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Ágrip 

Öndunarfærin eru greinótt líffæri þar sem þekjuvefur er aðskilinn stoðvef með 

grunnhimnu. Þroskun öndunarfæra, þar á meðal myndun greinóttrar 

formgerðar reiðir sig á virk samskipti milli þekjufruma og fruma stoðvefjarins. 

Ekki er að fullu skilið hvernig lungu þroskast, þar á meðal hvaða frumugerðir 

stoðvefjarins taka þátt í samskiptum við þekjuna í þessu ferli. Fullþroskuð 

lungu reiða sig á vefjasértækar stofnfrumur til viðhalds og endurnýjunar á 

sködduðum vef. Sýnt hefur verið fram á að grunnfrumur loftvega, sem tjá 

umritunarþáttinn p63, hafi forverafrumuvirkni. Hlutverki grunnfrumna í húð 

hefur verið lýst en minna er vitað um hlutverk þeirra í öndunarvegum. Hin 

þekktu tengsl á milli stofnfrumueiginleika og bandvefsumbreytingu 

þekjufruma (EMT) geta rennt stoð undir hlutverk forverafruma við 

meinmyndun lungnatrefjunarsjúkdóma á borð við lungatrefjun af óþekktum 

uppruna (IPF). Upprunafruma trefjunar í IPF er óþekkt en vísbendingar um 

EMT í týpu II forverafrumum lungnablaðra hafa komið fram. Hlutverk 

grunnfrumna hefur lítið verið rannsakað í IPF. Munur á vefjauppbyggingu og 

frumusamsetningu lungna tilraunamúsa og manna gerir vefjaræktunarkerfi 

með mannafrumum að mikilvægri viðbót við rannsóknir; þetta á við um 

vefjaviðhald, lyfjarannsóknir og síðast en ekki síst sjúkdóma sem erfiðlega 

gengur að endurmynda í dýrum.  

Viðfangsefni þessa verkefnis var að rannsaka hlutverk p63 jákvæðra 

grunnfruma í þroskun og sérhæfingu öndunarfæraþekju. Markmiðið var að 

rannsaka hæfni þeirra til myndunar lungnavefjar í frumurækt og í framhaldi 

búa til módel til rannsókna á myndun og viðhaldi lungnavefjar og kanna 

tengsl þessa frumutegund við hinn lítið þekkta sjúkdóm IPF. VA10 er 

frumulína með grunnfrumusvipgerð. Hún er jákvæð fyrir p63 og getur 

endurmyndað þekjuvef loftvega í loft-vökva rækt og hringlaga þyrpingar í 

þrívíðu ræktunarkerfi. Þetta verk sýnir að æðaþelsfrumur hvata myndun 

loftvega og lungnablaðra með greinóttri formgerð hjá VA10 í þrívíðri 

samræktun og slík myndun er a.m.k. að hluta til vegna samskipta í gegnum 

FGF viðtaka. Þessi hvati er óháður snertingu VA10 við æðaþelið. VA10 

myndar virka, sérhæfða loftvegaþekju í loft-vökva rækt. Við sýnum að þessi 

þekja myndar rafviðnám og er fær um virkan flutning lyfja með mismunandi 

efnasamsetningar. Við skoðuðum hlutverk p63 í þessum frumum og sýnum 

að bæling á umritunarþættinum hamlar viðgerðarhæfni þeirra. Að auki veldur 
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hún því að þær geta ekki nýmyndað virka þekju í loft-vökva rækt, heldur 

verður til einungis stakt frumulag. Þessar frumur geta auk þess ekki sérhæfst 

í seytifrumur við IL-13 örvun, eins og VA10 gerir. Við sáum skýr merki um 

umvöxt þekjuvefjar loftvega á svæðum í kring um bandvefsfrumuhneppi í IPF. 

Offjölgun grunnfrumna var einnig í þessari þekju og þær höfðu tjáningarmerki 

um EMT. Við sýnum að VA10 er fær um að undirgangast EMT í rækt en 

bæling á p63 kemur í veg fyrir það.  

Samantekið sýnir þessi ritgerð að æðaþelsfrumur taka líklega þátt í myndun 

greinóttrar formgerðar í lungnaþroska með því að seyta vaxtaþáttum til 

forverafrumna lungnaþekjunnar. Grunnfrumur loftvega geta myndar virka 

loftvegaþekju í rækt sem er vel nothæf til lyfjarannsókna. Þessi hæfileiki er 

háður tjáningu á p63. Einnig koma fram vísbendingar um að grunnfrumur taki 

þátt í meinmyndun í IPF með því að undirgangast EMT. Þessi vinna leggur 

grunn fyrir frekari rannsóknum á hlutverki grunnfruma í viðhaldi og 

sjúkdómum í öndunarfæraþekju. 

 

Lykilorð:  

Stofnfrumur, p63, þekjuvefur lungna, þrívíð ræktun, loft-vökva ræktun, 

bandvefsumbreyting, lungnatrefjun 
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Abstract 

The human lung is a branching tubular organ composed of an epithelial layer 

separated from the surrounding stroma by a basement membrane. Lung 

epithelial development including branching morphogenesis is dependent on 

crosstalk between the epithelium and the vascular rich stroma. Although 

partially described, many important questions remain unanswered; for 

example, which cell types in the stroma contribute to epithelial 

morphogenesis. Postnatally, airway progenitor cells have the role of 

maintaining tissue renewal and homeostasis. Airway basal cells expressing 

the transcription factor p63 have been shown to possess progenitor cell 

properties in the conducting airways. The role of basal progenitor cells have 

been described in the keratinized stratified skin epithelium but less is known 

about their function in airway epithelium. The well documented association 

between cell stemness and epithelial to mesenchymal transition (EMT) brings 

about the hypothesis of a role for progenitor cells in the pathogenesis of lung 

fibrosis such as idiopathic pulmonary fibrosis (IPF). The cell of origin for IPF 

is still unknown but there is evidence of EMT in the alveolar type II 

progenitors. Less is known about the bronchiolar-derived basal cells. Due to 

the differences in histology and cellular composition between human and 

mouse lungs there is a need for well defined in vitro culture models. This 

holds true for development, tissue maintenance and homeostasis, drug 

delivery and their effects and importantly; diseases that cannot be fully 

captured in animal models.  

The unifying theme in this thesis is the function of human p63 positive basal 

progenitor cells of the conducting airways; with the overall aims of describing 

their morphological potential in vitro, in order to create a platform for research 

on development and maintenance of airway epithelium and testing the link 

between this cell type to the poorly defined IPF. VA10 is a p63 positive 

human bronchial basal epithelial cell line that forms a pseudostratified airway 

epithelium when cultured at an air-liquid interface (ALI) and polarized round 

colonies in 3D culture. We demonstrated that endothelial cells stimulate 

branching morphogenesis of VA10 in 3D coculture, partly through activation 

of FGF signaling. This contact independent stimulation led to the formation of 

bronchioalveolar colonies expressing markers for airway and alveolar 

differentiation. In ALI, the VA10 cells generate a polarized airway epithelium 
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with p63 positive cells located basally and differentiated cells apically. We 

demonstrated that this epithelium forms a transepithelial electrical resistance 

(TER) and forms a functional barrier that is able to discriminate between 

compounds depending on physiochemical properties. We explored the role of 

p63 in these cells and observed that p63 knockdown resulted in decreased 

wound healing properties. These knockdown cells were unable to form a 

functional airway epithelium in ALI culture and showed only a single cell layer 

with differentiation towards ciliated cells. Unlike their scrambled counterparts, 

knockdown cells could not differentiate into goblet cells following interleukin-

13 stimulation. We explored human tissue samples of IPF and saw clear 

signs of increasing numbers of activated basal cells in metaplastic epithelium 

adjacent to fibroblastic foci. Furthermore, the basal cells showed upregulation 

of EMT markers. We showed that the p63 positive VA10 cells were able to 

undergo EMT in vitro and knockdown of the p63 inhibited this transition. 

Collectively, this thesis demonstrates that the endothelial cells are likely to 

participate in branching morphogenesis of human lungs by secreting soluble 

factors to pulmonary epithelial progenitor cells. The p63 positive basal cells, 

proposed airway progenitors, are able to generate differentiated airway 

epithelium in vitro and are suitable for pharmacological studies. This process 

is completely dependent on the basal cells expression of p63. There is further 

evidence to suggest that these cells also participate in the pathogenesis of 

IPF through EMT. This work further lays ground to future studies on airway 

basal cells in regeneration and disease. 

 

Keywords:  

p63, basal cell, airway epithelium, endothelial cells, 3D culture, ALI culture, 

EMT, IPF. 
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1  Introduction 

 

1.1  The human lung epithelium 

The human respiratory epithelium is a complex and dynamic organization of 

cells responsible for filtering and humidifying inhaled air, acting as the first 

line of defence against the external environment, and managing gas 

exchange. The epithelium rests on a basement membrane that separates it 

from the surrounding vascular-rich stroma. The epithelium and stroma varies 

based on proximal-distal location from the trachea to alveoli and in terms of 

cellular composition and tissue architecture.  

 

1.2  Lung branching morphogenesis 

Most of our understanding of lung morphogenesis is derived from animal 

models. Lung development initiates when a localized domain within the 

anterior forgut starts to express the transcription factor Nkx2-1 (TTF-1) as a 

result of activated Wnt signaling from the adjacent mesoderm at day 28 of 

human gestation (Goss et al., 2009). This drives the evagination of the 

respiratory bud, the first sign of tracheal formation. Subsequently, the two 

lung buds begin to extend from the respiratory bud into the surrounding 

mesenchyme and start forming the airway tree through a process termed 

brancing morphogenesis (Bellusci, Grindley, Emoto, Itoh, & Hogan, 1997; 

Blanc et al., 2012; Hirashima, Iwasa, & Morishita, 2009; Metzger, Klein, 

Martin, & Krasnow, 2008; Min et al., 1998). Based on the current knowledge, 

the mechanism of airway branching morphogenesis can be described as a 

continuous signaling cascade between the growing epithelial linining and the 

surrounding stromal tissue. A key element in this development is the FGF10-

FGFR2 signaling where the localized stromal cells secrete FGF10 that binds 

to FGFR2 on the epithelium and consequently stimulate the endodermal 

tubular cells to proliferate and migrate. Abrogation of this cascade results in 

total inhibition of airway branching (Bellusci et al., 1997; Hirashima et al., 

2009; Hyatt, Shangguan, & Shannon, 2004; Min et al., 1998; Sekine et al., 

1999). The Sprouty protein family has also been involved in this pathway as 

regulatory negative feedback loop proteins that act as dampers to receptor 
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tyrosine kinase signaling (Hacohen, Kramer, Sutherland, Hiromi, & Krasnow, 

1998; Mailleux et al., 2001).  

Figure 1. Schematic overview of lung histology and cellular composition. The trachea 
and larger bronchi are lined with pseudostratified columnar epithelium mainly 
composed of ciliated-, goblet-, and basal cell. The lower airways are lined with simple 
epithelium which also includes club (clara) cells. The alveoli is composed of type I and 
II cells. 
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Branching morphogenesis of the mouse lung has been shown to be a highly 

programmed and stereotypical process, based on three modes of branching 

under strict genetic regulation (Metzger et al., 2008). The lung stroma is the 

connective tissue surrounding the parenchymal lung and is composed of 

extracellular matrix proteins such as collagens, elastin and glycoseamino- 

and proteoglycans (Pelosi, Rocco, Negrini, & Passi, 2007). Cellular 

components include fibroblasts, myofibroblasts, airway- and vascular smooth 

muscle cells, endothelial cells, pericytes, mesothelial cells and immune cells 

(Kotton & Morrisey, 2014; Morrisey & Hogan, 2010). Although it is clear that 

stromal cells contribute to the branching morphogenesis of the airway 

epithelial layer, it is still an open question which cells produce the stimulatory 

and inhibitory factors that affect the process.  

 

1.3 Epithelial cell types of the human airways 

Throughout the epithelial lining of the human airways at least 7 

morphologically distinct epithelial cell populations can be found (Knight & 

Holgate, 2003). The airways gradually decrease in diameter as they continue 

to branch towards the alveolar region. The epithelium likewise progressively 

change from being pseudostratified columnar ciliated to a more simple 

cuboidal. The main function of the conducting airways is air filtration through 

mucous production and mucociliary clearance. The trachea and larger 

bronchi are lined with a peudostratified epithelium. Ciliated cells make up 

over half of the population covering this area and about 25% in the terminal 

bronchioles (Toskala, Smiley-Jewell, Wong, King, & Plopper, 2005). They 

contain up to 300 cilia per cell that move mucous layer up the bronchial tree 

for clearance (Dirksen, 1991). Goblet cells produce and secrete mucous into 

the lumen for entrapment of foreign particles and pathogens (Wolff, 1986). 

The mucous production is finely balanced and it´s disruption affects severe 

lung diseases such as chronic obstructive pulmonary disease (COPD), cystic 

fibrosis (CF), asthma and idiopathic pulmonary fibrosis (IPF) (Kirkham, 

Sheehan, Knight, Richardson, & Thornton, 2002; R. K. Kumar, 2001; 

Lumsden, McLean, & Lamb, 1984; Plantier et al., 2011). The basal cells 

serve as progenitors for the differentiated mucociliary epithelial layer and 

reside basally in close connection to the basement membrane. They are 

distributed throughout the conducting airways; in most abundance in the 

proximal pseudostratified bronchi and in gradually diminished numbers down 

to the cuboidal bronchioles (Boers, Ambergen, & Thunnissen, 1998; Rock et 

al., 2009). As the basal cells decrease in number in distal airways, club 
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(clara) cells are believed to supplement as progenitors. They have been 

shown to be able to give rise to bronchiolar ciliated and goblet cells but 

whether they give rise to alveolar cells is a matter of debate (C. F. Kim et al., 

2005; Rawlins et al., 2009). Apart from their progenitor functions, club cells 

produce and secrete surface-active and protective surfactants in the healthy 

lung. Pulmonary neuroendocrine cells can either be found as single cells 

dispersed within the airway epithelium or as bundles known as 

neuroepithelial bodies. They have been shown to sense and react to airway 

hypoxia and contribute to wound repair and repopulation of differentiated 

epithelial cells subsequent to injury (Adriaensen, Brouns, Van Genechten, & 

Timmermans, 2003; Cutz, Fu, & Nurse, 2003; Peake, Reynolds, Stripp, 

Stephens, & Pinkerton, 2000; Song et al., 2012; Sorhaug, Steinshamn, 

Munkvold, & Waldum, 2008). Submucosal glands (SMGs) lie in the 

submucosa below the larger airways and extend to the luminal surface. They 

consist of goblet, serous, basal-like and myoepithelial cells and produce 

mucus and protective fluids that are excreted to the airway luminal surface 

(Lynch & Engelhardt, 2014). 

The respiratory parenchyma consists of two types of alveolar cells. Type I 

cells are extremely thin and cover the alveolar lining. They facilitate gas 

exchange with the pulmonary vasculature through a thin basement 

membrane and stromal tissue (Stone, Mercer, Freeman, Chang, & Crapo, 

1992; Stone, Mercer, Gehr, Stockstill, & Crapo, 1992). Type II cells are 

cuboidal cells that reside mostly on alveolar junctions. They produce 

surfactant that maintain low alveolar surface tension and prevent alveolar 

fluid accumulation. Type II cells have been shown to be able to 

transdifferentiate to type I cells (Barkauskas et al., 2013; Desai, Brownfield, & 

Krasnow, 2014). 

1.3.1 Stem cells and regeneration of the human airways 

The integrity of the lung epithelial layer is of a major importance to maintain 

normal pulmonary function. The continuous airway is under constant 

exposure to inhaled environmental insults such as particles, allergens and 

pathogens that cause injury and even disease. Therefore the epithelium 

needs a pool of quiescent progenitor cells that can undergo asymmetric cell 

division to maintain tissue homeostasis and repair and contribute to 

regeneration of injured areas.  

Basal cells are located throughout the human and murine airways. They 

reside basally in close connection to the basement membrane and do not 

extend to the lumen. Like in many other stratified tissues, airway basal cells 
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express ΔNp63, an isoform of the transcription factor p63. p63 is a member 

of the p53 transcription factor family along with p73. The function of p63 was 

illustrated in 1999 with two simultaneous fundamental studies on the p63 

knockout effects in mice (Mills et al., 1999; A. Yang et al., 1998; A. Yang et 

al., 1999). The mice showed severely underdeveloped or absent epithelia in 

many organs including skin, breast and prostate. The phenotype resulting 

from the knockout appeared identical between the two studies, however the 

authors concluded differently on the nature of p63 function. Interestingly the 

Frank McKeon group, claimed that proliferative potential of the progenitor 

cells was affected by the knockdown (A. Yang et al., 1999). Further, the Allan 

Bradley group argued that p63 is critical for a functional ectodermal 

commitment to endodermal lineage (Mills et al., 1999). Structural variations of 

the p63 protein adds further complications to research on it´s function. The 

TP63 gene locus contains two known promoters. This results in a formation 

of either an isoform encoding a transactivating N-terminal domain (TA) or an 

isoform lacking this TA domain (ΔN). These two major isoforms can then be 

alternatively spliced at the carboxy terminus (α, β, γ δ and ε) generating a 

total of ten different isoforms (Figure 2) (Mangiulli et al., 2009; A. Yang et al., 

1998).  

A decade later it was revealed that loss of the ∆N isoform is responsible for 

the defects in embryonic skin development and loss of TAp63 played no 

apparent role (Romano, Ortt, Birkaya, Smalley, & Sinha, 2009; Su, Paris, et 

al., 2009). In fact, ∆Np63 seems to be the dominant isoform in basal cells of 

different stratified epithelia such as the skin, prostate, esophagus and breast 

Figure 2. A schematic figure of p63 isoforms and splice variants. Alternative 
promoters give rise to either an isoform encoding a transactivating N-terminal domain 
(TA) or an isoform lacking this TA domain (ΔN). These two major isoforms can then 
be alternatively spliced at the carboxy terminus (α, β, γ, δ and ε) generating a total of 
ten different isoforms. DBD; DNA binding domain. Based on (Petitjean, Hainaut, & 
Caron de Fromentel, 2006). 
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(Saito et al., 2006; Sethi et al., 2015). Several studies have identified different 

roles of ∆Np63 in epithelium. It has been recognized as a protective factor 

against senescense and apoptosis through expressional regulation of factors 

including p19
Arf

, p16
Ink4a

 and Lsh (Keyes et al., 2011; Su, Cho, et al., 2009). 

This kind of mechanism is likely to denote progenitor cell longevity. However 

this process seems to be hijacked during cancer progression (Latina et al., 

2015; Ramsey et al., 2013). 

p63 positive airway basal cells have been shown to be able to regenerate 

injured epithelium and differentiate into both ciliated and secretory cells. In 

the homeostatic mouse trachea they favour secretory cell differentiation who 

then are able to transdifferentiate into ciliated cells (Rock et al., 2009; Watson 

et al., 2015). Although previously believed to be absent in distal murine 

airways, recent studies have identified sparse and sporadic ∆Np63 positive 

cells that, following severe injury, proliferate and migrate to repair damaged 

alveolar tissue and are able to differentiate to pneumocyte specific lineage 

(Vaughan et al., 2015; Zuo et al., 2015). The mechanism orchestrating the 

behavior of airway basal cells is not fully understood but Notch signaling has 

been shown to greatly influence their demeanor (Pardo-Saganta et al., 2015; 

Rock, Gao, et al., 2011; Vaughan et al., 2015). At least two basal 

subpopulations in mouse trachea have been described; p63
+
krt5

+
 basal stem 

cells and p63
-
krt8

+
 basal luminal precursor cells (Rock, Gao, et al., 2011; 

Watson et al., 2015). During homeostasis, the basal stem cells seem to self 

renew and give rise to the luminal progenitors which then are able to 

differentiate to luminal cells (Watson et al., 2015). Following Sulphur dioxide 

(SO2) induced injury, which ablates the luminal population and drives basal 

cells to tissue regeneration, it seems that the luminal precursors are pre-

programmed to either a ciliary or secretory lineage commitment prior to 

entering the p63
-
krt8

+
 state. Following this kind of injury, a population of p63 

positive cells either displays intracellular Notch2 activation for secretory cell 

commitment or induces expression of the transcription factor c-myb for 

ciliated cell commitment (Pardo-Saganta et al., 2015). Vaughan and 

colleagues proposed that Notch signaling is also a critical factor in stimulating 

the alveolar regeneration process of distal basal cells (Vaughan et al., 2015). 

However, for alveolar differentiation to occur, this Notch signaling needs to be 

silenced (Guseh et al., 2009). They further showed that persistent Notch 

signaling drove these cells to form cysts, resembling the honeycomb cysts 

seen in idiopathic pulmonary fibrosis. Interestingly, forced expression of 

∆Np63 in mouse alveoli results in squamous metaplasia (Romano et al., 

2009). 
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Due to the increasing understanding of how different airway epithelial cells 

are maintained it is important to have access to in vitro cell culture assays 

that capture both the pseudostradified histology of the human bronchial 

epithelium and also the branching potential of the epithelium. 

1.4 Epithelial plasticity and epithelial to mesenchymal 
transition (EMT) 

Cellular plasticity denotes the ability of cells to switch their phenotype in a 

reversible manner. One of the most extensively investigated elements of 

cellular plasticity is epithelial to mesenchymal transition (EMT) (Kalluri & 

Weinberg, 2009). This refers to the ability of epithelial cells to transform into 

mesenchymal cell state and lose cell contact and polarization, and gain 

migratory capacity. EMT is a complex phenomenon and the term has been 

used in a broad context defining wide ranging cellular phenomena both in 

development and in various disease conditions. EMT has therefore been 

broadly categorized in three groups based on context; developmental, 

regenerative and fibrotic, or cancer metastasis (Kalluri & Weinberg, 2009). 

The traditional definition of EMT involves alteration in marker expression; the 

cells downregulate epithelial markers such as E-cadherin and cytokeratins 

and upregulate mesenchymal markers such as N-Cadherin, vimentin, 

fibronectin and α-smooth muscle actin (Moustakas & Heldin, 2007; Peinado, 

Olmeda, & Cano, 2007; Scheel & Weinberg, 2012). During embryogenesis, 

EMT is applied during gastrulation and neural crest development. Migratory 

EMT, or partial EMT, is seen in drosophila development, where cells maintain 

some cell-cell contact but migrate in a coordinated fashion (Theveneau et al., 

2010). Partial EMT has also been associated with wound healing and tissue 

fibrosis where cells show upregulation of EMT markers but maintain some 

epithelial characteristics (Zeisberg et al., 2007). The appearance of 

myofibroblasts secreting extracellular matrix molecules is also associated 

with regenerative and fibrotic EMT (Kalluri & Weinberg, 2009). In cancer, 

EMT participates in progression, aggressiveness and metastasis where 

cancer cells become invasive and spread to other organs via the vasculature 

(Thiery, 2002). This has also been connected to resistance to apoptosis.  

Reports on EMT in noncancerous lung diseases have emerged. EMT in 

asthma has been associated with TGF-β induced tissue remodeling and 

primary cells from asthma patients are more susceptible to TGF-β stimulation 

than cells from healthy donors (Hackett et al., 2009; Z. C. Yang et al., 2013). 

Increase in EMT marker expression has been shown in airway epithelium of 

COPD patients (Milara, Peiro, Serrano, & Cortijo, 2013; Sohal et al., 2011). 
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Frequent insults such as repetitive bleomycin treatment to induce fibrosis or 

chronic allergen exposure have also induced EMT phenotype in airway 

epithelium (Degryse et al., 2010; Johnson, Roos, Berg, Nord, & Fuxe, 2011). 

Animal and in vitro studies have given vast insights to the molecular 

mechanisms of EMT. Signaling cascades involving transforming growth 

factor beta (TGFβ) and receptor tyrosine kinase ligands such as epidermal 

growth factor, fibroblast growth factor, hepatocyte growth factor and platelet 

derived growth factor (EGF, FGF, HGF and PDGF, respectively) can turn on 

transcriptional network inducing EMT. Transcriptional regulatory factors like 

Snail, Slug, Twist, Zeb 1&2 and FOXC 1&2 have been shown to be able to 

downregulate epithelial markers and upregulate mesenchymal markers 

(Moustakas & Heldin, 2007; J. Yang & Weinberg, 2008). The knowledge on 

microRNA and EMT is constantly increasing. The most notable group being 

the miR-200 family and its role for suppression of metastasis in cancer 

(Zaravinos, 2015).  

It has been proposed that there is a link between EMT and epithelial 

stemness; both with regard to a cell requiring a stem- or progenitor 

phenotype to undergo EMT (De Craene & Berx, 2013; Rhim et al., 2012; 

Tatari et al., 2014), and EMT related acquisition of stem cell traits (Mani et 

al., 2008; Morel et al., 2008; Scheel & Weinberg, 2012). In vitro studies on 

breast cancer have shown that epithelial cells aquire stem cell traits during 

EMT, such as CD44
high

/CD24
low

 expression profile and sphere formation 

ability in low attatchment culture (Al-Hajj, Wicha, Benito-Hernandez, 

Morrison, & Clarke, 2003; Dontu et al., 2003; Liao et al., 2007; Sleeman, 

Kendrick, Ashworth, Isacke, & Smalley, 2006). Breast stem cells also seem 

to have elevated expression of mesenchymal markers (N-cadherin, Vimentin, 

Fibronectin, ZEB2, FOXC2, Snail, Slug, TWIST1 and TWIST2) and lower 

expression of E-cadherin as compared to non-stem cells of the breast (Mani 

et al., 2008). This makes the epithelial progenitor an interesting target cell to 

undergo EMT. For a cell to undergo transdifferentiation it would need to be 

permissive to the appropriate mediators of the process. Progenitor cells 

already possess plasticity and the aforementioned EMT related marker 

expression and then hypothetically need fewer “triggers of EMT” to undergo 

the transition. There is evidence that a for a fullblown transdifferentiation an 

additional oncogenic event is needed (Morel et al., 2012; Rhim et al., 2012; 

Tatari et al., 2014). For a regenerative and fibrotic EMT this might not be the 

case.  
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1.5  Idiopathic pulmonary fibrosis and EMT 

Idiopathic pulmonary fibrosis (IPF) is a specific form of progressive chronic 

interstitial pneumonia affiliated with the histopathology of usual interstitial 

pneumonia (UIP). Prognosis is poor with 50% mortality rate 3-5 years after 

diagnosis (Bagnato & Harari, 2015). The histopathology of IPF includes 

absence of cellular inflammation, interstitial scarring, thickening and 

expansion of stromal tissue, peripheral honeycomb changes (that have been 

shown to be composed of pseudostratified airway epithelium) and formation 

of fibroblastic foci (FF) (Seibold et al., 2013; Wolters, Collard, & Jones, 2014). 

These foci contain myofibroblasts producing considerable amounts of 

extracellular matrix proteins such as collagens and fibronectin. Interestingly, 

there is a negative linear correlation between increased number of FF and 

prognosis. The direct cause of the disese is not clear but several risk factors 

have been identified. These include age, smoking, pollutants, environmental 

exposures, viral infections and genetic disorders (Fernandez & Eickelberg, 

2012). Genetic predisposition to IPF has been shown to explain a subset of 

IPF cases and is most commonly linked to telomerase complex mutations, 

endoplasmic reticulum stress of ATII cells or single nucleotide polymorphism 

(SNP) in the promoter area of Mucin5B (Nogee et al., 2001; Seibold et al., 

2011; Tsakiri et al., 2007). IPF is generally characterized by distorted 

histological and cellular homeostasis and plasticity. It is hypothesized that 

this results from repeated parenchymal injury and repair cycles that lead to 

mechanistic repair failiure. The cellular source of the fibrosis is debated; 

whether it involves resident stromal cells such as fibroblasts, pleural 

mesothelial cells, bone marrow derived fibrocytes, intrapulmonary pericytes, 

EMT of the epithelium or a combination of the aforementioned (Andersson-

Sjoland et al., 2008; Cool et al., 2006; Hung et al., 2013; Rock, Barkauskas, 

et al., 2011; Willis et al., 2005; K. Zhang, Rekhter, Gordon, & Phan, 1994). 

Relatively few studies have focused on airway basal cells in IPF. Increased 

numbers of p63-positive cells in hyper- and metaplastic bronchioles of IPF 

lungs have been reported and the characteristic honeycombs have been 

shown to be lined with pseudostratified epithelium consisting of basal- goblet- 

and ciliated cells (Chilosi et al., 2002; Seibold et al., 2013). 

A major challenge facing research on IPF is to produce a model that fully 

represents the histopathological spectrum of IPF (Varma et al., 2014). The 

most widely used model is the bleomycin induced mouse lung fibrosis; either 

as a single dose challenge or a repeated small dose challenge. These have 

provided important insight into certain aspects of the pathogenesis of lung 

fibrosis and suggested several cell types contributing of the fibrotic process. 
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However, the formation of FF in these models has not been credibly 

described. This calls for alternative approaches to supplement studies on 

IPF, such as in vitro cultures of human derived airway epithelial cells. 

1.6 Models to study lung biology 

Our understanding of lung biology is derived from various research methods 

and experimental setups. These include numerous animal models, cell 

culture models and human tissue samples. Structural and functional lung 

research depends on a combination of in vivo and in vitro models. Rodents, 

in particular mice, have proven highly useful to study lung development, 

cellular behavior and disease progression. Intricate differences between 

human and murine lungs however call for development of human in vitro 

models to supplement these studies.  

1.6.1  Animal models for lung research 

The vast majority of our knowledge on lung biology is acquired from animal 

studies. With regard to development, Drosophila and murine models have 

provided key findings on molecular events governing epithelial and 

mesenchymal interactions during lung organogenesis, including different 

developmental stages. Porcine lung models are also a valuable tool as they 

show high levels of similarities to humans, and have proven their worth e.g. in 

research on cystic fibrosis (Welsh, Rogers, Stoltz, Meyerholz, & Prather, 

2009). Breathless and branchless (encoded by genes homologous to human 

FGFR and FGFs, respectively) have been shown to play a key role in 

tracheal branching in drosophila and were also established in the mouse 

model (Klambt, Glazer, & Shilo, 1992; Park, Miranda, Lebeche, Hashimoto, & 

Cardoso, 1998; Peters et al., 1994; Sutherland, Samakovlis, & Krasnow, 

1996). The branching program of the mouse model has also been elegantly 

mapped (Metzger et al., 2008). There is however inherent species difference 

between mouse and human lungs. These differences in histology and cellular 

components between mouse and human lungs call for correct context of the 

model and discerning interpretation of data, both with regard to normal tissue 

maintenance and in disease. Human trachea and larger airways are lined 

with presudostratified epithelium, but only the trachea and extrapulmonary 

bronchi are pseudostratified in the mouse (Treuting, Dintzis, Frevert, Liggitt, 

& Montine, 2012). Basal cells are located throughout human airways but are 

generally considered to exclusively reside in the mouse trachea, although 

recent studies have identified them in very few numbers in mouse distal 

airways (Rock et al., 2009; Vaughan et al., 2015; Zuo et al., 2015). Club cells 
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are prominent throughout mouse airways but mostly found in distal airways in 

humans which show larger number of goblet cells proximally (Mercer, 

Russell, Roggli, & Crapo, 1994). Bronchioalveolar stem cells (BASCs) have 

been described and shown to be able to give rise to club (clara) cells and 

alveolar cells in murine lungs but there is little evidence that they exist in 

humans (C. F. Kim et al., 2005). These differences have made recapitulation 

of selected diseases like cystic fibrosis and idiopathic fibrosis troublesome. 

Due to the histological difference between murines and humans it is 

important to increase our knowledge on human lung epithelium in order to 

gain better understanding into its functions. 

1.6.2  In vitro cell culture assays 

In vitro studies are a valuable partner to animal models. These include 

conventional monolayer cell culture, specific culture models and ex vivo 

tissue cultures. Valuable insights have been revealed on e.g. epithelial-

stromal interactions during lung development using explant lung tissue 

cultures (Blanc et al., 2012; Del Moral & Warburton, 2010; Hyatt et al., 2004; 

Weaver, Batts, & Hogan, 2003).  

Primary cells isolated from fresh lung tissue are highly informative since they 

closely resemble in vivo phenotype by the reason of minimal in vitro 

manipulation. Airway epithelial isolation protocols usually yield a mixture of 

cell populations of basal-, ciliated- and goblet cells. These cells can be 

cultured in monolayer, ALI and 3D culture. Culture setups for alveolar cells 

have proven a bit more challenging. There are however promising methods 

that will allow improved research on alveolar cells (Lewis et al., 2015; S. 

Zhang et al., 2014). Despite obvious advantages of primary cell cultures, 

there are drawbacks that need to be addressed. Primary airway cells are 

usually obtained from adjacent tissue originating at either surgical procedures 

or broncoscopies; both of which are invasive procedures and require high 

level of collaboration between medical personnel and researchers. It should 

also be considered that patients that undergo pulmonary operations are 

generally of higher age and large portion has long history of smoking (Alberg 

& Samet, 2003; Margarit, Belda, Casan, & Sanchis, 2005). Isolation of cells is 

furthermore time consuming and requires delicate and skillful handling. 

Primary cells have limited lifespan in culture which makes long term 

experiments troublesome. Batch to batch differences need also to be 

considered. Primary cells are commercially available but highly expensive, 

especially in a world of limited research funding. For long term studies these 

hindrances should be contemplated. This will be further addressed in chapter 

number 5. An alternative or supplement to primary cultures are immortalized 

cells. 
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Cell lines resolve in principle the challenges of donor variability and restricted 

culture periods besides reducing expenditure. They are generally derived 

either from a cancerous tissue or by genetic manipulation of cell cycle 

checkpoint- or telomerase genes in primary cells. Established cell lines must 

be thoroughly characterized with respect to origin, expression pattern, 

morphology and phenotype for correct conclusions to be drawn from 

experiments. The desired cell line should ideally be minimally manipulated 

and show a phenotype as close to original cell type as possible (Maqsood, 

Matin, Bahrami, & Ghasroldasht, 2013). This is discussed in further detail in 

chapter 5.  

There are several ways to culture airway epithelial cells in vitro. Monolayer 

culture provides a platform to explore marker expression and to reveal basic 

phenotype of cells. Further analysis of cellular capacity and relevant 

biological behavior calls for culture models that aim to mimic in vivo situation 

more accurately. This is of special importance for studies on airway 

progenitor/stem cells; they require the correct environment allowing them to 

fully utilize their morphogenic capacity. For upper airway modeling, the air 

liquid interface culture system has proven highly useful since this culture 

setup is able to capture to some extent the histology of the upper airways. 

Cells are cultured on a transwell permeable membrane supports that allows 

diffusion of nutrients basally and the apical layer is exposed to atmosphere. 

This allows potent airway cells to form a polarized epithelial layer resembling 

the upper airways (Fulcher, Gabriel, Burns, Yankaskas, & Randell, 2005). 

Co-cultures within the ALI system further open up interesting fields for 

studying cellular interactions like epithelial-stromal crosstalk where stromal 

cells are cultured in extracellular matrix below the insert. ALI cultures enable 

research on many aspects of upper airway biology such as tissue 

maintenance, wound repair and native airway defence mechanisms during 

infections. Mimicking aspects of the diseased human airways can be 

achieved for certain conditions e.g. IL-13 overexpression in asthma, cells with 

CFTR mutations and stimulation of squamous metaplasia (Bateman, Karasin, 

& Olsen, 2013; Kanoh, Tanabe, & Rubin, 2011; Zabner, Smith, Karp, 

Widdicombe, & Welsh, 1998). Analysis on pharmaceutical effects and drug 

delivery in human airways is another important element in ALI culture.  

Three dimensional (3D) culture of cells is also a valuable in vitro tool. Current 

culture setups typically involve seeding cells in either a gel composed of pure 

collagen or a mix of reconstituted extracellular components. This 3D aspect 

allows closer resemblance to an in vivo situation and enables studies on 

phenomena that require such conditions. This includes events like 
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organogenesis, epithelial-stromal crosstalk and cell communications and 

behavior in tumor biology (Weigelt, Ghajar, & Bissell, 2014). This setup 

permits seeding different cell types in co-culture and follow their interactions 

and morphology. Researchers studying branched organs like the human 

mammary gland have paved the way for 3D cultures. They have shown that 

different cells show different phenotypic behavior in 3D culture and cells with 

progenitor properties are able to create branching colonies resembling the 

terminal duct lobular units (TDLUs) of the breast (Nelson & Bissell, 2005). 

Valuable data on EMT in breast cancer has also been extracted from 3D 

culture and co-cultures (Chatterjee et al., 2012; Cheung, Gabrielson, Werb, & 

Ewald, 2013; Seton-Rogers et al., 2004; Xue, Krishnamurthy, Allred, & 

Muthuswamy, 2013). 

1.6.2.1 Lung epithelial cell lines 

There are numerous cell lines that have been used for human lung research. 

I will address the most utilized and briefly describe their properties. A549 and 

Calu-3 are two widely used cell lines and derive from lung adenocarcinoma. 

A549 is by far the most utilized lung cell line to date. It derives from human 

alveolar carcinoma and exhibits an alveolar type II phenotype (Lieber, Smith, 

Szakal, Nelson-Rees, & Todaro, 1976). It has been utilized in vast array of 

lung studies; pubmed search now reveals over 14.000 articles. A549 

proliferates continuously in monolayer and has been shown to have some 

capacity to differentiate (Jiang, Rom, Yie, Chi, & Tchou-Wong, 1999; Serra et 

al., 2008; Speirs, Ray, & Freshney, 1991; Twardzik et al., 1989). However, 

the cells do not form tight junctions, which makes them ill-suited for selected 

studies e.g. drug transport (Forbes & Ehrhardt, 2005). Calu-3 was isolated 

from human submucosal gland adenocarcinoma and exhibits serous cell 

properties. The cells are able to form polarized epithelium with mixed cell 

phenotypes, including secretory- and ciliated cells, of which the latter 

dissapear with passage number (Shen, Finkbeiner, Wine, Mrsny, & 

Widdicombe, 1994). They form TER in ALI culture and have been valuable 

for studies including transport (Foster, Avery, Yazdanian, & Audus, 2000; 

Grainger, Greenwell, Lockley, Martin, & Forbes, 2006; Mathia et al., 2002), 

metabolism (Florea, Cassara, Junginger, & Borchard, 2003) and particle-cell 

interactions (Amidi et al., 2006; Cooney, Kazantseva, & Hickey, 2004; Fiegel, 

Ehrhardt, Schaefer, Lehr, & Hanes, 2003; Sigurdsson et al., 2011). 
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There are also in vitro transformed airway cells widely used. 16HBE14o- cells 

are derived from a young heart and lung transplant patient and immortalized 

with SV40 large T antigen. They show cuboidal phenotype, exhibit non-

serous, non-ciliated phenotype and form polarized confluent layers with 

differentiated epithelial morphology and functions (Haws, Krouse, Xia, 

Gruenert, & Wine, 1992). Along with Calu-3, they are considered to provide 

acceptable upper airway barrier properties in culture (Forbes & Ehrhardt, 

2005). However, 16HBE14o- only form TER in liquid-liquid interface culture. 

In this setup they have been shown to express functional tight junctions and 

have been used for studies on e.g. drug absorption and particle-cell 

interactions (Ehrhardt et al., 2002; Ehrhardt et al., 2003; Manford et al., 

Figure 3. Cell culture setups. Monolayer culture (top) is the conventional cell culture 
method and can provide important data on cellular processes. Air liquid interface 
culture (ALI, middle) is designed to resemble more closely the physiological situation 
of airways. Cells are cultured on a permeable membrane allowing nutrition from the 
basal side and exposure to the atmosphere on the apical side. Three dimensional 
culture in reconstituted basement membrane provides a platform to morphogenic 
studies. 

Monolayer

ALI

3D
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2005). Examples of other immortalized airway cell lines are BEAS-2B and 

NuLi-1 (Reddel et al., 1988; Zabner et al., 2003). BEAS-1 has been used in a 

variety of studies, including cytokine regulation, effects of cigarette smoke, 

hyperoxia and drug metabolism (Atsuta et al., 1997; Eaton, Walle, Wilson, 

Aberg, & Walle, 1996; Odoms, Shanley, & Wong, 2004; Sun, Wu, & Last, 

1995). They do not form TER in ALI culture (Noah et al., 1995). NuLi-1 is able 

to form TER but its usage has mostly been restricted to research on cystic 

fibrosis (Buchanan, McNally, Harvey, & Urbach, 2013; Dannhoffer et al., 

2011; Perkett, Ornatowski, Poschet, & Deretic, 2006; Voisin et al., 2014; 

Zabner et al., 2003). Recently, a very interesting cell line, BCi-NS1.1, was 

established (Walters et al., 2013). This cell line exhibits a basal cell 

phenotype and is able to differentiate into secretory-, goblet-, club-, and 

ciliated cells. This cell line can prove to be highly useful since there has been 

a scarcity of well-defined, in vitro like human airway progenitor cell lines, with 

the exception of VA10. 

I my thesis, I have used the cell line VA10, that was established at our 

laboratory in order to develop a well characterized progenitor cell line for 

epithelial airway research. It was immortalized with transduction of HPV 

derived E6/E7 oncogenes. This cell line has an airway basal phenotype with 

expression of p63 and CK14 and is able to form pseudostratified airway 

epithelium in ALI culture (Halldorsson et al., 2007). It has also been used to 

study the mechanisms of lung epithelial innate immunity with regard to the 

antimicrobial peptide LL-37 (Steinmann, Halldorsson, Agerberth, & 

Gudmundsson, 2009). 

 

 

 





 

 

2 Aims 

Better understanding on the cellular remodeling in the lung and the 

heterotypic interactions between the epithelium and surrounding vascular rich 

stroma hold the keys to better diagnosis and treatment for many lung 

diseases. The epithelium in the conducting airways is under constant stress 

and remodeling due to its function as a first line of defense in respiration. 

Basal cells of the conducting airways serve as progenitors for differentiated 

ciliated and goblet cells and are responsible for tissue maintenance and 

homeostasis. The progenitor cell associated transcription factor p63 is 

exclusively expressed in basal cells of the branching airways but it´s role in 

these cells is yet to be fully understood. Basal cells possess cellular plasticity 

and are therefore candidates in diseases associated with cellular 

transformation such as cancer, and possibly by acting as a source of 

mesenchymal cells in idiopathic pulmonary fibrosis through EMT. 

The general aim of my thesis was to shed light on the structural and 

functional properties of airway basal cells in branching morphogenesis, 

epithelial maintenance and remodeling and to analyse if these cells 

participate in fibrosis through EMT. This general aim was divided into the 

following four sub specific aims representing each article enclosed with the 

thesis. 

 

1) To explore the morphological capacity of basal cells in three 

dimensional culture and to analyze how basal cells interact with 

endothelial cells in a 3D setting. 

2) To analyze the ability of drugs to transverse the bronchial epithelial 

barrier in vitro.  

3) To evaluate the role of the transcription factor p63 in cellular 

maintenance in bronchial-derived basal epithelial cells. 

4) To test if basal cells contribute to fibrotic events during idiopathic 

pulmonary fibrosis. 





 

 

3 Materials and methods 

Detailed materials and methods are found in each of the papers. I will use 

this chapter to outline the main methods used and discuss differences 

between assays when relevant. Also, in chapter 5 I discuss in more detail 

some technical considerations regarding this thesis. 

Ethics Statement 

Lung tissue samples were provided by written informed consent from patients 

that underwent open lung surgical procedures. This study was approved by 

the Landspitali Hospital Ethics Committee. Reference number 88374–96345. 

Cell culture 

Primary cells 

Primary human bronchial epitheial cells were isolated from segments 

retrieved from surgical lobectomies. Segments were digested for 12-48 hours 

at 4°C in DMEM/F12 (Gibco) containing proteinase XIV and DNase as 

previously described (Fulcher et al., 2005). Bronchial rings were 

subsequently opened and epithelial cells scraped off with a scalple in a petri 

dish. Cells were then collected, washed 4 times in PBS, centrifuged and 

seeded to a tissue culture flask in bronchial medium (LHC9, Invitrogen) with 

50 IU/ml penicillin and 50 µg/ml streptomycin (Invitrogen). Viable cells 

generally survived 2-5 passages in culture. Medium was replaced three times 

a week. 

Primary human umbilical vein endothelial cells were providied by Dr. Haraldur 

Halldórsson as a kind gift. Cells were cultured in tissue culture flasks on 

EGF-2 medium (Lonza) supplemented with 10-30% fetal bovine serum and 

50 IU/ml penicillin and 50 µg/ml streptomycin (Invitrogen). They were used up 

to 8 passages in culture. Medium was replaced three times a week. 

Cell lines 

VA10 cells were cultured in tissue culture flasks on either LHC9 (Invitrogen) 

or bronchial epithelial growth medium (Lonza or Cell Applications) with 50 

IU/ml penicillin and 50 µg/ml streptomycin (Invitrogen). Medium was replaced 

three times a week. For stimulation of EMT in monolayer, DMEM/F-12 

(Invitrogen), supplemented with 2% UltroserG (Pall Life Sciences) was used 

and cells cultured for 24-72h. 
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Culture models 

Air-liquid interface culture 

VA10 cells were seeded on the upper layer of polyester membrane transwell 

cell culture filters with pore size 0.4 µm, 12 mm diameter (Corning®Costar®) 

at density of 1.5-2 x 10
5
 cells per well. The cultures were maintained on 

LHC9 for 5 days, 0.5 ml in the upper chamber and 1.5 ml in the lower 

chamber. After 5 days medium was changed to DMEM/F-12 (Invitrogen), 

supplemented with 2% UltroserG (Pall Life Sciences) for another 5 days. For 

air-liquid interface culture, the medium was aspired from the apical side and 

rinsed with PBS. Medium was replaced three times a week and apical 

surface washed with PBS once a week. For goblet cell differentiation studies, 

IL-13 (Peprotech, London, UK) was added to basal side of the ALI cultures to 

a final concentration of 25ng/ml and cultured for 14 days. 

3D culture 

In general, cells were resuspended in 300 µl of growth factor reduced 

reconstituted basement membrane (rBM (Matrigel, BD Biosciences) in its 

liquid state, seeded into 24-well culture plates and allowed to solidify at 37°C 

for 30 minutes before adding medium. EGF-2 medium (Lonza) supplemented 

with 5% fetal bovine serum and 50 IU/ml penicillin and 50 µg/ml streptomycin 

(Invitrogen) was replaced three times per week (1ml). 

For monoculture, 10
2
 VA10 cells were seeded into the gel alone. For co-

culture, an additional 2.5x10
5
 HUVECs were mixed with 10

2
 VA10 cells and 

resuspended in Matrigel. The setup volume can be scaled up or down 

depending on desired purpose, e.g. for in-gel stainings 8.3x10
5
 HUVECs and 

333 VA10 cells were seeded in 100 µl Matrigel to 8-well chamber slides. 

Soft agar assay 

Plates were coated with 1% soft agar (Sigma) diluted in DMEM/F12 

(Invitrogen) and allowed to solidify for 20 min at 4°C. 30.000 cells were 

resuspended in 0.5% soft agar preheated to 40°C and seeded on top of the 

coated plates and allowed to solidify for 10 min at 4°C. Cells were then 

cultured for 20 days. Subsequently they were stained with 0.05% Crystal 

Violet for one hour and colonies over 30 µm in size were counted in each well 

using a phase contrast microscope (Leica). Three representative areas were 

counted in each well. 
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Transepithelial Electrical Resistance (TER) Measurements  

TER of transwell cultures was measured with Millicell-ERS volthometer 

(Millipore). Prewarmed PBS was added to the apical side of cultures to allow 

flow of electricity. The corrected TER value was obtained after subtraction of 

TER on cell-free culture insert.  

Permeation studies 

Permeation studies on transwell cultures at different time points determined 

the function of the paracellular epithelial barrier. Preceding permeation 

studies, cultures were washed twice with prewarmed Hanks Balanced Salt 

Solution (HBSS) and allowed to equilibrate at 37°C for 30 min in the buffer. 

Flu-Na, FD and model drugs were resuspended in HBSS buffer to a desired 

final concentration with the exception of atenolol which also contained 0.1% 

DMSO. Cultures were incubated at 37°C and agitated on an orbital shaker. 

Samples from basolateral compartment were collected at set time points and 

replaced with equal volume of HBSS. Bidirectional transport studies with the 

P-gp substrate Rh123 were performed with and without the P-gp efflux pump 

inhibitor verapamil. Sampling from receiving chamber was performed as 

described above. For analysis, samples from Flu-Na, FD and Rh123 studies 

were added to black 96 well plates and fluorescence measured in a 

fluorospectrometer (Tecan GENios microplate reader). Samples from drug 

permeation studies were analyzed using a Dionex Ultimate 300 HPLC 

system, coupled with photodiode array detector using Onyx monolithic C18 

column. cLogD(7.4) and polar surface area (PSA) were calculated using 

ChemAxon MarvinSketch software. Apparent permeability coefficients were 

calculated from the permeation experiment as demonstrated in paper #2. 

Immunohisto- and cytochemistry 

In this thesis, human lung tissue samples were stained, as well as cells in 

monolayer, ALI-, and 3D culture.  

Human lung tissue 

Tissue samples from paraffin-embedded human lungs were processed with 

standard de-paraffination methods and antibody retreival performed 

according to recommendations for the antibodies used. Secondary antibodies 

and visualization protocols were performed with EnVision kits (Dako).  

 

 



PhD thesis Ari Jón Arason  

22 

Monolayer and ALI cultures 

Cell cultures were washed in PBS and fixed with methanol, formaldehyde or 

a 1:1 methanol/acetone solutions according to recommendations for the 

antibodies used. ALI filters were subsequently removed from plastic inserts 

and stained on a microscope glass slide. Secondary fluorescent antibodies 

used were obtained from Invitrogen. Paraffin embedded ALI filters were 

processed as stated above with human tissue material. For scanning electron 

microscopy, filters were washed with PBS, fixed in formaldehyde, post-fixed 

in 1% OsO4 and dehydrated through an ethanol gradient. Filters were then 

transferred in 100% acetone to a critical point drier (Bio-Rad). Dried samples 

were mounted on aluminum stubs and gold sputter-coated (Edwards Sputter 

Coater S150B). Images were obtained on a Zeiss Supra 25 Field Emission 

Scanning Electron Microscope (FESEM, Carl Zeiss) at 5 kV under high 

vacuum conditions.  

3D cultures 

In-gel stainings of 3D cultures was carried out in the culture chamber as 

previously described (Lee, Kenny, Lee, & Bissell, 2007). The gels were 

washed twice with PBS and fixed in methanol (10 minutes at -20°C). For 

some primary antibodies we used double acetone fixation with ice cold 

acetone for ten minutes at 4°C followed by drying and repeated acetone 

treatment. After fixation the gels were 100mM Glycine in PBS, and blocked 

with 10% goat serum. To block unspecific binding to the mouse-derived rBM 

gel, the IF-buffer was supplemented with 1% goat anti mouse 

immunoglobulin G for 20 minutes. The chambers were removed after staining 

and the samples were embedded in Fluormount-G (Southern Biotech) for 

microscopic analysis. 

For freeze sections of 3D cultures, the gels were frozen in n-hexane and 

transferred to -80°C. The gels were mounted in Tissue-Tek® O.C.T. 

compound (Sakura Finetek) and sectioned in a cryostat. The samples were 

dried and then fixed and stained as above. 

In some cases branching colonies were isolated from the Matrigel. The gel 

was dissolved on ice with a PBS-EDTA solution (Lee et al., 2007). Colonies 

were then centrifuged and placed on a microscope slide for staining. 

For immunofluorescence visualizaton, Zeiss LSM5 Oascal and Olympus 

Fluoview 1200 confocal microscopes were used. 
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Cell sorting 

Cells were suspended in MACS buffer (Miltenyi) and incubated, either with 

primary microbeads or unconjugated primary antibodies. For primary 

antibodies, a secondary incubation with anti-mouse IgG microbeads 

(Miltenyi) was conducted. After incubation cells were washed and then 

suspended in MACS buffer and either loaded onto manual MACS separation 

columns (MS or LD columns) or run through an autoMACS cells sorter 

(Miltenyi). 

Western blotting 

All protein lysates were made using RIPA lysis buffer. Concentrations were 

estimated with Bradford reagent and generally 5µg of denatured protein 

loaded to each well of pre-cast Nupage gels (Invitrogen) and transferred to 

PVDF membranes. In paper #3 blots were visualized with HRP antibodies 

and ECL bioluminescence. In paper #4, blots were visualized using near-

infrared immunofluorescence and scanned using Odyssey (LiCor) scanner. 

Actin was used as standardization control. 

Real-Time PCR 

RNA was extracted from cells using standard Trizol (Invitrogen) protocols and 

reverse transcribed to cDNA using random hexamer primers. PCR was 

performed with either SYBR green or TaqMan techniques and run on 7500 

Real Time PCR device (Applied Biosystems). GAPDH was used for 

normalization. 

Lentiviral knockdown 

Lentiviral constructs targeting p63 or scrambled transcripts were obtained 

from addgene.com (Godar et al., 2008; Saharia et al., 2008). For production 

of lentivirus and cell transduction, general online guidelines for pLKO.1 

vectors from addgene.com were followed with slight modifications as stated 

in paper #3. Lentiviral particle solution was added to culture medium 

(containing 8mg/ml polybrene) of 70% confluent cells at low MOI and 

incubated for 20 hours. Cells were then cultured for 24 hours on fresh culture 

media. Infected cells were subsequently selected with 0.7 µg/ml puromycin. 

Proliferation, migration and wound healing assays 

For assessment of proliferation, a fixed number of cells was seeded to 12 

well plates. Triplicates were fixed daily in formaldehyde and counterstained 

with crystal violet. After culture period, the crystal violet was released using 

acetic acid and absorbance measured. 

For migration assays, a fixed number of cells was seeded in basic medium 
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(DMEM/F12) on top of cell culture inserts with 8 µm pore size. Growth 

medium was added to the lower well and cells allowed to migrate for 12-24h. 

Subsequently filters were rinsed and stained with crystal violet. Cells were 

then either counted manually in a light microscope or the crystal violet 

dissolved and absorbance measured. 

Wound healing assays were performed in 2-well chamber slides. Confluent 

monolayers were scratched with a pipette tip and subsequent live cell 

imaging was performed in an incubation chamber on a Leica DMI6000B 

inverted microscope. Automated imaging was performed at 2 minute 

intervals. Wound healing was estimated at 2,4,6,8 and 10 hours post 

scraping using CellProfiler image analysis software (Kamentsky et al., 2011). 

Assessment of senescence and apoptosis 

A commercially available kit for detection of senescense associated β-

galactosidase (Cell Signaling, #9860) was used according to the 

manufacturer specifications. After fixation, cells were incubated with staining 

solution overnight at 37°C. Ten representative images were taken of each 

culture. CellProfiler was used for data analysis.  

To detect apoptosis, cells were harvested, washed with PBS and 

resuspended in 1x binding buffer. Cells were stained with FITC Annexin V 

and propidium iodide (PI) (BD Pharmingen) and at least 10.000 cells from 

each sample were analyzed in MACSQuant flow cytometer (Miltenyi). 

Statistical analysis  

Data are presented as means with standard deviations (SD) of 

measurements unless stated otherwise. Statistital differences between 

samples were assessed with Student two –tailed t-test. P-values below 0.05 

were considered significant (***p≤0.001, **p≤0.01, *p≤0.5). 
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Table 1. List of antibodies used. 
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Table 2. List of primers used. 



 

 

4 Results and Discussion 

In this chapter I will discuss the findings presented in the published papers 

that my thesis is based on in parallel to the current literature. All published 

papers are also enclosed in the appendix of the thesis. 

4.1  Three dimensional co-culture of endothelial cells and 
airway progenitor cells (Paper #1) 

The vast majority of knowledge on airway development is derived from 

Drosophila and murine animal models. Epithelial-stromal crosstalk during 

lung development has been described in these models and in ex vivo 

experiments (Bellusci et al., 1997; Blanc et al., 2012; Hirashima et al., 2009; 

Klambt et al., 1992; Metzger et al., 2008; Min et al., 1998; Sutherland et al., 

1996). Due to histological differences and variation in cellular composition in 

airways between human and experimental model, an in vitro human 

experimental model is a valuable addition for studies on epithelial-stromal 

crosstalk during airway morphogenesis. Although it has been addressed, not 

much is known about the involvement of vascular endothelial cells in airway 

development (Vu, Alemayehu, & Werb, 2003). In contrast, a role for 

endothelial cells has been described in development of other organs such as 

pancreas, breast and prostate (Ingthorsson et al., 2010; Lammert, Cleaver, & 

Melton, 2001; Matsumoto, Yoshitomi, Rossant, & Zaret, 2001).  

To allow cells to fully utilize their morphogenic capacity, a representative 

culture model is needed. Our laboratory has been developing a three-

dimensional culture model to study the behavior of breast epithelial cells with 

stem cell properties, and the effects of endothelial cells in this regard. 

Ingthorsson et al (2010) showed that breast endothelial cells (BRENCs) 

stimulated growth and morphogenesis of breast epithelial cells and in a 

following paper they showed that BRENCs stimulated branching 

morphogenesis and EMT in breast progenitor cells cultured in 3D 

reconstituted basement membrane matrix (3DrBM) (Ingthorsson et al., 2010; 

Sigurdsson et al., 2011). Based on these results we decided to explore the 

morphological capacity of the VA10 cell line in 3D culture with and without 

coculture with endothelial cells. When VA10 cells are cultured alone in 3D-

rBM (Matrigel) they form round polarized colonies with β-4 integrin 

expression towards the basement membrane and e-cadherin expression 
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between cells, as previously shown (Halldorsson et al., 2007). Based on the 

effects of endothelial cells on the breast epithelial cells in 3D-rBM and the 

fact that microvessels are in intimate connection to the pulmonary epithelium 

we decided to co-culture VA10 and endothelial cells in 3DrBM. When we 

seeded endothelial cells in 3DrBM they remained non-proliferative but viable 

(measured by uptake of Ac-LDL) up to 4 weeks in culture. In the epithelial-

endothelial co-culture we saw drastic proliferative and morphogenic 

advancement in the epithelial organoids formed by VA10. Over time, a 

portion of the round-shaped pulmospheres developed into complex branching 

structures akin to developing bronchioalveolar regions (P#1 Fig.1). These 

structures contained elongated branches, bifurcations and alveolar-like buds 

at the tips. The first sign of branching occurs after approximately a week of 

co-culture with a small budding reaching out from the solid round colonies. 

These buds then continued to grow and generate secondary and tertiary 

branches, all of which terminated in alveolar-like buds. Not only did the 

endothelial cells activate the branching process but they also increased 

general colony formation. Therefore, the addition of endothelium seems to 

create a stimulating niche for the epithelial cells to further grow and 

proliferate. We observed some lumen formation within the branching colonies 

but generally the structures were filled with nuclei. The reasons for the lack of 

full lumen formation are subjects for further studies. There might be a lack of 

environmental stimulus within the culture setup and it should also be 

considered that the VA10 cell line is immortalized with the E6 and E7 HPV 

genes. This could be an important factor since lumen formation is at least in 

part based on apoptosis (Debnath et al., 2002; Itoh, Nelson, Myers, & Bissell, 

2007; Singh et al., 2003). To test if the endothelial cells mediated their 

stimulatory effect through secreted factors or cell-cell contact we set up a 

transwell co-culture. The HUVECs were cultured on a transwell filter above 

3D culture of VA10. This resulted in similar effects on the epithelial colonies 

and suggests that soluble factors mediate this stimulation. The obvious 

question here is; which factors contribute to this process? We wanted to test 

this further and performed a multiplex ELISA array on conditioned medium 

from the cultures. One chemokine, CCL5 (RANTES) was found to be heavily 

upregulated during co-culture. Further follow up studies are pending. The fact 

that single branching colonies can appear on a very rare occasion in VA10 

monoculture brings about the hypothesis that the endothelium supplies a 

necessary addition of stimulatory factors that already excist in the culture 

medium instead of producing missing ones. This issue needs further 

attention.  
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The bronchio-alveolar structures express the transcription factor TTF-1, the 

earliest known lung epithelial commitment marker in development, indicating 

their pulmonary lineage specificity (Lazzaro, Price, de Felice, & Di Lauro, 

1991). These branching structures, furthermore show expression of p63 in 

vast majority of cells. This should indicate that little differentiation occurs from 

the native basal cell phenotype of VA10. The expression of pro-spC most 

likely implies alveolar type II or club cell differentiation. One must though bear 

in mind that pro-spC is expressed during airway development (Wert, Glasser, 

Korfhagen, & Whitsett, 1993). The expression pattern of the basal 

cytokeratins 14 and 17 is interesting. CK14 has been shown to be expressed 

in reactive basal cells during wound repair (Cole et al., 2010). In normal 

bronchial epithelium it is scarcly expressed (Hinata et al., 2003). The fact that 

only selected cells in budding and early branching colonies express CK14 

raises the question that only some of the cells contribute to the proliferative 

phase of branching. At more developed branching structures, CK14 

expression is solely seen at the branching tips. CK17 expression is more 

uniform at edges of the structures. This seems logical since CK17 is 

homogenously expressed in basal cells of the bronchial epithelium (Hinata et 

al., 2003). To further validate that our model resembled in vivo situation of 

Figure 4. Endothelial cells stimulate branching of VA10 in 3D culture. When VA10 is 
cultured in Matrigel it forms solid round colonies (a). Endothelial cells stay single and 
viable as measured with Carboxyfluorescein succinimidyl ester (CFSE) (green) (b). 
Inhibition of FGFR signaling with SU5402 inhibitor significantly reduces branching of 
VA10 (d, e and f). Scale bars 100 µm. Adapted from (Franzdottir et al., 2010). 
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lung development we explored the expression pattern of two known players 

involved in airway branching morphogenesis, FGFR2 and Sprouty2. Sprouty2 

is a negative feedback inhibitor of receptor tyrosine kinase signaling and is 

upregulated during branching, with pronounced expression at the distal tips 

of branching lungs (Mailleux et al., 2001). Mark Krasnow and colleagues 

have shown that the murine lung branching morphogenesis is based on three 

simple branching modes and Sprouty2 is involved in regulating these modes 

(Metzger et al., 2008). In our model the expression pattern was uniform along 

the periphery of the structures although stronger signal could be observed at 

the branching tips. FGF signaling through FGFR2 is necessary for outwards 

growth of the developing airways. FGFR2 is clearly expressed in the growing 

structures, being most conspicuous at the branching tips. Interestingly, 

blocking this signaling with a non-specific FGFR inhibitor severely reduced 

colony formation and completely inhibited branching. This suggests that the 

3D model represents at least in part lung development that occurs in vivo and 

could be used to further study cellular interactions during lung 

morphogenesis. We have also shown that knockdown of Sprouty 2 in breast 

epithelial stem cells facilitates branching morphogenesis (Sigurdsson et al., 

2013). An interesting follow-up study would be to knock out Sprouty 2 in the 

VA10 cells. 

The ability of the 3D extracellular matrix and stromal cells to contribute to the 

morphogenesis of the epithelium highlights the importance of the stroma 

during organogenesis and epithelial tissue maintenance. Cellular composition 

of the lung stromal tissue varies on the proximal-distal axis. Dominating 

populations in the proximal area are chondrocytes, fibroblasts and smooth 

muscle cells whereas distally, endothelial cells become a larger portion of the 

stroma along with fibroblasts. Studies, e.g. from Scott H. Randell and 

colleagues have shown that culturing murine fetal tracheal epithelium with 

distal stroma induces distal differentiation of the tracheal epithelium 

(Shannon, Nielsen, Gebb, & Randell, 1998). This is in line with studies on 

other organs that identify the stroma as key player in regulating epithelial fate 

(Bussard & Smith, 2011; Hatini, Huh, Herzlinger, Soares, & Lai, 1996). The 

fact that we used endothelial cells in our co-culture might affect the behavior 

of the basal cells to express alveolar markers like pro-sp-C whereas co-

culture with e.g. smooth muscle cells could initiate a more proximal 

differentiation. One could argue that a more accurate approach to this culture 

system would be to use primary lung endothelial cells. With improved 

isolation techniques this could be a desired aim. In fact we have put effort 

into isolating primary lung epithelial cells (see Chapter 5.). However, 
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HUVECs have been widely used as standard endothelial cells in experiments 

and our group found same effects from HUVECs and primary breast 

endothelial cells in similar studies on breast epithelial morphogenesis 

(Sigurdsson et al., 2011). There is however a growing need for organotypic 

culture models that require further optimization, including organ specific 

stromal cells. Collectively, we demonstrated in this paper that endothelial 

cells can induce branching morphogenesis in VA10, a bronchial-derived 

basal epithelial cell line. The branching structures captured the phenotypic 

traits of bronchio-alveolar like structures with expression of lung epithelial 

specific markers. This model holds the promises of being developed further 

by involving more stromal cell types including fibroblasts, chondrocytes, 

immune cells and smooth muscle cells. 

As previously shown in our lab, VA10 forms pseudostratified bronchial-like 

epithelium when cultivated in ALI conditions (Halldorsson et al., 2007). It has 

furthermore been shown in this assay that azithromycin a common macrolide 

used to treat lung diseses increases the integrity of the epithelium 

(Asgrimsson, Gudjonsson, Gudmundsson, & Baldursson, 2006). In the next 

paper we explored the drug delivery properties of VA10.  

4.2 Behaviour of VA10 in air-liquid model and its drug 
delivery properties (Paper #2) 

It has been previously shown that VA10 generate pseudostratified-like 

histology when cultured under air-liquid interphase (ALI) conditions. A 

previous study describing the VA10 cell line showed that the cells seemed to 

form a polarized epithelilal layer in ALI and p63 negative nuclei pointed 

towards differentiation (Halldorsson et al., 2007). We saw that VA10 forms 

epithelium of 2-3 layers of nuclei and shows contact inhibition growth. To test 

for ciliary differentiation, we stained VA10 cells in the ALI cultures for 

acetylated tubulin, a marker of ciliated cells and found it to be expressed 

apically. Furthermore, scanning electron microscopy revealed ciliary 

protrusions and beating cilia were observed in phase contrast microscope. 

Interestingly, the cilia formation was only observed under ALI conditions and 

not liquid covered culture (LCC). This could indicate that the cells require a 

contact to air in order to fully undergo ciliogenesis. We did not specifically test 

for goblet cell differentiation under our normal culture conditions. For a 

bronchial epithelial culture model to be representative of in vivo situation it 

needs both to be polarized and show epithelial integrity. We confirmed the 

expression of tight junction proteins in the VA10 epithelium and showed that 

it forms high TER. Also we noticed decreased epithelial permeability with 
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increasing TER, as measured by apical to basal flow of fluorescein sodium.  

Cell culture models can provide a supplement to animal studies on 

pharmaceuticals delivered through the airways; both with regard to targeting 

lung disease and for systematic delivery (Forbes & Ehrhardt, 2005). Drug 

delivery through the tracheo-bronchial epithelium could provide a suitable 

way to deliver pharmaceuticals that are challenging to deliver by other 

means. We wanted to further investigate the pharmacological-related barrier 

properties of the VA10 epithelium and first tested if the epithelium 

discriminated against molecules based on their size. We used Fluorescein-

Sodium (Flu-Na) and fluorescently labeled dextrans (Flu-Dextrans) of 

different sizes and found out that the epithelium distinguished between the 

compounds with an inverse linear correlation to their size. We also tested 

passive permeation of known drugs based on their lipophilicity and hydrogen 

bonding (polar surface area, PSA). We saw linear relationship between the 

extent of lipophilicity of the compounds and permeability. Similarly, there was 

an inverse linear relationship between permeability and increased molecular 

polar surface area (PSA) of the compounds. This is the same trend as with 

other published bronchial cell lines and in accordance to the in vivo situation 

(Manford et al., 2005; Mathia et al., 2002). We also confirmed expression and 

function of the ATP binding cassette transporter (ABC) superfamily member 

P-gp. This efflux pump has been shown to be expressed in pulmonary 

epithelium both in vitro and in vivo and can lead to lower thepapeutic drug 

concentrations than expected.  

Figure 5. VA10 is able to differentiate towards ciliated lineage in ALI. Cross section of 
ALI culture stained with acetylated tubulin (green, nuclei blue) (a). Scanning electron 
microscopy reveals ciliary protrusions on the apical side of ALI cultures (b, c). Scale 
bars 10 µm (a and b), 1 µm (c). Adapted from (Benediktsdottir et al., 2013). 
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Due to its ability of generating pseudostratified epithelium with functional 

active tight junctions we conclude that VA10 is suitable for testing drug 

delivery. Having shown that VA10 has basal epithelial cell properties that can 

generate differentiated bronchial epithelial cells, we next wanted to analyze 

the functional role of the basal cell associated transcription factor p63 in 

maintaining bronchial epithelial integrity.  

4.3 The role of p63 in bronchial-derived basal epithelial cells 
(Paper #3) 

The p63 transcription factor is associated with basal cells in stratified 

epithelium such as the skin, salivary glands, breast, esophagus and prostate 

(Saito et al., 2006; Sethi et al., 2015). In the breast and salivary glands p63 is 

associated with the basally located myoepithelial cells (Barbareschi et al., 

2001; Bilal, Handra-Luca, Bertrand, & Fouret, 2003). p63 is exclusively 

expressed in basal cells within the airway epithelium. As mentioned earlier in 

this thesis, basal cells are believed to be the progenitor cells for the more 

differentiated bronchial epithelial cells such að ciliated cells and goblet cells. 

p63 has most extensively been studied in the keratinized stratified epithelium 

of the skin, where it has been shown to be involved in cell differentiation and 

maintenance of the progenitor phenotype (Koster et al., 2007; Lena et al., 

2008; Masse et al., 2012; Romano et al., 2009; Romano, Smalley, Liu, & 

Sinha, 2010; Romano et al., 2012; Shalom-Feuerstein et al., 2011). Less is 

known about the function of p63 in the basal progenitor population in the 

pseudostratified/columnar human airways. This is a critical area to address 

and understand since damage to the lung epithelium is a contributing factor 

to many airway diseases such as carcinoma, asthma, COPD and pulmonary 

fibrosis. The p63 positive basal cells are therefore important cellular source to 

repair and restore the structure and function of the lung epithelium.  

Using a p63 positive bronchial epithelial cell line (VA10) with basal and 

progenitor properties that can generate pseudostratified-like epithelium in ALI 

culture I wanted to observe the molecular and cellular changes in VA10 after 

knock down of p63. As discussed in the introduction, p63 is expressed in two 

different isoforms, the TAp63 and ∆Np63. These isoforms show different 

expression pattern within different tissues and also their functions vary (Sethi 

et al., 2015). It is therefore, important to study if both isoforms are expressed 

simultaneously or if specific cells express only one of the two. We addressed 

this with staining biopsies from human bronchi with ∆Np63 specific antibody 

and saw identical expression pattern as with pan-p63 antibody (Figure #1a 

and #S1). Due to lack of commercial antibodies at the time we were unable to 
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stain for the TAp63 isoform. I therefore used qRT-PCR to evaluate the 

expression of different isoforms in VA10. Expression analysis revealed that 

only the ∆N isoform is expressed in VA10 (Figure #1c). This is in harmony 

with other studies on these isoforms in p63 positive epithelial basal cells, 

where only the ∆N isoform is expressed (Sethi et al., 2015).  

We next set out to study if the p63 knockdown had any effects on the cellular 

behavior of VA10 in monolayer. First, we observed that the cells became 

spindle-shaped in sub-confluent cultures but the morphology changed to 

cuboidal at confluence (Figure #2b). We then tested if knockdown affected 

proliferation and migration, since p63 has been linked with these processes. 

Loss of p63 is associated with reduced proliferation but the relationship 

between p63 and migration seems to vary based on both cellular malignancy 

and organ specifity (Barbieri, Tang, Brown, & Pietenpol, 2006; Gu, Coates, 

Boldrup, & Nylander, 2008; Truong, Kretz, Ridky, Kimmel, & Khavari, 2006; 

Wang et al., 2012). We saw reduction in both proliferation and migrational 

capacity with VA10
p63KD

 compared to VA10
SCR

 (Figure #2c,d). This led us to 

hypothesize if p63 had a role in wound healing, since it is based on both cell 

proliferation and migration and basal cells have been established as wound 

healers in bronchial epithelia (Musah, Chen, & Hoyle, 2012; Rock et al., 

2009). Indeed, a scratch assay showed a severely reduced wound healing 

response in VA10
p63KD

 cells (Figure #3 and supplementary videos on article 

webpage). There are though limitations to the scratch assay as a good proxy 

for wound healing. Based on the supplementary videos, this wound healing 

response seems to rely mostly on migration rather than proliferation, that is, 

the initial phase of wound healing. Although the data is clear, an in vivo or a 

modified in vitro model is needed to fully evaluate this process, from wound 

to a complete restored tissue architecture. Nontheless, we believe that this 

data shows a role for p63 in wound healing of bronchial basal cells. 
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p63 has been repeatedly linked to cell survival and longevity (Guo & Mills, 

2007; Ha, Ponnamperuma, Jay, Ricci, & Weinberg, 2011; Keyes et al., 2011; 

Rocco, Leong, Kuperwasser, DeYoung, & Ellisen, 2006; Yallowitz et al., 

2014). We set out to test if loss of p63 in our immortalized bronchial basal cell 

line affected cell survival. VA10 is able to grow to confluence and then enter 

contact growth inhibition. We let VA10
SCR

 and VA10
p63KD

 enter confluence 

and kept the cultures for at least 2 weeks. By that time, a substantial portion 

of KD cells was lost from the monolayer. We stained these cultures for β-

galactosidase, a marker for cellular senescense, and saw marked increase in 

senescence in KD cells compared to SCR (Figure #4). When subconfluent 

cultures were stained, a low portion of cells were β-galactosidase positive, 

but an increase in the KD population was noted (Figure #S4). Since VA10 is 

an immortalized cell line, we wanted to verify these data in primary bronchial 

basal cells. We performed identical lentiviral knockdown in primary cultures 

as in VA10 and found that the KD cells did not proliferate at all and were all 

β-galactosidase positive. This confirmed the need for p63 in maintaining 

survival in bronchial basal cells to ensure their longevity and potential to 

maintain tissue homeostasis. The fact that VA10 was able to survive the p63 

knockdown could be explained by the fact that it was immortalized in part 

with e6 that targets p53. The cell cycle arrest of p63 deficient cells has been 

shown to be p53 dependent (Truong et al., 2006). Interestingly, loss of p63 

did not affect spontaneous apoptosis in these cells (Figure #S5). 

Many studies have shown that loss of p63 results in stratification failure in the 

stratified mouse dermal epithelium (Mills et al., 1999; Romano et al., 2009; A. 

Yang et al., 1999). It was therefore of interest for us to test if the same 

Figure 6 Knockdown of p63 results in decreased wound healing capacity of VA10. 
Scratch assay shows VA10 transfected with scrambled siRNA are able to close 
wound in 6 hours while VA10 lacking p63 are not (a). Relative wound healing speed 
of VA10 scrambled is faster than of VA10 p63 knockdown cells (b). Adapted from 
(Arason et al., 2014). 
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applied for the pseudostratified human bronchial epithelium. We utilized our 

VA10 ALI model and saw a normal pseudostratified-like histoarchitecture in 

the SCR cells. The KD cells however, were unable to simulate this behavior 

and formed a simple layer of cells with a few epithelial buddings. These 

buddings were then shown to be p63 positive and a result of a leakage in the 

knockdown cells (Figure #5a,b and #S6). We noticed that a puromycin 

selection every 5-10 passages was needed to keep the KD cells p63 

negative. This is probably due to the proliferative advantage of p63 positive 

cells as shown above. Epithelial integrity is a term used to describe the 

degree epithelial compactness. This is mostly dependent of cell-cell binding 

via desmosomes, gap junctions, adherens junctions and tight junctions on 

one hand, and the histoarcitecture (e.g. stratified vs simple) on the other. This 

can be measured with methods such as TER and paracellular flux assays. 

Normal and SCR VA10 form TER as a measurement of healthy tight junction 

formation and arrangement.  

The KD epithelium formed no TEER and was highly permeable to Flu-Na 

(Figure #5c). Therefore the simple KD layer possessed no epithelial integrity 

Figure 7. VA10
p63kd

 form impaired lung epithelium in ALI culture. VA10
p63kd

 cells form 
simple epithelium with random epithelial budding (7 days after initiation of ALI) and 
significant downregulation of CK14 (14 days after initiation of ALI) (A). The 
VA10p63kd epithelium does not form transepithelial electrical resistance (B) and is 
highly permeable for Flu-Na (C) compared to scrambled control (14 days after 
initiation of ALI). Scale bars 50 mm. ***p≤0.001. Adapted from (Arason et al., 2014) 
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as compared to control. As stated in Paper #2, VA10 ALI epithelium 

differentiates towards ciliary lineage. In our culture setup, we do not observe 

goblet cell differentiation. We therefore included Interleukin-13, a well known 

stimulator of goblet cell differentiation in our culture (Thavagnanam et al., 

2011). This resulted in appeareance of goblet cells positive for Mucin5AC. 

Interestingly, addition of IL-13 did not stimulate goblet cell differentiation in 

p63KD cells in ALI. It has to be noted that IL-13 stimulation is probably not 

the “native” way for pulmonary epithelium to produce goblet cells. 

Upregulation of IL-13 is a known pathogenic factor in goblet cell hyperplasia 

in asthma and has not been shown to be a part of normal bronchial tissue 

homeostasis (Thavagnanam et al., 2011; Wills-Karp et al., 1998). Still we find 

these data extremely interesting, both in regard to the role of p63 in bronchial 

tissue homeostasis and to certain aspects in the pathogenesis of asthma. 

The fact that the KD epithelium does not form TEER and is highly permeable 

could be explained by the fact that tight junctions are in part formed by 

differentiated apical cells that are absent in the KD epithelium (Gumbiner, 

1993; Kojima et al., 2013; Schneeberger & Lynch, 1992). Since the KD 

epithelium does not form more than a single layer of cells that show 

differentiation towards ciliary lineage as evidenced with acetylated tubulin 

staining (Figure #6). Based on these findings we wanted to explore if p63 

positive airway basal progenitor cells could contribute to known respiratory 

diseases. 

 

Figure 8. Following stimulation of interleukin-13, VA10SCR differentiate to goblet 
cells but VA10p63KD do not. Staining for Muc5AC (green) reveals goblet cell 
differentiation of VA10SCR but not VA10p63KD (a). VA10SCR express four fold 
amount of Muc5AC mRNA compared to VA10p63KD after IL-13 stimulation (b). Scale 
bar 50 µm. Adapted from (Arason et al., 2014). 
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4.4  Airway basal epithelial cells as candidate EMT 
precursors in IPF (Paper #4) 

One of the most severe respiratory diseases is idiopathic pulmonary fibrosis 

(IPF). The characteristics of the disease are fibrosis in the lung parenchyma, 

progressive decay in lung function, honeycomb formation and, in most cases, 

formation of fibroblastic foci (Wolters et al., 2014). The fact that no animal 

models have been able to accurately represent IPF calls for other methods to 

study the disease. There is ongoing debate regarding the cellular origin of the 

fibrotic process. Studies have indicated that these could include resident 

fibroblasts, blood derived mesenchymal stem cells, type II pneumocytes that 

have undergone EMT or even a combination of the aforementioned 

(Andersson-Sjoland et al., 2008; Cool et al., 2006; Hung et al., 2013; Rock, 

Barkauskas, et al., 2011; Willis et al., 2005; K. Zhang et al., 1994). Research 

on the bleomycin induced mouse lung fibrosis has argued against EMT as a 

possible source, but that model lacks at least one hallmark of IPF, that is the 

formation of fibroblastic foci (Rock, Barkauskas, et al., 2011; Varma et al., 

2014). It has been shown that survival decreases in a linear correlation with 

increasing number of FF (King et al., 2001; Nicholson et al., 2002).  

The association between EMT and epithelial stemness has been frequently 

addressed (Y. S. Kim, Yi, Kim, & Choi, 2014; Lamouille, Xu, & Derynck, 

2014; Mani et al., 2008). Research in our laboratory on p63 positive breast 

progenitor cells has also shown that they have the potential to undergo EMT 

in vitro and forced expression of p63 can reverse the transition (Hilmarsdottir 

et al., 2015; Sigurdsson et al., 2011). Based on this, we decided to explore if 

p63 positive airway basal progenitor cells could contribute to IPF. We initially 

stained human IPF lung biopsy samples with markers of basal cells and EMT 

and compared to normal lung tissue samples. First we observed that the 

bronchial epithelium adjacent to a fibroblastic focus showed abnormal 

histology. The epithelium appeared metaplastic with a subset of abnormal, 

spindle shaped nuclei and lack of mucociliary differentiation. The usual 

columnar shape of the apical nuclei was not seen. 
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Figure 10. Basal hyperplasia in bronchial epithelium adjacent to fibroblastic 
focus. The adjacent epithelium shows basal cell hyperplasia and upregulation of 
CK14. E-cadherin expression is apparent within the fibroblastic focus. Scale bar 100 
µm. Adapted from (Jonsdottir et al., 2015). 

Figure 9. Bronchial hyperplasia and metaplasia in IPF. Fibroblastic foci (smooth 
muscle actin, SMA) can be found adjacent to bronchial epithelium in human IPF. 
Compared to non-adjacent, the epithelium appears metaplastic with loss of columnar 
nuclei and basal cell hyperplasia. Scale bars 100 µm. Adapted from (Jonsdottir et al., 
2015). 
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Staining for p63 revealed basal cell hyperplasia, the cells were not only 

localized to the basement membrane like in a normal epithelium but also 

situated suprabasally. To test if they were in a reactive state, we stained 

biopsies with antibody against CK14. In a normal bronchial epithelium CK14 

positive basal cells are rare but they have been shown to be upregulated 

during lung injury and wound healing (Cole et al., 2010). We saw a drastic 

upregulated expression of CK14 in epithelial cells overlying the FF indicating 

a strong injury response. Interestingly, we found evidence of partial EMT in 

these cells. The epithelial cells also stained positive for Vimentin, a marker 

for mesenchymal cells and commonly upregulated in EMT. Furthermore, the 

basal layer of the epithelium expressed N-cadherin, a major player in EMT. 

Interestingly E-cadherin expression was not reduced in the epithelium, but 

traces of E-cadherin could be seen in the adjacent foci. It is unlikely that E-

cadherin expression in fibroblastic foci is unspecific because fibroblasts in the 

corresponding control tissue samples stained completely negative. To us, this 

staining pattern indicates a partial EMT of the basal cells that could then 

transform into the myofibroblasts that form the fibroblastic foci. Another, 

possible explanation is that resident fibroblasts/myofibroblast activate their 

own E-cadherin expression. This is however highly unlikely. The epithelium 

looks metaplastic with reactive basal cell hyperplasia and these cells show a 

Figure 11. Signs of EMT markers in epithelium adjacent to fibroblastic focus. Adjacent 
epithelium shows upregulation of both N-cadherin and Vimentin as compared to 
control bronchus. Smooth muscle actin shows fibroblastic focus. Scale bar 100 µm. 
Adapted from (Jonsdottir et al., 2015). 
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partial EMT phenotype with mixed E- and N-cadherin expression. The 

occasional E-cadherin positive cells within the foci supports this claim. Our 

data shows that the epithelial basal cells are p63- and CK14 positive and this 

suggests that the epithelium seems in an injury response phase. Given the 

fact that somatic progenitor cells possess a limited proliferative capacity it is 

interesting to put these data into the context of study from Oh et al. (2011). 

There, they showed that primary human keratinocytes transfected with 

∆Np63 underwent EMT when they had depleated their proliferative capacity 

(Oh, Kim, Shin, Park, & Kang, 2011). We found this interesting and wanted to 

test if p63 positive bronochial basal cells could be stimulated to undergo EMT 

in vitro. VA10 cells were cultured in monolayer with the addition of 

UltroserG
©
, a known stimulator of EMT (Sachs, Finkbeiner, & Widdicombe, 

2003; Yamaya, Finkbeiner, Chun, & Widdicombe, 1992). With this setup we 

saw a subpopulation of VA10 cells with a spindle morphology. These cells 

had lost the expression of the epithelial markers EpCAM, CK14 and E-

Cadherin and gained expression of N-Cadherin (Figure #2). We decided to 

isolate these cells and test if they showed an EMT phenotype. First the cells 

were sorted based on EpCAM expression and then the negative/low cells 

were further selected based on Thy1 positivity. EpCam is expression is 

limited to airway basal epithelium and Thy1 is expressed in lung fibroblasts 

(Koumas, Smith, Feldon, Blumberg, & Phipps, 2003; Pak, Shin, Lee, & Lee, 

2012; Phipps et al., 1989). This resulted in two distinct populations; the 

EpCAM
high

 (VA10Epithelial) and EpCAM
low

Thy1
pos 

(VA10Mesenchymal) cells 

(Figure #3A).  

The VA10M showed a clear mesenchymal spindle shaped phenotype whilst 

the VA10E retained the phenotype of the VA10 motherline (Figure #3C top 

panel). Protein expression with western blot and immunochytochemistry 

revealed that VA10M had lost expression of the epithelial CK14, EpCAM and 

E-Cadherin but gained expression of the mesenchymal N-Cadherin and 

Vimentin (Figure #3B and C). They furthermore gain expression of 

Fibronectin, which is a marker known to be upregulated within fibroblastic foci 

in IPF (Figure #4C). With this interesting phenotype we set out to test if the 

VA10M had truly undergone mesenchymal transition by testing for known 

hallmarks of EMT. The VA10M showed increased migration through transwell 

filters and increase in anchorage independent growth in low attachment 

culture (Figure #4A and B). They had also completely downregulated 

microRNA 200c, a key marker downregulated during EMT (Figure #4C) 

(Howe, Cochrane, & Richer, 2012; Olson et al., 2009). When cultured in 3D 

coculture with endothelial cells, VA10 cells form branching colonies. While 
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VA10E follows the same pattern VA10M does not form any branching 

colonies, but form spindle colonies characteristic of EMT. Following up on our 

observation of p63 positive cells gaining EMT phenotype in the human IPF 

samples we tested if VA10 cells with silenced p63 went though EMT in vitro. 

Interestingly, VA10
p63KD

 did not show any EMT phenotype following UltroserG 

stimulation possibly suggesting that p63 maintains nessesary permissiveness 

of the cells to undergo a cell transiton.  

  

Figure 12. VA10 is able to undergo EMT subsequent to UltroserG stimulation. (A) 
After stimulation, epithelial (VA10E) and mesenchymal (VA10M) were separated with 
MACS separation. VA10E retains epithelial characteristics while VA10M has a spindle 
morphology, downregulation of E-cadherin and upregulation of N-cadherin, Vimentin 
and Thy-1. (B) Knockdown of p63 inhibits the UltroserG stimulated EMT phenotype to 
appear with no apparent morphological changes, retaining E-cadherin expression and 
no upregulation of N-cadherin and Thy-1. Scale bars 100 µm. Adapted from 
(Jonsdottir et al., 2015). 
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5 Aspects on methodology and experimental approach 

When performing scientific studies it is of major importance to understand the 

potentials and limitations of the systems and methods used, and their correct 

context. The general nature of scientific methods is that there is always room 

for improvement and optimization. During my studies I have worked with 

several experimental procedures, some of them required little effort to handle 

and set up, but others were more sophisticated and time consuming. I would 

like to use this chapter to address a few of these procedures and discuss in 

retrospective view how some of my studies could have been done differently. 

Primary cells 

As discussed in the introduction, primary human cells can provide valuable 

addition to other research models. During my study we established a pipeline 

for continous access to human lung tissues directly from lobecomy surgeries 

and I was involved in setting up methods to cultivate primary airway cells at 

our laboratory. To minimize the ex vivo waiting period, I attended the surgical 

procedures myself and immediately left when specimens were obtained. The 

idea behind the use of primary human lung cells was to supplement key 

findings from my studies with cell lines. I did run into some time-consuming 

problems during the set up these cultures. Isolation of alveolar cells was not 

successful. One reason for this could be the provided tissue and our initial 

process of it. A method proven successful is to perfuse a lobe with PBS 

through a pulmonary artery and subsequently wash alveoli followed with 

installation of protease-buffer using segmental bronchial intubation. For our 

alveolar isolation, we obtained peripheral cuts of affected lobe with no central 

vessel for whole injection and directly proceeded to minching and incubating 

in protease buffer. Organoids were then seeded to culture flasks but I did 

have problems with getting the organoids to attach. A reason for that could 

be the medium used, we were using bronchial epithelial growth medium but 

there is commercial small airway growth medium available which in a 

retrospective view should have been considerated in cases when we wanted 

to culture alveolar epithelial cells. Other reason could be that the organoids 

still contained air and simply floated in the medium. When established, we 

would need to carefully consider the design of a culture model. 

Resuspending alveolar cells in Matrigel has not worked well. There are 

culture setups such as seeding them on top of Matrigel and cover with 
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medium containing 2% gel that have facilitated formation of multicellular 

structures (Yu et al., 2007). Other more recently described methods are also 

interesting. Matrigel supplemented with FGF10 and HGF seems to provide 

sufficient microenvironment for primary alveolar cells to grow and form 

lumens (S. Zhang et al., 2014). Lewis and colleagues developed 

photodegradable microsphere templates that allow alveolar cells to form 

hollow cysts in 3D culture (Lewis et al., 2015).  

My main interest has been airway basal cells so the emphasis in my work 

with primary cells was to isolate and cultivate them. There was success with 

this procedure but with limitations. The experimental setup was based on 

incubating sections of bronchial rings in an enzyme buffer and subsequently 

scrape off the epithelial layer. I observed basal-, ciliated-, and goblet cells in 

the first passage but differentiated cells were lost after 1-2 passages with 

basal cells taking over the culture. This might not come as a surprise, since 

this situation can be seen as related to wound healing. The differentiated 

cells are in general slow or non proliferative and basal cells have been shown 

to be a key player in regeneration of injured airways (Rock et al., 2009). One 

of the main limitations I faced was probably explained in part with the size of 

the original material. We have been working with segments of approximately 

1 centimeter in length. This means that total cellular yield has been relatively 

low, causing cells to waste a considerable amount of their proliferative 

capacity reaching up to workable numbers. Hence, their lifetime in culture 

has been short prior to entering cellular senescence.  There are ways to 

reduce this obstacle. Larger original material would be ideal, donor age 

should be considered and we need to constantly verify that our methods 

maximize the potential cellular yield available from each biopsy. A major 

improvement might be to introduce a Rho kinase inhibitor (Y-27632) to our 

primary cultures. This inhibitor has been shown to significantly increase 

proliferative potential of primary cells and is relatively fingerprint-free in terms 

of genetic manipulation (Chapman, Liu, Meyers, Schlegel, & McBride, 2010; 

Chapman, McDermott, Shen, Jang, & McBride, 2014; Suprynowicz et al., 

2012). 

Most recently we have begun inducing and using induced pluripotent stem 

cells (IPS cells) with the aim to generate airway epithelium in vitro. 

Methodological approaches towards this have been published and show 

broad differentiational properties of these cells toward lung epithelial lineages 

(Ghaedi et al., 2013; Wong et al., 2012). This setup offers interesting tools to 

study epithelial – stromal interactions in development and furthermore, lung 

diseases originated from genetic aberrations with CFTR mutations in cystic 

fibrosis as an example. 
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Air liquid interface culture  

An important aspect on my VA10 ALI models is the full differentiation of the 

airway epithelium. In it´s general culture condition the VA10 epithelium lacks 

goblet cells and we have used IL-13 as a goblet cell differentiation stimulant. 

It would be ideal to further develop the culture medium to stimulate full 

differentiation. There does not seem to be a general consensus in the field 

about ALI media; there are numerous formulas described that should be 

tested on VA10 ALI culture and evaluated with regard to differentiation 

(Fulcher et al., 2005; P. A. Kumar et al., 2011; Tata et al., 2013). We have 

also obtained another human basal cell line, BCi-NS1.1 (Walters et al., 2013) 

that shows promising results in ALI cultures and could be a highly suitable 

addition to our studies. The basement membrane is composed of bioactive 

proteins that are able to stimulate and communicate to the epithelial layer. 

We commonly coat our ALI filters with collagen, but other ECM proteins are 

missing. This should be achnowledge and tested further. This includes 

coating with other ECM proteins and even introduce decellularized tracheal 

scaffold. A recent study described highly interesting culture model where a 

lung cell line was cultured on a decellularized porcine trachea embedded in a 

plastic transwell support in co-culture with both lung fibroblasts and 

endothelial cells (Melo, Kasper, Unger, Farre, & Kirkpatrick, 2015). In fact, 

ALI culture systems offer interesting setups to further study epithelial – 

stromal interactions. A number of different cell types, both stromal and other 

(e.g. immune cells), can contribute to airway epithelial development, tissue 

maintenance and disease. A co-culture model with the airway epithelium on a 

transwell filter/decellularized scaffolds and non-epithelial cells in ECM matrix 

below the filter provides a tool to explore the interactions of these 

components. Related to this thesis, an idea to further mimic the in vivo 

situation in IPF lungs, a possible in vitro model could be ALI culture of VA10 

epithelium above myofibroblasts in ECM gel representing fibroblastic foci. 

Primary lung fibroblasts can be isolated from our contiuous lung biopsies and 

differentiated to myofibroblasts with TGF-β stimulation. It would need to be 

considered that stromal cells can destroy ECM gels so maybe they would 

need to enter proliferative halt, either with radiation of mitomycin C treatment. 

This model could be used to study crosstalk and interactions between these 

epithelial and stromal compartments. The aformentioned obstacle of 

exhausted proliferative capacity of our primary basal cell isolations could be 

exploited with regard to possible EMT in IPF in this setup, given that primary 

keratinocytes transfected with ∆Np63 enter EMT after reaching proliferative 

halt (Oh et al., 2011). A filter allowing epithelial migration into the ECM gel 
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should also be considered. Fortunately, my project has given rise to new 

projects and the best time point to initiate such optimizations would be at the 

beginning of projects, so such a large variable would not call for for re-

evaluation of studies close to finish.  

ALI cultures are a good assay to recapitulate the pseudostratified layer of the 

human upper airway epithelium. Unfortunely it is impossible to follow 

generation of the histoarchitecture in phase contrast microscope. To this end 

the analyzis depends very much on how transwell filters are treated 

afterwards. During my studies I most commonly stained the filters with 

immunofluorescence antibodies and analyzed the expression pattern in a 

confocal microscope. This can be higly useful but one drawback is that it is 

difficult to get total picture of the histoarchitecture. To solve this it is possible 

to embed the filters into paraffin and do serial sectioning. A major drawback 

is keeping orientation of the filters untilted; if they are not sectioned at a 90° 

angle, the histoarchitecture appears skewed and is not representative. Thus, 

much effort is wasted on filters with wrong angle. One way to improve this 

technique would be to allow a thin layer of agar to almost solidify on a flat 

surface. Then place a fixed filter on top and cover with another layer of agar, 

creating a correctly oriented scaffold for paraffin embedding. Another way of 

visualizing the construction of the tissue is genetically modify the progenitor 

cells with immunofluorescent reporters of specific cell types and e.g. 

membrane molecules. Then culture them in ALI in an incubator attached to a 

confocal microscope and do time lapse serial z-stack images during culture. 

This experimental setup is however time consuming, as it takes days for the 

cells to form functional epithelium. Factors like phototoxicity and automatic 

media change need to be considered. Electron microscopy also adds to the 

arsenal of equipments usable to explore the design of ALI epithelium. 

Scanning electron microscope can reveal cellular morphology, cilia and 

specific cell organelles. Cross section of ALI epithelia can be analyzed in 

transmission electron microscope for similar features. 

Our ALI approach mimicks the postnatal airways. Following basal cells 

seeded into transwell inserts construct airway epithelial layer is of interest, as 

described earlier. Of interest is to compare this construction with regeneration 

after injury. Probably it is similar but currently unknown. Another set up to 

follow airway epithelial regeneration is to allow cells to form functional 

epithelium in ALI and then introduce a harmful substance; bacterial, viral or 

chemical (such as bleomycin, naphthalene or SO2), all of which can cause 

different types of injury. Then follow the regenerarion process in time-lape as 

previously mentioned 
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Measuring bronchial epithelial integrity and drug delivery  

Transepithelial electrical resitance (TER) and paracellular flux are two highly 

important procedures to measure epithelial integrity and physiological 

function of intact airway epithelium. TER indicates the integrity of the tissue 

and is a good readout of functional tight junction proteins. During my 

research on VA10 in ALI cultures, I encountered a problem with TER 

measurments; on occasion cultures did not form any resistance. This was 

consistent with experimental setups, either all triplicates formed TER or none. 

Still the explanation is unclear. I also learnt that the ability to form TER 

decreased with passage number so we never culture the VA10 cell line 

above passage 20 in ALI. One explaination to this is the immortalization 

technique used to establish the cell line. VA10 was immortalized using the E6 

and E7 oncogenes from HPV16 which target and inactivate p53 and 

retinoblastoma (RB), respectively. Thus cells in higher passage that have 

undergone number of passages/cell doublings have probably gained 

additional changes that may have interfered with their differentiation potential. 

Other factors that need attention are age of culture medium, confluency of 

cultures before seeding in ALI, cell numbers seeded and condition of buffers 

when measuring TER. Another approach from our TER and flux methods 

could be the Ussing chamber. It allows simple setups of studies aimed both 

at TER and flux. The major drawback is that usually it requires unsterile 

handling of cultures so only one time point is available. 

3D cultures 

The major obstacle facing in vitro research is lack of relation to the in vivo 

situation. The human body and its organs, including the lungs, are based on 

three-dimensional organization of cells linking form to function. My laboratory 

has the central theme of recreating critical aspect of tissues both in the breast 

gland and in the lung in vitro. To this end we have been culturing cells in 

basement membrane matrix, a naturally occurring scaffold for epithelial cells 

(commercially known as Matrigel). One contiuous drawback in our 3D 

Matrigel experiments is batch to batch variations of stocks. This is due to 

different concentrations of components in the gel. In cultures based on some 

individual stocks, cells simply do not grow or branch. This is a serious matter, 

as experiments like these are very time consuming and expensive. A way to 

minimize this problem is to get samples of different stocks, test them all and 

then order large quantities of a validated lot.  

An interesting optimization of a 3D culture is the newly described detatched 

collagen culture (Linnemann et al., 2015). By detatching a collagen gel 
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containing mammary progenitor cells the authors showed a significant 

improvement in alveolar regeneration and differentiation. This kind of gel 

contractility modifications would be interesting to study further with progenitor 

cells from other organs. 

With regard to our VA10 3D culture, there is a matter of the cloning efficiency 

of the cells in culture. In 3D co-culture with endothelial cells, VA10 are able to 

form branching structures, but only in a small subset of seeded cells. This 

could indicate that a subpopulation of VA10 possesses an augmented 

progenitor phenotype. This is a valuable trait for research and it would be of 

value to enrich for this phenotype. An experimental approach to this can be to 

isolate branching colonies from 3D cultures, resuspend the cells and seed 

again in 3D. A serial process of this procedure might enrich for the desired 

phenotype. 

 

Chromatin immunoprecipitation (ChIP)  

We have put much effort in establishing ChIP-sequencing methods for 

detection of transcriptional targets of p63 in VA10. Although we have been 

able to confirm enrichment for known targets, data from these experiments 

were not included in this thesis because of time issues but will be basis for 

future projects that arise from this thesis. There are however methodological 

aspects worth mentioning. Oprimizing ChIP is time consuming and requires 

cell numbers in hundreds of millions. There are various methodological 

approaches to ChIP that differ in experimental setups, buffers used, types of 

sonication, antibodies used and so forth. All of these have to be tested and 

optimized for desired and correct results for given cells in use. VA10 cells are 

relatively big in monolayer culture and are relatively few when they enter 

contact inhibition (c.a. 2x10
6
 cells in T75 culture flask). A single optimization 

step in our setup sequires 3-6x10
7
 cells so a lot of cell culture is required. A 

positive thing is that VA10 expressed p63 homogenously. As mentioned 

before, the context of an experimental approach is important. The fact that 

our p63 ChIP on VA10 was performed on cells from monolayer culture must 

be acknowledged. This situation is limited with regard to human physiological 

conditions. A more suitable approach would be to perform ChIP on ALI 

cultures but obvious hindrance is the number of cells (less than 5*10
5
, of 

which 30-50% p63 positive). For this to occur, a more delicate ChIP protocol 

must be applied (Gilfillan et al., 2012). 
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Knockdown procedures 

We used lentiviral shRNA to knock down p63. Viral methods have been 

routinely used at our laboratory for manipulation of gene expression. This 

setup needs to be optimized for each shRNA vector to minimize the number 

of DNA insertions in target cells. There are alternatives to this procedure. 

Transient transfections are a popular method but since our experiments 

require long-term culture, this method was not suitable. Our laboratory has 

recently established a successful CRISPR/Cas9 method that can be used for 

gene deletions. This method has proven valuable for knock-out experiments 

and is relatively fingerprint-free. However, it needs to be considered that the 

CRISPR/Cas9 method requires subsequent single cell cloning. This could 

prove critical when working with progenitor cell lines, since they tend to be 

heterogenous with only a subset of them possessing stem cell features. 

Single cell cloning could result in a homogenous population that does not 

retain these attributes. 
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6 Concluding remarks and future perspectives 

In my thesis, I have reviewed my data in a broad context to give the reader 

an overview over my work and discuss it in relation the relevant literature on 

basal airway epithelial cells. I have in the four published papers that form the 

basis of my thesis, showed that the bronchial-derived basal cell line VA10 

has the capacity to act like a progenitor cell by recreating structural and 

functional aspects of the airway epithelium.  

In co-culture with endothelial cells in a 3D microenvironment VA10 form 

branching bronchial-alveolar like structures with expression of markers that 

indicate differentiation towards both airway and alveolar epithelium (Paper 

#1). It has previously been shown that VA10 can form pseudostratified 

epithelium in ALI culture (Asgrimsson et al., 2006; Halldorsson et al., 2007).  

Using this method I and my coworkers further explored the capacity of this 

epithelium and demonstrated that VA10 forms airway epithelium with intact 

barrier properties that is able to recapitulate drug transport properties of in 

vivo airway epithelium (Paper #2).  p63 is a progenitor cell associated 

transcription factor shown to be important  for progenitors in stratified 

epithelia such as the skin. Paper #3 demonstrates important aspects of p63 

in airway epithelium; knockdown of p63 renders VA10 incapable of forming 

intact epithelium. Furthermore, this resulted in impaired wound healing and 

inhibits IL-13 induced goblet cell differentiation. Finally, in paper #4, I and my 

coworkers investigated the involvement of basal cells in idiopathic pulmonary 

fibrosis, a serious disease of unknown origin. EMT of alveolar type II cells 

has been suggested as a potential contributor to the pathogenesis of IPF. We 

showed that airway epithelium adjacent to fibroblastic foci is metaplastic and 

shows basal cell hyperplasia with signs of activated basal cells and loss of 

mucociliary epithelium. Additionally, these cells express markers of EMT. We 

further showed that the basal cell line VA10 is plastic and can be stimulated 

to undergo EMT in culture. This transformation is dependent on expression of 

p63. 

Although I have achieved to add to the knowledge on VA10 and basal cells of 

the human airway epithelium, my studies have also opened up new questions 

and could form the basis for additional studies. The 3D co-culture model 

offers an interesting platform to explore which secreted factors are 

responsible for stimulating the branching of VA10. It is important to repeat 
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these experiments in other cell lines and also in primary basal cells. The 

effects of other non-epithelial cell types could also be tested, for example 

fibroblasts and immune cells. Studies on key factors in the airway epithelium 

that drive the branching are also of interest. An example of this could be 

knockdown of Sprouty-2 in VA10. Indeed, we have shown that knockdown of 

Sprouty-2 in a human breast stem cell line results in augmented branching 

capacity in 3D culture (Sigurdsson et al., 2013).  ALI cultures of human 

airway cell lines that are able to differentiate and recapitulate barrier 

properties of in vivo airways provide a valuable tool to study pharmacology in 

lungs. An interesting follow-up study to paper #2 is to evaluate which are the 

cellular and molecular effects of drugs that have been shown to increase 

airway epithelial integrity and improve clinical outcome. The role of p63 in 

airway basal cells is far from fully understood. An mRNA transcriptome 

sequencing of VA10
p63KD

 cells in comparison to control is a primary goal 

coupled with ChIP studies on p63 in VA10. These could identify 

transcriptional targets in airway epithelia for p63. Whether the inhibition of 

goblet cell differentiation in p63KD cells is specific for IL-13 stimulation is also 

interesting. IL-13 induced goblet cell hyperplasia is a known condition in 

asthma and these findings could lay ground for further studies on basal cells 

in asthma (Thavagnanam et al., 2011; Wills-Karp et al., 1998). Amplification 

and overexpression of p63 has been associated with human lung squamous 

cell carcinoma (SCC) (Network, 2012). I did overexpress ΔNp63 in VA10, 

and preliminary results indicate that this results in cells losing contact 

inhibition accompanied by upregulation of EGFR in monoculture (unpublished 

data). Furthermore forced expression of p63 in VA10 results in increased 

expression of markers of airway squamous metaplasia (CK10, CK13) in ALI 

culture. In addition to p63, amplification and/or over-expression of the 

transcription factor SOX2 features prominently in SCC, while mutations 

and/or deletions are seen in Notch1 and Notch2 (Network, 2012). 

Manipulating expression of SOX2 and Notch1/2 in VA10 overexpressing 

ΔNp63 in ALI culture, might provide further insights into the biology of SCC. 

Development of such culture setup could be interesting, since it has been 

claimed that there is a need for representative models for human airway 

squamous metaplasia (Rock, Randell, & Hogan, 2010). Additional cell lines 

such as BCi-NS1.1, a human basal progenitor cell line, could furthermore be 

of great importance in this matter. In contrast to the E6/E7 immortalization of 

VA10, the BCi-NS1.1 is immortalized using hTERT which in theory should 

mean it has less genetic manipulation. In order to shed light on relevant 

molecules in forming and maintaining airway epithelium I performed 

microRNA sequencing, comparing expression of VA10 in monolayer with 
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expression in 14 day old ALI cultures. I also have mRNA transcriptome data 

from identical culture setups (unpublished data). Furthermore, I performed 

similar microRNA sequencing on VA10 overexpressing ∆Np63 in monolayer 

and ALI (unpublished data). Taken together, these data can be the basis of 

future studies and publications.  

Collectively, I have aimed to characterize a role of human airway basal 

cells using well established culture methods and have shown that they can 

generate branching colonies in a controlled 3D environment and functional 

epithelium in ALI culture. I have further shown the importance of p63 in 

generating and maintaining airway epithelium as knockdown renders the cells 

unable to produce functional epithelium and impairs wound healing 

properties. I have shown that basal cells adjacent to fibroblastic foci in IPF 

show upregulation of EMT markers and the basal cell line VA10 has the 

plasticity to undergo EMT in culture. Loss of p63 inhibits this plasticity of 

VA10. 
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Airway branching morphogenesis in three
dimensional culture
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Abstract

Background: Lungs develop from the fetal digestive tract where epithelium invades the vascular rich stroma in a
process called branching morphogenesis. In organogenesis, endothelial cells have been shown to be important for
morphogenesis and the maintenance of organ structure. The aim of this study was to recapitulate human lung
morphogenesis in vitro by establishing a three dimensional (3D) co-culture model where lung epithelial cells were
cultured in endothelial-rich stroma.

Methods: We used a human bronchial epithelial cell line (VA10) recently developed in our laboratory. This cell line
cell line maintains a predominant basal cell phenotype, expressing p63 and other basal markers such as
cytokeratin-5 and -14. Here, we cultured VA10 with human umbilical vein endothelial cells (HUVECs), to mimic the
close interaction between these cell types during lung development. Morphogenesis and differentiation was
monitored by phase contrast microscopy, immunostainings and confocal imaging.

Results: We found that in co-culture with endothelial cells, the VA10 cells generated bronchioalveolar like
structures, suggesting that lung epithelial branching is facilitated by the presence of endothelial cells. The VA10
derived epithelial structures display various complex patterns of branching and show partial alveolar type-II
differentiation with pro-Surfactant-C expression. The epithelial origin of the branching VA10 colonies was confirmed
by immunostaining. These bronchioalveolar-like structures were polarized with respect to integrin expression at the
cell-matrix interface. The endothelial-induced branching was mediated by soluble factors. Furthermore, fibroblast
growth factor receptor-2 (FGFR-2) and sprouty-2 were expressed at the growing tips of the branching structures
and the branching was inhibited by the FGFR-small molecule inhibitor SU5402.

Discussion: In this study we show that a human lung epithelial cell line can be induced by endothelial cells to
form branching bronchioalveolar-like structures in 3-D culture. This novel model of human airway morphogenesis
can be used to study critical events in human lung development and suggests a supportive role for the
endothelium in promoting branching of airway epithelium.

Introduction
Lung development and critical aspects of pulmonary
epithelial differentiation is mostly studied through the
use of animal models [1]. Due to a lack of good experi-
mental in vitro models, much less is known about devel-
opment and stem cell biology in human lungs. While
many different human airway epithelial cell lines capture
the phenotypic traits of the proximal airways such as

trachea and large bronchi [2-4], there is lack of cell lines
that mimic normal histological features of the lung, such
as branching morphogenesis of the distal airways.
Furthermore, there are inherent differences in the cellu-
lar composition of the airway epithelium between
rodents and humans. In the rodent, basal cells, candi-
date airway epithelial stem cells, are confined to the tra-
chea, while in the human lung basal cells are present
throughout the upper airways, and all the way down to
small bronchioles [5-7]. This supports the importance of
generating models of human airway development and
differentiation to study the cell biology of the human
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lung including epithelial stromal interactions and
branching morphogenesis.
Although many human airway epithelial cell lines

have been established, most of them have not been
defined with respect to their cellular origin and lack
critical characterization in terms of expression of
differentiation markers [2]. The most cited airway
epithelial cell line, A549, is derived from a human
bronchioalveolar carcinoma [8]. Despite its origin in
malignant tissue it has been widely used to study lung
biology. The human bronchial cell lines 16HBE14o-,
Calu-3, and BEAS-2B have been successfully applied to
study drug transport, metabolism, and drug delivery
due to their ability to form tight junctions (TJ) [2].
The Calu-3 [3] and 16HBE14o [4]cell lines have been
identified as the most differentiated cell lines available
and have been used to study bronchial epithelial integ-
rity including barrier function and the activity of tight
junctions complexes [2].
In order to mimic the airway epithelial lining, primary

human bronchial epithelial cells have been studied
under various conditions. When primary human epithe-
lial cells are cultured at the air-liquid interface using
serum containing differentiation media, they undergo
terminal squamous differentiation instead of forming a
pseudostratified polarized and ciliated epithelial layer
[9]. However, under the same conditions fibroblasts and
fibroblast secretions have been shown to stimulate the
formation of a pseudostratified ciliated epithelium [10].
This highlights the importance of the bi-directional
communication between the epithelial and stromal cel-
lular compartments. Recently, human alveolar type II
cells were shown to form cysts in 3D culture through a
novel mechanism of epithelial morphogenesis relying on
aggregation and rearrangement [11]. In this model of
terminal airway cyst formation using Matrigel based 3-D
culture conditions, no branching morphogenesis
occurred.
Most studies on epithelial-mesenchymal interactions

have focused on fibroblasts and components of the
extracellular matrix. Less is known about the role of the
vascular endothelium and its interaction with epithelial
cells. Mouse culture models, e.g. lung tissue explants
have though shown a critical role for the interaction
between the vascular and epithelial compartments dur-
ing lung development [12]. Interestingly, it has been
shown that endothelium-derived factors are necessary
for distal lung morphogenesis and function in mice,
including the formation of alveoli [13] and the mainte-
nance of alveolar integrity [14]. Furthermore, in vitro
models suggest that endothelial cells support airway
epithelial tight junction formation [15]. Recent data
from other organs such as the liver, pancreas, brain and
bone marrow indicate that organ specific endothelial

cells are of major importance for fate control of stem
cells as well as for organogenesis and tissue maintenance
[16]. Better understanding of the heterotypic crosstalk
between the epithelium and the surrounding stroma is
important to understand such important events as lung
development, lung carcinogenesis and repair of the air-
way epithelium following injury.
In this paper, we describe a 3D epithelial culture

model using a recently described human basal-like air-
way epithelial cell line (VA10) cultured in reconsti-
tuted basement membrane (rBM) [17]. VA10 cells
form a pseudostratified layer in air-liquid culture and
have been used to study airway epithelial defense
mechanisms, including tight junction function and the
production of antimicrobial peptides [17-19]. In con-
trast, when cultured in rBM matrix, a condition more
favorable for distal lung morphogenesis, VA10 cells
form spheres with a clear apical-basal polarity and
tight intercellular junctions as shown by the expression
of b4-Integrin on the outer (basal) surface, and clau-
din-1 laterally, but lack branching morphogenesis [17].
VA10 has a phenotype similar to human airway epithe-
lial basal cells, including the expression of p63 and
cytokeratin 14 [17]. Airway epithelial basal cells both
self-renew and generate luminal daughter-cells in a
sphere-forming assay, and have thus been suggested to
be candidate airway epithelial stem cells [6]. This sug-
gests that VA10 might be an ideal cell line to use in
developmental and morphogenesis studies of human
lung differentiation. To mimic heterotypic cellular
interactions we have co-cultured the VA10 cells with
vascular endothelial cells in a 3D environment, and
under these conditions we are able to show marked
branching morphogenesis and a differentiation profile
of the epithelial cells towards an alveolar epithelial
phenotype. Such branching morphogenesis is novel in
a human in vitro model. An in vitro cellular model of
lung development and differentiation can serve as an
important platform to study critical events, such as
cellular interaction and cell signaling in lung morpho-
genesis. Furthermore, our data support a critical inter-
action between the vascular and epithelial
compartments during epithelial branching morphogen-
esis and differentiation.

Materials and methods
Cell culture
The bronchial epithelial cell line VA10 was previously
established by retroviral transduction of primary bron-
chial epithelial cells with E6 and E7 viral oncogenes (
[19]). The cells were cultured in bronchial epithelial
growth medium, BEGM (Lonza, Walkersville, MD) sup-
plemented with 50 IU/ml penicillin and 50 μg/ml strep-
tomycin (Gibco, Burlington, Canada).
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The human lung adenocarcinoma derived alveolar
epithelial cell line A549 (American Type Culture Collec-
tion, Rockville MA) was cultured in DMEM-Ham’s-F12
basal medium supplemented with 10% fetal bovine
serum (FBS), 50 IU/ml penicillin and 50 μg/ml strepto-
mycin (Gibco).
Primary human umbilical vein endothelial cells were

cultured on T75 tissue culture flasks (Becton Dickin-
son) on endothelial medium EGM-2 supplemented
with 50 UI/ml penicillin, 50 μg/ml streptomycin
(Gibco) and 30% FBS for first passage cells or 5-10%
FBS after first passage. Endothelial cells were only used
up to passage 8.

Three-dimensional culture
For 3D culture experiments growth factor reduced
reconstituted basement membrane (Matrigel, BD Bios-
ciences, Bedford, MA) was used. Cells were seeded into
300 μl of Matrigel in its liquid state, plated into 24-well
culture dishes and allowed to gelatinize at 37°C for 30
minutes before adding 1 ml of culture medium. For co-
culture experiments 2.5 × 106 HUVEC cells and 500-
1000 VA10 (or A549) cells were seeded into the Matri-
gel to ensure clonal growth and reduce cell aggregation
of epithelial cells. No clumping of cells was observed
before seeding. In this experimental setup the endothe-
lial cells remain non-proliferating while marked prolif-
eration is seen in the epithelial cells. For direct staining
of branching structures in Matrigel we used 8-well
chamber slides with 100 μl Matrigel, 8.3 × 105 HUVEC
cells and 333 VA10 cells. For transwell (TW) experi-
ments, HUVEC cells were seeded onto 0,4 μm polyester
filter inserts (Corning, MA) and allowed to reach 70%
confluence before onset of experiment. 333 VA10 cells
were seeded into 100 μl Matrigel in 24-well plates and
allowed to gelatinize before the TW filters and culture
medium were added to the wells. For FGFR inhibition,
the pan-FGFR inhibitor SU5402 was diluted to the indi-
cated concentration from a 100 mM DMSO stock solu-
tion in the culture medium. The medium was replaced
three times a week. The corresponding concentration of
DMSO was used in the control medium.

Immunohistochemistry
Immunofluorescent staining of 3D gels was carried out
in the culture chamber as previously described [20]. The
gels were washed twice with PBS and fixed in methanol
(10 minutes at -20°C). For some primary antibodies we
used double acetone fixation with ice cold acetone for
ten minutes at 4°C followed by drying and repeated
acetone treatment. After fixation the gels were washed
three times for 15 minutes at room temperature with

100 mM Glycine in PBS, and blocked with 10% goat
serum in IF-buffer (0.2% Triton X-100; 0.1% BSA and
0.05% Tween-20 in PBS). To block unspecific binding to
the mouse-derived rBM gel, the IF-buffer was supple-
mented with 1% goat anti mouse immunoglobulin G for
20 minutes. Primary antibodies were incubated over-
night at 4°C, followed by three 25 minute washes in 10%
Goat Serum in PBS. The secondary antibodies were
incubated for 2 hours at RT or over night at 4°C. After
PBS rinsing, nuclear staining was performed with TO-
PRO-3(r) (Invitrogen, Carlsbad, CA) for 30 minutes fol-
lowed by 3 × 15 minute washes. The chambers were
removed after staining and the samples were embedded
in Fluoromount-G (Southern Biotech, Birmingham, AL)
for microscopic analysis.
For freeze sections, the gels were flash-frozen in n-

hexan and transferred to -80°C. The gels were mounted
in Tissue-Tek(r) O.C.T. compound (Sakura Finetek,
Zoeterwoude, Netherlands) and sectioned in a cryostat
(5-20 μm sections). The samples were dried and then
fixed and stained as above, with antibody incubations
for 30 minutes at RT.
The following antibodies were used: Rabbit polyclonal

antibodies to pro-SPC (AB3786) (Abcam, Cambridge,
MA). Mouse monoclonal antibodies to: CD31 (JC/70A),
Cytokeratin 17 (E3) (DAKO, Glostrup, Denmark); Cyto-
keratin 14 (LL02), FGFR2 (Abcam, Cambridge, MA);
b4-Integrin (3E1) (Chemicon, Temecula, CA); p63
(7JUL), TTF-1 (SPT24) (Novocastra Laboratories, New-
castle upon Tyne, UK); E-Cadherin (HECD1) (Zymed,
South San Francisco, CA).
Isotype specific secondary antibody conjugates Alexa

fluor(r) (Alexa fluor, 488 (green), 546 (red), Invitrogen)
were used for immunofluorescence experiments with
TO-PRO-3(r) (Invitrogen) for nucleic acid staining.
Antibody incubations were carried out for 30 minutes at
room temperature with secondary antibodies and
nucleic stain in darkness. Specimens were rinsed twice
for 5 minutes at room temperature between antibody
and nucleic stain incubations. For maximum preserva-
tion of the fluorescent signal from the samples after
staining, specimens were mounted using Fluoromount-
G (Southern Biotech, Birmingham, AL) and images
visualized with confocal microscope.

Confocal microscopy
Immunofluorescence was visualized and captured using
laser scanning Zeiss LSM 5 Pascal Confocal Microscope
(Carl Zeiss AG, Munich, Germany). Bright-field and
phase-contrast images of Matrigel cultures were cap-
tured using a Leica DFC320 digital camera attached to a
Leitz Fluovert microscope (Wetzlar, Germany)
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Results
Endothelial cells stimulate branching morphogenesis of
airway epithelial cells
In the light of recent data from various organs demon-
strating the importance of vascular endothelium in stem
cell niche and organogenesis [21-23], and due to the
fact that bronchioles and alveoli are adjacent to the vas-
cular endothelium in vivo, we hypothesized that vascular
endothelium might induce a distal airway phenotype in
bronchial epithelial cells. We first tested the phenotypic
behavior of VA-10 when cultured alone in rBM 3D
matrix, a condition favorable for distal lung morphogen-
esis. When cultured in 3D-rBM, the VA10 cells formed
spherical colonies without branching (figure 1A). We
have previously shown these spherical colonies to have a
clear apical-basal polarity and tight intercellular junc-
tions as shown by the expression of b4-Integrin on the
outer (basal) surface, and claudin-1 laterally [17].
Human umbilical vein endothelial cells (HUVEC) alone
under these culture conditions remained non-prolifera-
tive but viable for over 4 weeks and did not form any

structures (figure 1B). The viability and metabolic activ-
ity of HUVECs was verified through the uptake of acety-
lated-low-density lipoprotein (data not shown). To test
the potential heterotypic interaction between pulmonary
epithelial cells and endothelial cells, we designed a co-
culture assay mixing VA10 airway epithelial cells and
endothelial cells. When HUVECs were seeded together
with the VA10 cells into rBM, the HUVECs remained
quiescent but a striking proliferative and morphogenic
effect was seen in colonies derived from VA10 cells.
They formed complex branching structures reminiscent
of bronchioalveolar units of the developing lung
(figure 1C), with short, thin branches ending in alveolar-
like buds, or cleaving at the tips to form secondary
branches (figure 1C, E, G). In general, most forms of
structures seen are densely packed with nuclei (figure
1G &1H). However, minor hollow spaces/cavities are
seen in a subset of the branching colonies (50% of
budding colonies, 40% of early branching and 31% of com-
plex branching colonies examined, n = 43). The cavities
are generally small and few (1-2 per colony), but in a few

Figure 1 Endothelial cells induce branching in colonies of VA10 epithelial cells in reconstituted basement membrane matrix.
A-E. Phase contrast images of cells cultured in rBM. A. VA10 cells form spherical colonies when cultured in rBM. B. HUVEC cells cultured in rBM
do not form colonies but occur as single non-proliferative cells. C. Complex epithelial branching structures form when VA10 cells are co-cultured
with endothelial cells. Secondary bifurcations (asterisks) are seen at the ends of elongated branches (arrow). D. A549 cells form colonies that do
not branch when co-cultured with HUVEC. E. Co-culture of VA10 and HUVEC cells, showing extensive branching network formation after 19 days
in culture. F-I. Confocal images of branching structures. F. Cryosection stained with a nuclear marker (TO-PRO-3, blue) and CD31 (red) to label
endothelial cells, see arrowheads. G, H. Details of terminal buds, TO-PRO-3, blue. G. b4-Integrin expression (green) at the interphase between the
structures and the matrix. H. E-Cadherin (green) outlines the epithelial cell junctions in branching structures. Scale bars 100 μm (A-E)/50 μm (F-I)
I. Confocal sections and orthogonal sections showing gaps in the nuclear pattern (TO-PRO-3, white) in a tube (upper half) and terminal buds
(lower half). Dotted lines indicate the location of the orthogonal sections (-z-).
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structures a more air-space like pattern is observed (Figure
1I). The cells show epithelial characteristics such as polar-
ity towards the rBM indicated by the expression of b4-
integrin on the basal surface (external surface of the struc-
tures, figure 1G), and E-cadherin expression at cell-cell
contacts (figure 1H). The endothelial marker CD31 was
used to identify the position of HUVEC cells (figure 1F).
Individual endothelial cells were seen distributed through-
out the gel, while no staining was detected within the
branching structures, confirming that the HUVECs do not
contribute directly to the structures.
To further investigate the process of branching mor-

phogenesis in culture, we analyzed a time-lapse image
series of VA10 cells in co-culture with endothelial cells
and quantitated the effects of co-culture with endothe-
lial cells both on VA10 cells and A549 (figure 2). In
general the structures formed from single colonies of
VA10 cells. No clumping of VA10 cells was observed
before seeding and a similar pattern of branching mor-
phogenesis was seen in co-cultures where the VA10
were passed through a single cell filter prior to seeding
[see Additional file 1]. Figure 2A details the events of
branching morphogenesis in the model. Minor clefts
can be seen in the round sphere at day 8. At day 9
these clefts have grown larger as the initial branches
have started budding out from the colony (budding).
The branches extend and generate secondary (early
branching) and even tertiary branches, thus showing
complex epithelial branching (complex branching). Each
branch terminates in an alveolar-like bud. The HUVECs
not only induced branching in VA10 cells (figure 2C),
but also stimulated the total number of spherical colo-
nies (figure 2B). The earliest branching colonies were
seen after 9 days in culture, but a rapid increase in their
number was seen after 13 days (figure 2C), with 6,3% of
colonies branching at day 13 and 21.6% at day 26.
Branching colonies are also occasionally observed after
prolonged culture periods of VA10 cells without
endothelial cells being present, however these branching
colonies are less than 1% of the total. Figure 2D enu-
merates the proportion of each branching phenotype,
spherical, budding, early and late branching and irregu-
lar (irregularly shaped structures that do not conform to
the other categories). As seen, after three weeks in cul-
ture, over 40% of the colonies showed some branching
phenotype. Even though the number of spherical colo-
nies still outnumbered branching colonies, the branch-
ing colonies were much larger.
We also tested if the widely used human alveolar

epithelial cell line A549 could generate branching colo-
nies in rBM. When cultured alone, A549 cells formed
irregular colonies and no phenotypic changes occurred
in co-culture with endothelial cells, indicating lack of
ability to generate branching structures (figure 1D).

Furthermore, the endothelial cells did not increase the
number of colonies or degree of branching (figure 2B).
To study the nature of the endothelial-induced

branching, we set up a transwell co-culture system
where the endothelial cells were cultured on top of the
filter situated above the 3D gels containing VA10 cells.
When endothelial cells were present on the filters a
marked stimulation was seen in the total number of
colonies seen in the 3D culture, and again the branch-
ing phenotype was dependent upon their presence
(Figure 2E). This suggests soluble, endothelial derived
factors as the mediators of inducing the branching
morphogenic phenotype. We also removed the
endothelial filters at a time before the earliest signs of
branching (day 6), and in this setup, the VA10 cells
still showed marked branching suggesting the endothe-
lial cells are inducing a phenotypic switch at an early
stage in the 3D colonies (Figure 2E).

VA10-derived bronchioalveolar-like structures show
partial alveolar type II phenotype
We analyzed the expression of several epithelial cell
markers in the complex branching structures formed in
the co-culture conditions (figure 3). Thyroid transcrip-
tion factor 1 (TTF-1) is the earliest known marker of
lung epithelial cell commitment during mouse develop-
ment. TTF-1 expression is observed throughout the
branching structure in a nuclear pattern (figure 3A),
similar to the expression seen in the terminal respiratory
unit of normal lungs [24]. In addition to the TTF-1 lung
marker expression, markers of both basal and alveolar
type II epithelial cells are co-expressed in the branching
structures. Basal cells of the human airway epithelium
express the nuclear protein p63, as well as certain cyto-
keratins, including CK14 and CK17, not expressed by
other airway epithelial cells. These factors are all
expressed in the branching structures, p63 showing
nuclear staining throughout the structure (figure 3C),
CK17 in the cytoplasm (shown together with E-cad-
herin in figure 3B) and CK14 showing strong expres-
sion in cells facing the rBM (figure 3A). Surfactant
protein-C (SP-C) is normally expressed and secreted
by alveolar type-II cells. Cytoplasmic expression of the
propeptide (proSP-C) is seen in the branching struc-
tures (figure 3C), together with the p63 protein, indi-
cating a partial differentiation of the basal-like cells
towards an alveolar type II fate. Thus, the branching
VA10 colonies express pulmonary specific genes such
as TTF-1 and proSP-C. Despite the partial differentia-
tion towards type-II alveolar cells, the VA10 cells
retain basal markers such as CK14/17 and p63. The
expression of these proteins in the other epithelial 3D
phenotypes (spherical, budding, early branching) is
shown in supplement data [Additional file 2]. The
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Figure 2 Endothelial cells induce various branching phenotypes in a time-dependent fashion through soluble factors. A. Time series of
VA10/HUVEC co-culture in Matrigel. Days after seeding are indicated. A colony undergoing branching morphogenesis is shown during days 8-17
after seeding. The colonies can be categorized as follows: Day 8 spherical; day 9 budding; days 10-12 early branching; days 13-17 complex
branching. Scale bars 100 μm. B. The number of colonies per well over time in A549 rBM culture (crosses), VA10 culture (triangles), and co-
culture of HUVEC cells with A549 (empty boxes) or VA10 cell (solid circles). C. The number of branching colonies over time in co-culture of VA10
and HUVEC and VA10 cells cultured alone. The percentage of total colonies is shown above each point. Error bars indicate standard deviation. D.
The proportion of the different colony forms at several time-points. Irregular colonies do not show any sign of regular branching but cannot be
categorized as spherical. The total number of colonies is indicated at the base of each column. E. Culture of endothelial cells on transwell (TW)
filters suspended above rBM gels containing VA10 cells. Total and branching epithelial colonies are indicated. Error bars indicate standard
deviation. TW: HUVEC kept on filters throughout experiment. TW off day 6: Transwells were removed on day 6. Control: Negative control without
HUVEC in TW.
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expression of CK14 is interesting, showing individual
CK14 positive cells interspersed throughout structures
at earlier stages, while organizing in a linear fashion at
the outer surface in the mature, complex branching
structures.
Given the extensive growth and branching seen in the

co-culture model, we analyzed the expression of two cri-
tical regulators of branching morphogenesis and lung
development, FGFR2 and Sprouty-2. FGFR2 is expressed
in the branching structures with most pronounced
expression at the growing end-buds (figure 4A). Spro-
uty-2 expression, on the other hand, is more uniform
along the whole lining of the structures, lining both the

end-buds and the stalks (figure 4B). The expression of
these factors is similar to what is seen in animal models
of lung development and indicates that the same mole-
cular events are likely to underlie branching morpho-
genesis in our culture model system as seen in vivo in

Figure 3 The branching epithelium expresses basal and
bronchial epithelial markers. Confocal sections of
immunofluorescently labeled structures in intact Matrigel. Nuclear
staining with TO-PRO-3 is shown in blue in all panels. The boxed
areas are shown in detail to the right. A. TTF-1 (green) protein is
seen in all nuclei with weaker expression towards the core of the
structure. CK14 expression (red) is limited to the outermost cells of
each structure. B. CK17 in green, E-Cadherin in red. C. p63 is
expressed in all cells (green) and pro-SP-C expression (red) is seen
throughout the structures, and is most prominent at the outer cell
layers. Scale bars 50 μm (left column), 10 μm (right column). Figure 4 FGFR2 and Sprouty2 are expressed in the branching

epithelium. Inhibition of FGFR signaling inhibits branching. A,
B. Confocal sections of isolated structures, nuclear TO-PRO-3
staining is shown in blue, b4-Integrin in green. A. FGFR2 (red) is up-
regulated at the tips of branches. B. Sprouty2 expression lines the
branching structures. Scale bars 50 μm. C. Inhibition of FGFR
signaling. 25 μM SU5402 or DMSO were added to the cultures after
5 days. The graph shows the proportion of branching (light-gray)
and complex branching (dark-gray) colonies at day 13. Error bars
indicate standard deviation. SU5402 n = 1135; DMSO n = 952
colonies total.
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rodent lung models and the Drosophila airway conduct-
ing system [25,26]. Given this expression pattern of
FGFR2, we used a small molecule non-specific FGFR
inhibitor, SU5402 [27] to block FGF signaling. When
SU5402 (25 or 50 μM) was present throughout the cul-
ture period there was a strong inhibitory effect on col-
ony growth, only 32% of the control colony number was
present at 25 μM of SU5402 and very few colonies pre-
sent at 50 μM [Additional file 3]. No branching was
observed in the SU5402 cultures. Instead, the colonies
adopted a grape-like phenotype [Additional file 3].
Given the profound inhibitory effect on colony growth,
a separate set of experiments was performed where
SU5402 (25 μM) or DMSO was added to the cultures at
day 5 post seeding, i.e. after the colonies had reached a
size over 50 μm. By day 10, a similar number of early-
branching colonies was seen in control and SU5402
wells. However, by day 13 four times more branching
colonies were seen in the control compared to cultures
treated with the FGFR inhibitor (Figure 4C). No com-
plex branching was seen with the inhibitor. Thus, inhibi-
tion of FGF receptor has a strong effect on the
branching ability of VA10 cells in co-culture with
endothelial cells.

Discussion
In vitro models are important supplements to animal
models for studying cellular interactions and basic
developmental processes, repair and carcinogenesis. In
this paper we describe a novel in vitro model of branch-
ing morphogenesis in the human lung, using an airway
epithelial cell line in co-culture with endothelial cells,
which captures critical aspects of distal lung morpho-
genesis. We found that in this system branching mor-
phogenesis is depended on an interaction between
airway epithelia and the vascular endothelium.
The stroma is known to play a major role in organo-

genesis and maintenance of tissue structure and func-
tion in epithelial based organs such as the mammary
gland [28], prostate [29] and lung [14,30]. As the lung
initially develops from the fetal foregut it is highly
dependent on crosstalk between the endodermal cells
and the underlying stroma. The outgrowth and branch-
ing of epithelial cells is stimulated by various stromal-
derived growth factors, especially fibroblast growth fac-
tors (FGFs) acting through FGF-receptors on the invad-
ing epithelial cells [31]. Studies on mouse embryos and
fetal lung tissue explants have shown the stroma to play
a critical role in the invasion and branching of the air-
way epithelium during mouse lung development [32,33];
however, these studies have not directly identified the
cellular components of the stroma that mediates these
effects. Our model using a bronchial-derived epithelial
cell line with a basal-like phenotype suggests that

endothelial cells could be critical mediators in stimulat-
ing epithelial invasion and branching behavior through
secretion of soluble factors.
Branching morphogenesis is one of the key develop-

mental processes during lung development. A recent
seminal paper studying branching morphogenesis of the
mouse lung indicated that this process is based on a
pattern of three simple branching modes, repeated in
different order throughout lung development. The
authors proposed that these simple branching modes
were controlled genetically through master regulators
[34]. They suggested that the sprouty gene family might
be among the developmental switches or regulators of
this process, specifically sprouty-2. In our model, both
FGFR2 and Sprouty-2 are highly expressed at the grow-
ing buds of the branching structures. In the mouse
embryonic lung, Sprouty-2 appears to be dynamically
expressed in the peripheral endoderm and down-regu-
lated in the clefts between new branches. Furthermore,
over-expression of Sprouty-2 in the peripheral airway
epithelium in vivo results in diminished branching [25].
The ability of VA10 cells to form bronchioalveolar-like
structures in co-culture with endothelial cells opens the
possibility to study important aspects of human lung
morphogenesis, such as the spatial and temporal func-
tion of FGF signaling and Sprouty, in a well controlled
in vitro system. Furthermore, initial data supports a role
for FGFR signaling in our model, although we cannot
conclude that the main endothelial derived branching
factor is an FGF growth factor given the abundance of
FGF in both serum and the growth medium.
In the adult lung, the stroma changes substantially

from the proximal conducting part to the distal alveolar
part. In the larger bronchi, cartilage tissue supports the
epithelial tissue. Fibroblasts, smooth muscle cells, and
large vessels are also prominent in the proximal part. In
the distal bronchioalveolar zone the cartilage has disap-
peared and microvessels are prominent, especially sur-
rounding the alveoli. Recent data from various organs
such as the liver, pancreas, brain and bone marrow indi-
cate the importance of endothelial cells in fate control
of stem cells and for organogenesis and tissue mainte-
nance [16]. Lammert et al. have shown that endothelial
cells are important for both pancreas and liver organo-
genesis [21]. Similarly, endothelial cells were shown to
be vital components of the stem cell niche in the ner-
vous system [23], and in hematopoiesis [35]. It is thus
becoming evident that endothelial cells are important
regulators of stem cells in many organs and a crucial
component for cell fate decisions and tissue
morphogenesis.
Much less is known about somatic stem cells of the

lung compared to many other epithelial organs, such as
gut, breast and prostate. One of the reasons is the

Franzdóttir et al. Respiratory Research 2010, 11:162
http://respiratory-research.com/content/11/1/162

Page 8 of 10



histological difference between the proximal and distal
part of the lung and the cellular complexity found
within the airway epithelium. Candidate stem cell types
include basal cells, Clara cells and alveolar type II cells
[36]. Of these, basal cells are postulated to be the most
pluripotent candidate stem cells [6]. Thus, the basal cell
characteristics of VA10 make it an interesting candidate
for testing stem cell properties. Indeed, this cell line can
form a pseudostratified layer with mature TJs under air-
liquid interphase conditions [17], suggesting that it dif-
ferentiates significantly depending on environmental
conditions. In addition we show that the VA10 cell line
forms branching epithelial structures reminiscent of dis-
tal bronchioalveolar-like structures with partial alveolar
type II differentiation, yet retaining a basal cell
phenotype.

Conclusions
In summary, we have described a novel cell culture
model that captures critical aspects of human airway
branching morphogenesis. This model provides a unique
tool to study and characterize various processes of
human lung development, morphogenesis and to
address the heterotypic interaction between epithelial
and stromal components during airway differentiation
and tubular branching morphogenesis. Furthermore, our
results identify endothelial cells as potential inducers of
distal airway epithelial differentiation.

Additional material

Additional file 1: Passing cells through single cell filters before
seeding does not affect branching behavior. The figure displays the
colony growth and extent of branching in cultures where cells were
seeded after passing through a single cell filter in comparison to
unfiltered single cell suspensions.

Additional file 2: Distribution of epithelial markers at different
stages of colony development. The figure shows the overall
distribution of epithelial markers in the different colony categories;
spherical, budding, early branching and complex branching.

Additional file 3: Inhibition of FGFR signaling affects colony growth.
The figure shows the effect of FGFR inhibition with SU5402 on colony
growth when the inhibitor is present from the time of seeding.
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ABSTRACT
Purpose To determine the integrity and permeability proper-
ties of the immortalized human VA10 bronchial epithelial cell
line for its suitability as an in vitro drug permeation model.
Methods Cells were grown under liquid-covered culture (LCC)
or air-liquid interface (ALI) culture, characterized using electron
microscopy and immunostaining. Integrity was measured using
transepithelial electrical resistance (TER) and permeability of fluo-
rescein sodium (Flu-Na). General permeability was established
with dextrans and model drugs and P-glycoprotein (P-gp) function
determined with bidirectional flux of rhodamine-123.
Results ALI culture resulted in 2–3 cell layers with differentiation
towards ciliated cells but LCC showed undifferentiated morphol-
ogy. VA10 cells formed TJ, with higher TER in LCC than ALI
(∼2500 vs. ∼1200 Ω*cm2) and Flu-Na permeability ∼1–2×
10−7 cm/s. ALI cultured cells expressed P-gp and distinguished
between compounds depending on lipophilicity and size, consis-
tent with previous data from Calu-3 and 16HBE14o-cell lines.
Conclusions ALI cultured cell layers capture the in vivo-like phe-
notype of bronchial epithelium and form functional cell barrier
capable of discriminating between compounds depending on
physiochemical properties. The VA10 cell line is an important
alternative to previously published cell lines and a relevant model
to study airway drug delivery in vitro.

KEY WORDS air-liquid interface culture . airway permeability .
differentiation . drug delivery . human bronchial epithelial cells

ABBREVIATIONS
3D three-dimensional
A surface area (cm2)
A-B apical-to-basolateral
ALI air-liquid interface
B-A basolateral to apical
BSA bovine serum albumin
CBF ciliary beating frequency
CFTR cystic fibrosis transmembrane conductance

regulator
FD fluorescein isothiocyanate labeled dextran
Flu-Na fluorescein sodium
HBSS Hanks balanced salt solution
HPV-16 human papilloma virus-16
LCC liquid-covered culture
NHBE normal human bronchial epithelial
Papp apparent permeability (cm/s)
PBS phosphate buffered saline
P-gp p-glycoprotein
Rb retinoblastoma tumor suppressor protein
Rh123 rhodamine 123
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SEM scanning electron microscopy
TER transepithelial electrical resistance (Ω*cm2)
TJ tight junction

INTRODUCTION

The airway epithelium is the first physical barrier met by
inhaled drugs on their way to potential site of action. To
elucidate the fate of these drugs and their interaction with
the biological system, it is important to understand the
barrier- and permeability characteristics of this region. In
vivo models are most relevant to study airway drug delivery,
however they are less suitable for use at the early stages of
drug development (1). In vitro cell models have emerged as a
more convenient method to study drug permeability due to
their relative simplicity and reproducibility. In particular,
the use of monolayer epithelial cultures to classify permeability
of certain new drugs absorbed in the gastrointestinal
tract has been recommended by both the Food and
Drug Administration and the European Agency for the
Evaluation of Medicinal Products (2,3), thereby high-
lighting the importance of valid in vitro cell models.

Currently, there are only a handful of representative
respiratory cell lines that are useful for modeling epithelial
integrity and drug permeation (1,4,5). The two cell lines
commonly used to study upper airway drug permeation in
vitro are Calu-3 and 16HBE14o- bronchial epithelial cell
lines. Both these cell lines have functional barrier properties
(6–8) and their permeability characteristics correlate with ex
vivo (9) and in vivo models (10). Although these cell lines show
favorable permeation characteristics, they are different in
origin. Calu-3 cells were isolated from adenocarcinoma in
the submucosal gland (11) but 16HBE14o- cells were isolated
from the second-generation bronchi of a 1-year old
heart-lung transplant patient and immortalized with
SV40 large T-antigen virus (7). The difference in origin trans-
lates intomorphological differences between these two cell lines.
Calu-3 cells form either a monolayer in culture (6,12,13) or cell
layers (14,15) and produce mucus (16,17). Ciliate-like structures
have been reported (15) that have been observed to disappear
with increasing passage number (18). On the other hand,
16HBE14o-cells show microvilli protrusions, form 1–5 layers
of cells when grown in liquid-covered culture (LCC) and 10–16
cell layers in air-liquid interface (ALI) culture (19,20). Investi-
gation of specific events such as drug permeation or host-
pathogen interaction requires a cell line that has cell type
specificity, morphology and functional integrity relevant to the
in vivo epithelium. Although the abovementioned cell lines are
capable of modeling ex vivo or in vivo epithelial permeability,
there is a need for a cell line that both captures more closely the
phenotypic traits of the normal in vivo bronchial epithelium and

can be used to model drug delivery across the airway
epithelium.

We have recently established a human bronchial epithelial
cell line, referred to as VA10, by retroviral transfection of
constructs containing E6/E7 oncogenes from the human pap-
illoma virus-16 (HPV-16) (21). VA10 has basal- and stem cell
phenotype, expressing basal cell markers such as cytokeratins
5/6 and 14 and the basal associated transcription factor p63
(21). The stem cell properties of VA10 are displayed by its
ability to form bronchioalveolar-like structures in three-
dimensional (3D) co-culture with endothelial cells (22). Further-
more, VA10 generates active tight junctions (TJ) in ALI culture
as evidenced by high transepithelial electrical resistance (TER)
(21). The fact that VA10 can produce in vivo like phenotype in
3D culture and form high TER in ALI makes this cell line a
potential candidate for studying bronchial epithelial integrity
and response to drug delivery. However, data describing its
permeability properties are lacking which is imperative for its
acceptance as an in vitro airway drug permeation model. For
this upper airway epithelial cell line to be considered as a valid
model, its properties should reflect the epithelium in vivo as
closely as possible; discriminating between compounds depend-
ing on their lipophilicity, size and transport mechanism and
represent the in vivo phenotype. The aim of this study was
therefore to elucidate the morphological and permeation prop-
erties of the VA10 cell line.

MATERIALS AND METHODS

Materials

Atenolol, alprenolol HCl, (±)-metoprolol (+)-tartarate, (±)-
propranolol HCl, fluorescein sodium (Flu-Na), fluorescein
isothiocyanate labeled dextrans (FD) 4, 10, 20 and 40 kDa,
rhodamine 123 (Rh123), terbutaline hemisulfate and verapa-
mil HCl were obtained from Sigma-Aldrich (St. Louis, USA).
Mouse monoclonal anti-P-glycoprotein (P-gp, ab3366, clone
JSB-1) and mouse monoclonal anti-acetylated tubulin
(ab11323, clone 6-11B-1) antibodies were purchased from
Abcam (Cambridge, UK), polyclonal rabbit anti-occludin
antibody from Zymed (CA, USA) and F-actin phallotoxin,
To-Pro-3 and isotype specific Alexa Fluor secondary antibod-
ies were purchased from Invitrogen (Oregon, USA).
Fluoromount-G antifade solution was purchased from
SouthernBiotech (Birmingham, USA). Cell culture plastics
were obtained from Becton Dickinson (NJ, USA). Transwell
cell culture filters (pore size 0.4 μm, 12 mm diameter, polyes-
ter membrane) were purchased from Corning Costar corpo-
ration (through Sigma-Aldrich) and were collagen coated with
PureCol® solution from Advanced BioMatrix (CA, USA).
Black 96 well microplates were purchased from Eppendorf
(Hamburg, Germany). The cell culture medium LHC-9 and
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Dulbecco’s minimum essential medium:Ham’s F12 1:1
(DMEM/F-12)mediumwere obtained fromGibco (Burlington,
Canada) and supplemented with 50 IU/ml penicillin, 50 μg/ml
streptomycin and 40 μg/ml azithromycin (Pfizer). Ultroser-G
serum substitute was purchased from Pall Life Sciences (Cergy-
Saint-Christophe, France).

Culture of the VA10 Bronchial Epithelial Cell Line

The newly established bronchial epithelial cell line, VA10
(21), was used between passages 15–21. The cells were
maintained in 75 cm2 flasks in a humidified incubator at
37°C (5% CO2) containing bronchial epithelial growth me-
dium (LHC-9). Medium was aspirated and changed every
other day with a fresh, prewarmed medium. Transwell
filters, used for TER, morphology, and permeability experi-
ments, were collagen coated by applying 0.5 mL of diluted
PureCol® (1:44 in phosphate buffered saline, PBS) to each
Transwell, that was dried at 37°C and finally rinsed with
PBS. Then, the cells were seeded at the density of 2×105

cells/cm2 in the upper chamber of Transwell filters and
cultured in LHC-9 medium for 5–6 days, with 0.5 ml
medium added to the apical side and 1.5 ml medium to the
basolateral side. Subsequently, the cells were cultured in a
DMEM/F-12 medium supplemented with 2% Ultroser G
with medium changed every other day. For ALI culture, the
medium was aspirated after 5 days in LCC from the apical
side and filters rinsed with PBS to bring the culture into ALI,
having 1.5 ml of DMEM/F-12 medium with 2% Ultroser G
medium at the basolateral side.

Transepithelial Electrical Resistance (TER)
Measurements

TER of VA10 cell layers was measured with Millicell-ERS
volthometer (Millipore, MA, USA) for LCC and ALI cul-
tures. Prewarmed PBS was added to the apical side of ALI
cultured cells to be able to measure the TER. The corrected
TER value was obtained after subtraction of the back-
ground from the cell-free culture insert.

Immunocytochemistry

Cells, cultured at either LCC and ALI until maximumTERwas
reached, were fixed for 10 min with 3.7% (v/v) formaldehyde
(after formaldehyde fixation, acetylated tubulin samples were
treated with MeOH for 5 min at −20°C), permeabilized with
0.1% (v/v) Triton X-100 for 7 min and then blocked (5% v/v
goat serum, 0.3% v/v Triton X-100 in PBS) for 10 min. The
following primary antibodies were used: mouse anti-P-gp (IgG1,
1:30), mouse anti-human acetylated tubulin (IgG2b, 1:700), rab-
bit anti-human occludin (1:240) and Alexa Fluor 488 phallotoxin
for F-actin staining (1:40) and diluted in a buffer consisting of

0.2% (v/v) Triton X-100, 0.1% (w/v) bovine serum albumin
(BSA) and 0.05% (v/v) Tween®20 in PBS. Cells were incubated
with primary antibodies overnight at 4°C. Then, the cells were
incubated with isotype specific Alexa Fluor secondary antibodies
(1:1000) and To-Pro-3 for nuclear staining (1:500), diluted with
the same solution as for the primary antibodies, for 30 min.

Confocal Microscopy

Immunofluorescence images were obtained using Zeiss
LSM 5 Pascal confocal laser scanning microscope (CLSM,
Carl Zeiss AG, Munich, Germany) with Plan-Neofluar 40x
and Plan-Apochromat 63x oil immersion lenses. VA10 cell
layers were mounted with Fluoromount-G and coverslips
before visualization.

Scanning Electron Microscopy (SEM)

The VA10 cells were grown on Transwell filters until maxi-
mum integrity was reached as determined with TER. Then,
the cell layers were washed with PBS, fixed in 3.7% (v/v)
formaldehyde for 15 min, post-fixed in 1% (v/v) OsO4 for
1 h followed by dehydration through an ethanol gradient of 5,
12.5, 25, 50, 75 and 100% (v/v) in water, each step for 10 min
at room temperature. The dehydrated cell layers were then
transferred in 100% acetone to a critical point drier (Bio-Rad,
England). Dried samples were mounted on aluminum stubs
and gold sputter-coated (Edwards Sputter Coater S150B,
BOC Edwards, MA, USA). Images were obtained on a Zeiss
Supra 25 Field Emission Scanning Electron Microscope (FE-
SEM, Carl Zeiss AG, Munich, Germany) at 5 kV under high
vacuum conditions.

Bright Field Microscopy

Paraffin embedded ALI cultures were stained with hema-
toxylin and eosin. Imaging was performed using a Leica
DMI3000B microscope and Leica DFC310 FX camera.

Permeation Studies

LCC and ALI cultured VA10 cell layers were used in the Flu-
Na permeation studies at different time points to determine the
function of the paracellular epithelial barrier. All other perme-
ation studies were done on ALI cultured cell layers with TER
above 800 Ω*cm2. Prior to the permeation studies, the cell
layers were washed twice with prewarmedHanks Balanced Salt
Solution (HBSS, 146.94 mM NaCl, 5.37 mM KCl, 0.34 mM
Na2HPO4, 0.44 mM KH2PO4, 1.80 mm CaCl2 × 2H2O,
0.81 mM MgSO4, 25 mM NaHCO3, 5.55 mM
D-glucose and 25 mM HEPES at pH 7.4) and then allowed
to equilibrate in the incubator for 30 min in HBSS (0.5 mL
apical and 1.5 mL basolateral). The TER was measured right
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before and after the experiment to ensure the integrity of the
cell layers. Flu-Na was dissolved in HBSS buffer to a final
concentration of 50 μM. FD with average molecular weight of
4, 10, 20 and 40 kDa (FD4, FD10, FD20, FD40) were dis-
solved in HBSS to a final concentration of 2.5 mg/mL. The
model drugs alprenolol, metoprolol, propranolol and terbuta-
line were prepared in HBSS at final concentration of 100 μM,
with atenolol containing 0.1% DMSO and the final concen-
tration of 500 μM.

Before the permeation studies were started, the HBSS
buffer was aspirated from the apical surface and replaced by
0.52 mL of prewarmed HBSS test solution, with 1.50 mL of
HBSS in the basolateral chamber. Immediately, a sample
(20 μL) of the test solution was removed to determine the initial
concentration (C0). The cells were incubated at 37°C and
agitated on an orbital shaker at 80 rpm. Sampling from the
basolateral compartment (100 μL for Flu-Na and FD, 200 μL
for model drugs) was done after 20, 40, 60, 80 and 120 min
and replaced with equal volume of fresh HBSS buffer. When
the experiment was finished, a sample (20 μL) was removed
from the apical chamber to determine drug recovery.

Bidirectional transport studies with the P-gp substrate
Rh123 were performed with and without the P-gp efflux
pump inhibitor verapamil. Flu-Na was used as a negative
control. In studies with verapamil, the cell layers were incu-
bated with verapamil (200 μM) for 1 h prior to the transport
experiment. To ensure continued inhibition, verapamil was
also present during the Rh123 transport experiment.
Apical-to-basolateral (A-B) and basolateral-to-apical (B-A)
transport were initiated by adding 0.52 mL or 1.52 mL
respectively of either prewarmed Rh123 (50 μM) or Flu-
Na (50 μM) to the donor chamber. Sampling (100 μL) from
the receiver chamber was as described above.

Sample Analysis

Samples from Flu-Na, FD and Rh123 studies were directly
added to black 96 well plates. In Flu-Na and FD studies,
10 mM NaOH aqueous solution (100 μL) was added to
each sample. Fluorescence was measured with excitation
wavelength of 485 nm and emission of 535 nm using a
fluorospectrometer (Tecan GENios microplate reader,
Männedorf, Switzerland). Samples from drug permeation
studies were analyzed using a Dionex Ultimate 300 HPLC
system, coupled with photodiode array detector using Onyx
monolithio C18 column (100 mm×4.6 mm). The mobile
phase consisted of acetonitrile and H20/AcOH (99.5/0.5)
using conditions described in Table I.

Calculations and Data Analysis

cLogD(7.4) and polar surface area (PSA) were calculated
using ChemAxon MarvinSketch software (Budapest,

Hungary). Apparent permeability (Papp) coefficients were
calculated from the permeation experiment according to
Eq. 1 where dQ/dt is the flux, A is the surface of the cell
filter (1.12 cm2) and Co is the initial concentration in donor
chamber.

Papp ¼ dQ
dt

� 1
C0A

ð1Þ

All data were reported as mean ± standard deviation
with n representing number of experiments. Unpaired,
two tailed Student’s t-test was used to compare two means
and one-way analysis of variance (ANOVA) was used to
analyze more than two sets of data (GraphPad Software,
Inc., CA, USA) with the difference considered to be statis-
tically significant when p<0.05.

RESULTS

Morphological Characterization of VA10 Cell Layers

The epithelial properties of VA10 cells were elucidated with
SEM and immunostaining of TJ proteins. VA10 cells were
grown on Transwell filters and visualized by SEM, revealing
a clear difference between cells cultured under LCC and
ALI conditions (Fig. 1a and b). Although both culture con-
ditions generated a confluent cell layer, ALI cultures showed
more differentiated cell layers with pronounced ciliated-like
protrusions (Fig. 1b). This observation was further sup-
ported by the staining of the cilia marker acetylated
tubulin (Fig. 1d and e) that was apically located in
ALI cultured VA10, showing differentiation towards cil-
iated epithelial cells. The VA10 cell thickness in ALI
culture was 2–3 cell layers (Fig. 1c), showing cuboidal
morphology and contact inhibition growth. Both VA10
cells cultured at LCC and ALI expressed the TJ protein
occludin that was co-localized with F-actin, forming a
highly organized structure (Fig. 2). Expression of these
TJ markers indicates a structural barrier that can be
functionally monitored with TER.

Table I HPLC Conditions for Model Drugs

Drug UV detector
wavelenght (nm)

Acetonitrile
(%)

Flow rate
(ml/min)

Retention
time (min)

Alprenolol 273 31.5 0.8 2.80

Atenolol 274 7 1.0 2.72

Metoprolol 273 22 0.8 2.81

Propranolol 264 30 1.0 2.57

Terbutaline 274 7 1.0 2.49
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Integrity properties of the VA10 cell layers in LCC
and ALI culture

Measurements of TER and permeability for the hydrophilic
paracellular marker Flu-Na were determined for both LCC
and ALI culture to follow the gradual development of bar-
rier properties in the VA10 cell model. For both LCC and
ALI culture, the Papp of Flu-Na decreased with increasing
TER as shown in Fig. 3. TER values increased above

baseline values around day 12 for LCC (Fig. 3a) followed
by a decrease in Papp for Flu-Na. Between days 18 and 27 in
LCC culture, there was no significant difference in Papp
values for Flu-Na or in TER values (p>0.05) with an aver-
age Papp value of 1.06±0.18×10−7 cm/s and TER of
2481±208 Ω*cm2 (Fig. 3a). ALI culture needed longer time
to reach TER values above baseline, or 23 days (Fig. 3b).
Between days 27 and 48 in culture, Papp values of Flu-Na were
not significantly different (p>0.05) with an average Papp value

Fig. 1 Morphology of VA10 cell layers. VA10 cells were cultured on Transwell filters before visualization . SEM images (a, b) of VA10 epithelium cultured in
LCC or ALI culture after 21 days in culture. (c) Light microscopy image of semithin sections of ALI VA10 cell layers after 25 days in culture. Ciliated
differentiation was observed within the ALI cultured epithelium and its thickness was 2–3 cell layers. In contrast, cells grown in LCC generated an
undifferentiated phenotype. Immunofluorescent staining of acetylated tubulin (green), a marker for ciliated epithelium, and nuclear staining (blue) in ALI VA10
cell layers, cultured for 22 days, were visualized in confocal microscopy in either regular plane (d) or vertical xz cross sections of VA10 cell layer (e) showing
the apical distribution of acetylated tubulin.

Fig. 2 Tight junction expression
in the VA10 cell line grown under
LCC or ALI. VA10 cells were
cultured on Transwell filters for
22 days. Apical confocal
microscopy images were
acquired for the tight junction
associated protein F-actin (green),
the tight junction protein occludin
(red), and nucleus (blue).
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of 1.51±0.33×10−7 cm/s and TER of 1217±47 Ω*cm2.
Criteria for further permeation studies in ALI was therefore
a culture period of ∼27 days or TER above 800 Ω*cm2.

Paracellular Permeability of Dextrans in VA10 Cell
Layers

To further investigate the barrier properties of VA10 cell layers,
A-B paracellular permeability of Flu-Na and different molecu-
lar weight (kDa) FD was investigated in ALI culture (Table II,
Fig. 4). Rapid decrease was observed in the Papp between Flu-
Na and FD10, but a modest decrease in Papp values was
observed between FD10 and FD40. This inverse proportional
relationship between permeation of paracellular markers and
their molecular weight confirms that the VA10 model distin-
guishes between compounds depending on their size.

Drug Permeability in VA10 Cell Layers

Permeability of drugs with different physiochemical proper-
ties across ALI cultured VA10 cell layers was determined
with four β-adrenoreceptor antagonists (alprenolol, atenolol,
metoprolol and propranolol) and one β-adrenoreceptor ag-
onist (bronchodilator, terbutaline). Permeability increased
with increased lipophilicity, ranging from 5.21±0.69×

10−7 cm/s for the hydrophilic atenolol, to 92.87±6.41×
10−7 cm/s for the lipophilic alprenolol (Table II). A linear
relationship (r200.89) was observed between the extent of
lipophilicity of the drug at pH 7.4 and its log (Papp) value
(Fig. 5a). Even stronger relationship was observed between
the log (Papp) and the PSA of the drugs (r200.96), with
decreasing permeability as the PSA increased (Fig. 5b).

Correlation of VA10 Permeability Values with Other
In Vitro Cell Models

The Papp values of compounds with different physiochem-
ical properties obtained in the current study were correlated
with previously published Papp data from the bronchial
epithelial cell lines 16HBE14o- (9) and Calu-3 (10) as shown
in Fig. 6. The VA10 permeability data had a strong positive
log-linear relationship with both the 16HBE14o- and Calu-
3 cell lines (Fig. 6a and b), r200.999 and r200.96
respectively.

Expression of P-glycoprotein

Immunofluorescent staining of the drug efflux P-gp was
observed in the VA10 cell layers cultured under ALI
(Fig. 7) with the cross section of the cell layer showing

Fig. 3 Epithelial integrity of VA10 cell layers. Transepithelial electrical resistance (TER) and apparent permeability (Papp) of Flu-Na for VA10 cell layers, grown on
Transwell filters, as a function of time. (a) LCC conditions, (b) ALI culture conditions. All values are mean ± SD, n03–5.

Table II Apical-to-Basolateral
Papp Values for Compounds Tested
in ALI Cultured VA10 Cell Layers

acLogD: logarithm of the calculat-
ed octanol/water partitioning co-
efficient at pH 7.4
bPSA: molecular polar surface area
(Å2)
cMean ± SD, n03–5

Compounds MW (Da) cLogDa PSAb Papp (× 10-7 cm/s)c TER (% initial)

Alprenolol 286 0.67 41 92.87±6.41 125

Atenolol 266 −1.73 85 5.21±0.69 133

FD-4 4000 – – 1.01±0.23 116

FD-10 10000 – – 0.33±0.13 96

FD-20 20000 – – 0.29±0.03 84

FD-40 40000 – – 0.12±0.05 85

Fluorescein-Na 376 −0.77 76 1.51±0.33 105

Metoprolol 685 −0.20 51 69.95±7.92 136

Propranolol 296 0.54 41 62.90±7.33 97

Rhodamine-123 381 0.78 – 3.99±0.57 94

Terbutaline 274 −0.87 73 10.80±3.24 51
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predominant apical expression (Fig. 7). No immunofluores-
cence was observed with the negative control. To confirm
the P-gp activity, A-B permeability for the P-gp substrate
Rh123 was compared to the B-A permeability (Table III).
The Papp for Rh123 (50 μM) in the B-A direction was 5.74±
1.16×10−7 cm/s, compared to 3.99±0.57×10−7 cm/s in
the A-B direction with the efflux ratio (B-A/A-B) of 1.44.
Although the data suggested a trend towards asymmetric
transport of Rh123, the difference was not significant
(p>0.05). When VA10 cell layers were simultaneously trea-
ted with Rh123 and the P-gp inhibitor verapamil (200 μM),
the B-A transport of Rh123 decreased by 31% (p<0.05)
producing efflux ratio of 1.06, thereby confirming the P-gp
mediated efflux of Rh123. Papp for the reference compound
Flu-Na was symmetric (Table III) and did not change sig-
nificantly (p>0.05) when treated with verapamil.

DISCUSSION

Epithelial cell lines, immortalized with viral transfection, are
suitable to study drug permeation, metabolism and other
specific cellular events. In the present study, we have eval-
uated the epithelial integrity, morphology and permeability
properties of the VA10 cell line. The VA10 originates from

primary bronchial cells that were transfected with E6 and
E7 oncogenes from HPV-16 (21) that targets and inactivates
p53 and the retinoblastoma tumor suppressor protein (Rb),
respectively. It has been reported in various studies that E6
and E7 immortalized cell lines from organs retain most of
the phenotypic traits of their parental cells (23,24). The
bronchial epithelial cell line, NuLi-1, was also established
by transfection with E6/E7 oncogenes (25). This cell line
forms polarized cell layers with established TER and has
been proposed as a model to study ion physiology and
innate immunity (25). Characterization of this cell line as a
permeation model has, however, not been done. Other
immortalized bronchial cell lines are available such as the
16HBE14o-cell line (9,26). This cell line has basal cell phe-
notype (27) and drug permeation values that correlate with
reported ex vivo data (9). Nevertheless, it forms multiple cell
layers consistent with squamous metaplasia when cultured
under ALI (19,20) and has limited differentiation potential
(20). This compromises the ability of the cell line to model
the native bronchial epithelia. Calu-3 is also an established
bronchial epithelial cell line. This mucus producing cell line
mimics closely the in vivo permeability (10), however it does
not have the phenotypic traits of normal epithelial cells. Its
serous origin in the submucosal glands could have different
attributes than its ciliated luminal counterparts (10) and its
cancerous origin could lead to different expression levels of
metabolizing enzymes (10,18) that raises additional ques-
tions to its relevance as a suitable airway epithelial model.
Moreover, debates regarding potential cross-contamination
or identity of previously established cell lines have emerged
(28–30). Therefore, drug evaluation at the cellular level
requires the consideration of alternative cell lines.

Using immortalized cell lines where the genotypic altera-
tions are known such as the VA10 cell line is therefore a
feasible alternative. The VA10 cell line, which is available
from our lab, has a non-malignant phenotype (21) and can
capture both bronchial and bronchioalveolar-like epithelial
histology, depending on cell culture conditions, thereby show-
ing stem cell properties (22). The cell line expresses basal cell
markers such as p63 and cytokeratins 5/6, 13, 14 and 17when

Fig. 4 Paracellular permeability of hydrophilic markers across the VA10
cell layers. Papp of Flu-Na and FITC labeled dextrans (FD4, FD10, FD20,
FD40) as a function of molecular weight for VA10 cell layers using ALI after
35–37 days in culture. All values are mean ± SD, n03–4.

Fig. 5 Correlation of VA10 Papp. Drug permeability with their physiochemical properties. Relationship between Papp of drugs across ALI cultured VA10 cell
layers, cultured for 42 days, with their (a) calculated LogD (cLogD) at pH 7.4 (r200.89) and (b) with PSA (r2096). All values are mean ± SD, n04. Drug
labels: 1-atenolol, 2-terbutaline, 3-metoprolol, 4-propranolol, 5-alprenolol.

VA10 as an Airway Drug Delivery Model 787



cultured under LCC (21), thus establishing a basal cell phe-
notype. Basal cells are among the most prominent cell types in
the upper airways, occupying ∼30% of the cells in the epithe-
lial lining (31) and are considered to be the progenitor cells of
mucosal and ciliated epithelial cells (31,32). ALI cultured
airway epithelial cells have been described to have a similar
gene expression profile as airway epithelial cells in vivo (33).We
have previously shown that ALI cultured VA10 cells at the
basolateral side are p63 positive but cells on the apical side are
p63 negative (21) suggesting partial differentiation away from
its basal origin. ALI cultured VA10 cells have been shown to
stain positive for the cilia markers cystic fibrosis transmem-
brane conductance regulator (CFTR) and ezrin (34). The
current study shows directly the differentiation towards ciliated

phenotype, with SEM showing ciliated-like structures and cell
layers staining positive for the cilia marker acetylated tubulin
(Fig. 1). The ciliated-like structures were not observed under
LCC, concurring with previous reports that ALI cultures
yield more differentiated phenotype than LCC (35,36). Ad-
ditionally, under ALI conditions, a part of the VA10 cell
culture has been observed to have beating cilia amounting to
6–7 Hz (Supplementary Material). Ciliary beating frequency
(CBF) in ex vivo cell cultures of ∼6 Hz has been reported (37,38)
although researchers have also reported CBF of 11–14 Hz
(39). Therefore, the differentiation towards ciliated cells in
VA10 is evident. Since basal and ciliated cells occupy a large
proportion of the bronchial epithelial lining (31), the VA10
cell line can be considered to capture the in vivo-like phenotype

Fig. 6 Correlation of VA10 permeability values to other in vitro cell models. Correlation of the apical-to-basolateral Papp for various compounds, obtained
with ALI cultured VA10 cell layers, with bronchial epithelial cell lines 16HBE14o- (10) (r200.999) (a) and Calu-3 (r200.96) (11) (b). Each data point
represents mean values for each drug. Drug labels: 1-atenolol, 2-terbutaline, 3-propranolol, 4-metoprolol, 5-FD20, 6-FD10, 7-FD4, 8-Flu-Na.

Fig. 7 Localization of P-gp in
VA10 epithelium. VA10 cells
were cultured under ALI condi-
tions for 34 days. Immunofluo-
rescent localization of P-gp
(green), and nucleus (blue) in ei-
ther regular plane or vertical xz
cross sections showing the apical
localization of the P-gp protein.
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of the respiratory epithelium. In addition, VA10 cells formed
a cell layer, 2–3 cells in thickness, in ALI culture similar to the
2–3 cell layers observed with primary normal human bron-
chial epithelial (NHBE) cells in co-culture with fibroblasts (20),
thereby approaching the physiological pseudostratified airway
epithelium. The VA10 cell thickness differs from the cell lines
Calu-3 and 16HBE14o- since Calu-3 cells form either a
monolayer in culture (6,12,13) or a couple of cell layers
(14,15) and 16HBE14o- 10–16 layers (19,20).

The VA10 cell line generates a polarized cell layer,
expressing the TJ proteins occludin, JAM-A, Claudin-1,
Claudin-4 and ZO-1 (21,40). Therefore, VA10 has been
used to model TJ related events under both normal and
pathophysiological conditions (34). In the current study,
actin and occludin expression was studied, under both ALI
and LCC (Fig. 2), with slightly increased staining of occludin
in LCC compared to ALI culture. TER, a useful indicator
of the functional integrity of the tight junctions (41), reached
a peak value for LCC∼2600Ω×cm2 compared to a TER of
∼1300 Ω×cm2 in ALI culture (Fig. 3). Consequently, this
difference in TER was dependent on culture conditions, in
agreement with data from the Calu-3 (13,15) and
16HBE14o-cell lines (19). The difference in peak TER did
not translate into significant difference in Papp values for
Flu-Na since Papp reached a plateau for TER exceeding
1000 Ω×cm2. This has been observed for Calu-3 cells
where TER over 450 Ω×cm2 provided similar Papp for Flu-
Na (42). TER obtained with ALI cultured VA10 exhibits
similar values as primary NHBE cells or 766±154 Ω*cm2

(43) and the Calu-3 cell line or 1126±222 Ω*cm2, with
Papp for Flu-Na of 1.47±0.1 *10-7 cm/s (10). Although both
LCC and ALI conditions provided functional tight junctions,
further permeability characteristics were studied in the ALI
model due to its abovementioned relevance.

The inverse relationship observed between paracellular
permeability of FD and their molecular weight (Fig. 4) is
consistent with previously reported studies with Calu-3
(10,15) although individual values were higher in the current
study. A number of model drugs that have different

physiochemical properties such as degree of lipophilicity
and PSA were evaluated in this study. Increased permeation
was observed with higher lipophilicity of the drug (Fig. 5a)
confirming that passive permeation in VA10 is dependent
on lipophilicity, consistent with results from the Calu-3 cell
line (10,44). The decreased TER in terbutaline treated
filters after sampling cannot be explained. Control experi-
ments, where only TER was measured, excluded the possi-
bility of sampling techniques decreasing the TER. cLogD
values were chosen to correlate with Papp of the drugs, since
cLogD has a stronger correlation to permeability values of
model drugs, taking drug charge into account, than cLogP
(45). Passive permeability through biological membranes is
also influenced by the degree of hydrogen bonding (46).
PSA, which is suitable to describe the hydrogen bonding
capacity of a drug (47), showed a negative correlation with
the permeability data from the VA10 cell line (Fig. 5b). This
demonstrates that permeability of drugs through the VA10
cell layer depends on their lipophilic nature and degree of
hydrogen bonding. Additionally, correlation of the data
with results from previous studies suggests that VA10 has
similar permeability characteristics as the 16HBE14o- (9)
and Calu-3 (10) cell lines (Fig. 6).

The presence of the drug transporter P-gp, a member of
the ATP binding cassette transporter superfamiliy of mem-
brane proteins, was confirmed in the VA10 cell line (Fig. 7).
Transporters such as P-gp are responsible for the efflux of
many drugs leading to lower than expected therapeutic
concentrations (48). The apical expression of P-gp in the
VA10 cell line is consistent with the expression in Calu-3
(49), 16HBE14o- (50) and the normal human bronchus (51).
However, the efflux ratio of 1.44 reflects relatively low
functional activity compared to 16HBE14o-, Calu-3 and
the NHBE cells (16,43,50). This difference could be
explained by differences in methodology since both culture
conditions, time and passage number have been reported to
affect the activity of the P-gp efflux protein (52).

The major limitation of our model is its relatively long
culture time needed to obtain good barrier properties, com-
pared to Calu-3 and 16HBE14o- cell lines. This can possibly
be due to the progenitor nature of VA10 cells, taking longer
time to develop functional barrier integrity. Despite the long
culture time before full integrity is reached in ALI culture, this
integrity can bemaintained for as long as 2–3 weeks in culture.
Furthermore, VA10 is an important addition to the previously
existing cell lines, introducing a basal to ciliated phenotype
that does not form multiple cell layers and is not of cancerous
origin. This progenitor cell line would be useful to study
passive drug permeation, both para- and transcellularly as
well as specific intracellular events. In particular, this cell line
provides opportunities to investigate the effects of drugs and
other compounds on the cellular development and differenti-
ation potential, such as the involvement of transcription

Table III Papp Values for Permeation Markers in the Presence or Absence
of the P-gp Inhibitor Verapamil in ALI Cultured VA10 Cell Layers

Compounds ± Verapamil Papp (× 10−7 cm/s)a

A-B B-A

Rhodamine 123 − 3.99±0.57 5.74±1.16

Rhodamine 123 + 3.73±0.73 3.97±0.45b

Fluorescein-Na − 1.42±0.21 1.67±0.05

Fluorescein-Na + 1.43±0.06 1.54±0.12

a All values are mean ± SD, n03–5. Cell layers cultured for 49 days
b Significantly different (p<0.05) from B-A without verapamil
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factors and receptors in induced tumor progression, and the
effects of possible paracellular permeation enhancers.

CONCLUSIONS

Here we establish that the new bronchial epithelial cell line
VA10 generates cell layers with barrier function, permeability
characteristics and morphology that closely resemble the
native airway epithelium. Therefore, the VA10 cell line
is a useful model to study drug delivery in vitro.
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Abstract

The upper airways are lined with a pseudostratified bronchial epithelium that forms a barrier against unwanted substances
in breathing air. The transcription factor p63, which is important for stratification of skin epithelium, has been shown to be
expressed in basal cells of the lungs and its DN isoform is recognized as a key player in squamous cell lung cancer. However,
the role of p63 in formation and maintenance of bronchial epithelia is largely unknown. The objective of the current study
was to determine the expression pattern of the DN and TA isoforms of p63 and the role of p63 in the development and
maintenance of pseudostratified lung epithelium in situ and in culture. We used a human bronchial epithelial cell line with
basal cell characteristics (VA10) to model bronchial epithelium in an air-liquid interface culture (ALI) and performed a
lentiviral-based silencing of p63 to characterize the functional and phenotypic consequences of p63 loss. We demonstrate
that DNp63 is the major isoform in the human lung and its expression was exclusively found in the basal cells lining the
basement membrane of the bronchial epithelium. Knockdown of p63 affected proliferation and migration of VA10 cells and
facilitated cellular senescence. Expression of p63 is critical for epithelial repair as demonstrated by wound healing assays.
Importantly, generation of pseudostratified VA10 epithelium in the ALI setup depended on p63 expression and goblet cell
differentiation, which can be induced by IL-13 stimulation, was abolished by the p63 knockdown. After knockdown of p63
in primary bronchial epithelial cells they did not proliferate and showed marked senescence. We conclude that these results
strongly implicate p63 in the formation and maintenance of differentiated pseudostratified bronchial epithelium.
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Introduction

Stratified epithelial tissues depend on somatic progenitor cells to

maintain their integrity and homeostasis. It has been demonstrated

that p63-positive basal epithelial cells serve as a source of other

differentiated cells in stratified epithelial tissues including skin

(reviewed in [1]). The epithelial layer of the upper airways is lined

with a pseudostratified columnar epithelium. A fundamental

difference between stratified and pseudostratified epithelia is that

all cells of the pseudostratified epithelium are connected to the

basement membrane i.e. differentiation does not confer loss of

basement membrane adhesion.

Deregulation of repair mechanisms and cell differentiation in

the bronchial epithelium are important factors in the pathogenesis

of several lung diseases such as asthma, chronic obstructive

pulmonary disease (COPD), pulmonary fibrosis and carcinoma

[2,3]. Understanding the molecular events regulating hierarchical

differentiation and repair mechanisms in airway epithelia is

therefore of major interest. p63 expressing basal cells of the

mouse trachea and human bronchial tree have been identified as

potential progenitor cells during lung development and epithelial

repair. This has been shown by different experimental approaches

including lineage tracing, injury infliction on the mouse lung and

human in vitro culture models [4,5]. Furthermore, p63 has been

shown to regulate the expression of cytokeratin (CK) 14 which

under normal circumstances is expressed in isolated clusters of

basal cells in the bronchial epithelium but is upregulated during

airway epithelial repair following injury [5–9]. It has been

hypothesized that in the mouse lung, p63 positive basal cells give

rise to early progenitor luminal cells positive for CK8 through a

notch-dependent mechanism. Later, these cells differentiate

terminally to ciliated, clara or goblet cells based on secondary

notch signaling processes [10]. Other factors such as the cytokine

interleukin 13 (IL-13) have been shown to affect goblet cell

differentiation in the airways, with goblet cell hyperplasia reported

to be a major contributing factor in diseases like asthma [11,12].
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The p63 protein belongs to the p53 family of transcription

factors that also includes p53 and p73. It has been shown to

regulate the epithelial differentiation program, especially in

stratified squamous epithelia such as skin. Unlike the uniform

expression of its relative p53, p63 is mostly restricted to basal cells

of diverse stratified epithelia including skin, prostate and breast.

Functional characterization of the p63 gene is complicated by

alternative promoter usage and/or splicing events leading to the

generation of at least ten different isoforms. These isoforms can be

divided into two major groups, i.e. TA-p63 and DN-p63. Their

transcription is driven from separate promoters (P1 and P2)

generating the TA-p63 isoform containing a transactivating (TA)

domain at the N-terminus (P1) or the DN-isoform (P2) which does

not have a functional transactivating domain. Both types of

isoforms can then further be alternatively spliced at the carboxy

terminus in five different ways (a, b, c d and e) generating a total of

ten different isoforms [13–16] (reviewed in [1]).

Mice lacking p63 die postnatally due to multiple developmental

defects, including abnormalities in stratified tissues such as the

skin, breast and prostate [17–19].

Initial reports on the p63-knockout phenotype raised funda-

mental questions regarding the role of p63 in regulating the

epithelial differentiation program. Although two independent

studies initially generating p63-knockout mice described similar

phenotypic observations such as epithelial disruption, abnormal

limb and craniofacial development, their conclusions on the role of

p63 differed [17,18]. Mills et al. argued that p63 was essential for

the commitment of simple ectoderm to epidermal lineages [18],

whereas Yang et al. suggested a role in maintaining the

proliferative potential of epithelial stem cells [15,17].

In most basal epithelial cells the predominant isoforms are of the

DNp63 type and in adult epithelium these are believed to be

master regulators of epithelial differentiation in stratified epithe-

lium [20]. Recently, the DNp63 isoform was specifically silenced in

adult epithelial tissues revealing a major role for DNp63 in

epithelial stratification and skin stem cell renewal [21].

Although many studies have provided insight into the role of

p63 in the regulation of stratification in the skin, much less is

known about the role of p63 in the airway epithelium. p632/2

newborn mice lack basal cells in the tracheobronchial epithelium

and the pseudostratified epithelium in the upper airways is

replaced by a simple epithelial lining [22]. On the other hand,

overexpression of DNp63 in the mouse lung may result in

squamous metaplasia of the alveolar region [7]. Furthermore,

ectopic expression of TAp63 can induce metaplastic lesions in

simple lung epithelia [23]. The importance of DNp63 is

highlighted in a recent publication of the Cancer Genome Atlas

Research Network aimed at identifying critical gene alterations in

Figure 1. DNp63 is expressed in bronchial basal cells in situ and is a major p63 isoform in basal cells in vitro. DNp63 is expressed in
basal cells in normal human bronchi (a). VA10 cells cultured in ALI express DNp63 at the basolateral side and not on the apical side (b). DNp63 shows
167,5 fold expression compared to TAp63 in bronchial basal cell line VA10, as calculated by DDct obtained by qRT-PCR. GAPDH was used as
endogenous control. (c). Scale bars 50 mm. ***p#0.001.
doi:10.1371/journal.pone.0088683.g001
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squamous cell lung cancer. The study underlined the importance

of genes involved in squamous cell differentiation (mutated in 44%

of samples) including SOX2 and DNp63 [24]. Although there is

still controversy regarding roles of specific isoforms of p63, it is

clearly important for stratification and stem cell biology of the

airway epithelium.

We have recently established a human bronchial epithelial cell

line (VA10) with basal cell characteristics [25–28]. In conventional

2-D monolayer culture this cell line maintains a predominant basal

cell phenotype, expressing p63 and other basal markers such as

CK5 and 214. Interestingly, when VA10 is cultured under air-

liquid interface (ALI) conditions on transwell filters, the cells

undergo a differentiation process forming a functional bronchial

layer, with mature tight junctions. Under these conditions, the

VA10 epithelium contains both undifferentiated p63 expressing

cells in a basal position, and differentiated p63-negative cells

towards the luminal/air side mimicking the normal tracheobron-

chial epithelium [25]. In this study we used this basal cell model to

study the role of p63 in generating and maintaining pseudostrat-

ified bronchial epithelium in vitro and to test if p63 is necessary for

terminal differentiation of cells in the bronchial epithelium.

Figure 2. Knockdown of p63 affects cellular morphology, proliferation and migration. Western blot showing lentiviral siRNA knockdown
of p63 in VA10 (a). A subset of VA10p63kd (KD) cells obtains an elongated morphology in monolayer culture (b). A proliferation assay reveals 40%
decrease in proliferation of KD cells compared to scrambled. Error bars represent 95% confidence intervals (c). A transwell migration assay shows
reduced ability of KD cells to migrate through the filter (d). ***p#0.001, **p#0.01.
doi:10.1371/journal.pone.0088683.g002

Role of p63 in Bronchial Epithelial Integrity

PLOS ONE | www.plosone.org 3 February 2014 | Volume 9 | Issue 2 | e88683



Materials and Methods

Ethics Statement
Lung tissue samples were provided by written informed consent

from patients undergoing lung surgical procedures. This proce-

dure has been approved by the Landspitali Hospital Ethics

Committee. Reference number 88374–96345.

Cell Culture
The bronchial epithelial cell line VA10 was previously

established at the laboratory [25]. The VA10 cell line is available

upon request for all academic investigators for non-commercial

purposes. Cells were cultured in LHC9 medium (Invitrogen, NY,

USA) supplemented with 50 IU/ml penicillin and 50 mg/ml

streptomycin (Invitrogen). For air-liquid interface cultures, cells

were seeded on the upper layer of Transwell cell culture filters

(CorningHCostarH) pore size 0.4 mm, 12 mm diameter, polyester

membrane) (Sigma-Aldrich, St. Louis, USA) at density of 26105

cells per well. The cultures were maintained on LHC9 for 5 days,

0,5 ml in the upper chamber and 1.5 ml in the lower chamber.

After 5 days medium was changed to DMEM/F-12 (Invitrogen),

supplemented with 2% Ultroser G (Cergy-Saint-Christophe,

France) for another 5 days. For air-liquid interface culture, the

medium was aspired from the apical side and rinsed with PBS.

Primary cells were isolated from patient material with enzyme

digestion and cultured in chemically defined bronchial cell growth

medium as previously described [29] Isolated cells were main-

tained on collagen coated flasks (VitroCol, Advanced BioMatrix)

and cultured in chemically defined bronchial epithelial cell

medium (BEGM, Life Technologies/Sigma) as previously de-

scribed [30].

Production of Lentivirus and Cell Transduction
For production of lentivirus containing scrambled hairpin

(pLKO.1 shSCR) (Addgene plasmid 17920) [31] or shRNA

against p63 (shp63alpha pLKO.1 puro) (Addgene plasmid 19120)

[32], general online guidlines for pLKO.1 vectors from addgene.-

com were followed with modifications. Arrest-in (Open Biosys-

tems) was used according to the manufacturer’s specifications,

instead of the recommended FuGENE. 70% confluent HEK-

293T cells were cultured for 24 h w/o antibiotics and transfected

with lentiviral transfection constructs and packaging plasmids

(psPAX2 and pMD2.G) (Addgene plasmids 12260 and 12259,

respectively). Culture medium containing the virus was harvested

24 and 48 hours post transfection and centrifuged at 1250 rpm at

4uC for 5 minutes and filtered through 0,45 mm filter.

Transduction of cells was done as indicated in guidlines for

pLKO.1 vectors from addgene.com. Lentiviral particle solution

was added to culture medium (containing 8 mg/ml polybrene) of

70% confluent cells at low MOI volume (70 ml per 6 cm target

plate) and incubated for 20 hours. Cells were then cultured for 24

hours on fresh culture media. Infected cells were then selected with

puromycin at a final concentration of 0,7 mg/ml, which according

to titration assays was determined sufficient to eliminate uninfected

cells in 48 hours.

Immunochemistry
Paraffin embedded tissue samples of normal lung biopsies were

obtained from the Department of Pathology, Landspitali Univer-

sity Hospital. The samples were deparaffinized, refixed in

methanol/acetone (1/1) for 5 minutes at 220uC and stained with

EnVisionH+ System-HRP kit (Dako). Primary antibodies (ncl-p63

(clone 7JUL) from Leica Microsystems and DNp63, provided by Dr.

Sat Sinha, (University of Buffalo, NY) were incubated overnight at

4uC. Cell cultures were fixed in 3,7% formaldehyde. For nuclear

protein staining, cells were also fixed in methanol/acetone (1/1)

for 5 minutes at 220uC. They were then washed two times for 10

minutes at room temperature with PBS, and blocked with 10%

goat serum in IF-buffer (0.2% Triton X-100; 0.1% BSA and

0.05% Tween-20 in PBS). Primary antibodies (ncl-p63 (clone

7JUL)) and DNp63, (RR-14, [7]), were incubated overnight at

4uC, followed by three 10 minute washes in PBS. Isotype specific

secondary antibody conjugates Alexa FluorH (Invitrogen) were

incubated for 2 hours at RT. After PBS rinsing, nuclear staining

was performed with TO-PRO-3H (Invitrogen) for 30 minutes

followed by 3610 minute washes. The samples were then

embedded in Fluormount-G (Southern Biotech, Birmingham,

AL) for microscopic analysis.

Microscopy
Immunofluorescence was visualized and captured using laser

scanning Zeiss LSM 5 Pascal Confocal Microscope (Carl Zeiss

AG, Munich, Germany). Bright-field and phase-contrast images of

Matrigel cultures were captured using a Leica DFC320 digital

camera attached to a Leitz Fluovert microscope (Wetzlar,

Germany).

Assessment of Cellular Senescence
A commercially available kit for detection of senescense

associated b-galactosidase (Cell Signaling, #9860) was used

according to the manufacturer specifications. After fixation, cells

were incubated with staining solution overnight at 37uC. Ten

representative images were taken of each flask. CellProfiler

(cellprofiler.org) was used to measure area occupied by blue

stained cells. A pipeline was made to correct for illumination

difference within each image, after which the image was

thresholded to give a binary image where blue stained cells

appeared white on a black background. White areas were then

measured as a ratio of total area. Data is represented as a ratio of

b-galactosidase levels compared with control cells (VA10Scr).

Transwell Migration
50.000 starved cells were seeded in DMEM/F12 basic medium

on FalconH (BD) cell culture inserts with 8 mm pore size in

triplicates. LHC9 medium (Invitrogen) was used as a chemoat-

tractant in the lower chamber. After 12 h incubation, cells in

upper chamber were removed with a cotton swab and migrated

cells in lower chamber fixed with 3,7% formaldehyde, stained with

0,1% crystal violet, rinsed with PBS and counted.

Table 1. Expression of selected epithelial markers in VA10Scr

and VA10p63kd.

Marker VA10Scr VA10p63kd

CK5/6 +* +/2

CK14 + 2/+

CK17 + +/2

EpCam 2/+ +/2

Vimentin + +/2

2, negative; 2/+ predominantly negative; (+) weakly positive; +/2,
predominantly positive; +, positive. *Few negative cells.
doi:10.1371/journal.pone.0088683.t001

Role of p63 in Bronchial Epithelial Integrity
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Proliferation Assay
20.000 cells per well were seeded onto 12 well culture plates

(FalconH, BD). Each day, three wells from each culture were fixed

with 3,7% formaldehyde, rinsed and stained with 0,1% crystal

violet for 15 min. After staining, the cells were rinsed again with

PBS. After the culture period, the crystal violet was released using

acetic acid. Absorbance was measured at 590 nm.

Figure 3. p63 is necessary for a quick wound healing response. Wound healing assay shows decreased healing capacity of VA10p63kd cells
(right) compared to VA10Scr cells (left) after 1,3 and 6 hours (a). Images represent results obtained from 4 independent experiments. Graph showing
relative wound healing speed between VA10p63kd cells and VA10Scr cells (b). ***p#0.001, **p#0.01, *p#.0.5.
doi:10.1371/journal.pone.0088683.g003
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Transepithelial Electrical Resistance (TEER) Measurements
TEER of ALI cultured VA10 cell layers was measured with

Millicell-ERS volthometer (Millipore, MA, USA). Prewarmed PBS

was added to the apical side of ALI cultured cells to be able to

measure the TEER. The corrected TEER value was obtained

after subtraction of the background from the cell-free culture

insert.

Figure 4. VA10p63kd cells lose survival ability. VA10p63kd (KD) cells enter senescence when cultured for prolonged period in monolayer, as
shown with b-galactosidase staining (a). To quantify the senescence the pixel intensity is represented in bars for VA10Scr compared to VA10p63kd.
Scale bars 50 mm. *p#.0.5.
doi:10.1371/journal.pone.0088683.g004
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Permeation Studies
ALI cultured VA10 cell layers were used in the sodium

fluorescein (Flu-Na) (Sigma-Aldrich) permeation studies to deter-

mine the permeability of the paracellular epithelial barrier. Prior

to the permeation studies, the cell layers were washed twice with

prewarmed Hanks Balanced Salt Solution (HBSS) and allowed to

equilibrate in the incubator for 30 min in HBSS (0.5 mL apical

and 1.5 mL basolateral). Flu-Na was dissolved in HBSS buffer to a

final concentration of 50 mM. Before the permeation studies were

started, the HBSS buffer was aspirated from the apical surface and

replaced by 0.52 mL of prewarmed HBSS test solution, with

1.50 mL of HBSS in the basolateral chamber. Immediately, a

sample (20 mL) of the test solution was removed to determine the

initial concentration (C0). The cells were incubated at 37uC and

agitated on an orbital shaker at 80 rpm. Sampling from the

basolateral compartment (100 mL) was done after 20, 40, 60, 80

and 120 min and replaced with equal volume of fresh HBSS

buffer.

Samples from Flu-Na studies were directly added to black 96

well plates and 10 mM NaOH aqueous solution (100 mL) was

added to each sample. Fluorescence was measured with excitation

wavelength of 485 nm and emission of 535 nm using a

fluorospectrometry (Tecan GENios microplate reader). Apparent

permeability (Papp) coefficients were calculated from the Flu-Na

permeation experiment according to equation 1, where dQ/dt is

the flux, A is the surface of the cell filter (1.12 cm2) and Co is the

initial concentration in donor chamber. Papp~
dQ
dt

| 1
C0A

.

Figure 5. VA10p63kd form impaired lung epithelium in ALI culture. VA10p63kd cells form simple epithelium with random epithelial budding (7
days after initiation of ALI) (a) and significant downregulation of CK14 (14 days after initiation of ALI) (b). The VA10p63kd epithelium does not form
transepithelial electrical resistance (c) and has high permeability of Flu-Na (d) compared to scrambled control (14 days after initiation of ALI). Scale
bars 50 mm. ***p#0.001.
doi:10.1371/journal.pone.0088683.g005
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q-PCR
RNA was isolated using Tri ReagentH solution (Ambion) and

cDNA preparation was carried out using RevertAidTM First strand

cDNA Synthesis Kit (Fermentas) according to the manufacturer’s

instructions. Real-time PCR using Power SYBR Green PCR

Master mix (Applied Biosystems) was used to detect the relative

quantity of Muc5ac. The following primers were used for Muc5ac;

fwd: 59-ggcgatgatgaagaaggttga-39, rev: 59-gacactgagcctggatgg-39

(Integrated DNA Technologies, IDT). Tubulin was used as the

endogenous reference gene and amplified using the following

primers; fwd: 59-cctccttccgtaccacatc-39, rev: 59-gccagatctttagacca-

gacaa-39 (IDT). For quantification of specific isoforms of p63 we

Figure 6. p63 is necessary for IL-13 induced goblet cell differentiation in ALI culture. A subset of VA10Scr differentiates to goblet cells
when stimulated with IL-13 (left panel). VA10p63kd cells are unable to form goblet cells when stimulated with IL-13 (right panel). Scale bars 50 mm.
**p#0.01.
doi:10.1371/journal.pone.0088683.g006
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used a labeled probe real-time PCR assay based on the following

primers; TAp63 fwd: 59-gtgcgacaaacaagattgagattag-39, Tap63 rev:

59-tgttcaggagccccaggtt-39. DNp63 fwd: 59-aaaggacagcagcattgat-

caa-39, DNp63 rev: 59- tgttcaggagccccaggtt-39 (TAG Copenha-

gen). The fluorochrome labeled probes were as follows; TAp63;

59-Fam-acctgagtgaccccatg-BHQ-1-39, DNp63; 59-Hex-cttacagc-

taacatgttgtacc-BHQ-1-39 (TAG). GAPDH was used as the

endogenous reference gene and amplified using commercially

available primers from Applied Biosystems (part number

4326317E).

For evaluation of p63 knockdown in primary bronchial cells;

real-time PCR using Light Cycler fast start DNA master plus

SybrGreen I (Roche) was used to detect the relative quantity of

p63. Cycle profile, 10 min at 95uC; 45 cycles of 10 s at 95uC, 20 s

at 50uC, and 20 s at 72uC; followed by a melting curve step to

confirm product specificity. Relative gene expression was calcu-

lated using the 22DDCt method. Endogenous control was 18S

rRNA based on the following primers fwd: 59-gctggaattacccgcggct-

39, rev: 59-cggctaccacatccaaggaa-39 (Microsynth, Switzerland).

Wound Healing Assay
VA10Scr and VA10p63kd were cultured to confluence in 2-well

chamber slides (BD). Confluent monolayers were scratched with a

P200 pipette tip to inflict wounds. Live cell imaging was performed

on a Leica DMI6000B inverted microscope, fitted with an

incubation chamber and local CO2 control. Automated imaging

of 4 locations for each cell line was performed at 2 minute

intervals. Wound healing was estimated at 2,4,6,8 and 10 hours

post scraping using CellProfiler image analysis software [33].

IL-13 Induction
Cells were cultured for 5 days on LHC-9 and then for 5 days on

DMEM/UG in a submerged culture. After 5 days of ALI culture,

IL-13 (Peprotech, London, UK) was added to basal side to a final

concentration of 25 ng/ml and cultured for 14 days.

Apoptosis Assay
Cells were harvested and washed twice with cold PBS and

resuspended in 1x binding buffer at concentration 16106 cells/ml.

Then 100 ml of the solution (16105 cells) were transferred to a

15 ml centrifuge tube. 5 ml of FITC Annexin V (BD Pharmingen)

were added to the cells and incubated at RT in the dark for 30

minutes. 400 ml of 1x binding buffer were added to each tube and

5 ml of propidium iodide (PI) (BD Pharmingen) 10 minutes before

at least 10.000 cells from each sample were analyzed in

MACSQuant (Miltenyi).

Statistical Analysis
Data are presented as means with standard deviations of

measurements unless stated otherwise. Statistital differences

between samples were assessed with Student two –tailed T-test.

P-values below 0.05 were considered significant (***p#0.001,

**p#0.01, *p#.0.5).

Results

DNp63 is Expressed in Bronchial Basal Epithelial Cells in
situ and in ALI Culture
DNp63 isoforms are proposed to be the most abundant isoforms

of p63 in epithelial tissues [34]. These prominent isoforms have

been shown to be expressed in basal epithelial cells in diverse

epithelial organs where they are believed to be regulators of

differentiation and stratification [20]. VA10 has been shown to

generate bronchial epithelium in ALI culture [25]. To examine

the expression pattern of p63 in the human lung we used a pan-

p63 (non-isoform specific p63) and a DNp63 isoform specific

antibody to stain a normal lung that was compared to the ALI

cultured VA10 in vitro model. The DNp63 isoform specific

antibody indicates expression in the basal layer of the human

bronchial epithelium, in close proximity to the basement

membrane (Fig. 1a). This pattern of expression is identical to

staining with a non-isoform specific p63 antibody on duplicate

samples, where only basal cells stain positive (Fig. S1a). In VA10-

ALI culture, the staining closely mimics this expression pattern

observed in the normal lung, with DNp63 isoform expression in

nuclei located basally in the culture while nuclei lining the apical

side were negative (Fig. 1b, Video S1). This pattern of expression is

identical to staining with a non-isoform specific p63 antibody in

VA10 ALI cultures (Fig. S1b). A quantitative real-time PCR (q-

PCR) comparing the expression of the DNp63 isoform to the TA-

p63 isoform in the ALI model further indicated that the DNp63

isoform is the major p63 isoform in VA10 epithelium (Fig. 1c).

Knockdown of p63 Affects Viability and Phenotype of
Bronchial Basal Cells

To test the functional significance of p63 in bronchial epithelial

cells, we performed a lentiviral based knock-down of p63 in

primary bronchial epithelial cells and the VA10 cell line

(VA10p63kd). Using this approach, we saw a 71,5% knockdown

of p63 in primary bronchial epithelial cells (Fig. S2a). However,

p63-knockdown cells were unable to proliferate further and

stained strongly with senescence-associated b-galactosidase (Fig.

S2b and S2c, respectively). In VA10 knockdown cells, we found a

significant downregulation of p63 protein levels by western

blotting (Fig. 2a left) and a corresponding 25-fold reduction in

p63 mRNA expression by q-PCR (Fig. 2a right). The knockdown

of p63 in VA10 cells led to phenotypic changes in a subset of cells

that became more elongated (Fig. 2b). This elongated phenotype

disappeared when cells became confluent (Fig. 2b, insert). The

VA10p63kd cells showed decreased expression of the bronchial

basal cell marker CK5/6 but not the basal cell marker CK17.

Expression of CK14, a marker of reactive bronchial epithelium

was diminished, as was the expression of the type III intermediate

filament vimentin. Expression of the pan-epithelial differentiation

antigen EpCAM was increased in VA10p63kd (Table 1 and Fig.

S3). To assess if p63 plays a role in proliferation of bronchial basal

cells, 20,000 cells were seeded on each plate and their proliferation

was monitored over a period of 7 days. By the 5th day of cell

culture, VA10p63kd proliferated significantly less compared to

scrambled control (VA10Scr) and this difference increased on the

following days. On day seven, the crystal violet absorbance from

VA10p63kd cells was 60% compared to VA10Scr (fig. 2c).

To test the effects of the p63 knockdown on cellular migration

50,000 VA10Scr and VA10p63kd cells were seeded, respectively, on

a filter with 8,0 mm pore size with a nutrient-rich medium placed

in the lower chamber. VA10p63kd showed markedly reduced

migratory properties in this assay compared to scrambled control,

with 226(+/2130 SEM) cells/well migrating through the filter

after 24 h, compared to 772(+/283) VA10Scr/well (fig. 2d).

These observations led us to hypothesize that VA10p63kd cells

had reduced wound healing properties. To test this, we performed

wound healing assays where confluent monolayers of VA10p63kd

cells and VA10Scr cells were scratched with a pipette tip and

wound healing measured (Fig. 3a). The VA10p63kd cells had a

markedly slower repair response compared to the control VA10Scr

cells. VA10Scr fully repaired the wound in approx. 6 h while the
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VA10p63kd cells repaired the wound in approx. 10 h (Fig. 3b,

Videos S2 and S3).

p63 has been linked to cell survival and been reported to help

cells bypass cellular senescence [35]. To test this in lung basal cells,

we cultured VA10scr and VA10p63kd over a prolonged period.

After reaching confluence, the cells were further cultured for 14

days. By that stage, a substantial number of VA10p63kd had

detached from the monolayer. To determine whether the

VA10p63kd cells were undergoing senescence, the cultures were

stained with b-galactosidase (Fig. 4a). A three-fold increase in b-

galactosidase activity, as measured by pixel intensity, was observed

(Fig. 4b) suggesting that VA10p63kd are predisposed to senescence.

To test if cells were senescent earlier in culture, we stained early

confluent cell cultures. A minor population of cells stained positive.

Compared, VA10p63kd cells showed 35% increase in positive cells

to VA10Scr (Fig. S4). We then set out to address if the loss of cells

was due to apoptosis. Confluent cultures of VA10Scr and

VA10p63kd cells were analyzed with flow cytometry using Annexin

V and PI stainings, but increase in apoptosis of VA10p63kd cells

was not observed (Fig. S5).

Loss of p63 Affects Epithelial Integrity and Impairs
Stratification

VA10 cells were cultured under ALI to study the involvement of

p63 in bronchial epithelial integrity. VA10 cells in ALI culture

generate a pseudostratified-like bronchial epithelium with high

transepithelial electrical resistance (TEER) [25]. To test the

functional role of p63 in generating intact pseudostratified-like

epithelial lining, we compared the VA10p63kd cells to their

counterpart (scrambled siRNA) in ALI culture. After 2 weeks of

ALI initiation, the epithelium in the VA10p63kd cells was

morphologically different with the lining predominantly forming

a simple non-stratified epithelium (Fig. 5a and 5b) while clusters

were seen as soon as one week of ALI, where cells formed irregular

stratification. In these clusters, p63 expression was evident in the

basal layer (Fig. S6). There was marked downregulation of CK14

in the VA10p63kd cells (Fig. 5b). Furthermore the integrity of

VA10p63kd epithelia was disrupted as evidenced by lack of

measurable TEER, compared to the control cells treated with

scrambled siRNA that generated a resistance of 740 V*cm2 after

16 days in culture (Fig. 5c). In addition, the knockdown epithelium

was highly permeable to the paracellular permeation marker Flu-

Na compared to the scrambled control (Fig. 5c). Due to the

marked effects of p63 knockdown on proliferation in primary

bronchial epithelial cells we were not able to test them in the ALI

culture model.

VA10p63kd Cells Fail to Show Goblet Cell Differentiation
after IL-13 Stimulation

It is well documented that interleukin-13 (IL-13) is an inducer of

goblet cell differentiation in both human and murine airways and

this IL-13 induced differentiation has been suggested to explain

the goblet cell hyperplasia in asthma [11,12]. In the conventional

ALI culture model, the VA10Scr cells form ciliated cells as

demonstrated by acetylated tubulin staining (Fig. 6). Addition of

IL-13 to these culture conditions stimulates goblet cell differenti-

ation in the control VA10Scr cells resulting in a mixed population

of ciliated (acetylated tubulin positive) and goblet cells (Muc5ac

positive) (Fig. 6). When VA10p63kd ALI epithelium was stimulated

with IL-13, no goblet cell differentiation was observed. (Fig. 6).

Discussion

In this study, we show that p63 is an important factor in the

regulation of human bronchial epithelial integrity. We demon-

strate that the DNp63 isoform is expressed in basal cells of the

human bronchi, and is the major isoform expressed in an in vitro

model of pseudostratification using VA10 basal cells in an ALI

culture. Furthermore, knockdown of p63 in VA10 basal cells

decreased cell proliferation, migration and wound healing

properties. It also affected cell survival by facilitating cellular

senescence in confluent culture. Furthermore, knockdown of p63

in VA10 cells led to disrupted epithelial integrity in ALI culture by

inhibiting pseudostratification. This was accompanied with loss of

TEER and increased paracellular permeability. We also observed

suppressed IL-13 induced goblet cell differentiation in the p63

knockdown cells. Knockdown of p63 in primary bronchial

epithelial cells resulted in growth arrest. Taken together, p63

appears to play an important role in forming and maintaining the

viability and integrity of the human bronchial epithelium.

p63 is a critical transcription factor expressed exclusively in

basal cells in many organs [19,22,36]. Initial studies on the effects

of p63 in a mouse models described phenotypes with squamous

epithelial disruption and abnormal limb and craniofacial devel-

opment [17,18]. Furthermore, it has been shown that DNp63 is

necessary to maintain the clonogenic and proliferative potential of

the basal progenitor cells in stratified epithelial cells in vitro [37,38],

and inactivation of p63 results in increased expression of ink4a and

Arf tumor suppressors and [39], thus linking p63 to the control

mechanism of cellular senescence and apoptosis. The finding of

the chromatin remodeling protein Lsh as a direct target of

DNp63aand an essential mediator of senescence bypassing, further

supports these claims [35]. Vanbokhoven et al. suggested that p63

affected proliferative capacity of cells by either controlling

proliferation directly or by preventing cell death [1]. DeCastro

et al. reported that induction of miR203 in breast epithelial cell

lines leads to downregulation of DNp63 and induces slower

proliferation rate and even cell cycle arrest [40]. These effects

could then be reverted with forced expression of DNp63. Our data

indicate that similar mechanisms are probably also in play in

human basal bronchial cells and this might explain the growth halt

of primary cells after p63 knockdown.

The role of p63 in the human lung epithelium has not been well

studied. We found that knockdown of p63 led to elongation of a

subset of basal cells, consistent with studies from Barbieri et al. that

showed squamous cell lines lacking DNp63 to possess more spindle

shaped morphology than those expressing DNp63 [41]. p63 has

been shown to affect proliferation of cells in vitro [38,42]. The

relationship between p63 and cell motility seems to differ between

organs and whether the cells are of native or carcinogenic origin.

Studies on keratinocytes and head and neck squamous carcinoma

show that loss of p63 leads to increased migration [41,43]. In the

repairing cornea, the b and c isoforms of DNp63 have been shown

to be upregulated in proliferating and migrating limbal and

corneal cells [44]. In our model, loss of p63 appears to result in

decreased migrational properties of bronchial basal cells.

To test the effects of p63 on cellular differentiation, we used IL-

13, a common inducer of goblet cell differentiation. VA10p63kd

cells were unable to form goblet cells compared to the scrambled

control. IL-13 induced goblet cell hyperplasia is one of the major

hallmarks of the respiratory epithelium in asthma [11] and our

finding, that p63 knockdown cells are unable to respond to IL-13,

suggests a role for this transcription factor in upper airway basal

cell differentiation. This could be due to less responsiveness to IL-
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13 or that the p63 plays a role in maintaining the basal cell in

progenitor state, as has been suggested in skin basal cells [15,17].

In addition to normal epithelial differentiation, p63 might also

play a role in lung carcinogenesis, especially squamous cell

carcinoma. Under chronic exposure to environmental pollutants

(e.g. smoking) the mucociliated pseudostratified epithelium under-

goes squamous metaplasia and cellular hyperplasia. This reduces

mucociliary clearance, further aggravating the disease process.

The resulting metaplasia is postulated to be a precursor lesion for

infiltrating squamous cell carcinoma. The precise cellular mech-

anisms explaining squamous hyperplasia and metaplasia are not

known. Interestingly, amplification of the p63 locus (on chromo-

some 3q27) frequently occurs in squamous cell carcinomas [45].

Furthermore, a strong association is seen between expression of

p63 and squamous metaplasia and squamous cell carcinomas,

suggesting a role for p63 in these pathological processes [45–48].

The recent demonstration that DNp63 is amplified and overex-

pressed in human squamous lung cancer and along with SOX2

function as oncogenes in a squamous differentiation program

highlights the importance of p63 in lung cancer [24]. Defects in

the control mechanisms regulating the expression of p63 may

promote the undifferentiated phenotype, proliferation, and/or

inhibition of apoptosis and therefore may play a role in

tumorigenesis [46,49,50].

Conclusions

In summary, our data suggest a critical role for the transcription

factor DNp63 in maintaining the pseudostratified epithelial lining

of the upper airways. Basal epithelial cells lacking p63 have

diminished proliferative and migratory ability and increased

sensitivity to cellular senescence. Furthermore, our data suggest

that p63 might have a role in IL-13 induced goblet cell

differentiation.

Supporting Information

Figure S1 p63 is expressed in basal cells of the bronchial

epithelium and in an in vitro model. p63 (brown) is expressed in

basal cells lining the basement membrane of the bronchial

epithelium (a). It is also expressed basally (green) and not apically

in VA10 epithelium cultured in an in vitro air-liquid interface

model (b).

(TIF)

Figure S2 Primary bronchial cells enter growth arrest following

knockdown of p63. Quantitative real time PCR shows a 71,5%

knockdown of p63 in bronchial basal cells compared to scrambled

vector (a). The p63 knock down cells did not proliferate when re-

seeded following puromycin selection but cells infected with

scrambled vector did (b). The surviving p63 knockdown cells

stained positive for b-galactoside at day p10 (c).

(TIF)

Figure S3 Expression of selected epithelial markers following

knockdown of p63 in VA10 cells. DAB staining on VA10Scr and

VA10p63kd cells shows downregulation of CK5/6, CK14 and

Vimentin, upregulation of ESA and no difference in CK17

expression. The data shown represent results from two indepen-

dent experiments that yielded similar results.

(TIF)

Figure S4 Low portion of VA10Scr and VA10p63kd cells are

senescent at early confluency. b-galactosidase staining reveals low

levels of senescent cells at confluency of VA10Scr (upper) and

VA10p63kd (lower) cells (a). When compared, VA10p63kd cells show

a 35% increase in senescence compared to VA10Scr (b).Error bars

represent standard error of the means. Scale bars 50 mm. ***p#

0.001.

(TIF)

Figure S5 Knockdown of p63 does not affect apoptosis in

monolayer VA10 cells. FACS analysis of Annexin V and PI

stainings on confluent monolayer VA10Scr and VA10p63kd cells

show similar portions of cells in early (Annexin high, PI low) and

late (Annexin hign, PI high) apoptosis. Inset numbers represent

percentage of each population in the quadrants. The data shown

are represent results from two independent experiments that

yielded similar results.

(TIF)

Figure S6 Rare patches of p63 positive cells are found in

VA10p63kd epithelium. When VA10p63kd cells are cultured in ALI

culture, rare patches of p63 positive cells can be found. These

patches are able to form stratification and apical cells are p63-

negative.

(TIF)

Video S1 z-stack of VA10p63kd ALI culture stained with DNp63

antibody. Expression is limited to the basal layer and not to the

apical side.

(MP4)

Video S2 A representative video of VA10Scr cell wound healing

process.

(MP4)

Video S3 A representative video of VA10p63kd cell wound

healing process.

(MP4)
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Basal cells of the human airways acquire mesenchymal
traits in idiopathic pulmonary fibrosis and in culture
Hulda R Jonsdottir1,2,3,8, Ari J Arason1,2,3,8, Ragnar Palsson1,2,4, Sigridur R Franzdottir1,2, Tomas Gudbjartsson3,5,
Helgi J Isaksson4, Gunnar Gudmundsson6,7, Thorarinn Gudjonsson1,2 and Magnus K Magnusson1,2,6

Idiopathic pulmonary fibrosis (IPF) is a progressive interstitial lung disease with high morbidity and mortality. The cellular
source of the fibrotic process is currently under debate with one suggested mechanism being epithelial-to-mesenchymal
transition (EMT) in the alveolar region. In this study, we show that airway epithelium overlying fibroblastic foci in IPF
contains a layer of p63-positive basal cells while lacking ciliated and goblet cells. This basal epithelium shows increased
expression of CK14, Vimentin and N-cadherin while retaining E-cadherin. The underlying fibroblastic foci shows both
E- and N-cadherin-positive cells. To determine if p63-positive basal cells were able to undergo EMT in culture, we treated
VA10, a p63-positive basal cell line, with the serum replacement UltroserG. A sub-population of treated cells acquired
a mesenchymal phenotype, including an E- to N-cadherin switch. After isolation, these cells portrayed a phenotype
presenting major hallmarks of EMT (loss of epithelial markers, gain of mesenchymal markers, increased migration and
anchorage-independent growth). This phenotypic switch was prevented in p63 knockdown (KD) cells. In conclusion, we
show that airway epithelium overlying fibroblastic foci in IPF lacks its characteristic functional identity, shows increased
reactivity of basal cells and acquisition of a partial EMT phenotype. This study suggests that some p63-positive basal cells
are prone to phenotypic changes and could act as EMT progenitors in IPF.
Laboratory Investigation advance online publication, 21 September 2015; doi:10.1038/labinvest.2015.114

Idiopathic pulmonary fibrosis (IPF) is a severe lung disease
characterized by progressive diminution in lung function based
on an underlying fibrotic process in the lung parenchyma.1

The characteristic fibrosis contains the so-called fibroblastic foci
found in close proximity to the lung epithelium. Many studies
have indicated the importance of the pulmonary epithelial cells as
the initial cellular target of injury.2–4 Although critical steps in the
progressive fibrosis have been delineated, there are still major
questions unanswered, especially regarding the interaction
between epithelium and fibroblastic foci and cellular origin of
the myofibroblasts that dominate in fibrotic foci of IPF.

Different cellular sources have been suggested to contribute
to the fibroblastic foci in IPF. These include resident
fibroblasts/myofibroblasts from the lung, mesenchymal stem
cells derived from blood that have taken residence within the
lung parenchyma and lung epithelial cells that have under-
gone epithelial-to-mesenchymal transition (EMT).5

EMT is a process well known in normal development,
wound healing and cancer metastasis.6–8 The initiation of
EMT is commonly marked by repression of the epithelial
cell adhesion molecule E-cadherin and the dissociation of
epithelial cells. The epithelial cells lose their distinct marker
expression and gain a mesenchymal expression profile and
morphology.9 This expressional switch includes an increase in
the expression of various mesenchymal markers, such as
Vimentin, N-cadherin and fibronectin.10

Recently, studies have shown that various microRNAs
(miRNAs), predominantly the miR-200 family, have an
important role in both EMT and lung fibrosis.11,12 The
miR-200 family member miR-200c is believed to be pivotal
when it comes to the downregulation of E-cadherin, one of
the hallmarks of EMT.13 When this miRNA is downregulated,
its target, the transcription factor ZEB1, is free to down-
regulate E-cadherin expression.14
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To argue against EMT as a driver of fibrosis in IPF, it has
been shown that in the bleomycin-induced mouse model
of pulmonary fibrosis multiple stromal cell populations
contributed to the pulmonary fibrosis without any evidence
for EMT.15 A more recent study suggested pathophysiological
differences between human IPF and the bleomycin-induced
mouse model and furthermore, suggested that the transcrip-
tion factor GRHL2 may have a crucial role in epithelial
activation in lung fibrosis and perhaps also in epithelial
plasticity.16

Basal cells reside in the airway epithelium from the trachea
and, in diminishing numbers, down to the respiratory
bronchioles.17 They are candidate stem cells in the conducting
airways, responsible for normal cell replacement and
epithelial remodeling upon lung injury.18 Upon damage in
airway epithelium, the basal cells show increased reactivity
demonstrated by increased expression of p63, a basal cell
restricted transcription factor and its downstream target
cytokeratin 14 (CK14).19,20 Recent studies have implicated
p63 with EMT. Das et al21 showed that fibrotic lesions in oral
submucosa showed marked upregulation of p63 and Oh
et al22 showed that primary human keratinocytes transfected
with ΔNp63 underwent EMT when they had depleted their
normal proliferative capacity.

Alveolar type II cells have been suspected as the cellular
source of IPF through EMT.2,4 However, the contribution of
basal cells has also been implicated. Chilosi et al23 showed
highly increased numbers of p63-positive cells in bronchioles
of IPF lungs, at areas showing both epithelial hyperplasia and
squamous metaplasia. Seibold et al24 found bronchial basal-,
ciliated- and goblet cells to populate the characteristic
honeycomb cysts in IPF lungs. However, the possible
connection between basal cells and the EMT process in IPF
still remains an open question. One reason for the lack of
current understanding of the cellular origin of IPF is the lack
of representing cell culture models to study diseases
progression.

We have recently generated a bronchial epithelial cell line
referred to as VA10. VA10 has basal cell properties evidenced
by p63 and CK14 expression and its ability to generate
pseudostratified epithelium in air–liquid interface (ALI)
culture.25 In addition, this cell line forms bronchio-alveolar-
like structures in three-dimensional co-culture with endothe-
lial cells.25,26 In this study, we focus on the p63-positive lung
epithelial basal cell as one potential progenitor cell for the
myofibroblast in IPF.

We present data demonstrating that the epithelial cells
in airways adjacent to fibroblastic foci show evidence of
partial mesenchymal differentiation. Furthermore, using the
VA10 in vitro basal cell model, we show that basal cells are
able to undergo EMT, evidenced by both expression pattern,
as well as cellular phenotypic characterization and that
this transition is dependent upon p63 being present in
the cells.

MATERIALS AND METHODS
Ethics Statement
Lung tissue samples were provided by written informed
consent from patients who underwent open lung surgical
procedures. This study was approved by the Landspitali
Hospital Ethics Committee. Reference number 88374–96345.

Samples of Lung Tissue from Patients with IPF
Samples were analyzed from eight patients who underwent
open lung biopsy at the Department of Cardiothoracic
Surgery at Landspitali University Hospital. In all cases, the
surgical biopsy was obtained with video-assisted thoraco-
scopic surgical approach that has been described elsewhere.27

These patients fulfilled criteria for having IPF as judged by a
multidisciplinary clinical team. Sections that showed clear
fibroblastic foci were selected. Control samples were obtained
from patients who had undergone lobectomies and were free
of pulmonary fibrosis.

Cell Culture
The bronchial epithelial cell line VA10 was previously
established at the laboratory.25 VA10 cells were cultured in
LHC-9 medium (Invitrogen, NY, USA) supplemented with
50 IU/ml penicillin and 50 mg/ml streptomycin (Invitrogen).
UltroserG-treated VA10 cells were cultured in DMEM/F12
(Invitrogen) supplemented with 2% UltroserG (Pall Biosepra,
France) and 50 IU/ml penicillin and 50 mg/ml streptomycin
(Invitrogen). 3D cultures were performed as previously
described.26

Production of Lentivirus and Cell Transduction
Lentiviral transduction was performed as previously
described.28 In short, plasmids containing scrambled hairpin
(pLKO.1 shSCR; Addgene plasmid 17920)29 or shRNA against
p63 (shp63alpha pLKO.1 puro; Addgene plasmid 19120)30

were used with packaging plasmids (psPAX2 and pMD2.G)
(Addgene plasmids 12260 and 12259, respectively) to generate
viral titer in HEK-293 T cells using Arrest-in (Open
Biosystems). Transduction of VA10 cells was performed
using low MOI volume and 8 mg/ml polybrene and positive
cells selected with 0.7 μg/ml puromycin.

Cell Sorting
VA10 cells were sorted using Magnetic Cell Sorting (MACS,
Miltenyi Biotec, Germany). Cells were suspended in MACS
buffer (Miltenyi Biotec) and incubated, either with primary
microbeads for EpCAM (CD326, Miltenyi Biotec) or
unconjugated primary antibody for Thy-1 (clone AS02) for
30 min at 4 °C. Unbound beads or antibody were removed
by three consecutive washes with MACS buffer. For primary
antibodies, a secondary incubation with anti-mouse IgG
microbeads (Miltenyi Biotec) was conducted for 30 min at
4 °C. After incubation, cells were washed three times with
MACS buffer. Cells were then suspended in 1 ml of MACS
buffer and either loaded onto manual MACS separation
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columns (MS or LD columns, Miltenyi Biotec) or run
through an autoMACS cells sorter (Miltenyi Biotec).

Migration Assay
A total of 20 000 starved VA10 cells (DMEM only, 24 h) were
seeded onto migration filters (8 μm pores, BD Bioscience) in
DMEM (Invitrogen) supplemented with 50 IU/ml penicillin
and 50 mg/ml streptomycin (Invitrogen). Endothelial growth
medium (LONZA) supplemented with 5% FBS (Invitrogen)
was then added to the lower well. Cells were allowed to
migrate for 24 h. Then fixed for 5 min in 3.5% formaldehyde
(Sigma Aldrich) and stained with 0.1% crystal violet for
15 min. Filters were rinsed with PBS and cells on the apical
layer of the filter wiped off with a Q-tip. Density of migrated
cells was evaluated by dissolving migrated cells in 0.5 ml 10%
acetic acid (Sigma Aldrich) and measuring optical density at
590 nm using a spectrometer.

Soft Agar Assay
Plates were coated with 1% soft agar (Sigma Aldrich) diluted
in DMEM (Invitrogen) and kept at 4 °C for 20 min to allow
solidification. A total of 30 000 cells were seeded into 0.5%
soft agar preheated to 40 °C and placed onto the solidified 1%
surface. The plate was incubated at 4 °C for 10 min to allow
solidification of the upper layer. Cells were then cultured for
20 days. After 20 days, cells were stained with 0.05% crystal
violet for 1 h and colonies over 30 μm in size were counted
in each well using a phase contrast microscope (Leica).
Three representative areas were counted in each well. Each
experiment was conducted in triplicate.

RNA Isolation, cDNA Synthesis and qRT-PCR
RNA was isolated from VA10 cells using TriReagent solution
(Sigma Aldrich). Reverse transcription was carried out using
the RevertAid First Strand Synthesis Kit (Fermentas) accord-
ing to the manufacturer’s instructions. For quantification of
miR-200c, hsa-miR-200c-3p LNA™ PCR primer set (Exicon,
204482) was used with an 3’ non-fluorescent MGB quencher
and FAM 5’ reporter dye. GAPDH was used as the
endogenous reference gene and amplified using commercially
available primers (Applied Biosystems, 4326317E). Data were
analyzed using 7500 Software v2.0 (Applied Biosystems).

Immunochemistry
Paraffin-embedded tissue samples of control and IPF lung
biopsies were obtained from the Department of Pathology,
Landspitali University Hospital. The samples were deparaffi-
nized, antigen retrieved by boiling in TE buffer for 20 min
(unless stated otherwise) and stained with EnVisionH+
System-HRP kit (Dako) according to the manufacturer’s
instructions. Primary antibodies (see below) incubated at RT
for 30 min. Cell cultures were fixed with 3.5% fomaldehyde
for 10 min at RT or with methanol at –20 °C. Cultures were
then washed two times with PBS and then blocked with 10%
FBS in IF buffer (0.2% Triton X-100; 0.1% BSA and 0.05%

Tween-20 in PBS). Primary antibodies incubated for 30 min
at RT followed by three 10-min washes with PBS. Secondary
isotype-specific Alexa Fluor antibody conjugates (Invitrogen)
were incubated for 30 min at RT. Nuclei stained for 15 min at
RT using TO-PRO-3 (Invitrogen). Samples were embedded in
Fluoromount-G (Southern Biotech, Birmingham, AL, USA)
and analyzed with confocal microscopy (Zeiss LSM5 Pasqal).
Representative confocal images were quantified using
CellProfiler.31

Western Blot
In all, 5 μg of protein lysate was mixed with 4X NuPage LDS
sample buffer (Invitrogen), reduced with mercaptoethanol
(Sigma Aldrich) and heated to 75 °C for 10 min. Then loaded
on 10% SDS Bis-Tris gels (Invitrogen) and run on 180 V for
45 min in 1X NuPage MES running buffer (Invitrogen).
Proteins were transferred at 30 V for 1.5 h in 1X NuPage
transfer buffer (Invitrogen) containing 10% methanol to a
methanol-activated (Sigma Aldrich) PVDF membrane
(Millipore). After transfer, membrane was washed in PBS at
room temperature for 5 min and then blocked with 5% BSA
(Applichem) in TBS+0.1% Tween (Sigma Aldrich) for 1 h.
Primary antibodies were incubated overnight at 4 °C in 5%
BSA in 0.1% TBS+Tween. The next day, the membrane was
washed for 3 × 10 min in PBS. Secondary infrared (IR)
antibodies (LiCOR) were incubated in 0.1% TBS-Tween
+0.02% SDS (Sigma Aldrich) for 1 h at 1:20 000 dilution.
Subsequently, the membrane was washed for 3 × 10 min in
PBS. Signal detection and analysis were performed using an
Oddysey Infrared Image Scanner and the corresponding
Image Studio software (LiCOR).

List of antibodies

Antibody Species Clone # Manufacturer Dilution Application

E-cadherin Mouse 34 610182 BD 1:100/1000 Tissue/WB

N-cadherin Mouse 32 610921 BD 1:100/1000 Tissue/WB

EpCAM Mouse VU-1D9 ncl-ESA Leica 1:100/1000 IF/WB

Vimentin Mouse V9 M0725 Dako 1:100 /100/

1000

Tissue/IF/WB

CK14 Mouse LLL02 ncl-l-ll002 Leica 1:100 Tissue/IF

Thy-1 Mouse AS02 CP28 Calbiochem 1:100/1000/

100

IF/WB/CS

p63 Mouse 7JUL ncl-p63 Leica 1:25/500 Tissue/WB

Actin Mouse C4 3280 Abcam 1:2000 WB

Fibronectin Mouse N/A Prof. Deane

Mosher lab

1:200 IF

Statistical Analysis
Data are presented as mean and s.d. (error bars) from
number of independent experiments. Graphs and calculations
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were done using GraphPad Prism. All experimental proce-
dures were repeated at least three times. All samples were
tested for equal variance.

RESULTS
Airway Epithelium Overlying Fibroblastic Foci in IPF
Has Lost Pseudostratified Epithelial Architecture and
Acquired a Partial Mesenchymal Phenotype
To analyze the phenotype of the airway epithelium in IPF,
we stained lung tissue from IPF patients and controls with
markers of various epithelial and mesenchymal differentiation
stages. We found that in IPF patients, CK14, a marker known
to be upregulated during lung tissue repair,32 is strongly
expressed in the bronchial epithelium adjacent to fibroblastic
foci (Figure 1). Another basal cell marker, the transcription
factor p63, a known regulator of CK14 expression showed
increased expression that follows a similar pattern as CK14.
No expression of CK14 and p63 was found within the
fibroblastic foci. Interestingly, the epithelium shows a more
stratified squamous phenotype around the foci with CK14
and p63 expression also found in suprabasal cells (Figure 1
and Supplementary Figure S1). We found it to be a general
rule of thumb that airway epithelium adjacent to a focus
showed this phenotype. E-cadherin was strongly expressed in
all epithelial cells, but interestingly, cells within the fibro-
blastic foci also stained positive, whereas E-cadherin expres-
sion in control samples is limited to the epithelium (Figure 1).
To further analyze whether the epithelial cells had acquired
a mesenchymal phenotype, we stained for N-cadherin, a
classical marker for EMT. N-cadherin is highly expressed
during human lung development but in the normal
adult human lung N-cadherin is primarily expressed in
mesothelial cells and scattered basal cells in bronchioles.33

Interestingly, basal cells close to fibroblastic foci showed
increased N-cadherin expression compared with control
samples. When we stained for the mesenchymal marker
Vimentin, strong expression was seen in the stroma, including
the sub-epithelial fibroblastic foci. Expression of Vimentin
was also highly upregulated in epithelium adjacent to
fibroblastic foci.

Phenotypic Plasticity of Bronchial-Derived Basal
Epithelial Cells in Culture
Given the mixed mesenchymal and epithelial differentiation
pattern in the bronchial epithelium adjacent to fibroblastic
foci and the presence of E-cadherin-positive cells within the
foci, we wanted to evaluate whether bronchial-derived basal
cells could undergo phenotypic changes toward EMT, thus

Figure 1 Basal cell reactivity, hyperplasia and upregulation of EMT
markers adjacent to fibroblastic foci. Epithelium adjacent to fibroblastic
foci shows increased reactivity and mesenchymal phenotype. Sparse
staining of CK14 is seen in control samples, whereas CK14 is strongly
expressed in epithelium overlying fibroblastic foci. P63, a restricted
transcription factor for basal cells is expressed in epithelial
cells located both basally and in the top layer indicating formation of
metaplasia in IPF samples. E-cadherin is abundant in epithelium both in
control and IPF samples. In addition, E-cadherin is present in cells within
the foci. N-cadherin is expressed in lower basal epithelial cells in IPF
samples whereas control samples are negative. Vimentin is expressed in
both epithelium and mesenchyme in IPF samples. Bar 100 μm.
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contributing to the fibrotic process of pulmonary fibrosis. We
have previously generated a human bronchial-derived basal
epithelial cell line (VA10) that is capable of generating a
pseudostratified epithelial layer in ALI cultures.25 In addition,
VA10 forms bronchioalveolar-like structures in 3D co-culture
with endothelial cells26 demonstrating the stem cell-like
properties of this cell line. To analyze the plasticity of cells
with basal cell properties, we tested if VA10 cells could be
induced to undergo EMT. In vivo the bronchial basal cell is
steadily maintained and, furthermore, gives rise to daughter
cells capable of undergoing mucociliary differentiation. This
in vivo-like behavior can be mimicked in culture using one of
several culture media and the right in vitro conditions. We
selected the serum substitute UltroserG (UG) commonly used
for ALI culture to facilitate differentiation of basal cells34,35

and a known inducer of EMT.36,37 In contrast to the cuboidal
epithelial phenotype seen in monolayer when cultured in
bronchial-defined medium (serum-free LHC-9 medium),
a sub-population of VA10 cells in UG supplemented media
(2%) showed distinct changes toward a mesenchymal
phenotype (Figure 2, top panel). In UG media, the VA10
cells arrange into two distinct sub-populations, islands of
cuboidal epithelial-like cells separated by a zone of elongated
fibroblast-like cells (Figure 2, top right: arrows). Immuno-
phenotypic characterization revealed that the epithelial-like
islands displayed an epithelial phenotype, expressing EpCAM,
CK14 and E-cadherin. The elongated fibroblast-like cells,
however, showed a mesenchymal phenotype as evidenced by
reduced expression of EpCAM, CK14 and E-cadherin and
acquisition of N-cadherin expression (Figure 2, lower two
panels: arrows and outline and Supplementary Figure S2).
Interestingly, no phenotypic change is observed when VA10
cells are treated with transforming growth factor beta 1
(TGF-β1), a well-known EMT inducer (data not shown).
EpCAM is ubiquitously expressed in bronchial epithelium but
its high expression has been linked to stem cell properties in
number of epithelial tissues.38,39 Furthermore, downregula-
tion of EpCAM is frequently observed in EMT.40,41 Therefore,
we next decided to separate EpCAM-positive and EpCAM-
negative cellular sub-populations and evaluate if these cells
retained their epithelial and mesenchymal traits, respectively,
and analyze the phenotypic plasticity of each population.

Purification and Characterization of Mesenchymal Cells
Derived from VA10
Confluent VA10 cells cultured in UG media were magneti-
cally separated (MACS) based on their EpCAM status.
Further purification of EpCAMneg cells was done by selecting
for Thy-1-positive cells (flow-diagram, Figure 3a). VA10-
EpCAMpos (VA10E) demonstrated a cuboidal epithelial
phenotype, whereas VA10-EpCAMneg/Thy-1pos (VA10M)
showed elongated spindle-like phenotype (Figure 3c,
top panel). The epithelial and mesenchymal phenotype in
VA10E and VA10M, respectively, were further evaluated with
immunocharacterization (Figures 3b and c). Western blotting

(Figure 3b) showed that untreated VA10 cells (in bronchial
medium) and treated VA10 cells (in UG medium) showed
strong expression of the epithelial markers E-cadherin and
EpCAM. Expression of Vimentin was observed in both cell
population but no expression of N-cadherin was seen in
VA10E. VA10E cells showed a strict epithelial phenotype,
whereas VA10M cells were negative for both E-cadherin and
EpCAM but positive for mesenchymal markers (Figure 3b).
These phenotypic differences were further characterized and
confirmed by immunofluorescence staining. VA10E cells were
strongly positive for CK14, EpCAM and E-cadherin but
negative for N-cadherin, Thy-1. Vimentin expression can still
be observed in a few cells (Figure 3c, left). VA10M cells on the
other hand had lost their epithelial phenotype except for
occasional positive CK14 cells. VA10M were uniformly
positive for the mesenchymal markers Thy-1, Vimentin and
N-cadherin (Figure 3b, right). Collectively, we have generated
a mesenchymal sub-line from VA10 by exposing the cells to
the serum substitute UG. The mesenchymal-like cells referred

Figure 2 UltroserG induces epithelial-to-mesenchymal transition in a
subset of VA10 cells. Sub-population of cells cultured in UltroserG
medium (UG-treated) show elongated phenotype (top panel, arrows).
EpCAM and CK14 immunostaining reveals an EpCam/CK14-negative
mesenchymal sub-population in treated cells (middle panel, arrows).
Double staining for E- and N-cadherin also shows two distinct cellular
sub-populations in treated cells indicating a cadherin switch (bottom
panel, outline). Cells were counterstained with TOPRO-3 nuclear stain
(middle and bottom panel). Bar 200 μm.
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to as VA10M have undergone phenotypic changes suggestive
of EMT.

VA10M Has Acquired a Functional Mesenchymal
Phenotype
To further analyze the mesenchymal properties of VA10M,
we conducted various functional assays that have been
shown to associate with EMT. Migration, a phenotype
associated with mesenchymal cells, was tested using a
transwell migration assay. Although the VA10 and VA10E
cell lines showed similar migratory capabilities, VA10M cells
showed almost twofold more migration than the VA10E cells
(Figure 4a). Anchorage-independent growth has also been
linked with a mesenchymal phenotype and while both
VA10 and VA10E cells show limited anchorage-dependent
growth, the VA10M cells had three- to fourfold increased
number of colonies compared with VA10E in a soft agar assay
(Figure 4b).

A number of miRNAs, including the mir-200 family, has
been shown to be important in the preservation of epithelial
integrity. In particular, loss of miR-200c expression has been
associated with loss of epithelial integrity and EMT.14

Although both VA10 and VA10E cells retain their miR-200c
expression, its expression is markedly downregulated in
VA10M. Also, in accordance to the miR-200c expression,
upregulation of the mesenchymal EMT marker fibronectin
was clearly detected in VA10M (Figure 4c). When cultured in
a three-dimensional matrigel-based co-culture system with
endothelial cells, both treated VA10 and VA10E cells form
branching bronchioalveolar-like structures like the original
VA10 cell line.26 Under these conditions, approximately 10%
of colonies form large branching structures (Figure 4d, white
bars). However, when VA10M cells were cultured in the same
three-dimensional co-culture system they did not exhibit any
branching but instead formed large spindle-like colonies
similar to fibroblasts (Figure 4d, black bars). In all co-culture
conditions, approximately 90% of colonies were small with
no distinct morphology (Figure 4d, gray bars). These various
functional assays show that although the VA10E sub-line
retains the phenotype exhibited by its mother cell line
(VA10), the VA10M cells have gained a markedly different
phenotype, with clear mesenchymal properties. Interestingly,
VA10M can be reverted back to the original phenotype
by culturing the cells on LHC-9 medium (Supplementary

Figure S3). In summary, we have shown that the p63-positive
basal cell line VA10 is able, under specific conditions, to
undergo EMT, both with regard to protein expression and
cellular phenotype.

KD of p63 Abrogates UG-Stimulated EMT Capacity of
VA10
To evaluate whether the expression of p63 is necessary for the
mesenchymal transformation of VA10 cells, we performed a
lentiviral-based stable KD with p63 and control scrambled
shRNA in VA10 (VA10p63KD and VA10SCR, respectively).
This resulted in a significant decrease in p63 protein levels
(Supplementary Figure S4). When cultured in UG media,
no spindle-like phenotype was observed in VA10p63KD,
compared with VA10SCR (Figure 5). Immunostaining revealed
that the VA10p63KD cells showed no upregulation of
N-cadherin or Thy-1, whereas retaining E-cadherin expres-
sion, in contrast to VA10SCR (Figure 5). VA10SCR showed
more Vimentin expression in E-cadherin-negative cells, whereas
Vimentin was exclusively co-expressed with E-cadherin in KD
cells, indicating no sub-population distinction.

DISCUSSION
In this study, we have shown that basal epithelial cells over-
lying fibroblastic foci in IPF patient samples acquire increased
reactivity as measured by p63 and CK14 expression and
acquisition of a partial mesenchymal phenotype as measured by
N-cadherin and Vimentin expression. Although we cannot
claim that basal cells are the cellular source of fibroblasts within
the foci, there is no doubt that the overlying epithelium, in
particular the basal cells, acquire mesenchymal traits that may
be either the consequence of signals derived from the foci or
signify that the epithelium is directly contributing to their
formation by undergoing EMT. Furthermore, our in vitro
studies show that the p63-positive basal cell line VA10 is able to
undergo a mesenchymal transition as evidenced by induction
of EMT upon culture in UG containing medium.

In the IPF samples, we see that the epithelium overlying the
fibroblastic foci is rich in p63-positive cells that have not only
a basal but also a suprabasal pattern and show a mixed E- and
N-cadherin expression along with both CK14 and Vimentin
expression (Figure 1). This pattern is indicative of a partial
EMT in the epithelial cells. Underlying this abnormal
epithelium, there are abundant mesenchymal cells forming

Figure 3 Purification and characterization of VA10-derived epithelial and mesenchymal sub-populations. (a) Purification of epithelial and mesenchymal
sub-populations from VA10. Using immunomagnetic cell sorting against EpCAM VA10 was split into EpCAMhigh (left) and EpCAMlow (right). The
EpCAMlow sub-population was further sorted according to Thy-1 expression. The resulting sublines will hereafter be termed VA10E and VA10M,
respectively. (b) Surface marker expression of VA10M (Thy-1+) indicates a true mesenchymal phenotype. Immunoblot analysis reveals a difference in
epithelial and mesenchymal marker expression between the different cell lines tested. E-cadherin expression has been abolished in VA10M, whereas
N-cadherin and Vimentin are upregulated indicating a mesenchymal expression pattern. (c) Characterization of VA10-derived epithelial- and
mesenchymal sub-populations. VA10E has a cobblestone-like morphology (top panel, left), whereas VA10M is elongated and fibroblast like (top panel,
right). Immunostaining reveals a strong mesenchymal expression pattern in VA10M, whereas VA10E predominantly exhibits an epithelial phenotype
(bottom panel).
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the fibroblastic foci but we can also see occasional
E-cadherin-positive cells within the foci. This is an interesting
pattern with abnormal p63-positive epithelial cells with signs
of partial EMT overlying the mesenchymal-rich fibroblastic
foci. This pattern thus raises the question whether the
epithelium, specifically the p63-positive cells could contribute
to the fibroblastic foci through EMT. Double positive CK14/
p63-positive basal cells are rare in the airway and such cells
have been associated with injury or wound-healing
responses.42 Interestingly, Oh et al22 have shown that primary
human keratinocytes transfected with ΔNp63 underwent
EMT when they had depleted their normal proliferative
capacity. Thus, injury-response CK14/p63-positive cells in the
epithelium overlying the fibroblastic foci could be a cellular
source for EMT.

Up to 20% of IPF cases have been suggested to be familial,
often referred to as familial interstitial pneumonia (FIP).43

Conventional genetic approaches have identified four genes
that are involved in FIP. These four genes encode proteins
in two separate functional families: surfactant proteins,
surfactant protein C (SFTPC)44 and surfactant protein A2
(SFTPA2),45 and components of the telomerase complex,
telomerase reverse transcriptase (TERT) and the RNA
component of telomerase (TERC).46,47 More recently,
Schwartz and colleagues have, through several publications,
linked a common single-nucleotide polymorphism in the
promoter region of the mucin gene MUC5B to idiopathic
interstitial pneumonias, including IPF.48–50

The mutations in the surfactant family proteins, SFTPC
and SFTPA2, both expressed exclusively by type II alveolar

Figure 4 Functional characterization of VA10M. (a) VA10M cells have increased migratory potential compared with VA10E. VA10M cells migrate more
actively than VA10E cells measured by migration through a porous filter and represented as optical density. (b) VA10M exhibits increased anchorage-
independent growth. When cultured in soft agar VA10M cells show a higher potential for anchorage-independent growth than both UltroserG-treated
VA10 and VA10E. (c) Expression of miRNA 200c is reduced in VA10M, whereas fibronectin expression is upregulated. qRT-PCR analysis reveals a loss of
microRNA 200c expression in VA10M. As a result fibronectin is upregulated in VA10M, whereas it is absent in VA10E. (d) VA10M cells form spindle
colonies in 3D cultures. When cultured in three-dimensional reconstituted basement membrane VA10 cells form branching colonies (roughly 10% of
total colony number). Although VA10E follows the same pattern VA10M does not form any branching colonies under these conditions. The
mesenchymal sub-population does, however, form spindle colonies in 3D cultures characteristic of cells having undergone EMT.
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epithelial cells (AECs) in the lungs, suggest that AEC
dysfunction is a prominent feature of IPF. Furthermore,
accumulating evidence supports endoplasmic reticulum (ER)
stress with consequent apoptosis as a prominent feature in IPF.
Compared with COPD and normal lungs, protein levels of ER
stress mediators, such as ATF-6, ATF-4 and the apoptosis-
inductor C/EBPzeta, were elevated in AECs of IPF lungs.51 How
ER stress with subsequent epithelial injury leads to a fibrotic
response in the adjacent mesenchymal compartment is still
intensely debated. The two major hypotheses are that epithelial
cells adjacent to the injured area undergo EMT or that the
injury leads to proliferation of the local mesenchymal cells, such
as fibroblasts or myofibroblasts.43 Although the surfactant type
mutations have a described mechanism of epithelial injury
through ER stress, the mechanism by which telomerase
dysfunction (TERT and TERC mutations) leads to IPF is less
understood. It is thought that epithelial cell dysfunction may be
mediated by epithelial cell senescence and impaired response to
epithelial injury, as a consequence of telomere dysfunction.52

Although most investigators agree that the epithelial
compartment is where the initial injury occurs in IPF, there
is much less known about the following events. As stated
above, the main debate focuses on the origin of the cellular
components of the fibrotic response. The progressive nature of
the fibrotic scarring is what drives the destructive nature of IPF.
The data collected with mouse models of surfactant mutants
suggest that fibrosis in the commonly used bleomycin mouse
model worsens in the background of ER stress.53 In the same
bleomycin model with surfactant (SFTPC) mutated mice, the
data also support the notion that ER stress can contribute to
EMT in vivo.54 Overexpression of mutant SFTPC in lung
epithelial cell lines largely recapitulated the ER stress-induced
EMT.55 To argue against EMT as a driver of fibrosis, it has
been shown as previously discussed that in the bleomcyin-
induced model multiple stromal cell populations contributed
to the pulmonary fibrosis without any evidence for EMT.15

Another important unsolved issue is the epithelial cell of
origin contributing to epithelial injury and EMT. The
surfactant mutants would strongly suggest the AEC-type II
cells, given their almost exclusive expression of surfactant
proteins. This is also supported by the fact that the initial and
main fibrotic changes in IPF are located distally in the
airways. The possible contribution of the MUC5B promoter
region polymorphism to IPF pathogenesis raises the question
whether epithelia in upper airways may also contribute to IPF.
In the normal lung, MUC5B is expressed in sub-mucosal cells
of the upper airways, whereas goblet cells express MUC5B
under stress conditions.56 In addition, TGF-β1-induced EMT
is a well-documented process in A549, an alveolar type II cell
line.57 Interestingly, TGF-β1 does not induce EMT in VA10
nor another bronchial-derived epithelial cell line, Calu-3.57

This indicates that the mechanism of EMT could be different
in bronchial-derived cells compared with alveolar cells.

We have previously shown that VA10 cells can capture
phenotypic architecture of upper and lower airways

Figure 5 Knockdown (KD) of p63 abrogates UG-induced EMT of VA10
cells. p63 KD cells are unable to undergo UG-induced EMT. The
expression of the mesenchymal markers N-cadherin and Thy-1 is
abrogated in treated KD cells, whereas scrambled control cells show a
division into two cellular sub-populations much like the mother cell line
VA10. The expression of Vimentin can still be detected in treated KD
cells, although to a lesser extent than in treated scrambled cells. Bars
100 μm.

Role of p63-positive basal cells in EMT in IPF
HR Jonsdottir et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 00 2015 9

http://www.laboratoryinvestigation.org


depending cell culture conditions. When cultured in
ALI-conditions, VA10 cells can generate pseudostratified
epithelium mimicking trachea and larger bronchi and
bronchioles. In this model, VA10 generates differentiated
ciliated cells as well as goblet cells upon induction.28 In
addition, we showed when VA10 is embedded into
three-dimensional basement membrane matrix in co-culture
with endothelial cells, we see increase in branching structures
capturing bronchioalveolar phenotype.26 Given this plasticity
of the basal cell line VA10 and the expression pattern found in
IPF lungs, it can be hypothesized that the basal cell could
contribute to the fibrotic process in IPF through EMT.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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