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Abstract 

Introduction 

 Idiopathic pulmonary fibrosis (IPF) is a debilitating restrictive lung disease with 

no curative treatments. Accumulation of lung extracellular matrix (ECM) and 

myofibroblasts are two hallmarks of this disease. Previous studies have demonstrated that 

an increase in lung ECM in the formation of scar tissue promotes further myofibroblast 

accumulation exacerbating IPF disease progression. Lung ECM influence on 

myofibroblast phenotype is not fully understood. Methods to elucidate lung ECM effects 

on myofibroblast phenotype were developed in this thesis. 

Aim 

 This study sought to determine whether lung ECM could modulate 

fibroblast/myofibroblast phenotype.  

Methods 

 Histological and western blot analyses were used to evaluate lung ECM isolation 

through manual decellularization of whole rat lungs with sodium deoxycholate (SDC). To 

evaluate the effects decellularization has on lung ECM, histological analyses were 

conducted to compare sodium dodecyl sulfate (SDS) and SDC ability to retain collagen 

and elastic fibers following decellularization. Histological examination of drop-wise and 

whole lung reseeding techniques of decellularized lung ECM were assessed.  To further 

mimic in vivo conditions, a novel lung bioreactor incorporating physiological lung 

respiration and vascular perfusion was developed. The effects of stiff cell culture plastic 

on alpha smooth muscle actin (α-SMA) phenotype of control and IPF-derived 
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myofibroblasts were evaluated. Western blot, immunohistochemisty, 

immunocytochemistry, and immunofluorescent analyses were used to evaluate whether 

normal lung ECM could reverse the α-SMA positive phenotype of lung myofibroblasts. 

Results 

 Manual decellularization with SDC was effective at decellularizing whole rat 

lung. Histological examination showed that SDC was more effective at retaining collagen 

and elastic fibers than SDS following decellularization. Whole lung reseeding technique 

was far superior compared to the drop-wise technique at consistently reseeding lung 

ECM. Lung bioreactor maintained A549 cells within decellularized whole lung for 3 

days. Furthermore, normal lung ECM was capable of reversing α-SMA positive 

phenotype of both control and IPF-derived myofibroblasts.  

Conclusions 

 Methods developed in this thesis advances the understanding of decellularization 

and reseeding techniques required to study lung ECM on cell phenotype. Interestingly, 

and contrary to previous work, it appears that α-SMA phenotype of myofibroblasts was 

reversible when cultured on normal lung ECM.  
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Chapter 1: Introduction 

1.1 Statement of problem 

IPF is characterized as a restrictive lung disease causing impairment in lung 

expansion and gas exchange. This restriction in gas exchange is due to an increase in 

parenchymal scarring and thickening of the ECM that surrounds the alveoli (ATS/ERS 

consensus 2002). The factors that cause the disease remain elusive making the treatment 

of the disease more difficult. The median age of IPF onset ranges from 60-70 years of age 

(Poletti et al. 2013). Prevalence of IPF in United States was estimated to be 42.7 per 

100,000 with an incidence rate of 16.3 per 100,000 deaths per year (Raghu et al. 2006). 

Additionally, depending on initial stage of diagnosis, the median survival of IPF patients 

range from 3-5 years (Hubbard et al. 1997).  

Furthermore, the treatment options for patients diagnosed with IPF remain limited. 

Initial drugs to treat IPF included: corticosteroids, cyclophosphamide, azathioprine, and 

N-acetylcysteine.  An official ATS/ERS/JRS/ALAT statement recommended that these 

drugs should not be used to treat IPF patients due to a lack of evidence-based 

improvement in disease. Pirfenidone, an anti-fibrotic and anti-inflammatory drug, is an 

approved treatment of IPF in Canada, Japan, and Europe. Recently published phase 3 

clinical trials evaluating Nintedanib, an inhibitor of multiple tyrosine kinases, revealed 

that this drug was effective in reducing lung function decline and exacerbations in IPF 

patients compared to placebo (Richeldi et al. 2014). Nevertheless, lung transplantation 

remains the only treatment option that can restore respiration for IPF patients; however, 

the shortage of possible organ donors limits this treatment option (Raghu et al. 2011).  
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Consequently, there is a need for further understanding of the underlying 

mechanisms contributing to the development and progression of IPF in order to develop 

more effective treatment options. Two key components contributing to the development 

and progression of IPF are accumulation of extracellular matrix in the formation of scar 

tissue and the persistence of myofibroblasts. Myofibroblasts are key effector cells in IPF 

since they are responsible for the synthesis and deposition of ECM. The effects that lung 

ECM has on fibroblast/myofibroblast phenotype has not yet been fully elucidated. To 

fully elucidate this relationship, knowledge of myofibroblast characteristics and origins 

and the components of lung ECM that may impact fibroblast to myofibroblast 

differentiation need to be explored.  

1.2 Characteristics and origins of myofibroblasts in pulmonary fibrosis 

1.2.1 Characteristics 

 The myofibroblast has long been thought to be a key player in driving the 

pathogenesis of IPF (King et al. 2001). Under normal conditions, fibroblasts express little 

cell-to-cell and cell-to-matrix interactions, and produce far less ECM in comparison to the 

myofibroblast (Tomasek et al. 2002). Following tissue injury, fibroblasts differentiate into 

myofibroblasts, which are distinguished from fibroblasts through the appearance of 

spindle morphology. Additionally myofibroblasts, possess stress fibers that have 

increased contractile properties due to an increase in α-SMA expression (Schürch et al. 

1998, Hinz et al. 2001). The N-terminal amino acid sequence acetylated glutamic acid 

(3x)-aspartic acid sequence (AcEEED) found in α-SMA has been thought to be the key 

contributor to its ability to increase myofibroblast contractility. To test this hypothesis, 
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Hinz et al. (2002) delivered a fusion protein containing the AcEEED binding domain into 

lung myofibroblasts resulting in reduced cell tension/contraction.  

 During normal wound healing, fibroblast to myofibroblast differentiation is 

required for proper wound healing and contraction of the wound. The main difference 

between normal wound healing and the runaway scar formation in IPF is that 

myofibroblasts will be eliminated through apoptosis following resolution of wound 

healing. Myofibroblasts have been shown to have increased resistance to apoptosis during 

normal wound healing, as demonstrated through in situ end labeling of fragmented DNA. 

However, following the resolution of normal wound healing, these myofibroblasts 

disappear through apoptosis (Desmoulière et al. 1995). On the other hand, IPF 

myofibroblasts have been shown to acquire continued resistance to apoptosis (Maher et 

al. 2010). 

1.2.2 Origins 

 Myofibroblasts arise during normal wound repair to aid in the closure of wounds. 

Until the last decade, the prevalent hypothesis was that myofibroblasts arose specifically 

from undifferentiated fibroblasts. An early study conducted by Zhang et al. (1994) 

demonstrated that myofibroblasts were responsible for increased collagen gene 

expression in bleomycin induced pulmonary fibrosis and that the sources of these 

myofibroblasts were from perivascular and peribronchiolar adventitial fibroblasts. 

However, more recent studies have demonstrated that resident fibroblasts, pericytes, 

epithelial cells, endothelial cells, fibrocytes, and mesothelial cells may all contribute to 

the accumulation of myofibroblasts in IPF (Figure 1; Abe et al. 2001, Frid et al. 2002, 



M.Sc. Thesis – N. Wheildon; McMaster University – Medical Sciences 

 4 

Kalluri et al. 2003, Phillips et al. 2004, Willis et al. 2005, Kim et al. 2006, Decologne et 

al. 2007, Moeller et al. 2009, Hashimoto et al. 2010, Rock et al. 2011, Hutchison et al. 

2013).   

 

Figure 1-Origins of myofibroblast in pulmonary fibrosis  

Adopted from Hinz et al. (2007) represents sources of myofibroblasts in IPF. Light pink 

box represents mesenchymal cells in the lung; beige box represents non-mesenchymal 

cells in the lung; light blue box represents bone marrow derived cells. The differentiated 

myofibroblast is illustrated with the typical stress fibers containing α-SMA connected to 

ECM through focal adhesions.   
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1.2.2.1 Epithelial Cells  

 The transition of epithelial to mesenchymal (EMT) cells has been widely accepted 

as a source of myofibroblasts. EMT occurs when epithelial cells are exposed to 

transforming growth factor beta (TGF-β) leading to the activation of the profibrotic 

mothers against decapentaplegic (SMAD) 2,3,4 proteins. These SMAD proteins induce 

transcription factors like Slug, Snail, and β-catenin promoting a cellular environment of 

E-cadherin disassembly, cytoskeletal rearrangement, increased α-SMA expression, and 

increased cellular motility (Kalluri et al. 2003, Zavadil et al. 2005). The Rho-kinase 

pathway also leads to EMT through E-cadherin down regulation and cytoskeleton 

rearrangement (Masszi et al. 2003). Conversely a study evaluating EMT transition using a 

bleomycin induced pulmonary fibrosis model failed to demonstrate that epithelial cells 

were a source of myofibroblasts (Barth et al. 2005, Rock et al. 2011). Although this study 

did mention that their in vivo analysis may have been conducted too late to detect EMT as 

a source of myofibroblasts. 

1.2.2.2 Fibrocytes  

 Fibrocytes are mesenchymal precursor cells derived from the bone marrow. They 

possess a distinctive phenotype (collagen +/vimentin +/CD34 +), and are characterized by 

their rapid transfer from the blood through areas of damaged connective tissue. They also 

express many chemokine receptors such as C-C chemokine receptor 3 (CCR), CCR5, 

CCR7, and C-X-C chemokine receptor R4 that are responsible for their recruitment at 

inflammatory lesions (Abe et al. 2001). Cells that express specific markers of fibrocytes 

were found in the lung parenchyma of IPF patients, potentially showing a process of 
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migration and "homing" of these cells contributing to an increase in 

fibroblasts/myofibroblasts in the microenvironment of the fibrotic lung (Andersson-

Sjoland et al. 2008). Philips et al. (2004) conducted a study demonstrating that in 

response to bleomycin-induced pulmonary fibrosis, fibrocytes would traffic to the lungs 

at the height of collagen deposition. Fibrocytes were shown to be elevated in the blood of 

IPF patients and that there was a further increase during exacerbations highlighting 

fibrocytes role as a prognostic indicator in IPF (Moeller et al. 2009). However, the 

validity of fibrocytes as a source of myofibroblasts remains debatable. Yokota et al.’s 

(2006) study concluded that bone marrow derived cells were unlikely to be a source of 

myofibroblasts. This study transplanted green fluorescent labeled α-SMA bone marrow to 

a mouse that was subsequently administered bleomycin to induce pulmonary fibrosis, 

which resulted in no green fluorescent labeled α-SMA lung myofibroblasts.  

1.2.2.3 Pericytes  

 Present theory shifted focus away from epithelial cells as being the main source of 

myofibroblasts to stromal and pericyte cells from surrounding vasculature as a major 

source of myofibroblasts within fibrotic disease. This was demonstrated when Rock et al. 

(2011) showed in a bleomycin model of pulmonary fibrosis pericytes, not type II alveolar 

epithelial cells, were the dominant cell type that contributed to α-SMA expressing 

myofibroblasts. This observation was made previously in a model of kidney fibrosis, 

where it was also observed that pericytes and not epithelial cells contributed to 

subsequent myofibroblast population (Humphreys et al. 2010). 
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1.2.2.4 Endothelial Cells  

 Endothelial cells as a source of myofibroblasts in fibrosis occurs through 

endothelial-to-mesenchymal (EndoMT) pathway similar to EMT where endothelial cells 

lose their endothelial phenotype (e.g. CD31) and adopt α-SMA positive mesenchymal 

phenotype. An early study demonstrated that endothelial cells could transdifferentiate 

through EndoMT to gain a phenotype resembling smooth muscle cells noted by 

expression of α-SMA. This process was TGF-β and cell-to-cell contact dependent (Frid et 

al. 2002), similar to what may occur in IPF. Additionally, Hashimoto et al. (2010) 

demonstrated that labelled endothelial cells in transgenic mice gave rise to collagen I and 

α-SMA positive fibroblasts in bleomycin induced fibrotic lungs. 

1.2.2.5 Mesothelial Cells 

 Decologne et al. (2007) induced pleural fibrosis through administration of TGF-β 

loaded adenovirus into the pleural space of a rat lung, which induced pleural fibrosis 

eventually manifesting into parenchymal fibrosis. They demonstrated that the mesothelial 

cells of the pleura transdifferentiated into myofibroblasts in the pleural area of the lung 

and that this cell type could migrate toward the parenchyma leading to pulmonary 

fibrosis. The transdifferentiation of mesothelial cells to mesenchymal has been attributed 

to the mesothelial-fibroblastoid transformation. This transdifferentiation has been 

demonstrated in peritoneal fibrosis where overexpression of TGF-β1 contributed to 

mesothelial cells adopting a α-SMA positive mesenchymal phenotype (Margetts et al. 

2005). 
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1.3 Components of lung ECM and their role in regulating fibroblast phenotype  

One of the major functions of the ECM is to support and maintain structural 

integrity for cells, tissues, and organs. Additionally, the ECM’s structure and stiffness 

plays an important role in modifying cellular activities, such as: proliferation, migration, 

differentiation, adhesion, and apoptosis (Hynes 2009). Furthermore, following tissue 

injury, the ECM releases stored growth factors and cytokines, along with matrikines, that 

help drive wound healing and tissue repair. Finally, ECM provides structural cues for 

proper branching morphogenesis.  

Lung ECM contains many proteins and polysaccharides most notably: collagen I, 

III, IV, V; elastins; laminins; glycosaminoglycans; and proteoglycans. Together these 

components form a heterogeneous meshwork in terms of stiffness and softness. In IPF 

lungs, the ECM stiffness is increased due to buildup of scar tissue, which ultimately 

contributes to the regression of lung function. It has been shown that collagen type I 

synthesis is increased in fibrotic rat lungs following bleomycin treatment (Van Hoozen et 

al. 2000). Booth et al. (2012) conducted a detailed analysis of normal and fibrotic lung 

ECM composition through mass spectrometry, which revealed increased collagen I and 

glycosaminoglycan deposition in IPF lungs. Furthermore, Venkatesan et al. (2011) 

showed changes in the distribution of glycoproteins and glycosaminoglycans in fibrotic 

matrix compared to normal matrix.  

Fibroblast to myofibroblast differentiation requires crucial biochemical and 

biomechanical events to occur that are influenced by the ECM. First, there needs to be 

release of active TGF-β. The expression or overexpression of certain ECM components 
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like collagen I need to occur as well. Finally, and maybe most importantly for the 

propagation of myofibroblast accumulation in IPF, increased extracellular 

stress/increased stiffness of ECM has to occur (Tomasek et al. 2002). 

1.3.1 Collagen 

The bulk of lung ECM consists of collagen I and III for tensile strength, and 

elastin for recoil of the lungs (Rocco et al. 2001, Cavalcante et al. 2005). On the other 

hand, collagen IV is a major stabilizing component of the parenchymal basement 

membrane (Pöschl et al. 2004). Recently, it was shown that serum samples from IPF 

patients had elevated collagen IV alpha 1 and 3 chains via degradation of the basement 

membrane by matrix metalloproteinase-12 (Sand et al. 2013). It has been shown that 

during the development of IPF there is an increase in collagen synthesis, especially scar 

forming collagen type I, and deposition highlighting collagen’s role in IPF (Van Hoozen 

et al. 2000, Kolb et al. 2001). Moreover, collagen V was shown to have increased 

deposition in bleomycin induced pulmonary fibrosis (Blaauboer et al. 2014). 

Additionally, intravenous pretreatment of collagen V before bleomycin administration 

resulted in attenuation of lung fibrosis that was associated with a reduction in interleukin-

6 and 17 highlighting collagen V role in initiation of pulmonary fibrosis (Braun et al. 

2010). 

Collagens possess inter and intrachain crosslinking due to their ability to align in a 

staggered head-to-tail formation. This allows crosslinking between aldehyde groups on 

aligned lysine or hydroxylysine amino acids (Reiser et al. 1992) that are facilitated by the 

lysyl oxidase enzyme (Kagan et al. 1991). Crosslinking of collagen can occur with a 
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number of other ECM components like fibronectin and glycosaminoglycans bound to 

proteoglycans (Dzamba et al. 1993, San Antonio et al. 1994). Prolyl-4-hydroxylase and 

transglutaminase 2 are two other crosslinking enzymes of interest in prevention of 

fibrosis.  A previous study of liver fibrosis showed that the administration of an inhibitor 

of prolyl-4-hydroxylase diminished the fibrotic response (Bickel et al. 1998). 

Furthermore, mice lacking transglutaminase 2 experienced a reduction in fibrosis when 

challenged with bleomycin as demonstrated through a decrease in collagen content (Olsen 

et al. 2011). It appears that increased cross-linking between ECM components may 

provide therapeutic targets for treatment of IPF.  

1.3.2 Fibronectin 

 Fibronectins have been implicated in the progression of IPF; they are typically 

found in uncharacteristically high amounts preceding areas of fibrotic tissue (Hernnäs et 

al. 1992). The extra type III domain A (EDA) containing fibronectin has been studied in 

the context of fibrosis since it contributes to wound healing and fibroblast differentiation 

(Serini et al. 1998, Muro et al. 2003). It has been shown that TGF-β1 induces an increase 

in EDA-fibronectin expression (Vaughan et al. 2000) that is necessary for the 

differentiation of fibroblast to myofibroblast (Serini et al. 1998). Mice lacking EDA 

resulted in the failure to phosphorylate SMAD2 protein in response bleomycin 

administration suggesting that in vivo fibronectin EDA is required for full activation of 

the TGF-β pathway. This lack of TGF-β activation was evident through reduction in 

fibroblast to myofibroblast differentiation noted by a reduction in α-SMA expression in 

EDA knockout mice compared to wild type mice in a bleomycin model of lung fibrosis 
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(Muro et al. 2008). This work suggested EDA-fibronectin was required for cleavage of 

TGF-β from its latent binding protein. 

 More recent work shows that EDA-fibronectin ability to induce fibroblast to 

myofibroblast differentiation depends on α4β7 integrin. This was illustrated when an anti- 

α4β7 integrin antibody was administered to block EDA-fibronectin binding resulted in a 

reduction in fibroblast to myofibroblast differentiation. It appears that EDA-fibronectin 

ability to differentiate fibroblast to myofibroblast through α4β7 integrin promotes 

phosphorylation of focal adhesion kinase and increased phosphorylation of mitogen-

activated protein kinase, which regulates cell differentiation (Kohan et al. 2010). 

1.3.3 Glycosaminoglycans and Proteoglycans 

Glycosaminoglycans (GAGs) are able to attach to a core protein to form a 

proteoglycan complex, which helps to stabilize the lung ECM during compression while 

keeping the ECM hydrated (Papakonstantinou et al. 2009). The composition of 

proteoglycans has a defining role in lung elasticity and alveolar stability through 

stabilization of the collagen and elastic network during respiration (Cavalcante et al. 

2005). Two distinct types of GAGs are found in the lung, sulphated and non-sulphated 

GAGs. Sulphated GAGs consist of: heparan sulfate/heparin, chondroitin/dermatan 

sulfate, keratan sulfate. Hyaluronic acid represents the non-sulfated GAG in the lung 

(Souza-Fernandes et al. 2006).  

The lung has distinguishable proteoglycan complexes: versican-a chondroitin 

sulfated proteoglycan, perlecan and glypican-a heparan sulfated proteoglycans, syndecan- 

a chondroitin or heparan sulfated proteoglycan, and decorin-a dermatan sulfated 
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proteoglycan. Additionally, there are small leucine rich repeat proteoglycans called 

biglycan and fibromodulin. Biglycan binds TGF-β influencing matrix assembly 

(Ruoslahti et al. 1991) and fibromodulin also binds to TGF-β influencing collagen fiber 

formation (Hedbom et al. 1989, Iozzo et al. 1998).  

Versican binds hyaluronic acid and surrounds lung fibroblasts within the 

parenchyma regulating differentiation of mesenchymal cells and has been hypothesized to 

support wound healing (Iozzo et al. 1996). Perlecan interacts with collagen IV along the 

basement membrane to constrain the movement of macromolecules/cells among tissue 

compartments. Additionally, perlecan has been shown to control the interaction of the 

basic fibroblast growth factor 2 through its heparan sulfate side chains impacting the 

initiation of wound healing (Yurchenco et al. 1990, Zhou et al. 2004).  Syndecan 

participates in fibroblast’s matrix assembly and increased proliferation (syndecan-2); cell-

matrix attachment and initiation of wound healing (syndecan-4); and wound healing 

through its interactions with heparin binding growth factors and extracellular proteins like 

fibronectin and laminin (Klass et al., 2000, Tumova et al. 2000, Echtermeyer et al. 2001, 

Villena et al. 2003, Midwood et al. 2004). Decorin acts to modulate tissue remodeling 

through alteration of collagen fibril formation. This was demonstrated in a decorin double 

knockout mouse where there was development of weaker, abnormal collagen fibrils 

modulating tissue remodeling (Reed et al. 2003). Studies have shown an overall increase 

in GAGs and proteoglycans synthesis and deposition during IPF (Nettelbladt et al. 1989, 

Venkatesan et al. 2011). With this aforementioned information in hand, it is clear GAGs 

and proteoglycans play a vital role in maintaining lung homeostasis. 
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1.3.4 TGF-β 

 Mammals express three different isoforms of transforming growth factor beta: 

TGF-β1, TGF-β2, and TGF-β3. TGF-β1 has been implicated in majority of fibrotic 

diseases plaguing humans (Border and Noble 1994), and overexpression of TGF-β1 was 

shown to induce pulmonary fibrosis (Sime et al. 1997). TGF-β1 is produced in a latent 

form that is sequestered in the lung ECM until it is cleaved into active form through 

separation from the latent associated peptide (Derynck et al. 1985, Wakefield et al. 1988). 

Physical process such as acidification, temperature changes, and oxidation can activate 

TGF-β1 (Pociask et al. 2004, Sullivan et al. 2008). It has been demonstrated in vitro that 

proteases like tryptase, thrombin, elastase, and matrix metalloproteinase-2 and 9 can 

cleave the latent associated peptide activating TGF-β1. In vivo studies demonstrate that 

integrins (eg. αVβ6) are responsible for activation of TGF-β1 (Jenkins et al. 2008). 

Fibroblast to myofibroblast differentiation is induced by activated TGF-β1 (Desmoulière 

et al. 1993, Sime et al. 1997). The inactivated form of TGF-β1 is embedded in lung ECM, 

thus TGF-β activation is a crucial mechanism in which lung ECM can modulate fibroblast 

and myofibroblast differentiation.  
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1.3.5 Stiffness induced fibroblast differentiation 

 

Figure 2-Young’s modulus of tissues 

Representation of elasticity of tissues and organs in the human body (Cox and Erler 

2011). Normal lung stiffness is 0.5-1kPa and fibrotic lung ECM’s stiffness varies from 6-

20 kPa (Liu et al. 2010). 

 Recent work has demonstrated that increased lung ECM stiffness through culture 

on stiff traditional cell culture plates alone induces fibroblast to myofibroblast 

differentiation (Liu et al 2010, Balestrini et al. 2012). Promotion of this differentiation is 

through increased cell anchoring to ECM producing increased cellular tension, which 

then initiates differentiation of fibroblast to myofibroblast, noted by increased α-SMA 

expression. Increased anchoring promotes an increase in phosphorylation of myosin light 

chain kinase and focal adhesion kinase promoting a further increase in cellular tension 

and the formation of supermature focal adhesions (Goffin et al. 2006, Hinz et al. 2006). 

Overall, increased tension leads to myofibroblast differentiation and increased 
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myofibroblast contraction. In addition, Wipff et al. (2007) demonstrated that increased 

ECM stiffness promoted increased myofibroblast contraction activating TGF-β1 through 

cleavage from its latent binding compared to soft ECM. They demonstrated that this 

mechanism was integrin mediated as well.  

 Further examination of specific integrins involved in activation of TGF-β1, 

deletion of β6, and consequently αvβ6, protected against bleomycin induced pulmonary 

fibrosis suggesting its role in TGF-β1 activation (Munger et al. 1999). However, 

bleomycin does not fully recapitulate human IPF, which may have myofibroblasts that 

express more than just αvβ6 integrin.  The deletion of αvβ3, αvβ5 or αvβ6 subunits failed 

to protect against liver fibrosis highlighting the idea that there may be compensatory β 

integrins involved in TGF-β1 activation. On the other hand, blockage of the αv portion of 

these integrins prevented the development of fibrosis (Henderson et al. 2013). Overall, 

the ECM stiffness effect on TGF-β1 activation through integrin binding leading to 

eventual fibroblast to myofibroblast differentiation highlights a complex network that 

helps promote myofibroblast differentiation. 

1.4 Cell culture models to elucidate lung ECM effects on fibroblast and myofibroblast 

phenotype 

1.4.1 2D plastic cell culture system 

Ramos et al. (2001) showed IPF fibroblasts have an increased expression of α-

SMA compared to normal fibroblasts; protein expression of α1 collagen and TGF-β1 was 

elevated in IPF fibroblasts compared to normal fibroblasts. Furthermore, they 

demonstrated that the growth rate for IPF fibroblasts was lower than normal fibroblasts. 
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Overall, comparison of normal and IPF fibroblasts grown on 2D plastic revealed 

differences in phenotype, even though this study model lacks the spatial cues, ECM 

components, and growth factors that would be present in the 3D native lung. 

1.4.2 2D silicone soft and stiff culture system 

Balestrini et al. (2012) explanted and passaged rat lung fibroblasts on varying 

silicone stiff cell culture plates. They found an increase in myofibroblast differentiation 

when normal lung explants were grown on stiff silicone plates compared to soft plates. 

This differentiation of fibroblasts into myofibroblasts was analyzed based on levels of α-

SMA immunostaining. Furthermore, their results indicated that fibroblasts and 

myofibroblasts retained their mechanical memory; identifying that when fibroblasts were 

grown on stiff silicone and then reseeded onto softer silicone plates they retained their 

myofibroblast phenotype. When normal fibroblasts were transferred from soft to stiff 

silicone plates, they retained their normal phenotype. Liu et al. (2010) utilized stiff and 

soft culture plates as well and they showed that stiffer cell culture plates induced α-SMA 

positive myofibroblast population compared to a softer cell culture plates. These 

experiments indicate that myofibroblasts obtain an irreversible α-SMA phenotype. 

However, the major limitation to this culturing method was that they did not recapitulate 

the 3D spatial cues and binding domains from the microenvironment found in native lung 

ECM. Another limitation would be that evaluation of phenotype changes following 4 

days or 1 passage might not be sufficient time to fully evaluate whether changes in 

substrate stiffness could eventually induce phenotype changes. An important result that 

should be taken away from these studies is that regardless of the source of the lung, 
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explanting a normal lung on stiff plastic induces α-SMA majority myofibroblast 

population.  

1.4.3 3D collagen gel cell culture system 

A review done by Hinz et al. (2007) highlights the effects that culturing 

fibroblasts in soft and stiff 3D collagen gel has on fibroblast phenotype. When fibroblasts 

were seeded into a soft collagen gel, the fibroblast did not differentiate into 

myofibroblasts. On the other hand, when fibroblasts were seeded into a stiff 3D collagen 

gel there was an increase in fibroblast to myofibroblast differentiation. One limitation of 

this experiment would be that a gel consisting of only collagen might signal a profibrotic 

environment contributing to the differentiation of fibroblast to myofibroblast.  

1.4.4 Native lung ECM as a 3D cell culture system  

The development of methods to isolate native lung ECM and culture 

fibroblasts/myofibroblasts within this ECM was needed in order to fully study the role 

lung ECM has on fibroblast/myofibroblast phenotype. Isolation of lung ECM was 

required and one of the ways to achieve this was through decellularization of lung, which 

leaves behind only the lung ECM. Decellularization has been achieved with three main 

detergents SDS, SDC, and CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate). Decellularized lung ECM provides a natural material that contains 

natural binding sites and spatial cues found in a native lung. This lung ECM can be 

reseeded with fibroblasts from both normal and IPF lung-derived biopsies. Booth et al. 

(2012) used this fibroblast culturing method and found that normal fibroblasts modulated 

their phenotype to the lung matrix that they were reseeded on, normal or fibrotic. This 
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result suggests that fibroblast/myofibroblast phenotype was not permanent, which was 

contradictory to the result obtained when fibroblasts were reseeded onto varying silicone 

stiffness.  

1.5 Purpose of study and hypothesis 

The purpose of the thesis was to examine lung ECM effects on myofibroblast 

phenotype. As outlined previously, there was contradictory evidence on whether or not 

lung ECM can induce a permanent myofibroblast phenotype, and whether or not this 

phenotype could be reversed. In order to examine this relationship, development of 

methods to isolate lung ECM and culture of myofibroblasts within this matrix had to 

occur in order to answer whether lung ECM alone can modulate myofibroblast 

phenotype. 

 Isolation of lung ECM through decellularization had not been carried out in our 

labs prior to this thesis driving the development of a method that consistently 

decellularized lung. Furthermore, throughout this thesis, it became apparent that the 

effectiveness of lung ECM isolation through decellularization and methods of culturing 

on decellularized lung ECM had to be explored so that the model being used reflected, as 

close as possible, in vivo conditions. 

Hypothesis: 

 We hypothesize that fibroblast/myofibroblast will adopt the phenotype of the lung 

ECM that they are cultured on. For example, IPF-derived myofibroblasts will adopt a 

quiescent-like fibroblast phenotype when cultured on normal lung ECM.  
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Chapter 2: Materials and Methods 

2.1 Lung Explant 

Human fibroblast cell lines were derived using the fibroblast explant method. Control 

lung biopsies were obtained from morphologically normal lung of carcinoma patients 

undergoing resection.  Similarly, IPF lung biopsies were obtained from IPF patients 

undergoing resection. Lung biopsies were then explanted from respective patients; the 

lung tissue was minced into fine strips where they were plated on a sterile cell culture 

dish. The lung tissue was held down on the culture dish using a sterile coverslip held in 

place with sterile Vaseline. Next, RPMI (Lonza, 12-702F) supplemented with 10% FBS 

(GIBCO), 100U penicillin/streptomycin (GIBCO), and 0.2% Amphotericin B (Lonza) 

was carefully added to the dish by running the medium down the edge until the lung 

fragments were covered. Media was changed every week until the migration of 

fibroblasts out of lung tissue fragments was complete. 

2.2 Soft plate cell culture 

Soft plates were obtained from Matrigen (SS6-COL-1). Hydrogels bound to glass 

coverslips with a stiffness of 1 kPa coated with collagen-I was inserted into 6 wells cell 

culture plates. 

2.3 Animal Experiments 

Female Sprague Dawley (SD) rats were obtained from Charles River (225g-250g). Rats 

were harvested at 110-120 days old.  
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2.4 Lung slice elastance 

A 3D horizontal tissue bath was constructed with dimensions 3x1x1cm. A force 

transducer and a servo-control arm were used in tandem with a digital controller interface 

(Models 400A, 322C, 604C, Aurora Scientific Inc.). Trimmed tissue strips were pasted to 

metal clips via ethyl 2-cyanoacrylate based adhesive (Electron Microscopy Sciences, Inc.) 

and attached to a hook on the force transducer and servo-arm in the tissue bath. Static 

tissue elastance was measured by reading the force one second before and one second 

after a length increase of 0.01 times the resting tissue length. Elastance was calculated 

with the formula: (force (2) - force (1)) / (length (2) - length (1)) and expressed in 

mN/cm. The initial tissue tension for the static elastance test was set to 5mN. 

2.5 Western Blot analysis 

30 µg of protein was loaded into a 10% or 14% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE). Proteins were blotted onto a polyvinylidene difluoride 

(PVDF) membrane, blocked 1 hour in 5% dry milk/TBS-0.1% Tween 20, and incubated 

with primary antibody at 4°C overnight. Secondary HRP-conjugated antibodies were 

applied for 1 hour at room temperature. Blots were developed with ECL reagent and 

imaged using ChemiDoc MP imager and Image Lab software (Bio-Rad). Antibody 

concentrations were: 1:2000 for rabbit anti-glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) (Cell Signaling Technology #5174), 1:2000 rabbit anti-alpha smooth muscle 

actin (Abcam ab5694), 1:1000 rabbit anti-caspase 3 (Cell Signaling Technology #9662), 

1:1000 rabbit anti-α tubulin (Cell Signaling Technology #2144), and 1:1000 anti-rabbit 

IgG (Cell Signaling Technology #7074). 
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2.6 Histology 

After a given incubation period, reseeded lung slices were fixed in 10% buffered formalin 

for histological assessment. Lung slices were subsequently paraffin embedded and 4 µm 

sections were made. Sections were deparaffinized using successive bathing of Xylene, 

ethanol 100%, ethanol 95% and ethanol 70% and stained using hematoxylin and eosin 

(H&E), elastic tissue fibers-Verhoeff's-Van Gieson (EVG), picro sirius red (PSR), 

Miller’s elastic fiber, and Masson’s trichrome. 

2.7 Immunohistochemistry, Immunocytochemistry and immunofluorescence 

Lungs were fixed in 10% formalin and cells were fixed in 4% paraformaldehyde. Lungs 

were then paraffin embedded and 4 µm sections were cut. Lung sections were 

deparaffinized using successive bathing Xylene, ethanol 100%, ethanol 95% and ethanol 

70%. Endogenous peroxidases were inhibited by 1% H2O2 in lung sections and cells. 

Lung section antigens were exposed through steaming the lung slice in citrate buffer (10 

mM citric acid, 10 mM sodium citrate, pH 6.0). Next, antigens were blocked with 0.3% 

BSA diluted in PBS for 1 hr. Lung sections and cells were then incubated with primary 

antibody 1:100 Rabbit anti-alpha smooth muscle actin (Abcam ab5694) overnight at 4°C. 

Finally, 1:1000 anti-rabbit IgG (Cell Signaling Technology #7074) secondary antibody 

was added for 1 hr at room temperature and peroxidase was revealed using Vector 

NovaRED (Vector Laboratories). Sections and cells were counterstained using Mayer’s 

hematoxylin. 

For immunofluorescence, the same protocol was used but lung sections and cells 

(cultured on coverslips) were treated with 0.1% Sudan black for 30 minutes to reduce 



M.Sc. Thesis – N. Wheildon; McMaster University – Medical Sciences 

 22 

auto-fluorescence. 1:100 anti-vimentin (Cell Signaling Technology #5741) and anti-alpha 

smooth muscle actin antibody (Abcam ab7817) were incubated at 4°C overnight. Next, 

1:1000 anti-rabbit IgG (Abcam ab150080) and anti-mouse IgG (Abcam ab150113) 

secondary antibodies were added for 1 hr at room temperature and then Prolong Gold 

antifade reagent with DAPI (P36931 life technologies) was used to stain nuclei and 

mount the coverslips. 

2.8 Statistics 

Statistics were done using Graphpad. The data were expressed as mean ± SEM (all error 

bars represent ± SEM). Where appropriate an unpaired, 2-tailed Student’s t test was 

performed to evaluate experimental groups. 

  



M.Sc. Thesis – N. Wheildon; McMaster University – Medical Sciences 

 23 

Chapter 3: Development of Methods to Elucidate Lung ECM Effects on 

Fibroblast/Myofibroblast Phenotype  

3.1 Aims 

1) Develop a decellularization protocol that consistently decellularized rat lungs 

2) Develop a method to effectively reseed decellularized rat lungs 

3) Compare lung decellularizing detergents 

3.2 Decellularization and Reseeding of Lung Slices 

3.2.1 Background 

 The process of decellularizing a rodent lung had not been carried out in our labs 

and one of the objectives of this project was to provide an initial foundation of knowledge 

for decellularizing rodent lungs. Nonetheless, previous work done in our labs involved 

inflating rodent lungs with agarose and cutting ~300 µm lung slices on a vibratome in 

order to image them. Additionally, a decellularization protocol was given to us through a 

collaborator, which involved decellularizing 50 µm lung slices using a combination of 

reagents: SDS, EDTA and NaCl. Since the goal of this project was to examine lung ECM 

effects on fibroblast phenotype, it was decided that 50 µm thickness was not appropriate 

to mimic 3D ECM leading to the use of a thicker the 300 µm lung slice. 

3.2.2 Decellularization Protocol 

 Sprague Dawley rats were euthanized with CO2. The skin overlaying the abdomen 

and thorax was reflected to expose the abdomen and thorax. The liver and intestines of 

the animal were reflected out of the way to expose the diaphragm and then the descending 

aorta was cut to drain blood out of the vasculature. Next, a careful incision was made to 
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the bottom of the left rib cage in order to pierce the diaphragm and deflate the lungs. 

Then, the sternum was cut all the way to the neck region. The salivary glands and thyroid 

were removed to expose the trachea. After that, an incision was made in the trachea, near 

the larynx, so that a blunt 16-gauge needle could be inserted. Additionally, a blunt 16-

gauge needle was inserted into the right ventricle in order to perfuse lung vasculature 

through the pulmonary artery. Heart and lungs were excised en bloc and the lungs were 

inflated with 2% low melting agarose and were cut using EMS-4000 vibratome. It was 

determined, through experimentation, that 300-µm thick lung sections was an optimal 

thickness. Next, lung slices were placed in a 35mm cell culture dish and decellularized 

using a solution containing: 1) 0.1% SDS, 25mM EDTA, and 1M NaCl. Lung slices were 

incubated in the decellularization solution for 72 hrs on a rocker at 4ºC. At the 23 and 47 

hr time points, the lung slices were washed with ddH2O for 1 hr at 4ºC, and 

decellularization solution was reapplied. After the incubation period, each lung slice was 

washed with 1X PBS solution, and then incubated in a 30µg/mL DNase I solution for 10 

mins. Next, the lung slices were washed with 1XPBS followed by incubation in 0.1% 

Triton-X 100 for 15 min. Finally, lung slices were washed three times in 1XPBS. 

3.2.3 Reseeding Protocol  

 Drop-wise reseeding was performed through a method derived from Booth et al.’s 

work (2012). First, the 300 µm decellularized lung slices were washed for 5 mins in 

0.18% peracetic acid and 4.8% ethanol in ddH2O, and then they were washed with RPMI 

for ~1 hr in a 37ºC, 5% CO2, 95% O2 incubator. RPMI was aspirated off and lung slices 
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were left in a biosafety cabinet to dry. Once dry enough, the lung slices were ready for 

reseeding of ~50,000 cells per decellularized lung slice.   

3.2.4 Results 

  

Figure 3-H&E staining of decellularized lung slices 

A and B represent normal lung slices at 100X and 200X. The presence of cells indicated 

by the dark purple stain. C and D represent decellularized lung slices that were noticeably 

free of cells. Lung slices were fixed in 10% formalin, paraffin embedded, and cut at 4 µm 

thick. Decellularization of rat lung slices with 0.1% SDS, 1M NaCl, and 25 mM EDTA 

was clearly effective, which was evident in figure 3. When comparing normal lung to 

decellularized lung slices, there appeared to be distortion or ruffling of the ECM (figure 3 

B and D).  



M.Sc. Thesis – N. Wheildon; McMaster University – Medical Sciences 

 26 

 

Figure 4-H&E staining of reseeded decellularized lung slices  

A represents H&E staining of a normal lung at 4X magnification. B and C represents 

H&E staining of reseeded decellularized lung slices at 40X, and D magnifies the 

reseeding shown in C. Notice the presence of cells indicated by the dark purple stain. 

Morphology of reseeded lung slices was poor in comparison to a normal lung. Lung slices 

were fixed in 10% formalin, paraffin embedded, and cut at 4 µm thick. 
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 Paraffin sectioning of reseeded lung slices proved to be difficult and lead to 

sections that had poor morphology. Furthermore, reseeding fibroblasts using the drop-

wise method resulted in lung slices that had sporadic reseeding. The images in figure 4 

were the select few reseeded lung slices that could be paraffin sectioned and were actually 

reseeded, but most lung slices were either unable to be paraffin sectioned or had no 

evident fibroblast reseeding. 

3.2.5 Discussion 

 Decellularization of rat lung slices was eventually achieved through many 

modifications. The extension of decellularizing time from 24 hr to 72 hr and the addition 

of ddH2O at 23 hr and 47 hr time points were essential to achieve full decellularization. 

One of the major drawbacks to this method was that cutting an intact native lung into a 

hundred individual lung slices for decellularizing was inefficient and cumbersome. This 

was quite evident when initial reseeding experiments were carried out.  

 Additionally, Booth et al.’s drop-wise reseeding technique resulted in lung slices 

that were inconsistently reseeded (figure 4D). More importantly and critical for 

evaluating lung ECM on myofibroblast phenotype, paraffin sectioning of reseeded lung 

slices proved to be an onerous challenge due to the thin lung slice beveling within the 

paraffin wax. Unreliable paraffin sectioning was a major issue that had to be addressed 

and led to the pursuit of a more reliable decellularization method.  
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3.3 Whole Rat Lung Decellularization and Reseeding 

3.3.1 Background 

 The previous decellularization method led to the pursuit of a less burdensome 

decellularization method that would decellularize one intact whole lung instead of 

creating tens of lung slices to decellularize. Whole lung decellularization will allow for 

multiple avenues to study lung ECM effects on fibroblasts/myofibroblasts phenotype. For 

example, whole lung decellularization would allow the lung to be reseeded and then 

sliced into lung slices for static culture or could be reseeded and hooked up to a lung 

bioreactor for biomimetic culture. There have been numerous whole lung 

decellularization protocols to date utilizing mouse, rat, porcine, macaque and human 

lungs. These decellularizing protocols have primarily used one of SDS, SDC, and 

CHAPS as their main decellularizing agents. Ott et al. (2010) successfully decellularized 

a rat lung via perfusion of 0.1% SDS through the pulmonary artery. Petersen et al. (2010) 

perfused CHAPS through the pulmonary vasculature to decellularize a whole rat lung. 

However, it was quite evident that SDC was the most widely used whole lung 

decellularizing agent; SDC had been used to decellularize whole mouse, rat, monkey, and 

human lungs (Price et al. 2010; Bonvillain et al. 2012, Booth et al. 2012, Daly et al. 2012, 

Jensen et al. 2012). Ultimately, SDC was chosen as the detergent to decellularize whole 

rat lung. 

3.3.2 Decellularization Protocol 

 Isolation of rat lungs was identical to the procedure described for decellularizing 

rat lung slices. Following isolation, the lungs were perfused by injecting 10 cc of ddH2O 
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solution through the pulmonary artery. Next, the lungs were inflated with 10 cc of ddH2O 

solution through the trachea, and then the ddH2O solution was contained in the lungs by 

tightening a suture around the trachea. The lung was kept at 4°C for 1 hr in ddH2O 

solution. The rest of the rinses and washes were done with a 20 mL syringe and a 16-

gauge needle in a sterile 100mm dish as follows: 

1. Remove lungs from solution. Inject five rinses of 10 cc of ddH2O through the trachea 

and five 10 cc of ddH2O through the pulmonary artery. Remove syringe after each 

injection to allow solution to come out based on lung’s natural recoil. 

2. Inject 10 cc of 0.1% Triton-X 100 into the lungs through the trachea and pulmonary 

artery. Incubate for 24 hrs at 4°C. 

3. Repeat step 1. 

4. Inject 10 cc of 2% sodium deoxycholate into the lungs through the trachea and 

pulmonary artery. Incubate for 24 hrs at room temperature. 

5. Repeat step 1. 

6. Inject 10 cc of 1M NaCl into the lungs through the trachea and pulmonary artery. 

Incubate for 1 hr at room temperature. 

7. Repeat step 1. 

8. Inject 10 cc of 30 µg/mL DNase I from bovine pancreas through the trachea and 

pulmonary artery. Incubate for 1 hr at room temperature. 

9. Repeat step 1. 

10. Repeat rinses from step 1 with 1X phosphate buffered saline 

*All solutions contained 100U Penicillin/Streptomycin.  
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3.3.3 Reseeding Protocol 

 Whole lung method of reseeding with cells mixed with agarose was adopted from 

previous works (Bonvillain et al. 2012, Daly et al. 2012, Scarritt et al. 2014). Prior to 

reseeding, the decellularized lungs were washed with RPMI. Fibroblasts were detached 

from tissue culture plates using 0.5% Trypsin-EDTA and cell concentration was adjusted 

to 2 million cells/mL in RPMI prior to reseeding. Next, sterile 1% agarose made in media 

was mixed with the cell suspension creating a solution containing 1 million cells/mL. 

This solution was then injected into the lungs through the trachea. The lungs were put in a 

4°C fridge for 15 mins to allow for solidification of the agarose. Finally, the inflated 

lungs were cut into ~1-2 mm thick lung slices, which were cultured in a 12 well plate for 

desired incubation period. Media was changed every other day. 
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3.3.4 Results 

 

Figure 5-Macroscopic, histologic, and western blot analyses of normal freshly fixed, 

PBS washed, and decellularized whole rat lungs  

A Comparison of H&E, EVG, and PSR staining between freshly fixed normal lung, PBS 

washed lung, and decellularized lung were made. Examining the H&E row, both freshly 

fixed normal lung and PBS washed lung have cells that are present depicted as dark 

purple stain whereas decellularized lung slice was free of cells. Examination of EVG and 

PSR staining, that ECM components were retained following decellularization shown by 

retention of black elastic fibers stained black in EVG and polarized yellow collagen fibers 
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in PSR stain. Lung slices were fixed in 10% formalin, paraffin embedded, cut at 4µm 

thick, and viewed at 200X objective. B Western blot of intracellular protein α-tubulin was 

performed to further demonstrate full decellularization.   

 

Figure 6-Comparison of drop-wise and whole lung reseeding techniques 

A and B represents drop-wise reseeding technique conducted on 1000 µm thick lung 

slices cut from a decellularized whole lung. The drop-wise reseeding technique shown 

here was the only position within the lung slice that had fibroblasts present.  C and D 

represents whole lung reseeding technique of mixing fibroblasts with 1% agarose, notice 

the consistent presence of fibroblasts compared to the drop-wise reseeding technique. 

Lung slices were fixed in 10% formalin, paraffin embedded, and cut at 4µm thick. 
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 Reseeding of decellularized of 1000 µm thick lung slices cut from a decellularized 

whole lung resulted in inconsistent reseeding (figure 6 B). The H&E images illustrating 

the drop-wise reseeding technique were the best images, however, majority of lung slices 

were absent of fibroblasts. Conversely, when implementing the whole lung reseeding 

technique (Bonvillain et al. 2012, Daly et al. 2012, Scarritt et al. 2014), it was evident that 

inflating the decellularized lung using the whole lung reseeding of fibroblasts mixed with 

agarose was a superior reseeding technique. 

 

Figure 7-Timeline of fibroblast migration out of agarose onto decellularized whole rat 

lung ECM 

Day 1-11 demonstrates the migration of fibroblasts out of agarose and onto lung ECM 

through H&E staining. At day 1, most of the fibroblasts are spherical and still embedded 

in the agarose, but by day 3 the majority of the fibroblasts have attached to the lung ECM. 

Days 7 and 11 confirm that all fibroblasts have migrated out of the ECM and were viable 
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for at least 11 days in culture. Lung slices were fixed in 10% formalin, paraffin 

embedded, and cut at 4µm thick. 

3.3.5 Discussion 

 The first two objectives of this thesis: i) development of a decellularization 

protocol that consistently decellularized rat lungs and ii) effectively and efficiently reseed 

decellularized rat lungs were successfully achieved through the whole lung 

decellularization and reseeding technique. The inconsistency of the drop-wise reseeding 

technique was mystifying; attempts to improve this technique were explored, like 

increasing initial fibroblast incubation time, but all attempts failed to provide better 

results. Furthermore, the whole lung reseeding technique provided consistent results when 

multiple primary fibroblast cell lines were used. It was concluded, based on these results, 

that whole lung decellularization and reseeding technique would be the optimal strategy 

to elucidate lung ECM’s effects on fibroblast phenotype. 

 The whole lung decellularization protocol utilized SDC as the main detergent 

lasting 50 hrs, in contrast, decellularizing lung slices with SDS as the main detergent 

lasted 72 hrs. In regards to aim 3, comparison of decellularizing agents, there were no 

comparisons attempted to evaluate the effectiveness of the respective decellularizing 

detergents because the route of administration and length of decellularizing times were 

dissimilar. To impartially compare decellularizing agents there had to be development of 

an apparatus that would deliver decellularizing agents in the same manner and at a 

constant pressure.  
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3.4 Rapid whole lung decellularization 

3.4.1 Background 

Wallis et al. (2012) conducted a study examining the effectiveness of CHAPS, 

SDS, and SDC at decellularizing mice lungs with an aim at determining which 

decellularizing agent was best. They concluded that there was not a superior 

decellularizing agent, even though ECM differences arose following decellularization, 

because the respective decellularized ECM could be effectively reseeded. One limitation 

to this conclusion was that only C10 epithelial cells were reseeded, but different cell types 

may potentially respond differently to the detected changes in ECM composition. Also, it 

was worth noting that they manipulated decellularizing protocols to reflect the protocol 

used by Price et al. (2010), which may have improved or hindered the decellularizing 

agent’s effectiveness.  

Gilpin et al.’s (2014) study also compared CHAPS, SDS, and SDC effectiveness 

at decellularizing rat lungs. They administered detergents at a constant pressure of 30 

cmH2O through the pulmonary artery. The rapid decellularization method was modeled 

after Gilpin et al.’s (2014) and Calle et al.’s (2011) work since they both used methods 

that controlled the pressure at which detergents were administered. Controlling the 

pressure at which decellularization solutions were administered was important so that 

perfusion pressure did not confound the ability to compare each detergent’s ability to 

retain lung ECM. In contrast to Gilpin et al.’s work that used 30 cmH2O to perfuse the 

lungs, the rapid decellularization method presented in this thesis used a perfusion pressure 

of 20 cmH2O (Calle et al. 2011). Additionally, CHAPS was not evaluated in this thesis 
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due to the price being 35 times the price of SDS and 24 times the price of SDC making it 

a detergent that was impractical when decellularizing many lungs.  

Determining which detergent would be most effective, it was hypothesized that 

SDC would retain more lung ECM in comparison to SDS. This hypothesis was based on 

the molecular properties of SDC; SDC is a fat emulsifier by trade and is used to isolate 

membrane bound proteins. On the other hand, SDS is an anionic detergent used to 

denature proteins. According to Thermoscientific’s website, the critical micelle 

concentration of SDS is 0.1728 to 0.2304%, w/v, which was close to the 0.1% SDS 

concentration used in previous lung decellularization protocols. On the other hand, the 

critical micelle concentration of SDC is 0.083 to 0.249%, w/v, which is ~10 times less 

than the actual concentration of SDC used in published papers (2%) (Price et al 2010, 

Bonvillain et al. 2012, Daly et al. 2012, Gilpin et al. 2014). From this information it was 

further hypothesized that a reduction in SDC would be equally effective at decellularizing 

rat lungs compared to the traditional 2% SDC. It is critical to isolate intact native lung 

ECM that resembles in vivo ECM in order to properly study and infer lung ECM effects 

on fibroblast/myofibroblast phenotype. 

In theory, the rapid decellularization method could be automated allowing the user 

to set up multiple lungs to be decellularized at once and then return upon completion of 

decellularization. This protocol would allow the researcher to decellularize and reseed 

within the same day, which would be an improvement on previous work where a 

decellularized lung would be put in a fridge for weeks to a month waiting to be reseeded. 
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3.4.2 Decellularization Protocol 

 Lungs were processed as previously described; the lungs were flushed with 

1XPBS to remove excess blood and then inflated with ddH2O until further processing. 

 

Figure 8-Schematic of rapid whole lung decellularization set-up 

The pulmonary artery was cannulated with a 16-gauge needle and attached to a male luer 

lock adapter connecting to a reservoir of decellularizing detergents. It was crucial to have 

no air bubbles within tubing from reservoir to pulmonary artery in order to have 

continuous flow of solutions. The following were the decellularizing steps for each 

respective protocol. 
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SDC Decellularizing steps: 

1. 1XPBS for 10 mins 

2. 0.1% Triton X-100 for 30 mins 

3. Main detergent was 2% or 0.5% SDC until visually decellularized 

4. 1M NaCl for 30 mins 

5. Perfusion of ddH2O and 1XPBS through the pulmonary artery and trachea five times 

SDS Decellularizing steps: 

1. 1XPBS for 10 mins 

2. 0.1% SDS until visually decellularized 

3. ddH2O for 15 mins 

4. 1% Triton X-100 for 10 mins 

5. Perfusion of ddH2O and 1XPBS through the pulmonary artery and trachea five times 
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3.4.3 Preliminary Results 

 

Figure 9-Histological comparison of various decellularizing agents utilizing rapid 

decellularization technique 

H&E results for rapid decellularization demonstrate that this technique was successful in 

decellularizing whole rat lungs. Images were taken 10X and 20X magnification. All 

detergents effectively decellularized whole rat lungs, and interestingly, the 0.5% SDC 

appeared to be as equally effective at decellularizing rat lungs. On average it took 4-5 hrs 

to complete the rapid decellularization. 
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3.4.4 Comparison of ECM following rapid decellularization 

 

Figure 10-Histological comparison of decellularizing agent’s effects on retaining lung 

ECM following rapid decellularization  

All images were taken at 20X magnification. The top row represents Miller’s elastic 

staining protocol, which stains elastic fibers black, collagen red, nuclei brownish green, 

and erythrocytes yellow. Only the black elastic fibers and the red collagen fibers were 

present following staining. It would appear that both concentrations of SDC retain more 

elastic and black fibers compared to the SDS detergent. The second row represents 

Masson’s trichrome staining where collagen was stained blue and nuclei stained black. It 

was quite noticeable that the SDC retained more collagen following decellularization than 

SDS, and the 0.5% concentration of SDC was best at retaining collagen. 
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3.4.4 Discussion 

 The set-up of rapid lung decellularization achieved full decellularization using 

different detergents supporting its usefulness as a tool for decellularization. This set-up 

allowed for control over route of detergent administration and input pressure at which the 

detergent was delivered. Controlling for these two factors was crucial in order to 

impartially compare the effectiveness of different detergents at decellularizing and 

retaining native ECM. 

 H&E staining demonstrated that all three decellularizing protocols achieved full 

lung decellularization. Histological evaluation of collagen and elastic fibers in 

decellularized ECM revealed that SDC was far superior at retaining lung ECM following 

decellularization compared to SDS (figure 10). This result supports the hypothesis that 

SDC would be better at retaining the ECM proteins due its chemical properties as a fat 

emulsifier compared to a protein-denaturing agent SDS. The second hypothesis was that a 

reduction of SDC concentration from 2% would be equally effective at decellularizing 

whole rat lung since 2% concentration was 10 times higher than the critical micelle 

concentration of SDC. H&E staining showed that 0.5% SDC concentration could 

decellularize whole rat lung, and based on Miller’s and Trichrome staining it would 

appear that SDC at this concentration was most effective at retaining lung ECM as well. 

 Future work will need to further quantify differences in lung ECM post 

decellularization. However, beyond comparing the effectiveness of decellularizing 

detergents, the rapid decellularization set-up would be an optimal method to use when 

reseeding decellularized whole lungs. Rapid decellularization would allow the user to 
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match cell cultures with decellularization. This would be an improvement from the 

manual whole lung decellularization that lasted 50 hrs, which did not allow for seamless 

decellularization and reseeding on the same day.  

 The detergent that can retain lung ECM resembling native composition and 

conformation the best following decellularization will potentially improve the ability to 

successfully regenerate a lung. Studying lung ECM effects on fibroblast or myofibroblast 

phenotype requires the isolation of native lung ECM that is not damaged since this could 

produce undesired results. Furthermore, regeneration of a lung through decellularization 

of a donor lung and reseeding with host stem cells will require optimal lung ECM-cell 

engraftment as well. The decellularizing detergent chosen may impact more than simply 

removing cellular material; the detergent has to maintain native lung ECM components 

and conformation as close as possible. Reseeding of a decellularized lung requires an 

ECM scaffold that will provide appropriate cell binding domains and spatial cues 

permitting correct cell differentiation and proliferation. All of these processes are required 

in order to fully elucidate lung ECM effects on cell phenotype. 
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3.5 Lung Bioreactor Design and Culture 

3.5.1 Background 

 The purpose of building a lung bioreactor was to provide a biomimetic culturing 

device that simulated physiological ventilation and vascular perfusion of the lungs. The 

previous reseeding of decellularized whole lungs would be considered a static culturing 

method since there was neither physiological respiration nor vascular perfusion. Concerns 

of whether or not agarose within the static lungs slices was influencing the ability to fully 

elucidate lung ECM effects on fibroblast/myofibroblast phenotype drove the development 

of a biomimetic culture method. The hypothesis is that the lung ECM’s effect on the 

fibroblast phenotype resulting from static lung culture would be similar when cultured in 

a biomimetic device or lung bioreactor. 

The development of a lung bioreactor required three basic apparatuses: a 

ventilation unit, a vascular perfusion pump, and a unit to house the lung within the 

incubator. There are three published lung bioreactors: one that uses Harvard apparatus 

set-up (Ott et al. 2010), one that uses ventilation only (Price et al. 2010), and one that uses 

vascular perfusion and a syringe pump to mimic ventilation (Petersen et al. 2010). Ott et 

al.’s system could be considered the standard for a lung bioreactor, but it is expensive to 

purchase the unit from Harvard Apparatus. Petersen et al.’s design had a ventilation rate 

of one breath per minute, which does not fully mimic the physiological respiration rate.  



M.Sc. Thesis – N. Wheildon; McMaster University – Medical Sciences 

 44 

3.5.2 Design  

 

Figure 11-Schematic of lung bioreactor set-up  

Housing of the lung bioreactor consisted of a 250 or 125 mL Erlenmeyer flask with an 

appropriate size rubber stopper with four holes drilled into it. Within these four holes, 1 

mL plastic syringes with the ends cut-off were inserted. Plastic tubing was set-up to allow 

perfusion of lungs and ventilation through these cut-off 1 mL syringes. Trachea and 

pulmonary artery cannulas were attached to the end of the 1 mL syringe. All components 

of the bioreactor are autoclavable. 
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3.5.3 Lung bioreactor culture 

 Rat lungs that were previously decellularized using the manual whole lung 

decellularization method and reseeded with cells using the whole lung reseeding method, 

were cannulated at the pulmonary artery and trachea for culturing. The pulmonary artery 

cannula was hooked up to a rolling perfusion pump delivering ~250 µL of media per 

minute. The tracheal cannula was hooked up to a rodent ventilator (model RV5, Voltek 

Enterprises, Toronto, ON, Canada) and positive ventilation with a pressure of 20 cmH2O 

resulting in a breathing rate of ~60 breaths per minute were established. The lung was 

cultured, perfused, and ventilated in a sterile custom made bioreactor that was housed in a 

37ºC, 5% CO2, 95% O2 incubator.  

3.5.4 Preliminary Results 

 

Figure 12-H&E of A549 cells cultured within bioreactor  

A549 cells were reseeded onto decellularized lung ECM and cultured within bioreactor 

for 3 days. H&E demonstrates cells were viable following 3 days of culture.  
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3.5.5 Discussion 

 Preliminary results demonstrate that the bioreactor worked and could sustain days 

long vascular perfusion and physiological respiration. Unfortunately, this thesis did not 

utilize this technique to evaluate lung ECM-myofibroblast interaction. However, future 

work could use the bioreactor in tandem with static lung slice culture to better elucidate 

lung ECM effects on myofibroblast phenotype. Also, the lung bioreactor could be 

reseeded with many cell types, like stem cells that would study lung regeneration.   
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3.6 Examination of lung ECM’s effects on myofibroblast calcium handling 

3.6.1 Background 

 Since myofibroblasts have increased contractility properties, it would appear 

logical to examine whether lung ECM could influence fibroblast/myofibroblast Ca2+ 

signaling. Previous studies have revealed two types of myofibroblast contraction: the long 

isometric contractions regulated by the small GTPase Rho kinase and short ranged 

contractions controlled by intracellular calcium oscillations (Castella et al. 2010). 

Previous studies done in our lab and others have shown that fibroblasts and 

myofibroblasts differ in spontaneous calcium waves and invoked calcium waves when 

stimulated with growth factors such as TGF-β and PDGF (Castella et al. 2010, Muhkerjee 

et al. 2012, Muhkerjee et al. 2013). Moreover, studies have linked the higher contractility 

in myofibroblasts with greater stiffness from the ECM (Marinković et al. 2012, Balestrini 

et al. 2012, Trichet et al. 2012).  

 A study conducted by Godbout et al. (2013) examined the connection between 

ECM stiffness influences on calcium handling through increased myofibroblast 

contractility. They found that when ECM stiffness was increased there was a subsequent 

increase in myofibroblast calcium oscillation. Additionally, they found that 

myofibroblasts with larger focal adhesions and more developed stress fibers had faster 

calcium oscillations. One limitation to this study was that they could only modulate 

stiffness in a 2D environment. In order to fully elucidate lung ECM effects on 

myofibroblast phenotype, examination of calcium handling as a possible mechanism 
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through which lung ECM exerts its effect on fibroblast/myofibroblast phenotype could be 

carried out. 

3.6.2 Methods 

 Whole rat lungs were decellularized using the whole lung decellularization 

approach using SDC as previously described in the whole lung decellularization method 

development section. Upon decellularization, whole rat lungs were reseeded with IPF-

derived myofibroblasts, and once the agarose hardened the lungs were sectioned into 200 

and 300 µm thick slices and cultured in complete RMPI media. Two thicknesses were 

chosen in order to determine what thickness was optimal for live confocal calcium 

imaging while maintaining an appropriate 3D microenvironment for cell migration. 

 Based on previous reseeding results on migration out of agarose onto lung ECM, 

days 3 and 10 were used for evaluation of spontaneous and overnight TGF-β stimulated 

myofibroblast calcium handling. Stock solution of Oregon green 488 BAPTA-1 

(acetoxymethyl ester) was prepared by dissolving the powdered dye into DMSO and 20% 

Pluronic acid and stored in small aliquots at < -20ºC. Prior to imaging, cells plated on 

glass bottom dishes or reseeded lung slices were incubated in 5 µM of Oregon green 45 

mins at 37ºC. Confocal microscopy was then performed at room temperature (21–23ºC) 

using a custom-built apparatus based on an inverted Nikon Eclipse TE2000-4 microscope 

using a 20X objective. To excite Oregon green, a 488-nm illumination from a photodiode 

laser was scanned across the reseeded lung slice in X- and Y-planes using two oscillating 

mirrors oscillating at 8 kHz and 30 Hz, respectively. The emitted fluorescence (>500 nm) 

was detected by a photomultiplier; the signal was then digitized and images generated 
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(480×400 pixels); recording rate was averaged 10 frames over 1 second. Picture frames 

were stored as TIF stacks of several hundred frames on a local hard drive using image 

acquisition software (Video Savant 4.0; IO Industries, London, ON). Image files were 

then imported into ImageJ (free download: ttp://imagej.nih.gov/ij/). 

3.6.3 Preliminary Results 

 

Figure 13-Representation of IPF-derived myofibroblast calcium handling cultured on 

glass vs. normal lung ECM 

A represents IPF-derived myofibroblasts reseeded into whole lung that was sectioned into 

200 µm decellularized lung slices loaded with Oregon green to capture calcium activity. 

B represents same IPF-derived myofibroblasts cultured on glass loaded with Oregon 

green. C represents the corresponding light image of lung notice the 3D architecture of 

the lung ECM. Videos were captured at 20X magnification. Utilization of decellularized 

lung ECM to evaluate myofibroblast calcium handling was successful, and the use of 200 
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µm thick lung slices was optimal for examining myofibroblast calcium handling with 

confocal microscopy. Notice the difference in cell size when myofibroblasts were 

reseeded onto lung ECM compared to culture on glass.  

 

Figure 14-Quantification of normal lung ECM’s effect on IPF-derived myofibroblast 

calcium handling 

A represents calcium traces of B the average number of calcium peaks when 

myofibroblasts were cultured on glass or within normal lung ECM for 3 or 10 days. 

Notice the increase in calcium waves when myofibroblasts were cultured on glass. These 

results were based on 4 or more cells from the same cell line; therefore, caution should be 

taken when interpreting this preliminary result.  
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3.6.3 Discussion 

 Based on relevant literature search, there were no previous studies examining the 

effect native lung ECM has on myofibroblast calcium handling. The model developed in 

this thesis could be an ideal approach in examining lung ECM’s effect on 

fibroblast/myofibroblast calcium handling. Furthermore, future work could compare 

normal and fibrotic lung ECM and its impacts on fibroblast and myofibroblast phenotype 

and whether or not calcium handling plays a role in driving any changes.  

 The increased calcium activity of myofibroblasts cultured on glass compared to 

the softer lung ECM reflects results from Godbout et al. (2013). The mechanism in which 

the ECM decreased calcium activity was not examined and it would be convenient to 

contribute the change in calcium activity based on substrate stiffness. This explanation 

may prove to be accurate; however, the sequence of events leading to this result needs to 

be explored. Another explanation could be that there were changes in myofibroblast 

integrin binding within the normal lung ECM leading to changes in calcium channel 

activity. Nonetheless, examination of myofibroblast calcium handling in a more 

physiological 3D environment like the one presented here could help develop novel 

therapeutic targets for IPF.  
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Chapter 4: Elucidating Lung ECM Effects on Myofibroblast Phenotype 

4.1 Aims 

• Determine the phenotype of control and IPF-derived myofibroblasts when cultured on 

plastic 

• Determine whether normal lung ECM could reverse the myofibroblast phenotype 

• Attempt to explain the changes induced by normal lung ECM 

4.2 Background 

 Lung fibroblasts have the capability to sense their extracellular environment and 

are susceptible to differentiation based on increased extracellular matrix stiffening 

(Tomasek et al. 2002, Grinnell et al. 2003). Traditional cell culture plates have a stiffness 

in the gigapascal (GPa) range whereas normal lung stiffness ranges from 0.5-3 kPa, 

which would be a million fold difference (Liu et al. 2010). Previous studies have 

demonstrated when normal lung was cultured on a stiff cell culture plate it induced 

fibroblast to myofibroblast differentiation illustrated by an increase in α-SMA expression 

(Liu et al. 2010, Balestrini et al. 2012, Olsen et al. 2011). The present experiment utilized 

normal and IPF-derived fibroblast cell lines derived through explantation on plastic.  

 Balestrini et al. (2012) concluded that explanting a normal lung on a stiff substrate 

resulted in outgrowth of a myofibroblast population due to overexpression of α-SMA and 

these myofibroblasts were terminally primed. The term terminally primed refers to the 

fact that when stiffness induced myofibroblast population was switched to a physiological 

soft substrate stiffness they did not reverse phenotype. Conversly, when Wang et al. 

(2012) employed the same experimental design, they found that when valvular 
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myofibroblasts were switched from a stiff-to-soft substrate there was a reduction in the 

percent of myofibroblasts noted by a reduction in α-SMA staining. This result was 

confirmed when explanted pulmonary myofibroblast were switched from stiff-to-soft 

substrates (Wang et al. 2010). One major limitation of these two studies was that the 

substrates lacked the three-dimenisonal architecture of the lung. The present experiments 

were designed to elucidate a more physiological response by switching myofibroblasts 

from stiff plastic-to-3D soft, in native lung ECM. Conclusions from this designed 

experiment would confidently surmise whether myofibroblasts are actually terminally 

primed. The  table below representes the experimental design: 

 

 Control lung explanted 

on plastic 

IPF lung explanted on 

plastic 

Reseeded on  

Normal lung ECM 

Con/N (n=3) Con/F (n=3) 

 

Control fibroblasts and IPF myofibroblasts were cultured on normal lung ECM for 3 and 

10 days, and were subsequently compared to original phenotype gained through culturing 

on stiff plastic. 

4.3 Results 

 Stiffness of normal and decellularized lungs with and without agarose, as well as 

the stiffness of the reseeded lung slices used in this experiment was evaluated. 
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Figure 15-Evaluation of lung slice elastance  

Elastance was measured using a custom-built force transducer reading the force one 

second before and one second after length of the lung slices was increased 0.01 times the 

resting tissue length.  Decellularization increased the stiffness of lungs compared to 

normal lungs. This difference was normalized when 1% agarose used for reseeding was 

infused into normal and decellularized lungs. Furthermore, the reseeded lung slices used 

in the experiments to elucidate lung ECM’s effects on fibroblast phenotype reveals that 

these lung slices were roughly 30 Pa. In comparison to the reported stiffness of plastic 

was on GPa scale, the reseeded lung slices could be referred to as soft. 
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 An important objective was to determine whether there was a difference in the 

initial α-SMA expression between control fibroblasts and IPF-derived myofibroblasts 

following explant and culture on stiff plastic.  

 

Figure 16-Comparison of control and IPF-derived myofibroblast α-SMA expression 

when explanted and cultured on plastic  

ND stands for no statistical difference. Western blot analysis illustrates that there was no 

difference in α-SMA expression between control and IPF myofibroblasts, and more 

importantly that there was high expression of α-SMA in both cell types. With this 

evidence in hand, the reasoning for designating control fibroblasts as “fibroblasts” instead 

of myofibroblasts was questioned; it was decided to adopt the terminology of control 

myofibroblasts instead. Further supporting evidence that control and IPF myofibroblasts 

had equal α-SMA phenotype was realized in figure 18 where immunocytochemistry for 

α-SMA was conducted. 
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Figure 17-Immunofluorescence of control and IPF-derived myofibroblast α-SMA 

expression cultured on plastic 

DAPI indicates nuclear staining, green indicates myofibroblasts positive for α-SMA, and 

red indicates myofibroblasts positive for vimentin. Images were taken at 10X 

magnification.  
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 Figure 17 confirms the result of the previous western blot analysis that both cell 

types were in fact a majority α-SMA positive myofibroblast population. Additionally, all 

of the myofibroblasts examined on the slide were vimentin positive indicating that the 

myofibroblasts were of mesenchymal origin.  

 Next, α-SMA positive control and IPF myofibroblasts were cultured on 

decellularized lung ECM in order to determine whether these myofibroblast populations 

were in fact terminally primed. 

 

Figure 18-Comparison of control and IPF-derived myofibroblast α-SMA expression 

following culture on plastic vs. normal lung ECM through western blot analysis 

Con=control myofibroblasts, IPF=IPF myofibroblasts, N=Normal lung ECM, D=Day. * 

Represents statistical significance p<0.05.  
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 Based on western blot analysis of myofibroblasts reseeded onto normal lung 

ECM, it was evident that following 3 days of culture on normal lung ECM, control and 

IPF myofibroblasts experienced a reduction in α-SMA positive expression. Control 

myofibroblasts α-SMA expression did increase following 10 days of culture; conversely, 

IPF myofibroblasts experienced a further reduction in α-SMA expression.  

 

Figure 19-Comparison of control and IPF-derived myofibroblast α-SMA expression 

following culture on plastic vs. normal lung ECM through immunocytochemistry and 

immunohistochemistry  

Blue stain represents nuclei, light blue represents ECM, and red stain represents α-SMA.  
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 Immunocytochemistry of control and IPF myofibroblasts cultured on plastic 

confirms the previous immunofluorescence result that the majority of myofibroblasts 

were α-SMA positive. In comparison, when cultured on softer, normal lung ECM the 

myofibroblasts were smaller in size and had a reduced α-SMA expression in comparison 

to culture on plastic. The reduction in α-SMA expression reflects previous western blot 

analysis. 

 Since normal lung ECM comprised of both physiological stiffness and native 

ECM binding domains the question still remained whether or not the change in stiffness, 

from stiff plastic to normal ECM, reversed the myofibroblast α-SMA expression? To 

answer this question, control myofibroblasts were cultured on plastic and switched to a 1 

kPa soft cell culture plate, which is the physiological stiffness of lung (Liu et al. 2010). 

The α-SMA expression was then evaluated at days 3 and 10 to match previous results. 

 

Figure 20-Evaluation of stiff vs. soft cell culture plate effect on control myofibroblast 

α-SMA expression 
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TCP=traditional stiff cell culture plastic and soft=1 kPa soft cell cultue plate. ** 

represents statistical significance between TCP and soft culture plate on day 3 or 10 and * 

represents statistical significance between days 3 and 10. 

 Western blot analysis in figure 20 (work done by Pierre-Simon Bellaye) revealed 

that changing the ECM stiffness from stiff to soft was capable of reducing the α-SMA 

expression in control myofibroblasts at both days 3 and 10. However, changing the ECM 

stiffness did not abolish the α-SMA expression completely as seen when myofibroblasts 

were cultured on normal lung ECM. 

 Next, normal lung ECM effect on myofibroblast apoptosis was evaluated to 

determine whether or not this was an explanation of the reduction in α-SMA expression. 

To evaluate this, western blot analysis of caspase-3 and cleaved caspase-3 was carried 

out.

 

Figure 21-Evaluation of normal lung ECM’s effect on myofibroblast apoptosis 



M.Sc. Thesis – N. Wheildon; McMaster University – Medical Sciences 

 61 

 Western blot analysis in figure 21 demonstrated that there was a noticeable 

increase in the active cleaved caspase-3 among control myofibroblasts compared to IPF 

myofibroblasts cultured on plastic. Interestingly though, there was no detectable cleaved 

caspase-3 expression among control or IPF myofibroblasts when cultured for 3 or 10 days 

on normal lung ECM. 

4.4 Discussion 

 One of the major findings from this study would be that both control and IPF 

myofibroblasts cultured on plastic have identical α-SMA expression. This result was not 

surprising and was in accordance to previous studies’ observations that have clearly 

shown that culturing fibroblasts on a stiff substrate, like normal tissue culture plates, 

induced fibroblast to myofibroblast differentiation distinguished by an increase in α-SMA 

expression (Wipff et al. 2007, Liu et al. 2010, Olsen et al. 2011, Balestrini et al. 2012). 

Based on the fact that they have indistinguishable α-SMA expression it would lead to the 

conclusion that they have become identical cell types; however, there could be underlying 

differences in other myofibroblast characteristics between them that were not tested. 

More importantly, this result just reinforces the idea that culturing of control and IPF 

myofibroblasts should reflect respective in vivo lung stiffness in order to effectively 

compare differences. For example, normal lungs should be explanted and cultured on 

substrates with a stiffness ranging from 0.5-1 kPa reflecting in vivo stiffness.  

 The reduction in α-SMA expression at day 3 for control and IPF myofibroblasts 

on normal lung ECM and further reduction at day 10 for IPF myofibroblasts indicates that 

myofibroblasts may not be terminally primed. Furthermore, when control myofibroblasts 
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were switched from stiff to soft cell culture plates it resulted in a reduction in α-SMA 

expression as well. This result refutes the notion that myofibroblasts are terminally 

primed as previously hypothesized by Balestrini et al. (2012). This result aligns with the 

previous studies’ outcomes (Kloxin et al. 2010, Wang et al. 2012) showing that valvular 

and pulmonary myofibroblasts de-differentiated through a reduction in α-SMA expression 

when switched from a stiff to soft substrate. Even though there was a reversal in 

phenotype when myofibroblasts were switched to soft cell culture plates (figure 20), the 

effect of simply changing substrate stiffness did not fully explain the total reduction in α-

SMA expression when cultured on normal lung ECM (figure 18). This result indicates 

that the change in substrate stiffness may have partially contributed to the decrease in α-

SMA expression. However, other mechanisms appear to be involved since there was a 

further reduction in α-SMA expression when IPF myofibroblasts were cultured on normal 

lung ECM compared to plastic at day 10 (figure 18, 19, 20). 

 Booth et al. (2012) cultured normal fibroblasts on normal and fibrotic lung ECM 

in a similar experimental set-up. Their results indicated that fibrotic ECM was capable of 

inducing fibroblast to myofibroblast differentiation based on α-SMA expression. Upon 

further examination of their fibroblast cell culture method revealed that they were 

culturing their fibroblasts on plastic prior to reseeding onto decellularized lung ECM. 

Based on evidence presented in this thesis and previous studies, this normal fibroblast 

culture would have been a majority α-SMA myofibroblast population. Their assumption 

that they were utilizing normal fibroblasts was most likely flawed; however, their work 

showed that there was reduction in α-SMA expression following 2 days of culture on 
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normal lung ECM compared to fibrotic lung ECM. This result suggests that normal ECM 

had the ability to reverse the myofibroblast phenotype in their study as well. Ultimately, 

the reduction in α-SMA expression indicated that the initial myofibroblast phenotype 

transformed into a quiescent-like fibroblast when cultured on normal lung ECM.  

There appeared to be an increase in cleaved caspase-3 in control myofibroblasts 

compared to IPF myofibroblasts demonstrating that there may have been some 

differences between the two cell lines (figure 21). This result reflects previous work that 

showed IPF myofibroblasts were protected from apoptosis compared to control 

fibroblasts (Moodley et al. 2004). 

The lack of cleavage of caspase-3 in control and IPF myofibroblasts reseeded on 

lung ECM at days 3 and 10 when compared to the initial phenotype further suggests that 

these myofibroblasts de-differentiated into a quiescent fibroblast like state. Alternatively, 

it could be interpreted that lack of cleaved caspase-3 induced a phenotype that was more 

resistant to apoptosis. This is an interesting result since Liu et al. (2010) showed that 

increased stiffness protected against apoptosis and reduced stiffness promoted apoptosis. 

However, our results indicated that softer lung ECMs have the ability to protect against 

apoptosis when compared to stiff culture plates. Liu et al. only examined the effect of 

apoptosis in relation to stiffness, whereas we incorporated both biomechanical (stiffness) 

and biochemical effects through the use of native lung ECM.  

Evidence from Ghaedi et al. (2013) showed that when human induced pluripotent 

stem cell-derived alveolar type II (iPSC-AETII cells) were cultured on native 

decellularized lung ECM fewer apoptotic markers were present at days 3 and 7 as 
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determined by immunostaining for caspase-3. Further evidence suggesting that apoptosis 

was not in association with a reduction in α-SMA when myofibroblasts were switched 

from stiff-to-soft substrate was demonstrated by Wang et al. (2012). Furthermore, the 

reduction in α-SMA expression demonstrated in this thesis was not associated with an 

increase in apoptosis as well. Nonetheless, in respect to the hypothesis of this thesis, it 

can be concluded that myofibroblasts adopt the phenotype of the lung ECM they were 

cultured on as noted by the reversal in α-SMA expression.  

4.5 Limitations and Future Directions 

 Future work utilizing the methods presented in this thesis should help better 

elucidate lung ECM’s effects on fibroblast/myofibroblast phenotype. Recent studies have 

demonstrated how traditional stiff cell culture plates promote fibroblast to myofibroblast 

differentiation. With this knowledge in hand, appropriate cell culture conditions should be 

employed for respective cell types being studied. For example, to study fibrotic lung 

ECM effects on fibroblast to myofibroblast differentiation, normal lung should be 

explanted and subcultured on 0.5-1 kPa soft cell culture plates. This stiffness will mimic 

normal lung tissue elastance and limit the potential for stiffness-induced fibroblast to 

myofibroblast differentiation. 

 Utilization of primary human cell lines increases the clinical validity of the 

experiments carried out in this thesis. Since a large amount of this thesis was methods 

development, the use of primary human pulmonary myofibroblast cell lines was not ideal. 

The growth rate and eventual senescence of these cell lines dramatically hampered the 

rate at which results were obtained. Next steps in the progression of this work may 
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require further methods refinement, which would benefit from the use of cell lines that 

can be subcultured past passage 10.  

 Employment of a xenogenic model of rat lung ECM reseeded with the primary 

human cell lines may limit the external validity of these results. It would be ideal to 

decellularize whole human lungs, but acquiring intact human lungs for this purpose 

would be difficult. One solution would be to use an animal model that more closely 

resembles human lung physiology like pig or sheep lungs. Ultimately, the ex vivo 

experimental methods developed will never recapitulate in vivo conditions, but the 

methods used in this thesis are more physiological than using traditional plastic cell 

culture plates used to elucidate differences between normal and IPF myofibroblasts. 

 The manual decellularization method used in this thesis and other studies used 2% 

SDC; however, through the rapid decellularization technique, a concentration of 0.5% 

SDC was equally effective in decellularizing whole rat lung. Therefore, the 

decellularization with 2% SDC in this thesis may have produced lung ECM that had 

excess loss in ECM and/or deformation of native ECM conformation. Future work should 

examine decellularization effects on ECM protein loss through examining insoluble and 

soluble protein levels with mass spectrometry and deformation of lung ECM through 

immunofluorescence. 

 Studying lung ECM effects on myofibroblast phenotype using a static lung slice 

culture method with agarose does not fully mimic normal lung physiology. The use of 

agarose within static lung slices could confound results obtained using this method. The 

use of our novel lung bioreactor mimicking normal lung physiology should be used in 
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parallel with static lung slice culture in order to confirm the results increasing internal 

validity of our experiments. The development of the lung bioreactor was a great 

achievement; however, the reliability of this lung bioreactor has not been fully tested yet. 

More importantly though, this technique would provide a more accurate model for 

examining lung ECM effects on fibroblast/myofibroblast phenotype. The lung bioreactor 

opens up many avenues of exploration like lung regeneration. 

 Examination of fibrotic lung ECM effects on fibroblast/myofibroblast phenotype 

was attempted in this thesis. Unfortunately, the administration of TGF-β adenovirus to 

induce lung pulmonary fibrosis in the rat model produced mild to no fibrosis. In the 

future, a more effective TGF-β adenovirus concentration should be administered to 

induce pulmonary fibrosis. 

 The mechanisms through which normal lung ECM reduced α-SMA expression in 

myofibroblasts were not fully explained in this thesis. Future work should examine gene 

and protein expression changes that occurred following myofibroblast reseeding onto 

normal lung ECM. High throughput screening techniques, like microarray analysis, could 

develop a conceptual map of the changes that had occurred providing invaluable guidance 

for future work. Preliminary work examining normal lung ECM effect on myofibroblast 

calcium handling reveals an interesting avenue for future experimentation as well. 

Finally, determining whether there were changes in integrin subtype expression may be 

worth exploring due to integrins role in sensing changes in environmental stiffness and 

the release of active TGF-β.   
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