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Ágrip 

Þróun frumuræktunarlíkans sem fangar vefjafræði heilbrigðra berkja og lungna ásamt 

sjúkdómsástandi er afar mikilvægt fyrir skilning á bæði sérhæfingu lungnaþekju og framgangi 

sjúkdóma. Í lífvísindum er oft notast við in vitro líkön til þess að líkja eftir in vivo ástandi. Loft-vökva 

ræktir (e. air-liquid interface, ALI) hafa iðulega verið notaðar til að líkja eftir uppbyggingu berkjuþekju. 

Þegar berkjuþekju frumur með stofnfrumu eiginleika eru ræktaðar við ALI skilyrði mynda þær 

sýndarlagskipta þekju sem hefur starfhæf þéttitengi. Í mannslíkamanum eru allar frumur í stöðugum 

samskiptum við aðrar frumugerðir, þannig að samræktunarlíkön geta gefið betri mynd af því hvað 

hvetur frumur áfram í frumusérhæfingu. 

Bandvefsumbreyting (e. epithelial to mesenchymal transition, EMT) er mikilvægt ferli í fósturþroska 

þar sem þekjufrumur taka á sig bandvefslíka svipgerð og öðlast við það skriðhæfileika. EMT hefur 

nýlega verið tengt við sjúkdóma eins og krabbamein og er einnig ein af tilgátunum um tilurð 

bandvefsmyndunar í lungnatrefjunarsjúkdómum á borð við Lungnatrefjun af óþekktum uppruna (e. 

Idiopathic pulmonary fibrosis, IPF). 

Markmið rannsóknarinnar var að þróa samræktunarlíkan fyrir berkjuþekjufrumur með því að rækta 

þær við ALI skilyrði bæði með og án bandvefsfruma. Ennfremur var markmiðið að bera saman 

niðurstöður úr frumuræktunarlíkani við bæði heilbrigð vefjasýni úr lungum og vefjasýni frá IPF 

sjúklingum með tilliti til EMT svipgerðar. 

Langtímamarkmið er að frumuræktunarlíkanið geti nýst til að skoða tilurð og framþróun 

lungnasjúkdóma á borð við IPF þar sem upptök sjúkdómsins eru enn ókunn.  

Vel skilgreind lungnaþekju grunnfrumulína, VA10, var ræktuð við ALI skilyrði. Frumur voru ræktaðar 

í 2 vikur með og án bandvefs-líkra frumna (VA10) sem komnar voru frá VA10 eftir að hafa gengið í 

gegnum EMT. VA10 var látin mynda sýndarlagskipta þekju í ALI rækt með og án VA10M í kollageni. 

Eftir ræktun voru sýnin rannsökuð með tilliti til frumusérhæfingar og EMT. Vefjasýni úr heilbrigðu lunga 

og frá IPF sjúklingum voru mótefnalituð fyrir kennipróteinum EMT og niðurstöður bornar saman við 

niðurstöður frá frumuræktunum. 

Frumuræktunarlíkanið sýndi að þekjufrumur í samrækt með bandvefsfrumum styrktu þekju 

svipgerð sína með aukinni tjáningu á E-cadherin og lægri tjáningu á Vimentin og N-cadherin. 

Frumurnar höfðu einnig aukna tjáningu á slímpróteinum (e. mucins), sem gefur til kynna aukningu á 

frumusérhæfingu. Vefjasýni frá IPF sjúklingum höfðu meiri tjáningu á próteini tengdu 

viðgerðarstarfsemi, CK14 og tjáðu auk þess bæði Vimentin og N-cadherin en tjáningu á þeim er ekki 

að finna í heilbrigðum lungnavef. Niðurstöður rannsóknarinnar sýna að frumuræktunarlíkanið líkir ekki 

eftir aðstæðum í IPF en með frekari þróun gæti líkanið verið mikilvægt tæki til þess að skoða 

þekjuvefs-stoðvefs samskipti í loftvegum; bæði hvað varðar samvægi og sjúkdómsástand. 
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Abstract 

Generating cell culture model that capture lung/bronchial histology in normal and disease condition is 

of great importance for understanding normal lung epithelial differentiation and disease progression. In 

bio sciences in vitro models are common to mimic in vivo conditions. The air-liquid interface (ALI) 

system has been frequently used to mimic the development of lung epithelium. When bronchial 

epithelial cells with stem cells properties are cultured in ALI they form a pseudostratified epithelium 

with functional tight junction proteins. However in the human body each cell is in constant 

communication with other cell types so co-culture models can give a better view of how and what 

drives cells into differentiation. 

Epithelial to mesenchymal transition (EMT) is a well defined process in embryonic development 

and wound healing. In EMT the epithelial cells lose their cell to cell adhesion and gain a mesenchymal 

phenotype with migrational abilities. EMT has recently been related to diseases such as cancer and is 

one of the hypothesis regarding the origin of fibrotic tissue in lung fibrosis like Idiopathic pulmonary 

fibrosis (IPF). 

The aim of this study was to establish a co-culture model of lung progenitor cells by culturing them 

in air-liquid interface (ALI) together with mesenchymal-like cells cultured in collagen matrix. 

Furthermore the aim was to compare the culture model with both normal tissue and tissue samples 

from IPF patients, with respect to EMT. Long term plan is to develop a model that can be used to 

understand origin and progression of severe lung diseases like IPF, where cause of the disease is 

unknown.  

A well established bronchial-derived basal epithelial cell line, VA10, was cultured in air-liquid 

interface (ALI) condition. Cells were cultured for 2 weeks with and without collagen gel and collagen 

gel containing mesenchymal cells derived from VA10, referred to as VA10M. After culture period 

samples were analyzed regarding differentiation and EMT. Tissue samples of both healthy lungs and 

IPF lungs were stained with EMT markers and compared to results from the culture model. 

The established culture model revealed that epithelial cells in co-culture with mesenchymal cells 

gained increased epithelial phenotype with higher expression of E-cadherin and lower expression of 

Vimentin and N-cadherin. Cells also expressed more of mucins, indicating an increase of 

differentiation. Tissue samples from IPF patients revealed higher expression of the wound healing 

marker CK14 and expression of Vimentin and N-cadherin that is absent in samples from healthy 

lungs. From these results we claim that the culture model is currently not representing IPF conditions, 

but has good potential to be further developed to study epithelial-stromal interactions in human 

airways; both with regard to homeostasis and disease. 
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1 Introduction 

1.1 Histology of the human lung 
The human lung is a complex organ. It is composed of a tubular and branching network, from the 

trachea down to the alveoli were gas exchange occurs. Air that enters the lung first passes the nasal 

cavity, goes down to the larynx and enters the trachea. The trachea then serves as a conduit for air 

into the main bronchi, bronchioles and alveoli. 

 

 

Figure 1: Histology of the lungs. The figure shows the construction of the lungs and their histology. 
It also shows how the lungs branch from the trachea and down to the bronchioles and terminate in the 
alveoli. Figure adapted from (1). 

 

The trachea is surrounded by c-shaped cartilage that is connected with smooth muscle. As the 

trachea divides into bronchi, bronchioles and smaller bronchioles the cartilage decreases in size and 

then completely disappears when the diameter reaches about 1 mm, leaving only smooth muscle and 

fibroblast-rich collagenous matrix circulating the walls of the bronchioles (2). When in the distal airway, 

bronchioles divide into terminal bronchioles and then respiratory bronchioles and alveoli that facilitate 

gas exchange. The cavity of the airway is lined with epithelium were the air needs warming, 

moistening and removal of particulate materials. The epithelium lining the cavity of the airway also 
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changes in the lower airway, it goes from being pseudostratified to a simple columnar epithelium and 

ends as a simple flat epithelium in the terminal- and respiratory bronchioles and alveoli (2, 3). 

Trachea and the main bronchi are lined with pseudostratified epithelium that reaches down to the 

basal membrane as well as stretching its cilia to the lumen of the airway. The basal membrane 

separates the epithelium from the stroma which is made out of extracellular matrix (ECM), fibroblasts, 

arteries, blood vessels and immune cells (2, 3). 

1.2 Cell types of the lung epithelium 
The lung epithelium is very complex reflecting of how many cell types it consists of (figure 2). In the 

upper airways basal cells are considered to be the stem cells of the lung epithelium since they can 

differentiate into other cell types (4). Basal cells reside on the basement membrane and do not reach 

to the luminal surface and when in the lower airways they become fewer in number and are not 

present in the respiratory bronchioles (5, 6). The most prevalent cells in the upper airway are the 

ciliated cells. Ciliated cells are connected to the basement membrane and reach their beating cilia into 

the lumen of the airway where they clear the inhaled air of bacteria and other pathogens. These cells 

are considered to originate from basal and goblet cells in the epithelium (2, 5). Goblet cells produce 

mucins and secrete them into the airway lumen. These mucins are protective for the airway because 

they filtrates foreign objects and microorganisms and then the cilia of the ciliated cells move these 

foreign objects up the airway. Goblet cells are also thought to originate from basal cells in the 

epithelium (2, 5). In the lower airways club (also referred to as clara cells) cells are believed to serve 

as the progenitor cells since the basal cells are absent (7). Club cells are also secretory cells and 

secrete surfactant that reduces tension in bronchi and bronchioles (6, 7). Pulmonary neuroendocrine 

cells are found distributed through the lung epithelium. They are innervated and rare and have a role 

in regulation of breathing (8). The gas exchange occurs in the alveoli. Alveolar cells are of two types, 

alveolar type I and alveolar type II cells. Type I cells are fewer in number but cover ~95% of the 

alveolar surface. However, type II cells are more common but cover ~5% of the alveoli. Type I cells 

are thin squamous cells that do not divide and their main role is to facilitate gas exchange (3). Type II 

cells are more cuboidal and can serve as progenitor cells for both new type II cells and type I cells. 

Alveolar type II cells are secretory cells and in their cytoplasm are granules that synthesize surfactant 

that reduces tension in the alveoli and prevent the lungs from collapsing (2, 3, 9). Since type II cells 

are the proposed progenitor cells of the alveoli, type II hyperplasia is an indicator of lung injury and 

has been associated with diseases, e.g. lung fibrosis (10). 
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Figure 2: Cellular context of the human lung. To the left is a drawing of the histology of the lung 
and to the right is a drawing of the cellular context of the lung, and how it changes down the airway. 
Figure adapted from (11). 

 

1.3 Epithelial to mesenchymal transition (EMT) 
Epithelial to mesenchymal transition (EMT) is an important process in embryonic development were 

epithelial cells lose their cell to cell adhesion, gain the ability to migrate and gain a mesenchymal 

phenotype. EMT and its reverse process mesenchymal to epithelial transition (MET) are necessary to 

make a fully functional, three dimensional organs in embryonic development. It takes numerous 

rounds of these processes to make fully functional organs (12, 13). One of the major hallmarks of EMT 

is a cadherin switch, that is, loss of expression of the adhesion molecule e-cadherin and gain of n-

cadherin expression that is linked to a more mesenchymal phenotype. Upregulation of other 

mesenchymal markers linked with EMT are Vimentin, alpha-smooth muscle actin and Fibronectin (13, 

14). Schematic figure of EMT in development and disease is shown in figure 3. 
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Figure 3: Epithelial to mesenchymal transition. EMT shown in normal development and diseases. 
EMT that occurs in normal development generates mesenchymal cells that are able to go through 
MET and generate secondary epithelia. EMT that occurs in fibrosis is what happens in wound healing 
and tissue regeneration. In cancer EMT occurs in cells that have previously undergone genetic 
changes and these cells become metastatic and invasive (15). 

 

EMT is an important participant in repair of damaged tissues, wound healing and has lately been 

associated with diseases, such as cancer and fibrosis. The role of EMT in cancer is critical for both 

metastasis and invasiveness but the role of EMT in fibrosis is more controversial (14, 16). 

1.4 Idiopathic pulmonary fibrosis (IPF) 
Idiopathic interstitial pneumonias are a group of diffuse parenchymal lung diseases that are of 

unknown causes, shown to have thickening of alveolar walls due to fibrosis and inflammation. These 

diseases can cause a heavy burden and premature deaths for patients because of lacking in clinical 

treatment (17, 18). Classification of these diseases is shown in figure 4. 

Idiopathic pulmonary fibrosis (IPF) is the most common and most severe of the idiopathic interstitial 

pneumonias. IPF is characterized by scarring and thickening of alveolar walls mostly due to fibrosis in 

the lung. Diagnosis can be difficult and are based on clinical symptoms and x-rays of the lung but it 

has been stated that lung biopsy is most efficient for diagnosis (19). One of the major hallmarks of IPF 

are fibroblastic foci which are within immature matrix and consist of aggregates of collagen producing 

fibroblasts and myofibroblasts. Fibroblastic foci are found at fibrosis transition regions in the lung and 

are believed to play a critical role in progression of disease and poor prognosis. 
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Figure 4: Classification of diffuse parenchymal lung diseases. Idiopathic interstitial pneumonias 
are shown in red. Adapted from (17). 

 

Samples taken with biopsies from patients suffering from IPF show that that there is a correlation 

between numbers of fibroblastic foci and prognosis (20, 21). Clinical treatment is very limited and 

inadequate. Corticosteroids and anti inflammatory drugs can be subscribed but patient with IPF hardly 

ever benefit from that kind of therapy (22, 23). Only recently there have been some improvement in 

drug development for IPF and new drugs have been used (24, 25). The disease has been associated 

with alveolar cells of type II, the proposed progenitors of the alveoli, and considered to arise from 

recurrent injury. Initial injury leads to abnormal stimulation of the alveolar epithelial cells which makes 

the environment sensitive to fibrosis with aggregation of fibroblasts and myofibroblasts that produce 

collagen (26). However, there has been little focus on other progenitor cells in the lung in regard to IPF 

but interesting findings on the role of basal cells have emerged (27). In a recent paper from our lab 

(Lab. Invest in press), Jonsdottir et al. further explore the possible role of p63 positive basal cells as 

progenitor cells for lung fibrosis. In this paper Jonsdottir et al. showed that the bronchial epithelium 

overlying the fibroblastic foci in IPF patients changed phenotype from pseudostratified mucociliary 

layer to squamous stratified layer with increased expression of mesenchymal markers. If this was a 

consequence of or the origin of the fibroblastic foci is currently not known (Jonsdottir et al., Lab. Invest 

in press). 

There are three major theories about the origin of the myofibroblasts in the fibroblastic foci. Firstly it 

has been suggested that resident fibroblasts in the lung are the precursor cells of myofibroblasts, 

secondly it has been suggested that mesenchymal cells from the blood circulate in the lung and are 

the precursor cells of myofibroblast but lastly it is hypothesized that myofibroblasts are epithelial cells 

that have undergone EMT and that way gained an mesenchymal phenotype (28). 

To gain progress in research of both lung development and lung diseases it is important to have 

access to human material, for example, lung tissue and established cell lines, which helps to gain 

perspective in context of lung development and diseases. 
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1.5 Modeling bronchial epithelium in culture 
In order to be able to conduct research in the human lung, good access to models is essential. Animal 

models, such as mouse models are common in research but it needs to be acknowledged that the 

combination of the cells in human airways and mice are not identical and the tissue architecture 

differs. Thus, in vitro models such as cell culture models can be effective for specific research on the 

human lung (4, 29). 

1.5.1 In vitro cell culture modeling 
The most conventional way of culturing cells is to simply culture them in monolayer on a flat, plastic 

surface. It is very important to be able to culture cells in monolayer to understand protein expression 

for example but it can also be accompanied by certain limitations since the cells lack communication 

with stroma and extracellular components. In two dimensional cultures, cells do not have the same 

abilities to differentiate as in three dimensional culture and ALI culture (30). ALI cultures (figure 5) 

have been used to mimic the upper airway epithelium with good results (31). Cells are cultured so they 

resemble what happens in vivo, the cells are in constant presentation to air on the apical side of the 

epithelium but get nutrition from the basal side where they rest on the basement membrane (32). In 

the human body, cells are in constant communication with other cell types, so co-culture models 

targets to mimic in vivo condition more accurately, having epithelial-stromal crosstalk. 

 

 

Figure 5: Schematic figure of ALI culture. Epithelial cells (grey) are seeded on pourus filters on a 
plate. Cells are constantly exposed to media (pink) on the basal side and air on the apical side. 

 

1.5.2 VA10 cell line 
The VA10 cell line is a bronchial-derived epithelial cell line with basal properties expressing the basal 

cytokeratins 5/6, 13, 14 and 17 and the transcription factor p63 that is associated with stem cell 

properties in the lung amongst many other organs (33). When cultured in air-liquid interface (ALI) 

VA10 cells form a pseudostratified epithelium, expressing basal cytokeratins and p63 in the basal 

layer and functional tight junction proteins in apical layers, evidenced with transepithelial electrical 

resistance (TER) (32). This cell line has already been used to study lung differentiation and branching 

morphogenesis (34). Interestingly, when cultivated with endothelial cells in three dimensional culture it 

formed branching morphogenesis (35). The VA10 cell line can be preferred over other cell lines since 

it is not cancerous (32). 
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It has been shown that VA10 cells can generate mesenchymal like cells in culture when treated 

with the serum substitute Ultroser G (UG). The cells lose their cobblestone appearance and become 

bigger and elongated while they lose expression of epithelial markers and gain a mesenchymal like 

expression profile (Jonsdottir et al., Lab. Invest in press). 
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2 Aim of the study 
Generating cell culture model that capture lung/bronchial histology in normal and disease condition is 

of great importance for understanding normal lung epithelial differentiation and disease progression.  

In this study I aimed at establishing co-culture model of lung progenitor cells cultivated in air-liquid 

interface (ALI) together with mesenchymal cells cultured in collagen matrix. The idea is to combine 

pseudostratified epithelium with fibroblast rich collagen matrix. The long term plan is to develop assay 

that can be used to shed light on severe diseases such as idiopathic pulmonary fibrosis (IPF) were 

cause of the fibrosis is unknown. 

 

Specific aims: 

1. Analyse the changes in epithelial differentiation in ALI when cultured with and without 

mesenchymal cells. 

2. Compare co-culture model to IPF tissue in respect to epithelial to mesenchymal transition 

(EMT) 
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3 Materials and methods 
The study is approved by The National Bioethics Comittee (02-112-V6) and The Data Protection 

Authority (2005/121). The project was funded by the University of Iceland Research Fund. 

3.1 Cell Culture 
Cells are stored frozen in liquid nitrogen. When starting with a cell line, cells were thawed quickly. 

When thawed they were added to 11 ml of PBS and centrifuged at 2000 rpm for 3 minutes. Afterwards 

the liquid was removed, cell pallet was dissolved in 1 ml of medium and appropriate amount added to 

a tissue culture flask (T25 or T75) (BD FalconTM) containing medium. All cells were incubated in 5% 

CO2 incubator at 37°C (Thermo Scientific). 

3.1.1 Monolayer culture 
All cell lines were cultured in monolayer at some point, in tissue culture flasks. The cell line VA10 

received the medium Bronchial Epithelial Cell Growth Medium (BEGM) (Cell Applications Inc.) added 

with retinoic acid, streptomycin and penicillin but the subline VA10M received the medium Dulbecco’s 

modified Eagle's medium (DMEM) (Gibco) added with streptomycin, penicillin and 2% UG. Cells got 

fresh medium three times a week and cells were sub cultured at about 85-90% confluence. 

3.1.2 Air-liquid interface, ALI culture 
Filters with 0,4 µm pore size (Corning) were coated with 1:40 collagen in PBS solution and incubated 

at 4°C overnight. The next day the solution was removed and then the filters let dry before they were 

ready for culture. When applying cells to the filters they were treated with trypsin for 3-4 minutes at 

37°C so they would lose adhesion to the culture flask and then mixed with PBS up to 13 ml and 

centrifuged at 2000 rpm for 3 minutes. Trypsin/PBS solution was removed and remaining were the 

cells on the bottom of a 15 ml centrifuge tube. Cells were then dissolved in 1 ml of medium and 

counted. Cell solution containing 150 thousand cells in each 0,5 ml of medium was added to each filter 

and 1,5 ml of medium added in the well below. Cells were cultured for 4 days in BEGM medium and 

after that medium was changed to DMEM + 2% UG (cells were washed in PBS between medium so 

they wouldn’t mix). Cells were cultured with DMEM medium for 3 days and then the medium from the 

filter was removed leaving only medium in the well below the filter so the cells got in touch with air on 

the apical side and medium on the basal side. Cells were washed in PBS every other day and given 

fresh medium at the same time. In the well below the cell inserts collagen gel (PureCol®) was placed 

with and without mesenchymal cells to create epithelial-stromal crosstalk. Cells were cultured in ALI 

for 2 weeks and then RNA and was isolated and filters fixed for staining. 

3.2 RNA isolation 
Medium from cells on ALI filters was removed and cells dissolved in 250 µL of TriReagent (Ambion) 

for 5 minutes. Solution was then transferred to a RNase free eppendorf tube and 50 µL of chloroform 

added and vortexed for 10-15 seconds and the tube left standing for 10 minutes. The solution was 

then centrifuged at 13000 rpm for 18 minutes at 4°C. The top phase, which then contains all of the 
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RNA, was transferred to another eppendorf tube and 125 µL of isopropanol added and mixed 

carefully. The solution was then left standing for 5-10 minutes before centrifuged at 13000 rpm for 12 

minutes at 4°C. The RNA pallet at the bottom of the tube was washed 2x with 1 ml of 96% ethanol 

(Gamla Apótekið), vortexed and centrifuged at 8000 rpm for 5 minutes at 4°C before the RNA pallet 

was let to dry completely and then dissolved in 30 µL of RNase free water. RNA concentration was 

measured with Nanodrop and stored at -80°C. 

3.3 cDNA synthesis 
RNA concentration was made out to be 1 µg in 10 µL of RNase free water. The 10 µL of RNA solution 

was then mixed with 1 µL random primers and 1 µL dNTP (10mM) and heated with PCR at 65°C for 5 

minutes and then instantly cooled down on ice. Solution was then mixed with 4 µL 5x first strand 

buffer, 2 µL DTT (0,1 M) and 1 µL RNase OUT and solution kept at room temperature for 2 minutes. 

Lastly 1 µL of superscript was added to the solution, kept at room temperature for 10 minutes and then 

heated with PCR at 42°C for 50 minutes, 70°C for 15 minutes and cooled down to 4°C. cDNA stored 

at -20°C. 

3.4 Real-time qPCR 
cDNA was diluted in water to make 100 µl of cDNA solution. cDNA solution, SYBR green-rox master 

mix, water and appropriate forward and reverse primers (0.3 µM) were added to a 96 well PCR plate 

and the wells closed with caps for qPCR plates (table 1). The gene Ubiquitin C (UBC) was used as a 

reference gene. 

 

Table 1: Example of SYBR-green reaction 

For all genes Each well (µl) 

cDNA 1 

SYBR green-rox 10 

H2O 7.5 

F&R primer mix 

0.3 µM 

1.5 

TOTAL VOLUME 20 

 

When mixed in the wells the plate was centrifuged at 1000 rpm for 10 seconds and then run and 

analyzed with real-time qPCR system from Applied Biosystems 7500. 

3.5 Statistical analysis 
Data are presented as means with standard deviation of measurements. Statistical differences 

between samples were assessed with two-tailed T-test. P values under 0.05 were considered 

significant, * p<0.05, ** p<0.01, *** p<0.001. Excel and GraphPad Prism were used for the analysis. 
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3.6 Stainings 

3.6.1 Hematoxylin and eosin staining of tissue slides 
Hematoxylin and eosin is a regular nuclear and cytoplasmic staining. Slides are first treated with 

Xylene and let dry for about 3 minutes. After that they go through a gradient of alcohol (weak to 

strong) for total of 3 minutes and rinsed with water afterwards. Slides are put in Hematoxylin for 6 

minutes, followed by a rinse in water and then decolorized with 0,5% HCl. The acid is rinsed off in 

water and cyanided in 1% ammonia. Slides are then again rinsed with running water for 2 minutes and 

put in eosin for 5 minutes. After eosin step the slides are rinsed with water and then they go through a 

gradient of alcohol for a total of 20-30 seconds and in xylene for 3 minutes before cover slips are 

glued over the tissue slides.  

3.6.2 Immunohistochemistry 
3.6.2.1 Deparaffinization and antigen retrieval for tissue slides 
Paraffin was removed by placing the slides in Xylene (J.T. Baker) for 2 x 5 minutes. Slides were 

allowed to dry and then rehydrated in 96% ethanol (Gamla Apótekið) for 2 x 5 minutes. To get rid of 

the ethanol from the slides they were rinsed in running water for 1 minute. For antigen retrieval slides 

were boiled for 20 minutes in Tris-EDTA (TE) buffer (appendix) or Citrate buffer (appendix) as 

appropriate. Slides were allowed to cool down for 20 minutes and then rinsed with running water for 5-

10 minutes followed with a rinse for 5 minutes in PBS (appendix) before they were incubated with 

primary antibodies (table). 

3.6.2.2 Immunostaining of tissue slides 
Prior to staining slides were blocked with peroxidase solution, to make enzymes in the tissue passive 

and to prevent unspecific binding of peroxidase (36), for 10 minutes, then slides were washed with 

PBS and blocked with 10% FBS in PBS, to prevent unspecific binding of antibodies in the tissue (36), 

for 10 minutes. Primary antibodies (table) were then incubated for 30 minutes at room temperature 

and after that slides were washed for 2x 5 minutes in PBS. Secondary antibodies specific for either 

mouse or rabbit antibodies (K4000 and K4010 from DAKO) were incubated for 30 minutes at room 

temperature and then slides were washed for 2x 5 minutes in PBS. To get the brown staining 

diaminobenzidine (DAB) solution was used (1 drop of DAB chromogen in 1 ml of DAB buffer solution) 

(DAKO). Slides were incubated with this DAB solution for 10 minutes then rinsed with running water 

for a few seconds. Slides were then counterstained with hematoxylin for 2 minutes, rinsed with running 

water and then slides were allowed to completely dry. When dry, slides were mounted with 

VectaMount glue (Vector) and a cover slip. Samples were viewed with Leica microscopy and imaged 

with Leica DFC320 camera through Adobe Photoshop CS3. The software iDraw and CorelDraw were 

used for making figure panels 

3.6.2.3 Immunofluorescence staining of filters from ALI culture 
Cells were first fixed for staining by cooling them down to 4°C for at least 3 hours and then left in 

Methanol overnight at -20°C. The next day they were incubated in -20°C cold acetone for 1 minute 

and allowed to dry. Cells on filters were stored at 4°C until they were stained. Prior to staining the 
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filters were cut into pieces and placed in IMF buffer in a 48 well plate. Primary antibodies (table 2) 

were incubated overnight at 4°C. The next day the filters were washed for 3x 15 minutes with IMF 

buffer and then secondary antibodies and DAPI for nuclear staining were incubated at room 

temperature for 2 hours in a dark place cause the antibodies are sensitive to light. Filters were washed  

3x 15 minutes with IMF buffer and then once with deionized water and let completely dry. Lastly filters 

were placed on microscope slides, mounted with fluoromount (Southern Biotech) and a cover slip 

glued over. Stored at 4°C and imaged with a confocal microscope (Olympus). The software iDraw and 

CorelDraw were used for making figure panels. 

 

Table 2: List of primary antibodies used for immunostaining of filters 

Antibody Species Isotype Dilution Company 

E-cadherin Mouse IgG2a 1:100 BD Bioscience 

N-cadherin Mouse IgG1 1:100 BD Bioscience 

CK14 Mouse IgG3 1:100 Abcam 

p63 Rabbit IgG 1:25 Santa Cruz 

Vimentin Mouse IgG1 1:100 Dako 

Muc5ac Mouse IgG1 1:100 Abcam 

Muc5b Rabbit IgG 1:100 Abcam 

Acetylated Tubulin Mouse IgG2b 1:500 Abcam 
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4 Results 
In a recent paper from our lab (Lab. Invest in press) Jonsdottir et al. demonstrated that bronchial 

epithelium covering the fibroblastic foci show alteration towards EMT. As a continuous of this we 

wanted to see if it was possible to recapture this phenotype in culture. We approached this by 

establishing a co-culture model of epithelial cells with mesenchymal cells to create an epithelial-

stromal crosstalk and see what effects it would have on the epithelium. 

4.1 Establishment of modified ALI culture system 
It has been shown that VA10 cells generate mesenchymal-like cells in culture when treated with the 

serum substitute ultroser-G (UG). The cells lose their cobblestone appearance and become bigger 

and elongated while they lose expression of epithelial markers and gain a mesenchymal-like 

expression profile (Jonsdottir et al. Lab. Invest, in press). A mesenchymal subline, VA10M, was 

generated by isolating the mesenchymal-like cells from UG treated VA10 cells, using immunomagnetic 

cell sorting. We have previously shown that VA10 form pseudostratified bronchial-like epithelium in 

ALI culture (32, 35). Here, I used the VA10M as a representative for mesenchymal cells to modify the 

ALI culture set up to mimic stromal-like condition. I seeded VA10 on top of porous filter in a 

conventional ALI conditions. This was then compared to ALI culture on top of collagen with and 

without VA10M cells (figure 6). The aim was to establish a model to recreate heterotypic interactions 

between bronchial epithelial cells and mesenchymal cells that can be used to understand normal 

development and fibrosis. 

 

 

Figure 6: Schematic figure of the modified ALI culture system. To the left are VA10 cells (grey) on 
a porous filter with media in the well below (pink), in the middle are VA10 cells in culture with collagen 
gel (light pink) and media around the gel and to the left are VA10 cells in co-culture with VA10M (red) 
in a collagen gel and media around the gel. 

 

4.2 Phenotypic characterization VA10 in ALI after co-culture with 
mesenchymal cells 

After the VA10 cells had been cultured for 2 weeks in ALI the experiments were stopped. Cells were 

stained for markers that define certain cell types of the lung epithelium. As mentioned above VA10 is a 

basal epithelial cell line with stem cell properties. Initially I tested if basal cell associated markers were 

present. Location pattern of the basal cell markers p63 and CK14 was not different between culture 

conditions as analyzed with immunofluorescence staining (figure 7). RT-PCR demonstrated a 
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difference in gene expression level of CK14; it was significantly higher when VA10 cells were cultured 

with collagen in the bottom of the well than in the control sample and when VA10 were in co-culture 

with VA10M in collagen gel (figure 8). Expression level of p63 was not significantly different between 

culture setups. 

  

 

Figure 7: Expression of p63 and CK14 in VA10 cells cultured in the modified ALI culture 
system. Expression pattern of p63 is shown in red and expression of CK14 is shown in green. Scale 
bar 100 µm. 

 

 

Figure 8. Relative RNA expression of p63 and CK14 in VA10. Basal cells markers were examined 
on RNA level with RT-qPCR in each culture method. No difference is in p63 expression between 
culture methods, but expression of CK14 was significantly higher when cultured with only collagen. 
(* p<0.05, ** p<0.01) 



  

24 

4.3 EMT association in culture and in tissue samples 

4.3.1 VA10 cells in modified ALI culture system do not show EMT expression 
pattern 

Since it has been hypothesized that EMT plays a role in lung fibrosis, VA10 cells from the modified ALI 

culture system were also stained for markers associated with EMT (figure 9). E-cadherin expression 

was significantly higher in co-culture with VA10M in collagen gel compared to control. There was no 

change in E-cadherin expression when only comparing a control and a culture with collagen without 

VA10M. No change was in N-cadherin expression when in culture with collagen gel alone but 

expression was significantly lower in co-culture with VA10M in collagen gel. Vimentin expression was 

significantly lower in co-culture with VA10M in collagen compared to the control. This was shown with 

gene expression by RT-qPCR to quantify the expression of EMT associated markers (figure 10). 

 

 

Figure 9: Expression of E-cadherin, N-cadherin and Vimentin in VA10 cells done by 
immunofluorescence staining. Expression pattern of E-cadherin is shown at the top in green, 
expression pattern of N-cadherin is shown in the middle in red and Vimentin expression pattern is 
shown at the bottom in green. Scale bar 100 µm. 
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Figure 10: Relative RNA expression of E-cadherin, N-cadherin and Vimentin in VA10. EMT 
associated markers were examined on RNA level with RT-qPCR in each culture method. E-cadherin 
expression is significantly higher when in co-culture with VA10M in a collagen gel, N-cadherin 
expression is significantly lower when in co-culture with VA10M in a collagen gel and Vimentin 
expression is significantly lower in co-culture with VA10M in a collagen gel. (* p<0.05, ** p<0.01, *** 
p<0.001) 

 

4.3.2 IPF lung tissue samples show a different expression pattern of markers 
associated with EMT 

To compare healthy lung tissue and IPF lung tissue with the modified ALI culture system, tissue 

samples were stained for markers associated with EMT. Few basal cells in normal lung epithelium 

express CK14 and airway epithelium is negative for Vimentin. However when IPF samples are 

stained, a different pattern is seen. The basal cells highly express CK14 in airways and the epithelium 

becomes highly positive for both Vimentin and N-cadherin adjacent to the fibroblastic foci (figure 11).  
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Figure 11: Expression of EMT associated markers in normal lung tissue compared to IPF lung 
tissue. At the top is Vimentin expression, in the middle is N-cadherin expression and at the bottom is 
CK14 expression. All positive staining is shown in a brown color and have arrows pointing at specific 
staining for each antibody. Samples were counterstained with hematoxilyn shown in grey-blue color 
and fibroblastic foci are marked with FF. In the bottom right corner of each picture is an enlarged 
frame with a specific area in the sample. 20x magnification lens.  

 

4.4 Modified ALI culture leads to increased epithelial differentiation 
To see how the epithelium developed in culture, cells were stained with differentiation markers for 

ciliated cells and goblet cells. Acetylated tubulin, a marker for ciliated cells, had no visible difference 

between culture methods (figure 12). VA10 cells appeared to express less of mucins, both Muc5b and 

Muc5ac, than cells in co-culture with VA10M in collagen gel (figure 12). This difference was also 

quantified with gene expression by RT-qPCR (figure 13). Expression of Muc5ac is about 65 times 

higher in VA10 cells when co-cultured with VA10M in collagen compared to a control. Expression of 

Muc5b in VA10 cells is just over 6 times higher when co-cultured with VA10M in collagen gel. 
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Figure 12: Expression of Acetylated tubulin, Muc5b and Muc5ac in VA10 cells done by 
immunostaining. Expression of Acetylated tubulin is shown in green, expression of Muc5b is shown 
in red and expression of Muc5ac is shown in white. Scale bar 100 µm. 

 

 

Figure 13. Relative RNA expression of Muc5ac and Muc5b in VA10. Differentiation markers were 
examined on RNA level with RT-qPCR in each culture method. Expression of both Muc5ac and 
Muc5b is significantly higher in cells when in co-culture with VA10M. (* p<0.05, *** p<0.001) 
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5 Discussion 
The aim of this study was to examine the morphological effects on lung epithelial cells and 

mesenchymal cells by culturing them in air-liquid interface (ALI). Long term goal is to establish a 

culture model that can resemble normal airway physiology and severe lung diseases like IPF. 

Bronchial epithelial cells were cultured in and without close contact to mesencymal cells. Co-culture 

revealed strengthening of epithelial phenotype with higher expression of the epithelial marker E-

cadherin and reduced expression of the mesenchymal markers N-cadherin and Vimentin. I also came 

across an interesting increase in expression of differentiation markers for goblet cells, highlighting the 

importance of modified co-culture methods to study normal and diseased human epithelium. This 

modified ALI culture needs more time for optimization and more experiments but over time I believe it 

can be of a good use to further understand homeostatic cellular interaction and the complexity of 

many diseases, such as IPF. 

It has proven difficult to establish a model of some kind for IPF because not much is known about 

the disease; its origin or causes. The mouse model has frequently been used were lung fibrosis is 

induced with the drug bleomycin. In these cases the lungs do not generate fibroblastic foci that are 

important in diagnosis of IPF and related to prognosis as well as the fibrosis can be reverted (37). The 

histology of the mouse lung also differs from the human lung, so it is debatable if the mouse model is 

of the best fit for researching lung diseases. 

For mesenchymal factor in the modified ALI culture I used the VA10 subline, VA10M as 

mesenchymal cells. I had easy access to these cells since earlier at our lab this cell line was derived 

from VA10 by undergoing EMT (Jonsdottir et al., Lab. Invest, in press). Optimally I would have used 

human fibroblasts and have the option to differentiate them into myofibroblasts in vitro, and that is 

something I will do in the near future to improve the model. Proliferating fibroblasts destroy ECM gels 

so in order to use them they would have to be put to a proliferative rest beforehand, e.g. with radiation 

or mitomycin C treatment. It has been shown that normal fibroblasts and IPF fibroblasts in vitro 

behave differently from each other (38) so the decision of which fibroblasts to use could be very 

important for this kind of study. It is important to keep in mind that this research is based on a 

mesenchymal-like epithelial cell line, as a fibroblast factor in the experiments. 

After two weeks in ALI culture the experiments were terminated so I interpret all of my findings with 

that in mind. It is well known to culture cells in ALI for a longer period (32, 39). First in this research I 

compared results when VA10 cells were cultured in the co-culture system for both one week and two 

weeks, which at a first glance seemed to make a difference, where more changes appeared over time, 

but that was not examined further (data not shown). After culture for two weeks, a subset of basal cells 

had differentiated and built up a pseudostratified cell layer, similar to that seen in vivo. The presence 

of basal cells was demonstrated with expression of p63 and CK14. No difference was in expression of 

p63 between culture methods, that would indicate a regular construction of the epithelium. However 

expression of CK14 showed elevated expression for VA10 in culture with collagen gel, but remained 

the same when in co-culture with VA10M in collagen gel. This is interesting since cells that express 

CK14 in the lung are thought to be responsible for regenerating in the airway epithelium (40). Culture 
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with empty (without cells) collagen on its own seems to stimulate repair in the epithelium but when in 

co-culture with VA10M in collagen, VA10 cells expressed a little less of CK14 although that was not 

significantly different.  

Previous results from our lab (Lab. Invest in press) Jonsdottir et al. had shown an EMT phenotype 

in IPF lungs, so we were interested to see if we could recapture this phenotype in some extent with 

the modified ALI culture system. Tissue samples were stained for markers associated with EMT and 

showed a very different expression pattern to stainings of normal lungs that simulates with Jonsdottir 

et al. previous findings. Staining of IPF tissue shows changes in expression of markers in airway 

epithelium adjacent to fibroblastic foci. Expression of CK14 is highly upregulated which indicates a 

repair mechanism in the epithelium, but CK14 is only expressed in few cells in normal tissue and 

sometimes the expression is not visible. Expression of N-cadherin and Vimentin is absent in normal 

bronchial epithelium, but is highly upregulated in IPF patients which indicates a more mesenchymal 

phenotype. It is possible that EMT plays a role in generating a part of the fibrosis that is seen in IPF 

patients. However in vitro expression pattern differs from tissue samples. During cell culture, CK14 

expression could be expected since the epithelium is in regenerative mode. Interestingly VA10 cells in 

culture with only collagen showed significant higher expression of CK14, but a little lower expression 

when in co-culture with VA10M in collagen. In ALI it seems that collagen alone is stimulating the 

epithelium and co-culture with mesenchymal-like cells is facilitating the epithelial phenotype. It is often 

referred to as a cadherin-switch when cells go through EMT in vitro, losing their E-cadherin expression 

and gaining N-cadherin expression. In our modified ALI culture system we see expression of these 

cadherins in the samples with immunostaining but they are not quantifiable that way, so I did a RT-

qPCR to quantify and saw difference in expression. In our model we see a gain of E-cadherin 

expression and a loss of N-cadherin expression, along with loss of Vimentin expression which is more 

like an MET phenotype, reversed to EMT. The cells seem to be adding on their epithelial phenotype. 

When staining for markers associated with EMT we did an immunofluorescence co-staining for EMT 

marker with a basal cell marker, N-cadherin alongside CK14 and Vimentin alongside p63. In both 

cases we saw cells that expressed both markers (data not shown). A study showed that when p63 

expression was forced in primary keratinocytes, they underwent EMT subsequently after depleting 

their proliferative capacity (41). This indicates that basal cells are the key cells in context with EMT. I 

tried stainings with transcription factors that are related to EMT; Snail, ZEB1 and Twist but it turned out 

to be difficult to interpret the results because of background staining in the samples (data not shown). 

It is likely that expression of these transcription factors was not present in my samples since E-

cadherin expression is upregulated, this could have been demonstrated with RT-qPCR but 

unfortunately that was left out. 

The sample of IPF patients is small so we keep in mind that these tissue stainings need to be done 

with a bigger group of samples to gain some significance to the phenotype we see in expression of 

EMT markers, although it correlates with Jonsdottir et al. results. 

I wanted to look at expression of other markers to know more about what happens to the 

epithelium when in the modified ALI culture system. I did immunofluorescence stainings and 

quantification with RT-qPCR of differentiation. Marker I used for ciliated cells was acetylated tubulin, 
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and for goblet cells I used both Muc5ac and Muc5b. Stainings showed expression of these markers so 

we know cells differentiate during the modified ALI culture. Stainings of both Muc5ac an Muc5b 

showed a different expression patters for VA10 when in co-culture with VA10M compared to a control 

so I took an interest in looking further at these markers and quantified the expression with RT-qPCR. 

The control did only express a little of both Muc5ac and Muc5b but expression was significantly higher 

when in co-culture with VA10M in collagen gel. When culturing epithelial cells in close contact to 

mesenchymal cells, VA10 cells are more likely to differentiate into goblet cells. It could also be 

interesting to see what happens with differentiation markers when cells are cultured for over two 

weeks since all of our experiments ended at two weeks. It is also known that there are relations 

between Muc5b and IPF, mostly familial IPF. A single nucleotide polymorphism in the promoter of 

Muc5b is associated with the disease (42). Expression of Muc5b showed just over 5 fold difference in 

expression in our modified ALI culture when comparing control and culture with collagen and co-

culture with VA10M in collagen.  

In the human body all cells are in constant communication with other cell types. That is why co-

culture models can often give us more information than monoculture. When VA10 is cultured with 

endothelial cells in matrigel, as an ECM, the cells form bronchioalvolar-like structures in three 

dimensional culture (35). Similarly, cell lines of other branching organs behave the same way. Breast 

stem cells cultured with endothelial cells in ECM form terminal ductal lobular unit like (TDLU-like) 

structures in three dimensional cultures (43, 44).  

The model I have established here has potential, with more optimization and work, to shed light on 

further understanding the crosstalk between cell types, both for normal differentiation and in diseases. 
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Conclusion 
The culture model I established showed strenghtening of the epithelium with increased expression of 

epithelial markers and lower expression of mesenchymal markers. The modified ALI culture also 

seems to lead to increased epithelial differentiation. Long term goal is to modify this ALI culture 

system into relating with lung diseases such as IPF. Expression pattern in this research is different 

from expression pattern in tissue samples from IPF patients, that shows more expression of 

mesenchymal markers and decreased expression of epithelial markers. This model has potential to be 

the beginning of something new in research of homeostatic cellular interaction and later on diseases 

such as IPF, and a culture model for IPF is a possibility to gain insight to the complex origin of the 

fibrotic tissue. 
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