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Ágrip 

Í þekjuvef lungna er að finna fjölmargar gerðir þekjuvefsfruma, hverja með sitt hlutverk. Meðal 

frumugerða í lungnaþekjunni eru grunnfrumur (enska(e.): basal cells) og er talið að stofnfrumur 

lungnanna leynist meðal þeirra. Mikill skortur er á góðum frumuræktunarkerfum til rannsókna á 

þroskun og sérhæfingu lungnaþekjufruma og samspili þeirra við aðrar frumugerðir sem finnast í 

bandvef umhverfis þekjuvefinn. Nýlegar rannsóknir hafa bent til þess að æðaþelsfrumur gegni 

mikilvægu hlutverki í þroskun ýmissa líffæra líkt og lifrar, briskirtils og heila.  

Í rannsóknum mínum hef ég unnið með lungnaþekjufrumulínuna VA10 sem var nýlega búin til 

á rannsóknastofunni. Þegar VA10 er samræktuð ásamt æðaþelsfrumum í grunnhimnugeli má greina 

aukinn vöxt og formgerðarbreytingar. VA10 sýnir hæfileika í þrívíðri rækt til sérhæfingar og myndunar 

á berkju-lungnablöðrulíkri formgerð sem svipar til greinóttrar formgerðar innan lungnanna. VA10 

frumurnar tjá lungnapróteinið proSurfactant-C sem er sértækt fyrir lungnablöðrur af gerð II. Til 

viðmiðunar athugaði ég hvort að þessi greinótta formgerð kæmi fram í annarri þekjufumulínu, A549. 

Svo reyndist ekki vera. 

 Í stuttu máli, þá hef ég þróað samræktunarkerfi, þar sem æðaþelsfrumur örva VA10 

lungnaþekjufrumur til að mynda greinótta formgerð sem líkist greinóttri formgerð innan lungnanna. 

Þetta ræktunarkerfi getur nýst til að skoða þá ferla og samspil frumugerða sem liggja að baki 

myndunar greinóttrar formgerðar í þroskun. Einnig gæti kerfið nýst til að skoða tilurð og framþróun 

ýmissa lungnasjúkdóma. 
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Abstract 

The lung epithelium develops through branching morphogenesis from the fetal digestive tract, 

and is divided into a proximal conducting zone, and distal transitional and respiratory zones. At least 

eight morphologically distinct epithelial cell types have been described in the human respiratory 

epithelium, including basal cells. Bronchial-derived basal cells have been suggested as candidate 

stem cells in the human lungs. Due to a lack of representative cell lines and culture models, it has 

been difficult to recapitulate human lung morphogenesis in vitro. Recent studies indicate that 

endothelial cells are instrumental for organ development and for regulation of stem cells in organs 

such as the liver, pancreas and brain. A human bronchial basal-like cell line, referred to as VA10, has 

recently been developed in our laboratory. In this project I show that VA10, when co-cultured with 

human umbilical vein endothelial cells in a novel three-dimensional (3D) culture model, show 

increased proliferation followed with marked branching morphogenesis, either by colonies fusing or 

from a single cell clone. Interestingly, the bronchio-alveolar phenotype generated in 3D co-culture 

show differentiation toward alveolar type II cells, as judged by immunostaining against 

proSurfactantProtein-C, a specific marker for these cells. To test if branching morphogenesis occurred 

in co-culture with other lung epithelial cells, I cultured the widely used alveolar type II cell line A549 

together with endothelial cells. The control cell line showed no branching morphogenesis.  

In summary, I have established a novel co-culture model where endothelial cells induce 

branching morphogenesis in VA10 lung epithelial cells. These structures are reminiscent of bronchio-

alveolar structures in vivo. This model can be used to study the mechanisms behind branching 

morphogenesis to investigate the heterotypic cell-cell interactions and cancer progression in the 

human lung.  
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I. Introduction 

1 The human lung 

1.1 The histological architecture of the lung 

The respiratory tract is divided into a proximal conducting zone, the upper airways including the 

trachea and large bronchi; and distal transitional and respiratory zones, containing the small bronchi 

and alveolar regions (figure 1). 

 

 

 

Figure 1. The intricate branching human lung network.  Structural image of the lung trachea 
(yellow), bronchi (yellow and white) and pulmonary arteries (red), viewed from the front. The 
lung is an intricate branching organ divided into three anatomical zones: Proximal conducting 
zone (conducting airways and vasculature), distal transitional (respiratory bronchioles) and 
respiratory zones (alveoli) (Dohrn, 2007). 

 

The human lung develops with a process called branching morphogenesis and is a highly 

conserved mechanism seen in many organs such as the kidneys, salivary glands, breast, prostate, 

pancreas and lungs (Davies, 2002; Rawlins et al., 2006). The final functional branching architecture of 
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a particular organ, is a result of fine-tuned interactions between the organ-specific epithelium and the 

surrounding mesenchyme (also referred to as the stroma) (Bishop, 2004) (figure 2).  

 

 

 

 

Figure 2. Mesenchymal tissue is pivotal in induction of branching lung morphogenesis.  
Branching morphogenesis is fundamental in development and morphogenesis of many 
organs. The branching morphogenesis of the human lung starts as an outgrowth from the 
primitive fetal digestive tract between 4 and 5 weeks of gestation. Repeated dichotomous 
branching occurs until the basic pattern of the branching network is fully developed at week 
16 (Affolter et al., 2003). 

 

The branching morphogenesis of the lung begins between 4 and 5 weeks of gestation as an 

outgrowth from the primitive fetal digestive tract. Repeated dichotomous branching occurs for an 

average of 23 generations until the alveolar-region is reached, where gas exchange initiates at birth 

(figure 3) (Bishop, 2004; Warburton et al., 2000).  
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the epithelial surface of the lung. On the other hand, the type I cells make up over 90% of the epithelial 

surface (Forbes, 2002; Hermanns et al., 2004). 

 

 

1.3 Epithelial airway stem cells 

Most tissues are maintained by tissue specific stem cells (Gudjonsson et al., 2005). This is 

evidenced in tissues and organs with a rapid cell turnover which is a cycle of cell proliferation, 

differentiation and cell death; such as the skin, bone marrow and the gastrointestinal tract (Dekaney et 

al., 2005). The regulation of cell turnover is poorly understood. At first glance it is fairly straight forward 

and is built on the simple concept that over time the differentiated cells perish, either because of 

damage or through elimination by apoptosis. These cells are then replaced by cells that arise from 

progenitor or stem cells in the tissue involved. These progenitor cells, or tissue stem cells, go through 

cell division that is regulated by the stem cell niche, which includes the neighboring cells and the 

surrounding extracellular matrix. The progenies of stem cells migrate to where they are needed. Along 

the pathway these cells acquire terminal differentiation into relevant functional cell type.  

Turnover rate varies between tissue types and organs. For example, in the human gut the 

lining of the intestines has a rapid turnover rate and completely renews within 5 days; whereas the 

epithelial replacement in the lung can take 6 months under normal homeostasis (Pellettieri et al., 

2007). This is, however, rapidly changed during tissue damage or chronic injuries, where new cells 

rapidly replace the dead ones. In most epithelial tissues, such as the skin, salivary glands, prostate 

and breasts; cells in basal location, i.e. in touch with the basement membrane, are believed to harbor 

stem cell characteristics. Due to their basal location, these cells are commonly referred to as basal 

cells. It has been speculated, that among basal cell population in the lung, there can be found 

subpopulation of cells with progenitor or stem cell characteristics; which produce more differentiated 

progenies. These progenies are believed to be both the mucus and ciliated cells (Hong et al., 2004; 

Knight & Holgate, 2003).  

It is also widely believed that in the trachea and bronchi, the mucus secretory cells, along with 

basal cells, have stem cell characteristics. These mucus secretory and basal cells are believed to be 

responsible for repair of the epithelium in the lung, by proliferation, migration and accumulation at the 

site of injury; where they differentiate into the cell types of the damaged epithelium (Breeze et al., 

1977). In humans the basal cells are found throughout the airways and are present in the most distal 

parts, even the small bronchioles (Rock et al., 2009). Basal cells in the lungs are more numerous in 

the upper proximal part of the lungs than in the bronchioles, where clara cells become more prominent 

(Bishop, 2004; Karp, 2002; Rawlins & Hogan, 2006). Evidence has suggested that the clara cells 

serve as progenitor cells in the bronchioles, giving rise to ciliated and mucus secreting cells in the 

distal respiratory zones (Atkinson et al., 2008; Knight & Holgate, 2003).  It has been suggested that 

because of the complexity, slow turnover and technical difficulties in analysis of the respiratory system 

on genetic, biochemical, molecular and cellular level; lung stem cell research has been less fruitful 
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compared to that of many other organs (Kannan et al., 2006). It is however possible, that the human 

respiratory system contains several distinct stem cell zones. 

 

 

1.4 Mesenchyme in lung development  

During the last decade, the use of mouse models have led to great insights into the process of 

branching morphogenesis, seen in many organs, including the lungs (Metzger et al., 2008).  

It is widely recognized that the mesenchyme, commonly referred to as the stroma, has an 

important role in organogenesis and development (Kuperwasser et al., 2004; Proia et al., 2006; 

Robinson et al., 1999). It has been shown that differentiation of lung progenitor cells, which lead to 

epithelial branching morphogenesis during development, is highly dependent upon crosstalk with the 

underlying vascular rich mesenchyme (Greenberg et al., 2002; Schwarz et al., 2004). Several studies 

relying on mouse embryo or fetal tissue explant models have shown the importance of mesenchyme in 

development as a critical factor for normal development to occur; although mesenchymal components 

mediating these effects have yet to be well defined. These studies have also shown the importance of 

heterotypic cellular interactions or the interactions of cells with the surrounding stromal matrix, as the 

mesenchyme seems to be able to instruct epithelial cells from other tissues to attain pulmonary 

epithelial phenotype (Chen et al., 2008; Hartmann et al., 2006; Tebockhorst et al., 2007). It is likely 

that mesenchymal cells play a role, through heterotypic interactions with the developing epithelium. 

Possible mesenchymal derived candidates in these interactions are cells such as fibroblasts, 

monocytes and endothelial cells.  

 

 

1.5 Endothelial cells in development 

Recent studies have shown that endothelial cells are necessary and instrumental, for 

morphogenesis and regulation of stem cells in development of organs such as the liver, pancreas and 

brain (Breier et al., 1992; Lammert et al., 2001; Matsumoto et al., 2001). New evidence from murine 

studies, have also indicated that signals derived from endothelial cells, are pivotal for normal 

morphogenesis in the development of the lungs (Yamamoto et al., 2007). Evidence from these 

studies, along with the importance of formation and maintenance of blood vessels in the capillary rich 

lung tissue, indicate that the endothelial cells are essentially critical for normal lung development 

(Folkman, 2003; Joshi et al., 2007). The vascular network runs parallel to the conducting airways and 

forms a complex network surrounding the alveolar structures (figure 7).  
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Figure 7. Vascular network surrounds the alveolar buds. The close association between 
endothelial and alveolar epithelial compartments is necessary, for the functional coupling 
that is required for gas exchange. Adapted from: (Villarreal, 2007). 

 

The close association between endothelial and alveolar epithelial compartments is necessary 

for the functional coupling, required for gas exchange (Yamamoto et al., 2007). Even though the 

endothelial cells are in close proximity with the bronchial and alveolar epithelium; the effects of 

endothelial cells on the human lung development, morphogenesis and the heterotypic interactions 

between the endothelial and epithelial cells, have yet to be thoroughly studied.   

 

 

2 In vitro models for culturing lung epithelial cells  

In cell biology, the traditional two-dimensional (2D) monolayer cell cultures are an important 

device to answer many biological questions and have notably been useful in improving understanding 

of basic cell biology. This conventional culture system, however, is not representative of the three-

dimensional (3D) environment in vivo, where most cells reside in an extracellular matrix (ECM). The 

ECM is a comprehensive fibrous meshwork, which is needed for cell adhesion, differentiation and 

growth. As a consequence, the 2D cultures have considerable limitations in emulating the in vivo 

conditions, as the cells are grown without the 3D environment present in the body and have to adapt 

to the monolayer conditions. This can lead to a loss in function, especially regarding environmental 

cues mediated by the ECM and neighboring cells (Gudjonsson et al., 2003; J. Lee et al., 2008; 

Weaver et al., 1996).  

There are several model systems that try to approach the normal in vivo tissue conditions in 

vitro e.g. air-liquid culture for upper airways and many adaptations of suspension and cultures in gels 

and scaffolds, with the aim to mimic the 3D conditions in vivo. 
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2.1 The air-liquid interface (ALI) cell culture model  
The pseudostratified epithelium of the upper airways of humans, forms a barrier between the 

external and internal environments, separating the air from the interstitial space (Karp, 2002). The air-

liquid interface (ALI) culture of lung epithelial cells is used to mimic these conditions (figure 8).  

 

 

 

Figure 8. Schematic drawing of a pseudostratified ALI culture system. The schematic drawing 
demonstrates how epithelial cells can be cultured in ALI culture on transwell filter. The ALI 
culture partially mimics the pseudostratified layer in large trachea-bronchial part of the lung. 

 

In the ALI culture model, the basal side of the cell layer is in contact with medium, while the 

apical side is exposed to air. This culture assay is convenient to study epithelial integrity, including 

trans-cellular and para-cellular transport of molecules and other agents.  Many studies utilize the 

advantage of the ALI culture assay, especially in studies involving drug effect on the lung epithelia 

(Asgrimsson et al., 2006; Halldorsson et al., 2007; Halldórsson, 2010; Karp, 2002).  

 

 

2.2 Three dimensional (3D) cell culture 

Though a mouse is useful for a model in development and branching morphogenesis, it is 

important to have in vitro models that have the ability to mimic the 3D structural process and to allow 

the use of human cells. Scaffolds or 3D cell culture matrices, rotating-wall vessel bioreactor cultures 

and 3D cultures in gelatinous substrates; have been used to try to overcome the limitations of 2D 

culture conditions. It has become recognized that 3D cell cultures better reflect the normal physiology 

than 2D cultures (Abbott, 2003; Carterson et al., 2005; J. Lee et al., 2008). One of the most common 

methods in 3D cell cultures is the usage of gel substrates that mimic the 3D environment in tissues. 

The commercially available substrate Matrigel, manufactured by BD Biosciences, is a reconstituted 

membrane matrix (rBM) gel with structural proteins, such as collagen and laminin (Biosciences, 2008; 

Kleinman et al., 1982). With the use of rBM gels, cells have been shown to form structures that are 

similar to their in vivo counterparts, e.g. structures with phenotypes resembling that seen in breasts 
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and kidneys (Petersen et al., 1992; Yu et al., 2007).  Schematic images in figure 9 show the difference 

between the 2D and 3D models. 

 

 

 

Figure 9. Schematic images of 2D and 3D culture models. In 2D models the cells are cultured in 
monolayer on a culture dish or a flask, where they are attached to the surface and covered in 
culture medium (A). Cells that are cultured in rBM gel are in a 3D environment, that better 
mimics the conditions that are in vivo (B). Adapted from: (Ingþórsson, 2008). 

 

When studying branching morphogenesis of lung cells, many in vitro models have been 

focused on using primary lung cells from parts of the developing lung in early mouse embryos, 

inserting them into 3D matrices. Branching structures are seen in these models, though the branching 

observed is minimal and the culture has a short life span. These models are time consuming and 

complex, as the tissue involved has to be isolated from early embryos. They also have a short 

lifespan, due to replicative senescence. VA10 ALI cultures (figures 8 and 10), have been used to study 

drug effects on the structure of the epithelium at our laboratory. Although ALI assays provide an 

excellent platform for research on upper airway epithelial structure and function, they are of limited use 

in studies regarding the development and morphogenesis of the distal lung. 

 

 

2.3 VA10, bronchial basal epithelial cell line 

In cell and tissue research it is important to have access to cell lines that are representative 

and capture the specific traits of their in vivo counterparts. There has been a notable shortage in 

human cell lines that represent specific phenotypic traits in vivo, such as for studies of normal lung 

morphogenesis. There are, however, a few immortalized human bronchial lung epithelial cell lines, that 

have been used in the study of respiratory development, structure and function (Halldorsson et al., 

2007). 

Due to the complexity and diversity of epithelial cell types, with unique function and location in 

the airway; it is important that the cell lines used, are carefully defined and have phenotypic traits 

representative of that in vivo (Giangreco et al., 2007; Halldorsson et al., 2007). In this context it is 

interesting that many of the available bronchial cell lines are lacking in functional resemblance and 

characterization to the in vivo tissue they are used to study. There are a few human cell lines, 
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categorized as bronchial, that have been successfully used in respiratory drug and differentiation 

studies. Most notably are the cell lines 16HB14o-, BEAS-2B, Calu-3 and A549 (Halldorsson et al., 

2007). 16HB14o- and BEAS-2B are both immortalized normal cell lines. The 16HB14o- was 

developed from human bronchial epithelial cells by SV40 large T antigen transformation (Cozens et 

al., 1994). The BEAS-2B was on the other hand developed by adenovirus 12-SV40 hybrid virus 

immortalization of normal human epithelial cells (Reddel et al., 1988). In contrast, the cell line Calu-3 

was initiated from bronchial adenocarcinoma (Shen et al., 1994). The most cited and widely used cell 

line in lung research, A549, is derived from bronchio-alveolar cell carcinoma (Lieber et al., 1976). Thus 

it is a poor representative of normal lung cells (Wong et al., 1998). The A549 cell line, has a certain 

alveolar type II characteristics and is used in both normal and malignant biology, regardless of the fact 

that malignant alveolar cells, are different from normal bronchial cells (Forbes et al., 2005). 

 

 

 

 

Figure 10. VA10 cell line ALI culture assay forms tight junctions. This image shows immuno-
stainings of the basolateral and apical side of an ALI culture. Immunostainings are shown 
against JAM-A (red) tight junction marker, p63 (green) basal marker and nuclei (blue) 
(Halldorsson et al., 2007). Bar 20µm. 

 

Previously, a master student at our laboratory, Valthor Asgrimsson, established a human 

epithelial bronchial-derived basal cell line, referred to as VA10. The VA10 cell line was made by 

immortalizing normal primary bronchial epithelial cells, by transfection with a retrovirus, containing the 

human papilloma virus-16, E6 and E7 genes (Asgrimsson et al., 2006). The cell line expresses basal 

markers, such as cytokeratin 5/6, 13, 14, 17, the basal cell-associated transcription factor p63 and 

α6β4 integrins. In an ALI culture assay, the VA10 cells form a cell layer with well defined expression of 

tight junction molecules. Also, high transepithelial electrical resistance over the pseudostratified cell 

membrane. Figure 10 shows staining against tight junctions in such a culture. In 3D cultures the cells 

form solid round colonies with an in vivo like polarization (figure 11) (Halldorsson et al., 2007). This 
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basal phenotype of VA10 cells has a correlation with the basal cells of the respiratory epithelium, 

suggesting a possible stem or progenitor cell role. 

 

 

 

Figure 11. VA10 colonies are polarized in rBM culture. When a solid round VA10 colony is 
cryosectioned and stained, the polarization of the structure is visualized. β4-integrin (red) 
and the tight junctional protein claudin-1 (green) (Halldorsson et al., 2007). Bar 20µm. 
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II. Aim of the study 

The general aim of my master’s project was to study the morphogenesis of VA10 bronchial 

epithelial cell line in 3D culture.  VA10 shows a basal cell phenotype and stem cell characteristics, 

measured by the ability to form trachea-bronchial like pseudostratified layer in air-liquid interface 

culture. In this project I wanted to explore the ability of VA10 cells to generate a more distal part of the 

lung, namely the bronchio-alveolar part. Furthermore, based on studies from other organs such as the 

liver, pancreas and brain; where endothelial cells have been shown to regulate morphogenesis and 

tissue homeostasis, I wanted to study the heterotypic interaction between VA10 and endothelial cells. 

Specific aims include: 

 

1. Further characterization of VA10 in air-liquid interface assay. 

2. 3D culture of VA10 cells and comparison with other lung epithelial cells. 

3. Functional role of endothelial cells on lung epithelial cells. 

4. Immunophenotypic characterization of VA10 cells in 3D culture and comparison to normal 

lung morphogenesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



  

28 

 

III. Materials and methods 

1 Cell culture 

1.1 Bronchial epithelial cells 

The bronchial epithelial cell line VA10 used in this study was previously established at our 

laboratory by retroviral transduction on primary bronchial epithelial cells with E6 and E7 viral 

oncogenes (Asgrimsson et al., 2006). Characterization suggested a basal-like phenotype as the cells 

expressed cytokeratins 5/6,13,14 and 17, supported with positive staining of the basal-cell associated 

transcription factor p63 and α6β4 integrins (Halldorsson et al., 2007). Cells were cultured on T25 

culture flasks (BD Biosciences, Bedford, MA) in commercially bought bronchial epithelial cell medium, 

BEGM (Lonza Group Ltd.) that is supplemented with BPE (bovine pituitary extract), hydrocortisone, 

hEGF (human epidermal growth factor), epinephrine, transferring, insulin, retinoic acid, triiodothyronin  

and 50 UI/ml penicillin and 50µg/ml streptomycin (Gibco, Burlington, Canada). The culture medium 

was changed three times a week and the cells passaged at about 80% confluence. 

 

 

1.2 Cancer derived alveolar epithelial cells 

The human lung adenocarcinoma derived alveolar epithelial cell line A549 was purchased 

from the American Type Culture Collection (ATCC, Rockville MA) and is widely used in pulmonary cell 

model systems. It is cultured on T25 culture flasks (BD Biosciences) in DMEM-Ham‘s F12 basal 

medium supplemented with 10% fetal bovine serum (FBS) (Gibco) and antibiotics, 50UI/ml penicillin 

and 50µg/ml streptomycin (Gibco). The culture medium was changed three times a week and the cells 

passaged to another culture at about 80-90% confluence. 

 

 

1.3 Endothelial cells 

Primary endothelial cells (EC) derived from human umbilical vain endothelial cells (HUVECs) 

were generously supplied by Brynhildur Thors at Haraldur Halldórsson´s laboratory at the department 

of Pharmacology University of Iceland. Cells were cultured on T75 tissue culture flasks (BD 

Biosciences) on commercial endothelial medium EBM-2, supplemented with hEGF, hFGF-B (human 

fibroblast growth factor-basic), VEGF (Vascular Endothelial Growth Factor), R3-IGF-1 (human 

recombinant Insulin-like Growth Factor), Hydrocortisone, Heparin, Ascorbic Acid, Gentamicin, 

Ampothericin-B and extra antibiotics  50UI/ml penicillin and 50µg/ml streptomycin. Medium was 

supplemented with 30% (FBS) when received to induce proliferation and 5-10% FBS after first 

passage. Endothelial cells were only used up to passage 7 as they are not immortalized and enter 

senescence at increased passages.  
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2 ALI cell culture 

For air-liquid interface culture of VA10 cells, Transwell permeable support filter system with 

pore size of 0.4µm, was used (Corning Costar Corporation, Acton, MA, USA). 10.000 cells were 

seeded in the upper chamber and cultured in BEGM until fully confluent. Then the medium was 

switched for a differentiation medium consisting of DMEM-Ham‘s F12 basal medium, supplemented 

with 2% ultroser G serum supplement (Biosepra, Cergy-Saint-Christophe, France), 50UI/ml penicillin 

and 50µg/ml streptomycin (Gibco). 2-3 days after reaching confluence, the medium was removed from 

the apical side of the epithelium. Medium in the lower chamber was changed three times a week and 

the upper chamber rinsed with phosphate-buffered saline (PBS). In the end of the culture period, the 

filter was cut out and stained using fluorescent staining method.  

 

2.1 Measurement of trans epithelial electrical resistance  

All measurements of trans epithelial electrical resistance (TER) were made with Millicell-ERS 

voltohmmeter (Millipore, Billerica, MA USA) to measure the value of confluent filters. Measurements 

were done in triplicate and TER values normalized for the area of the filter after background 

subtraction. Statistical analysis performed by using two-tailed Student‘s T test. The data is presented 

as mean ±standard error of mean (SEM). 

 

 

3 3D cell culture 

For three dimensional culture experiments, reconstituted basement membrane (rBM), 

commercially available as growth factor reduced Matrigel matrix (BD Biosciences) was used. At below 

4°C the rBM is in liquid form and as it reaches 4°C it starts to solidify into a gel. Cells are seeded into 

the substance in its liquid state. Most of the 3D culture experiments with rBM were carried out in 24 

well culture dishes and appropriate cells seeded in single cell suspension into 300µl of rBM. The gel 

was then allowed to gelatinize at 37°C for 30 minutes before adding 1ml of culture medium. For co-

culture experiments 250.000 endothelial cells and 500-1000 VA10 epithelial cells were placed rBM to 

ensure clonal growth and reduce cell aggregation. The same number of epithelial cells was used in co-

culture with A549 as a control. The rBM cultures were also set up in an 8 well chamber slide (BD 

Biosciences) where the gel and the cells were only 1/3 of what was used in 24 well dishes. The 

medium used was EGM-2 (Lonza) with 5% FBS (Gibco), changed three times a week. The amount in 

24 well dishes was 1ml and 0.5ml in 8 well chambers. Cultures were maintained for up to 25 days. 

Counting and measurement of colonies in rBM was done on specific time intervals, always in the same 

area. Measurements were always on the x-axis where the colony was widest. 
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4 Immunohistochemistry and immunocytochemistry 

Primary lung tissue was provided by Tómas Guðbjartsson M.D. cardio thoracic surgeon at 

Landspitali University Hospital. Tissue was immediately placed into a 50ml test tube (BD Biosciences) 

containing DMEM-Ham‘s F12 basal medium (Gibco) supplemented with antibiotics, 50UI/ml penicillin 

and 50µg/ml streptomycin (Gibco). All patients were enrolled in a study approved by the icelandic 

national bioethics committee and signed an informed consent form.  

Lung biopsies were either frozen in n-hexan (Merck), cooled with dry ice (CO2) or put directly 

into liquid nitrogen (N2). Frozen biopsies were then mounted in OCT tissue freezing medium (Leica 

instruments) for sectioning. Biopsies were sectioned in a cryostat at a 5-20µm setting, depending on 

the observation. When a 3D culture had reached its designated culture-time, it was also frozen, either 

in n-hexan or liquid nitrogen. The gel was carefully scraped out of the culture-well with a spatula and 

avoiding rupture, it was dropped into the cooled n-Hexan/N2 for a quick freeze. Frozen biopsies were 

then mounted in tissue freezing medium (Leica instruments) for sectioning. Biopsies were sectioned in 

a cryostat at a 5-20µm setting, depending on the observation. 

Cryostat sections were fixed in either methanol for 10 minutes at -20°C, then 3.5% 

formaldehyde in PBS for 5 minutes, followed by 2x7 minutes incubation with 0,1% Triton X-100 in PBS 

at room temperature or by double acetone fixation for in -20°C acetone for ten minutes at 4°C, 

followed by drying and the same fixation again, depending on the primary antibody used (table 1). 

Rabbit anti-mouse immunoglobulins (Z0259, DAKO) were used as secondary antibodies. A 

peroxidase conjugated anti-peroxidase mouse mAB was used as tertiary antibody (P850, DAKO). 

When rabbit primary antibodies are used, they require an intermediate incubation with mouse anti-

rabbit immunoglobulin (M0737, DAKO) before incubation with Z0259. For visualization, the peroxidase 

reaction was performed using 3.3-diaminobenzidine (DAB S3000, DAKO) activated with 0.5mg/ml 

30% H2O2. Nuclear counterstaining was performed using Harris’s Haemotoxylin and images captured 

using light-microscope mounted with Leica DFC320 digital camera. The primary antibodies used are in 

table 1. 

 

Table 1. List of primary antibodies used in the study. 

Antibody Clone Dilution Manufacturer 

ZO-1 ZO1-1A12 1:100 Zymed 

P63 7JUL 1:50 Novacastra 

CFTR M3A7 1:50 Abcam 

pro-SPC AB3786 1:2000 Abcam 

CD31 JC/70A 1:50 DAKO 

Cytokeratin 18 DC10 1:50 DAKO 

β4-integrin 3E1 1:250 Chemicon 

Cytokeratin 14 LL02 1:25 Abcam 

TTF-1 SPT24 1:100 Novacastra 

Cytokeratin 17 E3 1:25 DAKO 

E-Cadherin HECD1 1:100 Zymed 
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Isotype specific secondary antibody conjugates Alexa fluor® (488 (green), Alexa fluor and 546 

(red), Invitrogen) were used for immunofluorecence experiments with TO-PRO-3® (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 preservation of the 

fluorescent signal from the samples after staining, specimens were mounted with cover slips using 

Fluormount-G (Southern Biotech) and images visualized with confocal microscope.  

Paraffin fixed lung slices were generously supplied by Jóhannes Björnsson M.D., Department 

of Pathology, Landspitali University Hospital. Both pre-stained with classical histological lung markers 

and unstained slices. Unstained paraffin fixed lung slices were prepared for immunostaining by a 

standard deparaffinizing protocol. 

Whole fluorescent staining of 3D gels was carried out in the culture chamber (G. Y. Lee et al., 

2007). The gel washed twice with PBS and fixed as in normal staining methods depending on the 

primary antibody used. The exception was that the primary antibody was incubated twice as long in 

this experimental setup compared to tissue slices. After fixation the gel is washed three times for 10 

minutes at room temperature with 100mM Glycine in PBS. Then unspecific antigen binding is blocked 

with 10% goat serum in IF-buffer, that consists of 0.2% Triton X-100, 0.1% BSA and 0.05% Tween-20 

in PBS. IF-buffer was supplemented with 1% goat anti-mouse immunoglobulin G, blocking unspecific 

binding by the rBM gel for 20 minutes. Incubation with primary and secondary antibodies were washed 

overnight with 10% FBS in PBS 3x25 minutes in between and after. After PBS rinsing, nucleic staining 

was applied with TO-PRO-3® (Invitrogen) for 30 minutes then washed again 3 times for 15 minutes 

each time. After staining the chamber was removed, Fluormount-G (Southern Biotech) applied and 

images visualized with confocal microscope. 

 

 

5 AcLDL uptake by endothelial cells 

AcLDL uptake was performed on epithelial cell culture in rBM. Conjugated AcLDL-A488 

(10µg/ml) (Molecular Probes, Invitrogen) was added to the culture and incubated for 5 hours. The 

AcLDL uptake was then visualized using a Zeiss laser scanning microscope.  

 

 

6 Time-lapse observations 

In time-lapse observations of the rBM co-culture areas of interest, were marked by their 

relevant position in the culture well on a schematic drawing. To track the exact location of the colonies 

of interest, endothelial cells in the culture were used as landmarks to pinpoint it, as they do not migrate 

throughout the rBM. Images were usually taken at 4 to 8 hour intervals of every region of interest, 

throughout the culture period.  
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7 Confocal microscopy 

Immunofluorescence was visualized and captured, using laser scanning Zeiss LSM 5 Pascal 

Confocal Microscope (Carl Zeiss AG, Munich, Germany). Fluorescence isotype specific antibodies 

(Molecular probes, Invitrogen) were used in double and triple labeling experiments. 

 

 

8 Statistical analysis 

All statistical experiments in 3D were performed in triplicate for statistical accuracy. Minimum 

of 30 colonies in every rBM culture were measured using Adobe Photoshop. Populations were 

compared in Microsoft Excel with two-tailed t test and graphs created. Standard deviation of mean is 

represented by the error bars. 
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1.1 VA10 generates a functional pseudostratified epithelium in ALI cultures 
whereas A549 does not 

 

 

 

 
 
 

 

Figure 13. TER comparison between VA10 and A549 cell lines.  By measuring the trans-epithelial 
resistance (TER) in ALI culture the functional activity of TJs can be analyzed. VA10 cells 
are able to generate high TER, indicating functional TJs, whereas the control cultures with 
A549 show no increase in TER throughout the culture period. 
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The functional activity of TJs can be analyzed by measuring trans-epithelial resistance (TER) 

in ALI culture. To better compare the control cell line used in this study, A549 with VA10, I cultured the 

cell lines in ALI. Figure 13A shows that VA10 cells generate high TER in ALI compared to A549 (figure 

13B) that are unable to form functional active TJs. It takes a few days for the epithelium to adapt to the 

ALI conditions and differentiate toward a pseudostratified layer. As the cells differentiate toward an 

airway epithelium with TJs, the TER rises accordingly. After the TJs have formed the TER holds above 

1.000Ωcm2, throughout the culture time, indicating an intact epithelial layer. Z-scanning of 

immunostained ALI filters, demonstrate sub-apical expression of occludin (figure 14A). Further 

characterization revealed expression of p63 in the basal layer (figure 14B). The cystic fibrosis 

transcription factor CFTR is expressed in the apical layer of the ALI culture (figure 14C).  Note the 

similarities to in situ lung tissue stained for markers in figures 14B, E and H.  The high TER generated 

under ALI culture conditions, the expression of specific TJ components and other lung specific 

markers, imply that VA-10 cells are able to form functional pseudostratified lung epithelium, thus 

providing evidence that this cell line can at least partially mimic the pseudostratified upper epithelium 

in vitro. 
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A549 (figure 19C). In contrast the A549 cells showed substantial colony formation without the ECs and 

only a slight non-significant increase was noted in co-culture (figure 20). This reflects on the malignant 

nature of these cells.  

 
 

 

Figure 20. Endothelial cells induce VA10 colony formation and branching morphogenesis. 
Graph showing total colonies in VA10 and 3D cultures in rBM. 500 epithelial cells were 
seeded in all wells, together with 250.000 epithelial cells in co-culture. The green lines 
represent VA10 cultures. The VA10 control is a culture under same conditions but without 
the HUVEC cells. Red lines indicate A549 cultures both with and without HUVEC cells (NS: 
p > 0.05, *: p < 0.05, **: p < 0.005, ***: p < 0.0001). 
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Figure 21. VA10 colony formation increases in co-culture with endothelial cells. Significant 
difference in number of VA10 colonies forming between control and co-culture with 
endothelial cells is observed, along with induced branching morphogenesis. About 22% of 
colonies forming in VA10 co-culture show a branching morphology after three weeks in 
culture. In A549 control cultures no significant difference is seen in co-culture with 
endothelial cells. No branching was observed in the A549 cultures (NS: p > 0.05, **: p < 
0.005). 

 

No branching structures were observed in any A549 culture (figure 19C & 21). However, 

branching morphogenesis was noted in 22% of VA10 colonies in co-culture after three weeks of 

culture time (figure 21). The effects from ECs in co-culture with the VA10 epithelial cells, were also 

noted by an increase in the size of the individual colonies. The size enlargement was only slight in the 

first half of the culture period in cultures with A549 cells, with non-significant difference later in the 

culture time (figures 22 & 23). 
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Figure 22. Epithelial cells form larger colonies in co-culture with endothelial cells than when 
cultured alone. Colony size of VA10 cells and A549 cells in rBM culture, with and without 
endothelial cells, is shown. Only modest effect on colony size is observed in the A549 cell 
cultures. In the A549 co-culture with endothelial cells (red), a size increase is noted in the 
first two weeks of culture, in contrast to the A549 control (dark red). After two weeks the 
size difference decreases and is not significant in the last week of the culture period. The 
VA10 cell cultures show a significant difference in size, throughout the culture period. 
Colonies in the VA10 co-culture (green) reach similar size as the A549 cells at the end of 
culture time. The size of VA10 colonies in the control culture (light green), expand 
throughout the first three weeks of the culture period, where they seem to reach a height in 
day 22 (NS: p > 0.05, *: p < 0.05, **: p < 0.005, ***: p < 0.0001 ).  
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Figure 23. Co-culture of VA10 cells with endothelial cells results in a larger epithelial colony 
size. ECs have a proliferative effect on VA10 cells in culture, resulting in a significant 
increase in colony size (p>). In the control cultures, no significant difference is observed 
between co-culture with ECs and the culture with the A549 cells in rBM (NS: p > 0.05, *: p 
< 0.05). 
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5 Characterization of branching VA10 structures in vitro  

As mentioned in the introduction, the VA10 cell line has previously been characterized and 

used in diverse studies (Asgrimsson et al., 2006; Halldorsson et al., 2007). Further characterization 

was conducted to demonstrate relevance to the in vivo context and to document the branching 

structures that have formed in this model. The branching VA10 structures show a phenotype 

reminiscent of the in vivo bronchio-alveolar structures. This observation was confirmed as the 

structures showed a lung specific marker expression. When stained with two lung specific markers 

(figure 28), proSP-C and TTF-1, they are strongly positive, indicating the lung origin. In addition, 

proSP-C is a specific marker for the ATII cells in the lung, further indicating an alveolar type II 

differentiation. It is interesting to note that ATII cells also have a progenitor phenotype, that is capable 

of differentiating into AT-I cells within the alveolar wall. The cells in these in vitro branching colonies 

also retain some basal differentiation as they are positive for three basal markers, p63, cytokeratin 14 

and 17.  Taken together, these data suggest that when VA10 cells are cultured in a 3D rBM matrix 

along with ECs; they are able to form complex branching structures and furthermore show partial 

alveolar type differentiation. 
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V.   Discussion 

1 Summary 

In this thesis I have described the establishment of a three dimensional lung model capable of forming 

branching structures in culture, reminiscent of the structural phenotype seen in vivo.   

In the initial experiments, I first explored the differentiation capacity of VA10 cells in air-liquid 

interface (ALI) culture and compared the epithelial integrity that is generated in this assay, to lung 

tissue in situ. The VA10 cells formed a pseudostratified epithelium with functional tight junctions (TJs) 

reminiscent of that in vivo, underlining the differentiation potential of the VA10 cell line. Furthermore, 

recent data shows that endothelial cells play an important role in tissue morphogenesis in many 

organs. In this regard I wanted to see how endothelial cells affected the morphogenesis of VA10 cells 

in 3D culture. To further explore the morphogenic capacity of VA10, I cultured the cells in 3D culture 

within reconstituted basement membrane (rBM) matrix, that previously has been shown to support 

branching and morphogenesis of epithelial cells from other organs (G. Y. Lee et al., 2007; Martin-

Belmonte et al., 2008).  

Collectively I have provided evidence that endothelial cells have a functional role in the 

branching morphogenesis of VA10. This supports data from other organs (Breier et al., 1992; Lammert 

et al., 2001; Matsumoto et al., 2001). In this model, endothelial cells induce branching morphogenesis 

of the basal lung epithelial cell line. I have characterized these branching structures and compared 

them to the normal pulmonary tissue. Given the progenitor/stem cell phenotype of VA10 cells. 

measured by the fact that the cells can differentiate into epithelial cell types with both upper airway 

morphology and branching morphology. it can be used to study lung development and biology. The 

ability of endothelial cells to induce branching is a novel finding which opens up possibilities to study 

heterotypic cell-cell and cell-matrix interactions in the human lung. The model could be applied to 

study lung development or drug research. This co-culture model could also be useful in studies on 

cell-cell interactions and cell signaling. 

 

 

2 VA10 in relevance to the airway epithelium 

The epithelium of the airways consists of numerous cell types, interacting during and after 

development, to form a functional organ and to regenerate damaged tissue. Some cell types in the 

airway epithelium are thought to contribute to epithelial renewal, through self renewal and 

differentiation. One of the hallmarks of a healthy upper airway epithelium, is to be able to form and 

withhold active TJs and to form a pseudostratified layer. It has been shown by Halldorsson et al. 

(2007) that VA10 cells are capable of forming an epithelium in ALI culture with functional TJs, 

measured by trans-epithelial resistance and visualized with immunostainings. It has also been 

reported, that primary lung cells have the ability form a differentiated pseudostratified layer in ALI 

when co-cultured with fibroblasts (Myerburg et al., 2007).  
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The VA10’s ability to form TJs and pseudostratified layer of epithelia, suggests that VA10 can 

mimic in vitro some characteristics of the upper airway epithelia. Although ALI cultures have provided 

valuable insights into biology of the upper airways; there has been a lack of representative models to 

study distal lung morphogenesis.  

Human bronchial cell lines, such as Calu-3, 16HBE140- and BEAS2B, have been successfully 

used in drug research, due to their ability to form TJs. The ability to form pseudostratified layer in 

every case, might not be essential. This however, should not lessen the importance of having a 

functional model, more closely mimicking the native airway than those now in use, which can be used 

for conducting experiments in vitro in a simplified environment (Forbes & Ehrhardt, 2005; Myerburg et 

al., 2007).  

When culturing human bronchial epithelial cells, in the effort of mimicking the epithelial surface 

lining of the airway, it has been shown that it is important to use serum free media. It has also been 

shown that when TGF-β is present in serum, it induces terminal squamous stratified epithelia in these 

models and growth arrest (Myerburg et al., 2007). This is consistent with our ALI culture model, since 

it is necessary to culture the VA10 cells on the transwell membrane, before adding the serum 

containing differentiation media. If not, the cells will not form the pseudostratified epithelial layer seen 

in figure 14. 

As mentioned in the introduction, endothelial cells are an important component in organ 

development and therefore it is relevant to explore the endothelial potential, in regard to the 

development of novel model systems.  

 

 

3 Endothelial cells in lung morphogenesis 

It has been shown that endothelial cells are important in the development of many organs. As 

previously mentioned, studies have shown the necessity of endothelial cells in morphogenesis and 

regulation of stem cells in development of several organs, such as liver, pancreas and brain (Breier et 

al., 1992; Lammert et al., 2001; Matsumoto et al., 2001). In my model system, I postulate that the 

endothelial cells are secreting factors, which induce branching morphogenesis in the basal bronchial 

epithelial cell line VA10. This has been supported by preliminary data from pilot experiments, where I 

cultured the cell types in different compartments, with medium flowing freely between the 

compartments and morphological effect was noted.  

Evidence from murine studies has also shown, that signals from endothelial cells can 

stimulate epithelial morphogenesis (Yamamoto et al., 2007). In an article by Vu et al. (2003) they show 

a model, where embryonic mouse lung is grafted under the renal capsule of a host. The graft shows 

both epithelial and vascular development, when explanted in the vascular rich tissue. Some factors are 

strong candidates and their importance in morphogenesis has been shown in mouse developmental 

models. Many of these candidates have shown promise and been speculated in lung development 

throughout the literature, such as FGF10, FGF2, VEGF and HGF (Affolter et al., 2003; Warburton, 

2008; Yamamoto et al., 2007). It has recently been shown, that VEGF-A expression by the lung 
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epithelium is required for capillary formation in the pulmonary tissue. They also found evidence that 

normal septation, or budding, is dependent on HGF signaling from surrounding endothelium. This 

suggests that HGF might serve as an endothelium-derived factor, which signals the epithelium to 

coordinate epithelial and vascular development (Yamamoto et al., 2007). It has also been shown that 

during branching morphogenesis, the epithelial sheet bifurcates into the mesenchyme toward chemo-

attractive signals, such as FGF10 (Bellusci et al., 1997).   

 

 

4 Transition of lung epithelial cells in co-culture toward branching 
morphogenesis 

The epithelial branching structures that form in culture have diverse morphologies. The 

structures seem to be influenced by the proximity of other structures forming in the culture. This is 

observed as growth toward, or inhibition by, other structures in the vicinity. Also as a migration of 

structures, toward each other, to form a new complex structure. These differences in structures 

probably correlate with the process of lung branching in vivo.  

In an article by Metzger et al. (2008), they describe the results of their comprehensive 

documentation, and observation, of the development and branching morphogenesis of the mouse 

lung. They categorize and show the order of branching as a highly preserved process, where the type 

of branching forming, is regulated by when and where in the network they form. It is a note for future 

characterization of the VA10 branching structures, to further define their branching patterns and 

compare to known developmental patterns of the human lungs.  

When the VA10 cells are cultured in rBM, they form solid round colonies, and so do the A549 

cells. However, the A549 colonies quickly develop a budding phenotype. This budding phenotype is 

characteristic for A549 colonies in rBM, whether in co-culture with endothelial cells, or when they are 

cultured by themselves. The A549 cells do not show branching morphogenesis and the effect is non-

significant when co-cultured with endothelial cells.   

On very rare occasions, I have observed a branching structure form in VA10 cells, without the 

presence of endothelial cells in culture. This suggests that VA10 has an inherent ability to branch but 

this characteristic is dramatically facilitated in co-cultures with EC’s. It is still unclear as to what factors 

and pathways are responsible for the branching morphogenesis but I have seen clear evidence that 

the presence of endothelial cells induce branching in my model. It is likely that the inducing effects are 

endothelial-derived, due to secreted soluble factors and a possibly crosstalk between the cell types. 

The growth inducing effect and the effect on morphology from the presence of endothelial cells in co-

cultures, is extensive as shown in figures 20-23. From the measurements of the VA10 control cultures, 

it is evident that there is a decrease in the colony size at the end of the culture time. This decline in 

size is probably due to the fact, that when the larger colonies reached the surface of the rBM, cells 

from them migrated onto the surface, forming a tube-like network. Another notable effect of long 
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culture time is the decline in number of colonies. This can be traced to growth, as the larger colonies 

engulf smaller ones as they grow. 

I have established a novel model that could prove useful in studying lung biology, tissue 

development, what signaling pathways come in play, gene expression studies and asking specific 

questions about the heterotypic interactions between cell types in vivo.  

It is a rare thing to come across reports of human branching lung models in the literature. 

However, there have been reports of branching in cultures, when a part of fetal mouse lung has been 

implanted in rBM. This branching is minimal and short lived (Hyatt et al., 2004). Formation of cysts, 

have also been reported by Keith Mostov’s group in Yu et al. (2007). There they cultured primary ATII 

cells in a 3D culture system which resulted in polarized cysts, reminiscent of alveoli. My bronchio-

alveolar-like structures are not hollow as Mostov’s cysts. Also, branching occurs in my model but not in 

Mostov’s. In their model, individual cells embedded in the gel, form the cysts by migrating and colliding 

with each other. This process is without proliferation or apoptosis. The VA10 cells are bronchial 

derived and have shown diverse differentiation capabilities. It is possible that the primary ATII cells are 

too differentiated, to be able to form the complex branching structures. It is necessary to mention that 

VA10 is a cell line, generated by immortalizing normal primary bronchial epithelial cells by transfection, 

with a retrovirus containing the human papilloma virus-16 E6 and E7 genes (Asgrimsson et al., 2006). 

It is inevitable that the immortalization process interferes with the differentiation capabilities of VA10. 

However cell lines immortalized with E6/E7 have been widely used, and it has been shown, that some 

cell lines made with those genes are without much interference to their differentiation capabilities 

(Gudjonsson et al., 2004). 

 

 

5 Marker expression, pathways and mechanisms of branching  

As mentioned before, there are a number of lung epithelial cell lines that have been used in 

human lung research. These cell lines differ by cellular origin in representing various cell types in the 

lung. Notably, the most widely used of these, is the non-small cell alveolar type II carcinoma derived 

cell line A549. It has been used in this study as a comparison in some experiments (Lieber et al., 

1976; Smith, 1977). Though a number of non-carcinoma derived lung cell lines are used in lung 

research, there is a shortage of lung cell lines that have progenitor-cell like capabilities. VA10 cells 

show pluripotency, being able to both generate pseudostratified epithelium, consistent with upper 

airway differentiation, and branching lower airway differentiation. Furthermore, we have recently 

observed that VA10 cells are capable of forming a beating cilia in ALI (Halldórsson, 2010).   

 

These differentiation capabilities are supported with expression of specific markers, that are 

corresponding to the relative expression in vivo. The branching phenotype shows expression of TTF1, 

primarily found in ATII and clara cells, and the distal ATII epithelial marker, proSP-C, indicating a 

differentiation toward ATII. Marker expressions in the ALI model, show expression of CFTR on the 
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apical layer, with p63 expression in the lower layer only. This is consistent with the expression in 

normal airway epithelium, as seen in figure 14. These data indicate further that the VA10 models might 

be relevant in future studies. 

 

 

 

6 Future perspectives 

The results demonstrated in this thesis, open possibilities for further investigations with the co-

culture model as platform. The focus at the laboratory in the near future will be to further characterize 

the branching structures and to define the EC derived factor’s, that are responsible for the epithelial 

proliferation and morphological changes. The model can be adapted or expanded to include other cell 

types of the mesenchyme, such as fibroblasts and macrophages. It could also be used to study the 

effect those cell types might have on the morphology of the lung cells. It is also interesting to explore 

in more detail the heterotypic interactions between the endothelial and epithelial cell types.  

The molecular pathways and the mechanics in morphogenesis will be explored. Already, 

groundwork has been done in the study of the signaling process through tyrosine and threonine 

receptor kinases and their inhibitors. Furthermore, this model might be adapted to study the origin and 

progression of lung diseases, such as cancer, and in that context, drug development.  

 
 
 

VI. Concluding remarks 

In summary, I have demonstrated here the establishment of a functional co-culture model of 

lung epithelial cells and endothelial cells. In addition, I have observed proliferative and morphogenetic 

effect, induced on epithelial cells by the presence of endothelial cells in the culture. The data from my 

work, suggests that this model may be useful for further studies on lung morphogenesis and cancer. 
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Abstract 

Lungs develop through epithelial branching morphogenesis from the fetal 

digestive tract. Due to a lack of representative cell lines and culture models it has 

been difficult to recapitulate human lung morphogenesis in vitro. The aim of this 

study was to develop a new three dimensional (3D) cell culture model to study 

human lung morphogenesis and cellular differentiation. We used a human airway 

epithelial cell line (VA10) recently developed in our laboratory in co-culture with 

human umbilical vein endothelial cells (HUVECs). We found that in co-culture 

with HUVECs, the airway epithelia underwent marked branching forming 

bronchial-alveolar like structures, suggesting that airway 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 manifested by immunostaining. These 

bronchioalveolar-like structures were polarized as shown by continuous 

expression of integrins at the cell-matrix interface. Furthermore, fibroblast growth 

factor receptor-2 (FGFR-2) was expressed at the growing tips of the branching 

structures and interestingly, sprouty-2, a critical regulator of branching 

morphogenesis, was also strongly expressed. In this study we show that a 

human airway 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 
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development and suggests a critical role for heterotypic interaction between the 

epithelium and the vascular endothelium during branching morphogenesis.  
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Introduction 

Critical events in lung development are becoming increasingly understood, 

through detailed developmental studies in genetically engineered mouse 

models[1]. Much less is known about lung development and airway stem cell 

biology in humans, partly due to a lack of good experimental models. 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 cellular composition of the airway epithelium between rodents and 

humans. In the rodent, the important basal cells, candidate airway epithelial stem 

cells, are confined to the trachea, while in the human lungs, basal cells are 

present throughout the upper airways, and all the way down to the small 

bronchioles [5-7]. This supports the importance of generating models of human 

airway development and differentiation, such as cell culture assays to study the 

cell biology of the human 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 bronchoalveolar 

carcinoma [8] and has been widely used to study lung biology in general, even 
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though it is derived from malignant tissue.  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 models available and have been used to study upper airway 

bronchial epithelial integrity including barrier function and the activity of tight 

junctions complexes [2].  

In order to more closely mimic the airway epithelial lining, primary human 

bronchial epithelial cells have been studied under various conditions. When 

primary human epithelial cells are cultured at the air-liquid interphase using 

serum containing differentiation media, they undergo terminal squamous 

differentiation instead of forming a pseudostratified polarized and cililiated 

epithelial layer. This is at least partially due to serum derived transforming growth 

factor β (TGF-β) [9]. However, under such air-liquid interphase conditions 

fibroblasts and fibroblast secretions have been shown to stimulate the formation 

of a pseudostratified ciliated epithelium, an effect partially mediated by 

hepatocyte growth factor (HGF)  [10]. This highlights the importance of the bi-

directional communication between the epithelial and stromal cellular 

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. 
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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 during lung 

development [12].   Interestingly, Yamamoto et al. have demonstrated that 

endothelium-derived HGF is necessary for distal lung morphogenesis in mice, 

including formation of alveoli [13].  Furthermore, recent data from various 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 [14]. 

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 airway epithelium following 

injury. In this paper, we describe a 3D epithelial culture model using a recently 

described human basal-like airway epithelial cell line (VA10) cultured in 

reconstituted basement membrane (rBM) [15]. 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 [15-17]. In contrast, 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 beta4-Integrin on the outer (basal) surface, and claudin-1 laterally, but lack 
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branching morphogenesis [15].   VA10 has a phenotype similar to human airway 

epithelial basal cells, including the expression of p63 and cytokeratin 14 [15]. 

Airway epithelial basal cells both self-renew and generate luminal daughters in a 

sphere-forming assay, and have thus been suggested to be candidate airway 

epithelial stem cells [6]. This suggests 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 

differentiation mimicking bronchioalveolar-differentiation 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 distal lung morphogenesis. Furthermore, our data support a 

critical interaction between the vascular and epithelial compartments during 

epithelial branching morphogenesis and alveolar differentiation. 
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Material and Methods: 

Cell culture: The bronchial epithelial cell line VA10 was previously established 

by retroviral transduction of primary bronchial epithelial cells with E6 and E7 viral 

oncogenes ([17]). The cells were cultured in bronchial epithelial growth medium, 

BEGM (Lonza, Walkersville, MD) supplemented with 50 IU/ml penicillin and 50 

µg/ml streptomycin (Gibco, Burlington, Canada).  

The human lung adenocarcinoma derived alveolar epithelial cell line A549 

(American Type Culture Collection, 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 streptomycin (Gibco).  

Primary human umbilical vein endothelial cells were cultured on T75 tissue 

culture flasks (Becton Dickinson) 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 Biosciences, 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 1ml of culture medium. For co-culture experiments 2.5x106 HUVEC cells 

and 500-1000 VA10 (or A549) cells were seeded into the Matrigel to ensure 

clonal growth and reduce cell aggregation of epithelial cells. In this experimental 
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setup the endothelial cells remain non-proliferating while marked proliferation is 

seen in the epithelial cells.  For direct staining of branching structures in Matrigel 

we used 8-well chamber slides with 100 µl Matrigel, 8.3x105 HUVEC cells and 

333 VA10 cells. 

Immunohistochemistry: Immunofluorescent staining of 3D gels was carried out 

in the culture chamber as previously described [18]. 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 trea tment. After fixation the gels 

were washed three times for 15 minutes at room temperature with 100mM 

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 supplemented with 1% goat anti 

mouse immunoglobulin G for 20 minutes. Primary antibodies were incubated 

overnight at 4°C, followed by three 25 minute washe s 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 perfor med with TO-PRO-3® 

(Invitrogen, Carlsbad, CA) for 30 minutes followed by 3x15 minute washes. The 

chambers were removed after staining and the samples were embedded in 

Fluormount-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® O.C.T. c ompound (Sakura 

Finetek, Zoeterwoude, Netherlands) and sectioned in a cryostat (5-20µm 
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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), Cytokertatin 17 (E3) (DAKO, Glostrup, Denmark); Cytokeratin 14 

(LL02), FGFR2 (Abcam, Cambridge, MA); Integrin-β4 (3E1) (Chemicon, 

Temecula, CA);  p63 (7JUL), TTF-1 (SPT24) (Novocastra Laboratories, 

Newcastle upon Tyne, UK); E-Cadherin (HECD1) (Zymed, South San Francisco, 

CA).  

Isotype specific secondary antibody conjugates Alexa fluor® (Alexa fluor, 488 

(green), 546 (red), Invitrogen) were used for immunofluorecence experiments 

with TO-PRO-3® (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 

preservation of the fluorescent signal from the samples after staining, specimens 

were mounted using Fluormount-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 captured using a Leica DFC320 digital camera attached to a Leitz Fluovert 

microscope (Wetzlar, Germany) 
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Results: 

Endothelial cells stimulates  branching morphogenesis of airway epithelial cells:  

In the light of recent data from various organs demonstrating  the importance of 

vascular endothelium in stem cell niche and organogensis [19-21], and  due to 

the fact that bronchioles  and alveoli are adjacent to the vascular endothelium in 

vivo, we hypothesized that vascular endothelium might induce a distal airway 

phenotype in bronchial epithelial cells. To test this, we designed a co-culture 

assay mixing VA10 airway epithelial cells and endothelial cells. 

When cultured alone in rBM matrix, the VA10 cells formed spheric colonies 

without branching (figure 1A). Human umbilical vein endothelial cells (HUVEC) 

alone in the same culture conditions remained non-proliferative but viable for 

over 4 weeks and did not form any structures (figure 1B). When HUVECs were 

seeded together with the VA10 cells into rBM, a striking proliferative and 

morphogenic effect was seen. The VA10 cells formed complex branching 

colonies reminiscent of bronchio-alveolar units of the 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).  The HUVECs not only induced branching 

in VA10 cells (figure 1K), but also stimulated the total number of spheric colonies 

(figure 1J). The earliest branching colonies were seen after 9 days in culture, but 

a rapid increase in their number was seen after 13 days (figure 1J), with 6,4% of 

colonies branching at day 13 and 20% at day 26. Branching colonies are also 
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observed after prolonged culture periods of VA10 cells without HUVECs, 

however these are rare. 

Figure 1G delineates the arrangement of nuclei in branching structures. These 

structures generally do not form hollow cavities. The cells show epithelial 

characteristics such as polarity towards the rBM indicated by the expression of 

beta4-integrin on the basal surface (external surface of the structures, figure 1H), 

and E-cadherin expression at cell-cell contacts (figure 1I and 3B). The 

endothelial marker CD31 was used to identify the position of HUVEC cells (figure 

1F). Individual endothelial cells were seen distributed throughout the gel, while 

no staining was detected within the branching structures, confirming that the 

HUVECs do not contribute directly to these structures. 

We also tested if the widely used human alveolar epithelial cell line A549 could 

generate branching colonies in rBM. When cultured alone, A549 cells formed 

irregular colonies and no phenotypic changes occured in co-culture with 

HUVECs, 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 1J). 

Figure 2 shows a time-lapse series of the branching formation of the VA10 

colonies in co-culture with endothelial cells. In figure 2A the dashed circle follows 

a single branching colony through different stages of branching, while in the 

dashed box a large branching colony is formed by merging of smaller branching 

colonies. Figure 2B follows a single colony at higher magnification through days 

7 to 18. The single round sphere undergoes multiple cleft formations at day nine. 
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These clefts lead to branches that gradually generate further branches with 

interconnecting tubes (day 13 and 14), thus showing complex epithelial 

branching morphogenesis.  

Basal-like airway epithelial cells show type-II alveolar-like differentiation in 

branching structures 

Further characterization of the epithelial branching structures was carried out by 

immunofluorescent staining against lung specific markers (figure 3). Thyroid 

transcription factor 1 (TTF-1) is the earliest known marker of lung epithelial cell 

commitment  during mouse development.  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 [22]. 

Interestingly, 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 cytokeratins, 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-cadherin in figure 3B) 

and CK14 showing strong expression in cells facing the rBM (figure 3A). The 

nuclear proteins p63 and TTF-1 both show a clear nuclear staining pattern (figure 

3A and 3C). 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 structures (figure 3C), together with the p63 protein, indicating a 
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partial differentiation of the basal-like cells towards an alveolar type II fate. Thus, 

the branching VA10 colonies show pulmonary specific gene expression pattern 

with genes such as TTF-1and proSP-C. Furthermore, they express basal 

markers such as CK14/17 and p63. The SPC expression indicates type II 

alvelolar differentiation. 

In order to better understand the molecular events underlying branching 

morphogenesis in the VA10 colonies, we analyzed the expression of two critical 

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). Sprouty-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 indicates that the same molecular events are likely to underlie 

branching morphogenesis in our culture model system as seen in vivo in rodent 

lung models and the drosophila airway conducting system [23] [24]. Future 

analysis will be aimed at identifying endothelial-derived factors involved in the 

branching process as well as characterizing the functional role of these factors in 

the branching of human airway epithelial cells. 
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Discussion: 

In vitro models are important supplements to animal models to study cellular 

interactions and basic developmental processes, repair and carcinogenesis. In 

this paper we describe a novel in vitro model of branching morphogenesis in the 

human lung, using an airway epithelial cell line in coculture with endothelial cells, 

allowing the capture of critical aspects of distal lung morphogenesis. We found 

that branching morphogenesis is depended on an interaction between airway 

epithelia and the vascular endothelium. 

The stroma is known to play a major role in organogenesis and maintenance of 

tissue structure and function in epithelial based organs such as the mammary 

gland [25], prostate[26] and lung[27].  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 branching of epithelial cells is stimulated 

by various stromal-derived growth factors, especially fibroblast growth factors 

(FGFs) acting through FGF-receptors on the invading epithelial cells[28]. 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 airway epithelium during 

mouse lung development [29, 30]; 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 stimulating epithelial 

invasion and branching behavior. 
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Branching morphogenesis is one of the key developmental processes during 

lung development. A recent seminal paper using mouse model 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 

[31]. They suggested that among the developmental switches or regulators of 

this process might be the sprouty gene family, specifically sprouty-2. In our 

model, both FGFR2 and Sprouty-2 are highly expressed at the growing buds of 

the branching structures, supporting a role for these important regulators of 

branching morphogenesis in the human lung. In the mouse embryonic lung, 

Sprouty-2 appears to be dynamically expressed in the peripheral endoderm  and 

downregulated in the clefts between new branches. Furthermore, overexpression 

of Sprouty-2 in the peripheral airway epithelium in vivo results in diminished 

branching [23]. 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 function 

of Sprouty, in a well controlled in vitro system.  

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 disappeared and microvessels are prominent, especially surrounding the 

alveoli. Recent data from various organs such as the liver, pancreas, brain and 
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bone marrow indicate the importance of endothelial cells in fate control of stem 

cells and for organogenesis and tissue maintenance [14].  Lammert et al. have 

shown that endothelial cells are important for both pancreas and liver 

organogenesis [19]. Similarly, endothelial cells were shown to be vital 

components in the stem cell niche in the nervous system [21], and in 

hematopoiesis [32]. 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 reason is the 

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[33]. Of these, basal cells 

are postulated to be an important potential candidate as 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 [15], suggesting that it 

differentiates significantly depending on environmental conditions. In addition we 

show that the VA10 forms branching epithelial structures reminiscent of distal 

bronchioalvolar-like structures with partial alveolar type II differentiation 

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 
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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 candidate inducers of distal airway epithelial differentiation.
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Figure legend 

 

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 spheric colonies when 

cultured in rBM. B. HUVEC cells cultured in rBM do not form colonies but occur 

as single non-priliferative 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. Confocal projection showing the nuclear 

arrangement of a branching structure (TO-PRO-3, white). H,I. Details of  terminal 

buds, TO-PRO-3, blue. H. Beta4-Integrin expression (green) at the interphasae 

between the structures and the matrix. I. E-Cadherin (green) outlines the 

epithelial cell junctions in brancing structures. Scalebars 100µm (A-E)/50µm (F-I) 

J. 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). K. The number of branching colonies over time in co-

culture of VA10 and HUVEC and VA10 cells cultured alone. The persentage of 

total colonies is shown above each point. Error bars indicate standard deviation. 
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Figure 2. Spatial formation of bronchioalvolar structures. A. Time series of 

VA10/HUVEC co-culture in Matrigel. Days after seeding are indicated. Two 

modes of brancing are outlined. The structure in the circle forms from a single 

colony, while in the boxed region three colonies fuse to form a branching 

structure. B. Higher magnification of a colony undergoing branching 

morphogenesis during days 8-17 after seeding. Scale bars 100 µm. 

 

Figure 3. The branching epithelium expresses basal and bronchial 

epithelial markers. Confocal sections of immunofluorescently labelled 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 50µm (left column), 10µm (right column). 

 

Figure 4. FGFR and Sprouty2 are expressed in the branching epithelium. 

A,B. Confocal sections of isolated structures, nuclear TO-PRO-3 staining is 

shown in blue, beta4-Integrin in green. A. FGFR2 (red) is upregulated at the tips 

of branches. B. Sprouty2 expression lines the branching structures. Scale bars 

50µm. 
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Figure 1. Endothelial cells induce branching in colonies of VA10
epithelial cells in reconstituted basement membrane matrix.
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