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Útdráttur 

Á hverjum degi öndum við að okkur lofti sem inniheldur ýmis efni sem erta 

öndunarfæraþekjuna. Það má því segja að öndunarfæraþekjan sé undir miklu umhverfisálagi 

þar sem í innöndunarlofti er mikið af sýklum og skaðlegum efnum. Þetta getur haft slæm áhrif 

á öndunarfærin og kemur þekjubrestur við sögu í flestum öndunarfærasjúkdómum, því er 

mikilvægt að þróa lyf sem styrkja öndunarfæraþekjuna.  

iPS frumur eru fjölhæfar stofnfrumur sem myndaðar eru með því að endurforrita líkamsfrumur.  

iPS frumur eru gagnlegar fyrir læknavísindin, t.d. í lyfjaþróun og til að auka skilning á 

sjúkdómsferlum. Bættar aðferðir við gerð frumnanna ásamt erfðabreytingatækni gera það að 

verkum að hægt er að rannsaka áður óaðgengilega vefi mannsins. Hægt er t.d. að nota iPS-

frumur til þess að byggja upp öndunarfæraþekju sem líkir eftir þeim aðstæðum sem eru í 

líkamanum. 

Í þessu verkefni voru iPS frumur sérhæfðar í gegnum þroskunarbraut lungnaþekju, í gegnum 

innlag og lengra inn í slímhúð öndunarfæraþekjunar. Sérhæfðu iPS frumurnar voru settar á 

sérhæft lungnaæti á síum í loftvökvarækt (ALI), sem gaf af sér líkan af öndunarfæraþekju. Á 

mikilvægum tímapunktum í sérhæfingarferlinu var qPCR, mótefnalitunum og 

frumuflæðigreiningu (FACS) beitt til að skilgreina hversu vel sérhæfingarferlarnir gengu, og til 

að greina hversu hrein öndunarfæraþekja myndaðist.  

Niðurstöður gáfu til kynna að sérhæfingarferlarnir höfðu gengið vel og að öndunarfæraþekjan 

væri sýndarlagskipt að mestu. Niðurstöður mótefnalitunar sýndu auk þess að töluvert væri af 

lungnaforverafrumum í þekjunni. Þörf er á frekari rannsóknum til að greina betur hvort þessi 

aðferð geti gefið af sér nothæft líkan af öndunarfæraþekju.   
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Abstract 

Every day we breathe air that contains various substances that can irritate the respiratory 

epithelium.  That means that the respiratory epithelium is under quite a lot of environmental 

stress since the inhaled air contains many germs and damaging compounds. This can be harmful 

to the respiratory system and most respiratory diseases involve cell aplasia.  It is therefore very 

important to develop drugs that strengthen the respiratory epithelium. 

iPS cells are pluripotent stem cells that are created by reprogramming somatic cells. iPS cells 

are useful for medical science and improved methods for creating those cells as well as better 

genetic engineering make it possible to investigate human tissues that were inaccessible before. 

Today it´s possible to use iPS cells to constitute a respiratory epithelium that imitates the 

conditions found in the human body. Scientists have been using stem cells in the preparation of 

models and can cultivate lung progenitors derived from human stem cells.  

In this project iPS cells were differentiated along the developmental path for lung epithelium, 

through endoderm and further into mucociliary airway epithelium. The differentiated cells were 

placed on TransWell filters on specialized lung media in air-liquid culture (ALI), that gave a 

model of a respiratory epithelium.  At important times in the differentiation process, qPCR, 

immunostaining and flow cytometric analysis (FACS) were used to define how well the 

differentiation process was going.  

Phenotypic analysis of the cells revealed among other things that the epithelium was mostly 

pseudostratified epithelium.  Results of the immunostaining showed that there was quite a bit 

of NKX2-1 lung progenitor cells in the epithelium. More thorough research is needed to analyze 

better if this method can lead to a usable model of a respiratory epithelium. 
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1 Introduction 

Respiratory diseases are becoming more common over the years and are burdens on 

healthcare systems worldwide. Most of these diseases seem to result in a damaged and 

dysfunctional airway epithelium. To find a cure, it would be useful to be able to mimic the 

human respiratory epithelium in vitro. Organotypic culture models using stem cells or 

induced pluripotent stem cells  (iPSCs) do exactly that, and allow for in vitro drug screening. 

These models have become tools that scientists and drug companies rely on. iPSCs are now 

considered the standard for stem cell research, tissue engineering, and drug testing. As the 

name suggests, the cells are pluripotent, so it is possible to direct their differentiation into 

any tissue. For example, they can be directed along the developmental path for lung 

epithelium to make an iPSC-based model of an airway epithelium. 

1.1. Lung Development 

The lungs are as complex an organ as they are important; they are a part of the respiratory 

system, which consists of the lungs, trachea and associated vasculature (Herriges & 

Morrisey, 2014). The main function of the lungs is to exchange carbon dioxide in blood with 

oxygen from the external environment. This vital process is not as simple and 

straightforward as it might seem, as it has to overcome many barriers to succeed. The airway 

is constantly exposed to the external environment and must cope with various challenges. 

Therefore, animals on land has evolved to adapt to these challenges, and the outcome is a 

complex respiratory system (Herriges & Morrisey, 2014). This system has various cell 

lineages and cellular components that must communicate with each other to make sure 

everything is done correctly, e.g., efficiently exchanging gas.  

The lungs have a complex structure and its development is highly controlled by transcription 

factors and growth factors (Ahmed et al., 2018). This regulated developmental process is 

often divided into five stages: embryonic, pseudoglandular, canalicular, saccular and 

alveolar stages (see Figure 1). The first stage, embryonic, starts during gastrulation, where 

the germ layers, endoderm, mesoderm and ectoderm are specified, rearranged, and shaped 

into a body plan.  

The endoderm gives rise to multiple tissues and organs, including the lungs (Ober & Grapin-

Botton, 2015). The anterior foregut endoderm (AFE) generates a respiratory system and the 

lung specification begins when the transcription factor NKX2.1 is expressed in endodermal 

cells on the ventral side of the anterior foregut (Herriges & Morrisey, 2014). Within the 

ventral side the two primary lung buds appear (see Figure 1A and 1B) (Morrisey & Hogan, 

2010). The first division of the lung bud gives rise to the future trachea and primary bronchi, 

and the next divisions give the bronchial tree. Then to produce the airways and alveoli, a 

tree-like structure of epithelial tubules forms and differentiates through branching 

morphogenesis.  
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Figure 1. Lung development, the five stages. This figure portrays the early lung 

development, the Embryionic stage (Herriges & Morrisey, 2014). A) The anterior foregut 

begins as a single epithelial tube surrounded by the mesoderm (yellow), the early NKX2-

1 lung endoderm progenitors are purple and marked by the expression of Wnt2, Tbx4 

and Fgf10. Early specification of the NKX2-1 progenitor cells is regulated by the dose 

and timing of Wnt and FGF signals from the mesoderm (Herriges & Morrisey, 2014). B) 

The proximal and distal regions of the lung contain epithelial cells specialized for diverse 
functions (Barkauskas et al., 2017). 

 

In recent years, lung development has been extensively studied, which has generated new 

information and insights into the origins of the cell lineages that exist in the lung. 

Furthermore, those studies have highlighted the molecular pathways that regulate these 

lineages (Herriges & Morrisey, 2014). Unfortunately, little is known about the early stages 

of human lung development (Hawkins et al., 2017). To try to understand better how lungs 

form, scientists who study various lung diseases have for years tried to track this 

developmental process in detail. 

An increasing number of studies have been focusing on the early stages of lung development, 

namely the mechanisms that control respiratory system formation (Herriges & Morrisey, 

2014). One reason for this increase in the number of studies is probably pluripotent stem 

cells. Pluripotent stem cells are cells that have the capacity to develop into the three primary 

germ layers of the early embryo, and therefore into the cells that create the lungs. Organs 

that originate from the endoderm germ layer, like the lungs, are vital organs that are subject 

to many diseases (Yiangou, Ross, Goh, & Vallier, 2018). That is why it is important to study 

these organs and their developmental processes. Unfortunately, it is often difficult to grow 

primary cells from endodermal organs in vitro. However, now that new methods to culture 

and induce human pluripotent stem cells can solve this problem, they hold great promise for 

generating endoderm cells and their derivatives. 

1.2. Induced Pluripotent Stem Cells (iPSCs) 

Somatic cells, and in fact all cells that exist in the human body, originate from the pluripotent 

cells of the embryo. Pluripotency means that the cells can differentiate in many directions, 

like embryonic stem cells do in development. The Nobel Prize in Physiology and Medicine 
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in 2012 was awarded to two scientists, Gurdon and Yamanaka. They got the prize for 

showing that mature differentiated somatic cells could be induced to become pluripotent 

stem cells (iPSCs). Their results changed the general consensus that differentiation was 

irreversible (Valdimarsdottir & Richter, 2015). iPS cells are pluripotent stem cells that are 

made by reprogramming somatic cells, i.e., un-differentiating them. To be able to un-

differentiate cells, they are genetically reprogrammed to an embryonic stem cell-like stage 

by the introduction of genes and factors that are important for maintaining the properties of 

embryonic stem cells (Takahashi & Yamanaka, 2013).  

The induced pluripotent stem cell (iPSC) technology enables the induction of pluripotency 

in mature somatic cells, by treatment with these certain factors, the so-called Yamanaka 

factors (Oct3/4, Sox2, Klf4, c-Myc). In recent years, iPSCs have received increased 

attention, and are now used in stem cell research and tissue engineering. It is assumed that 

iPSCs can help cure various diseases, including lung diseases. Furthermore, it has been 

shown that iPSCs are a useful source for medical science, e.g., in drug development and to 

increase understanding of disease pathways (Valdimarsdottir & Richter, 2015). 

1.3. IPS Cells and the Future 

Since the iPSC technology first appeared in the field, improved methods of making the cells, 

along with genetic engineering, made it possible to investigate previously unavailable human 

tissues. One way to study diseases affecting specific tissue or cellular subtypes is to engineer 

in vitro methods that can mimic in vivo developmental fate decisions (McCauley et al., 

2017). This is not an easy job to do because, as previously mentioned, lung development (in 

vivo) is a tightly controlled process where signaling cascades act cyclically in a regiospecific 

manner during narrow windows of time (McCauley et al., 2017).  

If scientists know how the organs and tissues function and their developmental processes, it 

is possible to use that knowledge to find a cure for some diseases. Curing diseases with 

iPSCs is not a simple thing to do, first, cells need to be correctly differentiated, and then 

successfully implanted into the correct areas; a truly daunting task (McCauley et al., 2017). 

The pulmonary disease cystic fibrosis, which is caused mostly by one mutation in the CFTR 

gene, is an example of a disease where the genetic component weighs heavily. It is possible 

to specialize iPS cells in pulmonary cell proliferation, and then study cystic fibrosis in lung 

epithelium. Scientists have done that; McCauley et al. explain in their study from 2017 how 

to use stem cells in the preparation of models (McCauley et al., 2017), namely how to 

cultivate lung progenitors derived from human stem cells (hPSC) and how to specialize cells 

in small bronchospheres that simulate cystic fibrosis. The hope is that studies such as theirs 

give many potential applications in modeling for airway diseases and can possibly lead to 

new therapeutic methods for pulmonary/airway diseases.  

It can be said that embryonic stem cells (ESCs) and iPSCs have led medical science into a 

new and exciting era of regenerative medicine (Hawkins & Kotton, 2015). Ever since 

Yamanaka’s lab reported that the introduction of four specific pluripotent genes (factors) 

could convert adult mouse fibroblast cells to pluripotent stem cells, iPSC research has 

quickly become the foundation for this new era. Now, in a relatively short time, human 

pluripotent stem cells can be directed in vitro to form lung epithelium by using specific 
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stepwise combinations of growth factors that imitate the molecular mechanisms of 

respiratory development in animal models (Hawkins & Kotton, 2015).  

Today there is a great demand for better in vitro assays that mimic the human respiratory 

epithelia. A step-wise differentiation of hPSCs (embryonic or induced) can yield lung 

organoids that consist of epithelial and mesenchymal compartments of the lung and are 

organized in such a way that they are similar to the native lung (Hawkins & Kotton, 2015). 

An organoid is a smaller and simplified version of an organ produced in vitro in 3D. These 

human lung organoids seem to be a good model for the study of human lung development, 

maturation and diseases (Hawkins & Kotton, 2015). Organoid models have already been 

grown for many organs besides the lungs, e.g., brain, liver and kidney. This ability to 

make 3D tissue models from iPSCs is a powerful way to study human biology. However, 

these in vitro models are still works in process and scientists continue to improve their 

methods.  

1.4. In Vitro Models and Model Organisms 

Today’s knowledge regarding human lung development and diseases has mainly come from 

animal models, e.g., the mouse. However, this has been changing and in vitro models of the 

human lung have been replacing the animal models (Miller & Spence, 2017). The models 

are derived from human pluripotent stem cells (hiPSCs), and with increased knowledge and 

improved methods in the recent years, the models have become better and more specific. 

To be able to make an iPSC based model of airway epithelia, it is of course necessary to 

know the main developmental pathways and the differentiation regulation for airway 

epithelia. However, since endodermal specification is thought to occur in rather few 

endodermal cells during a narrow developmental time period, it has been difficult to gain 

access to these cells or follow their cell fate decisions in real time (Hawkins et al., 2017). 

This has among other things limited potential approaches for generating lung progenitors 

from pluripotent cells in vitro (Hawkins et al., 2017).  

Studies utilizing animal models, like genetic mouse models, have managed to define the 

mechanisms regulating lung specification and patterning. These studies have shown how 

lung branching morphogenesis and proximal-distal patterning are regulated by a series of 

complex mesenchymal-epithelial interactions (Miller et al., 2018). How this previous work 

applies to human lung development is mostly unknown (Hawkins et al., 2017). But these 

developmental principles, learned from studying the development of model organisms, have 

been used as a guide to successfully direct differentiation of human pluripotent stem cells 

into differentiated lung lineages and 3D lung organoids (Miller et al., 2018).  

Reports have demonstrated that directed differentiation of hPSCs, which include iPSCs and 

hESCs, is one of the most efficient approaches to achieving differentiation of a cell or tissue 

of interest (Dye et al., 2015). Scientists that have used this approach to differentiate hPSCs 

into lung lineages have been using diverse methodology with varying degrees of success. 

These studies have helped to see the overall picture better. They have identified major roles 

for several signaling pathways in branching, including Wnt and BMP. However, since our 

body works as a unit and these signaling networks are intertwined, disturbance in one 

pathway can affect others (Miller et al., 2018). 
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Until recently, the majority of these efforts to differentiate lung lineages from hPSCs have 

focused on using monolayer cultures (2D) but in the last few years new advances in 

generating 3D organoids have been reported (Dye et al., 2015). Most cells in the body exist 

in a 3D environment, as a part of organs and complex tissues. These 3D models have the 

advantage over the 2D models, that they possess structural organization similar to the native 

organ (Dye et al., 2015).  

1.5. Generating Lung Epithelium from iPS Cells  

To make a valuable model of lung development and diseases, effective derivation of 

functional airway organoids from iPSCs is necessary (McCauley et al., 2017). However. 

limited understanding of human airway patterning has made it difficult, and there has been 

uncertainty when deriving lung versus thyroid epithelial lineages. This is because these two 

cell types both originate from Nkx2-1+ foregut progenitors (see Figure 1) (Serra et al., 2017).  

Until recently the main pathways purported to regulate the distinct lineage specification in 

vivo or in vitro have varied. Recent studies have defined the minimal signaling pathways 

that regulate distinct lung- versus thyroid-lineage specification, from foregut endoderm. 

These pathways seem to be evolutionarily conserved between mice and humans (Serra et al., 

2017). When the iPS cells have been specified, distinct Nkx2-1+ lung or thyroid progenitor 

pools can be independently derived for functional airway organoids.   

This is a good thing, because in contrast to in vivo organogenesis, in vitro directed 

differentiation of iPSCs have often given contamination with undesired lineages and 

heterogeneity. Sorting strategies designed to isolate iPSC derived tissue-committed 

progenitor subsets could help to decrease this heterogeneity (Serra et al., 2017).  

After years of research and many candidates, signaling pathways proposed to regulate lung 

specification, Wnt and BMP signaling and also retinoic acid (RA) appear to be necessary 

and sufficient to specify lung progenitors from foregut endoderm (Serra et al., 2017). A 

number of research groups have been attempting to recapitulate the main phases of 

embryonic lung development in vitro by using exogenous addition of combinations of 

growth factors (Hawkins et al., 2017).  

Finn Hawkins and colleagues from Boston University’s Center for Regenerative Medicine 

(CReM) have been able to grow and purify the earliest lung progenitors that emerge from 

human stem cells, and differentiate these cells into tiny bronchospheres (Hawkins et al., 

2017). Their findings support a paradigm in which the human lung epithelium derives from 

NKX2-1+ endodermal progenitors rather than from other cells, because sorting human 

NKX2-1+ cells at the primordial stage highly enriches for cells that can further differentiate 

into lung epithelia.  

Their in vitro model enables the purification, tracking and visualization of cells undergoing 

the earliest moments of human lung cell fate decisions. The progenitors can be sorted and 

then further differentiated (Hawkins et al., 2017). An overview of their in vitro directed 

differentiation of iPSCs into NKX2-1+ lineages is shown in Figure 2.  
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Figure 2. Overview of in vitro directed differentiation of iPSCs into NKX2-

1+ lineages. Protocols for lung required generating anterior foregut-like endoderm first, 

by using Dorsomorphin and SB431542 that inhibits BMP, but BMP cooperates with, e.g., 

Activin pathways to promote endoderm. Eventually addition of CHIR, BMP4, KGF, FGF10 

and Ra will give Lung epithelium (Hawkins et al., 2017). 

First after the iPS cells have been cultured, they are directed into the endodermal lineage. 

The endodermal lineage is specified through signaling pathways like Wnt/β-catenin and 

Activin/NODAL during embryonic development. To differentiate cultures to DE (definitive 

endoderm), two growth factors, Activin A and Wnt3 are added to the medium. Together 

these factors cause a stronger change into mesoderm, and only Wnt3 is used to  push the 

cells into endoderm. The DE cells produced are multipotent and capable of further 

differentiation toward cells of the pulmonary.   

It has been found that both length and timing of Wnt3 treatment during DE induction is 

crucial (Toivonen et al., 2013). McCauley et al. showed that cyclical modulation of the Wnt 

signaling pathway enables rapid directed differentiation of human iPSCs through an NKX2-

1+ progenitor intermediate into functional airway organoids (McCauley et al., 2017). 

2 Aims of the Project 

The main aim with this project was to establish as pure a lung cell culture as possible, as 

well as describing the process and the differentiating of the cells. 

The aim was to differentiate iPS cells along the bronchial developmental lineage, which 

should result in an model of a human bronchial tissue culture. Furthermore, iPSC were 

differentiated in an air-liquid interface culture (ALI culture).  

The product, an iPSC-based model of airway epithelia, has never been described before with 

exactly this method. Existing protocols were used when the cells were differentiated along 

the developmental path for lung epithelium through the endoderm. The intention was to sort 

out the lung progenitor cells and culture further in specialized lung medium.  
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3 Materials and Methods 

3.1.  Cell Cultures 

IPS cells from the American Type Culture Collection (ATCC) were used. The cells had 

already been expanded, seed stocks had been generated and were kept in liquid nitrogen. 

The cells were taken from storage, thawed and established in a culture. The cells were 

cultured under appropriate conditions and grown at 37 ºC. The medium was changed every 

day or every other day in a sterile environment. The iPSCs were differentiated along the 

developmental path for lung epithelium, through the endoderm and further into the 

mucociliary airway epithelium, based on existing protocols from STEMCELL Technologies 

or CReM (Center for Regenerative Medicine) at Boston University.  

Overview of the whole differentiation process is shown in Figure 3. To be able to 

differentiate the iPSCs into a lung epithelium, it is crucial to have the right environment for 

the cells. A differentiation medium containing various growth factors was used throughout 

the process. More lung-specific media, such as medium for expansion of primary human 

airway epithelial cells was also used.  

 

 

Figure 3. A schematic overview of the differentiation process. The intention was 

to differentiate iPSCs along the developmental pathway of the lung epithelium by going 

through the endoderm. Two protocols were followed and at day 15 of the second 

protocol, NKX2-1+Lung progenitors were sorted out, and both sorted and unsorted cells 

were expanded in an airway differentiation medium to observe what would happen.  
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3.1.1. Differentiation Cultures (iPSC ⟹ Lung Epithelium) 

After establishing iPSc in a culture, they were maintained throughout the duration of the 

research. Therefore it was possible to repeat the differentiation process several times, while 

still following the same protocols. The basic media used throughout the process were 

TeSRTM-E8TM  Basal medium or cSFDM differentiation medium (table 2B), depending on 

where in the differentiation process they were used. Instead of outlining every medium 

closely here in the text, there is an overview in Table 1 and 2. The TeSRTM-E8TM  Basal 

medium was used as a base for differentiation medium and also as the main medium for the 

iPSC culture. The medium was prepared in the following manner: In 480 ml of the TeSRTM-

E8TM  Basal medium went 20 ml of TeSRTM-E8TM  25X supplement and 2,5 ml of P/S 

(Penicillin/Streptomycin Solution). 

Definitive Endoderm (DE) 

STEMdiffTM Definitive Endoderm Kit was used, as it contains the Basal medium, the 

supplement (20X), and supplements A and B. The cells were cultured in 6-well cell culture 

plates coated with Vitonectin XFTM. After a few days in the culture on TeSRTM-E8TM Basal 

medium or when the iPS cells were approximately 70% confluent, the cells were split up on 

plates in a 1/12 ratio. Two days later the cells were treated with a pre-differentiation medium,  

as the intention was to differentiate the cells along the developmental path of the lung 

epithelium.  

After the cells had been exposed to a complete TeSRTM pre-differentiation medium for at 

least 24 hours, or until the cultures were approximately 70% confluent, they were ready to 

be passaged. Complete TeSRTM pre-differentiation medium, DMEM/F-12 and Gentle Cell 

Dissociation Reagent were used for passaging. The cells were dislodged and cell aggregates 

broken up into single cells. The cells were then resuspended in the TeSRTM pre-

differentiation medium with ROCK inhibitor (Single-Cell passaging medium) and incubated 

at 37ºC for 24 hours, until the cells were approximately 90-100% confluent. Then the 

monolayer cultures were differentiated to the definitive endoderm.  

Anterior Foregut 

The countdown began on day one, when the Single-Cell passaging medium was aspirated 

off and the culture was washed with DMEM/F-12 and then replaced with Medium 1 (Table 

1). On day two, three and four, the cells were cultured in Medium 2. On day three to five the 

cells were usually ready to be carried forward into the anterior foregut endoderm induction. 

For the following steps, protocols from CReM were followed  (CReM Boston University, 

2017).  

NKX2-1+ Lung Progenitors  

Cells were passaged from each well in 1:3 or 1:6 into previously coated plates in DS/SB 

media + ROCK inhibitor, and 24 hours later the media was changed to DS/SB without 

ROCK inhibitor. The cultures were in DS/SB media for 48 hours before the NKX2-1 Lung 

progenitor induction could be started. After the AFE induction the plates were washed with 

DMEM/F12 and media changed to CBRa media, re-fed every 48 hours. Within three to five 

days NKX2-1+ cells should have begun to specify.  
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Table 1. Media for iPS cultures and the differentiation process into DE. These 

media and products are in the STEMdiffTM Definitive Endoderm Kit. This kit is a complete, 

serum- and animal component-free medium and a supplement kit that supports highly 

efficient differentiation of iPS cells to definitive endoderm cells (StemCell Technologies, 

2018).  

Medium  Product name  Component # 

Complete TeSRTM–E8TM  

Pre-differentiation medium 

 

TeSRTM–E8TM Basal Medium 

STEMdiffTM Definitive Endoderm- 

TeSRTM–E8TM Supplement (20X) 

05991 

05116 

Single-cell passaging medium 

 

TeSRTM–E8TM - 

pre-differentiation medium 

 

Y-27632 (ROCK inhibitor) 

 

 

72302 

Medium 1 STEMdiffTM Definitive Endoderm 

- Basal medium 

- Supplement A  

- Supplement B 

 

 

05111 

05112 

05113 

 

Medium 2 STEMdiffTM Definitive Endoderm 

- Basal medium 

- Supplement B 

 

05111 

05113 

 

Table 2. Media for differentiation in the anterior foregut endoderm and lung 

epithelium. cSFDM is used as a base for all these media, but different growth factors 

are used, depending on differentiation (CReM Boston University, 2017). 

Differentiation media Airway differentiation media 

DS/SB Media CBRa Media DCI 2 + 10 Media 

cSFDM Base cSFDM Base cSFDM Base 

10μM SB43152 3μM CHIR99021 50nM Dexamethasone 

2μM Dorsomorphin 10ng/ml rhBMP4 0,1mM cAMP + 0,1mM IBMX 

 100nM Retinoic Acid 250ng/mL FGF2 

  100ng/mL FGF10 

 

Table 2B. Ingredients of the cSFDM media. 

Volume Final 

concentration 

Reference 

375 ml IMDM 75% ThermoFisher 12440053 

125 ml Ham’s F12 25% Cellgro 10-080-CV 

5 ml B-27 (with RA) supplement 1% Invitrogen 17504-44 

2.5 ml N-2 supplement 0.50% Invitrogen 17502-0048 

3.3 ml BSA (7.5% stock) 0.05% Invitrogen 15260-037 

1 ml Primocin (100 μg/ml stock) 200 ng/ml Invitrogen NC9141851 

5 ml Glutamax 100X 1X ThermoFisher 35050-061 

500 μl Ascorbic Acid (50 mg/ml stock) 50 μg/ml Sigma A4544 

1.5 ml MTG (from 26 μl in 2 ml IMDM) 4.5x10-4 M Sigma M6145 



10 
 

3.1.2. Lung Epithelium Expanded in Lung Medium  

On day 15 of the differentiation protocol the lung epithelial cells were split up and cultured 

in Bronchial/Tracheal Epithelial Cell Growth Medium (BEGM™) with P/S and Retinoic 

acid, for ten days. The hope was to expand them and then measure the purity of NKX2-1+ 

lung progenitors. The cells were cultured on a Vitronectin coated 6-well culture plate and a 

20x100 culture dish from STEMCELL Technologies. BEGMTM is specially designed to 

support the growth of human primary bronchial epithelial cells, the media is serum free and 

has been optimized to grow cells from both normal and diseased tissues (STEMCELL 

Technologies, 2018). 

After going through the differentiation into the lung epithelium, the NKX2-1+ lung 

progenitors were sorted. The sorted NKX2-1+ lung progenitor cells were cultured in an 

airway differentiation medium, the DCI 2+10 medium (see Table 2). Unsorted lung 

epithelium cells were also cultured in the DCI 2+10 medium. The cells were cultured on 

Vitronectin coated 6-well culture plates.  

3.1.3. ALI-Culture 

ALI (air-liquid interface) is a cell culture method where basal stem cells are grown with their 

basal surfaces in contact with media, but the top of the cellular layer is exposed to the air 

(see Figure 4A). In order to recapitulate the pseudostratified mucociliary phenotype, 

scientists have been culturing human bronchial epithelial cells on ALI (Prytherch et al., 

2011). Cells differentiated at the air-liquid interface in PneumaCult™-ALI medium form a 

pseudostratified epithelium that is similar to the in vivo bronchial epithelium (see Figure 

4B).  

This method of cell culture has been used with success to mimic the histology of the airways. 

It has been used to study fundamental aspects of the respiratory epithelium, like respiratory 

regeneration and cell-to-cell signaling, to name a few. ALI cultures are a model well suited 

for studying the respiratory epithelium in vitro (Prytherch et al., 2011). As they can mimic 

the conditions found in the human airway, the suitability of ALI cultures for modeling the 

airway has also been confirmed through transcriptome analyses (Dvorak, Tilley, Shaykhiev, 

Wang, & Crystal, 2011). 

 

Figure 4. Air-liquid interface (ALI). A) The layout of the well. In ALI cultures the 

basal surface of the cells is in contact with the culture medium, whereas the apical side 
is exposed to air (Lee et al., 2016). B) ALI culture procedure. Here 0,4μm porous culture 

inserts were used. In the previous well is Expansion phase and then Maintenance phase 

(Ali cultures in inserts) (STEMCELL Technologies, 2018).  
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The plan was to put both unsorted and sorted NKX2-1+ lung progenitor cells on ALI filters. 

Unfortunately, the number of viable sorted NKX2-1+ cells from the cell sorting, were 

insufficient to be able to expand them on ALI filters. However, unsorted NKX2-1+ lung 

progenitor cells were passaged from one well into 6 wells on a 12-well ALI plate (Costar® 

12 mm Transwell®, 0.4 µm Pore Polyester Membrane Inserts).  

A model of the airway epithelium was built in ALI culture on PneumaCultTM – ALI Basal 

medium with supplements (see Table 3). After the expansion phase the medium in the apical 

chamber was aspirated off and the medium changed in the Basal chamber (see Figure 4). 

The medium was changed every other day, and 1,5ml of ALI Basal Medium with 

supplements were added in each well (basal chamber). Also, an attempt was made to keep 

the filters dry, and if the medium was in the apical chamber it was aspirated off the filters. 

 

Table 3. Medium and Transwell® inserts for human airway epithelial cells 

cultured at the ALI. (STEMCELL Technologies, 2018). 

Component name  Component # 

PneumaCultTM-ALI Basal Medium 05002 

PneumaCultTM- ALI 10X Supplement 05003 

PneumaCultTM- ALI Maintenance Supplement 05006 

Costar 12mm Transwell, 0.4μm Pore Polyester Membrane Insterts 38023 

 

3.2.  Immunohistochemistry 

3.2.1. Formaldehyde Fixation  

The culture medium was removed and the cells were rinsed with PBS. A 3.7% formaldehyde 

in PBS was used to fix the cells for 10 minutes and then the cells were rinsed with PBS and 

stored at 4 ºC in PBS.   

If the PSC 4-Marker Immunocytochemistry Kit was used, the medium was removed from 

the cells followed by incubation in a fixative solution for 15 minutes at room temperature. 

Then the fixative solution was removed and a wash buffer (10X DPBS, diluted to 1X with 

water) added. The cells were then stored at 4 ºC for up to one month.  

3.2.2. Immunostaining 

The PSC 4-Marker Immunocytochemistry Kit was used, as it contains sets of primary and 

secondary antibodies along with ready-to-use buffers, to enable convenient characterization 

of hPSC by immunocytochemistry. The primary antibodies included in this kit target hPSC 

markers (OCT4, SOX2, SSEA4 and TRA-1-60). This kit was used when undifferentiated 

iPSCs were stained for these well-established markers for iPSCs (see antibodies in Table 4).  
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The cells were cultured on an 8-well chamber slide for three days and then fixed and stored 

for two weeks before staining. An experimental protocol for the PSC Immunocytochemistry 

Kit (Molecular Probes by Life Technologies) was followed closely. After adding both 

primary and secondary antibodies and incubating, first for three hours and then for one hour, 

the cells were washed three times. At the last wash step, one drop of NucBlue Fixed Cell 

stain (DAPI) was added. The cells were stored in the dark at 4 ºC, wrapped with parafilm. 

 

Table 4. List of antibodies used for the undifferentiated iPSCs. 

Primary antibodies Species  Isotype Dilution Secondary antibodies 

Anti-Oct4  Rabbit  - 1:100 Alexa Fluor 555 donkey anti-rabbit 

Alexa Fluor 594 donkey anti-rabbit 

Anti-SSEA4  Mouse IgG3 1:100 Alexa Fluor 488 goat anti-mouse IgG3 

Anti-SOX2  Rat - 1:100 Alexa Fluor 488 donkey anti-rat 

Anti-TRA-1-60  Mouse IgM 1:100 Alexa Fluor 555 goat anti-mouse IgM 

Alexa Fluor 594 goat anti-mouse IgM 

The lung epithelial cells that were cultured in the Bronchial/Tracheal Epithelial Cell Growth 

Medium (BEGM™) were stained directly on the 6-well culture plate. Cells in two wells 

were stained; first each well was divided into four separate compartments. Cells were 

incubated overnight at 4 °C with primary antibodies (see Table 5) diluted in an IF buffer (1μl 

of antibody was added in 100μl of the IF buffer). The day after, the cells were rinsed with 

PBS and incubated for 30 minutes with secondary antibodies diluted 1:1000 in the IF buffer. 

Following incubation, the cells were rinsed with PBS and incubated for about 15 minutes 

with DAPI for counterstaining of nuclei.  

Table 5. Primary antibodies used for immunostaining differentiated iPSCs. The 

first four were used for immunostaining of the transwell filters as well.   

Antibody Clone Isotype Supplier Catalog nr. Dillution Dl.Filters 

TTF1 EP1584Y Rabbit Abcam ab76013 1:100  1:500 

p63 - IgG1 Novocastra NCL-P63 2:100  1:200 

Sox2 - Rabbit Abcam ab97959 1:100  1:500 

Sox17 BC24-3.5CH IgG1 Abcam ab192453 1:100 1:200 

Keratin 5/6 D5/16B4 IgG1 Invitrogen 180267 1:100  

Keratin 14 LL002 IgG3 Abcam  ab7800 1:100  

Keratin 8 M20 IgG1 Abcam ab9023 1:100  

Occludin  OC3F10 IgG1 Invitrogen 331500 1:100  

EpCam VU1D9 IgG1 Novocastra NCL-ESA 1:100  

 

After going through the differentiation process once again, the differentiated iPSCs (lung 

epithelial cells) were passaged on day 15 in the DCI 2+10 media on an 8-well chamber slide, 

where they were cultured for two days and then fixed. The same immune protocol as before 

was followed: 1μl antibody (sox2, sox17, p63 and NKX) in 100μl IF buffer (see Table 5). 

Table 6 lists all the secondary antibodies that were used for immunostaining of the 

differentiated iPSCs and the transwell filters. 
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Table 6. Secondary antibodies used for immunostaining. 

Secondary antibodies from Life Technologies 

Alexa fluor® 546 goat anti-Rabbit 

Alexa fluor® 647 goat anti-Rabbit IgG1 

Alexa fluor® 488 goat anti-mouse IgG1 

Alexa fluor® 546 goat anti-mouse IgG1 

Alexa fluor® 647 goat anti-mouse IgG1 

Alexa fluor® 488 goat anti-mouse IgG3 

Alexa fluor® 488 goat anti-Rabbit 

 

Immunostaining of Transwell Filters  

DAB staining was used to immunostain the filters which had been paraffin embedded. 

Paraffin infiltration is when tissue is dehydrated through a series of graded ethanol baths to 

displace the water and then infiltrated with wax. The infiltrated tissues are then embedded 

into wax blocks. This way the tissue is stable for a very long time. 

Prior to the staining of the paraffin embedded tissue, preparation of buffers (antigen retrieval 

buffer pH 9 and pH 6) and slides took place. The slides were put in Xylene for 2x 5 minutes 

to clean leftover paraffin, then dried for 3 minutes. Slides were incubated in 96% ethanol for 

2x 5 minutes to rehydrate and then rinsed with water. The slides were transferred from the 

water to a humidity box, rinsed with PBS and blocked with hydrogen peroxidase for 10 

minutes, the process was then repeated but blocked with 10% FBS in PBS for the second 

time.  

Primary antibodies (table 5) were diluted in 10% FBS or a buffer, incubated for 30 minutes 

at room temperature. Then rinsed 3x with PBS and incubated with secondary antibodies for 

30 minutes at room temperature, then rinsed again with PBS. Then incubated for 10 minutes 

with DAB solution (DAB chromogen mixed with DAB buffer). The well was rinsed with 

running water, counterstained with hematoxylin for 30-60 seconds and rinsed with water. 

Finally, the slides were allowed to dry before mounting with glue and putting cover slip for 

storing.  

 

3.3. Flow Cytometry / FACS  

After differentiating monolayer cultures to DE (definitive endoderm), the purity can be 

measured by flow cytometry. This is necessary before starting the alveolosphere directed 

differentiation protocol. It is good to get confirmation that the result is definitely DE and not 

something else. The flow cytometry was also used when measuring the purity of the NKX2-

1+ lung progenitors. Flow cytometry, or FACS, was performed using the instrument Navios 

flow cytometer, from Beckman Coulter, Life Sciences. 
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3.3.1. Preparation and Cell Staining 

Staining for DE Cells 

Before the purity of the DE cells could be measured, they were labeled with fluorochrome-

conjugated anti-CXCR4 and anti-c-Kit. A staining protocol (Human cKit) was followed and 

all steps in the staining protocol were implemented on ice. First the cells were monodispersed 

by using a P1000 pipette after 4 minutes in GCDR. Then they were inactivated with stop 

media (DMEM + 10% FBS) and spun down. The cells were resuspended in 1ml/condition 

of PBS (+2% FBS) and divided between five Eppendorf tubes (unstained, isotypes, Cxcr4, 

cKit, Cxcr4/ckit double), 100μl per tube.  

The appropriate antibodies/isotypes were added, 2μl per tube, vortexed briefly and 

transferred to ice and kept for 30 minutes in dark. Then 1ml of PBS with 2% FBS was added 

to every tube, spun at 200xg for 5 minutes in a table top centrifuge, the supernatant was then 

carefully aspirated. This was repeated, aspirated off and FACS buffer was added. This was 

then transferred to FACS polystyrene tubes with a cell strainer cap. These tubes were 

inserted into the Navios flow cytometer for analysis.  

It had previously been found that the antibodies from the cKit did not work, so they were 

probably damaged. The following antibodies were used instead; CD184 PE antibody from 

BD Pharmingen Lot: 2283789. Cat: 555974 and CD117 APC antibody from Beckman 

Coulter Lot: 4. Ref: B36300. 

CD47/CD26 Staining  

Stage-dependent gene signatures of early lung development are expressed in primordial 

human lung progenitors and have revealed a CD47hi/CD26lo cell surface phenotype 

(Hawkins et al., 2017). This allows for measurements of the lung progenitors purity and their 

prospective isolation by cell sorting.  

The CD47hi/CD26lo sorting to purify NKX2-1+ cells protocol from CReM was followed. 

First the media was aspirated and the cells washed with PBS. Many scrapes were etched 

across the cell monolayer before 0,05% trypsin at 37 ºC was added. The cells were incubated 

with the trypsin for 14-18 minutes, or longer if many large clumps of cells were remaining 

after gently triturating to detach the cell sheet.  

When only single cells and small clumps were visible, the cells were transferred to a 15ml 

conical tube. The well was washed with additional 1ml of 0,05% trypsin and the wash was 

added to the 15ml conical tube. When the majority of clumps had dissociated, 10ml of Stop 

media (PBS with 10% FBS) was added and the cell suspension was mixed by pipetting up 

and down. Finally, the cell suspension was filtered through a 40μM filter and centrifuged at 

200G x 5 minutes.  

The cell pellet was resuspended in the FACS buffer and ROCK inhibitor, then aliquoted into 

separate Eppendorf tubes for controls and staining, resulting in total five samples (unstained, 

CD47PerCP/Cy5.5 only, CD26PE only, mlgG1PerCP/Cy5.5 + mlgG2PE isotypes and CD47PerCP/Cy5.5/ 

CD26PE). For each 100μl of staining volume 0.5μl of antibody was added. The samples were 
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stained for 30 minutes on ice and protected from light. To remove excess antibody, the FACS 

buffer was used and then centrifuged for 5 minutes, and the supernatant was aspirated and 

resuspended in the FACS buffer with ROCK inhibitor. If it was necessary to store overnight, 

the FACS buffer was aspirated, and cellfix added and the cell pellet stored in 4 ºC. 

3.3.2. Measuring Purity 

Definitive Endoderm 

On day four or five, after differentiating monolayer cultures to DE, the cells were ready to 

be assayed for the formation of DE or advanced into more specialized lineage differentiation 

protocols. After going through the protocol for DE for the first time, a measurement of the 

purity of DE was done. The measurement took place at Landspítali National University 

Hospital (LHS), and a Navios flow cytometer, from Beckman Coulter, Life Sciences was 

used. The analysis of the FACS data was carried out by using the program Kaluza Analysis 

Software. To analyze the data a live gate was created around the cell population using 

the forward scatter (FSC) and side scatter (SSC) parameters. While analyzing the data, 

gates and regions were placed around populations of cells with common characteristics 

to, e.g., quantify these populations of interest.  

NKX2-1+ Lung Progenitors 

At day 15 or 16 of the process (Human alveolosphere directed differentiation protocol) the 

NKX2-1+ cells had begun to specify and therefore it was possible to measure their purity or 

sort them. The purity was measured twice with the Navios flow cytometer, i.e., for two 

separate differentiation processes. For the second time there were two samples and the only 

difference between them was the ratio the cells were passaged in the anterior foregut 

endoderm induction, which was either 1/3 or 1/6. An analysis of the FACS data was carried 

out by using the same program as before, but with a different method of analysis.  

3.3.3. Cell Sorting 

Cell sorting was performed on the benchtop SH800Z cell sorter (Sony), located at 

Department of Immunology, LHS. Prior to sorting, cells were prepared for staining as done 

before for the flow cytometry. The LE-SH800ZFCPC-cell sorter software was used to 

analyze the results. CD47 high and CD26 low cells were sorted simultaneously and the 

sorted cells were collected in the end, to try to expand them in DCI + 2 + 10 medium.   

 

3.4.  Cell Imaging 

When observing the cell cultures, it is important to take pictures of them. For this project it 

was very important to watch the differentiation process closely. Therefore the cells where 

photographed regulary using three different devices: EVOS FL Auto 2 (cell imaging system 

from Invitrogen, Thermo Fisher), Olympus FV1200 confocal microscope and IncuCyte 

Zoom (from Essen Bioscience).  
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3.5.  Gene Expression  

3.5.1. Sample Isolation  

At critical times, throughout the differentiation process, RNA and protein was isolated from 

the cell cultures. That was done to be able to assess how well the specialization processes 

were going. The RNA isolation was done with TRI Reagent®, which is used for RNA 

isolation from tissues, pelleted cells and cells grown in a monolayer. 

First, the medium was aspirated and the cells washed once with PBS. Approximately 1ml of 

TRI Reagent® was used on each well in a 6-well plate. After 5 minutes the TRI Reagent® 

that included the cells (lysis) was transferred to a RNase-free tube, and 0,2ml chloroform 

added. After vortexing and centrifuging the lysis solution, the clear phase was transferred to 

a new RNase-free tube. RNA precipitation was implemented by adding 0,5 ml of isopropanol 

to the clear phase. After gently mixing and letting it stand for 5-10 minutes, the solution was 

centrifuged for 12 minutes at 13000 rpm at 4 ºC.  

After removing all liquid from the tube, the RNA was dissolved in 1 ml of 96%  EtOH, 

centrifuged at 4 ºC. The EtOH was removed by gently inverting the tube, and the RNA was 

allowed to dry completely over one night. Lastly, the RNA was redissolved with 25μl of 

RNase-free water. The concentration of the RNA in each sample was always measured with 

a NanoDrop and stored at -80 ºC.  

3.5.2. cDNA Synthesis  

For cDNA synthesis, a SuperScript IV Reverse Transcriptase protocol (Invitrogen, Life 

Technologies) was used. The protocol was followed and 1000ng of template RNA was 

mixed with 50μM random hexamers, 10mM dNTP mix and nuclease-free water up to 13μl. 

The RNA-primer mix was heated at 65 ºC for 5 minutes. An annealed RNA and RT reaction 

mix (SuperScript IV reverse transcriptase, RNaseOUT, DTT and 5xSSIV buffer) was then 

combined and placed in a PCR machine for cDNA synthesis. Cycling conditions for the PCR 

were 10 minutes at 23 ºC, 10 minutes at 52 ºC, and 10 minutes at 80 ºC. The PCR products 

were then stored at -20 ºC. 

3.5.3. qPCR 

A real-time polymerase chain reaction (Real-Time PCR), or quantitative polymerase chain 

reaction (qPCR), is a laboratory technique that was used in this project to measure gene 

expression. Gene expression can give information about the differentiation stages and purity 

of the lung progenitors.  

The cDNA samples were diluted in water (1:10 or 1:20) and then mixed with the Master mix 

for each gene being tested (see Table 7). The Mastermix and 1μl of cDNA was loaded to 

each well in a 96-well semi-skirted plate and closed with caps, each cDNA sample was 

amplified in triplicates. The plate was centrifuged at 1000 rpm for 10 seconds and then run 

and analyzed by a quantification method with a Fast 7500 Real-Time qPCR System from 

Applied Biosystems 7500.  
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Table 7. SYBR-green reaction mix. Luna® Universal qPCR Master Mix from BioLabs 

was used, total volume in each well was 20 μl. 

For all genes Each well  Each well (IDT 20X primers) 

SYBR green (Universal qPCR Master mix) 10 μl 10 μl 

RNase-free H2O 6.5 μl 8 μl 

F and R primer mix (500nM) 2.5 μl 1 μl 

cDNA 1 μl 1 μl 

 

A qPCR was performed using primers for gene expression, for genes that all have roles in 

the lung development (all primers used in the study are listed in Table 8). The primers all 

came from Integrated DNA Technologies (IDT). Samples came from cell cultures at diverse 

differentiation stages (see Table 9). 

 

Table 8. Primers that were used in this study.  

Gene Primer Sequence 

Nanog 

Nanog 

Forward primer 

Reverse primer 

5‘ TGA TTT GTG GGC CTG AAG AAA-3‘ 

5‘ GAG GCATCT CAG CAG AAG ACA-3‘ 

Sox 2  

Sox 2  

Forward primer 

Reverse primer 

5‘ GCA CAT GAA GGA GCA CCC GGA TTA-3‘ 

5‘ CGG GCA GCG TGT ACT TAT CCTTCTT-3‘ 

Sox 17  

Sox 17  

Forward primer 

Reverse primer 

5’ CTC CGG TGT GAA TCT CCCC-3‘ 

5’ CAC GTC AGG ATA GTT GCA GTA AT-3‘ 

Trp 63  

Trp 63  

Forward primer  

Reverse primer 

5‘ AGC GTT TCG TCG AAA CCC CAG CTC 3‘ 

5‘ GAG CTG GGG TTT CTA CGA CGA AAC GCT-3‘ 

NKX2-1  

NKX2-1 

Forward primer 

Reverse primer 

5’ ACC AGG ACA CCA TGA GGA AC-3‘ 

5’ CGC CGA CAG GTA CTT CTG TT-3‘ 

Trp63 

 

PrimeTime® qPCR Primers Unknown 

GAPDH PrimeTime® qPCR Primers Unknown 

 

B2M PrimeTime® qPCR Primers Unknown 

 

Table 9. Types of samples that were used in qPCR experiments.  

Samples (taken at different times in the process) 

Undifferentiated iPSCs  

Definitive endoderm (day 3) 

Anterior foregut endoderm (day 6) 

Lung epithelium (day 15) 

Lung eptihelium on DCI + 2 + 10 medium (day 17)  

Lung epithelium on DCI + 2 + 10 medium (day 29) 

Filter sample 
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4. Results 

4.1. The Differentiation Process 

4.1.1. iPS Cells  

An iPSC culture was maintained throughout the project. To keep the undifferentiated cells 

at an optimal density for continued growth and to stimulate further proliferation, the culture 

had to be subcultured. The cell culture was therefore split regularly (at confluency 

approximately 70%) on a new culture plate in  fresh medium.  Figure 5 shows iPSCs three 

days after passage, at roughly 50% confluency.  

Figure 5. iPSC colonies.  Day 3 post-passage, iPSC colonies have emerged and the 

confluency is increasing. Healthy undifferentiated iPSC colonies have well defined 

borders that are pointy, this culture present morphology typical for undifferentiated iPS 

cells. 

 

Every time the iPSCs were subcultured on new culture plates they seemed to grow faster. 

The cells that were established in a culture in the beginning had been passaged eight times.  

Along the way, the iPSCs were passaged in smaller ratios; in the end, when the passages had 

become more than 20, the cells were passaged in a 1/20 ratio.  

It was important to take good care of the cultures and watch out for their growth and 

morphology, because iPSC cells can start spontaneous differentiation. In both figure 5 and 

6 the iPSC morphology is clearly visible, rather large nuclei and well defined pointy borders. 

In figure 6 the rapid cell growth is evident.  
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Figure 6. Proliferation of undifferentiated iPS cells. Images taken approximately 

every 8-12 hours.  

4.1.2. Definitive Endoderm  

First after the iPS cells have been cultured, they are directed to the endodermal lineage. For 

optimal differentiation performance, cells must be exposed to a complete Pre-Differentiation 

Medium for at least 24 hours before passaging cells for DE induction to improve cell survival 

(see figure 7). Cells were passaged in a concentrating ratio, taking them from roughly 70% 

confluency to 90-100% confluency for DE induction. In Figure 8 the transformation into DE 

can be seen.  

 

 

 

 

 

Figure 7. Before and after Pre-Differentiation Medium. Before treatment with Pre-

Differentiation Medium iPSC colonies are visible, after treatment the cells seem more 

loosely packed within colonies.  
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Figure 8. Definitive endoderm. After using specialized media with the growth factors, 

activin A and/or wnt3 there was a strong change into mesoderm and then endoderm. 

4.1.3. Anterior Foregut Endoderm 

The whole differentiation process was induced several times, with a few variations to the protocols. 

This includes passaging cells at different times after DE induction, to check if the yield of NKX2-1+ 

cells would improve. In addition, when passaging into AFE induction, subculture ratio varied (1:3 

and 1:6 ratios were tried). A few combinations were tried, to see which combination yielded the best 

results. In figure 9 passaging the cells once more after they had been on CBRa media for 48 hours 

was tested, with poor results, as cells didn’t proliferate. 

Figure 9. Passaging after AFE induction. A) After 72 hours total of AFE induction. 

B) instead of washing the plates and changing media, from DS/SB to CBRa media after 

these 72 hours, the cells were passaged on a new plate in CBRa. This is three days after 
passaging the cells. The cells never really pulled through, didn´t behave as expected.  

A comparison was made of AFE cells passaged in CBRa with ROCK inhibitor and CBRa 

media without the ROCK inhibitor. There was a considerable difference, with the ROCK 

inhibitors producing better results in the long run, with better overall cell survival. 

4.1.4. NKX2-1 Lung Progenitor Induction 

At day 4 to 5, after 72 hours total of AFE induction, the NKX2-1 Lung progenitor induction 

began. Hawkins et al. observed NKX2-1 cells emerging between days 8 and 15 of the iPSC 

differentiation. At figure 10 exactly that can be seen, images taken from day 4 to 13 are 

shown (marked 0-9). At day 3, 4 and 5 after the NKX2-1 induction the density has increased 

a lot, a circular formation started to be visible.  
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Figure 10. Differentiation from Anterior foregut endoderm to NKX2-1 Lung 

progenitors. Day 0 is actually day 4 in the process, at day 4 cells were passaged in 

1/6 for Anterior foregut Endoderm Induction. In the last days the lung progenitor cells 

have started to push the medium under themselves, circular formations can be seen in 

the last four days.  
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The cell morphology seems to change very much in one day, from day 3 to 4 post NKX2-1 

induction (figure 11). So it could be assumed that NKX2-1+ cell specialization has begun at 

that timepoint. 

 

Figure 11. NKX2-1 cells specialization. In ten hours these circular formations have 

started. The cells seem to lift up and push media underneath themselves and then form 

bulbs. 

4.2. Confirmation of the Differentiation  

4.2.1. DE and NKX2-1 Purity 

The purity of definitive endoderm (DE) and NKX2-1+ lung progenitors was measured by 

using flow cytometry. Figures 13 and 14 show results from those measurements. Figure 12 

is the result for DE and shows that 96,26% of the cells are double positive for CD117 and 

CD184, or ca 96% pure DE. This step is crucial for further differentiation, and we were 

rather happy, as the subsequent steps require endodermal cells. We therefore continued with 

the differentiation further into the airway epithelium.  

 

Figure 12. Flow cytometric analysis of DE. A).Dot plot diagram of the negative 

control B) Dot plot diagram of flow cytometry showing CD184 and CD117 percentage. 

Double positive cells are there on the right upper corner of the diagram and the 

calculated number of double positive cells is 96,26%.  
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Flow cytometry was also done for the NKX2-1+ lung progenitors, and three flow analyzes 

were made overall. These measurements were very important as they reflected whether the 

differentiation had succeeded. Figures 13 A and B show results from the first flow 

cytometry. This measurement on the NKX2-1+ lung progenitors purity gave the best results, 

or c.a. 17% purity for NKX2-1+ cells. The next two measurements gave strange results and 

were insignificant. 

The last NKX2-1+ purity measurement was performed at the same time as the cell sorting at 

the LHS Department of Immunology. The purity measurement of NKX2-1+ cells gave results 

that  were rather consistent with the first measurement (Figure 13 C).  

 

Figure 13. Flow cytometric analysis of NKX2-1+ progenitors. A) Dot plot diagram 

of flow cytometry showing CD47 and CD26 percentage, double positive cells are there 

in the right, upper corner of the diagram and the calculated number of double positive 

cells is 79.12%. In the left upper corner of the diagram is the percentage of CD26 loand 

CD47hi cells, 16.88%. B) Here is a clearer representation of how the cells are divided 

in CD47hi and CD26lo. C) CD47hi / CD26lo sorting strategy. Gates, statistics and the 

purity of NKX2-1 progenitor cells, cells that are CD26lo and CD47hi are appr. 10%, see 

the Dot plot diagram in the left corner. 
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The main results from every measurement are shown together in table 10. However, only the 

first and last measurements are significant. Approximately 45000 NKX2-1+ cells were 

sorted using the CD47hi/CD26lo staining. 

 

Table 10. NKX2-1+ Lung progenitors purity. 

*The ratio that cells were passaged in DS/SB media on day 3 to 6 (Anterior foregut endoderm ind.) 

4.2.2. Gene expression  

RNA samples were collected from various differentiation stages to be able to see how the 

process relayed. The process was monitored by performing qPCR and by immunostaining 

the samples for certain proteins, figures 14 to 16 show results from the relative quantification 

(RQ) of gene expression and immunostained cells. RQ is the fold difference compared to 

the calibrator, that has a value of 1, all samples are compared to the calibrator. The goal is 

to see if there is a increase or decrease in the expression of the gene of interest. It is necessary 

to compare the gene expression to the expression of a housekeeping gene, here GAPDH or 

B2M was used as a housekeeping gene. 

During cell differentiation there are genes that decrease in expression; pluripotency genes 

such as OCT4 and NANOG (Miyamoto, Furusawa, & Kaneko, 2015). Other genes are 

important in the differentiation process itself. It became apparent here that the expression of 

pluripotency genes decreased soon with differentiation, in figure 15 it can be observed that 

NANOG expression is lost during differentiation and expression levels are very low in the 

differentiated cells compared to the undifferentiated iPSCs as well as in early differentiation 

(DE cells).  

Another pluripotency gene that showed more expression in DE cells than undifferentiated 

cells is SOX2. It isn’t just a key regulator of pluripotency, but also important for crucial 

processes in lung development, such as branching morphogenesis and epithelial cell 

differentiation. (Davenport, Diekmann, Budde, Detering, & Naujok, 2016). SOX2 is 

therefore a very difficult marker gene, mix-up of undifferentiated SOX2-positive cells and 

foregut endoderm cells re-expressing SOX2 might occur in differentiation cultures.  

 

Differentiation exp. (ratio)* CD26-lo
 
(%) Sorted cells  

1) NKX2-1+ cells (1/6) 16.88 - 

2) NKX2-1+ cells (1/3) 59.89 - 

3) NKX2-1+ cells (1/6) 21.62 - 

4) NKX2-1+ cells (1/6) 10.00 45000 
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Figure 14. The difference between undifferentiated and differentiated iPSCs. 

During the differentiation, the relative expression of NANOG compared to 

undifferentiated iPSCs decreases, but the NKX2-1 expression increases. 

In figure 15 the expression of SOX2 is shown to be increasing, the expression of SOX2 in 

day 15 lung progenitor cells is much greater relative to undifferentiated iPSCs.  

 

Figure 15. Expression of SOX2 in undifferentiated and differentiated cells. The 

expression of SOX2 increases during differentiation. However, the expression of SOX2 

is very clear in the stained undifferentiated cells. 
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Transcription factors play important roles in lung development and organogenesis (Hawkins 

et al., 2017). In comparison with day 3 (DE), the day 15 progenitor cells were enriched for 

transcription factors known to be present in the devoloping lung, i.e. SOX2 and NKX2-1. 

In this project, the expression of these pluripotency markers as well as other genes was 

examined, in particular the NKX2-1 gene, since it is believed that all cells of the mammalian 

lung epithelium derive from embryonic NKX2-1+ progenitors (Hawkins et al., 2017). One 

of the goals of this project was precisely to establish as pure lung culture as possible, e.g. by 

trying to isolate these progenitor cells. Before isolating/sorting them, expression of several 

genes was examined. Through the use of fluorscent immunostaining, we were able to 

visualize the proteins of interest. The progenitor cells (day 15) were stained for SOX2, 

SOX17, TP63 and NKX2-1 (figure 16).  

 

Figure 16. Immunostaining of four genes (SOX2, SOX17, TP63 and NKX2-1). 

DAPI stain (left column), the gene (center column) and merged together (right column) 

in cells at day 15 in the process. Images of immunostaining for SOX2 and 17 indicate 

that the expression is quite high. It is possible that the staining for SOX17 has failed, 

because the background seems to be stained. The signal intensity for p63 seems to be 

the highest. The signal intensity for NKX2-1 is not as clear, the protein is seen in cells 

that seem to have slightly different shape.  
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Compared to the qPCR data in figure 15, one would expect stronger signals from Sox2 to 

appear in figure 16. What lies behind the expression of these genes are e.g. various signaling 

pathways. Bmp signaling appears to repress the transcription factor, Sox2, which allows for 

expression of NKX2-1 (Herriges & Morrisey, 2014). Wnt signaling regulates lung 

differentiation of hPSCs but also Bmp signaling (McCauley et al., 2017). Sox2 expression 

marks the proximal endoderm progenitor lineage and studies have demonstrated low levels 

of SOX2 in the human distal lung and high levels in the proximal airway. 

4.3. Expansion in Lung media 

4.3.1. BEGM™ 

Figure 19 shows images of the BEGM culture. At day 15 the differentiated iPSCs were 

expanded in Bronchial/Tracheal Epithelial Cell Growth Medium (BEGM™). The cell 

culture was well monitored for ten days in the IncuCyte Zoom, and medium was changed 

every other day.  

The cell morphology was very different from the NKX2-1 lung progenitor culture, which 

was maybe not surprising, since completely different medium was used and thus conditions 

for the cells were different. Scientists have been using BEGM™ Growth Medium with 

normal bronchial epithelial cell. As the medium is formulated to provide a defined and 

optimally balanced nutritional environment that promotes proliferation and growth of 

normal human bronchial epithelial cells in vitro.  

In figure 17 the different types of cells in the respiratory system are shown, the epithelium 

lining in the upper respiratory airways, bronchial epithelial cells are classified as ciliated 

pseudostratified columnar epithelium. 

 

 

Figure 17. Respiratory cell types. (Camelo, Dunmore, Sleeman, & Clarke, 2014) 
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Figure 18. BEGM culture. Immunostaining (SOX2, SOX17 and NKX2-1). DAPI 

stain (blue), the gene (red/orange) and merged together (purple). Three images from 

the IncuCyte are in the right corner, they show the proliferation of the cells from day 

one to ten. The density and adhesion is not visible there, the cells seem to grow slowly 

and have keratinocyte morphology. 

 

4.3.2. DCI+ 2+ 10 media 

Both sorted and unsorted NKX2-1+Lung progenitor cells were expanded in a Lung media, 
namely an airway differentiation medium (DCI +2 +10) to observe what would happen. In 

figure 19 the difference between the two cultures is very clear, the images of the cultures are 

taken about ten days after expanding them.  

The number of viable sorted NKX2-1+ cells from the cell sorting was almost to low to allow 

resuspension in the DCI+2 +10 medium. The cells were few and had grew poorly to begin 

with but they pulled through and grew into beautiful colonies (see figure 19).  
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Figure 19. Comparison between unsorted and sorted lung progenitor cultures.  

The unsorted cells on the DCI + 2 + 10 media showed good proliferation and after two days 

on the medium the cells were passaged on new culture plate in fresh DCI +2 +10 medium. 

RNA was isolated before the cells were passaged and then again after cultivating on the 

medium for two weeks. Results from the relative quantification of the gene expression 

showed much more expression of the NKX2-1 gene in the DCI-culture at day 17 than in 

DCI-culture at day 29, with NKX2-1 cells at day 15 as a control, see Figure 20. These 

findings are interesting as it would be expected that the longer time in lung differentiation 

conditions would direct the cells in a larger numbers to airway epithelium.  

NKX2-1 is a crucial factor in lung development, at a very early stage and at a later stage it 

is critical to the formation of distal pulmonary structures (Atlas of Genetics, 2018). It would 

be interesting to repeat these experiments, to see if these findings are valid, i.e. repeat the 

differentiation process and the expanding in the DCI +2 +10 medium. It would also of course 

be good to expand sorted cells in the DCI +2 +10 medium to be able to do a comparison.  

Hawkins et al. did that, they tested whether differentiated lung epithelial cells derived 

directly from NKX2-1 + progenitors. They plated both sorted and unsorted NKX2-1 

progenitors in 3D Matrigel, in similar epithelial differentiation media that were used here 

(Hawkins et al., 2017). RT-qPCR gave significantly higher levels of TP63 in the unsorted 

cells (NKX2-1-). Since relative expression of TP63 (data not shown) in this project was 

rather high in unsorted cells in DCI +2 +10 at day 17, it would have been interesting to 

compare with sorted cells.  

Hawkins et al. did immunostaining that did show that TP63 cells in the NKX2-1+ outgrowth 

co-expressed NKX2-1 but TP63 cells in the NKX2-1- outgrowth did not express NKX2-1 
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(Hawkins et al., 2017). Immunostaining of NKX2-1 in the differentiated cells that had been 

on DCI +2 +10 media for two days (Day 17-DCI) gave a strong signal (Figure 20). The 

images were taken using a confocal microscope, and reflect well the actual amount of cells 

that express NKX2-1, implying that NKX2-1 expression is at least 15%. 

 

Figure 20. NKX2-1 expression in unsorted lung progenitor cells that had been 

on the DCI+2+10 media. The lower image to left is immunostained DCI cells (Day 

17), the cells were stained for NKX2-1 and images taken on a confocal microscope. The  

image in the lower right corner shows DCI cells 14 days post expanding in DCI+2+10 

media.The graph shows the relative expression of NKX2-1 in undifferentiated cells, lung 

cells and two different samples from unsorted DCI cells, vs. NKX2-1 lung progenitor 

cells (day 15).  

4.4. ALI culture 

ALI culture is more organotypic cultivation than monolayer cultivation and can tell us more. 

In parallel with these DCI cultivations of differentiated cells, ALI cultivation was in 
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progress. The ALI cultures were cultivated for approx. three weeks in PneumaCult™-ALI 

medium. Figure 21 shows the results from immunostaining for SOX17 and NKX2-1 in ALI 

filters and qPCR results. Figure 22 shows relative expression of NANOG and TP63.  

 

 

Figure 21. SOX17 and NKX2-1 expression in ALI filters. The images of the filter 

show airway epithelium, mostly pseudostratified epithelium. And that the proximal 

progenitors have given rise to e.g. secretory cells, ciliated cells and mucosal cells. It 

looks  like SOX17 is expressed much more and over a larger area than NKX2-1. NKX2-

1 appeared to be expressed in cell clusters at regular intervals. 

 

 

Figure 22. Expression of P63 and NANOG in the ALI culture (Filter). Compared 

to the expression in undifferentiated iPS cells, pluripotent marker goes down and P63, 

a basal cell marker, goes up during differentiation and ALI cultivation. 
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After describing the process and the differentiating of the cells, it is appropriate to ask in the 

end, how pure the product, an iPSC-based model of an airway epithelia was. The 

differentiated iPSCs were cultured further in ALI culture, and the hope was that it would 

result in an model of a human bronchial tissue culture.  

Figure 23 show images of the product, taken on EVOS of stained paraffin embedded tissue. 

All the images taken showed epithelium composed of multiple cell types, and showed 

similarity with in vivo bronchial epithelium. Ciliated pseudostratified columnar epithelium 

is the epithelium that lines trachea/bronchi and most of the upper respiratory tract.  

 

 

Figure 23. Pseudostratified columnar epithelia. These images were taken of the 

stained paraffin embedded tissue (ALI filter). Here the pseudostratified columnar 

epithelia is evident. Ciliated pseudostratified columnar epithelium lines trachea and most 

of the upper respiratory tract.  

5. Discussion 

Due to the relative novelty of iPSC research, the methods of generating lung epithelial cells 

from pluripotent stem cells have until recently been quite poorly defined. Cultures have often 

been contaminated with other endodermal cell types such as esophageal stomach or small 

intestine, making it difficult to use these cells for research, let alone tissue regeneration 

(Wong & Rossant, 2013). On the other hand, this seems to be changing, in recent years, 

numerous groups have been working on differentiating iPSCs. First differentiating into DE 

and then patterning the endoderm with TGF-β and BMP signaling as well as combinations 

of growth factors, to demonstrate an in vitro derivation of epithelial endodermal cultures 

expressing lung epithelial markers (Hawkins et al., 2017). 

Scientists have used many techniques to differentiate iPSCs, including the differentiation of 

lung-specified cultures into many different lung cell lineages, and cell sorting-based methods 
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to purify lung progenitors from mixed cultures (Miller et al., 2018). Most of these approaches 

rely on the differentiation of a primitive NKX2.1+ lung progenitor cell population, followed 

by further differentiation (Miller et al., 2018). The hypothesis is that all cells of the lung 

epithelium derive from these primitive progenitor cells, NK2 homebox 1-expressing 

(NKX2-1+) precursor cells (Hawkins et al., 2017). In 2017 Hawkins et al. attempted to purify 

these progenitors and test this hypothesis. They managed to engineer and developmentally 

differentiate NKX2-1GFP reporter pluripotent stem cells in vitro, to generate and isolate 

human primordial lung progenitors that express NKX2-1 (Hawkins et al., 2017). They used 

a cell surface phenotype to isolate the progenitors. 

This project is to some extent based on their findings, iPSCs were differentiated along the 

developmental path for airway epithelium, through endoderm and further into mucociliary 

airway epithelium based on existing protocols. Then the surface phenotype, CD47hi/CD26lo 

was used to isolate NKX2-1+ progenitors, and expand them in Lung media and ALI culture 

to see if the result would be an established model of a human bronchial tissue culture. That 

could e.g. be used for drug screening.  

In this thesis I have gone thoroughly through the overall differentiation process and have 

shown data from experiments that were implemented at important times, to define how well 

the process was going. There were many aspects that could have been investigated further 

and more thoroughly during the project.  Due to lack of experience regarding laboratory 

testing, the results are not fully significant, some tests could have been repeated and other 

tests done to get better confirmation of the results. That is still possible although it isn´t part 

of this project. Fixed cells exist, e.g. the sorted lung progenitor cell culture that was on the 

DCI +2 +210 media for approx. two weeks. Also protein samples from every differentiation 

stage exist.  

Most of the time was spent on cell culture, to get to know the procedures when working with 

cells and learn about them, perhaps at the expense of doing more diverse tests. Nevertheless, 

the cell culture was a very important part of this project and the data gives indication about 

where to go from here.    

The immunostaining of the paraffin embedded tissue (ALI filter) gave results that were 

promising. Both P63 and NKX2-1 showed more expression than in undifferentiated cells 

(Figures 21 and 22). Wnt signaling plays a crucial role, specifying NKX2.1+ respiratory 

endoderm progenitors during development and recent studies have shown that withdrawal 

of Wnt signaling from lung progenitors prompts proximal patterning (McCauley et al., 

2017).  

Both P63 and SOX17 are markers that apply more to the airway epithelium, the transcription 

factor Sox17 for example induces plasticity of respiratory epithelial cells, reprogramming 

alveolar cells into epithelial cells with typical proximal airway characteristics (Park, Wells, 

Zorn, Wert, & Whitsett, 2006). Sox17 is also required for endoderm formation during 

embryonic development (Lange et al., 2014). In agreement with this, it can be seen that 

SOX17 is widely expressed in the sample from the paraffin embedded tissue in Figure 21.  

P63 is a basal cell marker, which is found for example in basal cells of the bronchial epithelium 

(Arason, A.J. 2010). Figure 22 shows significantly increased P63 expression during 

differentiation and ALI cultivation. 
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The differentiation product, an iPSC-based model of an airway epithelia, has never been 

described before with exactly this method. I.e. differentiating cells along the developmental 

path for lung epithelium through the endoderm and then culture further in specialized lung 

medium. The differentiated cells were cultured further in this Lung medium as monolayer- 

and ALI culture. The monolayer cell culture with the differentiated cells in specialized Lung 

medium did not seem to pull through. However, some things were curious e.g. that 

differentiated cells that had been for two days in DCI+2 +10 medium showed much more 

relative expression of NKX2-1 than day 15-differentiated cells (Figure 14). Experiments 

done during the differentiation process gave positive results. E.g., qPCR showed, among 

other things, that the relative expression of NANOG decreases, but the NKX2-1 expression 

increases during the differentiation. 

This project alone isn’t enough to answer whether this method  works when making a hPSC-

derived model of an airway epithelium. Mainly because the cell sorting didn’t go as planned, 

so the cells that were differentiated at the air-liquid interface in the PneumaCult™-ALI 

medium were unsorted. It would have been better to have an ALI culture with sorted NKX2-

1 progenitor cells as well, for comparison. Despite not having used pure NKX2-1+ progenitor 

cells, it came as a surprise that the ALI filters showed similarity with in vivo bronchial 

epithelium, an epithelium composed of multiple cell types. Possibly, such a nice bronchial 

tissue culture was created exactly because the cells were unsorted and therefore not pure 

NKX2-1+.   

What is interesting and positive about the results is how well the established bronchial tissue  

looked (Figure 21-23). The stromal cells that are visible on the images are important for 

general development of the epithelium. And maybe it would be possible to improve the 

airway epithelial model, by making the epithelia differentiate further with stromal cells.   

In summary, the project gave an oversight of the whole differentiation process, which gives 

an idea of how differentiated iPSCs respond when expanded in specialized Lung media, as 

well as ideas regarding continuing experiments. Extensive progress has been made in 

derivation of lung epithelium from pluripotent stem cells (Herriges & Morrisey, 2014). 

There are exciting times ahead, and hopefully new information and techniques will lead to 

future regenerative therapies for lung diseases.  
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