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Abstract 

 

Epithelial denudation has been shown to be one of the characteristics of chronic asthma 

and airway remodeling. To restore its functions, the airway epithelium has to rapidly 

repair the injuries and regenerate its structure and integrity. Mesenchymal stem cells 

(MSCs) have been shown to differentiate into many different cell lineages. In this study, 

we examined and optimized the conditions for differentiation of MSCs into airway 

epithelial cells by using three defined cell culture media compositions with various 

growth supplementations.  MSCs were isolated from porcine bone marrow by density 

gradient centrifugation. The cells were observed to be CD11b- CD34- CD45- CD73+ 

CD90+ and CD105+ by immunostaining and flow cytometry.  MSCs were stimulated 

with EpiGRO (Millipore), BEpiCM (ScienCell), and AECGM (PromoCell) media for 5 

days and 10 days, and epithelial differentiation into epithelial cells was assessed by 

fluorometry and flow cytometry using the epithelial cell specific markers, cytokeratin 7-

8, cytokeratin 14-15-16-19, and epithelial cell adhesion molecule (EpCAM). The cells 

cultured in BEpiCM containing fibroblast growth factor and prostaglandin E2 showed the 

highest expression of the epithelial markers, CK7-8 (85.90%), CK-14-15-16-19 

(10.14%), and EpCAM (64.61%).  These studies suggest that stem cells isolated from 

bone marrow express epithelial markers and retain their differentiated phenotype when 

cultured ex vivo.  In conclusion, the results from this study represent the first step to 

utilizing bone marrow-derived stem cells for facilitating the repair of denuded airways in 

asthmatic subjects. 
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Chapter 1 

INTRODUCTION AND BACKGROUND 

1.1 Asthma 

Asthma is an inflammatory disease of the airways that is characterized by reduced 

air flow and symptoms including chest tightening and shortness of breath (Diaz-Guzman 

and Mannino, 2010; Holgate, 2008).  In chronic asthma, the airway structure is altered, 

which is the result of increased airway obstruction (Holgate, 2008).  The structural 

changes to the airways include epithelial shedding, goblet cell hyperplasia, collagen 

deposition, smooth muscle proliferation, and angiogenesis (Davies, 2009).  These 

phenomena are collectively termed as airway remodeling (Holgate, 2008). 

 

1.1.1 Airway remodeling 

Airway remodeling is the term used to describe the structural changes that the 

airway undergoes in response to asthma.  These structural changes include epithelial 

detachment, subepithelial fibrosis, increased smooth muscle, goblet hyperplasia, 

angiogenesis, edema, and alteration of cartilage structure (Ayach et al., 2006; Davie et 

al., 2004).  While epithelial detachment does occur under normal conditions, there is a 

significantly higher amount of epithelial detachment following injury or during 

inflammatory conditions (Choe et al., 2006; Kocher et al., 2001).  Damage of the 

epithelial cells observed during airway remodeling could be a direct result of 

inflammation or it could be from the increased bronchoconstriction in asthmatic 

conditions. 
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Another feature of airway remodeling is subepithelial fibrosis (Kocher et al., 

2001; Loi et al., 2006; Warburton et al., 2001).  Under normal conditions, there is a layer 

of collagen fibers under the basement membrane (Davie et al., 2004; Sueblinvong et al., 

2008).  In asthmatics, the thickness of this collagen layer increases due to a dense 

deposition of collagen I and II fibrils, proteoglycans, and fibronectin among other 

components of the extracellular matrix, which are the parts of an organ that provide 

structural support (Choe et al., 2006; Siddiqui and Martin, 2008).  Highly activated 

fibroblasts are responsible for this increased collagen deposition, which are mediated by 

an upregulation of cytokines such as TGF-β. 

An increase in smooth muscle is another important characteristic of airway 

remodeling (Puchelle et al., 2006).  In an asthmatic lung biopsy, it is very clear that there 

is smooth muscle hyperplasia (Davie et al., 2004).  This could be due to an increase in 

proliferation, decrease in apoptosis, or increase in migration.  The hyperplasia can be in 

response to inflammatory cytokines or change in composition of the ECM, which also 

occurs during airway remodeling (Kocher et al., 2001; Puchelle et al., 2006).  

Hypertrophy of smooth muscle cells also occurs, but to a lesser extent (Nayak et al., 

2006; Puchelle et al., 2006).  There is an increase in smooth muscle width, which 

contributes to an overall narrowing of the airways (Puchelle et al., 2006).  

Goblet cell hyperplasia is very common in asthmatics (Kocher et al., 2001).  This 

is mainly due to an increase in the IL-9 and IL-13 in the airways, which results in an 

increase in the mucus secretion, which also contributes to airway obstruction (Kocher et 

al., 2001). 
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Patients with mild asthma experience increased vascularity.  Due to an increase in 

angiogenesis, (Puchelle et al., 2006)  vascular endothelial growth factor (VEGF) is the 

main factor responsible for increased angiogenesis and an increase in the permeability of 

blood vessels.  This increase in vascularity could lead to edema in the wall of the airways 

which results in increased obstruction of the airways. 

Cartilage accounts for 25 to 63% of the structure in the larger airways (Davie et 

al., 2004; Sumi and Hamid, 2007).   The role of cartilage in the airways is to maintain the 

structural integrity of the airways by minimizing the amount of deformation during 

expiration (Davie et al., 2004; Sumi and Hamid, 2007).  In asthmatics, the amount of 

cartilage in the airways decreases, making asthmatics more prone to airway obstruction. 

 

1.1.2 Role of epithelium 

The airway epithelial lining plays a major role in protecting the host from the 

external environment, maintaining tissue homeostasis, and permitting appropriate 

respiration.  The epithelial lining is ciliated which provides protection against harmful 

antigens from entering the airways (Ganter et al., 2006; Holgate, 2007). The ciliated cells 

also have ion channels on their apical membrane (Hug et al., 2003; Wei et al., 1995) and 

participate in regulating the amount of water and ions on the surface of the airways 

(Shannon and Hyatt, 2004; Wesley et al., 2007).  Goblet cells, which are simple 

columnar epithelial cells, secrete mucus and prevent the airways from drying out, as well 

as shielding the internal components of the airways from the outside (Dosanjh et al., 

2001; Reader et al., 2003).  When these barriers are jeopardized, inflammatory processes 

attempt to restore homeostasis (Holgate et al., 2009).  However, inflammation causes 
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damage to the epithelium that promotes denudation of the epithelial layer, which is one of 

the hallmarks of chronic asthma and airway remodeling (Majka et al., 2005; Shu et al., 

2005; Spees et al., 2003). The process for epithelial repair can be extensive and taxing, 

depending on the extent of the damage (Siddiqui and Martin, 2008). However, there 

recently has been a new epithelial repair mechanism that has been described that involves 

inducing resident stem cells within the airways to undergo differentiation (Kotton and 

Fine, 2008; Snyder et al., 2009; Warburton et al., 2008).  

 

1.1.3 Response to lung injury 

Many factors affect the actions of cells in a particular tissue.  A system in 

homeostasis is balanced, stable, and usually reflects the normal state of the system (Ling 

et al., 2006).  However, if homeostasis is disrupted the actions of the cells can change 

(Lawson et al., 2002).  In response to airway injury, sonic hedgehog signaling is 

upregulated and some of the stem cells in the lung are differentiated into epithelial cells, 

suggesting a role for Shh in stem cell differentiation into airway epithelial cells (Watkins 

et al., 2003).  Some of the same transcription factors that are activated during the 

development of the lung may also play a role in differentiation (Stripp et al., 1995).  

These transcription factors include Sox-2, Sox-17, Foxa2, and factors of the WNT 

pathway.  It is observed that these particular genes are upregulated during the transition 

period of cell differentiation (Park et al., 2006). 

 

1.2 The airways 

1.2.1 Structure 
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The lung is a structure that consists of two distinct regions.  The first region is the 

conducting airways (Daly et al., 1998; Dosanjh et al., 2001; Fisher et al., 2005) and the 

second is the area where gas exchange occurs (Dosanjh et al., 2001; Inayama et al., 

1989).  The conducting airways can be further divided into two areas: the cartilaginous 

airway and the bronchioles.  The cartilaginous airway consists of the trachea and bronchi.  

These parts are primarily lined with basal, ciliated, and goblet cells which make up the 

epithelium (Dosanjh et al., 2001; Kube et al., 2001; Nord et al., 2002).  The distal 

bronchioles are lined with ciliated epithelial cells and non-ciliated Clara cells.  Most of 

the lung is composed of the space where gas exchange occurs, which is termed the 

alveolar region (Dosanjh et al., 2001; Quinton, 1990).  This area is lined with alveolar 

epithelial cells that have two distinct phenotypes: a flat squamous type and a cuboidal 

type. 

 

1.2.2 Development 

The entire respiratory system develops from the foregut (Rawlins and Hogan, 

2006).  Lung epithelial tubules grow and branch out, hence the name, ‘respiratory tree.’  

The lung also needs to be vascularized, which occurs via angiogenesis.  Later in gestation 

epithelial progenitor cells differentiate into secretory, ciliated, and basal cells. (Rawlins 

and Hogan, 2006).  The more distal parts of the airways form saccules and the epithelial 

cells in this region form alveolar type II and type I cells.  The type of cell that progenitor 

lung cells differentiate into is determined by transcription factors and signaling molecules 

in the cell (Rawlins and Hogan, 2006). 
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The Hedgehog pathway is very important for lung development (Watkins et al., 

2003).  One of the factors that regulate this pathway is called the Hedgehog interacting 

protein.  A loss of Hedgehog interacting protein will not allow the lungs to form correctly 

and is fatal.  The loss of this protein will not allow for FGF-10 expression, which is 

essential for epithelial differentiation.  FGF-10 is essential in the growth of the lungs also 

(Cardoso et al., 1997).  Without FGF-10 the lungs will be hypertrophied, which makes 

this a good candidate for lung development problems. 

The Notch pathway is potentially influences the differentiation of epithelial cells 

(Varnum-Finney et al., 2000).  Studies have shown that Notch regulates the stemness of 

cells in other organs, which means that this might apply to the resident stem cells in the 

lung as well (Babaie et al., 2007; Calvi et al., 2003).  Notch works via cell-to-cell contact 

and Notch receptors.  It has been shown from biopsies that components of the Notch 

pathway are down-regulated in hosts with lung injury (Deimling et al., 2007).  Prevention 

of ligand binding to Notch receptors results in an altered ratio of terminally differentiated 

cells in the epithelium (Reya et al., 2003; Shen et al., 2004; Varnum-Finney et al., 2000).  

In this instance, there are no Clara cells and more ciliated cells than in a normal airway.  

An over expression of Notch1 results in an increase in mucin producing cells and a 

decrease in ciliated cells, suggesting that Notch could be a key player in the determining 

cell fates within the lung. 

 

1.3 Treatments 

1.3.1 Regenerative medicine 
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Regenerative medicine is a relatively new field of science that attempts create 

new tissues to replace old cells and tissues.  This is becoming an increasingly popular 

field, as the only way for patients with end-stage lung diseases and injuries is to get lung 

transplants (Andrade et al., 2007; Blanpain et al., 2004; Colter et al., 2000; Ishikawa et 

al., 2004; Puchelle et al., 2006). The number of available lings is far below the demand 

of these organs, and this gap is expected to widen (Nygren et al., 2004; Okamoto et al., 

2002; Olmsted-Davis et al., 2003; Rizvi et al., 2006).  Regenerative medicine could be a 

viable option in the treatment of people with severe lung injuries or diseases (Hicks et al., 

1997; Sauvageau et al., 1995; Stripp et al., 1995; Vassilopoulos et al., 2003). 

 

1.3.2 Tissue engineering 

Tissue engineering is a combination of different techniques used to repair or 

improve biological functions in tissues (Alton et al., 1993; Zabner et al., 1993).    There 

is difficulty with maintaining or mimicking functions in the original tissue, particularly 

during the tissue engineering of entire organs or systems (Ali et al., 2002; Choe et al., 

2006; Paquette et al., 2004; Shigemura et al., 2006; Xu et al., 2008; Yang et al., 2003).  

For example, when rebuilding an airway the airway must maintain the function of gas 

exchange, as this is the main function of the airways (Le Visage et al., 2004; Watson et 

al., 2001). Another concern is the possibility of rejection the engineered tissue in the 

body.  These represent only some of the many factors that provide imminent challenges 

in the field of tissue engineering. 

Thus far, an entire airway has not been engineered, although there has been some 

progress toward that goal (Shigemura et al., 2006).  One notable stepping stone was the 
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creation of a trachea, which was cultured ex vivo.  However, the lung is much more 

intricate and additional functions must be considered.  One potential source of stem cells 

for tissue engineering is embryonic stem cells (Rippon et al., 2006).  Tissue engineering 

will be a viable option for treatment in the future, but presently more research needs to be 

done. 

 

1.3.3 Gene therapy 

Gene therapy is an approach used to alter the DNA in a cell in order repair 

deficiencies.  This approach has been used with hereditary diseases such as cystic fibrosis 

(Bruscia et al., 2006; Drumm et al., 1990; Eissa et al., 1994; Flotte et al., 1993; 

Snouwaert et al., 1992), but it could also be used in asthma.  Because asthma has an 

integral environmental component to disease development, it will be more difficult to 

genetically alter the microenvironment to ameliorate disease (Alton et al., 1993; Smith, 

2001).  The target needs to be identified, but since asthma is not entirely genetic in 

etiology, an alternative target must be identified.    It has been implicated that the one of 

the cell types as a target for gene therapy in asthma could be airway epithelial cells 

(Beckett et al., 2005; Chow et al., 1997).  Currently, the standard of treatment for asthma 

is inhaled corticosteroids and the use of bronchodilators (Xu et al., 2008).  The benefits 

of gene therapy would need to surpass current treatments in order to be a realistic option 

for an alternative treatment.  The most feasible option for gene therapy would be a 

downstream target for inflammation.  One option could be to decrease or knock out the 

production of pro-inflammatory cytokines such as IL-4.  Another option could be to over 
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express inhibitors of the Th2 response such as interferon-γ.  The last option could be to 

target the cytokine cascade; a likely target for this would be NFκB. 

 

1.4 Stem cells 

1.4.1 Stem cells for regeneration 

Stem cells have been identified in many of tissues in the body such as adipose 

tissue, trabecular bone (Sottile et al., 2002), heart (van Laake et al., 2006; van Laake et 

al., 2008; van Laake et al., 2007), liver (Greenbaum and Wells, 2009), blood vessels 

(Stappenbeck and Miyoshi, 2009), and skeletal muscle (Grounds et al., 2002).  Although 

adult stem cells are found throughout the body, stem cells from the bone 

marrow/mesenchymal stem cells are often used for regenerative medicine applications 

because of convenience and accessibility(Yamanaka and Takahashi, 2006).  There have 

been a few theories on how these cells work to repair or regenerate tissues.  Some studies 

that show that stem cells can home to the site of injury and reside there to physically add 

to the cells that are lost or injured. (Kotton et al., 2005; Krause et al., 2001; Nygren et al., 

2004; Reinecke et al., 2004; Rizvi et al., 2006; Shi et al., 2004; Wang et al., 2007; Wong 

et al., 2007). More recent studies have shown that bone marrow stem cells can repair 

tendons (Awad et al., 1999), myocardium (Pittenger and Martin, 2004), heart valves 

(Sutherland et al., 2005), and cartilage (Wakitani et al., 2007). However, differentiation 

of bone marrow stem cells to epithelial cells has not been completely defined yet, which 

is the central focus for the current study. 

Another theory suggests that instead of adding to the cells that are lost, the stem 

cells provide a microenvironment for cells to grow and differentiate.  They would do this 
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by allowing other progenitor cells to repair the site of injury or by halting immune 

responses to prevent ongoing damage (Ayach et al., 2006; Ortiz et al., 2007; Xu et al., 

2007b).  The idea of using stem cells for regeneration and therapy for asthma would 

eliminate problems related to organ availability and rejection. 

 

1.4.2 Stem cell characteristics 

Stem cells can self renew, meaning that they divide into cells that have 

characteristics similar to the parent cell (Snyder et al., 2009).  Another characteristic of 

stem cells is the ability to differentiate into different cell types (Tesei et al., 2009).  

Usually when differentiation happens, a progenitor or unspecialized cell becomes more 

specialized.  However, this usually happens more than once.  There are many 

intermediates between an unspecialized cell and a terminally differentiated cell, which is 

a cell that cannot become anymore specialized.  Transdifferentiation occurs when a cell 

differentiates outside of its predetermined path, due to various stimuli (Avital et al., 2007; 

Coraux et al., 2005; Fehrenbach, 2001).  One example of this is a corneal epithelial cell 

differentiating into a hair follicle on the skin (Pearton et al., 2005).  A stem cell can also 

dedifferentiate, which occurs when the cell becomes less specialized (Aggarwal and 

Pittenger, 2005). 

 

1.4.3 Plasticity 

Plasticity is the measure of transdifferentiation a cell can undergo (Dooner et al., 

2008).  There are different degrees of plasticity for stem cells.  Totipotent cells can give 

rise to every cell in the body and includes embryonic stem cells.  These cells are the most 
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undifferentiated cells; therefore, they can only be obtained from the first divisions of the 

fertilized egg.  Pluripotent stem cells can differentiate into any of the three germ layers.  

These cells are the second most undifferentiated cells.  These are more commonly known 

as embryonic stem cells.  Multipotent stem cells can differentiate into even fewer cell 

lineages.  Some common examples of these types of cells are mesenchymal stem cells or 

hematopoietic stem cells (Le Blanc et al., 2003).  There are many more tiers of stem 

cells, but the most restricted would be a unipotent stem cell, which can only differentiate 

into one type of cell (Aliotta et al., 2007; Tumbar et al., 2004). 

 

1.4.4 Embryonic stem cells 

Embryonic stem cells can produce cell types found in the endoderm, ectoderm 

and mesoderm.  They can be isolated from the embryo and cultured.  Embryonic stem 

cells require a feeder layer in order to survive.  This feeder layer consists of cells such as 

fibroblasts, which would provide growth factors and supplements to the embryonic stem 

cells (Aliotta et al., 2007; van Laake et al., 2008).  These cells also need specific 

cytokines to keep them in an undifferentiated state.  These cytokines such as leukemia 

inhibitory factor mimic the in vivo microenvironment that these cells grow 

undifferentiated in.  Embryonic stem cells have been differentiated into a multitude of 

different lineages, including neurons (Bibel et al., 2004), renal cells (Tabata et al., 2004), 

airway epithelial cells (Samadikuchaksaraei et al., 2006), and hepatic cells (Shirahashi et 

al., 2004). 
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1.4.5 Multipotent stem cells 

Multipotent stem cells are also known as adult stem cells, and include 

mesenchymal stem cells and hematopoietic stem cells (Dooner et al., 2008).  These cells 

were originally thought to give rise only to a committed lineage of cells (Lemischka and 

Moore, 2003), but it has been found that these cells are able to differentiate into other cell 

lineages as well (Aliotta et al., 2007), which would be closer to the definition of a 

pluripotent stem cell. 

 

1.4.6 Hematopoietic stem cells 

Hematopoietic stem cells are the most studied stem cell (Le Blanc et al., 2003), 

and are found in the bone marrow and can differentiate into all types of blood cells.  

These hematopoietic stem cells express c-kit, Sca-1, Flk2, Thy1.1 and CD34.  It was 

thought that these cells only existed in the bone marrow, but it has been found that these 

cells are also present in the peripheral blood, but in very low quantities (Aliotta et al., 

2007).  The hematopoietic stem cells that are found in the blood have a longer half-life 

than the bone marrow derived stem cells (Lemischka and Moore, 2003).    There are two 

types of cells: long-term and short-term.  These cells can be differentiated from one 

another by their surface markers.  The short-term hematopoietic stem cells are able to 

reconstitute the bone marrow and they can rapidly divide.  The long term cells are not 

able to reconstitute the bone marrow and they can survive for a long time.  Certain 

chemokines have been shown to induce migration from the bone marrow to the 

peripheral blood (de Kruijf et al., 2007; Lowenthal et al., 2007).  Mesenchymal stem 
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cells also release chemoattractants and other growth supplements for hematopoietic 

growth (Avecilla et al., 2004; Hattori et al., 2001; Heissig et al., 2002). 

 

1.4.7 Mesenchymal stem cells 

Mesenchymal stem cells are cells that can be found in the bone marrow.  They 

have a plastic adherence property that allows them to be isolated and purified when 

separating them from the whole bone marrow.  These cells can form adipocytes, 

chondrocytes, and osteocytes.  These cells have spindle shaped morphology similar to 

fibroblasts (Fig. 1).  Mesenchymal stem cells also express the markers CD105, CD90, 

and CD44 among others (Baddoo et al., 2003; Horwitz et al., 2005; Meirelles Lda and 

Nardi, 2003; Peister et al., 2004; Tropel et al., 2004). These cells can also divide an 

infinite number of times when cultured in vitro (Le Blanc et al., 2003). 

 

Figure 1: Bright field image of porcine mesenchymal stem cells. Cells are in the fifth 

passage.  Cells show a spindle shaped morphology, which is consistent with MSCs. 
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1.4.8 Inducible pluripotent stem cells 

Pluripotent cells can be generated from somatic cells (Aliotta et al., 2007).  A 

genetic method is used for this purpose and the resultant cells are called inducible 

pluripotent cells.  There are certain transcription factors that determine pluripotent 

stemness.  In order to prove that these were actually pluripotent cells instead of 

multipotent stem cells one group differentiated these cells into lineages of all three germ 

layers (Takahashi and Yamanaka, 2006). 

 

1.4.9 Progenitor cells 

Progenitor cells are similar to stem cells, but these cells are not capable of infinite 

self-renewal.  Progenitor cells can differentiate into multiple cell lineages.  It is unclear 

whether transient amplifying cells are the same as progenitor cells (Tesei et al., 2009).  

Transient amplifying cells are defined as proliferating cells that can give rise to more than 

one cell type (Anjos-Afonso and Bonnet, 2007). 

 

1.4.10 Stem cell differentiation potential classification 

Stem cells are cells that are not differentiated, but have the capability of doing so.  

They can self-renew, but under normal conditions this occurs slowly (Avital et al., 2007).  

Under conditions stress or other stimulation, stem cells can proliferate and create a 

population of daughter cells that can differentiate into more specialized cell types, which 

are involved in repair of tissues.  Stem cells can divide: asymmetrically and 

symmetrically.  In a symmetric division the stem cell will divide into two stem cells that 

are identical to the parent cell.  In an asymmetric division, the stem cell will divide into 
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one stem cell that is identical to the parent cell and another cell that is more specialized or 

differentiated. 

 

1.4.11 Stemness 

The definition of stemness is the plasticity of a cell.  There are assays that 

measure this which involve the differentiation of these cells into unique lineages to prove 

that these stem cells actually have retained their stem cell characteristics.  One assay 

involves complete ablation the bone marrow in a mouse and transfusing one stem cell to 

regenerate the entire bone marrow milieu (Aliotta et al., 2007). 

 

1.4.12 Differentiation assays 

To prove that stem cells can differentiate into distinct cell lineages, differentiation 

assays are sometimes performed.  The basic theory for these assays is to mimic the 

microenvironment of the cell at a differentiation stage.  In the case of mesenchymal stem 

cells, the goal is to differentiate the cells into three different lineages: osteocytes, 

chondrocytes and adipocytes (Chabanon et al., 2008).  This same method has been used 

to verify the stemness of lung stem cells of their stemness.  Other studies have also used 

air liquid interface culture to mimic the lung environment and are successful with the 

help of a co-culture system (Wong et al., 2007). 

 

1.5 Resident stem cells in the lung 

When epithelial cells in the lung get injured or old, the cells need to be replaced 

(Warburton et al., 2008).  The renewal process is slow and takes about forty days 
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(Borthwick et al., 2001; Hackett et al., 2008; Kotton and Fine, 2008; Warburton et al., 

2008).  The current consensus is that the lung epithelium is repopulated by stem cells in 

the lung (Hackett and Knight, 2007; Kotton and Fine, 2008).  Most of the studies show 

that an insignificant number of stem cells are used to repopulate the epithelium and come 

from the bone marrow and circulation (McQualter et al., 2010).  These cells occupy a 

specific niche and are only present in a particular environment. However, there has been 

controversy over determining the exact location of this niche.  In the trachea, the basal 

cells form the majority of the epithelium (Rawlins et al., 2007).  Basal cells can be 

differentiated into ciliated epithelial cells, goblet cells, and basal cells (Rawlins et al., 

2007).  A few studies suggest that a small population of basal cells in the secretory glands 

can repopulate the epithelium as well (Hong et al., 2004b). However, the epithelial basal 

cell serving as a progenitor for the tracheal epithelium is a more widely accepted theory.  

Clara cells are the progenitor cells of the bronchioles, and studies suggest that there is a 

population of Clara cells resistant to naphthalene injury that can repopulate the entire 

bronchiolar epithelium.  In the gas exchanging area of the lung, the alveolar type II cells 

are the progenitor cells, and these cells are able to proliferate and differentiate into both 

alveolar type I and type II cells (Evans et al., 1975). 

The repair of the epithelial layer could be accelerated if more progenitor cells 

were in the lungs.  This is not feasible due to the large number of lung stem cells that 

would be required to expedite this process.  To address this issue, an experimental trial is 

underway using embryonic stem cells as the progenitor cells (Coraux et al., 2005).  

Embryonic stem cells are not differentiated and pluripotent, which means that they can 

differentiate into any of the three germ layers. 
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In addition to physically repairing the lung epithelium, these embryonic stem cells 

may play a bigger role in the therapy of lung injury (Coraux et al., 2005).  There have 

been reports that stem cells implanted into the lung provide cytokines that help in repair 

of injury.  However, more studies on this topic need to be researched in order to gain a 

better understanding of the mechanism of this repair. 

 

1.5.1 Basal cells 

Basal cells also play a role in the airway epithelium repair (Inayama et al., 1989).  

One study demonstrated that the trachea could be regenerated after chemical damage of 

the epithelium by detergents.  This study also found that the BrdU- labeled cells were 

mostly found in the basal layer.  In addition, some of the labeled cells were also found in 

the pseudostratified epithelium (Barth et al., 2000; Boers et al., 1998; Hong et al., 2004a; 

Hong et al., 2004b; Liu et al., 1994). However, there has been evidence that there are 

other sources for the regeneration of the epithelial layer. 

 

1.5.2 Clara cells 

Clara cells in the lungs secrete Clara cell secretory protein, which may be 

involved with immune functions.  The human respiratory bronchioles are made up of 

22% Clara cells, representing 44% of the proliferating cells in this region.  Therefore, 

Clara cells make up a significant amount of the proliferating population in the respiratory 

bronchioles.  Clara cells may regenerate the epithelium in the bronchioles (Hong et al., 

2001; Stripp et al., 1996).  In these studies, the airways were treated with naphthalene, 

which is not toxic, converted into a toxic substance by P450 in the airways.  As some of 
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the Clara cells do not have this enzyme, they are resistant to naphthalene and represent 

the only cells that survive naphthalene treatment.  In these studies, the airways were 

regenerated, supporting the role of a subset of Clara cells in airway repair.  It is proposed 

that these are the cells that can repair the bronchial epithelium. 

 

1.5.3 Stem cells in the bronchoalveolar region 

There have been reports of stem cells in the junction between the bronchioles and 

the alveoli (Hackett et al., 2008).  These cells are extremely rare and exhibit a cuboidal 

morphology.  Like alveolar type II cells, these stem cells, secrete a surfactant, which is 

comprised of lipids and proteins that lowers the surface tension at the air liquid interface 

(Van Haute et al., 2009).   These cuboidal stem cells express common hematopoietic 

stem cell markers, CD34 and Sca-1.  As with the Clara cell population, that is not ablated 

by naphthalene, these stem cells are also resistant to naphthalene toxicity and can 

repopulate both the bronchioles and alveolar regions of the airways (Kim et al., 2005; 

Park et al., 2006). 

 

1.5.4 Ciliated cells 

The role of ciliated cells in regeneration of the airway epithelium is still largely 

unexplored.  There have been conflicting studies on this topic.  Some studies show that 

ciliated cells can alter their morphology and migrate under the Clara cell layer, thereby 

would provide more protection to the epithelium.  The ciliated cell would then change 

phenotype from squamous to cuboidal morphology (Park et al., 2006).  Another group 
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demonstrated that ciliated cells were not able to differentiate into other cell types or help 

in regeneration of the airways (Reynolds et al., 2000a; Reynolds et al., 2000b). 

 

1.5.5 Alveolar type I and type II cells 

Most of the region in the airways where gas exchange occurs is lined by type I 

alveolar cells.  Type I cells comprise 96% of the entire gas exchange surface is comprised 

of type I cells and 4% of the surface consists of type II cells (Erjefalt et al., 1997).  

Alveolar type II cells were the first cells hypothesized to be the progenitors of the airway 

epithelium (Snyder et al., 2009; Sumi and Hamid, 2007).  It was suggested that alveolar 

type II cells could differentiate into both type I cells and type II cells under certain 

conditions.  This concept has been demonstrated in both monkeys and rats (Evans et al., 

1975; Evans et al., 1986; Kapanci et al., 1969). 

 

1.5.6 Microenvironment 

A microenvironment can also be called a stem cell niche.  This niche can have 

great impact on the cell differentiation and growth.  The niche consists of the 

extracellular matrix, the cells that surround the stem cell and the cytokines and growth 

factors that local cells release.   Replicating this niche is the basic concept behind stem 

cell differentiation assays to encourage differentiation into a particular lineage.  The 

niche also has an impact on the growth of the stem cells.  Shh signaling is present 

throughout stem cell growth and differentiation (Bhardwaj et al., 2001; Watkins et al., 

2003).   
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1.5.7 Immunosuppression of stem cells 

Stem cells can release anti-inflammatory mediators through paracrine signaling 

(Blanpain et al., 2004).  Clara cell secretory protein (CCSP) is also released from cells in 

the lung and this protein is believed to perform functions in the airways (de Burbure et 

al., 2007; Martin et al., 2006; Sengler et al., 2003).  The CCSP knockout mice experience 

more oxidative stress and more inflammation compared to other littermate controls 

(Harrod et al., 1998; Wang et al., 2003; Wang et al., 2001).  IL-10 can reduce airway 

inflammation by reducing TNF-α and MIP-2 production (Blanpain et al., 2004).  MSCs 

have been reported to secrete IL-10, which can be a potential mechanism for 

immunomodulation.  In addition, MSCs do not express MHC II, thereby reducing the risk 

of infection.  MSCs also do not express co-stimulatory molecules to activate T-cells in 

the body (Romagnani et al., 2005).  Studies have shown that there is no reaction in 

patients that have had MSC transplants, thus making these cells a good candidate for 

regeneration of tissues (Romagnani et al., 2005). 

 

1.5.8 Mechanism of recruitment 

There are three mechanisms of recruitment for stem cells that are widely accepted 

(Abbott et al., 2004; Heissig et al., 2002).  The first mechanism uses Stromal-derived 

factor (SDF)-1, also known as CXCL12.  This is a chemokine that attracts cells with the 

receptor CXCR4.  An upregulation  of SDF-1 has been shown in tissues such as heart and 

kidneys  (Abbott et al., 2004; Askari et al., 2003; Hoffmann et al., 2006; Kollet et al., 

2003; Takeuchi et al., 2007; Xu et al., 2007a).  The second mechanism of stem cell 

recruitment uses hepatocyte growth factor (HGF) (Weidner et al., 1991), binding to c-
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met.  HGF is involved in wound healing of airway epithelium. The last potential 

mechanism is binding of SCF to c-kit, which activates a migration signaling pathway 

(Jiang et al., 2000; Ronnstrand, 2004).  These mechanisms might become important in 

further in vivo experiments to explore how MSCs can potentially be recruited to the site 

of injury after delivery. 

 

1.5.9 Potential mechanism for transdifferentiation 

There have been reports of growth factors such as KGF, EGF, HGF and IGF 

inducing differentiation of stem cells into lung epithelial cells that express cytokeratins 

(Adamson and Bakowska, 1999; Plantier et al., 2007).  However, it is not certain whether 

or not these growth factors alone can fully differentiate stem cells into epithelial cells 

(Matsumoto et al., 1992; Yanagita et al., 1993).  The function of these epithelial cells 

after differentiation has not been determined, so it still remains unclear whether or not 

these cells are fully differentiated (Paunescu et al., 2007). 

 

1.5.10 Mucociliary differentiation 

Studies have identified potential transcription factors that may be involved in 

mucociliary differentiation of bronchial epithelial progenitor cells in an air liquid 

interface culture (Deimling et al., 2007; Giangreco et al., 2004; Gupta et al., 2007; Le 

Visage et al., 2004). Many genes showed a significant change in during the 

differentiation process. The transcription factors that increase during differentiation are 

involved in cell adhesion and the decreased genes are those specific for keratinocytes and 
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squamous epithelia (Larson et al., 2000; Ling et al., 2006; Paquette et al., 2004; Pearton 

et al., 2005). 

Since differentiation of progenitor epithelial cells can form a functional 

mucociliary epithelium, mucin expression is also a relevant parameter to characterize.  

Mucins are an essential building block of mucus.  The main mucin genes are MUC5B, 

MUC1, MUC15, and MUC5AC.  MUC5AC is the only mucin that is not a tethered 

mucin, which means that MUC5AC, unlike other mucins, can be secreted.  All of these 

mucins were increased in a PCR array (Andrea et al., 1997; Hicks et al., 1997). 

It has been shown that TGF-β1 has been down regulated during the differentiation 

of epithelial cell differentiation (Popov et al., 2007).  However, TGF-β1 increases during 

proliferation and migration.  This makes sense because TGF-β1 is responsible for 

cytoskeleton restructuring and cell adhesion, which means that TGF-β1 is most likely 

upregulated for cells to migrate to the injured area then down regulated when it is time to 

differentiate. 

WNTs were also analyzed because they are important in many other organ 

systems and there were many significant changes among the expansive WNT family 

(Deimling et al., 2007).  However, the most identifiable of these was β-catenin 

(Gregorieff et al., 2005).  An increase of β-catenin during the differentiation proves that 

this maybe an integral factor for differentiation.  There have been other studies that 

demonstrate that β-catenin is increased in response to lung injury, which causes goblet 

cell hyperplasia (Shannon and Hyatt, 2004). WNT4 was also increased significantly, but 

there is no literature on the role of WNT4 in the normal development or differentiation of 

the lung (Kotton and Fine, 2008).  However, there are numerous studies that show WNT4 
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is important for the formation of other organ systems (Gregorieff et al., 2005; He et al., 

2004; Pearton et al., 2005; Wiese et al., 2006). 

 

1.6 Exogenous stem cells for regeneration 

Multiple studies have shown that transplanted stem cells that can migrate to a 

tissue and differentiate into cells in that tissue (Samadikuchaksaraei et al., 2006).  Tissues 

that have been studied include heart, liver, brain and skin. (Abbott et al., 2004; Borue et 

al., 2004; Keilhoff et al., 2006a; Keilhoff et al., 2006b; Kotton et al., 2005; Krause et al., 

2001; Okamoto et al., 2002). Certain methods for transplantation and detection are still 

not yet standardized, which may lead to varying results in this area. 
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1.7 Hypothesis and Specific Aims 

 

Hypothesis: 

Mesenchymal stem cells differentiate into epithelial cells under specific in vitro 

culture conditions, and aid in regenerating the epithelial cell layer. 

 

Specific Aims: 

 

Specific Aim 1: To isolate, culture and characterize MSCs from porcine bone marrow. 

 

Specific Aim 2: Optimize a culture media for differentiating MSCs into epithelial cells. 

 

Specific Aim 3: To decellularize a porcine trachea to use as a scaffold for cell seeding. 

 

Specific Aim 4: To culture MSCs on a decellularized trachea using a bioreactor and 

establish the MSC differentiation to epithelial cells ex vivo using the optimized media. 
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Chapter 2 

MATERIALS AND METHODS 

2.1. Isolation and culture of mesenchymal stem cells 

Porcine femurs from freshly euthanized pigs were collected from a slaughter 

house in PBS containing penicillin and streptomycin. The bone marrow was aspirated 

and resuspended in serum free medium low glucose DMEM (Sigma, St. Louis, MO, 

USA)  containing penicillin and streptomycin and density gradient centrifugation was 

done using Histopaque 10773 (Sigma, St. Louis, MO, USA), for 30 min at 300g.  The 

buffy layer formed in between the Histopaque and media was collected and washed with 

serum free medium by centrifuging at 300g for 5 min.  The supernatant was aspirated and 

the pelleted cells were resuspended in DMEM with 10% MSC specific FBS (Gibco, 

Carlsbad, CA, USA), 1% glutamax, and 1% antibiotics. The medium was changed 24 h 

after seeding until 72h.  After the initial medium change, the medium was changed on 

alternate days.  The cells were passaged using trypsin (Hyclone, Newington, NH, USA) 

and were maintained at 37⁰C and 5% CO2 in a CO2 incubator. 

 

2. 2. Characterization of mesenchymal stem cells 

2.2.1. Flow Cytometry 

The cells at the 3
rd

 passage were trypsinized, and centrifuged for five minutes at 

300g and re-suspended in 1ml of PBS with 4% FBS (PBS4). The cell count was 

determined using a cell counter (Beckmann Coulter, Brea, CA, USA) to calculate the 

concentration of antibody to be added.  The cells were stained using mouse anti-human 

CD11b, CD45, CD105, CD44, CD34, and CD90, (eBiosciences, San Diego, CA, USA) 
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conjugated to fluorophores FITC/PE/APC.  The cells were washed three times in PBS4 

and were then fixed with 3.7% formaldehyde. IgG isotype controls were used for the 

corresponding fluorochromes as negative controls (APC, FITC, and PE). 

 

2.2.2. Immunostaining 

At the time of the second passage were seeded in chamber slides at a 

concentration of 1 x 10
5 

cells/cm
2
. The cells were then grown to 70% confluence. 

 
The 

cells were fixed with 4%formaldehyde for 10 minutes and were washed with PBS. 

Blocking serum (PBS with 1% BSA) was added to the wells and incubated at room 

temperature (RT) for 30 minutes in the dark.  CD34, CD45, CD34, CD90, and CD11b 

conjugated to FITC and CD105 conjugated to PE was added at a dilution factor of 1:100 

and was incubated for 1h at RT.  IgG  isotype controls were  used for the corresponding 

fluorochromes as negative controls (FITC and PE). After the incubation with antibodies, 

the cells were washed with PBS, and mounted using Vectashield Mounting medium 

containing DAPI (Vector laboratories, Burlingame, CA, USA).   The cells were examined 

using a fluorescent microscope (Olympus, Center Valley, PA, USA). 

 

2. 3. Differentiation media and stimulation of MSCs 

Cells were seeded at a density of 2 x 10
5 

cells into 25 cm
2
 flasks. At 50% 

confluence, cells were stimulated with four different types of medium; I, bronchial 

epithelial cell medium BEpiCM from ScienCell (Carlsbad, CA); II, large airway medium 

(EpiGRO) from Millipore (Billerica, MA, USA). III. Airway epithelium medium, 

AECGM from PromoCell (Heidelberg, Germany). The cells were allowed to differentiate 
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for 5 and 10 days and then they were analyzed.  The medium was changed every alternate 

day. The media compositions are presented in Table 1. 

 

EpiGRO BEpiCM AECGM 

   Insulin Insulin Insulin 

Transferrin Transferrin Transferrin 

Epinephrine Epinephrine Epinephrine 

Hydrocortisone Hydrocortisone Hydrocortisone 

 

Bovine pituitary extract Bovine pituitary extract 

 

Bovine Serum Albumin Bovine Serum Albumin 

Triiodo-L-thyronine Triiodo-L-thyronine Triiodo-L-thyronine 

Epidermal Growth Factor 

 

Epidermal Growth Factor 

L-alanyl-glutamine 

  

  

Retinoic acid 

 

Fibroblast Growth Factor 

 

 

Prostaglandin E2 

  

Table 1.  Composition chart for different types of media.  Growth factors are contained 

within each type of medium.  Emphasis of growth factors (PGE2 and FGF) by italics 

could be involved in facilitating the differentiation of MSCs to epithelial cells. 

 

2.3.1. Flow Cytometry 

Flow cytometry procedure was done as described in section 2.2. This was done 

after both 5 and 10 days of stimulation.  The cells were stained with epithelial cell 

specific antibodies, mouse anti-human CAM 5.2 (cytokeratin 7-8) (BD Biosciences, 

Franklin Lakes, NJ, USA), EpCAM (BD Biosciences, Franklin Lakes, NJ, USA) and 

cytokeratin 14-15-16-19 (BD Biosciences, Franklin Lakes, NJ, USA), which were all 

conjugated to PE.  Cells were then analyzed using a BD FACS Aria (BD Biosciences, 

Franklin Lakes, NJ, USA).  IgG conjugated to PE was used as a negative control. 



28 
 

 

2.3.2. Fluorometry 

The cells were seeded at a concentration of 5x10
5
 cells per well to a 24 well 

Visiplate and cultured until the cells were 60% confluent.  After 10 days of stimulation 

with differentiation media, cells were fixed with 4% formaldehyde for 10 minutes, cells 

were washed with PBS, and blocking serum (PBS with 1% BSA) was added to the plate 

and incubated at room temperature for 30 minutes.  PE conjugated EpCAM (BD 

Biosciences, Franklin Lakes, NJ, USA), cytokeratin 7-8(BD Biosciences, Franklin Lakes, 

NJ, USA), and cytokeratin 14-15-16-19 (BD Biosciences, Franklin Lakes, NJ, USA) 

were added to the plate at a dilution factor of 1:100 for 1 h.  The cells were washed with 

PBS and the plate was dried. IgG conjugated to PE was used as a negative control.  The 

fluorescence was measured at 488 nm and an excitation of emission of 578 nm using a 

plate reader (Perkin Elmer, Waltham, MA, USA).   

 

2.4. Epithelial layer denudation 

The denudation process was done according to Gilbert and colleagues (Gilbert et 

al., 2008) with modifications.  Five cycles of detergent (sodium deoxycholate) treatment 

to completely denude the epithelial layer while maintaining the structural integrity.  Each 

cycle has 3 steps and takes about four days.  Initially, tracheas are incubated in distilled 

water for three days at 4°C.  Following this step, the tracheas were incubated in 4% 

sodium deoxycholate for four hours.  The last step was incubation in 4% 2000kU of 

DNase-I in 1mol/L NaCl for four hours.  In order to monitor the effectiveness of this 

method, tracheal sections were taken from various points in the procedure and stained 
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with hematoxylin and eosin to examine the degree of denudation of the epithelial layer. 

The tracheas with epithelial denuded layers were then stored at 4°C in PBS until the day 

of seeding.  The trachea was disinfected with 0.01% per acetic acid, 4% ethanol and 96% 

distilled water for one hour.  The trachea was then washed three times with sterile PBS 

and stored in serum free medium with antibiotics until use. 

 

2.5. MSC seeding on denuded trachea and in vivo culture 

Cells were cultured and differentiated with the optimized differentiating medium, 

which had already been determined from previous experiments.  After ten days of 

differentiation in vitro, the cells were trypsinization, washed twice with medium and 

resuspended in 1 mL serum containing media.  The denuded trachea was placed in a 50 

mL conical tube.  The resuspended cells were carefully seeded on the inner surface of the 

trachea and the tube was left in an incubator for 2 hours for cell adhesion at 37⁰C and 5% 

CO2.  The cell seeded trachea was then carefully attached to a bioreactor (Harvard 

Apparatus, Holliston, MA, USA) set at a rotation speed of 0.5 rpm and incubated at 37⁰C. 

Optimized differentiation media (BEpiCM) was then added to the inner and outer 

portions of the trachea. 

 

2.6. Immunofluorescence after in vivo culture 

After 10 days of in vivo culture the trachea was cut into sections 2 cm thick and 

embedded in mounting media and cryopreserved. Sections were cut at 0.5 micron 

thickness using a cryostat and air dried at room temperature for 15 min prior to acetone 

fixation (10 min).  After fixing, the slides were washed three times in PBS for 5 



30 
 

min/wash.  They were then permeabilized with triton 100-x and blocked for 1 hour.  

After this, PE conjugated EpCAM (BD Biosciences, Franklin Lakes, NJ, USA), 

cytokeratin 7-8 (BD Biosciences, Franklin Lakes, NJ, USA), and cytokeratin 14-15-16-19 

(BD Biosciences, Franklin Lakes, NJ, USA) was added at a dilution factor of 1: 100 and 

was incubated at room temperature for 1 hour.  Following PBS washes, cover slips were 

mounted using mounting media with DAPI (Vector). The sections were then visualized 

using a fluorescence microscope (Olympus, Center Valley, PA, USA). 

 

2.7 Statistical Analysis 

 All data are expressed as mean + standard deviation.  Statistical analysis was 

performed using software from GraphPad Prism (San Diego, CA) with one way analysis 

of variance (one way ANOVA).  A Bonferroni post hoc test was used to compare 

between all groups.  Any p value of < 0.05 was considered statistically significant. 
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Chapter 3 

RESULTS 

3.1. Characterization of MSCs 

Positive markers for mesenchymal stem cells include CD105, CD90, and CD44. The 

common contaminating populations are macrophages (CD11b+) and hematopoietic 

progenitor cells (CD34+, CD45+).  The flow cytometry data showed expression of 

CD105 (Fig.2D), CD90 (Fig. 2E), and CD44 (Fig. 2F) isolated and cultured 

mesenchymal stem cells and, did not show expression CD11b (Fig. 2A), CD45 (Fig.2B), 

and CD34 (Fig. 2C). Immunostaining images confirmed that there was no expression of 

CD11b (Fig. 3A), CD45 (Fig. 3B), and CD34 (Fig. 3C).  The cultured mesenchymal stem 

cells showed clear expression of CD105 (Fig. 3D), CD90 (Fig. 3E), and CD44 (Fig. 3F). 
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Figure 2.  Characterization of porcine mesenchymal stem cells by flow cytometry.  

Positive staining was observed for CD105 (D), CD90 (E), and CD44 (F) in porcine 

MSCs.  CD11b (A), CD45 (B), and CD34 (C) were not expressed on our preparations.  

The black curve represents the isotype control and positively staining cells are 

represented by the blue curve. 
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Figure 3.  Characterization of mesenchymal stem cells by immunostaining. CD105 (D), 

CD90 (E), and CD44 (F) were expressed by porcine stem cells (D-F).  CD11b (A), CD45 

(B), and CD34 (C) were not expressed.  DAPI staining is represented in blue.  FITC and 

PE are represented by green and red, respectively. 

 

3.2. Optimization of media 

3.2.1. Flow cytometry 

The porcine stem cells were analyzed for CAM 5.2, cytokeratin 14-15-16-19 and 

EpCAM, which are epithelial cell markers following culture of the stem cells in the 4 

different media. The cells cultured in BEpiCM medium showed a higher percentage of 

CAM 5.2+ cells after 5 days (27.51%) (Fig. 4A) and 10 days (85.9%) (Fig. 5A) when 

compared to the percentage of CAM 5.2+ cells cultured in other media. The cells in 

AECGM media showed 15.42% and 24.60% CAM 5.2+ cells at 5 days (Fig. 4C) and 10 
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days (Fig. 5C) respectively. In the EpiGRO media, the cells showed no expression after 5 

days (Fig. 4B), but had 9.32% CAM 5.2 positive cells after 10 days in culture (Fig. 5B). 

A similar expression profile was obtained for cytokeratin 14-15-16-19 (Fig. 6, 7).  

The cells cultured in BEpiCM media (Fig. 6A, 7A) showed the maximum expression 

after 5 days (18.81%) and 10 days (68.55%).  In culture the cells stimulated with 

AECGM media, (Fig. 6C, 7C) only 2% were cytokeratin+ at 5 days and 10.14% at 5 

days.  Cytokeratin+ cells were the lowest in the cells cultured in EpiGRO media at 5 days 

(Fig. 7C) and 10 days (Fig. 7C) (0% and 7.26% respectively). 

The development of EpCAM positive cells was similar to the observations using 

other epithelial cell markers (Fig. 8, 9). The cells differentiated in BEpiCM (Fig.8A, 9A) 

were highly expressed with 14.04% for 5 days (Fig. 8A) and 64.61% for 10 days (Fig. 

9A). Cells cultured in AECGM media showed expression for 8.46% for 5 days and 

12.4% for 10 days and cells cultured in EpiGRO media showed 0% and 8.72% at 5
th

 and 

10
th

 day, respectively. 
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Figure 4.  Expression of cytokeratin 7-8 after stimulation for 5 days.  The black curve 

represents the isotype control and positively expressing cells are represented by the blue 

curve.  Cells differentiated in the BEpiCM medium (A) showed the highest expression at 

27.51%.  Cells differentiated in the AECGM (C) expressed CK7-8 the second highest at 

15.42%.  Cells stimulated with EpiGRO (B) showed the lowest expression of CK7-8 at 

0%.  Data is representative of 3 separate experiments. 
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Figure 5.  Expression of cytokeratin 7-8 after stimulation for 10 days.  The black curve 

represents the isotype control and positively expressing cells are represented by the blue 

curve.  The cells stimulated with BEpiCM medium (A) showed the highest expression at 

85.90%.  Cells differentiated in AECGM (C) expressed CK7-8 the second highest at 

24.60%.  Cells stimulated with EpiGRO (B) showed the lowest expression of CK7-8, at 

9.32%. Data is representative of 3 separate experiments. 
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Figure 6.  Expression of cytokeratin 14-15-16-19 after stimulation for 5 days.  The black 

curve represents the isotype control and positively expressing cells are represented by the 

blue curve.  The cells cultured in BEpiCM medium (A) showed the highest expression 

(18.91% of the total cells) of CK14-15-16-19.  Cells stimulated with AECGM (C) 

expressed CK14-15-16-19 the second highest (2.0 % of the total cells). No cells were 

differentiated with EpiGRO (B) and showed the lowest expression of CK14-15-16-19. 

Data is representative of 3 separate experiments. 
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Figure 7.  Expression of cytokeratin 14-15-16-19 after stimulation for 10 days.  The 

black curve represents the isotype control and positively expressing cells are represented 

by the blue curve.  The cells differentiated with BEpiCM medium (A) showed the highest 

expression at 68.55%.  Cells stimulated with AECGM (C) expressed CK14-15-16-19 the 

second highest at 10.14%.  Cells differentiated with EpiGRO (B) showed the lowest 

expression of CK14-15-16-19 at 7.26%.  Data is representative of 3 separate experiments. 
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Figure 8.  Expression of EpCAM after stimulation for 5 days.  The black curve 

represents the isotype control and positively expressing cells are represented by the blue 

curve.  The cells cultured in the BEpiCM medium (A) showed the highest expression at 

14.04%.  The cells stimulated with AECGM (C) expressed EpCAM the second highest at 

8.46%.  The cells differentiated with EpiGRO (B) showed the lowest expression of 

EpCAM at 0%.  Data is representative of 3 separate experiments. 
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Figure 9.  Expression of EpCAM after stimulation for 10 days.  The black curve 

represents the isotype control and positively expressing cells are represented by the blue 

curve.  The cells stimulated with the BEpiCM medium (A) showed the highest expression 

at 64.61%.  Cells differentiated with AECGM (C) expressed EpCAM the second highest 

at 12.40%.  Cells differentiated with EpiGRO (B) showed the lowest expression of 

EpCAM at 8.72%.  Data is representative of 3 separate experiments. 
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3.2.2. Immunostaining and Fluorometry 

Fluorometry experiments showed higher mean fluorescence levels for cytokeratin 

7-8, cytokeratin 14-15-16-19 and EpCAM in cells cultured in BEpiCM media compared 

to that in AECGM and EpiGRO media (Figs. 11, 12, 13). The level of expression 

obtained by immunostaining was parallel with the flow cytometry data. However, there 

was no significant difference in the EpCAM positive cell in cells cultured in BEpiCM 

and AECGM media. The expression pattern can be observed by immunostaining (Fig. 

10).  

 

 

 

 

Figure 10.  Expression of epithelial markers by immunostaining.  Cells were stained after 

10 days stimulation with BEpiCM.  DAPI nuclear staining is shown in blue.  FITC 

conjugated staining is represented in green. 
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Figure 11. CK7-8 expression after stimulation with specified media using fluorometry. 

Cells differentiated in BEpiCM showed the highest expression for CK7-8 after 10 days of 

stimulation.  Expression of CK 7-8 for cells stimulated with BEpiCM was significantly 

different from all the other media.  Cells differentiated in AECGM expressed CK 7-8 the 

second highest of the different media.  Bars represent standard deviation.   p < 0.01, 

 p < 0.001 
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Figure 12. CK 14-15-16-19 expression after stimulation with specified media using 

fluorometry.  Cells differentiated in BEpiCM induced the highest level of expression of 

CK 14-15-16-19 in differentiated cells compared to the other culture media.  Cells 

stimulated with AECGM expressed CK 14-15-16-19 the second highest of the different 

media.  Error bars represent standard deviation.   p < 0.001 
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Figure 13. EpCAM expression after stimulation with specified media using fluorometry.  

Cells differentiated in BEpiCM showed the highest expression for EpCAM.  Expression 

of EpCAM for cells cultured in BEpiCM and AECGM was significantly different from 

the control.  Cells stimulated with AECGM expressed the CK 7-8 the second highest of 

the different media.  Bars represent standard deviation.   p < 0.05,  p < 0.01 

 

3.3. Epithelial layer denudation and MSC seeding 

A complete denudation of epithelial cell layer was obtained after 5 decellularization 

cycles (Fig. 14C). It can be observed clearly in Figure 14 where cross section of a normal 

trachea with ciliated pseudostratified columnar epithelium, along with the basal layer of 

cells and Goblet cells (Fig. 14A) is compared to the epithelial cell denuded trachea (Fig. 



45 
 

14C). This entire epithelium is lost after decellularization (Fig. 6B). The cell attachment 

to the denuded trachea could be visualized in Fig. 15. 

 

 

 

Figure 14.  Epithelial denudation and stem cell seeding.  The trachea was partially 

denuded after 3 cycles (B).  After five cycles of decellularization, the trachea was 

completely denuded of its epithelial layer (C).  A normal control trachea (A) is shown for 

comparison as a control of the relevant epithelial structures labeled. 
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Figure 15.  Stem cell seeding onto denuded porcine trachea.  Cell attachment 2 hrs post 

seeding with stem cells is also shown.  Bright field images, 10x (A) and 20x (B), show 

cell adhesion to the denuded matrix. Data is representative of 3 experiments (n=3). 

 

3.4. Expression of epithelial markers after ex vivo culture 

After 10 days of ex vivo culture in the BEpiCM media, the cells adhered to the 

matrix stained positively for cytokeratin 7-8, cytokeratin 14-15-16-19 and EpCAM. The 

adherent cells formed a monolayer that had characteristics of the basal layer of the 

epithelium rather than the ciliated pseudostratified portion. Figure 16A, D and G, shows 

the nuclear staining by DAPI. It could be observed that the staining was seen only in the 

seeded cells and the matrix was devoid of any DAPI staining, showing the complete 

decellularization of cells. The ex vivo cultured cells showed positive staining for 

cytokeratin 7-8 (Fig. 16B), cytokeratin 14-15-16-19 (Fig. 16E) and EpCAM (Fig. 16H). 

The overlay images showing the nucleus and positive cells could be seen in Figs. 16C, F 

and I, confirming the retained expression of epithelial cell marker on the cultured cells 

after the ex vivo culture. 
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Figure 16.  Epithelial marker expression after seeding.  Immunofluorescence showing 

expression of EpCAM, CK 7-8, and CK14-15-16-19.  Nuclear staining is done by DAPI 

(A, D, G).  CK7-8 (B), CK14-15-16-19 (E), and EpCAM (H) showed positive staining.  

Merged images are also shown (C, F, I). Data is representative of 3 separate experiments. 
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Chapter 4 

DISCUSSION 

Epithelial denudation is a characteristic of chronic asthma and airway remodeling, 

but to maintain homeostasis of internal airway tissues, repair mechanisms must be 

activated.  Depending on the extent of the damage, epithelial repair processes could be 

quite extensive. Resident stem cells in the lung have been reported to repopulate the lung 

epithelial layer during the repair processes invoked after lung injury (Kotton and Fine, 

2008; Warburton et al., 2008). Also, there was up regulation of stem cell markers in lung 

alveolar cells during the repair processes after lung injury (Kotton and Fine, 2008; 

Warburton et al., 2008).  Stem-cell niches have also been identified in the submucosal 

glands and in the basal layer of the inter-cartilaginous zones of the lower trachea and 

bronchi (Borthwick et al., 2001). Previous studies have shown the differentiation of 

various types of stem cells with co-culture with their differentiated counterparts (Grounds 

et al., 2002) or Air Liquid Interface (Van Haute et al., 2009; Wong et al., 2007; Wong et 

al., 2009) methods.  However, there have not been any reports of porcine mesenchymal 

stem cell differentiation into the epithelial cell lineage. 

In the current study, porcine MSCs were stimulated with 4 different media 

composed of various growth factors to differentiate the MSCs into epithelial cells. Stem 

cells were characterized by flow cytometry and immunofluorescence. The negative 

staining for macrophage (CD11b) and hematopoietic progenitor (CD34 and CD45) 

markers prove that these cells are not macrophages or from a hematopoietic cell lineage.  

The positive staining for stem cell markers (CD73, CD105, and CD44) further confirmed 
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that these cells are bone marrow stem cells.  We used three commercially available 

epithelial cell media for inducing epithelial cell differentiation. The differentiation into 

epithelial cells was confirmed by positive expression of epithelial cell markers (CK 7-8, 

CK 14-15-16-19, and EpCAM). 

Studies have shown that cytokeratin 8 is a marker for early stages of development 

in the bronchial epithelial differentiation along with minimal levels of cytokeratin 7 

(Broers et al., 1989). It has also been confirmed that cytokeratin 14 is expressed in later 

stages of epithelial cell differentiation (Broers et al., 1989).  EpCAM has been used in 

studies to distinguish completely differentiated airway epithelial cells from resident stem 

cells in the lung (McQualter et al., 2010). In the present study, the first marker to be 

expressed in differentiating cells was cytokeratin 7-8.  Cytokeratin 14-15-16-19 and 

EpCAM were expressed in lesser amounts at both early and late time periods.  This 

finding suggests that most of the cells in the culture are in a transitional stage of 

differentiation, while fewer cells are in the latter stages of differentiation. 

The BEpiCM media induced the maximum percentage of MSCs to differentiate 

into epithelial-like cells. Unlike the other media, this media contains prostaglandin E2 and 

fibroblast growth factor. The importance of PGE2 in epithelial cell differentiation has 

been reported in fetal lung development (Hume et al., 1993).  Elevating levels of PGE2 

have shown to accelerate distal epithelial differentiation. In fetal lung cultures 

prostaglandins are produced in high quantities, but their levels quickly decline over time 

(Hume et al., 1993).  Not only are prostaglandins important for regulation of airway 

epithelial differentiation, but they are also important for mature airway cells as well.  

These mediators are integral to surfactant secretion and ciliary movement.  In addition, 
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prostaglandins also regulate ion and water secretion (Smith, 2001).  Many studies have 

proved that prostaglandin E2 plays an important role in various inflammatory conditions 

including asthma (Chen et al., 2008; Herrerias et al., 2009; Maher et al., 2009; Sturm et 

al., 2008). There is an increased amount of prostaglandin E2 in asthma, which acts in 

conjunction with other mediators such as histamine to promote edema.  This finding 

implies that PGE2 could be an integral influence in differentiation of MSCs to epithelial 

cells. FGF is important in lung development as well as airway epithelial differentiation 

and proliferation.  Two of the main types of FGF that are involved in the development of 

the lung are FGF-7 and FGF-1 (Cardoso, 2001; Cardoso et al., 1997).   It has been shown 

that FGF-7 can promote the proliferation of lung epithelial cells and differentiation into 

type II alveolar cells (Cardoso et al., 1997; Gregorieff et al., 2005; He et al., 2004; 

Pearton et al., 2005; Wiese et al., 2006). 

AECGM medium was also effective in inducing epithelial cell differentiation, but 

was less effective than BEpiCM media. Retinoic acid and epidermal growth factor was 

the two unique components that is present in this medium. Epidermal growth factor had 

diverse effects on different species (Takeyama et al., 1999).  In human airway cell 

cultures EGF has been reported to suppress mucociliary differentiation (Gray et al., 

2001). Retinoic acid in combination with calcium and low levels of EGF had a positive 

impact on the mucociliary differentiation. In our study, the cells took on more of a cobble 

stone morphology rather than spindle shaped; the cells did not become ciliated, which is a 

characteristic of their tracheal epithelial counter parts.  The morphology of these cells is 

more representative of either basal cells in the epithelium or bronchial epithelial cells. 

Nomenclature that would be more appropriate to describe these cells is epithelial-like 
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cells.  One of the reasons why we did not find cilia growth in the differentiating cells 

might be the shorter induction time.  A longer period of stimulation for 14 or 21 days 

might have resulted in the cilia formation by the cells in cultures.  Insulin and transferrin 

had minimal effects on the differentiation.  There were also no significant findings 

correlating the hydrocortisone concentrations to the ion transport or structure.  Hence, 

Fibroblast growth factor, Prostaglandin E2, Epidermal growth factor and retinoic acid are 

crucial in the differentiation of MSCs to an epithelial phenotype. 

To mimic the in vivo condition we used a decellularized matrix, as this 

scaffolding maintains the natural extracellular matrix composition. The matrix plays an 

active part in the regulating the cell behavior affecting cell proliferation, migration, 

differentiation and, as a consequence, tissue regeneration. We used a decellularized 

trachea instead of an epithelial layer denuded trachea to demonstrate that the resulting 

cellularization of the trachea is not transmigrated cells from the inner areas of the trachea. 

An epithelial cell phenotype was retained after culturing these in vitro differentiated 

MSCs with the denuded trachea.  As shown by immunostaining, cells attached to the 

matrix.  This exhibits that a possible therapy for aiding epithelial regeneration could be 

the differentiation of bone marrow stem cells to epithelial cells. 

From these results, it is concluded that for bone marrow stem cells can 

differentiate into epithelial like cells under certain in vitro culture conditions. However, a 

longer differentiation period may be required to differentiate MSCs into ciliated epithelial 

cells. The differentiated mesenchymal stem cells retained their epithelial phenotype 

following adhesion to a matrix demonstrating that differentiated bone marrow cells or 

MSCs may be able to aid in tissue regeneration not only in asthmatic airway epithelium, 
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but also for other airway injury models and inflammatory conditions. The differentiated 

cells may also assist in tissue engineering of trachea. 
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