Schittny, 2017). Much of our current 

understanding of lung development derives from animal models. However, despite 

their value, they fail to capture the fundamental differences between animal and 

human lung development, function, and disease. The prognosis for major respiratory 

diseases such as chronic obstructive pulmonary disease (COPD) and idiopathic 

pulmonary fibrosis (IPF) remains considerably poor as newly developed therapeutics 

often fail to make it through clinical trials, largely owing to poor predictive models 

(Barnes et al., 2015). This highlights an unmet need for human-relevant platforms of 

disease for drug screening purposes. Below, I review our current knowledge of 

embryonic development of the lung, and I also discuss the advancements in human 

cell models to further our understanding of human respiratory development and 

disease.  

1.2. Embryonic lung development 

1.2.1. Gastrulation and formation of definitive endoderm 

Model organisms such as drosophila, xenopus, chick and mouse have provided the 

foundation for our current understanding of the processes regulating embryonic 

development of the lung (Nowotschin et al., 2019). Therefore, the majority of the 

findings discussed in this section refer to development of the mouse, but differences 

to human development are highlighted. 
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Gastrulation constitutes a major event during embryogenesis where the three primary 

germ layers; the endoderm, mesoderm and ectoderm, are specified from the 

pluripotent epiblast, establishing the foundation for development of all future tissues 

and organs (Tam et al., 1993). The onset of gastrulation is marked by the formation of 

an elongated groove in the posterior epiblast known as the primitive streak (PS) (Tam 

& Behringer, 1997). Cells of the epiblast fated to become embryonic endoderm, also 

known as definitive endoderm (DE), ingress through the anterior region of the PS, 

emerge, and intercalate with an epithelial layer of visceral endoderm (VE) overlying 

the epiblast (Burtscher & Lickert, 2009; Kwon et al., 2008; Lawson et al., 1991; Viotti 

et al., 2014). Findings in Drosophila and zebrafish model systems have suggested 

prospective DE cells undergo epithelial-mesenchymal transition (EMT) and move 

through the PS followed by re-acquisition of an epithelial identity (Burtscher & Lickert, 

2009; Tam & Behringer, 1997; Viotti et al., 2014). However, the extent of EMT in 

mammals remains uncertain, as the DE layer can form independent of a complete 

switch to a mesenchymal state by suppression of EMT factors. As gastrulation 

concludes, the DE has formed a continuous epithelium at the innermost layer of the 

embryo (Scheibner et al., 2021; Tam & Behringer, 1997). 

1.2.2. Molecular aspects of definitive endoderm development 

During embryogenesis, communication between developing cells and tissues through 

ŀ ƭƛƳƛǘŜŘ ƴǳƳōŜǊ ƻŦ ƘƛƎƘƭȅ ŎƻƴǎŜǊǾŜŘ ǎƛƎƴŀƭƭƛƴƎ ǇŀǘƘǿŀȅǎΣ ǎǳŎƘ ŀǎ ²ƴǘκʲ-catenin, 

bone morphogenic protein (BMP)/ transforming growth factor-beta (¢DCʲ), Notch, 

Retinoic acid (RA), fibroblast growth factor (FGF) and Hedgehog pathways, drive 

diverse cell fate decisions. Integration of these pathways establishes dynamic 

transcriptional networks that govern cell specification (Perrimon et al., 2012). In the 

ǇƻǎǘŜǊƛƻǊ ŜǇƛōƭŀǎǘ ǊŜƎƛƻƴΣ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ²ƴǘκʲ-catenin and high levels of Nodal, a 

secreted ligand of the TGF-ʲ ŦŀƳƛƭȅ ƻŦ ǎƛƎƴŀƭƭƛƴƎ ǇǊƻǘŜƛƴǎΣ ƛǎ ŎǊƛǘƛŎŀƭ ŦƻǊ t{ ŦƻǊƳŀǘƛƻƴΣ 

early embryonic patterning and specification of DE cells (Arnold & Robertson, 2009; 

Engert et al., 2013; Vincent et al., 2003)Φ bƻŘŀƭ ŀƴŘ ²ƴǘκʲ-catenin signalling input 

induces the expression of several transcription factors to establish the genetic 

program of DE. This includes Foxa2 which is expressed in prospective DE cells in the 

epiblast and is critical for development of descendants of the DE layer (Ang & Rossant, 

1994; Burtscher & Lickert, 2009; Scheibner et al., 2021), Sox17 which is indispensable 
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for DE formation as it enables DE cells to intercalate in the VE layer (Kanai-Azuma et 

al., 2002; Scheibner et al., 2021; Viotti et al., 2014), Gata zinc finger transcription factor 

family members including Gata4 and Gata6 (Molkentin et al., 1997; Morrisey et al., 

1998), and Eomes, as knockout mouse embryos fail to develop embryonic endoderm 

(Arnold et al., 2008).           

1.2.3. Definitive endoderm patterning 

As development proceeds, the embryo undergoes major morphogenetic movements, 

and the single-layered DE epithelium folds into a gut tube surrounded by embryonic 

mesoderm and is patterned along its anterior-posterior axis (Kraus & Grapin-Botton, 

2012)Φ CDCΣ .at ŀƴŘ ²ƴǘκʲ-catenin signalling ligands derived from adjacent 

mesenchyme posteriorize endoderm, whereas inhibition of TGF-ʲκ.at ŀƴŘ ²ƴǘ 

signalling induce anterior endoderm identity (Zorn & Wells, 2009). RA also plays a key 

role in axis specification of endoderm in a concentration-dependent manner (Kelly & 

Drysdale, 2015). This segregates the gut tube broadly into foregut, midgut and hindgut 

domains, marked by transcription factor expression of Sox2, Pdx1 and Cdx2, 

respectively (Zorn & Wells, 2009). Precursors for organs of the respiratory and 

gastrointestinal tract emerge at discrete regions along the gut tube as patterning 

continues and distinct transcriptional signatures are established. The foregut region 

gives rise to the trachea, oesophagus, lung, stomach, liver and pancreas, and the small 

and large intestine derive from the midgut and hindgut, respectively (Kraus & Grapin-

Botton, 2012; Zorn & Wells, 2009).   

1.2.4. Specification of anterior foregut endoderm  

The onset of respiratory system specification is signified by localised expression of 

NKX2 Homeobox 1 (Nkx2.1) (also known as thyroid-specific transcription factor 

1(Ttf1)), a master regulator of normal lung development, in a population of cells in the 

ventral anterior foregut endoderm (Lazzaro et al., 1991; Minoo et al., 1999). This is 

driven by inductive signals from the surrounding mesenchyme that were previously 

refractory to anterior endoderm fate. Temporal control of RA signalling primes ventral 

foregut endoderm cells to commit to the respiratory lineage in response to Wnt and 

Bmp ligands expressed later by splanchnic mesenchyme (Rankin et al., 2016; Rankin et 

al., 2018). RA induces sonic hedgehog (Shh) signalling in the ventral foregut and a 
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feedback mechanism is established where Shh signals to the mesenchyme to 

potentiate Wnt and Bmp signalling to promote induction of respiratory-related genes 

in the foregut (Rankin et al., 2016). Wnt signalling proteins induce Nkx2.1 expression 

and are necessary to specify prospective respiratory cells (Goss et al., 2009). In parallel, 

signalling through Bmp receptors 1A and 1B establishes the dorsal-ventral axis of the 

anterior foregut and represses dorsally expressed Sox2 to maintain ventral expression 

of Nkx2.1 (Domyan et al., 2011; Rankin et al., 2018). Fgf signalling from neighbouring 

mesenchyme also plays a role in specifying the respiratory domain (Serls et al., 2005).  

1.2.5. Lung bud formation and branching morphogenesis 

From the Nkx2.1+ ventral foregut region emerge two lung buds shortly followed by 

septation of the trachea and oesophagus (Schittny, 2017). Initial outgrowth is 

dependent on Fgf10 ligands from distal mesenchyme signalling through Fgf receptor 

2b (Fgfr2b) in adjacent ventral foregut endoderm to elicit the onset of cell migration 

(Cardoso & Lǳ↓, 2006). As in earlier development, RA is critical in facilitating this 

process. In the mesenchyme, RA inhibits Tgf- -̡mediated repression of Fgf10, and 

inhibits Dickkopf 1 (Dkk1), an inhibitor of Wnt signalling. This enables Wnt proteins to 

activate Fgf10, and also signal to the ventral foregut endoderm independently to 

promote the onset of the budding response. This signifies the conclusion of the 

embryonic period of lung development (F. Chen et al., 2010; Chen et al., 2007; Desai 

et al., 2004).  

During pseudoglandular development, the network of conducting airways (bronchi 

and bronchioles) is established during a highly stereotyped process called branching 

morphogenesis (Swarr & Morrisey, 2015). Compared to mice (13-17 branch 

generations), humans undergo extended branching (17-21 branch generations) (Irvin 

& Bates, 2003). The interplay of Wnt, Fgf and Bmp pathways, and negative feedback 

mechanisms controlled by Shh, Tgf-ʲΣ ŀƴŘ ǘƘŜ {ǇǊƻǳǘȅ ǎƛƎƴŀƭƭƛƴƎ ǇǊƻǘŜƛƴǎΣ ŎƻƻǊŘƛƴŀǘŜ 

Fgf10-Fgfr2b signalling between the mesenchyme and foregut endoderm to regulate 

repeated bud elongation and bifurcation into the surrounding mesenchyme (reviewed 

in Cardoso and Lǳ↓ (2006), Morrisey and Hogan (2010), Swarr and Morrisey (2015)). 

When human fetal lung explants are cultured in the presence of FGF10 they fail to 

undergo branching, suggesting possible contrasting roles for FGF10 between species 

(Danopoulos et al., 2019). Branching of the airways is driven by a multipotent 
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progenitor population in the distal tip epithelium of each developing bud that can give 

rise to all cell types of the lung. In mice, these cells are marked bySox9 and inhibitor of 

DNA binding 2 (Id2), and human tips also express SOX2 (bƛƪƻƭƛŏ Ŝǘ ŀƭΦΣ нлмт; Rawlins et 

al., 2009). In mouse, Sox9+/Id2+ cells leave the proliferative tip region, downregulate 

Sox9 and upregulate Sox2 to become airway progenitor cells of the stalk. Towards the 

end of the pseudoglandular stage of development, specialised airway cells can be 

identified (Fig 1-1) (Swarr & Morrisey, 2015).  

Figure 1-1. Major stages of lung development.  

The 5 major stages of lung development. Development of the lung begins with 

emergence of the first two lung buds and separation of the developing trachea and 

oesophagus around embryonic day 9.5 in mouse and post-conception week (pcw) 4 in 

humans. During pseudoglandular development stereotypical branching is driven by 

reciprocal signalling between the epithelium and surrounding mesenchyme to form a 

highly branched airway structure which further expands into distal airspaces during 

the canalicular phase of development. The formation of narrow lung sacs preceding 

formation of the alveoli during sacculation occurs postnatally in the mouse whereas 

the majority of lung morphogenesis is completed prior to birth in humans. Maturation 

of the alveolar compartment concludes around post-natal day 30 in mice but 

continues into early adulthood in humans. Figure generated using Biorender.  
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1.2.6. Development of the alveoli 

Branching morphogenesis continues during the canalicular stage of development and 

distal tubules expand into the airspace to establish the respiratory airways and 

prospective alveolar region. A capillary network develops around the airspaces of the 

distal epithelium and forms a primitive blood-air barrier. At this stage, bud tip 

progenitor cells begin to differentiate into the first type 1 and 2 alveolar epithelial cells 

(AECs). The specialised organelles of type 2 AECs responsible for pulmonary surfactant 

storage and secretion, called lamellar bodies (LBs), can be detected at this stage 

(Mammoto & Mammoto, 2019; Rawlins et al., 2009; Schittny, 2017).  

The saccular phase of development marks the end of branching morphogenesis as 

clusters of thin-walled terminal sacs (primitive alveoli) develop and further expand 

into the distal airspaces. Terminal sacs are divided by primary septa and surrounded 

by a double capillary layer as the space between the blood-air barrier is reduced. Type 

1 and 2 AECs undergo further differentiation and the machinery for surfactant 

processing matures resulting in secretion of pulmonary surfactant into the luminal 

space (Mammoto & Mammoto, 2019; bƛƪƻƭƛŏ Ŝǘ ŀƭΦΣ нлму). Development of the lung 

concludes with alveolarization. Secondary septation further divides the terminal sacs 

into alveoli to increase the surface area for gas exchange. Type 1 AECs flatten and 

cover 95% of the alveolar epithelial surface, secondary septa thin and a single-layered 

capillary network is formed around the alveoli to enable efficient gas exchange at birth 

(Mammoto & Mammoto, 2019; bƛƪƻƭƛŏ Ŝǘ ŀƭΦΣ нлму; Schittny, 2017). In mice, 

alveolarization starts after birth and concludes around post-natal day 36, but in 

humans it begins before birth and continues into early adulthood (Narayanan et al., 

2012).      

1.2.7. Specification of alveolar epithelial cells 

In the mouse, two models have been proposed to explain the specification of alveolar 

cells. Some findings suggest there exists a bipotent alveolar progenitor that can give 

rise to type 1 and 2 AECs; however, it is likely this reflects a rare cell type in the 

developing lung that does not contribute extensively to alveolar lineages. Instead, 

distinct progenitor populations for both type 1 and 2 AECs appear to be specified from 

bud tip progenitor cells during early stages of branching morphogenesis in a spatial 
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manner, with type 2 AECs emerging first from the Sox9+ distal tip epithelium region 

followed by type 1 AECs in the stalk of the branching lung (Desai et al., 2014; Frank et 

al., 2019).  

Important roles for several signalling pathways governing alveolar development have 

been identified. Glucocorticoid steroids are commonly used to treat preterm infants 

to promote maturation of the surfactant processing machinery in type 2 AECs (Bolt et 

al., 2001). Although studies in mice have suggested glucocorticoid signalling is not 

essential for determining alveolar fate, it can promote alveolar differentiation, 

potentially by signalling to the mesenchyme which in turn signals to Sox9+ bud tip 

epithelial cells (Bridges et al., 2020; Laresgoiti et al., 2016). Similarly, enhanced cyclic 

adenosine monophosphate (cAMP) signalling can promote expression of surfactant 

protein-related genes, but its impact on alveolar development is unknown (Mendelson 

& Boggaram, 1989). Fgf7/10 activation of Fgfr2b has been shown to selectively induce 

specification of type 2 AECs in mice. Instead, lack of Fgfr2b signalling, and possibly 

activation of the Notch pathway, favours type 1 AEC fate (Brownfield et al., 2022). 

Active Wnt signalling is also important for proliferation and expansion of type 2 AECs 

during alveolar development in mice, and Wnt inhibition promotes type 1 AEC 

differentiation (Frank et al., 2016).  

Nkx2.1 is a master regulator of alveolar development. Nkx2.1 can bind to the promoter 

region of type 1 and 2 AEC-specific genes and can promote differentiation to type 1 

AECs with the transcriptional co-factor YAP/TAZ, or favour type 2 AEC fate via 

differential chromatin binding (Little et al., 2019; Little et al., 2021). These epigenetic 

features are acquired in Sox9+ progenitor cells and persist during alveolar cell 

specification, providing a mechanistic explanation for how Nkx2.1 regulates opposing 

cell fate choices (Little et al., 2021).  

1.2.8. Human models of alveolar development 

Limited access to human fetal tissue from later developmental timepoints has made it 

difficult to investigate human alveolar development beyond early stages. However, 

advances in techniques such as single cell RNA-sequencing (scRNA-seq) have 

permitted more extensive analysis of human fetal lung samples when available. Bud 

tip progenitor cells have been isolated from pseudoglandular stage human lungs and 
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were found to be analogous to mouse bud tips. They expressed SOX9, ID2 and NKX2.1, 

but in contrast to mice, they also co-expressed SOX2, and could be maintained in vitro 

long-term as self-renewing organoids in the presence of WNT, FGF and EGF signalling, 

and TGF-ʲ ŀƴŘ .at ƛƴƘƛōƛǘƛƻƴΦ IƻǿŜǾŜǊΣ ƳƻǳǎŜ ǘƛǇǎ ŎƻǳƭŘ ƴƻǘ ōŜ ǇǊƻǇŀƎŀǘŜŘ ǳƴŘŜǊ 

these conditions, highlighting functional differences between species. Human tips 

retained multipotency in culture and could give rise to airway and alveolar cells 

(bƛƪƻƭƛŏ Ŝǘ ŀƭΦΣ нлмт).  

Recent findings using scRNAseq datasets of human fetal lung development for 

trajectory inference have shown canalicular stage bud tip progenitor cells 

ŘƻǿƴǊŜƎǳƭŀǘŜ ǘƛǇ ƳŀǊƪŜǊǎ ŀƴŘ ŜƴǘŜǊ ŀ ǎǘŀƭƪ ΨǎǘŀǘŜΩ ƻŦ ǘƘŜ ōǊŀƴŎƘ ōŜŦƻǊŜ ŀŎǉǳƛǊƛƴƎ ǘȅǇŜ 

1 and 2 AEC identity (Fig. 1-2) (He et al., 2022). This model is in contrast with current 

hypotheses for mouse alveolar development which suggest early fate restriction into 

type 1 and 2 AEC progenitor cells or bipotent alveolar progenitors capable of giving 

rise to both cell types (Frank et al., 2019; Treutlein et al., 2014). Isolation of bud tip 

cells from 17-21 post-conception week (pcw) human lungs can also generate self-

renewing organoids in vitro but co-express progenitor and type 2 AEC markers. These 

cells retain the capacity to give rise to airway-fated cells, but readily differentiate to 

type 2 AECs. This model showed WNT signalling induces NKX2.1 activation which could 

bind to alveolar gene targets to drive differentiation to type 2 AECs whilst repressing 

airway lineages (Lim et al., 2023). Furthermore, this study indicated FGF signalling 

favoured airway over alveolar development (Lim et al., 2023). Despite this, FGF ligands 

are commonly used to promote maintenance of human type 2 AECs in vitro, and there 

is evidence to suggest FGF signalling is required to differentiate human bud tip 

progenitors to alveolar cells in conjunction with other signalling pathways (Frum et al., 

2023; Jacob et al., 2017). Indeed, key roles for BMP signalling and TGF-ʲ ƛƴƘƛōƛǘƛƻƴ ƛƴ 

promoting human bud tip differentiation to type 2 AECs have just recently been 

identified (Frum et al., 2023). These models are valuable tools for investigating early 

developmental control of alveolar specification. However, they fail to capture the 
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continued differentiation and maturation of alveolar cells during saccular and alveolar 

stages of development when fetal tissue cannot be obtained.  

 

 

Figure 1-2. Schematic of current hypothesis of alveolar cell differentiation 

during human embryonic development.  

During the late canalicular stage of development the proliferating late tip epithelium 

of the branching lung co-expresses tip epithelial markers such as SOX9 and TPPP3 and 

type 2 AEC markers like SFTPC. As the tip continues to proliferate cells leave the tip 

ŀƴŘ ŜƴǘŜǊ ǿƘŀǘ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀ ΨǎǘŀƭƪΩ ǎǘŀǘŜ ǇǊƛƻǊ ǘƻ ŘƻǿƴǊŜƎǳƭŀǘƛƴƎ ǘƛǇ ƳŀǊƪŜǊǎ ŀƴŘ 

upregulating type 2 AEC markers to acquire type 2 AEC identity. At a later timepoint 

in development following differentiation to type 2 AECs, other SFTPC-ve stalk cells 

differentiate to type 1 AECs expressing SPOCK2 through spatiotemporally controlled 

WNT and FGF signalling in part mediated by alveolar fibroblasts. Figure adapted from 

(He et al., 2022). Figure generated using Biorender.    
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1.3. Lung structure and function 

1.3.1. Structure of the lung 

The right and left lung in humans is separated into 3 and 2 lobes, respectively, and is 

covered by a membranous lining called the pleura (Tomic et al., 2013). The trachea, 

bronchi and bronchioles form the conducting airways of the respiratory system and 

are lined with columnar, pseudostratified epithelium, and conduct inhaled air to the 

respiratory airways. The terminal bronchioles narrow and give rise to the respiratory 

bronchioles which terminate into clusters of alveoli that are lined with squamous 

epithelium for gas-exchange (Karra et al., 2019; Rackley & Stripp, 2012). The trachea 

and bronchi are supported by cartilage and the bronchioles are surrounded with 

airway smooth muscle as the airways narrow. Unlike the human, the mouse lacks 

respiratory bronchioles. Instead, the terminal bronchioles open into the alveoli at a 

region called the bronchioalveolar duct junction (BADJ) where a specialised population 

of bronchioalveolar stem cells (BASCs) reside (Jones-Freeman & Starkey, 2020).        

1.3.2. Proximal airway cell types and function 

The pseudostratified epithelium of the proximal airways consists of several specialised 

cell types, including basal, secretory (club), goblet, ciliated, neuroendocrine and tuft 

cells, and pulmonary ionocytes (Fig. 1-3) (Meng et al., 2023). Airway basal cells are 

found primarily in the epithelium of the trachea in mouse, but in humans they extend 

into the terminal bronchioles (Wu et al., 2022). They are the resident stem cell 

population of the airway and facilitate epithelial regeneration by differentiating into 

all airway cell types upon injury (Davis & Wypych, 2021). Club cells are identified by 

expression of secretoglobin family 1A, member 1 (Scgb1a1) and can be found 

throughout the mouse lung but are found in the narrower, terminal bronchioles of 

human airways. Like basal cells, they also have regenerative capacity and can 

differentiate into ciliated and goblet cells, and in extreme cases, basal cells, in 

response to injury (Basil et al., 2020; Dean & Snelgrove, 2018). Goblet cells are the 

primary mucus-producing cells of the conducting airways marked by the expression of 

gel-forming glycoproteins MUC5AC and MUC5B. They work in conjunction with airway 

ciliated cells to mediate mucociliary clearance (Whitsett, 2018). Pulmonary 

neuroendocrine cells are a rare airway epithelial cell type but are critical for translating 
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the physiological state of the airways and regulating immune responses (Noguchi et 

al., 2020). Tuft cells have similar sensory properties and are also important for 

immunity of the lung (Li et al., 2022). Recently, a novel lung epithelial cell type rich in 

cystic fibrosis transmembrane conductance regulator (CFTR), termed the pulmonary 

ionocyte, was also discovered, and has been suggested to play a role in cystic fibrosis 

pathogenesis (Montoro et al., 2018; Plasschaert et al., 2018). Pulmonary ionocytes 

facilitate the flow of chloride (Cl-) ions through CFTR and Cl- channels and mediate the 

absorption of liquid from the airway epithelial surface (Lei et al., 2023) In mouse, 

BASCs at the BADJ express markers of club cells and type 2 AECs and can differentiate 

into both airway and alveolar cells upon injury, but a human counterpart is yet to be 

described (Liu et al., 2019). It is important to note that scRNA-seq technology is 

beginning to uncover the complexity of the airway epithelium, identifying multiple 

molecular cell subtypes (Sikkema et al., 2023; Travaglini et al., 2020). Further 

investigation is required to understand how such molecular heterogeneity contributes 

to normal lung epithelial homeostasis, response to injury and disease. 

1.3.3. Alveolar cell types and function 

In the alveoli reside two major epithelial cell populations, the type 1 and type 2 AECs. 

Type 1 AECs are squamous cells that cover 95% of the alveolar epithelial surface and 

form the blood-air barrier with the capillary endothelium, facilitating gas exchange 

(Basil et al., 2020). The primary role of type 2 AECs is to synthesise and secrete 

pulmonary surfactant, but they also function as the facultative stem cells of the adult 

alveoli (Fig. 1-3) (Olajuyin et al., 2019). Under homeostatic conditions and following 

lung injury in mice, type 2 AECs can self-renew and differentiate into type 1 AECs 

(Barkauskas et al., 2013). Following injury to the mouse lung, it has been shown that a 

sub-ŦǊŀŎǘƛƻƴ ƻŦ ǘȅǇŜ н !9/ǎ ōŜŎƻƳŜ ΨǇǊƛƳŜŘΩ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ƳŀŎǊƻǇƘŀƎŜ-derived 

inflammatory signals and give rise to cells termed damage-associated transient 

progenitors, before committing to type 1 AEC fate (Choi et al., 2020). A subpopulation 

of Axin2+ type 2 AECs highly enriched for targets of Wnt signalling have also recently 

been identified. This population display normal type 2 AEC markers such as surfactant 

protein C (Sftpc) and maintain a stem-like state in response to Wnt signals in the niche. 

Following alveolar injury, these cells can proliferate and readily differentiate into type 

1 AECs through modulation of Wnt signalling and activation of Fgfr2 via Fgf ligands to 
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restore epithelial integrity, and have therefore been referred to as the progenitors of 

the alveoli (Nabhan et al., 2018; Zacharias et al., 2018). Furthermore, a distinct subset 

of Wnt-responsive type 2 AECs has recently been identified in a single-cell atlas of the 

human lung, suggesting there might exist a homologous population to the Axin2+ 

progenitors of the mouse (Travaglini et al., 2020). Further work is needed to determine 

the significance of these cells in alveolar epithelial maintenance and regeneration. 

1.3.4. Pulmonary surfactant 

Pulmonary surfactant is a lipoprotein complex comprising four surfactant proteins and 

several phospholipid species, which is synthesised and secreted by the type 2 AECs of 

the lung. It serves to maintain low surface tension to prevent alveolar collapse at 

periods of low lung volume during respiration (Han & Mallampalli, 2015). 

Phosphatidylcholine, in the form of dipalmitoyl phosphatidylcholine (DPPC), 

Figure 1-3. Epithelial cell types of the human lung and their respective 

marker genes.  

The proximal airway is lined by pseudostratified ciliated epithelia and transitions to 

simple columnar epithelium in the terminal and respiratory bronchioles of the distal 

lung. It is interspersed with specialised airway cell types. The majority of the alveolar 

surface is lined by type 1 AECs and is interspersed with type 2 AECs of which a 

subfraction exhibit more stem-like features such as increased responsiveness to Wnt 

signals, and are therefore referred to as type 2 AEC signalling cells  (Sun et al., 2022; 

Travaglini et al., 2020). Figure generated using Biorender.  
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constitutes the majority of the phospholipid content of surfactant (Chakraborty & 

Kotecha, 2013). In conjunction DPPC, the surfactant proteins promote the surface 

tension reducing properties of surfactant and play critical roles in the innate immunity 

of the lung (Han & Mallampalli, 2015). Surfactant protein B (SFTPB) and SFTPC are 

hydrophobic proteins that are synthesised as larger, precursor proteins in the 

endoplasmic reticulum (ER). They undergo a series of post-translational proteolytic 

cleavages as they are trafficked from the Golgi to lamellar bodies (LBs), the lysozyme-

related storage organelles of type 2 AECs, where the mature proteins reside (Weaver 

& Conkright, 2001). SFTPB is essential for LB biosynthesis (Sever et al., 2021; Stahlman 

et al., 2000). Similarly, the ATP-binding cassette sub-family member 3 (ABCA3) 

transporter, located on the membrane of LBs, is important for LB biosynthesis and is 

responsible for phospholipid transportation (Cheong et al., 2007). Following fusion of 

LBs with the membrane of type 2 AECs, pulmonary surfactant is secreted into the 

alveolar lumen and SFTPB and SFTPC promote formation of the lipid film by enhancing 

phospholipid adsorption and spreading (Weaver & Conkright, 2001). Surfactant 

proteins A (SFTPA) and D (SFTPD) are large, hydrophilic proteins and are mainly 

secreted into the alveolar space independent of LB-mediated exocytosis (Chakraborty 

& Kotecha, 2013). SFTPA is necessary for surfactant to construct into tubular myelin 

prior to lipid film formation at the air-liquid interface (KHUBCHANDANI & SNYDER, 

2001). Additionally, SFTPA has important host defence and immunomodulatory 

functions alongside SFTPD (reviewed in Han and Mallampalli (2015); Pastva et al. 

(2007)). Type 2 AECs re-uptake most components of pulmonary surfactant and recycle 

them to the LBs where they are re-incorporated into surfactant (Whitsett et al., 2010). 

Of the four surfactant proteins, SFTPC is expressed exclusively in type 2 AECs and is 

therefore used as a definitive marker of these cells (Beers & Mulugeta, 2005).       

1.3.5. Signalling in the adult alveolar niche 

In the adult lung, the alveolar niche is maintained by dynamic signalling between 

multiple cell types including type 1 and 2 AECs, fibroblasts, immune cells, endothelial 

cells and pericytes (Hogan, 2020). Wnt signals originating from 

mesenchymal/fibroblast populations play an important role in maintaining the 

stemness of the subpopulation of Axin2+ type 2 AECs and regulating differentiation to 

type 1 AECs, as described earlier (Nabhan et al., 2018; Zepp et al., 2017). Findings from 
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both in vitro and in vivo mouse studies have suggested that stromal cell derived Bmp 

signalling might negatively regulate type 2 AEC stemness but has diverse roles in self-

renewal and differentiation after lung injury (Chung et al., 2018). Furthermore, roles 

for Tgf-ʲΣ CƎŦΣ 9ƎŦ ŀƴŘ bƻǘŎƘ ǎƛƎƴŀƭƭƛƴƎΣ ŀƳƻƴƎ ƻǘƘŜǊǎΣ ƘŀǾŜ ōŜŜƴ ƛƳǇƭƛŎŀǘŜŘ ƛƴ 

maintenance of the alveolar niche (Hogan, 2020; Shiraishi et al., 2019; Zepp et al., 

2017).  

1.3.6. Human primary alveolar cells and organoids 

Historically, immortalised cell lines have been used as a source of alveolar epithelial 

cells for research, but they fail to recapitulate many of the major features of their in 

vivo counterparts. As a result, there have been increasing efforts to establish human 

primary alveolar cells in vitro to address the lack of human adult models of the alveolar 

niche. This has been challenging, as primary type 2 AECs have a propensity to rapidly 

differentiate to type 1 AECs in culture (Beers & Moodley, 2017). Improvements in 

maintaining type 2 AEC phenotype have been reported in self-assembling 3D primary 

organoids compared to traditional 2D monolayer culture, but this was dependent on 

co-culture with fibroblasts and long-term maintenance was not possible (Evans & Lee, 

2020). Just recently, several groups have successfully developed feeder-free, defined 

ŎƻƴŘƛǘƛƻƴǎ ŦƻǊ ǘƘŜ ŜȄǇŀƴǎƛƻƴ ƻŦ ǇǊƛƳŀǊȅ ǘȅǇŜ н !9/ǎ ŀǎ о5 ΨŀƭǾŜƻƭƻǎǇƘŜǊŜǎΩ ǳǎƛƴƎ 

combinations of FGF, WNT, Noggin and EGF ligands with inhibitors of BMP, TGF-ʲΣ ŀƴŘ 

D{Yоʲ ǎƛƎƴalling to potentiate WNT activity (Katsura et al., 2020; Salahudeen et al., 

2020; Youk et al., 2020). Primary type 2 AECs in these cultures can be clonally 

expanded for several months, dependent on continued WNT signalling, and retain the 

capacity to differentiate to type 1 AECs. These developments provide another source 

of alveolar epithelial cells for experimental purposes and gives further insight into the 

signalling requirements of type 2 AECs in the adult. However, there are limitations to 

these studies. Although culture medium was defined, expansion of organoids relied 

on the undefined mouse derived basement membrane matrix Matrigelϰ and 

contained other animal-derived materials. In one study, organoids could be 

maintained for up to 10 months, but it was reported that markers of type 2 AECs, such 

as pro-SFTPC, were lost in some cells (Youk et al., 2020). Furthermore, it was not stated 

whether organoids could be cryopreserved and thawed for further use, meaning 

limited access to donor tissue for repeated cell isolation could still hinder this 
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approach. Moreover, a major consideration with primary cells is donor variability, and 

this was not investigated in these studies. Confounding variables such as 

heterogeneous genetic backgrounds need to be controlled when using primary cells 

to investigate disease mechanisms and response to viral infections.   

1.4. Major diseases of the lung 

1.4.1. Idiopathic pulmonary fibrosis 

IPF is a chronic, age-related interstitial lung disease characterised by progressive, 

irreversible lung scarring (Maher et al., 2007). Excessive deposition of extracellular 

matrix (ECM) and destruction of normal alveolar architecture leads to increased lung 

stiffness and reduced capacity for gas exchange (Wuyts et al., 2013). This manifests 

clinically in patients as dyspnoea and a decline in lung function performance 

(Nakamura & Suda, 2015). The prognosis of IPF is considerably poor, with a mean 

survival rate of 3-5 years from the point of diagnosis. In the UK it is estimated that 

32,500 individuals have IPF and approximately 6000 new cases are diagnosed every 

year (Snell et al., 2016). In most instances, IPF is a sporadic disease arising in adults 

over 60 years of age (Raghu et al., 2018). However, a subset of IPF cases cluster in 

families and are associated with earlier onset of disease with diagnosis at a mean age 

of 55 (Krauss et al., 2019; Steele et al., 2005). To date, only two therapeutic agents are 

licensed for use in the treatment of IPF: the tyrosine kinase inhibitor Nintedanib, and 

the anti-fibrotic Pirfenidone (Raghu et al., 2015). These compounds delay the rate of 

disease progression but do not stop the fibrotic response. Therefore, more predictive 

models of human IPF are needed to understand underlying disease mechanisms and 

identify new therapeutics.  

Both genetic and environmental factors contribute to IPF pathogenesis and a model 

for disease progression has been proposed whereby repeated damage to genetically 

susceptible alveolar epithelium leads to onset of the fibrotic response (Mei et al., 

2021). Several genetic risk factors have been identified for IPF, including variants in 

genes responsible for surfactant protein processing (SFTPC, SFTPA1), telomere 

maintenance, lung epithelial barrier integrity and cell cycle regulation, as well as single 

nucleotide polymorphisms (SNPs) in MUC5B (Michalski & Schwartz, 2020). A number 

of rare pathogenic mutations in the SFTPC gene have been discovered. Several of these 
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variants are localised to the highly conserved C-terminal BRICHOS domain of the SFTPC 

pro-protein and appear to cause mis-trafficking and aggregation of misprocessed 

SFTPC in the ER, preceding ER stress (Nogee et al., 2001; Ono et al., 2011; Thomas et 

al., 2002). Markers of ER stress and the unfolded protein response (UPR) in type 2 AECs 

are a frequent characteristic of IPF lungs (Korfei et al., 2008; Lawson et al., 2008). As a 

result, type 2 AECs adopt a hyper-functional state and release several pro-fibrotic 

growth factors, such as TGF-ʲмΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ƳȅƻŦƛōǊƻōƭŀǎǘ ŘƛŦŦŜǊŜƴǘƛŀǘƛƻƴΦ 

Myofibroblasts secrete excessive ECM leading to increased lung stiffness (Betensley et 

al., 2016). It is the complex interplay between damaged epithelial cells, immune cells, 

myofibroblasts and active components of the ECM which perpetuates fibrosis in IPF 

(Huang & Horowitz, 2014). 

1.4.2. Models of lung fibrosis 

IPF is a disease of unknown cause and late onset, primarily affecting individuals with a 

mean age of 65 years (Collard, 2010). Recapitulating the progressive nature of IPF and 

developing age-appropriate models of human respiratory fibrosis has been 

challenging. Modelling IPF has been met with challenges given its late-onset and 

relatively unknown cause. Animal models have been established to try and elucidate 

the mechanisms mediating lung fibrosis. Bleomycin-induced injury is the most 

common experimental animal model of fibrosis (Tashiro et al., 2017). Bleomycin is a 

chemotherapeutic antibiotic, and when injected intratracheally, can induce damage 

specifically in alveolar epithelial cells which initiates inflammation and fibrosis. 

Although some histopathological features between this model and human IPF are 

conserved, fibrosis resolves with single bleomycin treatment, inconsistent with the 

irreversible nature of human fibrosis (Moore et al., 2013). Such models fail to replicate 

the heterogeneity of human IPF and poorly predict therapeutic outcomes (Jenkins et 

al., 2017). A detailed review of animal models of fibrosis is provided in Moore et al. 

(2013). Multitude of cell-based models have also been developed to study lung fibrosis 

but there are several limitations, such as only focussing on the fibroblast response, 

lack of 3D tissue architecture, limited access human tissue, use of animal-derived 

materials and substrates and failure to induce injury in alveolar epithelial cells which 

is the prevailing hypothesis of IPF pathogenesis. These models have been extensively 
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reviewed in Sundarakrishnan et al. (2018) and their strengths and weaknesses are 

discussed.    

1.4.3. Cystic fibrosis 

Cystic fibrosis is an autosomal recessive disease caused by pathogenic mutations in the 

CFTR gene affecting approximately 1/3000 ς 1/6000 individuals of European descent 

(Scotet et al., 2020) . The CFTR protein is a member of the adenosine triphosphate 

(ATP)- binding cassette (ABC) transporter family which functions as a transmembrane 

chloride (Cl-) channel on epithelial cells of the airways, pancreatic ducts and several 

other organs with an epithelial lining (Chen et al., 2021). CFTR regulates the movement 

of Cl- across the apical membrane of airway epithelial cells and limits sodium (Na+) 

reabsorption by influencing activity of the epithelial sodium channel (ENaC). This 

ensures the composition of the mucin-containing airway surface liquid (ASL) is 

maintained (Saint-Criq & Gray, 2017). In CF, ion transport mediated by CFTR is 

disrupted leading to enhanced NA+ reabsorption and dehydration of the ASL, viscous 

mucous secretions and reduced mucociliary clearance. As a result, recurrent bacterial 

infections are frequent in CF patients and cause chronic inflammation of the airways 

(Hanssens et al., 2021). Respiratory failure resulting from progressive lung disease is 

the most common cause of death in CF (Zolin et al., 2018). Over 2000 gene variants in 

CF have been identified and can be classified depending on the functional impact of 

the mutation. Some variants cause loss of the CFTR protein altogether, whereas others 

disrupt CFTR trafficking or impair ion conductance and channel stability (Elborn, 2016).  

Improvements in the treatment approach has drastically improved the life expectancy 

of CF patients and the median age of survival is now approximately 50 years, but there 

remains no cure, although advances in gene therapy show promise (McBennett et al., 

2022; Scotet et al., 2020).    

1.4.4. Chronic obstructive pulmonary dysfunction 

COPD is a disease of the lung caused primarily, but not exclusively, by exposure to 

cigarette smoke resulting in airway inflammation, airflow obstruction and impaired 

respiratory function (Alfahad et al., 2021). COPD is the third leading cause of death 

worldwide, so is a significant global healthcare concern. Respiratory infections can 

trigger acute exacerbations in COPD which are associated with greater mortality 



20 | P a g e 

Liam Reed ς PhD Thesis 

(Sapey & Stockley, 2006). Repetitive injury to the respiratory epithelium causes 

multitude of cellular processes such as immune cell activation/infiltration and cellular 

senescence/apoptosis. As a consequence of chronic inflammation, there is small 

airway narrowing and mucus hypersecretion (chronic bronchitis), and destruction of 

the alveolar architecture (emphysema), reducing the area for efficient gas exchange 

(Bourdin et al., 2009). COPD patients experience persistent coughing, excessive 

sputum production and dyspnoea (Devine, 2008). Given a large percentage of smokers 

do not develop COPD, genetic and other environmental risk factors, such as 

occupational exposure and particulate matter, play a role in its pathogenesis (Duan et 

al., 2020); "Global, regional, and national deaths, prevalence, disability-adjusted life 

years, and years lived with disability for chronic obstructive pulmonary disease and 

asthma, 1990-2015: a systematic analysis for the Global Burden of Disease Study 2015"  

(2017). Cessation of smoking is the most effective intervention for COPD, but it does 

not prevent the inflammatory response once established (Rovina et al., 2013). 

Currently, treatments for COPD focus on managing symptoms and reducing acute 

exacerbations, such as the use of bronchodilators and anti-inflammatory drugs (Beeh, 

2016). Further understanding of the mechanisms linking epithelial damage to chronic 

inflammation will deliver better therapies for COPD.   

1.5. Human pluripotent stem cells and in vitro 
differentiation to type 2 AECs of the lung 

1.5.1. Introduction to human pluripotent stem cells 

In 1998, James A. Thompson isolated and established the first human embryonic stem 

cell (hESC) lines derived from the inner cell mass of blastocyst-stage human embryos 

(Thomson et al., 1998). Pluripotency is a transient state during early development, but 

the capacity of a single hESC to give rise to all cell types of the three embryonic germ 

layers can be retained in vitro. In culture, hESCs self-renew meaning they can be 

propagated indefinitely, providing an unlimited source of human stem cells with 

pluripotent potential (Romito & Cobellis, 2016). The pluripotent state is governed by 

a core transcriptional network consisting of OCT4, SOX2 and NANOG. OCT4 and SOX2 

form heterodimers, and in cooperation with NANOG, bind to several genomic targets, 

including their own promoter regions, to control expression of pluripotency genes and 

repress lineage differentiation (Chew et al., 2005; Li & Belmonte, 2017). This 
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transcriptional network is established by integration of extrinsic FGF2 and 

¢DCʲκ!ŎǘƛǾƛƴκbƻŘŀƭ ǎƛƎƴŀƭƭƛƴƎ ǿƘƛŎƘ Ƴŀƛƴǘŀƛƴ ǎŜƭŦ-renewal of human pluripotent stem 

cells (hPSCs) (Fathi et al., 2017; Vallier et al., 2005). Culture methods have been 

developed to routinely maintain hPSCs on the basement membrane matrix Matrigelϰ 

or Geltrexϰ, both derived from Engelbreth-Holm-Swarm mouse tumours, in in the 

ǇǊŜǎŜƴŎŜ ƻŦ ǊŜŎƻƳōƛƴŀƴǘ CDCн ŀƴŘ ¢DCʲ ǇǊƻǘŜƛƴǎ (Viswanathan et al., 2014). The 

expression of specific cell surface markers has been used to further characterise hPSCs, 

including the glycosphingolipids SSEA3 and SSEA4, and the keratan sulphate antigens 

TRA-1-60 and TRA-1-81 (Adewumi et al., 2007; Goodwin et al., 2020).   

The ethical concerns related to use of human embryos to derive hESCs were 

circumvented with the discovery of cellular reprogramming; the ability to 

reprogramme human somatic cells to a pluripotent state via over-expression of SOX2, 

OCT4, Krüppel-like factor 4 (KLF4) and c-MYC. These cells were termed human induced 

pluripotent stem cells (hiPSCs) (Takahashi et al., 2007). Like hESCs, hiPSCs are self-

renewing and can be propagated in culture, express core pluripotency factors and can 

give rise to all three germ layers both in vitro and in vivo (Ye et al., 2013). Cellular 

reprogramming technology has provided a unique opportunity to access an unlimited 

reservoir of hiPSCs with little ethical considerations (Singh et al., 2015). Given their 

pluripotent potential, there has been a significant effort to develop methods to direct 

the differentiation of hPSCs to multitude of adult cell types of the body in vitro. This 

meant turning to our current knowledge of embryogenesis to recapitulate signalling 

events to drive the development of cell types of interest (Zakrzewski et al., 2019). One 

major advantage of hiPSCs is they can be derived from patients with known pathogenic 

mutations and subsequent differentiation to disease-relevant cell types can be a 

powerful tool for modelling disease. Moreover, given hiPSCs are amenable to genetic 

editing, isogenic cell lines from the same donor can be generated to control for 

confounding factors like heterogeneous genetic background (Soldner et al., 2011). 

Although protocols for directed differentiation of hPSCs to cells of the lung have been 

developed, they are still at relatively infant stages compared to other tissue types such 

as the liver and intestine. Given the stem cell properties and involvement in disease of 

the lung, development of a robust platform to generate type 2 AECs from hPSCs would 

be a highly valuable tool for regenerative medicine.    
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1.5.2. hPSC differentiation to DE and patterning of the gut tube in vitro 

Like most directed differentiation protocols, attempts to specify type 2 AECs from 

hPSCs have aimed to recapitulate major stages of embryonic lung development. This 

begins with differentiation to embryonic endoderm, the origin of all epithelial cell 

types of the lung. High levels of embryonic Nodal signalling can be mimicked in vitro 

with recombinant activin A to activate downstream Smad2/3 signalling to drive DE 

induction (Brown et al., 2011; D'Amour et al., 2005). Formation of the DE layer is 

followed by patterning along its anterior-posterior axis into embryonic hindgut, 

midgut, and foregut domains. It is from the anterior foregut region where the lung 

buds first emerge. Continued activin A signalling in hPSC-derived DE is able to induce 

the expression of the foregut marker SOX2 and this population can be maintained and 

expanded in vitro. These cells exhibit multipotency and retain the capacity to 

differentiate into cells expressing genes related to liver, pancreatic and lung lineages, 

and can give rise to distal airway epithelium (Hannan, Fordham, et al., 2013; Hannan 

et al., 2015). Green et al. (2011) screened 24 combinations of recombinant growth 

factors and small molecule inhibitors and demonstrated that only inhibition of BMP 

ŀƴŘ ¢DCʲ Ǿƛŀ bhDDLb ŀƴŘ {.помрпнΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ŦƻƭƭƻǿƛƴƎ ŀŎǘƛǾƛƴ ! ƛƴŘǳŎŜŘ-

endoderm differentiation, could permit expression of the foregut marker SOX2, 

repress CDX2 hindgut fate and maintain FOXA2 (Fig 1-3). Upon further differentiation 

these cells expressed NKX2.1 and lacked expression of the thyroid marker PAX8, 

indicative of lung identity. There is also a brief period during development where 

anterior foregut endoderm cells are exposed to the Wnt inhibitor DKK1, and 

improvements in lung differentiation efficiency have been reported by sequential 

ƛƴƘƛōƛǘƛƻƴ ƻŦ .atΣ ¢DCʲ ŀƴŘ ²ƴǘ ǎƛƎƴŀƭƭƛƴƎ ŘǳǊƛƴƎ ŦƻǊŜƎǳǘ ǇŀǘǘŜǊƴƛƴƎ (Huang et al., 

2014). Nonetheless, AFE cells remain poorly characterised, and no specific markers 

have yet been identified to isolate this transient multipotent population.  
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1.5.3. Specification of NKX2.1 lung epithelial progenitor cells 

The gut tube is further restricted to organ-specific domains and the prospective lung 

field emerges from a population of ventral AFE cells determined by the onset of 

NKX2.1 expression (Zorn & Wells, 2009). It has been demonstrated that WNT, BMP 

and RA are the minimum signalling factors required to induce ventral identity in AFE 

cells and specify NKX2.1+ lung epithelial progenitors in vitro (Gotoh et al., 2014; Serra 

et al., 2017). Canonical WNT signalling is usually stimulated in vitro using a 

pharmacological inhibitor of glycogen synthase kinase-3 (GSK3), CHIR99021 (CHIR). 

D{Yо ǇƘƻǎǇƘƻǊȅƭŀǘŜǎ ʲ-catenin leading to its destruction under steady state, but when 

ƛƴƘƛōƛǘŜŘ ʲ-catenin can translocate to the nucleus of the cell and form a complex T-cell 

factor/lymphoid enhancer-binding factor (TCF/LEF) to regulate gene transcription 

(figure) (Wu & Pan, 2010). To enable AFE to respond to WNT and BMP signals to induce 

lung fate, treatment with RA is critical (Rankin et al., 2016). Furthermore, FGF signalling 

appears to be dispensable for induction of lung fate but is required for differentiation 

to prospective thyroid cells (Serra et al., 2017). Given the lung and thyroid emerge 

Figure 1-4Φ {ŎƘŜƳŀǘƛŎ ƻŦ ¢DCʲ ŀƴŘ .at ǎƛƎƴŀƭƭƛƴƎ ǇŀǘƘǿŀȅǎΦ   

The TGF̡ superfamily comprises 33 genes encoding for several cytokines including 3 

TGF̡ isoforms, BMPs, activins and Nodal among several other members. TGF̡ family 

receptors are characterised as both serine/threonine and tyrosine kinase receptors. 

There are 7 type I receptors, known as anaplastic lymphoma kinase (ALK) receptors, 

and 5 type II receptors that form specific heterotetrameric complexes upon binding of 

TGF̡  ŦŀƳƛƭȅ ƳŜƳōŜǊǎΦ Activated type II receptors phosphorylate type I receptors that 

phosphorylate SMAD proteins for signal transduction. SMAD2/3 is phosphorylated 

ǇǊƛƳŀǊƛƭȅ ŦƻƭƭƻǿƛƴƎ ōƛƴŘƛƴƎ ƻŦ ¢DCʲ ƛǎƻŦƻǊƳǎΣ ŀŎǘƛǾƛƴ ƳŜƳōŜǊǎ ŀƴŘ bƻŘŀƭΣ ŀƴŘ 

SMAD1/5/8/ is activated by binding of BMP signalling molecules. SMAD4 forms a 

complex with both sets of SMAD proteins enabling translocation to the nucleus and 

regulation of gene transcription. Several pharmacological inhibitors have been 

ŘŜǾŜƭƻǇŜŘ ǘƻ ƛƴƘƛōƛǘ ¢DCʲ ŦŀƳƛƭȅ ǎƛƎƴŀƭƭƛƴƎ ŀǘ ǘƘŜ ƭŜǾŜƭ ƻŦ ǘƘŜ ǊŜŎŜǇǘƻǊǎ ƛƴŎƭǳŘƛng 

SB431542, A83-01, dorsomorphin and LDN193189 (Heldin & Moustakas, 2016). Figure 

generated using Biorender templates.  
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from the same ventral AFE region and both lineages express NKX2.1, it is necessary to 

confirm the absence of thyroid markers like PAX8 during differentiation (Serra et al., 

2017). NKX2.1 reporter cell lines have been generated to track and purify lung 

epithelial progenitors in culture. However, this limits the reproducibility of 

differentiation protocols and there are some considerations when using reporter lines. 

It was shown by scRNA-seq that airway and alveolar cells differentiated from an 

enriched NKX2.1-GFP population contained a proportion of non-lung endodermal cell 

types with low NKX2.1 expression. This suggests NKX2.1 could be expressed at low 

levels in these cells, or the reporter system did not faithfully select NKX2.1+ cells only 

(McCauley et al., 2018). 
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Figure 1-5. ²ƴǘκʲ-catenin signalling pathway.  

In the absence of Wnt receptor binding, a destruction complex formed by GSK-оʲΣ 

!ȄƛƴΣ !t/ ŀƴŘ /YLʰ ǇƘƻǎǇƘƻǊȅƭŀǘŜǎ ŎȅǘƻǇƭŀǎƳƛŎ ʲ-catenin leading to its subsequent 

ubiquitination and degradation. Upon binding of extracellular Wnt ligands to the 

transmembrane receptor Frizzled, the LRP5/6 co-receptor is phosphorylated and 

forms a complex with Frizzled leading to activation of Dishevelled. This disrupts the 

ŘŜǎǘǊǳŎǘƛƻƴ ŎƻƳǇƭŜȄ ŀƴŘ ǇǊŜǾŜƴǘǎ ǇǊƻǘŜŀǎƻƳŀƭ ŘŜƎǊŀŘŀǘƛƻƴ ƻŦ ʲ-catenin leading to 

accumulation of stabilisŜŘ ʲ-ŎŀǘŜƴƛƴ ƛƴ ǘƘŜ ŎȅǘƻǇƭŀǎƳΦ !ǎ ŀ ǊŜǎǳƭǘΣ ʲ-catenin 

translocates to the nucleus and binds to TCF/LEF proteins to regulate Wnt target gene 

expression. Pharmacological inhibition of GSK-оʲ ōȅ ǘƘŜ ǎƳŀƭƭ ƳƻƭŜŎǳƭŜ /ILwффлнм 

ƛƴƘƛōƛǘǎ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ƻŦ ʲ-catenin leading to its cytoplasmic stabilisation. Another 

layer of Wnt signalling regulation is mediated by the ubiquitin ligases ZNRF3 and 

RNF43 which degrade Frizzled and LRP5/6. Binding of the R-spondin (RSPO) family of 

signalling proteins to ZNRF3/RNF43 and the receptors LGR4/5/6 clear the ubiquitin 

ligases from the membrane and limit Wnt receptor degradation. Porcupine (PORC), a 

membrane-bound O-acyltransferase, adds palmitoyl groups to Wnt ligands to enable 

their secretion and binding to Frizzled. IWP2 is a pharmacological inhibitor of PORC 

which inhibits the Wnt signalling pathway (ter Steege & Bakker, 2021; Yang et al., 

2016). Figure generated using Biorender templates.  
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1.5.4. Induction of type 2 AECs from hPSC-derived lung progenitor cells 

To induce the maturation of lung epithelial progenitor cells to type 2 AECs in vitro, 

groups have isolated NKX2.1+ cells and embedded them in Matrigelϰ to form three-

ŘƛƳŜƴǎƛƻƴŀƭ όо5ύ ŀƭǾŜƻƭŀǊ ƻǊƎŀƴƻƛŘǎΣ ƻǊ ΨŀƭǾŜƻƭƻǎǇƘŜǊŜǎΩ (Gotoh et al., 2014; Jacob et 

al., 2017). Organoids are self-assembling 3D structures comprising either single or 

multiple cell types and they provide a more physiologically relevant architecture to 

promote specification of hPSC derived cells. Jacob et al. (2017) developed a SFTPC-

tdTomato reporter cell line and cultured NKX2.1+ cells in the presence of CHIR, FGF7, 

the glucocorticoid dexamethasone (Dex) and activators of cAMP-dependent protein 

kinase A, including cAMP and 3-isobutyl-1-methylxanthine (IBMX), to stimulate 

maturation of the surfactant processing system of type 2 AECs (Gonzales et al., 2002). 

They also suggested removal of WNT signalling promoted upregulation of transcripts 

related to type 2 AEC maturation, but this remains to be rigorously validated by other 

groups. Another study used a similar method but co-cultured lung progenitor cells with 

human fetal lung fibroblasts supplemented with FGF7, Dex, cAMP and IBMX. They also 

developed feeder-independent conditions but supplementation with CHIR and the 

¢DCʲ ƛƴƘƛōƛǘƻǊ {.помрпн ǿŀǎ ǊŜǉǳƛǊŜŘ (Gotoh et al., 2014; Yamamoto et al., 2017). 

These alveolar organoids could be expanded long-term in culture and contained type 

2 AEC-like cells that express markers such as SFTPC and SFTPA2 and have lamellar 

body-like inclusions as identified by electron microscopy (Jacob et al., 2017; 

Yamamoto et al., 2017). Functional characteristics such as surfactant processing and 

secretion are also reported. However, the population of SFTPC+ cells from these 

organoids are heterogeneous as they express varying levels of type 1 AEC markers, 

indicative of bipotent alveolar progenitors (Yamamoto et al., 2017). Moreover, sorted 

SFTPC+ cells appear to reflect more proliferative, immature type 2 AECs and share 

features with fetal-like alveolar cells (Jacob et al., 2017; Sun et al., 2021). This 

highlights a potential drawback of using SFTPC reporter lines to isolate type 2 AECs 

given SFTPC is expressed in the lung bud and alveolar epithelial progenitor cells during 

development. 
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1.5.5. Human lung organoids and modelling branching morphogenesis  

Branching morphogenesis establishes the respiratory tree during development and 

hPSC derived lung models that aim to capture this process have been developed. In 

contrast to adherent monolayer culture described previously, Dye et al. (2015) 

induced the formation of self-aggregating foregut spheroids expressing NKX2.1 by 

treating hPSC derived DE with CHIR, FGF4, Noggin, SB431542 and an agonist of SHH 

signalling. After embedding in Matrigelϰ and exposure to FGF10, these structures 

ŘŜǾŜƭƻǇŜŘ ƛƴǘƻ ΨƘǳƳŀƴ ƭǳƴƎ ƻǊƎŀƴƻƛŘǎΩ όI[hǎύ ǿƛǘƘ {h·нҌ ǇǊƻȄƛƳŀƭ ŀƴŘ {h·фҌ Řƛǎǘŀƭ 

domains distributed throughout. Markers of airway cell types including basal, club and 

ciliated cells were observed and were surrounded by mesenchyme. In addition, 

alveolar structures were identified with cells expressing markers of type 1 and 2 AECs., 

but often co-expressed with SOX9 suggesting a more immature progenitor-like 

phenotype. Building on this work, it has been shown that treatment of 3D foregut 

spheroids with CHIR, FGF7 and RA induced branching and gave rise to NKX2.1+ 

ǇŀǘǘŜǊƴŜŘ ƻǊƎŀƴƻƛŘǎ όΨǇŀǘǘŜǊƴŜŘ ƭǳƴƎ ƻǊƎŀƴƻƛŘǎΩύ όt[hǎύ ǿƛǘƘ {h·нҌ ƻƴƭȅ ǇǊƻȄƛƳŀƭ 

regions and SOX2+/SOX9+ distal budding regions that co-stained with ID2 and pro-

SFTPC. When PLOs were passaged via needle shearing, they formed NKX2.1+ epithelial 

cyst-like structures with an increased proportion of SOX9+ proliferative domains. 

These were therefore termed bud tip organoids (BTOs). When treated with FGF7, BTOs 

generated cells expressing markers of goblet, club, neuroendocrine and type 1 and 2 

AECs, indicating BTOs retained multipotent potential (Miller et al., 2019; Miller et al., 

2018). Further optimisation led to improved induction of NKX2.1 expression in foregut 

spheroids which could develop into branched organoids with NKX2.1+ regions that co-

expressed other tip progenitor markers SOX2, SOX9 and CPM. This population expands 

with extended culture and the induced bud tip progenitor cells can be isolated and 

cultured long-term to give rise to organoids (induced bud tip progenitor organoids) 

(iBTOs) which maintain NKX2.1 expression and are highly enriched for cells expressing 

bud tip progenitor markers. These iBTOs could give rise to both airway and alveolar 

cells under previously established conditions for differentiation. iBTOs are also 

transcriptionally similar to primary fetal bud tip progenitors as shown by scRNA-seq. 

This shows the bud tip progenitor state can be captured in vitro. However, even 

following enrichment of BTP cells, hindgut lineages persisted in culture highlighting 

the plasticity of these cells (Hein et al., 2022). 
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A similar approach has also been reported where NKX2.1+ lung bud organoids can give 

rise to highly branched structures in Matrigelϰ in the presence of CHIR, FGF7, FGF10, 

BMP4 and RA. These organoids contained SOX9+ tip regions, expressed markers of 

type 2 AECs and rare goblet cells were observed, but other airway cells were absent. 

A small population of mesenchymal cells was also reported (Chen et al., 2017). This 

protocol was further optimised to include a maturation stage by treatment of lung bud 

organoids in rat tail collagen I gels with FGF10, FGF7, Dex, IBMX and cAMP. This led to 

branched organoids containing proximal airway basal, club, ciliated and goblet cells, 

and type 1 and 2 AECs in distal regions (de Carvalho et al., 2019; Rodrigues Toste de 

Carvalho et al., 2021). Such protocols can generate mixed cell organoids and are useful 

tools to study branching morphogenesis. However, they take extended periods in 

culture to be generated, there is a lack of control over the proportion of each cell type 

specified, some airway cell types are missing, and alveolar cells are rare. Furthermore, 

the cells generated lack maturity and reflect fetal stages of development. As such, 

these organoids might be more suited to studying mesenchymal-epithelial 

interactions in development and disease or as platforms to investigate the effect of 

viral infections on different lung epithelial cell types.    

1.6. hiPSC-derived type 2 AECs for disease modelling 

1.6.1. Modelling Hermansky-Pudlak syndrome using hiPSC-type 2 AECs 

Hermansky-Pudlak syndrome (HPS) is a rare genetic disease with autosomal recessive 

inheritance and is associated with early-onset interstitial lung disease (Huizing et al., 

2000). Mutations in HPS genes disrupt the protein assembly of biogenesis of lysosome-

related organelle complexes (BLOCs) and lead to disrupted biogenesis and functioning 

of lysosome-related organelles (LROs) (Vicary et al., 2016). As the constituent LRO of 

type 2 AECs, LB dysfunction leads to impaired surfactant turnover and secretion, and 

precedes ER stress and type 2 AEC apoptosis, implicating epithelial damage in the 

initiation of HPS-associated ILD (Mahavadi et al., 2010). Of the ten currently identified 

HPS subtypes, pulmonary fibrosis manifests in HPS-1, HPS-2 and HPS-4 variants only 

(Vicary et al., 2016). 

Strikoudis et al. (2019) introduced frameshift mutations in HPS-1, HPS-2, and HPS-4 

genes in human embryonic stem cells (hESCs) using CRISPR/Cas9 and recapitulated 
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some features of lung fibrosis upon differentiation to lung organoids. Mutant 

organoids displayed greater deposition of ECM components fibronectin and collagen 

and enhanced expression of markers associated with mesenchymal cell activation. 

Expression of the cytokine Interleukin-11 (IL-11) was heightened in HPS-1 and HPS-2 

mutant organoids and could directly induce upregulation of markers associated with 

myofibroblast activation. Markers of fibrosis were lost in HPS-4-/ -/IL-11-/ - double-

knockout lung organoids. A further study demonstrated HPS-2-mutant alveolar 

organoids differentiated from patient-derived hiPSCs could also reproduce some 

clinical features of HPS, such as enlarged LBs and defective surfactant secretion, but 

were not used to model the associated fibrosis. This is likely because of the lack of 

mesenchyme present in this system (Korogi et al., 2019).  

1.6.2. Modelling SFTPB deficiency with hiPSC-type 2 AECs 

SFTPB deficiency is an autosomal recessive disease causing fatal respiratory disease in 

newborn infants (Kurath-Koller et al., 2015). It is most commonly caused by a 

homozygous frameshift mutation in SFTPB resulting in loss of the SFTPB protein 

(NOGEE et al., 2000). Two groups have independently reprogrammed fibroblasts from 

patients with this SFTPB frameshift mutation to hiPSCs and differentiated them to lung 

organoids, albeit using different methods (Jacob et al., 2017; Leibel et al., 2019). Jacob 

et al. (2017) showed SFTPB mutant alveolar organoids contain type 2 AECs lacking 

SFTPB with mis-folded pro-SFTPC owing to lack of protein cleavage in absence of LBs. 

By correcting both SFTPB mutant alleles in hiPSCs via CRISPR/Cas9, these functions in 

alveolospheres were restored. Similar findings were reported in a second study where 

lentiviral infection of mutant hiPSCs with the SFTPB gene could restore SFTPB and 

SFTPC expression and surfactant processing in differentiated lung organoids (Leibel et 

al., 2019). These proof-of-principle studies demonstrate the feasibility of using hiPSCs 

to improve our understanding of respiratory disease and to validate gene therapy.   
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1.7. Aims and objectives of the project 

Despite improvement in developing human models of lung development and disease, 

there are still several challenges that need to be addressed. Limited access to tissue 

and donor variability limits the application of primary type 2 AECs, and immortalised 

cell lines do not faithfully recapitulate major features of their in vivo counterparts. 

Developments in technologies like scRNA-seq have permitted more extensive 

investigation of human lung development in fetal samples, but limited access to tissue 

from later developmental stages means critical periods of alveolar development are 

yet to be modelled. Furthermore, current animal and cell models of lung disease such 

as IPF fail to capture all the features of human disease and therapeutics have routinely 

failed in clinical trials due to poor pre-clinical models. Directed differentiation of hiPSCs 

to type 2 AECs has emerged as a highly valuable tool for respiratory research that can 

circumvent many of the limitations discussed. However, current protocols rely on 

feeder cells, undefined basement membrane matrices and the presence of animal-

derived materials. This is problematic for several reasons; findings of disease 

mechanisms are likely to be confounded by these factors, it hinders the reproducibility 

of protocols, it limits the therapeutic application of hiPSC-derived cells and raises 

several ethical and economic considerations. Furthermore, contaminating cell types 

of non-lung lineages can persist in culture suggesting refinement of the signalling 

pathways for differentiation is needed. Therefore, there remains an unmet need for 

fully defined, animal-free, human-relevant models of lung development and disease. 

Therefore, the objective of this project was to develop a novel, xeno-free in vitro 

platform for the directed differentiation of hiPSCs to type 2 AECs by recapitulating 

major stages of embryonic lung development that have the potential to be used for 

disease modelling purposes. During this project we aimed to do the following: 

i.) Establish a platform to differentiate normal and disease-relevant hiPSCs to 

type 2 AECs of the lung using cell surface markers for stage-specific cell 

enrichment in chemically defined, xeno-free conditions 

ii.) Explore and optimise the signalling pathways to improve the efficiency of 

lung specification 

iii.) Benchmark our cells derived under xeno-free conditions against published 

fetal lung data using transcriptomics. 
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2. Methods and Materials 

2.1. Cell culture 

All cells were maintained at 37°C and 5% CO2. Basal media was made and stored at 4°C 

and growth factors/small molecules were added on the day of cell feeding. All medium 

was warmed to 37°C before feeding and all cell culture was performed under aseptic 

conditions in a type II biological safety cabinet. 

2.1.1. Coating cell culture plasticware with Matrigelϰ 

Growth factor reduced Matrigelϰ (Corning, #354230) was diluted in cold DMEM at a 

concentration of 0.0347mg/cm2 and was left at 37°C for at least 1 h before use for 

hiPSC maintenance, or overnight before seeding hiPSCs for differentiation. Prior to 

ǳǎŜΣ aŀǘǊƛƎŜƭ ŎƻŀǘŜŘ ǇƭŀǎǘƛŎǿŀǊŜ ǿŀǎ ǿŀǎƘŜŘ о ǘƛƳŜǎ ǿƛǘƘ 5ǳƭōŜŎŎƻΩǎ tƘƻǎǇƘŀǘŜ 

Buffered Solution (DPBS) (Gibcoϰ, #14190144). 

2.1.2. Coating cell culture plasticware with Biolamina-521 

Human recombinant laminin 521 (BioLamina, #LN521) was diluted in cold DPBS with 

Ca2+ and Mg2+ (Gibcoϰ, #14040-133) at a concentration of 5 µg/ml for hiPSC 

maintenance in T25 flasks and 10 µg/ml for differentiation in 12-well plates. Plates 

were wrapped in parafilm and always left at 4°C overnight before seeding cells. Prior 

to use, plates were washed once with DPBS without Ca2+ and Mg2+.  

Table 2. 1. Composition of cell culture basal media  

Basal Medium Component Final 
concentration 

Supplier, 
identifier 

Homebrew E8 
basal medium (HB 
E8) 

DMEM/F-12 50/50 
Mix (1X) 
 

 
Corning, #10-
092-CM 

L-ascorbic acid 2-
phosphate tri sodium 
salt 

64 µg/ml 
Sigma-Aldrich, 
#49752 

Heparin sodium salt 100 ng/ml 
Sigma-Aldrich, 
#H3149 

Sodium selenite 14 ng/ml 
Sigma-Aldrich, 
#S5261 

Transferrin 5 µg/ml 
Sigma-Aldrich, 
#T3705 
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Human recombinant 
insulin 

20 µg/ml 
Sigma-Aldrich, 
#11376497001 

Penicillin/Streptomy
cin (P/S) (5,000 U/ml) 

1% 
Gibco, #15070-
063 

RPMI 
differentiation 
(RPD) medium  

RPMI-1640 Medium  
Sigma-Aldrich, 
#R8758 

B-27ϰ supplement 
(50X) 

2% 
Gibco, 
#17504044 

Non-essential amino 
acids (NEAA) (100X) 

1% 
Gibco, 
#11140050 

P/S (5,000 U/ml) 1% 
Gibco, #15070-
063 

Serum-free lung 
differentiation 
(SFL) medium  

LǎŎƻǾŜΩǎ aƻŘƛŦƛŜŘ 
5ǳƭōŜŎŎƻΩǎ aŜŘƛǳƳ 
(1X) 

 
Gibco, 
#12440053 

IŀƳΩǎ C-12 Medium 
(1X) 

 
Corning, #10-
080-CV 

N-2 supplement 
(100X) 

0.5% 
Gibco, 
#17502048 

B-27ϰ supplement 
(50X) 

1% 
Gibco, 
#17504044 

GlutaMAXϰ 1% 
Gibco, 
#35050038 

Bovine serum 
albumin Fraction V 
(BSA) (7.5%) 

0.6% 
Gibco, 
#15260037 

-hmonothioglycerol 4.5 x 10-4M 
Sigma-Aldrich, 
#M6145 

Ascorbic acid 50 µg/ml 
Sigma-Aldrich, 
#A4544 

P/S (5,000 U/ml) 1% 
Gibco, #15070-
063 

Xeno-free lung 
differentiation 
(XFL) medium  

LǎŎƻǾŜΩǎ aƻŘƛŦƛŜŘ 
5ǳƭōŜŎŎƻΩǎ aŜŘƛǳƳ 
(1X) 
 

 
Gibco, 
#12440053 

IŀƳΩǎ C-12 Medium 
(1X) 

 
Corning, #10-
080-CV 

Polyvinyl alcohol 
(PVA) (5%) 

1 mg/ml 
Sigma-Aldrich, 
#P8136 

Insulin-transferrin-
selenium-X (ITS-X) 

2% 
Gibco, #51500-
056 

CD lipid concentrate 
(100X) 

0.1% 
Gibco, #11905-
031 

-hmonothioglycerol 
(1.3%) 

4.5 x 10-4M 
Sigma-Aldrich, 
#M6145 

Ascorbic acid 2-
phosphate 

64 µg/ml 
Sigma-Aldrich, 
#A8960 
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2.1.3. Basal medium composition 

2.1.3.1. RPMI differentiation (RPD) medium 

To make 50 ml of RPD medium, supplement 48 ml RPMI 1640 with 1 ml of B27ϰ 

supplement, 500 µl NEAA and 500 µl P/S. 

2.1.3.2. Serum-free lung differentiation (SFL) medium 

CƻǊ Ϥрлл Ƴƭ ƻŦ {C[ ƳŜŘƛǳƳΣ ŎƻƳōƛƴŜ отр Ƴƭ La5a ǿƛǘƘ мнр Ƴƭ ƻŦ IŀƳΩǎ C-12 and 

supplement with 5 ml of B27ϰ supplement, 5 ml of GlutaMAXϰ, 2.5 ml of N-2 

supplement, 3.33 ml of 7.5% BSA Fraction V, 500 ҡƭ ƻŦ ŀǎŎƻǊōƛŎΣ мΦр Ƴƭ ƻŦ ʰ-

monothioglycerol (in DMEM) and 2.5 ml of P/S. 

2.1.3.3. Xeno-free lung differentiation (XFL) medium 

For ~500 ml of animal-free differentiation medium, combine 351.7 ml IMDM with 

ммтΦн Ƴƭ IŀƳΩǎ C-12 and supplement with 10 ml PVA (5%), 10 ml ITS-X, 500 µl CD lipid 

concentrate, 1.5 ml h -monothioglycerol (in DMEM), 6.4 ml of ascorbic acid 2-

phosphate, 5 ml of GlutaMAXϰ, 5 ml of NEAA and 5 ml of P/S. 

 

 

 

 

 

 

GlutaMAXϰ (100X) 1% 
Gibco, 
#35050038 

NEAA (100X) 1% 
Gibco, 
#11140050 

P/S (5,000 U/ml) 1% 
Gibco, #15070-
063 
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Table 2. 2. List of growth factors and small molecules used for 

hiPSC maintenance and differentiation 

 

All growth factors and small molecules are commercially available and were 

ǊŜŎƻƴǎǘƛǘǳǘŜŘ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ before supplementing cell 

culture medium.  

2.1.4. Derivation of hiPSC lines 

hiPSCs were derived from skin fibroblasts of a female patient diagnosed with familial 

IPF. Skin biopsies were donated by Dr. Caroline Van Moorsel from the Division of Heart 

and Lungs, University Medical Centre Utrecht. Reprogramming was performed with 

non-integrating Sendai virus vectors carrying the Yamanaka factors OCT4, SOX2, KLF4 

and c-MYC using the CytoTuneϰ-iPS 2.0 Sendai Reprogramming kit (Invitrogen, 

Growth factor/small molecule 
Final 
concentration 

Supplier, identifier 

Recombinant human FGF2 100 ng/ml Peprotech, #100-18B 

Recombinant human TGF-  ̡ 2 ng/ml Peprotech, #100-21 

Recombinant human Activin A 100 ng/ml Peprotech, #120-14P 

Recombinant human Wnt-3a 
50 ng/ml, 100 
ng/ml 

R&D Systems, #5036-WN 

Recombinant human KGF (FGF-7) 10 ng/ml Peprotech, #AF-100-19 

Recombinant human FGF-10 10 ng/ml Peprotech, #100-26 

LY294002 10 µM Selleckchem, #S1105 

CHIR99021 
1 µM 
3 µM 

Sigma Aldrich, #SML1046 

SB431542 10 µM Tocris, #1614 

Retinoic acid 100 nM Sigma-Aldrich, #R2625 

Dorsomorphin 2 µM Tocris, #3093 

Recombinant human BMP4 10 ng/ml Peprotech, #120-05 

Dexamethasone 50 nM Sigma Aldrich, #D4902 

3-Isobutyl-1-methylxanthine 
(IBMX) 

100 µM Sigma Aldrich, #I5879 

Recombinant human R-spondin-1 250 ng/ml Peprotech, #120-38 

8-.ǊƻƳƻŀŘŜƴƻǎƛƴŜ оΩΣрΩ-cyclic 
monophosphate sodium salt 
(cAMP) 

100 µM Sigma Aldrich, #B7880 

IWP2 1 µM Tocris, #3533 

LDN 193189 dihydrochloride 250 nM Tocris, #6053 

Recombinant human EGF 50 ng/ml Peprotech, #AF-100-15 

A 83-01 1 µM Tocris, #2939 

Y-27632 dihydrochloride 10 µM Tocris, #1254 
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І!мсрмтύ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ ŘŜǊƳŀƭ ŦƛōǊƻōƭŀǎǘǎ ǿŜǊŜ 

seeded into 6-well plates at a density of 20,000 cells/well and after 24 h were 

transduced with Sendai virus vectors in human dermal fibroblast medium consisting 

of DMEM (Gibco, #21969-035) supplemented with Antibiotic-Antimycotic (100X) (2%) 

(Gibco, #15240-062), Foetal bovine serum (10%) (Gibco, #10270106), GlutaMAXϰ 

supplement (1%) (Gibco, #35050-038), non-essential amino acids (100X) (1%) (Gibco, 

#11140-050) and Penicillin/streptomycin (10,000 U/ml) (1%) (Gibco, #15140122). 

Medium was replenished after 24h and cells were cultured for 3 ς 7 days following 

transduction. Cultures at 80-90% confluency were dissociated with 0.05% trypsin-

EDTA (Gibco, #25300062) and seeded into Matrigelϰ-coated 6-well plates in 

commercially available TeSR-E7 medium (StemCell Technologies, #05914). Medium 

was changed daily. When colonies started to form between days 13 ς 22 after 

transduction, medium was changed to commercially available TeSR-E8 (StemCell 

Technologies, #05990). Colonies with a diameter of 500 ς 1000 µm were isolated using 

EDTA (Invitrogen, #15575020) or ReLeSR (StemCell Technologies, #05872) and were 

picked and transferred into one well of a Matrigelϰ-coated 48-well plate in TeSR-E8 

medium supplemented with Y-27632 (10 µM). hiPSC colonies were maintained in 

TeSR-E8 medium with daily media changes. This was performed by Dr Nick Hannan 

and Dr Peggy Lo at the University of Nottingham.    

2.1.5. hiPSC cell lines 

For initial experiments to characterise a pre-established lung differentiation protocol 

(as stated in the results section), the REBL-PAT hiPSC line was used. This cell line was 

reprogrammed from human dermal fibroblasts using Sendai virus vectors by Dr Gary 

Duncan at the University of Nottingham. For all subsequent experiments, the hiPSC 

line IPF1 was derived from a patient carrying a heterozygous mutation c.338A>G 

(Y113C) in exon 4 of the BRICHOS domain of SFTPC (SFTPCWT/MUT). Based on prior 

characterisation for pluripotency markers and screening for differentiation capacity by 

Dr Ana Serna Valverde, clone 12 of the IPF1 hiPSC line (IPF1.12) was expanded and 

cryopreserved for experimental work. Isogenic pairs of cell lines were generated by 

genetically modifying the IPF1.12 line to generate homozygous-corrected wild-type 

BE.31 and BE.32 cell lines (G>A) (SFTPCWT/WT) and the homozygous-mutant ABE.27 
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(SFTPCMUT/MUT) cell line (A>G) (SFTPCMUT/MUT). All gene editing was performed by Dr Sara 

Cuevas Ocaña as detailed below.     

2.1.6. Genetic modification of hiPSCs using base editing 

Base editing was performed to introduce single nucleotide variations in the 

heterozygous IPF1.12WT/MUT hiPSC line harbouring a SFTPC mutation c.338A>G to 

generate isogenic pairs of cell lines without inducing double stranded DNA breaks. 

Correction of the mutation (G>A) (SFTPCWT/WT) was performed using a plasmid 

expressing a CMV promoter and spCas9 BEmax base editor with P2A-GFP marker and 

an ampicillin resistance cassette (pCMV_AncBEmax-P2A-GFP) (Addgene, #112094). 

For introduction of the mutation into the second allele (A>G) (SFTPCMUT/MUT) a plasmid 

expressing a CMV promoter and spCas9 adenine BEmax base editor with P2A-GFP 

marker and an ampicillin resistance cassette was used (pCMV_ABEmax-P2A-GFP) 

(Addgene, #112095). Guide RNAs designed to target the DNA sequence of interest 

were annealed and cloned into vectors with a gRNA backbone with U6 promoter and 

ampicillin and puromycin resistance cassettes (Addgene, #51133).  

Transformation of plasmids into NEB® 5-alpha Competent E. coli (NEB, #C2987H) was 

performed by incubating 50 ng of plasmid DNA with E. coli on ice for 30 min followed 

incubation at 42°C for 90 sec and cold shock on ice for 5 min. Lysogeny broth was 

added for E. coli growth and incubated in a shaking incubator at 37°C for 1 h at 225 

rpm. The solution was transferred to LB agar with ampicillin (100 µg/ml) and incubated 

at 37°C overnight. Ampicillin resistant colonies were picked, and plasmid DNA was 

extracted. 

Base editor and gRNA plasmids were transfected into IPF1.12 (SFTPCWT/MUT) hiPSCs 

using the Amaxaϰ 4D-Nucleofactor and P3 Primary Cell 4D-Nucleofectorϰ X Kit S 

(Lonza, #V4XP-3024) as previously optimised (Cuevas Ocana et al., 2022). IPF1.12 

(SFTPCWT/MUT) hiPSCs were dissociated with TrypLEϰ and centrifuged for 4 min at 300 

x g. Per transfection, 0.6 x 106 cells were subject to nucleofection. After, cells were 

resuspended in E8 medium supplemented with Y-27632 and plated on Matrigelϰ-

coated 24-well plates at 37°C for 24 h. After 24 h, E8 medium was replaced without Y-

27632 and cells were incubated with puromycin dihydrochloride (0.7 µg/ml) (Gibco, 

#A1113802) for transient puromycin selection. Transfection efficiency was assessed 
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by GFP expression. Puromycin-resistant cells were seeded at a density for clonal 

isolation. After colony formation, manual dissection was performed to isolate cells for 

clonal expansion and direct genomic DNA (gDNA) extraction for genotyping.  

For direct gDNA extraction, the Phire Tissue Direct PCR Master (ThermoFisher, #F170S) 

was used and the protocol was previously optimised (Cuevas-Ocaña et al., 2023). The 

PCR reaction mix was as follows: 1 µl gDNA, 0.5 µl of each primer, 5 µl Phire master 

mix and 3 µl nuclease-free ddH2O. The PCR reaction was performed with the following 

parameters: initial denaturation at 98°C for 5 min; 98°C for 5 sec, primer annealing at 

60-71.4°C (primer dependent) for 15 sec and extension at 72°C for 1 min for 40 cycles; 

final extension at 72°C for 1 min and hold at 10°C. DNA products were analysed by 1% 

agarose gel electrophoresis using the LAS-4000 imaging system (Fujifilm Life Science). 

Restriction digestion of PCR products was performed using the HpyCH4v restriction 

enzyme (New England Biolabs, #R0620L) to confirm base editing at the population 

level. Restriction digestion was performed with 0.5 µl enzyme in rCutSmartϰ Buffer 

(New England Biolabs, #B6004S) and 5 µl of the amplified PCR product at 37°C for 3 h. 

Digested products were analysed as described above. PCR products (1 ng/µl per 100 

ōǇ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎύ ǿŜǊŜ ǎŜƴǘ ǘƻ {ƻǳǊŎŜ.ƛƻ{ŎƛŜƴŎŜΣ bƻǘǘƛƴƎƘŀƳ 

for Sanger sequencing and analysis was performed using SnapGene Viewer 6.2.2. Dr 

Sara Cuevas Ocaña performed all gene-editing in this study as previously described 

(Cuevas-Ocaña et al., 2023).  

2.1.7. Karyotype analysis of hiPSCs 

hiPSCs were seeded into T25 flasks and at after 48 h (~80% confluency) they were 

incubated with KaryoMAXϰ Colcemidϰ solution (100 ng/ml) (Gibco, #15212012) for 1 

h at 37°C. Medium was collected and cells were dissociated with TrypLE and centrifuge 

for 4 min at 160 x g. The cell pellet was carefully resuspended in 0.6% tri-sodium citrate 

(Fisher Scientific, #S/3320/53) and incubated for 30 min at RT followed by 

centrifugation for 5 min at 300 x g. For fixation, the cell pellet was carefully 

resuspended in 16.7% acetic acid glacial (Fisher Scientific, #A/0400/PB17) in methanol 

and stored at -20°C. Sample preparation was prepared by Dr Peggy Lo and Dr Sara 

Cuevas Ocaña at the University of Nottingham before karyotyping was performed at 

the Cytogenetics department of Nottingham City hospital according to the 

International System for Human Cytogenetic Nomenclature.      
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2.1.8. Maintenance of human induced pluripotent stem cells 

Human induced pluripotent stem cells were maintained in HB E8 basal medium 

supplemented with FGF2 (100 ng/ml) and TGF-ʲ όн ƴƎκƳƭύ (HB E8) on growth factor 

reduced Matrigelϰ-coated T25 flasks. hiPSCs were passaged every 3-4 days when 

~80% confluent. Briefly, hiPSCs were washed once with DPBS and incubated with 

TrypLEϰ (Gibcoϰ, #12604021) at room temperature (RT) for 2-4 min. TrypLEϰ was 

removed and hiPSCs were collected in HB E8 basal medium and seeded at a ratio of 

1:12-1:20 (dependent on cell line and growth rate) in HB E8 supplemented with Y-

27632 (10 µM). After 24 h, HB E8 minus Y-27632 was replenished and medium was 

replaced daily. 

2.1.9. Cryopreservation of hiPSCs 

For cryopreservation, hiPSCs were dissociated as described above (section 2.1.4) and 

centrifuged for 4 min at 300 x g. Cells were resuspended in 10% DMSO (Sigma Aldrich, 

#D2650) in 90% heat inactivated fetal bovine serum (HI FBS) (Gibco, #10500-064) and 

500 µl of suspension was placed in each cryovial. Cryovials were placed in a Mr. 

Frostyϰ Freezing container at -80° C for 24-48 h before being transferred to liquid 

nitrogen for long-term storage.  

2.1.10. Pre-optimised differentiation of hiPSCs to lung organoids 

Before optimisation, hiPSCs were differentiated to lung organoids using a pre-

established protocol to recapitulate the major stages of embryonic lung development. 

To prepare for differentiation, hiPSCs at ~80% confluency were washed once with 

DPBS and incubated with TrypLEϰ for 2-4 min at RT. TrypLEϰ was removed and hiPSCs 

were collected in HB E8 basal medium and centrifuged for 4 min at 300 x g. hiPSCs 

were resuspended in HB E8 supplemented with Y-27632 (10 µM) and seeded into 

Matrigelϰ-coated 12-well plates at a density of 10,000 ς 40,000 cells/cm2 (dependent 

on cell line; during optimisation experiments the density is specified in text). hiPSCs 

were replenished with HB E8 minus Y-27632 after 24h. After 48 h from seeding (D0), 

differentiation was induced by incubating hiPSCs with RPD medium supplemented 

with Wnt3a (50 ng/ml) and Activin A (100 ng/ml) and medium was replaced daily (D0-

D3). After 3 days of DE differentiation, cells were cultured with RPD medium 
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supplemented with activin A (50 ng/ml) (D3-D5) with daily medium changes to induce 

foregut endoderm. For differentiation to lung epithelial progenitor cells, on D5 

medium was replaced with RPD medium supplemented with CHIR99021 (1 µM), BMP4 

(5 ng/ml) and retinoic acid (250 nM) with daily medium changes for 12 days (D5-D17). 

On day 17, cells were washed once with DPBS and collected by mechanical 

dissociation. Cell aggregates were centrifuged for 30 sec at 200 x g and transferred 

into growth factor reduced phenol red-free Matrigelϰ (Corning, #356231) and plated 

as 50 µl droplets on a Nuncϰ treated 48-well plate (approximately 1 well of a 12-well 

plate generated 8 droplets). After allowing the Matrigelϰ to solidify at 37°C for 10 min, 

the droplets were cultured with RPD supplemented with CHIR99021 (3 µM), FGF7 (10 

ng/ml), FGF10 (10 ng/ml), dexamethasone (50 nM), IBMX (100 nM), cAMP (100 nM) 

and Y-27632 (10 µM). After 48 h, medium was replaced to remove Y-27632 and was 

replenished every 2 days to generate self-assembling organoids. Organoids were 

passaged every ~6-9 days (depending on growth rate). Briefly, organoids were 

mechanically dissociated with the tip of a 5 ml stripette and collected in cold DPBS and 

centrifuged for 1 min at 200 x g. This process was repeated until the Matrigelϰ had 

fully dissolved. Disaggregated organoids were resuspended in medium and re-plated 

as described above.  

2.1.11. Directed differentiation of hiPSCs to DE 

The following steps describe the optimised chemically defined, xeno-free 

differentiation of hiPSCs to type 2 AECs.  

To induce DE, hiPSCs were seeded into Laminin-521- or Matrigelϰ-coated 12-well 

plates in HB E8 supplemented with Y-27632 at a seeding density of between 20,000 ς 

40,000 cells/cm2. HB E8 medium was replenished after 24 h and differentiation was 

initiated after 48 h from seeding on day 0 with XFL medium supplemented with 

CHIR99021 (3 µM) (D0-D1), activin A (100 ng/ml) (D0-D4) and LY294002 (10 µM) (D0-

D2). Medium was replaced daily until differentiation day 4. At this stage, DE cells were 

assessed for CXCR4 and CKIT expression via flow cytometry (section 2.2.2) and cultures 

with a differentiation efficiency >90% were continued for anterior foregut endoderm 

specification.   
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For further optimisation experiments, RPD or XFL medium was supplemented with 

combinations of the following growth factors: CHIR99021 (3 µM), activin A (100 

ng/ml), LY294002 (10 µM), wnt3a (50 ng/ml), BMP4 (10 ng/ml) and FGF2 (16 ng/ml) 

and was replenished daily until differentiation D3, 4 or 5. This is specified in the results 

section.  

2.1.12. Patterning of DE to anterior foregut endoderm 

Day 4 DE cells were washed once with DPBS and incubated with gentle cell dissociation 

reagent at RT for 2-3 min. GCDR was removed and DE cells were collected as small 

aggregates and passaged at a ratio between 1:2 ς 1:21 (dependent on cell line and 

hiPSC seeding density; for optimisation experiments the ratio is specified in results 

section) into Laminin-521- or Matrigelϰ-coated Nuncϰ-treated 12-well plates in XFL 

medium supplemented with SB431542 (10 µM) and dorsomorphin (2 µM) (D4-D7).  

For further optimisation experiments, XFL medium was supplemented with 

combinations of SB431542 (10 µM), dorsomorphin (2 µM), IWP2 (1 µM), LDN193189 

(250 nM) and A83-01 (1 µM). This is specified in the results section. 

2.1.13. Specification of lung epithelial progenitor cells 

Differentiation to lung epithelial progenitor cells was induced on day 7 of 

differentiation with XFL medium supplemented with CHIR (3 µM), or Wnt3a (100 

ng/ml) and R-spondin (250 ng/ml) (specified in results section text), BMP4 (10 ng/ml) 

and Retinoic acid (100 nM) for a total of 6-8 days, and medium was changed daily.  

For further optimisation experiments, RPD, SFL or XFL medium was supplemented with 

combinations of the following growth factors: CHIR (3 µM), Wnt3a (50 ng/ml; 100 

ng/ml), R-spondin (100 ng/ml, 200 ng/ml, 250 ng/ml), BMP4 (10 ng/ml), Retinoic acid 

(100 nM, 250nM), FGF2 (10 ng/ml), FGF7 (10 ng/ml) and FGF10 (10 ng/ml). This is 

specified in the results section.  

2.1.14. Differentiation to type 2 AEC organoids 

Lung progenitor cells were washed once with DPBS and incubated with 500 µl/well 

0.05% trypsin-EDTA (Gibcoϰ, #25300062) at 37°C for 10-15 min. After 10 min cells 

were visualised under the microscope to check for dissociation to single cells. If not 
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fully dissociated, cells were left at 37°C for another 5 min. 1 ml trypsin-quenching 

medium was added to the wells and cell were collected and centrifuged for 5 min at 

300 x g. Cells were washed once with DMEM and centrifuged for 5 min at 300 x g. At 

this stage, cells were either sorted based on the expression of CPM (refer to section 

2.2.2) or were resuspended in phenol red-free Matrigelϰ at a density of 20,000-40,000 

cells/droplet and transferred as 50 µl droplets onto the bottom of a 48-well plate. After 

allowing Matrigelϰ to solidify at 37 °C for 10 min, droplets were incubated with XFL 

medium supplemented with CHIR99021 (3 µM), FGF7 (10 ng/ml), FGF10 (10 ng/ml), 

dexamethasone (50 nM), IBMX (100 nM), cAMP (100 nM). CloneRϰ2 (10%) was added 

for the first 48 h and medium was replaced every 2 days.  

For optimisation experiments, XFL medium was supplemented with  

2.1.15. Passaging type 2 AEC organoids 

Organoids were passaged every ~9-18 days (depending on growth rate). To removed 

organoids from the Matrigelϰ droplets, they were incubated with dispase® at 37°C for 

1 h. After the Matrigelϰ had dissolved, organoids were collected in DMEM and 

centrifuged for 4 min at 200 x g. Organoids were washed once in DMEM, centrifuged 

for 4 min at 200 x g, and resuspended in 0.05% trypsin-EDTA at 37°C for 10-15 min. A 

small suspension was taken after 10 min to check for single cell dissociation. If not fully 

dissociated, cells were left at 37°C for another 5 min. Cells were gently resuspended in 

trypsin-quenching medium and centrifuged for 5 min at 300 x g.  Cells were washed 

once in DMEM and centrifuge for 5 min at 300 x g. AT this stage, single cells were either 

sorted based on the expression of SLC34A2 (NaPi2b) (refer to section on FACS) or re-

plated at a density of 20,000 cells/droplet as described above (section 2.1.7). NaPi2b+ 

cells were cultured with XFL medium supplemented with CHIR99021 (3 µM), FGF7 (10 

ng/ml), FGF10 (10 ng/ml), dexamethasone (50 nM), IBMX (100 nM) and cAMP (100 

nM), and cloneRϰ2 for the first 48 h only. Medium was changed every 2 days. 
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2.2. Fluorescence activated cell sorting (FACS) and flow 
cytometry 

2.2.1. Flow cytometry reagents 

¶ Trypsin quenching medium: 5 mL heat-inactivated (HI) FBS + 45 mL 

DMEM. 

¶ FACS buffer (2%): 1 mL HI FBS + 49 mL DPBS. Filter and store at 4°C 

¶ Wash buffer (FBS/PBS (1%)): 500 µL HI FBS + 50 mL DPBS.  

¶ Sorting buffer (2%): 200 µL HI FBS + 10 mL HBSS+ (Gibco, #14025092) (on 

the day of sorting, add Y-27632 (10 µM) and propidium iodide (PI) (10 µM) 

(Sigma Aldrich, #P4170). Filter and store at 4°C.  

¶ Dispase: Add dispase II powder (Gibcoϰ, #17105041) to DMEM at a 

concentration of 2 mg/ml. Filter and store at 4°C.  

Table 2. 3. Antibodies for flow cytometry and FACS 

Antibody Description Dilution 
Supplier, 
identifier 

Primary antibodies 

CXCR4-PE 

Mouse monoclonal IgG2a 
antibody (12G5) to human CD184 
(CXCR4), phycoerythrin (PE) 
conjugated 

1:50 
Invitrogen, 
#MHCXCR4
04 

CKIT-APC 
Mouse monoclonal antibody 
(104D2) to human CKIT (CD117), 
allophycocyanin (APC) conjugated 

1:50 
Invitrogen, 
#CD11705 

CPM 
Mouse monoclonal antibody to 
human carboxypeptidase M 
(CPM) 

1:200 
Wako/Fujifi
lm, #014-
27501 

NaPi2b 
Mouse monoclonal antibody to 
human NaPi2b (SLC34A2) (MX35) 

0.8µl/106 

cells 

Ludwig 
Institute 
for Cancer 
Research, 
NY 

EpCAM 
Goat polyclonal antibody to 
human EpCAM 

1.25µl/10
6 cells 

R&D 
systems, 
#AF960 

Secondary antibodies/isotype controls 

IgG1-PE Mouse LƎDмΣ ˁ LǎƻǘȅǇŜ ŎƻƴǘǊƻƭΣ t9 1:50 
BioLegend, 
#400113 
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IgG1-APC Mouse IgG1 Isotype control, APC 1:50 
Invitrogen, 
#MA5-
18093 

Donkey anti-
mouse-647 

Alexa Fluorϰ 647 AffiniPure 
Donkey Anti-Mouse IgG (H+L) 

1:300 

Jackson 
Immunores
earch, 
#715-605-
150 

Donkey anti-
goat-488 

Alexa Fluorϰ 488 Donkey anti-
Goat IgG (H+L) Cross-Adsorbed 

1:300 
Invitrogen, 
#A-11055 

 

2.2.2. Flow cytometry analysis of DE cells 

On day 4 of differentiation, two wells of a 12-well plate were washed once with DPBS 

and incubated with 500 µl Gentle-cell dissociation reagent (GCDR) (Stemcell 

Technologies, #100-0485) at 37°C for 5 min. Cells were collected in DMEM and 

centrifuged for 5 min at 300 x g. This step was repeated once, and cells were 

resuspended in 300 µl FACS buffer and divided into three 1.5 ml microcentrifuge tubes. 

2µl of conjugated antibodies or isotype controls were co-stained as follows: unstained; 

IgG1 isotype-PE/IgG1 isotype-APC; CXCR4-PE/CKIT-APC (table 2.3) and incubated on 

ice for 30 min. After 15 min, tubes were gently flicked and placed back on ice for an 

additional 15 min. 1 ml of wash buffer was added to each tube and cells were gently 

resuspended and centrifuged for 5 min at 300 x g. This step was repeated once. Cells 

were resuspended in 350 µl FACS buffer and transferred to 5 ml FACS tubes. Flow 

cytometry was performed using a FC500 flow cytometer (Beckman Coulter) or an 

ID7000 Spectral Cell Analyser (Sony) (specified in results section). Gates were set 

according to the isotype control samples.  

2.2.3. FACS of 2D lung progenitor cells 

To sort lung epithelial progenitors, cells were dissociated as described previously for 

transfer to 3D culture (refer to section 2.1.7). After dissociation, cells were 

resuspended in DMEM and counted. Cells were centrifuged for 5 min at 300 x g and 

were resuspended in an appropriate volume of FACS buffer to achieve a concentration 

of 106 cell/100 µl. For the unstained (no antibody) and secondary antibody only (no 

primary antibody) controls, 105 cells were each transferred to 1.5 ml microcentrifuge 

tubes and made to a volume of 100 µl with FACS buffer. For primary antibody staining, 
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cells were incubated with mouse anti-human CPM in FACS buffer (0.5 µl/106 cells) at 

4°C for 15 min. After 15 min, cells were resuspended in wash buffer and centrifuged 

for 5 min at 300 x g. For secondary antibody staining, cells were resuspended in FACS 

buffer at a concentration of 106 cells/100 µl and were incubated with donkey anti-

mouse-647 (0.33 µl/106 cells) at 4° C for 15 min. After 15 min, cells were resuspended 

in wash buffer and centrifuged for 5 min at 300 x g. This step was repeated once. All 

conditions were resuspended in sorting buffer supplemented with Propidium Iodide 

(PI) and Y-27632 (10 µM) and cells were passed through a 70 µm nylon cell strainer 

pre-coated with DMEM into sterile 5 ml FACS tubes. FACS was performed using an 

Astrios EQ cell sorter (Beckman Coulter). Gates were set according to control cells. 

Sorted cells were collected in 500 µl XFL basal medium supplemented with Y-27632 

(10 µM) and were seeded into phenol red-free Matrigelϰ droplets at a concentration 

of 20,000 cells/droplet as described above (refer to section 2.1.7). 

2.2.4. FACS of 3D type 2 alveolar organoids 

Organoids were dissociated as previously described for single cell passaging (refer to 

section 2.1.8) to prepare for sorting. The same protocol for staining cells was used as 

above and 105 cells each were taken for unstained (no antibody) and secondary 

antibody only (no primary antibody) controls (section 2.2.2). For primary antibody 

staining, 106 cells per 100 µl FACS buffer were incubated with mouse anti-human 

NaPi2b (0.8 µl/106 cells) and goat anti-human EpCAM (1.25 µl/106 cells) at 4°C for 15 

min. Cells were resuspended in wash buffer and centrifuged for 5 min at 300 x g. Cells 

were resuspended in FACS buffer at a concentration of 106 cells/100 µl and incubated 

with donkey anti-mouse-647 (0.33 µl/106 cells) and donkey anti-goat-488 (0.33 µl/106 

cells) at 4°C for 15 min. Cells were resuspended in wash buffer and centrifuged for 5 

min at 300 x g. This was repeated once. The same steps were used for staining 

secondary antibody only controls. All conditions were resuspended in sorting buffer 

supplemented with PI and Y-27632 (10 µM) and cells were passed through a 70 µm 

nylon cell strainer pre-coated with DMEM into sterile 5 ml FACS tubes. FACS was 

performed using an Astrios EQ cell sorter (Beckman Coulter). Gates were set according 

to control cells. Sorted cells were collected in 500 µl XFL basal medium supplemented 

with Y-27632 (10 µM) and were seeded into phenol red-free Matrigelϰ droplets at a 

concentration of 20,000 cells/droplet as described above (refer to section 2.1.7). 
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2.2.5. Intracellular flow cytometry 

For intracellular flow cytometry of pluripotency markers, hiPSCs were dissociated as 

previously described (2.1.8) and centrifuged for 4 min at 300 x g. Cells were fixed in 

4% paraformaldehyde (PFA) (ThermoFisher, #28908; diluted in DPBS) for 20 min at 4°C 

and washed once with 10 volumes of DPBS. Cells were then resuspended in 1 ml of 

ice-cold methanol and incubated overnight at -20°C for permeabilization. Samples 

were washed once with 10 volumes of DPBS and centrifuged for 3 min at 300 x g. Cells 

were resuspended in FACS buffer (2% FBS) and incubated with primary antibodies for 

2 h at RT. Samples were washed with 1% FBS and incubated with secondary antibodies 

in FACS buffer (2% FBS) for 30 min at RT. The following primary antibodies were used: 

Goat anti-human NANOG (1:100; R&D Systems, #AF1997), mouse anti-human SOX2 

(1:50; R&D Systems, #MAB2018) and mouse anti-human OCT4  (1:50; R&D Systems, 

#MAB17591). The following secondary antibodies were used: AlexaFluorϰ 488 Donkey 

anti-goat (1:400; ThermoFisher, #A11055) and AlexaFluorϰ 647 Donkey anti-mouse 

(1:400; ThermoFisher, #A31571). 

2.3. Molecular biology 

2.3.1. RNA extraction and cDNA synthesis 

Total RNA was extracted from cells using the RNeasy® Mini Kit (Qiagen, #74106) as per 

ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜŦƭȅΣ ŎŜƭƭǎ ǿŜǊŜ ƭȅǎŜŘ ǿƛǘƘ олл ҡƭ w[¢ ōǳŦŦŜǊ ŀƴŘ 

mixed with one volume of 70% ethanol. The lysate was transferred to a RNeasy spin 

column and centrifuged to bind RNA. The column was washed with buffer RW1. A 

stock solution of DNase I (Sigma-Aldrich, #DNASE70) was prepared according to the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ŀƴŘ ƻƴ-column DNase digestion was performed at RT for 

15 min. The column was washed with RW1 buffer and centrifuged. This was followed 

by two washes with RPE buffer. The column was dried by centrifugation for 1 min. RNA 

was eluted from the silica-gel-membrane in 20 µl nuclease-free water (NFW) 

(Invitrogen, #AM9932) and RNA concentration and purity was measured using a 

NanoDropϰ 2000 spectrophotometer (Thermo Scientificϰ, #ND-2000). For cDNA 

synthesis, a total of 500 ng RNA per sample was reverse transcribed in a total reaction 

volume of 20µl. The reaction was as follows: 500ng RNA was made up to a total volume 

of 11.875 µl NFW and was combined with 0.5 µl random primers (Promega, #C1181) 
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and 1 µl dNTPs (Promega, #U1511) per reaction, and was incubated at 65° for 5 min 

to denature secondary structures and then snap-cooled on ice. A master mix with a 

total volume of 6.625 µl per reaction containing 4 µl 5x 1st strand buffer, 2 µl 0.1M 

DTT, 0.5 µl RNase OUT (Invitrogen, #10777-019) and 0.125 µl SuperScriptϰ II reverse 

transcriptase (Invitrogen, #18064071) was added to each sample and incubated in a 

thermocycler with the following settings: 25̄ C for 10 min, 42̄C for 50 min and 70 ̄C 

for 15 min. Each cDNA sample was diluted to a final volume of 600 ml with nuclease-

free water and was stored at -20°C.   

2.3.2. Quantitative real-time polymerase chain reaction (qRT-PCR) 

RT-qPCR was performed in 96-well PCR plates using the SensiMixϰ SYBR® Low-ROX kit 

(Bioline, #QT625-05). Each reaction was made up to a total volume of 15 µl as follows: 

5 µl cDNA, 7.5 µl SYBR green SensiMix (2x), 1.3 µl nuclease-free water, 0.6 µl forward 

primer (5 mM) and 0.6 µl reverse primer (5 mM). qRT-PCR was performed on a 7500 

real-time PCR system (Applied BiosystemsTM) using the following programme: initial 

denaturation for one cycle at 95°C for 5 min and 40 cycles at 95°C for 15 sec, 60°C for 

30 sec and 72°C for 30 sec. The melt curve stage was performed at 95° C for 15 sec, 

60°C for 60 sec, 95°C for 30 sec and 60°C for 15 sec. Relative gene expression was 

calculated using the comparative CT method and based on the average CT value of the 

technical triplicate, normalised to an internal reference gene, porphobilinogen 

deaminase (PBGD), and displayed either as relative expression to PBGD (DDCT) or as 

fold change in expression over control cells using 2-DDCT (Livak & Schmittgen, 2001).  

Table 2. 4. Primer sequences for qRT-PCR 

Gene Forward primer Reverse primer 

SCGB1A1 TTCAGCGTGTCATCGAAACCCC ACAGTGAGCTTTGGGCTATTTTT 

SOX2 GCACATGAAGGAGCACCCGGATTA CGGGCAGCGTGTACTTATCCTTCTT 

FOXJ1 GAGCGGCGCTTTCAAGAAG GGCCTCGGTATTCACCGTC 

KRT5 GGAGTTGGACCAGTCAACATC TGGAGTAGTAGCTTCCACTGC 

TP63 ACTTCACGGTGTGCCACCCT GAGCTGGGGTTTCTACGAAACGCT 

MUC5AC CCATTGCTATTATGCCCTGTGT TGGTGGACGGACAGTCACT 

CFTR CTATGACCCGGATAACAAGGAGG CAAAAATGGCTGGGTGTAGGA 

AQP5 GCTCACTGGGTTTTCTGGGTA CCTCGTCAGGCTCATACGTG 

MUC5B ACAATGGCACCTTCTACGGG TACTCAAAGCCCTGGGGACA 
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SFTPB CAGCACTTTAAAGGACGGTGT GGGTGTGTGGGACCATGT 

SFTPC AGCAAAGAGGTCCTGATGGA CGATAAGAAGGCGTTTCAGG 

NKX2.1 CTCATGTTCATGCCGCTC GACACCATGAGGAACAGCG 

SCGB3A2 GAGGGGCTAAGGAAGTGTGT CCATCCACCTCCGCTCTTTA 

CALCA GGGGTGTGGTGAAGAACAAC CCATGGAGCCTTTCCTACAA 

SYP TTTGTGAAGGTGCTGCAATG ACCTCGATGCTGAGGTCACT 

ABCA3 GCCCTCTTTACACTCAGTTTTCA GACGAGCAGTTGTCGTACCTAAT 

LAMP3 ACTTCAACATCGACCCCAAC CACTCACGCACTTGAAGGAA 

SLC34A2 TCGCCACTGTCATCAAGAAG CTCTGTACGATGAAGGTCATGC 

PDPN (T1) TCCAGGAACCAGCGAAGAC CGTGGACTGTGCTTTCTGA 

HOPX GCCTTTCCGAGGAGGAGAC TCTGTGACGGATCTGCACTC 

AGER GCCACTGGTGCTGAAGTGTA TGGTCTCCTTTCCATTCCTG 

CPM GCGCTGGATTTCAACTACCAC TCCCGCCCAACAGTCTCAT 

AFP AAACTATTGGCCTGTGGCGA TTTTGTCCCTCTTCAGCAAAGC 

ALB CTCGGCTTATTCCAGGGGTG AAAGGCAATCAACACCAAGGC 

CXCR4 CACCGCATCTGGAGAACCA GCCCATTTCCTCGGTGTAGTT 

FOXA2 GGGAGCGGTGAAGATGGA TCATGTTGCTCACGGAGGAGTA 

GATA4 TCCCTCTTCCCTCCTCAAAT TCAGCGTGTAAAGGCATCTG 

HHEX TGCATAAAAGGAAAGGCGGC TTGCTTTGAGGGTTCTCCTGT 

NANOG CATGAGTGTGGATCCAGCTTG CCTGAATAAGCAGATCCATGG 

PBGD GGAGCCATGTCTGGTAACGG CCACGCGAATCACTCTCATCT 

SOX17 CGCACGGAATTTGAACAGTA GGATCAGGGACCTGTCACAC 

TTR ACCGGTGAATCCAAGTGTCC GGTTTTCCCAGAGGCAAATGG 

PDX1 CCCATGGATGAAGTCTACC GTCCTCCTCCTTTTTCCAC 

PAX9 TGGTTATGTTGCTGGACATGGGTG GGAAGCCGTGACAGAATGACTACCT 

FOXP2 AATCTGCGACAGAGACAATAAGC TCCACTTGTTTGCTGCTGTAAA 

SOX9 CTCTGGAGACTTCTGAACGAGAG CCTTGAAGATGGCGTTGGGG 

CDX2 GGCAGCCAAGTAAAACCAG TTCCTCTCCTTTGCTCTGCG 

IbCмʲ GCACCCCTATGAAGACCCAG GGACTGTCTGGTTGAATTGTCG 

NGN3 GCTCATCGCTCTCTATTCTTTTGC GGTTGAGGCGTCATCCTTTCT 

Villin1 CTGAGCGCCCAAGTCAAAG AGCAGTCACCATCGAAGAAGC 

CKIT ATTCCCAGAGCCCACAATAG ACCACTAGCTTTCCAAACGG 

SFTPA1 TGTGTGTGGGTCGCTGATTT GGCTTCAACACAAACGTCC 

KRT17 ATCCTGCTGGATGTGAAGACGC TCCACAATGGTACGCACCTGAC 
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CAV1 CCAAGGAGATCGACCTGGTCAA GCCGTCAAAACTGTGTGTCCCT 

  

2.3.3. Immunocytochemistry in 2D 

For immunostaining, cells cultured in 2D were fixed in 4% PFA at 4°C for 20 min and 

washed twice with DPBS. Cells were blocked and permeabilised by incubation with 

0.1% Triton X-100 and 10% donkey-serum in DPBS at RT for 30 min. Samples were 

incubated with primary antibody diluted in 0.01% Triton X-100 and 1% donkey-serum 

in PBS at 4° overnight. Samples were washed 3 times for 15 min in 1% donkey-serum 

solution. Samples were incubated in secondary antibody diluted in 1% donkey-serum 

in solution at RT for 1 h. The wash steps were repeated to remove excess secondary 

antibody. Samples were incubated in DAPI (1 µg/ml) at RT for 5 min and washed twice 

for 5 min in 1% donkey-serum. Samples were incubated with PBS to prevent the cells 

from drying out and were imaged using the Operetta High Content Imaging System 

(PerkinElmer) or Leica TCS SPE confocal microscope. A list of antibodies is provided. 

2.3.4. Immunocytochemistry in 3D 

For immunofluorescence imaging of 3D organoids, processing was completed using a 

published method (Dekkers et al., 2019). Briefly, organoids were removed from 

Matrigel by incubation with cell recovery solution (Corning, #354253) on a horizontal 

shaker at 4° for 60 min. Organoids were centrifuged in PBS at 70 x g for 3 min and fixed 

with 4% PFA. Organoids were resuspended in cold 0.1% PBS-Tween (Sigma, #P7949) 

and incubated at 4°C for 10 min. Organoids were blocked in Triton X-100, BSA and PBS 

(organoid was buffer; OWB). Staining was completed in low-adherence 24-well plates 

(ThermoFisher). Primary antibodies (2x concentration) were incubated at 4°C 

overnight on a horizontal shaker. Samples were washed three times in OWB and 

incubated with secondary antibody (2x concentration) at 4°C overnight on a horizontal 

shaker. Wash steps were repeated. Nuclei were sained with DAPI (1:500) for at RT for 

20 min. Organoids were cleared by resuspension in fructose-glycerol solution (60% 

(vol/vol)) and incubated at RT for 20 min. Imaging spacers (SecureSealϰ) were put 

onto glass slides and organoids were transferred to the spacers, and cover slips were 

place over them. Samples were imaged using a Zeiss LSM880 confocal laser scanning 
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microscope at the SLIM facility at the University of Nottingham by Tim Self and Dr 

Robert Markus. Images were analysed using ZEN 3.1 and ImageJ.      

Table 2. 5. Antibodies for immunocytochemistry 

Antibody Dilution Supplier / identifier 

Primary antibodies 

Goat anti-human NANOG 1:100 R&D Systems, #AF1997 

Mouse anti-human SOX2 1:50 R&D Systems, #MAB2018 

Mouse anti-human OCT4 1:50 R&D Systems, #MAB17591 

Mouse anti-human SOX17 1:50 R&D Systems, #MAB1924 

Goat anti-human FOXA2 1:20 R&D Systems, #AF2400 

Rabbit anti-human NKX2.1 1:250 Abcam, #ab76013 

Secondary antibodies 

AlexaFluorϰ 488 Donkey anti-goat 
(H+L) Cross-Adsorbed  

1:400 ThermoFisher, #A11055 

Alexa Fluorϰ 488 Donkey anti-mouse 
(H+L) Cross-Adsorbed  

1:400 ThermoFisher, #A21202 

AlexaFluorϰ 488 Donkey anti-rabbit 
(H+L) Cross-Adsorbed 

1:400 ThermoFisher, #A21206 

AlexaFluorϰ 647 Donkey anti-mouse 
(H+L) Cross-Adsorbed 

1:400 ThermoFisher, #A31571 

AlexaFluorϰ 647 Donkey anti-goat 
(H+L) Cross-Adsorbed 

1:400 ThermoFisher, # A21447 

DAPI 1:500 Sigma, #D9542 

 

2.3.5. RNA sequencing 

RNA was extracted from differentiation samples as previously described (section 2.3.1) 

and stored at -80°C. Bulk RNA sequencing was outsourced to GeneWiz NGS Laboratory 

and performed using the Ilumina HISeq platform. 20 million reads were done as base 

paired ends. Samples were mapped to reference genome GRCh38 p7. Bioinformatic 

analysis was completed using RStudio. The limma package from Bioconductor was 

used to statistically analyse bulk mRNA expression dataset (Ritchie et al., 2015). Data 

was normalised to [ log]2 (1+Dataset). Gene hit count dataset was tested for differential 

gene expression using limma to fit linear models. Empirical Bayes moderation of the 

standards errors towards a common value were done for each gene between samples 

for differential expression analysis, using a threshold p-value of 0.05. Benjamini-

Hochberg procedure (False Discovery Rate) was used for multiple hypothesis test 



51 | P a g e 

Liam Reed ς PhD Thesis 

correction. PCA plots, volcano plots, bar graphs, and heatmaps were generated in R. 

All analysis was performed in consultation with Carlos Sainz Zuniga.  

2.3.6. Statistical analysis 

All data in this work are displayed as the mean with the standard error of the mean 

(mean ± SEM) unless stated otherwise. For qRT-PCR analysis, comparison between 

groups was assessed using unpaired two-ǘŀƛƭŜŘ {ǘǳŘŜƴǘΩǎ ǘ ǘŜǎǘ ƻǊ ƻƴŜ-way analysis of 

ǾŀǊƛŀƴŎŜ ό!bh±!ύ ǿƛǘƘ ŜƛǘƘŜǊ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴ ƻǊ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ 

comparison post hoc test as stated in the figure legend. *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001 was used to determine statistically significant differences 

between groups. All statistical analysis was performed in GraphPad Prism version 9 

software. 
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3. Development of a protocol for differentiation of 
patient-derived hiPSCs to type 2 AECs of the lung 

3.1. Introduction 

The ability to generate patient-specific type 2 AECs from hiPSCs harbouring pathogenic 

mutations is an attractive prospect for modelling disease of the lung in vitro. 

Combining this approach with genome-editing of hiPSCs can permit the correction of 

genetic variations to generate isogenic control cell lines that have the same genomic 

background, providing a powerful tool to study causal gene mutations. The discovery 

and development of gene-editing tools such as transcription activator-like effector 

nucleases (TALENs) and the Clustered Regularly Interspaced Short Palindromic Repeat 

(CRISPR)-Cas9 system of prokaryotes has made this possible (Jinek et al., 2012; Joung 

& Sander, 2013). The CRISPR-Cas9 system has been engineered to mediate double-

stranded DNA breaks (DSBs) by the Cas9 endonuclease directed to almost any target 

of interest by small RNA sequences known as guide RNAs (gRNAs). This initiates DNA 

repair processes such as homology directed repair (HDR) and providing donor 

templates with homologous DNA sequences can enable precise genomic modifications 

such as single base substitutions, insertions or deletions (Adli, 2018). Although 

CRISPR/Cas9 is most commonly used for genomic-editing, DSBs initiate other repair 

mechanisms like non-homologous end joining (NHEJ) which can limit efficiency of HDR 

and can also introduce undesired insertions and deletions of nucleotides in the DNA 

sequence (Bennett et al., 2020). 

Recent development of base editing technology for genomic editing has circumvented 

some of the problems associated with CRISPR/Cas9. Base editors consist of a CRISPR-

Cas nuclease with catalytically inactivated endonuclease activity and a DNA deaminase 

enzyme to facilitate single nucleotide variations without introducing DSBs or the need 

ŦƻǊ ŘƻƴƻǊ ǘŜƳǇƭŀǘŜǎΦ ¢ƘŜ ŎƻƴǾŜǊǎƛƻƴ ƻŦ /ωD ǘƻ ¢ω! ōŀǎŜ ǇŀƛǊǎ Ŏŀƴ ōŜ ƳŜŘƛŀǘŜŘ ōȅ 

ŎȅǘƻǎƛƴŜ ōŀǎŜ ŜŘƛǘƻǊǎ ό/.9ǎύΣ ŀƴŘ ŀŘŜƴƛƴŜ ōŀǎŜ ŜŘƛǘƻǊǎ ό!.9ǎύ Ŏŀƴ ƳŜŘƛŀǘŜ !ω¢ ǘƻ Dω/ 

changes (Anzalone et al., 2020).  

These new genetic tools are highly useful for interrogating diseases such as IPF which 

is associated with a number of single nucleotide polymorphisms (SNPs) (Allen et al., 

2017). Rare genetic variations in type 2 AEC genes like SFTPC have been identified in 
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familial IPF cases (Nogee et al., 2001). The mature SFTPC peptide is first synthesised as 

a larger, 197 amino acid-long precursor integral membrane protein. It has four distinct 

domains: a cytoplasmic N-terminal domain important for trafficking, a 

transmembrane region where the mature SFTPC peptide resides, a highly conserved 

BRICHOS domain which facilitates insertion of SFTPC into the membrane and acts as a 

chaperone to prevent formation of amyloid fibrils, and the C-terminal linker region 

which anchors the BRICHOS domain to the mature SFTPC transmembrane domain 

(Mulugeta et al., 2015). An SNP in the linker domain of SFTPC, g.1286 T >C, leads to 

the replacement of threonine with isoleucine at codon 73 (I73T) and is the most 

common SFTPC mutation that has been identified (Salerno et al., 2016). Several 

substitution mutations in the BRICHOS domain have also been identified, such as c.298 

G > A (G100S)  (Mulugeta et al., 2005; Ono et al., 2011). To modify genetic variants 

such as those described, base editing is highly applicable. It is therefore essential to 

develop robust platforms to differentiate hiPSCs derived from patients harbouring 

these mutations to relevant cell types such as type 2 AECs to model disease.   

Directed differentiation protocols attempt to recapitulate the normal signalling events 

during embryonic development to drive the specification of cells of interest. To drive 

hPSC differentiation to DE in vitro, high concentrations of activin A are required to 

mimic high embryonic Nodal signalling but this does not fully suppress pluripotency 

genes (D'Amour et al., 2005). This requires the synergistic action of BMP, FGF, and 

WNT signalling for efficient DE specification (Teo et al., 2014; Vallier et al., 2009). This 

ŜŦŦŜŎǘ ƛǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ŜƴƘŀƴŎŜŘ ǿƛǘƘ ²b¢ ǎǘƛƳǳƭŀǘƛƻƴ ǘƘǊƻǳƎƘ D{Yоʲ ƛƴƘƛōƛǘƛƻƴ Ǿƛŀ 

CHIR99021 (Teo et al., 2014). Activation of the PI3K signalling pathway by insulin has 

been shown to be refractory to DE development and has led to the removal or 

replacement of serum which contains high concentrations of insulin or the need for 

PI3K inhibitors such as LY294002 to improve differentiation  (D'Amour et al., 2005; 

McLean et al., 2007; Yu et al., 2015). A well characterised set of markers have been 

identified that are routinely used to validate and quantify differentiation to DE 

including the transcription factors SOX17, FOXA2, GATA4 and GATA6, and the cell 

surface receptors CD184 (CXCR4) and CD117 (CKIT) (Cheng et al., 2012; D'Amour et al., 

2005; Green et al., 2011; McLean et al., 2007). 

Following differentiation to endoderm, inhibition of the signalling transduction SMAD 

proteins of the TGF̡ ǎǳǇŜǊŦŀƳƛƭȅ Ǿƛŀ ƛƴƘƛōƛǘƻǊǎ ƻŦ ¢DCʲ and BMP signalling, such as 
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SB431542 and dorsomorphin (referred to as dual-SMAD inhibition), respectively, can 

induce an anterior foregut identity in DE cells (Green et al., 2011). This permits cells to 

further differentiate to the lung through combinations of WNT, FGF, BMP, SHH and RA 

signalling molecules to promote emergence of NKX2.1+ lung epithelial progenitor cells 

in vitro (Dye et al., 2015; Gotoh et al., 2014; Green et al., 2011; Huang et al., 2015; 

Mou et al., 2012). Protocols have been established for the differentiation of human 

pluripotent stem cells to NKX2.1+ lung-competent cells in 2D monolayer culture, but 

rely on reporter cell lines or feeder layers for growth (Firth et al., 2014; Gotoh et al., 

2014; Hawkins et al., 2017; Huang et al., 2014; Huang et al., 2015; Jacob et al., 2017; 

Jacob et al., 2019; Konishi et al., 2016; Longmire et al., 2012; Rodrigues Toste de 

Carvalho et al., 2021; Serra et al., 2017; Yamamoto et al., 2017). As such, there have 

been attempts to develop feeder-free protocols and identify cell surface markers to 

enrich for NKX2.1+ lung-competent cells. Gotoh et al. (2014) found carboxypeptidase 

M (CPM), a membrane-bound peptidase, was significantly upregulated with NKX2.1 

ŀŦǘŜǊ ΨǾŜƴǘǊŀƭƛǎŀǘƛƻƴΩ ƻŦ Ƙt{/ ŘŜǊƛǾŜŘ-AFE, and more than 90% of sorted CPM cells 

were NKX2.1+ (Gotoh et al., 2014; Yamamoto et al., 2017). This has been corroborated 

in a further study which further identified the upregulation of CD47 with NKX2.1, and 

cell sorting based on CD47+/CD26- could enrich for NKX2.1+ cells (~90%) (Hawkins et 

al., 2017). 

Lung epithelial progenitor cells have the capacity to differentiate into both airway and 

alveolar fates in vitro (Chen et al., 2017; Hein et al., 2022; Miller et al., 2019; Rodrigues 

Toste de Carvalho et al., 2021). The maturation of NKX2.1+ foregut spheroids can 

generate organoids containing cells of both airway and alveolar identity, including a 

fraction of SFTPC+ type 2 AECs (Chen et al., 2017; Huang et al., 2014; Miller et al., 2019; 

Rodrigues Toste de Carvalho et al., 2021). Alternatively, lung progenitor cells isolated 

via NKX2.1-fluorescent reporter lines or cell surface proteins like CPM and embedded 

in 3D Matrigelϰ matrices can give rise to alveolar epithelial-only organoids containing 

a more homogeneous population of SFTPC+ type 2 AECs (Gotoh et al., 2014; Hawkins 

et al., 2017; Jacob et al., 2017; Yamamoto et al., 2017)Φ о5 ΨŀƭǾŜƻƭƻǎǇƘŜǊŜǎΩ 

maintaining a self-renewing population of SFTPC+ type 2 AECs have now been 

established by repeated purification of SFTPC+ cells via fluorescent reporters and 

continued culture (Jacob et al., 2019). The gene SLC34A2, encoding a multi-

transmembrane sodium dependent phosphate transporter (NaPi2B), was recently 
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identified in adult and fetal SFTPC+ cells, and it was found to enrich for hPSC derived 

SFTPC+ cells (>80%) (Korogi et al., 2019). A commercially available monoclonal 

antibody targeting the extracellular domain of NaPi2B has been developed, offering a 

useful method to isolate and purify type 2 AECs without reporter cell lines (Korogi et 

al., 2019; Yin et al., 2008).      

Our aim was to establish a directed differentiation protocol to generate type 2 AECs 

from patient-derived hiPSC lines with a mutation in the BRICHOS domain of the SFTPC 

gene. We sought to develop a strategy to generate and purify lung epithelial 

progenitor cells in 2D culture and type 2 AECs in 3D organoids using cell surface 

markers to overcome the need for reporter cell lines, providing a reproducible 

protocol to derive an unlimited source of alveolar cells for future disease modelling 

applications.  

 

 

 

 

 

 

 

 



56 | P a g e 

Liam Reed ς PhD Thesis 

3.2. Results  

3.2.1. Overview of the strategy to generate type 2 AECs 

To develop a platform for the generation of type 2 alveolar epithelial cells (AECs) for 

disease modelling and therapeutic applications, a hiPSC line was established from a 

patient diagnosed with familial IPF harbouring a heterozygous mutation in the SFTPC 

gene. The approach was to genetically modify this hiPSC line to generate isogenic 

homozygous-corrected and homozygous-mutant cell lines to provide a continuum of 

genetic disease. Establishing a protocol to differentiate hiPSCs to type 2 AECs would 

permit investigation of SFTPC mutations on type 2 AEC phenotype and function while 

controlling for heterogeneous genetic background (Fig. 3-1). All gene-editing was 

carried out by Dr Sara Cuevas Ocaña at the University of Nottingham. 
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Figure 3-1. Overview of the project strategy to generate type 2 AECs for disease modelling and therapeutic purposes. 
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3.2.2. Gene-editing patient-derived hiPSCs 

hiPSC lines were established via non-integrating Sendai virus reprogramming of 

patient-derived dermal fibroblasts that harboured a heterozygous point mutation 

c338.A>G causing a base pair change (A>G) in exon 4 of the highly conserved BRICHOS 

domain of SFTPC. This resulted in the substitution of tyrosine by cysteine at codon 113 

(p.Y113C). The patient was diagnosed with the familial form of IPF. To generate 

isogenic cell lines, gene editing was performed utilising newly developed base editing 

technology which can introduce single nucleotide variations without inducing double 

stranded DNA breaks unlike CRISPR-Cas9 (Gaudelli et al., 2017; Komor et al., 2016). In 

this approach two base editing systems were used; cytosine base editors (CBEs) to 

ƳŜŘƛŀǘŜ /ωD-to-¢ω! ōŀǎŜ ǇŀƛǊ ŎƻƴǾŜǊǎƛƻƴ ǘƻ ŎƻǊǊŜŎǘ ǘƘŜ Ƴǳǘŀǘƛƻƴ όDҔ!ύΣ ŀƴŘ ŀŘŜƴƛƴŜ 

ōŀǎŜ ŜŘƛǘƻǊǎ ό!.9ǎύ ǘƻ ŦŀŎƛƭƛǘŀǘŜ !ω¢-to-Dω/ ōŀǎŜ ǇŀƛǊ ŎƻƴǾŜǊǎƛƻƴ ǘƻ ƛƴǘǊƻŘǳŎŜ ǘƘŜ 

mutation (A>G). Firstly, transfection of the patient-derived parental hiPSC line, 

referred to as IPF1.12, was optimised by using a plasmid vector expressing enhanced 

GFP (eGFP) (Fig. 3-2a). hiPSCs were nucleofected with 419 ng of eGFP plasmid in either 

commercially available P3 or Ingenio® transfection buffer and 7 Nucleofector 

programs were tested. Expression of GFP was assessed by flow cytometry 48 h after 

transfection. The P3 buffer was superior to Ingenio® reagent and combined with the 

DN-100 program led to the highest transfection efficiency (Fig. 3-2b). Using this 

optimised condition, the mean ± SEM transfection efficiency was 77.4 ± 7.6% (N=26) 

(Fig. 3-2c). 

Following optimisation of transfection, hiPSCs were transfected with plasmid vectors 

for base editing. This consisted of pCMV_AncBE4max_P2A_GFP (Fig. 3-3a) for 

correction of the mutation (G>A), pCMV_ABEmax_P2A_GFP (Fig. 3-3b) for 

introduction of the mutation (A>G), and a plasmid vector for the gRNA containing the 

specific target sequence (Fig. 3-3c). These plasmids expressed GFP, which was used to 

assess transfection efficiency, and a puromycin resistance cassette for enrichment. 

Following transfection, hiPSCs were seeded into a 24-well plate and underwent a 

transient puromycin selection after 24h. Puromycin-resistant colonies were 

dissociated to single cells and seeded at a density to isolate single cell clones. At this 
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stage, the restriction digestion HpyCH4V enzyme assay was performed to determine 

the editing efficiency at the population level (Fig. 3-4a, b).  

 

Figure 3-2. Optimisation of nucleofection efficiency using an eGFP plasmid 

vector.  

(a) Plasmid map of eGFP-C1 used for assessing transfection efficiency. (b) 

Quantification of GFP+ cells via flow cytometry after transfection with P3 buffer or 

Ingenio electroporation buffer using different Nucleofector programs (N=3). (c) 

Quantification of GFP+ cells via flow cytometry after transfection in P3 buffer using 

the DN-100 Nucleofector program (N=16). 
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Figure 3-3. Plasmid maps for base editing.  

Plasmid maps showing the features of the vectors used for (a) correction of the 

mutation (G>A) pCMV_AncBE4max_P2A_GFP and (b) introduction of the mutation 

(A>G) pCMV_ABEmax_P2A_GFP and of the (c) guide RNA pGuideRNA addgene-

plasmid-51133-sequence-223083.  
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Following clonal expansion, a small fragment of the puromycin-resistant colonies was 

mechanically isolated for direct gDNA extraction and genotyping by PCR and the 

restriction digestion HpyCH4V assay at the clonal level. The remainder colony was 

transferred to a 48-well plate for expansion. From the clones identified as correctly 

modified by PCR screening, sanger sequencing was performed for confirmation of the 

modified sequence. This confirmed the AncBE4max system successfully induced G>A 

base pair conversion and the ABEmax system induced A>G base pair conversion at the 

site of the mutation (Fig. 3-5a). Karyotype analysis confirmed there were no 

chromosomal abnormalities in the IPF1.12 parental hiPSC line or following genetic 

modification with base editors (Fig. 3-5b). The cell lines used in this study were defined 

as follows: parental IPF1.12 (SFTPCWT/MUT), homozygous-corrected BE.31 and BE.32 

(SFTPCWT/WT) and homozygous mutant ABE.27 (SFTPCMUT/MUT) (Fig. 3-5c).  

Figure 3-4. Base edits can be detected at the population level using the 

restriction digestion HpyCH4V assay.  

Quantification of the HpyCH4V assay to detect the number of clones correctly edited 

to (a) correct the mutation (G>A) and (b) introduce the mutation (A>G) into IPF1.12 

hiPSCs. Bars represent mean ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, 

one-ǿŀȅ !bh±! ǿƛǘƘ 5ǳƴƴŜǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘΦ  
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Figure 3-5. Karyotype analysis and validation of base-editing of IPF1.12 

hiPSCs.  

(a) DNA sequencing chromatograms showing the single nucleotide variation in the 

IPF1.12 parental hiPSC line (A>G) and confirmation of the correct modification by 

AncBE4max (G>A) (SFTPCWT/WT) and ABEmax (A>G) (SFTPCMUT/MUT). (b) Chromosome 

analysis showing normal karyotypes of the IPF1.12 parental cell line and the wildtype 

and mutant gene-edited cell lines. (c) Table summarising the cell line names and the 

corresponding genetic modification. 
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3.2.3. Maintenance and characterisation of hiPSC lines 

All cell lines were maintained in HB E8 medium and displayed normal morphology with 

formation of compacted colonies of cells with a high nuclear-to-cytoplasmic ratio and 

were routinely split as single cells every 3 to 4 days (Fig. 3-6a). BE.31 (SFTPCWT/WT) cells 

displayed protein expression of the pluripotency markers OCT4, SOX2 and NANOG as 

determined by immunocytochemistry (Fig. 3-7a), and the BE.31 (SFTPCWT/WT) and 

ABE.27 (SFTPCMUT/MUT) hiPSCs showed 100% expression of the pluripotency SSEA4 (Fig 

3-7b). The parental and modified cell lines also showed >95% SOX2 expression >98% 

of cells were positive for OCT4 as assessed by intracellular flow cytometry (Fig. 3-7c). 

Expression of NANOG was more variable across cell lines, with co-expression of 

NANOG and OCT4 in nearly 60% and 70% of BE.32 (SFTPCWT/WT) and IPF1.12 

(SFTPCWT/MUT) hiPSCs, respectively, but only 22% in ABE.27 (SFTPCMUT/MUT) hiPSCs (Fig. 

7d). NANOG is essential for maintenance of pluripotency but has been widely reported 

to display heterogeneous expression patterns in embryonic and induced PSCs that can 

impact capacity for differentiation (Torres-Padilla & Chambers, 2014).   
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Figure 3-6. Morphology of human induced pluripotent stem cells.  

Representative light microscope images of BE.31 (SFTPCWT/WT) (left), IPF1.12 

(SFTPCWT/MUT) (middle) and ABE.27 (SFTPCMUT/MUT) (right) hiPSCs maintained in Essential 

8 medium over 4 days. Scale bars, 200 µm. 
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Figure 3-7. Expression of pluripotency markers in hiPSCs.  

(a) Representative immunofluorescent images of the pluripotency markers SOX2, 

NANOG and OCT4 in BE.31 (SFTPCWT/WT) hiPSCs maintained in HB E8 medium (Nuclei 

stained with DAPI). Scale bar, 100 µm. (b) Flow cytometry analysis of SSEA4 protein 

expression in BE.31 (SFTPCWT/WT) (left) and ABE.27 (SFTPCMUT/MUT) (right) hiPSCs 

maintained in HB E8 medium (N=1). (c, d) Intracellular flow cytometry analysis of 

pluripotency markers for parental and genetically modified hiPSCs (N=1). 
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3.2.4. Differentiation of REBL-PAT control hiPSCs to lung progenitor cells 

using a previously established protocol  

To determine the potential of hiPSCs to differentiate into type 2 alveolar epithelial cells 

(AECs), we used a previously established stepwise differentiation protocol that mimics 

distinct stages of embryonic lung development (Fig. 3-8a). This begins with 

specification of definitive endoderm via activation of wnt and activin signalling, and 

patterning of the gut tube to a foregut fate by continued activin signalling. 

Differentiation to NKX2.1-expressing lung epithelial progenitor cells was driven by 

activation of Wnt signalling via CHIR99021, and BMP and retinoic acid signalling (Fig. 

3-8a). As genetically modified hiPSCs were still being generated and validated, we first 

used an established in-house healthy hiPSC line with no known respiratory pathology, 

REBL-PAT, as a benchmark for the differentiation protocol (Mosqueira et al., 2018). 

REBL-PAT cells readily expanded 24 h after endoderm induction to form a 

ΨŎƻōōƭŜǎǘƻƴŜΩ-like morphology and a compact monolayer was maintained during the 

entire protocol (Fig. 3-8b). Gene expression analysis at major stages of the lung 

differentiation showed the pluripotency gene NANOG was highly expressed in hiPSCs 

and downregulated upon differentiation. Definitive endoderm genes SOX17, FOXA2 

and GATA4 were upregulated on endoderm day 3, but for SOX17 there was large 

variation between biological repeats. As SOX17 expression gradually decreased, 

FOXA2 and GATA4 expression peaked on day 4 of lung specification but was 

maintained throughout lung progenitor cell differentiation (Fig. 3-9a). Expression of 

NKX2.1, a master regulator of normal lung development, was expressed highest during 

foregut patterning, but its expression was diminished during lung specification when 

it should be upregulated. Although SFTPC expression was shown to peak on endoderm 

day 3 and gradually increased from lung day 4 to 12, all CT values were >35 cycles of 

amplification and the majority of samples were undetermined (>40 cycles), apart from 

one technical triplicate CT value of 32 on DE D3 (Fig. 3-9a). This suggests there was no 

SFTPC expression and non-specific PCR product amplification was responsible for the 

false positive result observed, as SFTPC is not expressed at early stages of germ layer 

specification during development (Wambach et al., 2010).  
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Figure 3-8. Differentiation of REBL-PAT hiPSCs to alveolar epithelial type 2 

cells.  

(a) Schematic of the stepwise, directed differentiation of hiPSCs to type 2 AECs with 

stage-specific growth factor combinations. (b) Representative light microscope 

images of cells at major stages of differentiation. Arrows indicate areas of DE cells 

ǿƛǘƘ ŀ ΨŎƻōōƭŜǎǘƻƴŜΩ ƳƻǊǇƘƻƭƻƎȅΦ Scale bars, 200 µm. 
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Figure 3-9. Expression of stage-specific genes during lung differentiation of 

REBL-PAT hiPSCs 

Gene expression analysis via RT-qPCR of distinct stages of differentiation to lung 

epithelial progenitor cells with bars representing mean normalised expression to the 

housekeeping gene PBGD relative to hiPSCs (2-ææCt) ± SEM. (N=2, 3 technical replicates 

per biological replicate). 



69 | P a g e 

Liam Reed ς PhD Thesis 

3.2.5. Differentiation of IPF1.12 hiPSCs to lung organoids using a previously 

established protocol   

We applied this protocol to our patient derived IPF1.12 (SFTPCWT/MUT) hiPSCs to assess 

the capacity to differentiate to lung progenitor cells. In comparison to REBL-PAT 

hiPSCs, on day 3 of endoderm differentiation, large undifferentiated cell colonies had 

persisted and were still visible during foregut specification. These gradually developed 

into large 3D aggregates during lung specification (Fig. 3-10a). By analysing the gene 

expression profiles during differentiation, we showed the pluripotency marker SOX2 

was expressed in hiPSCs but was upregulated in DE cells. SOX2 expression should re-

emerge during foregut specification, as we showed, but it should be downregulated at 

the DE stage, indicating the persistence of hiPSC colonies and incorrect foregut 

patterning. Although DE markers (SOX17, FOXA2, GATA4) were upregulated on day 3, 

their expression was maintained or increased during lung differentiation (Fig. 3-10b). 

Like the REBL-PAT hiPSCs, NKX2.1 expression peaked on foregut day 2, but decreased 

during specification of lung progenitors and compared to total lung RNA, which was 

used as a benchmark, was much lower. Similarly, SFTPC expression was not 

upregulated across lung differentiation, and was drastically lower than in total lung 

(Fig. 3-10b), suggesting cells were not responding correctly to induction signals. At this 

stage, we also assessed the DE induction efficiency by intracellular flow cytometry. We 

showed that only 55% of IPF1.12 (SFTPCWT/MUT) hiPSCs, and <20% of BE.32 (SFTPCWT/WT) 

and ABE.27 (SFTPCMUT/MUT) hiPSCs expressed SOX17 after 3 days of endoderm 

differentiation (Fig. 3-11a). The collection and analysis of this data highlighted a 

problem with our current differentiation protocol showing failure to efficiently induce 

DE cells and lack of further differentiation to lung progenitor and type 2 AECs in IPF1.12 

(SFTPCWT/MUT) hiPSCs.   
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Figure 3-10. Gene expression during lung differentiation of IPF1.12 

(SFTPCWT/MUT) hiPSCs.  

(a) Representative light microscope images of cells at major stages of lung 

differentiation. Scale bars, 200 µm. Arrows indicate undifferentiated colonies. (b) 

Expression of endoderm and lung-related genes during differentiation to lung 

progenitor cells, including total adult lung, with bars representing mean normalised 

expression to the housekeeping gene PBGD relative to hiPSCs (2
-ҟҟCt

) ± SEM (N=1, 3 

technical replicates). 
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Figure 3-11. Expression of SOX17 varies across hiPSC lines.  

Intracellular flow cytometry analysis of SOX17 in IPF1.12 (SFTPCWT/MUT) parental and 

homozygous corrected BE.32 (SFTPCWT/WT) and homozygous mutant ABE.27 

(SFTPCMUT/MUT) hiPSCs following 3 days of DE differentiation with WNT3a (50 ng/ml) and 

Activin A (100 ng/ml) (N=1).   
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3.2.6. Generation of three-dimensional organoids 

Despite sub-optimal expression of stage-specific genes during lung differentiation, we 

wanted to determine whether there was any population of progenitor cells present at 

low frequency in the culture that we could still drive to  type 2 AECs expressing SFTPC 

using specific inductive signals for differentiation. On day 12 of lung progenitor cell 

specification, we collected cells as clumps and embedded them in three-dimensional 

(3D) Matrigelϰ droplets in the presence of WNT and FGF signalling, and the well-

established lung cell maturation factors dexamethasone, cAMP and IBMX (Fig. 3-8a) 

(Gonzales et al., 2002). Cell clumps rapidly self-assembled to form 3D cystic spheres 

with a thin epithelium and a large lumen (Fig. 3-12a). These structures could be 

disaggregated and reaggregated every 5-7 days and could be maintained for over 7 

passages with continued expansion of organoid size (Fig. 3-12a). We assessed the 

expression of lung-specific markers over 4 passages and demonstrated that NKX2.1 

and SFTPC were not expressed in our organoids but were upregulated in the total lung 

positive control sample. Expression of SOX9, a marker of distal bud tip progenitor cells 

in the developing lung, was upregulated across sequential passages compared to total 

lung expression (Fig. 3-12b). This might indicate these organoids express an immature 

phenotype, but further validation would be necessary. Nonetheless, despite the lack 

of type 2 AEC gene expression, we wanted to determine whether organoids remained 

viable after cryopreservation so they could be stored and readily accessed when 

needed. Following 24 h from thawing, clumps of cells were established in Matrigelϰ 

droplets, and by day 6 they had rapidly expanded and appeared healthy (Fig. 3-13a).  
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Figure 3-12. Generation of three-dimensional lung organoids.  

(a) Representative light microscope images of IPF1.12 (SFTPCWT/MUT) 3D Matrigel-

embedded lung organoids at successive passages prior to being split and re-seeded as 

clumps. Scale bars, 200 µm. (b) Expression of lung-related genes via RT-qPCR of lung 

organoids of increasing maturity from passage 3 to 6 with bars representing 

normalised expression to the housekeeping gene PBGD (ææCt) ± SEM. (N=2, 3 

technical replicates per biological replicate; open symbols represent IPF1.12 

(SFTPCWT/MUT) and closed symbols represent IPF5.4 (SFTPCWT/MUT) hiPSCs). 
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Figure 3-13. Organoids can be recovered after cryopreservation.  

Representative light microscope images of IPF1.12 (SFTPCWT/MUT) organoids passaged 

as clumps pre- and post-cryopreservation. Scale bars, 200 µm. 
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3.2.7. Single cell passaging of organoids and enrichment via FACS for CPM and 

NaPi2B 

Given the poor induction of lung-related genes in our organoid cultures, we reasoned 

that clump passaging might be promoting the expansion of non-lung endoderm 

populations. We hypothesised that passaging organoids as single cells and using cell 

surface markers for enrichment would purify our organoid system. Two cell surface 

proteins, CPM and NaPi2B, were previously identified to enrich for NKX2.1+ lung 

progenitor cells and SFTPC+ type 2 AECs, respectively (Gotoh et al., 2014; Korogi et al., 

2019). We first wanted to determine whether organoids could be passaged as single 

cells. Organoids dissociated to single cells and seeded into Matrigelϰ droplets self-

assembled into 3D organoids and expanded with further culture (Fig. 3-14a). Next, we 

performed FACS on IPF1.12 organoids that had been maintained in 3D culture and 

showed that at both passage 7 and 9 we were unable to enrich for CPM or NaPi2B 

cells, suggesting lack of lung-related cells in organoids maintained by single-cell 

passaging, similar to clump passaging (Fig. 3-14b). As a proof-of-principle, after FACS 

we collected and embedded NaPi2B-negative cells in Matrigelϰ droplets and observed 

the self-assembly into large, cystic organoids with a thin epithelium (Fig. 3-14c). This 

highlighted the capacity for FACS-sorted single cells to be put back into culture and 

give rise to 3D organoids, despite the lack of lung markers.   

3.2.8. Lung progenitor cells in monolayer culture lack CPM expression 

As CPM has been shown to enrich for lung progenitor cells, we attempted to isolate a 

CPM+ population from an earlier timepoint in our differentiation. All three hiPSC lines 

were differentiated using the pre-established protocol and assessed for CPM 

expression on day 8 of lung specification. There was a lack of CPM cells across all hiPSC 

lines, indicating failed induction to a lung progenitor population (Fig. 3-15a, b). To 

determine whether our differentiation basal medium and growth factor 

concentrations were refractory to lung differentiation, we tested our conditions for 

specification of lung progenitor cells against a recently published protocol for lung 

differentiation (Jacob et al., 2017). We used BE.32 (SFTPCWT/WT) hiPSCs and performed 

differentiation in our normal RPD medium with CHIR (1 µM), BMP4 (5 ng/ml) and RA 

(250 nM) (condition A) and compared it to SFL basal medium with our growth factor 
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concentrations (condition B) and SFL basal medium with slightly altered growth factor 

concentrations: CHIR (3 µM), BMP4 (10 ng/ml) and RA (100 nM) (condition C). Again, 

there was lack of any significant expression of CPM of lung day 8 (Fig. 3-15c), indicating 

the basal medium composition and growth factors were not responsible for the limited 

differentiation to lung cells.   

Although we had demonstrated the feasibility of differentiating hiPSCs, generating 3D 

organoids, and passaging them as single cells for FACS, unfortunately, we could not 

induce a lung identity and as a result the enrichment of CPM+ and NaPi2B+ cells was 

unsuccessful. To address the poor differentiation capacity with our newly established 

hiPSC lines, we decided it was necessary to optimise the current differentiation 

platform from the beginning.  
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Figure 3-14. Organoids can be dissociated into single cells for FACS.  

(a) Representative light microscope images of IPF1.12 (SFTPCWT/MUT) organoids 

passaged and seeded as single cells into 3D Matrigelϰ matrix. (b) FACS plots of IPF1.12 

organoids sorted based on the expression of CPM and NaPi2B for two independent 

passages. (c) Representative light microscope images of NaPi2B-ve cells self-

assembling into 3D organoids in Matrigelϰ matrix. Scale bars, 200 µm. 
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Figure 3-15. CPM is expressed at very low levels after 8 days of lung 

differentiation.  

(a) FACS plots of cells sorted on lung D8 for CPM for ABE.27 (SFTPCMUT/MUT), IPF1.12 

(SFTPCWT/MUT) and BE.32 (SFTPCWT/WT) hiPSC lines. (b) Quantification of CPM+ cells by 

flow cytometry on day 8 of lung differentiation. (c) Comparison of BE.32 (SFTPCWT/WT) 

CPM+ cells by flow cytometry on lung day 8 of differentiation for three separate lung 

differentiation growth conditions; Condition A = RPD basal medium supplemented 

with CHIR (1 µM), BMP4 (5 ng/ml) and RA (250 nM), condition B = SFL basal medium 

supplemented with CHIR (1 µM), BMP4 (5 ng/ml) and RA (250 nM), condition C = SFL 

basal medium supplemented with CHIR (3 µM), BMP4 (10 ng/ml) and RA (100 nM).   
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3.2.9. Growth factor optimisation of definitive endoderm specification  

A homogenous starting population of DE cells is critical for the efficient generation of 

lung progenitor cells. Previously, we had shown limited expression of the endoderm 

marker SOX17 in our DE cells, so we reasoned that subsequent differentiation might 

be a result of poor endoderm induction. To assess the differentiation efficiency during 

optimisation of definitive endoderm specification, we used the expression of two 

surface markers, CXCR4 (CD184) and CKIT (CD117), known to be expressed in stem 

cell-derived endoderm. Using flow cytometry, we established a gating strategy to 

quantify the percentage of endoderm cells expressing CXCR4 and CKIT (Fig. 3-16a). We 

first assessed our original protocol of WNT and activin A signalling alone, and with 

activation of BMP and FGF signalling, known promoters of DE identity, on the induction 

of DE on day 3, 4 and 5 of differentiation (Fig. 3-17a). For all conditions, cells expanded 

and formed a monolayer, but hiPSC aggregates persisted across all days and by day 5 

cells exposed to WNT and activin alone started to undergo apoptosis (Fig 3-17b). WNT 

and activin A stimulation resulted in very poor numbers of CXCR4 and CKIT cells, and 

although the activation of BMP4 and FGF2 signalling had a synergistic effect on the 

induction of DE, CXCR4+ cells were <40% (Fig. 3-18a, b) and CKIT+ cells <50% at the 

peak of expression on day 3 (Fig. 3-19a, b). Prolonged culture had a negative impact 

on the number of DE cells. Gene expression analysis revealed that the expression of 

NANOG was progressively downregulated in a temporal manner and potentiated with 

the subsequent addition of BMP4 and FGF2 but persisted strongly in the presence of 

WNT and activin signalling only, expressed nearly 2-fold more than in hiPSCs on day 3, 

and was still expressed in cultures with addition of BMP4 (Fig. 3-20a). This indicates 

WNT, activin and BMP4 signalling in combination is insufficient to drive hiPSC 

differentiation to DE resulting in persistence of hiPSCs in culture. The DE markers were 

upregulated across all conditions, with GATA4 and FOXA2 expression peaking on day 

3. Expression of SOX17 was highest on day 5 in the presence of WNT, activin, BMP4 

and FGF2 signalling, but there was significant variation in SOX17 expression between 

hiPSC lines (Fig. 3-20a). The hindgut marker CDX2 displayed variable expression across 

all conditions and days but given the large variation in technical repeats suggests this 

was background amplification during the qRT-PCR reaction (Fig. 3-20a). These findings 
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show an incomplete differentiation to endodermal identity with contamination of 

persisting pluripotent stem cell aggregates.  

 

 

 

Figure 3-16. Gating strategy for flow cytometry analysis of CXCR4 and CKIT.  

(a) Flow cytometry plot of forward scatter (FS) vs. side scatter (SS) to identify cells 

based on size and gating to exclude debris. (b) Flow cytometry plot of FS area vs FS 

height to identify single cells and exclude doublet cells observed under the gate. Flow 

cytometry plots of isotype controls for (c) CXCR4 and (d) CKIT used as a negative 

control to determine non-specific binding of the antibody.   

 

a b 

d c 
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Figure 3-17. Optimisation of definitive endoderm specification using 

recombinant proteins.  

(a) Schematic of the growth factor combinations for the differentiation of hiPSCs 

to definitive endoderm with analysis for CXCR4 and CKIT expression on days 3, 4 

and 5. (b) Representative light microscope images of BE.32 (SFTPCWT/WT) cells at 

stages of endoderm differentiation for each optimisation condition. Scale bars, 

200 µm WA = WNT3a + Activin A; WAB = WNT3a + Activin A + BMP4; WABF = 

WNT3a + Activin A + BMP4 + FGF2.   
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Figure 3-18. Induction of BE.32 (SFTPCWT/WT) CXCR4-positive endoderm cells is 

sub-optimal using recombinant proteins.  

(a) Flow cytometry analysis of CXCR4 expression on day 3, 4 and 5 of endoderm 

differentiation with combinations of growth factors and (b) quantification of CXCR4-

positive cells (N=1). Blank plots reflect too few cells for analysis or conditions that had 

crashed.WA = WNT3a + Activin A; WAB = WNT3a + Activin A + BMP4; WABF = WNT3a 

+ Activin A + BMP4 + FGF2. The following concentrations were used; WNT3a (50 

ng/ml), Activin A (100 ng/ml), B = BMP4 (10 ng/ml) and FGF2 (16ng/ml). 

 



83 | P a g e 

Liam Reed ς PhD Thesis 

 

Figure 3-19. Induction of BE.32 (SFTPCWT/WT) CKIT-positive endoderm cells is 

sub-optimal using recombinant proteins.  

(a) Flow cytometry analysis of CKIT expression on day 3, 4 and 5 of endoderm 

differentiation with combinations of growth factors and (b) quantification of CKIT-

positive cells (N=1). WA = WNT3a + Activin A; WAB = WNT3a + Activin A + BMP4; WABF 

= WNT3a + Activin A + BMP4 + FGF2. The following concentrations were used; WNT3a 

(50 ng/ml), Activin A (100 ng/ml), B = BMP4 (10 ng/ml) and FGF2 (16ng/ml). 

 














































































































































































































































































































































































