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Abstract 

Idiopathic pulmonary fibrosis (IPF) is a progressive and debilitating condition with poor 
survival (median five years) and few effective therapeutic options. IPF results from 
the misdirected deposition of extra-cellular matrix proteins (ECM) by activated 
myofibroblasts, which results in occlusion of airspaces, organ dysfunction, and 
eventual respiratory failure. Current hypotheses posit that chronic injury to the 
pulmonary epithelium leads to the activation of wound healing programs and that 
these processes, through abnormal crosstalk between mesenchymal and epithelial 
cells, remain progressively activated rather than being resolved.  
Two important factors in this process are the abnormal activation of the coagulation 
cascade and the presence of oxidative stress. The coagulation proteinase FX is 
produced locally in the lung and plays a role in experimental fibrosis. Preliminary in 
vitro work suggested a role for oxidative stress, which itself has also been purported 
to play an aetiological role in IPF. This resulted in the hypothesis that local 
production of coagulation proteinases by lung epithelium plays a role in the 
pathogenesis of IPF and is regulated by oxidative stress. 
In vitro, the cell line A549, primary human alveolar type II cells (ATII), and primary 
human bronchiolar epithelial cells (HBECs) were shown to produce F10 mRNA and 
FX protein at baseline. This production was increased in the presence of reactive 
oxygen species (ROS). Further, NRF2 was demonstrated to play a role in this 
production, through the use of agonists, ChIP, and siRNA. In vivo, 
immunohistochemistry and immunocytochemistry showed the localisation of FX, FVII, 
and tissue factor (TF) to epithelial cells. Treatment of bleomycin-induced fibrosis with 
the antioxidant NAC, although showing no effect on disease, reduced F10 mRNA 
levels and showed an effect on markers of epithelial injury.  
Together, these studies provide strong evidence for local epithelial production of FX 
and for oxidative stress and NRF2 signalling in this production.  
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Chapter 1 - Introduction 
 Structure and function of the lung 

The purpose of the lung is to exchange gases with the external environment. Air enters 
the lung through the large airways and is conducted through ever-narrowing bronchi 
and bronchioli into the terminal bronchioles and, finally, the alveoli. Alveoli are small 
sacs that function to considerably increase the surface area of the lung (approximately 
65m2) such that gas exchange can occur efficiently through passive diffusion. In the 
alveoli, the septae separating the airspaces from the microvasculature are only 4µm 
to 8µm thick (Laurent and Shapiro 2006). 
On a cellular level, the lung is a highly complex and ordered organ. There are many 
cell types that actively and passively participate in the functions of the lung. Epithelial 
cells of the bronchi and bronchioli act to not only conduct gases into the alveoli but 
also provide essential host-defence and homeostatic mechanisms through the 
production of mucous and microbial clearance via the mucocilliary escalator. Similarly, 
alveolar epithelial cells function not only to increase the surface area of the lung for 
diffusion, but are also essential for the secretion of surfactant proteins and other 
essential products to ensure efficient organ function. The lung also contains stem cell 
and progenitor cell populations, endothelial cells of the microvasculature, smooth 
muscle cells around the large vessels and large airways, tissue-resident 
macrophages, fibroblasts, and numerous other cell types. Each of these populations 
plays a key role in both homeostasis and disease. Indeed, as a result of its unique and 
constant contact with the external environment (a human takes on average 650 million 
breaths in their life), the lung is continually exposed to contaminants and noxious 
insults such as dust, pollution, cigarette smoke, microorganisms, ozone, high oxygen 
concentrations which can produce toxic by-products, plus the physical tension caused 
by breathing. Therefore, the structure and homeostatic mechanisms of the lung must 
be robust enough to maintain integrity and gas exchange function while fending off 
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any injury caused by damaging contacts with the environment (Laurent & Shapiro 
2006). 
 

 Interstitial lung disease   
 

 Epidemiology of pulmonary fibrosis    
In certain conditions, homeostatic and repair mechanisms become dysregulated and 
result in pathology rather than repair and resolution. One example of this is pulmonary 
fibrosis (PF), which is the end stage of a group of heterogeneous conditions called 
interstitial lung diseases (ILD, see Table 1.1 for a list of common conditions and 
associated aetiologies). Of these conditions, some are systemic and involve many 
organs other than just the lung (e.g. systemic sclerosis) while others are limited only 
to the lung (e.g. idiopathic pulmonary fibrosis). ILD associated with systemic conditions 
such as rheumatoid arthritis (Kim et al. 2009) and systemic sclerosis (Herzog et al. 
2014) is thought to result from autoimmunity and the resulting inflammation created 
thereby whereas the role, if any, of inflammation in IPF is strongly debated (and will 
be discussed further below).  
PF is characterised by the pathological and progressive deposition of extracellular 
matrix (ECM) in the lung. This abnormal matrix deposition occludes alveoli, destroys 
the architecture of the lung, and results in a decreasing ability of the lung to participate 
in gas exchange. Typically, matrix proteins are produced and secreted in order to 
repair and remodel damaged tissue. However, in PF, the production of ECM is 
uncontrolled and disordered and results, rather, in further damage and dysfunction of 
the tissue. 
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Aetiology  Clinical example 

Systemic 
disease 

Collagen vascular 
disease 

Systemic sclerosis 
Rheumatoid arthritis 
Sjorgren’s disease 
Poly/dermatomyositis 

Immunodeficiency Common variable 
immunodeficiency 

   

Exposures 
 

 
Environmental 
 

Hypersensitivity pneumonitis 

 
Occupational 
 

Asbestosis 
Berylliosis 
Silicosis 

Drug induced 
Amiodarone 
Methotrexate 
Bleomycin 

   
Genetic  Familial interstitial pneumonia 

 Hermanski-Pudlack syndrome 
   
Unknown  Idiopathic Pulmonary Fibrosis 

Table 1.1 - Clinical classification of interstitial lung diseases (ILD) with known 
aetiologies (adapted from Laurent and Shapiro, 2007) 
 
Idiopathic pulmonary fibrosis (IPF) is the most prevalent form of the idiopathic 
interstitial pneumonias (IIP) which constitute a large proportion of all ILD diagnoses 
(ATS 2002); percentages of IPF diagnoses range from 17 to 86% of all ILD cases 
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depending on the particular patient population (Ley and Collard 2013). 
Symptomatically, IPF manifests as increasing dyspnoea (shortness of breath), 
decreased parameters of lung function such as forced vital capacity (FVC), and poor 
quality of life. The overall survival rates are low; only 50% of patients survive past 3 
years, although sub-group analysis has shown distinct groups within the wide 
population of IPF patients, perhaps suggesting that IPF is an umbrella term for a 
spectrum of conditions that share a common endpoint – fibrosis – but that may have 
distinct aetiologies. For IPF patients, there are at least three subgroups with distinct 
disease progression patterns: rapidly progressive, slowly progressive, and an 
intermediate group displaying periods of stability and slow decline punctuated with 
rapid reductions in organ function. The prognosis for IPF patients as a whole is similar 
to many aggressive lung cancers, with a median survival of only 2-3 years (Ley et al. 
2011). Estimates as to the prevalence vary according to the specific inclusion criteria 
used but range from 2-29 cases per 100,000 with an estimate of 5000 new cases per 
year in the UK (Raghu et al. 2011). IPF is an age-related disease with increasing 
incidence from 50 years and older. Additionally, there is no association with ethnicity 
and slightly higher prevalence in men than women (Nathan et al. 2011). 
 
 

 Histology and diagnosis of IPF 
Pathologically, IPF is a complex, multi-factorial disease. Gold standard diagnosis 
requires the histological investigation of a lung tissue biopsy, revealing a pattern 
typical of usual interstitial pneumonia (UIP). UIP is an umbrella term used to describe 
a histological diagnosis in the lung that may result from any number of a group of 
conditions such as rheumatoid arthritis, systemic sclerosis, asbestosis, or 
hypersensitivity pneumonitis. Although each of these may share a common 
histological end stage, they represent distinct disease processes and, most likely, 
distinct aetiologies. A pattern of UIP is classified as IPF when there is no known 
causative factor or condition present. Therefore a diagnosis of IPF results from 
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elimination of potential causes rather than positive identification. However, with 
modern imaging and diagnostic techniques, most patients no longer undergo a 
surgical lung biopsy because of its associated risk of mortality. Roughly 2/3 of patients 
with IPF will not need to undergo a biopsy with the remaining 1/3 needing a histological 
examination to distinguish atypical IPF patients from those with other ILDs 
(Kaarteenaho 2013). 
While the aetiology of IPF is not fully understood, there are several factors that have 
been associated with the disease, including smoking history, the presence of gastro-
oesophageal reflux disease, and occupational exposure to inhaled fine particulate 
matter (Raghu et al. 2011). UIP in the lung is characterised by hyperplastic and 
apoptotic epithelium overlying areas of dense collagen deposition, fibroblast 
proliferation, and fibroblast to myofibroblast differentiation. This structure is referred to 
as a fibrotic focus (FF) and is considered to be the leading edge of the disease (Error! 
Reference source not found.). These foci, which encapsulate the active fibrotic 
process of collagen deposition and alveolar destruction, are associated with the both 
disease severity and survival rates in patients (Enomoto et al. 2006) (Nicholson et al. 
2002) (King, Jr. et al. 2001). In the disease that is observed in most patients, the overall 
levels of inflammation in the lung are mild. However, there are often local, non-
lymphoid, aggregates of immune cells including T cells, B cells, and dendritic cells 
(Raghu et al. 2011). 
These immune cells are generally regarded to be non-proliferative yet highly activated 
and synthetic for a number of potentially important cytokines and mediators (Marchal-
Somme et al. 2006). The pathological role of inflammation in IPF, if any, is fiercely 
debated. In fact, ‘sterile,’ inflammation free, animal models of fibrosis generated 
through overexpression of the important pro-fibrotic molecule TGF-β1 have been 
created (Lee et al. 2006), questioning the importance of inflammation in this condition. 
However, although there are non-inflammatory models of fibrosis and little to no active 
inflammation detected in most patients, it is possible that inflammation plays a key role 
in early disease but that this has not been describe because of the lag (often decades) 
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between the putative causative event or events and diagnosis. Thus the precise role 
of inflammation in IPF and its aetiology is not known. 
Clinically, diagnosis of IPF begins with modern imaging techniques such as high-
resolution computed tomography or positron emission tomography. Upon scanning, 
UIP is detected by sub-pleural cystic airspaces surrounded by thickened fibrotic 
alveolar septae, termed ‘honeycombing.’ There may also be ground glass opacities 
which represent fluid infiltrates, potentially indicating the presence of inflammation, 
and abnormal dilation of the airways, which is classified as traction bronchiectasis. 
Although a histological determination of UIP is necessary for a differential diagnosis – 
there are 7 distinct IIPs that display similar symptoms (Meyer 2014) – the process of 
obtaining a biopsy is invasive, potentially dangerous, and often counter-indicated. For 
most patients, modern imaging techniques provide enough information for an 
experienced radiologist to determine an intermediate diagnosis of UIP or non-specific 
interstitial pneumonia (NSIP). Differential diagnosis can then be provided by broncho-
alveolar lavage (BAL) and bronchoscopy which can be used to exclude the possibility 
of NSIP (Raghu et al. 2011). 
 
 



 
 

 

   

     34  
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 UIP histology and the fibrotic focus in detail 
Histological staining of normal lung tissue (Panel A) reveals an open architecture with thin septae that 
allows for efficient passive gas exchange to occur. UIP lung tissue (Panel B), however shows a 
drastically different structure. UIP lung is characterised by collapse of the alveolar structure, 
thickening of the septae, mesenchymal expansion, and collagen deposition (blue). A higher-power 
view of a fibrotic focus (Panel C) highlights the hyperplastic epithelium (red) that surrounds a dense 
collection of myofibroblastic cells and matrix components such as collagen (blue). This lesion is the 
leading edge of the disease. Images courtesy of Prof. Robin McAnulty 
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 Genetic associations and the pathogenesis of IPF 

Existing theories regarding the aetiology of IPF are numerous, hugely varied, and 
complex. One reason for this is that IPF is a multi-factorial condition with a 
pathogenesis that most likely involves a combination of environmental exposures in 
genetically susceptible individuals. There is no single genetic locus central to IPF 
development, but a number have been associated with disease. These include 
mutations in the genes encoding for surfactant protein A2 (Wang et al. 2009) and 
surfactant protein C (van Moorsel et al. 2010), which supports the notion, as will be 
explored below, that dysfunction of the alveolar epithelium results in the activation of 
fibrotic processes.  
Mutations in bronchiolar epithelial cells have also been associated with IPF, which 
indicates that the epithelium in general, and not only the alveolar epithelium, plays a 
role in fibrosis.  Two independent studies demonstrated that a polymorphism in the 
MUC5B promoter is associated with both familial and idiopathic PF (Seibold et al. 
2011), (Zhang et al. 2011). MUC5B encodes for a mucin, which is a component of 
mucus, and, interestingly, this mutation results in both the increased production of this 
protein and is associated with increased survival in IPF patients (Peljto et al. 2013). 
How a polymorphism can result in both increased risk and increased survival is a 
conundrum that has yet to be solved. 
Additionally, mutations in two genes involved in the function of the telomerase 
complex, TERT and TR (Armanios et al. 2007), are associated with disease. In 
addition, telomere shortening, in the absence of any mutations associated with 
telomerase, was associated with disease (Alder et al. 2008). Although the above 
mutations accounted for a small relative portion of IPF detected, familial history of 
pulmonary fibrosis is one of the strongest risk factors for developing IPF (Garcia-
Sancho et al. 2011), but the identity of the gene or genes responsible for this apparent 
familial risk is currently unknown.  
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 The extracellular matrix and fibroblast in the pathogenesis of 

IPF 
One of the well-regarded theories as to the pathogenesis of IPF posits that a repetitive 
insult to the lung results in aberrant reparative processes. Factors which are known to 
cause repetitive injury to the lung, such as viral infection, smoking, pollution, 
occupational exposure to particles, and gastro-oesophageal reflux disease are known 
to be associated with increased risk of developing the condition. These factors are 
thought to initiate cycles of epithelial wounding and repair (Selman and Pardo 2002).  
In the normal lung, epithelial injury produces a release of cytokines, chemokines, and 
growth factors. These factors draw inflammatory cells, both tissue resident and 
circulating populations, to the area in an attempt to mount a defence against the 
injurious agent and repair any damage done. Further cytokine and chemokine release 
(such as transforming growth factor β 1 (TGFβ1)) by both inflammatory cells and the 
damaged area results in the activation and migration of fibroblasts to the site of injury. 
TGFβ1 accumulation, as well as changes in the local ECM microenvironment, results 
in fibroblast differentiation into myofibroblasts at the site of injury. Under homeostatic 
conditions, the ECM is matured and cross-linked; a structure that inhibits the transition 
of tissue-resident fibroblasts to myofibroblasts and encourages myofibroblast 
apoptosis. However, in damaged areas, the ECM stiffness increases and proteins 
absent from matured ECM, such as fibronectin, are present. These factors encourage 
the fibroblast-myofibroblast transition. 
Upon transition to a myofibroblast phenotype, the cells gain important effector 
functions. Myofibroblasts become contractile through the expression of contractile 
proteins such as α smooth muscle actin (αSMA). This contractility allows 
myofibroblasts to physically close wound edges, speeding resolution. Production and 
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organisation of αSMA into stress fibres, which confers a contractile phenotype, is 
generally considered as the hallmark of myofibroblast transition (Phan 2008).  
In addition, myofibroblasts produce and secrete extracellular matrix proteins in order 
to provide a provisional matrix to which repopulating cells can attach and expand. 
Provisional matrix is eventually matured into cross-linked ECM in a process called 
remodelling. Remodelling involves the removal of provisional ECM proteins and also 
a reduction in the stiffness of the substrate, both of which are required signals for 
myofibroblast persistence. Therefore, after remodelling and resolution myofibroblast 
populations undergo apoptosis to restore the normal cell populations of the tissue 
(Hinz et al. 2007).  
However, for reasons as yet unknown, in the IPF lung the crosstalk between the 
epithelium and the mesenchyme (fibroblasts) is dysregulated. This is likely the result 
of constant and repetitive activation of the repair process by persistent micro-injuries 
(such as cigarette smoking or small inhalations of stomach acid) that eventually 
corrupt and overwhelm the ability to remove and remodel provisional ECM. Repetitive 
injury to epithelial cells, as a result of damaging mutations or environmental exposures 
or both, causes prolonged cycles of damage, danger signalling, and activation of the 
wound healing response. However, because provisional ECM is not remodelled and 
tissue homeostasis is not restored, the cycle becomes self-perpetuating.  
Mechanosensation of the provisional matrix by activated myofibroblasts signals their 
survival and expansion. TGFβ1 levels remain elevated and what should be a 
temporally and spatially distinct response to a specific injury turns into uncontrolled 
proliferation and activation of myofibroblasts and progressive scarring of the lung. 
Organ damage that would normally be remodelled and resolved by the immune 
system is instead consolidated into a dense mesh of ECM proteins that obstructs 
airflow and destroys the architecture of the lung (Selman & Pardo 2002). This 
paradigm is summarised in Figure 1.2. 
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 Current theory of IPF pathogenesis - repetitive epithelial injury 

paradigm  
Repetitive or chronic injury to the alveolar and/or bronchiolar epithelium caused by a variety of agents 
such as viral infection, smoke inhalation, stomach acid inhalation, or oxidative stress leads to its 
activation, apoptosis, and hyperplasia. Secretion of pro-fibrotic and pro-inflammatory mediators by 
activated epithelium, endothelium, and tissue-resident immune cells such as macrophages results in 
the accumulation and activation of myofibroblasts which over-exuberantly synthesise ECM, leading to 
fibrosis. As will be described in greater detail in Sections 1.3 and 1.4, increased activation of the 
coagulation cascade and an antioxidant/oxidant imbalance are thought to play an important role in 
this process. Adapted from original image courtesy of Dr. Chris Scotton. 
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 Epithelial injury in the pathogenesis of IPF 
There is a multitude of evidence showing increased and prolonged epithelial injury and 
apoptosis (Reviewed in: Camelo et al. 2014 and Jenkins et al. 2012) in IPF. The fibrotic 
focus is characterised by the abnormal apoptotic alveolar epithelial type II cells (ATII). 
Alveolar damage is accompanied by elevated levels of TGFβ1. TGFβ1 is a pluripotent 
cytokine that plays an important anti-inflammatory and anti-cancer role throughout the 
body by activating apoptotic pathways, inhibiting proliferation, and inducing 
differentiation in cells it contacts, especially those of epithelial origin (Siegel and 
Massague 2003) (Massague 2000). It also exerts an influence on the function of the 
inflammatory response and immune system by shifting T-helper cells into a regulatory, 
immunosuppressive phenotype (Xu et al. 2010). The precise action of TGF β1 in any 
given system depends on the microenvironment present. In fibrosis, the action of this 
cytokine results in increased epithelial apoptosis (Hagimoto et al. 2002), epithelial to 
mesenchymal transition (EMT, Willis and Borok 2007) and fibroblast resistance to 
apoptosis. Additionally, it and other mitogens such as thrombin and PDGF, leads to 
the activation and accumulation of fibroblasts and myofibroblasts (Border and Noble 
1994) which are the main effector cells in fibrosis.  
 

 Myofibroblast lineage tracing 
Because of their central role in the aetiology and progression of fibrosis, much 
research has been devoted to the specific source of myofibroblasts. One potential 
strategy for treating IPF and other fibrotic conditions would be to reduce the number 
and activity of myofibroblasts. However, because there are many potential fibroblast 
reservoirs, the main source of this important effector cell has come under close 
scrutiny.  
Myofibroblasts may come from several distinct sources such as: tissue resident 
fibroblasts (Phan 2002), epithelial cells undergoing epithelial to mesenchymal 
transition (Kim et al. 2006), endothelial cells undergoing endothelial to mesenchymal 
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transition (Hashimoto et al. 2010), circulating fibroblast progenitor cells called 
fibrocytes (Phillips et al. 2004), or progenitor cells surrounding the vasculature called 
pericytes (Sundberg et al. 1996). The relative contribution of each of these potential 
cellular sources of myofibroblasts is unknown and a source of debate within the field. 
In fact, recent publications have challenged the importance of EMT within the context 
of pulmonary fibrosis (Rock et al. 2011), which shows the continually evolving nature 
of lineage tracing. Therefore, the source of the myofibroblast within IPF remains an 
area of intense interest. 
 

 Viral infection in pulmonary fibrosis 
There is increasing evidence to suggest that viral infection may play a role in both the 
aetiology and progression or exacerbation of IPF. Patient populations with IPF have 
been shown to harbour a number of viruses, included hepatitis C, Epstein-Barr Virus 
(EBV), cytomegalovirus (CMV), human herpes virus 7 (HHV-7), and human herpes 
virus 8 (HHV-8) at rates much greater than unaffected individuals (Pulkkinen et al. 
2012 and reviewed in Vannella and Moore 2008). Interestingly, although these viruses 
are commonly found within the general population, their distribution in IPF is abnormal; 
pulmonary alveolar epithelial cells show signs of infection, an observation absent from 
control tissue (Tang et al. 2003) (Marzouk et al. 2005). EBV infection, in particular, has 
been associated both with disease severity. Patients who showed EBV infection, via 
staining for a protein associated with latent infection (latent membrane protein 1, 
LMP1), had higher mortality than uninfected individuals (Tsukamoto et al. 2000). 
The precise interactions between viruses, viral infected cells and the larger context of 
fibrosis is under investigation. IPF has been hypothesised to involve prolonged insults 
to the epithelium that result in abnormal un-resolved wound healing responses. Viral 
infection is known to cause long-term, and long lasting, damage to infected cells. In 
addition to direct cell damage through the lytic phase of infection, where viral 
replication actively occurs, resulting in lysis, indirect damage to the genome of the cell 
can occur during the latent phase of viral infection. In addition, epithelial cells that are 
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infected with EBV and other virus display endoplasmic reticulum stress, which itself 
has been associated with IPF (Lawson et al. 2008). Interestingly, TGFβ1 and EBV 
LMP1 acted synergistically to increase the amount of EMT in cultured cells, which 
suggests a mechanistic link between viral infection and fibrosis (Sides et al. 2011). 
Experimental animal models have also been used to show the importance of viral 
infection in the context of pulmonary fibrosis. Mice with a latent infection of murine 
γherpesvirus-68 (γHV-68), the murine virus most closely related to EBV, displayed 
significantly worse fibrosis after FITC or bleomycin challenge (Vannella et al. 2010). 
Moreover, alveolar macrophages and mesenchymal cells isolated from mice infected 
with γHV-68 produced greater amounts of pro-fibrotic mediators, including TGFβ1, 
than uninfected mice (Stoolman et al. 2011).   
 

 Potential role for viral infection in the exacerbation of 
pulmonary fibrosis 

IPF is a progressive disease where lung function parameters decline over time. In 
some patients, this decrease is steady, whereas in many there are relative periods of 
stability punctuated by precipitous declines, often resulting in death. Around 30% of 
all deaths of IPF results from the acute worsening of disease, or exacerbation (Figure 
1.3). Acute exacerbation is defined as rapid decline in the function of the lung in the 
absence of other causative factors such as detectable bacterial or viral infection or 
pulmonary embolism (Collard et al. 2007) and remains an area of great interest and 
need. By definition, exacerbation excludes a causative viral infection. However, it is 
possible that this historical category has excluded an aetiological role for viruses as a 
result of difficulty in their detection. As will be discussed further below, traditional 
sampling methods have relied of lavage fluid, a technique which could miss the 
presence of latent viral infection. 
Indeed, there is evidence to support the role of viruses in the exacerbation of fibrosis. 
In an analysis of the control cohort from a clinical trial, a significant portion of patients 
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who died from acute worsening of disease had evidence of viral infection (Martinez et 
al. 2005). In addition, work in murine models of pulmonary fibrosis has also shown a 
role for viruses in acute exacerbation. Mice with FITC-induced pulmonary fibrosis that 
were subsequently infected with γHV-68 showed statistically significant increases in 
collagen and decreases in lung function (McMillan et al. 2008). In a follow-up study, 
γHV-68 was also shown to exacerbate bleomycin-induced fibrosis. Interestingly, 
treatment with the common flu virus influenza A (H1N1) and the gram-negative 
bacteria Pseudomonas Aeruginosa did not result in worsening of disease (Ashley et 
al. 2014). These results imply that exacerbation does not merely result from any 
infection of the lung; it may be specific to the particular virus, its unique lytic/latent 
cycles, or the biological effects of expressed latent proteins. However, a recent study 
by our lab of γHV-68 infection after bleomycin-induced pulmonary fibrosis in mice, 
however, showed no worsening of disease. Rather, viral infection resulted in 
inflammation that was super-imposed over an existing pattern of fibrosis without 
appearing to have an effect thereon (Smoktunowicz et al. 2015). 
In addition to mixed results regarding the role of viral infection in the exacerbation of 
experimentally-induced fibrosis, controversy remains regarding their role in the 
exacerbation of human disease. Two studies in humans specifically investigated the 
presence of viruses in acute exacerbation of IPF and detected little to no presence of 
viral infection (Wootton et al. 2011) (Ushiki et al. 2014). However, both studies used 
BAL fluid as to detect viral genomes. Upon infection, the virus may enter the cell and 
become latent. Therefore, it is not entirely clear that assaying the BAL would detect 
latent viral infection (Kolb and Richeldi 2011), a point that is especially relevant given 
the research to show that latent infection of mice with γHV-68 worsens fibrosis 
(Stoolman, et al. 2011) (Vannella et al. 2010). For these and other reasons, the role 
of viral infection in exacerbation of fibrosis remains an area of much research interest. 
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 Causes of death in IPF 

The major cause of mortality in IPF patients is respiratory worsening (77%) related to fibrosis. Within 
this group, 40% of deaths (or 30% of all deaths) are caused by acute exacerbation of fibrosis. Adapted 
from (Collard et al. 2007) 
 

 Therapeutics and clinical trials 
Treatment options for IPF are limited and unsatisfactory. The only truly effective 
treatment is a lung transplant, although this option is not feasible for the vast majority 
of patients due to a limited supply of donor organs and because many of the potential 
recipients do not meet the strict criteria, such as age or overall health level, required 
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to qualify for a transplant. There are also significant morbidities and risks associated 
with transplant: the operation itself has considerable risks and results in a long 
recovery time and the patient will require life-long immunosuppression (George et al. 
2011). Historically, IPF has been viewed as an inflammatory condition and, as such, 
first line treatment was a combination of glucocorticoids such as prednisone and 
immunosuppressives such as azathioprine (ATS 2000). However, these treatments 
were used for historical rather than empirical reasons. As such, several small scale 
studies were conducted (Richeldi et al. 2003) (Davies et al. 2003) that showed little to 
no clinical benefit and significant undesirable side-effects. This was followed by a large 
phase III double-blinded, placebo controlled, multi-centre clinical trial of the utility of 
prednisone/azathioprine/antioxidant treatment in IPF (Raghu et al. 2012). Far from any 
beneficial effect on outcomes in IPF, the standard treatment resulted in a significant 
increase in deaths and hospitalisations. This disturbing outcome suggested that the 
standard treatment had been resulting in the death of patients and highlighted the 
importance of properly designed and executed clinical trials of untested therapeutics 
as well as an evidence-based approach to treatment where possible. 
There have been a number of potential therapeutics, suggested by pre-clinical animal 
studies, such as a tumour necrosis factor α (TNFα) blocking antibody and two 
endothelin 1 receptor antagonists, that have reached high-profile clinical trials in 
patients, yet failed to show a benefit in the human disease (Selman et al. 2011). Within 
the field of IPF, there is a vigorous debate as to the utility of animal models of human 
disease, specifically in application to pre-clinical compound investigation. There are 
number of animal models of pulmonary fibrosis which are induced using different 
agents, including bleomycin (Scotton and Chambers 2010), fluorescein isothiocyanate 
(FITC, (Christensen et al. 1999)), silica (Davis et al. 1998), radiation (Morgan and Breit 
1995), adenoviral TGFβ overexpression (Sime et al. 1997), targeted injury of ATII cells 
(Sisson et al. 2010), and adoptive transfer of fibrotic fibroblasts into immune-
compromised mice (Pierce et al. 2007). Each of these models replicates certain 
aspects of the human disease and not others. There is no single model that perfectly 
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encapsulates all of the histological features of IPF and, thus, there is no single model 
that is clearly more appropriate than the others to use for pre-clinical investigations. 
Despite the failure of a number of these high-profile trials, several compounds have 
shown a modest benefit in IPF and have been licensed for use in patients. The 
antifibrotic pirfenidone (Noble et al. 2011) (King, Jr. et al. 2014) and the tyrosine kinase 
inhibitor nintedanib (Richeldi et al. 2014) have recently been approved by the FDA for 
use in IPF. Relevant to this thesis, two other areas that have been inhibited in IPF to 
some clinical success are the coagulation system (Kubo et al. 2005) and oxidative 
stress (Demedts et al. 2005). Unfortunately, a large phase III clinical trial of the 
anticoagulant warfarin in IPF (Anticoagulant Effectiveness in IPF, ACE-IPF, Noth et al. 
2012) resulted in worse disease in the treated patients and a large phase III clinical 
trial of the antioxidant N-acetylcysteine (NAC, Martinez et al. 2014) in IPF 
demonstrated no effect of the treatment on disease parameters. However, there were 
limitations and controversies with each trial that will be discussed further in Sections 
1.3 and 1.4 respectively. 
 

 Coagulation 

 Introduction 
Coagulation is a highly conserved and phylogenetically ancient process, having 
existed in essentially the same form for 450 million years (Davidson et al. 2003b). 
Some form of coagulation exists in all eukaryotic organisms and the process displays 
remarkable similarities across all jawed vertebrate species (Davidson et al. 2003a). 
Interestingly, in early eukaryotic development, one cell provided both the function of 
platelets and innate immune cells (Opal 2000). This link is evident in mammals, all of 
which demonstrate a two stage coagulation process involving both cells and the 
coagulation cascade (Michelson 2013). There is significant cross-talk between these 
two systems; in most instances activation of the coagulation cascade involves the 
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activation of inflammation and vice-versa. The impact of this in the context of IPF will 
be discussed further. 
The coagulation system functions to protect the vasculature from haemorrhage. When 
a blood vessel is damaged, two parallel systems are engaged to prevent the loss of 
blood into the extravascular space: primary haemostasis involves platelet aggregation 
and secondary haemostasis results from the production of a fibrin network by the 
coagulation proteinases. These two systems act synergistically to form a dense 
enmeshing of platelets and fibrin called a thrombus. Thrombi act as plugs or patches 
to physically stop the loss of blood as well as provide a scaffold upon which migratory 
cells can attach to repair and resolve the damaged area. The initial role of the 
thrombus is to address the damage and prevent further blood loss. After it is stabilised, 
the clot provides a scaffold on which specialised cells can repair damage and restore 
normal tissue. 
Coagulation factors are produced in the liver and released into the systemic circulation 
as inactive zymogens. Activation of these zymogens requires proteolytic cleavage 
which unmasks the active site of the enzyme. When the cascade is initiated by one of 
a number of pathways, there is a step-wise activation of coagulation factors which 
results in a rapid and massive generation of thrombin from prothrombin. Thrombin in 
turn cleaves fibrinogen into fibrin, forming long insoluble protein polymers of fibrin that 
bind to aggregated platelets. Thrombin also plays a key role in platelet aggregation, 
the mechanism of which will be discussed below. 
 

 The coagulation cascade 
The coagulation cascade is a complex and inter-connected network of 11 distinct 
enzymes (in humans) with unique circulating concentrations, activities, and targets. 
The action of one factor influences the activity and generation of a number of others. 
It is composed of two inter-related pathways which coincide at the activation of 
coagulation factor X (FX/FXa): the intrinsic, or contact activation, pathway and the 



 
 

 

   

     47  
  

extrinsic, or tissue factor pathway (summarised in Figure 1.4). The extrinsic system is 
activated when circulating coagulation factor VIIa (FVIIa, which has the highest 
circulating concentration out of all of the coagulation factors, Pallister and Watson 
2011) exits the vasculature through a wound and comes into contact with tissue factor 
(TF). TF is expressed nearly universally in all extravascular tissue, especially on 
epithelium and leukocytes. FVIIa and TF form a ternary complex with, and activate, 
FX, which can also enter into the extravascular space from a wound in the circulation. 
FX localisation to the membrane and the formation of the FVIIa-TF complex is aided 
by the presence of the negatively charged membrane phospholipid phosphatidylserine 
(PS). Interestingly, PS is normally exclusively found on the inner portion of the 
phospholipid bilayer. In situations of cellular damage or apoptosis, PS is exposed on 
the outer surface of the cell, initiating a number of processes, including coagulation 
(Zhang et al. 1997). Therefore, in situations of cellular damage, there will be a 
concomitant activation of the coagulation system to aid in control and resolution of the 
injury.  
FXa activates pro-thrombin to thrombin which results in fibrin filament generation as 
described above. In addition to activating clotting directly, thrombin cleaves and 
activates a number of other coagulation factors including factor V (FV), XI (FXI), VIII 
(FVIII), and XIII (FXIII). FXIa and FVIIIa are members of the intrinsic system which 
further amplifies the generation of FXa and, thus, thrombin. FVa binds to FXa to form 
the prothrombinase complex which results in a 278,000 fold increase in the ability of 
FXa to activate pro-thrombin (Nesheim et al. 1979). FXIIIa cross-links fibrin monomers 
into filaments, leading to the maturation and stabilisation of the clot. Although the 
coagulation cascade is divided into the intrinsic and extrinsic systems, the action of 
both is required for a coordinated response to injury. Small amounts of thrombin are 
created by the activity of the TF-FVIIa-FXa complex immediately following damage 
which then activates the intrinsic pathway and FV, resulting in a much larger burst of 
thrombin generation. In this way, the relatively small scale generation of thrombin by 
the ternary complex upon tissue damage results in a positive feedback loop and 
massive amplification of coagulation factor activation, thrombin production, and clot 
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formation (Pallister & Watson 2011). Therefore, although many paradigms of 
coagulation involve two distinct pathways, physiologically, thrombosis requires the 
concerted, coordinated, and inter-related action of both the extrinsic and intrinsic 
pathways. Therefore, a modern ‘cell-based’ model, which combines the two pathways 
into a cohesive whole, has been developed (McMichael 2012).     
 

 Anticoagulants and negative feedback 
Coagulation plays a basic and hugely protective role in the body. Patients who have 
haemophilia, for instance, had a median survival age of only 11 until the discovery of 
a method of producing and concentrating FVIIIa in the 1960’s (Pool and Shannon 
1965). However, over-activation of the coagulation cascade can also be damaging to 
the body. Pathological clotting, or thrombosis, can block blood flow to tissues and 
organs resulting in anoxia and infarction, the most well-known of which is heart attack 
(Kasper and Harrison 2005). Indeed, patients who have a disseminated response to 
infection, or sepsis, have high mortality. One of the main causes of high mortality in 
sepsis is coagulopathy resulting in microvascular thrombosis that results in 
widespread ischemia and organ hypoperfusion (Nimah and Brilli 2003).   
In the absence of negative feedback, the self-amplification built into the system could 
result in uncontrolled activity of the coagulation cascade. Therefore the activation and 
activity of the coagulation cascade is controlled by a number of negative regulators. 
One such anticoagulant glycoprotein is anti-thrombin III (ATIII), which inactivates a 
number of the coagulation proteinases. FXa and thrombin, however, are the main 
targets for this enzyme which forms a complex with the active enzyme and traps it, 
preventing its further proteolytic action (Olson and Bjork 1994). This complex, called 
the thrombin-antithrombin (TAT) complex, can be measured as a proxy of both 
coagulation and anticoagulation activity. Another important anticoagulant is tissue 
factor pathway inhibitor (TFPI), which binds to and inhibits FXa. The TFPI-FXa 
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complex can then bind to the FVIIa-TF complex, which prevents its further action on 
FX (Broze, Jr. et al. 1988).  
Thrombin enzyme activity also results in the generation of activated protein C (APC). 
In the presence of thrombomodulin, thrombin is able to bind to and proteolytically 
activate protein C into APC. APC, catalysed by protein S, binds to and cleaves FVIIIa, 
which reduces the activity of the intrinsic pathway, and FVa, which prevents the FVa 
catalysed generation thrombin through the prothrombinase complex (Mosnier and 
Griffin 2006). Protein S also exhibits some direct inhibitory activity on both thrombin 
and Xa (Hepner and Karlaftis 2013). Finally, FXa is directly inhibited by the action of 
protein Z-dependent proteinase inhibitor and its co-factor protein Z (Broze, Jr. 2001). 
The action of some of these anticoagulants is summarised in Figure 1.4. 
All of the coagulation factors are highly processed after translation and this post-
translational modification is necessary for their function. Of interest to this thesis, FX 
undergoes multiple modifications before it is released into the circulation as a 
zymogen. These include cleavage of an endoplasmic reticulum signalling peptide, O- 
and N-glycosylation, and the conversion of a number of glutamic acid residues into γ-
carboxyglutamic acid residues. Importantly, the pro-protein is cleaved into a covalently 
bound heavy and light chain, a cleavage that is mediated by Furin or similar unknown 
endoprotease. The cleavage site on the pro-protein contains a canonical Furin 
recognition sequence and the protein is cleaved into heavy and light chains by Furin 
in vitro in the Golgi apparatus (Himmelspach et al. 2000). However, there may also be 
endoprotease-mediated cleavage events in the endoplasmic reticulum (Wallin et al. 
1994). Finally, when FX is activated by either FVIIa or FIXa/FVIIIa, a further 52 amino 
acid chain is cleaved off of the heavy chain, yielding the functional enzyme, FXa. The 
structure of FX/FXa, as well as a number of the post-translational modifications, is 
displayed in Figure 1.5.  
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 Current understanding of the coagulation cascade. 

FXa exists at the meeting point of the extrinsic and intrinsic coagulation systems. FVIIa in the 
circulation forms a complex with TF and FX. In the presence of calcium ions and positively charged 
phospholipids, this ternary complex results in the generation of a small amount of FXa and thrombin. 
In a self-amplification cycle, thrombin then activates members of the intrinsic system, such as FVIII 
and FXI, resulting in further generation of FXa. It also activates FV which, in concert with FXa, results 
in the rapid and massive generation of thrombin and activation of clotting. The cascade is terminated 
by the action of APC, anti-thrombin III, TFPI, and Protein Z. Adapted from Lin 2005. 
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    Structure and post-translational modification of FX 
FX undergoes numerous post-translation modifications which are necessary for its function. These 
include: cleavage of a signaling peptide and digestion into two covalently linked chains, O- and N-
glycosylation, and amino acid residue modifications. The pro-protein, mature FX, and activated FX 
are displayed above. Adapted from original image courtesy of Dr. Chris Scotton. 

 
These post translational modifications are necessary for the function of FX. The 
presence of γ-carboxyglutamic acid, for instance, is required for the correct localisation 
of FX to negatively charged phospholipids present on the cell membrane, and, thus, 
the formation of the ternary complex (Forman and Nemerson 1986). Indeed, the 
importance of this post-translational modification has been demonstrated by the 
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clinical utility of the anticoagulant warfarin, which is a well-described and widely used 
effective anticoagulant. Carboxylation is catalysed by the enzyme γ-glutamyl 
carboxylase (GGCX), but will only proceed if, in a coupled reaction, GGCX can oxidize 
vitamin K hydroquinone to vitamin K epoxide. Vitamin K is reduced following this 
reaction by vitamin K oxidoreductase C (VKORC) allowing it to participate again in 
GGCX-directed post-translational modifications. Warfarin blocks the recycling of 
Vitamin K by VKORC and, thus, results in its eventual depletion. Therefore, the 
modification of glutamate residues on coagulation factors VII, X, IX, and thrombin does 
not proceed and their function is reduced (Holford 1986). Interestingly, the 
anticoagulant proteins C, S, and Z are also dependent upon this vitamin K-mediated 
processing and their function is also reduced by warfarin (Hepner & Karlaftis 2013) 
(Wei et al. 2009) (Griffin et al. 2007). This non-specific effect of warfarin on all vitamin 
K-dependent enzymes will be discussed later when the failed ACE trial is discussed.  
 

 The proteinase-activated receptor family 
Distinct from their role in haemostasis, the coagulation proteinases act as an interface 
with inflammation through activation of the proteinase-activated receptor (PAR) family 
which consists of PAR1 through PAR4. PARs are seven transmembrane domain G-
protein coupled receptors (GPCR) that are ubiquitously expressed in most tissues 
throughout the body (Reviewed in Macfarlane et al. 2001). As is suggested by their 
name, PAR activation, uniquely, requires the irreversible proteolytic cleavage by a 
variety of proteinases including FVIIa, FXa, thrombin, trypsin, tryptase, matrix 
metalloproteinases (MMPs) and APC (Figure 1.6). Cleavage of the N-terminal end of 
the receptor reveals an intra-molecular tethered ligand domain that binds to the 
second extracellular loop of the receptor and causes a change in the protein structure, 
association with G-proteins, and downstream signalling cascades. The identity of the 
G-protein recruited, and, thus, the signalling cascades activated downstream, is 
influenced by the specific activating enzyme. Each enzyme recognises and cleaves 
unique sites within the tethered ligand, resulting in subtly different signalling moieties 
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that then fine-tune downstream responses. For instance, activation of PAR1 by 
thrombin results in pro-inflammatory signalling whereas its activation by APC results 
in anti-inflammatory signalling (Feistritzer and Riewald 2005). It is not currently clear 
how these opposing responses are generated by the same receptor, but it may result 
from selective coupling to G-protein subtypes depending on the specific activation of 
signalling (McLaughlin et al. 2005).   
Because of the unique method of PAR activation - once the N-terminal tethered ligand 
is unmasked, it can continue to signal indefinitely – there are a variety of ways in which 
signalling is terminated. For PAR1, phosphorylation of the intracellular C-terminal 
portion of the receptor by G-protein receptor kinases (GRK) results in the termination 
of signalling (Ishii et al. 1994). In addition, the tethered ligand can be either 
segregated, removing it from the binding pocket (Hammes and Coughlin 1999), or 
digested by thermolysin (Chen et al. 1996) or, with relevance to the coagulation 
cascade, plasmin (Kuliopulos et al. 1999) to prevent further signalling. PAR1, as with 
similar GPCRs, is also endocytosed and internalised. Whether this event precedes or 
results from phosphorylation is not clear. Once internalised, the receptor is targeted to 
the lysosome and degraded (Trejo et al. 1998).     
Thrombin is the major activator of PAR1, PAR3, and PAR4, all of which are expressed 
on human platelets and play a major role in their activation and aggregation. In this 
way, the PARs are also involved in haemostasis; thrombin activates not only 
coagulation and thrombus formation, but also platelet aggregation through PAR1 and 
PAR4 activation (Lundblad and White 2005). However, PAR1 and PAR2 are 
increasingly seen as important pathophysiological mediators in conditions such as 
fibrosis (Chambers and Scotton 2012), asthma (Knight et al. 2001) (Miyake et al. 
2013), and cancer (Reviewed in Han et al. 2011) because of their pro-inflammatory, 
angiogenic and pro-fibrotic potential.   
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 Enzymatic and synthetic peptide PAR activators 
There are four members of the PAR family: PAR1, PAR2, PAR3, and PAR4. Upon activation by a 
number of proteinases (highlighted in blue), a tethered ligand is unmasked, binds to the second 
extracellular loop and activates signalling. The peptide activation sequence is also listed (highlighted in 
red). Adapted from Vergnolle 2005. 
 
Activation of PAR1 can lead to signalling through Gα12-13, Gαq, Gαi, and Gβγ, resulting 
in broad spectrum effects on cell shape, adhesion, motility, proliferation, secretion, and 
vascular permeability. In the context of IPF, thrombin, FXa, or the ternary complex of 
TF-FVIIa-FXa may signal through PAR1 to influence fibrotic processes (Chambers 
2008). PAR2 is activated potently by trypsin, FXa, the ternary complex, and TF-FVIIa 
in the absence of FXa. Activation of PAR2 in the lung leads to a variety of 
proinflammatory responses including bronchoconstriction, secretion of matrix 
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metalloproteinases and pro-inflammatory cytokines, and degranulation of eosinophils 
(Wygrecka et al. 2011).  
In the vasculature, PAR1 and PAR2 signalling have a broad influence on endothelial 
barrier function, vascular permeability, and angiogenesis (Vouret-Craviari et al. 2002). 
This is coupled with an increase in the expression of endothelial adhesion molecules 
which results in increased inflammatory cell egress from the circulation (Minami et al. 
2004).  
 

 Coagulation, PAR1, and PAR2 in pulmonary fibrosis 
Signalling through PAR1 on fibroblasts, the main effector cell in fibrosis, produces a 
number of potent, pro-fibrotic responses. PAR1 activation in vitro via either thrombin 
or FXa promotes fibroblast proliferation (Chen and Buchanan 1975) (Blanc-Brude et 
al. 2001) and stimulates increased synthesis of extracellular matrix components 
(Chambers et al. 1998) (Blanc-Brude et al. 2005) and pro-inflammatory cytokines such 
as CCL2 (Deng et al. 2008), as well as supporting fibroblast to myofibroblast 
differentiation (Scotton et al. 2009). PAR1 is also expressed on epithelial cells in the 
lung. Its activation after lung injury has been shown to stimulate CCL2 production 
(Mercer et al. 2009) and also leads to the release of active TGF-β1 via an integrin-
mediated pathway (Jenkins et al. 2006) (Scotton et al. 2009). Additionally, PAR1 and 
PAR3 activation induce EMT in vitro (Wygrecka et al. 2013). Together these data 
indicate that PARs play an important role in inflammation, the disruption of endothelial 
barrier function, and fibrosis. 
Indeed, it has been demonstrated in multiple animal studies that coagulation factors 
are actively engaged during the fibrotic process. Treatment with the anti-coagulant 
heparin in the bleomycin model of murine fibrosis resulted in reduced mortality (Piguet 
et al. 1996) and in the rabbit model of fibrosis resulted in a decrease in the deposition 
of soluble collagen and hydroxylproline (Gunther et al. 2003). The anti-fibrotic effect 
of this intervention was shown to be related to the PAR1 signalling because fibrinogen 
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knockout mice, which are unable to form clots but can still initiate PAR signalling, were 
not protected from bleomycin-induced pulmonary fibrosis (Hattori et al. 2000) (Ploplis 
et al. 2000). In addition, PAR1 knockout mice were resistant to bleomycin-induced 
lung fibrosis (Howell et al. 2005). In further studies, it was demonstrated that direct 
inhibition of either thrombin (Howell et al. 2001) or FXa (Scotton et al. 2009) decreased 
the extent of fibrosis as measured by total lung collagen. Finally, genetically modified 
mice that express the pro-coagulant Leiden mutation of FV (FV Leiden), which results 
in increased thrombin levels, had worsened fibrosis after bleomycin treatment when 
compared with wild type controls (Xu et al. 2001).  
There is also mounting evidence that coagulation and activation of PARs is important 
in the pathogenesis of human IPF. IPF patients show elevated levels of PAR1 (Howell 
et al. 2005) and PAR2 (Wygrecka et al. 2011) expression and have a significantly 
higher risk of developing vascular problems such as acute coronary syndrome, angina, 
and deep vein thrombosis (Hubbard et al. 2008). In fact, a recent study demonstrates 
a strong epidemiological connection between coagulation abnormalities and IPF. IPF 
patients were 4 times more likely to be classified as having a prothrombotic state, 2 or 
more clotting defects such as increased FVIII levels or the FV Leiden mutation, than 
unaffected individuals. Increased FVIII serum levels alone represented a significant 
risk factor, with a 7 fold higher presentation in patients. In addition, IPF patients who 
had clotting defects presented with worse disease and had a three-fold increased risk 
of mortality when compared with IPF patients with no clotting defects (Navaratnam et 
al. 2013). This important study demonstrates a connection between coagulation and 
both the aetiology and the progression of IPF. 
Additionally, ILD patients show increased levels of thrombin-antithrombin complex 
(Yasui et al. 2000), increased TF activity (Gunther et al. 2000) and significantly 
decreased levels of the anticoagulant APC (Kobayashi et al. 1998) (Yasui 2000). 
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Finally, the broncho-alveolar lavage (BAL) fluid from systemic sclerosis patients shows 
increased levels of thrombin (Ohba et al. 1994) (Hernandez-Rodriguez et al. 1995).  
In the absence of disease, there are also intriguing connections between coagulation 
and the function of the lung. Patients who express the pro-thrombotic FV Leiden 
mutation displayed significantly decreased lung function parameters (Juul et al. 2005) 
and evidence of the activation of coagulation, measured by the presence of D-dimer, 
a fibrin degradation product, correlated with decreased lung function (Fogarty et al. 
2010). 

  Pulmonary production of coagulation factors  
Circumstantial evidence that IPF patients have a pro-coagulant imbalance is borne out 
in lung specific studies investigating the expression and localisation of coagulation 
factors. On immunohistochemical staining of IPF lung biopsies, there is a marked 
increase in TF (Imokawa et al. 1997), FX (Scotton et al. 2009) and FVII (Wygrecka et 
al. 2011) staining when compared with control patients. Serial sections of fibrotic foci 
demonstrate co-localisation of TF, FVII, and FX, which suggests that sites of active 
fibrosis may also be sites of active coagulation. Interestingly, analysis of FX and FVII 
mRNA expression in laser captured micro-dissected (LCMD) alveolar septae 
demonstrated that lung alveolar epithelial cells express FX and FVII and that septae 
from IPF patients express significantly more than normal controls (Scotton et al. 2009) 
(Wygrecka et al. 2011). In isolated cells in vitro, TGFβ1 treatment of human fibroblasts 
resulted in the expression of both FXII (Jablonska et al. 2010) and TF (Wygrecka et 
al. 2012). Also in vitro, alveolar macrophages have been shown to both initiate the 
coagulation cascade and produce FVII (Chapman, Jr. et al. 1985). Finally, two lung 
epithelial cell lines, A549 and BEAS-2B, have been shown to express FX mRNA and 
protein in vitro (Scotton et al. 2009).  
These data challenge the common view that coagulation factors are only produced in 
the liver and also support the notion that PAR signalling is involved in the aetiology of 
pulmonary fibrosis. There are a variety of publications regarding the ectopic production 
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of coagulation factors, particularly TF, FVII, and FX, by a variety of cancer types 
(Koizume et al. 2006) (Unlu and Versteeg 2014). A complex study on 9 human primary 
cell types also showed wide-spread production of coagulation factor mRNA species. 
With relevance to this thesis was the demonstrated production of FVIII and FX mRNA 
by fibroblasts and FVIII and FV mRNA by monocytes (Dashty et al. 2012). 
The current paradigm is as follows (summarised in Figure 1.7): lung injury results in 
the increased presence and activation of coagulation factors from the circulation as 
well as local production by the epithelium, fibroblasts, and inflammatory cells. 
Activated coagulation factors influence and increase fibrotic responses through PAR 
signalling, ultimately resulting in larger numbers of fibroblasts, greater myofibroblast 
differentiation, and more synthesis of ECM proteins by myofibroblasts.  
 

 Clinical utility of anticoagulation in IPF 
There have been several promising clinical trials examining the role of coagulation in 
IPF. A small scale prospective non-blinded trial of heparin and warfarin in IPF patients 
demonstrated a significant increase in survival. The authors determined that the 
increased survival was the result of reduced mortality from acute exacerbation (AE) of 
IPF. In addition, the patients who survived the exacerbation displayed significantly 
lower D-dimer levels, a measure of the activation of the coagulation cascade (Kubo, 
et al. 2005). In addition, the clinical utility of anticoagulation in the context of AE was 
recently confirmed by two retrospective studies looking at treatment with recombinant 
human thrombomodulin in AE, each of which significantly demonstrated a 3-month 
survival benefit (Kataoka et al. 2015) (Isshiki et al. 2015). Interestingly, a study of 
plasma biomarkers in IPF showed a significant decrease in thrombomodulin levels in 
AE as well as an association between thrombomodulin levels and survival after AE 
(Collard et al. 2010).         
    
 



 
 

 

   

     59  
  

 
 
 
 
 
 
 
 
 
 
 
 
 

 Proposed schema of local coagulation cascade activation in       
fibrosis 

Lung injury results in the increased presence of FX, and other coagulation factors, due to increased 
local production by the epithelium, fibroblasts, and inflammatory cells, as well as input from the 
circulation due to increased vascular leak. This results in increased FX activation which in turn 
activates both thrombin and PAR signalling. As described above, PAR signalling has potent effects on 
downstream fibrotic processes including fibroblast activation and secretion of pro-inflammatory 
cytokines. Adapted from original image courtesy of Dr. Chris Scotton. 
 
Although these clinical studies demonstrated the utility of anticoagulation, the study 
design – a small number of patients, retrospective studies, non-blinded protocol - 
reduced their utility. Subsequently, a large prospective double-blinded, placebo-
controlled study of the effect of warfarin treatment in IPF was undertaken (ACE-IPF, 
Noth et al. 2012).  Troublingly, ACE-IPF as well as a retrospective study of IPF patients 
who were on warfarin for other indications (Tomassetti et al. 2013) demonstrated a 

PAR activation 
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significantly worse survival and faster disease progression in anti-coagulated patients 
as compared to those not on warfarin. While this may at first seem to contradict the 
theory that coagulation and PAR signalling are important in the progression of fibrosis, 
there were a number of issues with the ACE-IPF trial. First and foremost, the choice 
of warfarin as the anticoagulant to use in the trial was controversial (Bendstrup and 
Hilberg 2012) (Bogatkevich et al. 2014). Warfarin, as described above, prevents the 
post-translational modification of all vitamin K-dependent enzymes. It therefore has an 
effect not only on coagulation factors but also on the anti-coagulant APC as well as a 
number of other enzymes. Therefore, Warfarin, although it is an effective and well 
described anti-coagulant, may have nuanced effects on the pro-inflammatory and pro-
fibrotic pathways relating to coagulation factor signalling via the PARs. Additionally, in 
the original trial (Kubo et al. 2005) patients were also given low molecular weight 
heparin (LMWH) which is also an anti-coagulant and has been reported to have anti-
inflammatory effects. Therefore, heparin treatment may have been responsible for the 
reduction in disease severity, rather than warfarin (Bogatkevich et al. 2014) (Kubo et 
al. 2013). As such, although the ACE-IPF trial was a high-profile failure of warfarin 
therapy in IPF, there is still much interest in the role of coagulation factors in IPF and 
in a more targeted anti-coagulant treatment, such as direct FXa or thrombin inhibition 
or treatment with LMWH, in IPF. This is especially pertinent in light of the 
epidemiological evidence demonstrated by Navaratnam et al. 2013 and described 
earlier.           
 

 Reactive oxygen and nitrogen species  
 

 Introduction 
Reactive oxygen and nitrogen species (ROS, RNS), which have the capacity to cause 
injury when in excess, are implicated in the pathogenesis of a number of conditions, 
particularly those associated with aging, including Alzheimer’s disease, hypertension, 
Parkinson’s disease, cancer, chronic obstructive pulmonary disease (COPD), cystic 
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fibrosis, emphysema, and asthma (Reviewed in Valko et al. 2007). These chemical 
moieties, such as hydroxyl radical (·OH), superoxide anion (O2-), hydrogen peroxide 
(H2O2) and peroxynitrite (ONOO-) contain either oxygen or nitrogen and are 
characterised by their high degree of reactivity caused by unpaired electrons (as with 
O2- and ONOO-), an unstable chemical structure (as with H2O2), or both. Thus, they 
will readily oxidize vital components of the intracellular machinery including DNA, 
RNA, proteins and lipids, causing malfunction and damage. In addition to their putative 
role in disease, ROS are increasingly thought to function in many basal physiological 
processes such as growth factor signalling and calcium homeostasis (Thannickal and 
Fanburg 2000). As such, their precise role in pathology is debated.  
ROS were originally thought to originate in the cell only as a result of the malfunction 
of the electron transport chain. The natural end product of aerobic respiration is H2O, 
created when mitochondrial cytochrome C oxidase (complex IV of the electron 
transport chain) uses protons (H+) to oxidize molecular O2 and generate adenosine tri-
phosphate (ATP). However, in situations of mitochondrial stress, overload, or 
dysfunction, O2- and H2O2 are also produced (Davies et al. 1982). A correlative 
relationship between basal metabolic rate, O2- and H2O2 generation, and maximum 
life-span has been demonstrated, which lead to a general theory relating the 
production of ROS to aging. As an organism ages, the rate of ROS generation, and 
associated oxidative molecular damage, increases exponentially. These observations 
coupled with observations of significantly increased life-spans in Drosophila 
genetically engineered to produce fewer ROS or more antioxidant ROS defences led 
to the idea that increased ROS generation is responsible for the decline in 
physiological function that accompanies aging (Sohal and Weindruch 1996). Indeed, 
many of the diseases that are characterised by ROS imbalances are diseases that are 
also associated with aging, although the role of ROS in these largely complex and 
multi-factorial conditions is regularly contested. 
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 ROS and host defence 
Far from merely representing a malfunction of oxidative respiration, ROS play many 
roles in homeostasis. For instance, ROS play a vital role in the function of the immune 
system and in microbial defence systems. The discovery of Nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase (NOX) first indicated that cells ‘intentionally’ 
produce ROS in order to fight infection (Bernard et al. 2014). NOX, which is embedded 
in the cellular membrane, produces electrons that are then transported across the 
membrane into the extracellular space or phagolysosomes where they interact with O2 
to form the aforementioned toxic ROS species (Babior 1978). Therefore, cells of the 
immune system produce O2- and nitric oxide (NO), which is rapidly converted into H2O2 
and related species, in response to bacterial and fungal stimulation. This rapid 
utilisation of oxygen and generation of toxic chemicals is labelled ‘respiratory burst’ 
and is necessary for defence against infection. Individuals who lack directed ROS 
production because of a genetic abnormality in an enzyme, such as NADPH oxidase 
2, that is necessary for respiratory burst suffer from life-long bacterial and fungal 
infections; a condition labelled chronic granulomatous disease. Often these infections 
involve strains that are not considered pathogenic in healthy individuals or are 
opportunistic pathogens, demonstrating the importance of phagocytic ROS production 
in pathogen killing and host defence (Smith and Curnutte 1991). 
However, the respiratory burst results not only in pathogen killing, but also in 
significant collateral damage to surrounding tissues. ROS production in the lung is 
clinically relevant because dysregulated pathogen responses contribute to many 
pulmonary conditions by causing cellular injury. In this way, inflammation and host 
defence systems can also cause pathologically significant collateral tissue injury as a 
result of ROS production. 
The NADPH oxidase family of ROS producing enzymes contains 7 enzymes (NOX1 
to NOX5 and Dual oxidase 1 and 2 (DUOX1 and DUOX2)) all of which have been 
implicated in various ROS-related pulmonary pathologies (Griffith et al. 2009). NOX2 
is the prototypical member and responsible for the respiratory burst in phagocytes. 
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However, expression of the NOX enzymes is not limited to phagocytes. NOX3, 
DUOX1, and DUOX2 are expressed by pulmonary epithelial cells. Of particular interest 
in IPF, NOX4 is highly expressed in fibrotic fibroblasts and its action leads to H2O2 
generation that results in repetitive epithelial injury and apoptosis (Waghray et al. 
2005) (Hecker et al. 2009) (Hecker et al. 2014) (Jarman et al. 2014). 
In addition to ROS generated through cellular action, the lung is subjected to ROS 
from environmental sources that lead to oxidative stress. Ozone (O3) and sulphur 
dioxide (SO2) are oxidant gases present in air pollution that are known to cause lung 
injury (Bayram et al. 2001) (Kosmider et al. 2010). Smoking is also commonly 
associated with many lung diseases including IPF (Spagnolo et al. 2014). Cigarette 
smoke contains vast numbers of free radicals and oxidants in both the gaseous (1016 
molecules per puff) and tar phases (5 x 1014 molecules per gram, Pryor et al. 1983). 
 

 Cellular and cytoprotective signalling by ROS  
Cells respond to oxidative stress by activating the transcription of a host of 
cytoprotective and detoxification genes. This transcription is coordinated by the action 
of a promoter called the antioxidant response element (ARE) and the master regulator, 
nuclear-factor (erythroid-derived 2)-like 2, commonly called NRF2. Under normal 
conditions where few oxidants are present, NRF2 is retained in the cytoplasm by 
kelch-like erythroid cell-derived protein with CNC homology (ECH) associated protein 
1 (KEAP1).  While retained in the cytoplasm by KEAP1, NRF2 is targeted for 
ubiquitination and eventual proteosomal degradation. However, oxidation of a 
sensitive cysteine residue on KEAP1 by ROS dissociates it from NRF2, allowing NRF2 
to be phosphorylated by a number of intracellular kinases. NRF2 can then translocate 
to the nucleus and initiate transcription of its target genes (Hybertson et al. 2011), such 
as antioxidants (glutathione peroxidase, catalase, superoxide dismutase, 



 
 

 

   

     64  
  

peroxiredoxin, and heme oxygenase 1) and detoxification enzymes (cytochrome p450 
and NADPH quinone oxidoreductase, Lee et al. 2005). 
In addition to activating genes controlled by the ARE, ROS are important secondary 
messengers and have broad effects on numerous cellular pathways. There is a 
substantial body of evidence suggesting that ligand-receptor interactions between 
cytokines and growth factors and their cellular receptors result in transient increases 
in intracellular ROS levels, specifically O2- and H2O2. This intracellular production of 
ROS is, in many cases, necessary for signal transduction and downstream cellular 
responses to receptor activation (pathways of interest highlighted in Table 1.2, 
adapted from Thannickal & Fanburg 2000). For instance, signalling by the potent 
fibroblast mitogen platelet-derived growth factor (PDGF) requires intracellular 
generation of H2O2 by NOX (Sundaresan et al. 1995) (Lange et al. 2009). With 
relevance to fibrosis, TGFβ1 induced alveolar EMT requires ROS that are produced 
by NOX and can be blocked by supplementation with antioxidants (Felton et al. 2009) 
(Gorowiec et al. 2012). Also, TGFβ1 is directly activated by the action of oxidants on 
the latency associated peptide that is responsible for sequestering inactive TGFβ1 in 
the cellular matrix (Jobling et al. 2006) (Sullivan et al. 2008). Therefore, ROS play a 
dual role in the cell. When present in large amounts, they cause damage, apoptosis, 
and necrosis in cells. When present in smaller controllable amounts, they perform key 
roles in signalling and other processes. 
 

 Small molecule and enzymatic antioxidants 
The generation of ROS, both through mitochondrial activity and enzymatic NOX-
mediated production, occurs in all eukaryotes, suggesting the biological importance of 
oxidants. In order to minimise the off-target effects of oxidants, there are multiple 
redundant, parallel antioxidant systems in place. There are two main classes of 
antioxidants: low molecular weight non-enzymatic ‘buffer’ molecules such as vitamins 
A, C, and E, melatonin, uric acid, and glutathione and enzymes including superoxide 
dismutase (SOD), peroxidases (including glutathione peroxidase and peroxiredoxin), 
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thioredoxins, and catalase. Often a small molecule acts in concert with a catalytic 
enzyme as a reducing substrate, as occurs with glutathione/glutathione peroxidase. 
The small molecule antioxidants contain thiol (-SH) groups that react non-specifically 
to reduce oxidants or oxidized groups on molecules upon contact. This action reduces 
the life-span and diffusion distance of damaging ROS, forming a buffer to protect the 
function of biologically important molecules such as DNA and RNA from damaging 
modification by these reactive compounds. 
 

   
 
 
 
 
 
 
 
 
 
      
Table 1.2  ROS-mediated signal transduction 
Although ROS can damage cellular components when not properly controlled, they also play a key role 
in growth factor and cytokine signalling. A number of growth factors and cytokines are known to rely 

Ligand Species produced Cell or tissue Functional effect 
TNFα O2-, H2O2 Fibroblasts Unknown 
  O2- Endothelial cells Unknown 
        
IFNγ O2- Endothelial cells Unknown 
        
PDGF O2-, H2O2 Smooth muscle cells 

Mitogenesis, MAPK activation, MCP-1 induction 
        
FGF-2 O2- Lung fibroblasts Mitogenesis 
        
TGFβ1 H2O2 Lung fibroblasts Unknown 
        
Thrombin H2O2 Endothelial cells Unknown 
   H2O2 Smooth muscle cells Cell growth, p38 activation 
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upon the production of intracellular ROS for downstream signalling. The specific pathways highlighted 
are those with relevance to fibrosis and this thesis. Table adapted from Thannickal & Fanburg 2000. 

 
There are three distinct forms of SOD, all of which have been investigated in fibrosis: 
Cu,Zn-SOD (SOD1) which is present in the cytoplasm, Mn-SOD (SOD2) which is 
present in the mitochondrial matrix, and extracellular SOD (EC-SOD, SOD3), which is 
secreted. Unlike the small molecule antioxidants, SOD reacts specifically with 
superoxide to rapidly dismutate O2- to H2O2. H2O2 formed by SOD is then reduced by 
catalase or another peroxidase to H2O and O2, preventing the formation of toxic 
chemical moieties.  
One of the major antioxidant systems in the lung is the glutathione, glutathione 
peroxidase system (Cantin et al. 1987). Glutathione is a tri-peptide formed by cysteine, 
glutamic acid, and glycine. Glutathione peroxidase catalyses the reduction of H2O2 by 
reduced glutathione (GSH), resulting in the formation of a dimer of two oxidised 
glutathione molecules (GSSG) and water. After oxidation, GSSG is converted by 
glutathione reductase back to GSH using NADPH as a reducing agent, restoring its 
antioxidant capacity (Halliwell and Gutteridge 2007). 
 

 Oxidative stress and the pathogenesis of experimental 
murine PF 

There is a substantial body of evidence implicating oxidative stress in the 
pathogenesis of pulmonary fibrosis. Many experimental models of pulmonary fibrosis, 
including bleomycin (Ishida and Takahashi 1975), radiation (Terasaki et al. 2011) silica 
(Adamson and Bowden 1984), butylated hydroxytoluene (Adamson et al. 1977), and 
carbon nanotubes (He et al. 2011), are thought to cause oxidative damage to the lung 
epithelium that results in fibrosis. Studies in genetically modified animals that lack 
NOX, and therefore produce fewer ROS, have shown that oxidants are required for 
the development of fibrosis (Manoury et al. 2005) while studies in mice that lack 
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antioxidants such as EC-SOD (Fattman et al. 2003), Mn-SOD (Epperly et al. 2000), 
catalase (Odajima et al. 2010), and peroxiredoxin 1 (Kikuchi et al. 2011) or the 
antioxidant transcription factor NRF2 (Cho et al. 2004) (Kikuchi et al. 2010) show 
worsened fibrosis. In addition, mice that overexpress the human form of EC-SOD are 
protected from bleomycin-induced lung fibrosis (Bowler et al. 2002). 
There are also multiple studies investigating the role of exogenously added antioxidant 
molecules in bleomycin-induced lung fibrosis. N-acetylcysteine is a commonly used 
amino acid supplement that has been shown to increase the concentration of GSH in 
the lung (Meyer et al. 1994) (Meyer et al. 1995). The rate limiting step in the GSH 
synthesis is the creation of γ-glutamylcysteine from L-glutamate and cysteine. 
Supplementation with NAC speeds the formation of this di-peptide and results in 
increased levels of GSH (Halliwell & Gutteridge 2007). Experiments in both rats and 
mice show the efficacy of NAC administration on reducing the extent of bleomycin-
induced fibrosis (Mata et al. 2003) (Berend 1985) (Shahzeidi et al. 1991) (Hagiwara et 
al. 2000) (Cortijo et al. 2001) (Teixeira et al. 2008), although the data presented in 
Chapter 5 of this thesis do not demonstrate the same effect. Additionally, 
supplementation with non-enzymatic antioxidant molecules such as erodosteine 
(Sogut et al. 2004), carnosine (Cuzzocrea et al. 2007), resveratrol (Sener et al. 2007), 
α-lipoic acid (Liu et al. 2007), quercetin (Verma et al. 2013), naringin (Chen et al. 
2013), echinochrome A (Lebed'ko et al. 2015) among many others, have been shown 
to ameliorate fibrosis. 
 

 Oxidative stress markers in IPF patients 
Investigations in IPF patients have mirrored animal studies, suggesting that the 
oxidant/antioxidant balance of the lung is perturbed in fibrosis. IPF patients show 
increased levels of markers of oxidative stress including significantly higher levels of 
hydrogen peroxide, 8-isoprostane (Psathakis et al. 2006), malondialdehyde (Bartoli et 
al. 2011), and oxidised methionine (Maier et al. 1991) in exhaled breath condensates. 
Additionally, proteomic screening of IPF lung demonstrated a significant increase in 
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protein carbonylation, a modification that occurs via oxidative stress (Rottoli et al. 
2005) (Bargagli et al. 2007).  
Systemically, IPF patients display increased oxidative stress markers in their sera 
when compared to normal controls, a parameter that was negatively correlated with a 
number of lung function measures (Matsuzawa et al. 2015) (Daniil et al. 2008). In 
addition, oxidative stress levels are increased in IPF patients with AE when compared 
to those with stable disease (Matsuzawa et al. 2015). On a cellular level, inflammatory 
cells from IPF patients obtained through BAL produce exaggerated levels of ROS 
(Cantin et al. 1987) (Strausz et al. 1990) and display increased levels of oxidant 
producing enzymes such as myeloperoxidase (Cantin et al. 1987). Fibroblasts present 
in the fibrotic focus are known to produce H2O2 through the action of NOX4, resulting 
in further fibrotic processes (Hecker et al. 2009). When the activity of NOX4 was 
reduced, persistent fibrosis detected in elderly animals was reversed and resolved 
(Hecker et al.  2014).   
Increased ROS production, whether from inflammation, environmental sources, or 
local production through activated epithelial and myofibroblast cells, is coupled with 
decreased levels of antioxidants in the lung. The IPF lung has less EC-SOD (Kinnula 
et al. 2006), catalase (Odajima et al. 2010), GSH (Cantin et al. 1989), and 
peroxiredoxin II (Vuorinen et al. 2008). Additionally alveolar macrophages obtained 
through BAL show decreased levels of the anti-oxidant molecule HO-1 (Ye et al. 
2008). Increased levels of ROS along with decreased levels of antioxidants suggest 
that the IPF lung is a site of oxidative injury. Thus, repetitive oxidative injury to the 
epithelium and increased ROS-mediated signalling represent the persistent epithelial 
injury that causes abnormal wound healing responses and may play a role in the 
pathogenesis of IPF. A summary of the changes in these factors is displayed in Table 
1.3. 
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Table 1.3 Reactive oxygen species and antioxidants in IPF patients 
There are a number of studies that draw associations between IPF and the increased presence or 
production of reactive oxygen species and markers of oxidative stress. In addition, there are also 
multiple associations between IPF and decreased levels of cellular and tissue antioxidants. 
 
 

 Antioxidant therapeutics and clinical trials  
Some clinical trials have suggested the importance of oxidative stress in the 
progression of IPF. For example, pirfenidone, which has recently been licensed for 
use in IPF, displays antioxidant properties. Moreover, a short small-scale double-
blinded trial of recombinant lecithinized PC-SOD detected decreases in disease-
related biomarkers (Kamio et al. 2014). Importantly for this thesis, the IFIGENIA trial 
demonstrated that treatment with NAC in IPF reduced the decline in lung function as 

Location Reactive oxygen species Notes Reference 

Exhaled breath condensate 

Increased H2O2   Psathakis et al.2006 
Increased 8-isoprostane  Psathakis et al.2006 
Increased malondialdehyde  Bartoli et al. 2011 
Increased oxidized methionine  Maier, Leuschel, & Costabel 1991 

        
Systemic circulation Increased aggregate  oxidative stress markers 

Correlated with lung  function parameters Daniil et al. 2008 
Also increased in AE  compared to stable IPF Matszawa et al. 2015 

        
Inflammatory BAL cells 

Increased ROS production  Strausz et al. 1990 
Increased myeloperoxidase  Daniil et al. 2008 
Decreased HO-1  Ye et al. 2008 

        
Fibroblasts Increased H2O2 production Through NOX4 activity Hecker et al. 2009 
        

Lung tissue 
Increased total carbonylation Via proteomic screening Bargagli et al. 2005 
Decreased EC-SOD  Kinnula et al. 2006 
Decreased catalase    Odajima et al. 2010 
Decreased GSH   Cantin, Hubbard, & Crystal 1989 
Decreased Peroxiredoxin II Particularly in fibrotic foci Vuorinen et al. 2008 
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measured by FVC and DLCO, but did not have an effect on mortality. However, there 
was a major limitation in this trial: NAC was only given alongside the commonly 
prescribed glucocorticoid/immunosuppressive combination prednisone and 
azathioprine. There was a suggestion that treatment with NAC was not having a direct 
effect on the lung but was instead ameliorating the negative myelotoxic effects of the 
prednisone/azathioprine therapy (Demedts et al. 2005). Therefore, in order to 
determine the efficacy of NAC in IPF, both with and without concomitant 
prednisone/azathioprine treatment, the PANTHER trial was conducted. This large, 
multi-centre, double-blinded, placebo-controlled trial had three arms: a placebo group, 
a NAC mono-therapy group, and a prednisone, azathioprine and NAC triple therapy 
group. Interestingly, the triple therapy arm of the study was cancelled early when it 
became clear treatment with the triple therapy of glucocorticoids, 
immunosuppressives, and NAC resulted in significantly higher mortality (Raghu et al. 
2012). This result contradicts the hypothesis that the beneficial effect of NAC resulted 
solely from its reduction in the damage caused by steroid/immunosuppressive 
treatment. NAC mono-therapy was deemed safe and so was continued until the 
scheduled end of the trial. Although NAC therapy did not directly harm patients, it had 
no impact on disease progression, rates of acute exacerbation, or mortality (Martinez 
et al. 2014). These results directly contrast those from the IFIGENIA trial and may be 
related to differing inclusion criteria between the two trials. Although the aim of the 
study was to boost the lung antioxidant capacity by increasing GSH, no quantification 
of changes in lung levels of GSH was performed.  
It is also possible that there are subgroups of patients that benefit from NAC treatment 
and that these patients were either excluded or masked in the PANTHER trial. Indeed, 
a follow up study investigated the effect of NAC treatment on patients from the mono-
therapy arm of the PANTHER trial with a single nucleotide polymorphism (SNP) within 
the Toll interacting protein (TOLLIP) gene. Interestingly, for patients with a particular 
SNP within TOLLIP there was a significant reduction in the composite endpoint risk 
(defined as time to death, hospitalisation, transplant, or FVC decline of ≥ 10%, Oldham 
et al. 2015). TOLLIP interacts with, and inhibits the action of, host defence receptors 
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of the Toll family (Bulut et al. 2001). Given especially that IPF is regularly considered 
to progress in the absence of inflammation, this association is intriguing. Nevertheless, 
the subgroup analysis shows that NAC treatment was beneficial, at least for this 
subset of patients, and further implies that there may be other specific cohorts of 
patients that could benefit from NAC treatment. Although modern clinical trials focus 
on large numbers of patients for methodological and statistical reasons, it may be that 
this approach results in an underestimation of beneficial effects, especially in a 
heterogeneous disease such as IPF that contains sub-sets of patients that may remain 
masked.   
Subsequently, a small non-blinded trial investigated the difference between 
pirfenidone treatment alone and combination pirfenidone and NAC treatment in IPF. 
Patients treated with the combination therapy had significantly reduced FVC decline 
and significantly longer progression-free survival in comparison to those treated with 
pirfenidone alone (Sakamoto et al. 2015). This is particularly interesting as pirfenidone 
is one of the only compounds licensed to treat IPF and any increase in its anti-fibrotic 
activity would be welcome. ROS are undoubtedly important in IPF pathogenesis and 
there is still active research into other antioxidants that have shown efficacy in animal 
studies.  

 Summary and hypothesis 
Idiopathic pulmonary fibrosis is a progressive and deadly disease where repeated 
cycles of epithelial wounding and dysregulated epithelial-mesenchymal crosstalk 
result in progressive pathological extracellular matrix deposition and destruction of 
alveolar architecture. The epithelium in IPF is a site of oxidative stress, as shown by 
increased evidence of reactive oxygen species and associated markers as well as a 
concomitant decrease in antioxidant defence systems. This oxidative imbalance 
causes damage to the epithelium and may lead to aberrant wound healing responses. 
Coupled with epithelial injury and oxidative stress, the IPF lung exists in a pro-
thrombotic state with increased levels of a number of coagulation factors. 
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Dysregulated signalling by coagulation proteinases through the PAR receptors leads 
to fibroblast accumulation, activation, and differentiation. IPF is characterised by both 
oxidative stress and a pro-coagulant/anti-fibrinolytic imbalance. 
This thesis will address the following hypothesis: 
Local production of coagulation proteinases by lung epithelium plays a role in 
the pathogenesis of IPF and is regulated by oxidative stress. 
This will be broken down into the following aims and objectives: 

 Investigate the production and regulation of FX in both immortalised and 
primary cultured cells. 

o Delineate signalling pathways involved in the regulation of FX in 
epithelial cells using molecular biology techniques such as antagonist 
and agonist treatment, gene-silencing, and immunoprecipitation. 

 
 Identify and characterise coagulation factor biosynthesis in human lung 

epithelium. 
o Use imaging techniques such as confocal microscopy to localise 

coagulation factors in cultured epithelial cells. 
o Determine the presence and distribution of coagulation factors in both 

normal and fibrotic tissue from human lung using 
immunohistochemistry. 

o Correlate markers of oxidative stress and of specific cell types with 
coagulation factor localisation. 
 

 Interrogate the role of the coagulation cascade in the bleomycin model of 
pulmonary fibrosis. 
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o Examine longitudinal changes in the mRNA levels of the members of 
the coagulation cascade, other mRNA species of interest, and 
markers of disease severity throughout the course of bleomycin 
injury. 

o Use immunohistochemistry to detect the presence of coagulation 
factors in both normal and fibrotic murine lung tissue as well as 
localise these factors to specific cell-types within the lung. 

o Investigate the effect of NAC antioxidant treatment on the local 
production of FX, and other disease parameters, in the bleomycin 
model of murine fibrosis. 
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Chapter 2 - Materials and Methods 
 
2.1 Materials 
 
2.1.1 Chemicals, solvents, and plastic-ware 
Unless otherwise stated, all chemicals were purchased from Sigma Aldrich (UK) and were 
of analytical grade. All water used in the preparation of buffers was distilled and deionised 
using a Millipore distillation system (Millipore R010 followed by Milli-Q Plus, Millipore Ltd, 
UK). Sterile tissue culture flasks and plates were obtained from Nunc (Denmark). Sterile 
0.05% trypsin/EDTA (TE), penicillin/streptomycin supplement (Pen/Strep), foetal bovine 
serum (FBS), and sterile serological pipettes were purchased from Invitrogen (UK). Sterile 
polypropylene tubes were obtained from Falcon (New Jersey, USA). F12 nutrient mixture, 
Kaighn’s modification (F12K) and Dulbecco’s modified eagle medium (DMEM) were 
obtained from Gibco (UK). Bronchial epithelial cell growth medium (BEGM), including 
growth factor supplements, was obtained from Lonza (Germany). DCCM-1 growth 
medium was purchased from Biological Industries (Israel). Sterile saline (0.9% sodium 
chloride) was purchased from Baxter International (Illinois, USA). 
 
2.1.2 Reagents, inhibitors, and antibodies 
Human FX and FXa were purchased from Enzyme Research Laboratories (UK). 
Antistasin core peptide D-Arg32–Pro38, was purchased from Bachem (UK). The MEK1/2 
inhibitors PD98059 and U0126, the JNK inhibitor SP600125, and the p38 inhibitor 
SB203580 were all obtained from Cell Signalling Technology (Massachusetts, USA). The 
IKK2 inhibitor SC-514, the PI3K inhibitor theophylline, and the NRF2 agonists 
sulforaphane (SFN) and tert-Butylhydroquinone were purchased from Sigma Aldrich 
(UK). Antibodies used in all studies are listed in Table 2.1. All antibody concentrations 
(apart from those purchased from Cell Signaling Technology) were determined 
empirically in experiments not presented in this thesis. 
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Target Antibody Supplier Concentration Application 
FX Rabbit polyclonal (H120) Santa Cruz 

Biotechnologies, 
USA 

0.2 to 2µg/mL Western blot, 
Immunohistochemistry 

FX Rabbit polyclonal (191-205) Sigma, UK 5µg/mL Immunoprecipitation  
FX Sheep polyclonal Abcam, UK 5µg/mL Immunohistochemistry, 

Immunocytofluorescence 
FVII Goat polyclonal (M-19) Santa Cruz 

Biotechnologies, 
USA 

1µg/mL 
Immunohistochemistry 

TF Rabbit polyclonal (FL-295) Santa Cruz 
Biotechnologies, 
USA 

4µg/mL 
Immunohistochemistry 

FVII Rabbit polyclonal  Sigma, UK 2µg/mL Immunohistochemistry, 
Immunocytofluorescence 

TF  Mouse monoclonal (2K1) Abcam, UK 5µg/mL Immunocytofluorescence 
FV Rabbit polyclonal Atlas Antibodies 

AB, Sweden 
1µg/mL Immunohistochemistry 

4HNE Mouse monoclonal (HNEJ2) Abcam, UK 2µg/mL Immunohistochemistry 
MDA Rabbit polyclonal Abcam, UK Unknown 

(1:500 dilution) Immunohistochemistry 
ZO-1 Mouse monoclonal (1A12) Invitrogen, UK 5µg/mL Immunocytofluorescence 
CK5 Mouse monoclonal (XM26) Abcam, UK Unknown 

(1:150 dilution) 
Immunohistochemistry, 
Immunocytofluorescence 

AQP5 Rabbit monoclonal (EPR3747) Abcam, UK Unknown 
(1:100 dilution) Immunocytofluorescence 

αSMA Mouse monoclonal (1A4) Sigma, UK 2µg/mL Immunocytofluorescence 
ProSPC Rabbit polyclonal Millipore, UK Unknown 

(1:150 dilution) 
Immunohistochemistry, 
Immunocytofluorescence 

PanCK Mouse monoclonal (C11) Abcam, UK Unknown (1:250 dilution) Immunohistochemistry, Immunocytofluorescence 
NRF2 Rabbit polyclonal (H300) Santa Cruz 

Biotechnologies, 
USA 

2µg/mL Immunohistochemistry, 
Immunocytofluorescence 

NRF2 
(pS40) 

Rabbit monoclonal (EP1809Y) Abcam, UK 1µg/mL Immunohistochemistry, 
Immunocytofluorescence 

NRF2 Rabbit monoclonal (D1C9) Cell Signaling 
Technology, 
USA 

Unknown 
(1:50 dilution) Chromatin 

immunoprecipitation 
HNF4 Rabbit polyclonal (H-171) Santa Cruz Biotechnologies, 

USA 
0.1 to 0.5µg/mL Western blot, 

Immunocytofluorescence 
p-JNK 
(Thr183
/Tyr185) 

Rabbit monoclonal (81E11) Cell Signaling 
Technology, USA 

Unknown 
(1:1000 
dilution) 

Western blot 
JNK Rabbit monoclonal (56G8) Cell Signaling 

Technology, USA 
Unknown 
(1:1000 dilution) Western blot 
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p-p38 
(Thr180
/Tyr183) 

Rabbit monoclonal (D3F9) Cell Signaling 
Technology, USA 

Unknown 
(1:1000 
dilution) 

Western blot 
p38 Rabbit monoclonal (D13E1) Cell Signaling 

Technology, USA 
Unknown 
(1:1000 
dilution) 

Western blot 
pERK1/
2 
(Thr202
/Tyr204) 

Rabbit monoclonal 
(D13.14.4E) 

Cell Signaling 
Technology, USA 

Unknown 
(1:1000 
dilution) Western blot 

ERK1/2 Rabbit monoclonal (137F5) Cell Signaling Technology, USA Unknown (1:1000 
dilution) 

Western blot 
ERK2 Rabbit polyclonal (C-14) Santa Cruz 

Biotechnologies, 
USA 

0.2µg/mL 
Western blot 

 
Table 2.1 Antibodies used in the analysis of human and mouse cells and tissues 
 
 
2.2 Methods 

 Animal housing 
C57BL/6 male mice (Charles River Laboratories, UK) were housed at the Central 
Biological Services Unit, University College London in a specific pathogen-free facility in 
individually ventilated cages, with free access to food and water (12 hour light/dark cycle, 
normal sodium dry fishmeal diet, temperature 18-20°C). All procedures were performed 
on mice between 10 and 12 weeks of age. All studies were ethically reviewed and carried 
out in accordance with the UK Home Office Animals for Scientific Procedures Act 1986. 
 

 Bleomycin model of pulmonary fibrosis 
C57BL/6 male mice were used for the bleomycin-induced pulmonary fibrosis model. In 
collaboration with Dr. Chris Scotton, bleomycin (50 IU or 1 mg bleomycin/kg of body 
weight in 50 μl of sterile 0.9% saline) or saline vehicle was administered by oropharyngeal 
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instillation as previously described (Lakatos et al., 2006). Mice under light isofluorane-
induced anaesthesia were suspended on an elastic band, their nose pinched shut and 
tongue held to both prevent the swallow reflex and to force the mouse to breathe through 
the mouth. Subsequently, saline/bleomycin was introduced to the back of the mouth with 
a Gilson pipette and the nose and tongue held until visual confirmation of inhalation. Dr. 
Scotton instilled the bleomycin while the author pinched the nose and held the animals. 
Mice were sacrificed after the appropriate time as described in the individual study by 
intraperitoneal injection of pentobarbitone and severing of the abdominal inferior vena 
cava.  
For total collagen measurements and qRT-PCR, the lungs were removed, blotted dry and 
immediately snap frozen in liquid nitrogen. Subsequently, the lungs were weighed and 
pulverised under liquid nitrogen. For histological and immunohistochemical analysis, the 
trachea was cannulated and the lungs insufflated with 4% paraformaldehyde in 
phosphate-buffered saline (PBS) at a pressure of 25 cm H2O, excised, and submerged 
in fresh fixative for 4 hours. Following fixation, the lungs were kept in 15% sucrose over 
night at 4 °C and transferred into 70% ethanol for storage before downstream embedding. 
qRT-PCR and histological analyses were performed in lungs from separate animals of 
the same treatment group. 
 

 Bleomycin time-course study 
C57BL/6 mice were treated with either 0.9 % saline (vehicle) or bleomycin at a dose of 1 
mg/kg of body weight on day 0. Weights were monitored daily. Mice were sacrificed in 
groups at days 3, 7, 10, 14, 21, and 28 days after bleomycin administration. Lungs and 
other tissues were collected and used for downstream analyses. 
 

 n-Acetylcysteine inhibition study 
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Beginning 7 days before bleomycin administration (day -7), C57BL/6 mice were treated 
once daily with NAC (300 mg/kg in 150 µL of sterile H2O) or water vehicle by oral gavage 
(OG) performed by Robert Alexander. Treatment continued daily until the end of the 
experiment, resulting in a total 21 days of treatment. On day 0, mice were treated with 
bleomycin or saline as described in Section 2.2.2. All mice were sacrificed on day 14 
after bleomycin administration and tissues were collected for various analyses (Figure 
2.1).  
 
 
 
 
 
 
 
 
 
Figure 2.1 Experimental design of NAC-bleomycin study 
Beginning seven days before bleomycin administration, animals were administered 300 mg/kg NAC or H2O 
vehicle once daily by OG. Treatment continued daily until the end of the study. On day 0, mice were treated 
with 1 mg/kg bleomycin or saline vehicle. Tissues were collected 14 days after bleomycin administration. 
 

 Determination of total lung collagen 
 HPLC 

Total lung collagen was determined by measuring the hydroxyproline content in aliquots 
of pulverised total lung. All HPLC assays were performed by Robert Alexander. Collagen 
contains 12.2 % w/w hydroxyproline, which is detected and quantified by reverse-phase 
high performance liquid chromatography (HPLC) of 7-chloro-4-nitrobenzo-oxa-1,3-

NAC (300 mg/kg), OG Bleomcyin (1 mg/kg), OP 
Day -7 Day 0 

Daily NAC treatment, OG 

Day 14 
Sacrifice 
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diazole (NBD-Cl)-derivatised acid hydrolysates. Hydroxyproline is a secondary amino 
acid that reacts with NBD-Cl to generate a chromophore detected at a wavelength of 495 
nm. The specificity of the reaction was further ensured by keeping the derivation time to 
20 minutes at 37°C, a time-point that has been confirmed experimentally to be maximal 
for hydroxyproline derivatisation with NBD-Cl. This has been confirmed for amounts of 
hydroxyproline up to 20 nmol by experiments not presented in this thesis. 
The HPLC apparatus used for measurements was an Agilent series 1100 (Agilent 
Technologies, USA) with a reverse-phase cartridge column (LiChroCART LiCrospher, 
250mm length x 4 mm diameter, 5 μm particle size, 100 Rp-18; BDH/Merck, UK) 
protected by a directly coupled pre-column (LiChrosorb 4 mm x 4 mm, 5 μm particle size, 
100 Rp-18; BDH/Merck, UK). The column was continuously maintained at 40°C in a 
heated column oven. At the beginning of each batch of samples, the HPLC system was 
equilibrated in running buffer A (Table 2.2) for a minimum of 40 minutes. Hydroxyproline 
standards (equivalent to 50 pmol, Sigma) were subjected to NBD-Cl derivatisation, 
processed alongside the samples, and inserted at equal intervals throughout the run. 
NBD-Cl derivatives of samples and standards were individually injected onto the column 
and eluted with an acetonitrile gradient, which was achieved by changing the relative 
proportions of running buffers A and B over time. Chromatographic conditions and buffers 
used in this process are summarised in Table 2.2.  
Post-column detection was achieved by monitoring absorbance at 495 nm using a flow-
through variable wavelength monitor. Hydroxyproline elutes as a discreet peak between 
five and seven minutes following sample injection on the column, between glutamine (3.5 
minutes) and serine (7 to 9 minutes). The column running and regeneration time for each 
sample was 25 minutes. The hydroxyproline content in each sample was determined by 
comparing peak areas of individual sample chromatograms with the average of the 
standard peak areas. This value represents the hydroxyproline level in the fraction of the 
acid hydrolysates of the pulverised lung and was used to calculate the total lung collagen 
based on the hydroxyproline content of the collagen, dilution factors at the processing 
steps, the weight of lung powder assayed, and the total lung weight. 
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Column LiChrospher, 100 RP-18, 250 x 4mm, 5μm 
Buffers 
 
 
 
Column flow 
 
Column 
temperature 
 
Detection 
wavelength  

Buffer A- aqueous acetonitrile (8% v/v), 50 mM sodium 
acetate, pH 6.4 
 
Buffer B- aqueous acetonitrile (75% v/v) 
 
 1 ml/min 
 
40°C 
 
 
495 nm 

 
Table 2.2 HPLC buffers and conditions 
 

 Sircol collagen assay 
The Sircol collagen assay kit was purchased from Biocolor (UK) and used according to 
the manufacturer’s protocol. For each sample, approximately 20 mg of pulverised lung 
powder was weighed out into a 1.5 ml Eppendorf tube and the soluble collagen extracted 
by an overnight incubation at 4 °C in 1 ml of pepsin (0.1 mg/ml) in glacial acetic acid (0.5 
M). Next day, the samples were centrifuged (16,100 RCF, 2 minutes) and supernatants 
removed to new tubes. Subsequently, 100 µl of Sircol acid neutralising reagent and 200 
µl of Sircol isolation and concentration reagent were added to the supernatants before 
another overnight incubation at 4°C. On the following day, the samples were centrifuged 
(13,300 RCF, 10 minutes) and supernatants removed revealing opaque concentrated 
collagen pellets. Collagen standards were diluted to a concentration range from 5 to 50 
µg/ml collagen. The collagen in the standards and samples was then stained with Sircol 
dye reagent (1 ml) for 30 minutes with shaking and excess dye was washed off with 750 
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µl of acid-salt wash. Standard and sample pellets were resuspended in Sircol alkali 
reagent and the absorbance measured at 555 nm wavelength. The total lung collagen 
was quantified based on the soluble collagen content of each sample, weight of lung 
powder assayed, and weight of the whole lung. 
 

 TBARS assay 
The thiobarituric acid reactive substances (TBARS) assay kit was used according to the 
manufacturer’s protocol. For each sample, approximately 20mg of pulverized lung was 
weighed out into a 1.5 ml Eppendorf tube. 250 µl of RIPA buffer was added and the 
mixture vortexed to homogenise following which the mixture was spun at 1500 RCF at 4 
°C for 10 minutes and the supernatant decanted. MDA standards were diluted to a 
concentration range from 10000 pm to 156.25 pm. In a 10 ml glass test tube, 100 µl of 
sample or standard was combined with 100 µl of SDS solution and vortexed. 4 ml of color 
reagent was added to the mixture and the vials incubated in vigorously boiling water for 
1 hour followed by incubation for 10 minutes in an ice bath to stop the reaction. All vials 
were then spun at 1500 RCF at 4 °C for 10 minutes. 150 µl of the supernatant from the 
standards and samples were loaded, in duplicate, onto a 96 well plate and the absorbance 
read at 530 nm. The standard values were plotted on a standard curve and used to 
interpolate the sample values. The total lung MDA value was quantified based on the 
MDA value of each sample, the weight of the lung powder assayed, and the weight of the 
whole lung. 
 

 Histology and immunohistochemistry 
 Histology 

Paraformaldehyde-insufflated mouse lungs or human biopsies were placed in processing 
cassettes, dehydrated through a serial alcohol gradient and embedded in paraffin wax 
blocks. Before standard histological processing, 3-5 μm paraffin sections were cut, 
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mounted on polylysine-coated glass slides and dewaxed. Two different staining methods 
were used to visualise the lung architecture. Haematoxylin and eosin stain (H&E stain, 
procedure outlined in Table 2.3) allows for discrimination of cellular components of the 
tissue. Haematoxylin is a basic dye that interacts with nucleic acid and stains the nucleus 
blue. Eosin is an acidic dye that interacts with positively charged amino groups of proteins 
in the cytoplasm, staining it pink. A modified trichrome staining method (Martius Scarlet 
Blue (MSB), procedure outlined in Table 2.4) was used to visualise collagen fibres and 
thus, to visualise areas of fibrosis. This staining method relies on differential permeability 
of tissues to dyes of differing molecular size. The large Chicago Sky Blue 6GX dye 
permeates collagen fibrils causing areas of ECM deposition to appear blue. Automated 
staining of sections was performed using a Sakura Tissue-Tek DRS 2000 Multiple Slide 
Stainer. 
All sections were subsequently scanned on a Nanozoomer and images were captured 
using NDP.view v 1.2.36 (both from Hamamatsu Corporation, Japan). 
 

 Immunohistochemistry 
Antigens were unmasked by microwaving dewaxed 3-5 µm sections in 10 mM sodium 
citrate, pH 6.0 (2 x 10 minutes) before washing in tris-buffered saline (TBS, 10nM Tris pH 
8, 150nM NaCl). Endogenous peroxidises were blocked with 3% H2O2 for 20 minutes. 
Sections were subsequently incubated with 2.5% normal horse serum for 20 minutes. 
Antigens were localised by overnight incubation with antibodies as described in Table 
2.1. The following day, sections were washed in TBS followed by incubation for 30 
minutes in ImmPRESS reagent (Vector Labatories, CA USA) directed against the 
appropriate primary species per manufacturer’s instructions. ImmPRESS reagent 
contains secondary antibody directly conjugated to HRP that is used for enzymatic 
colourigenic detection of labelling. After incubation, sections were washed with TBS and 
then incubated with Impact NovaRed peroxidise substrate reagent (Vector Laboratories) 
for colour development, as per manufacturer’s instructions. Sections were washed, 
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counterstained with Gill-2 hematoxylin (Thermo-Shandon), dehydrated, and mounted 
with DPX mountant (Merck). Control sections were incubated with an isotype-specific, 
nonimmune rabbit, goat, or mouse IgG primary antibody (DAKO).  
All sections were subsequently scanned on a Nanozoomer and images were captured 
using NDP.view v 1.2.36 (both from Hamamatsu Corporation, Japan). 

Step No. Solution time 
1 Xylene 3 min 
2 Xylene 3 min 
3 100% industrial methylated spirit (IMS) 2 min 
4 90% IMS 2 min 
5 70%IMS 2 min 
6 50% IMS 2 min 
7 dH2O 1 min 
8 Haematoxylin 5 min 
9 Wash in H2O 10 sec 
10 Wash in H2O 10 sec 
11 Acid alcohol (1% HCl in 70% alcohol) 8 sec 
12 Wash in H2O 30 sec 
13 Wash in H2O 2 min 
14 Eosin 6 min 
15 Wash in H2O 15 sec 
16 50% IMS 30 sec 
17 70%IMS 40 sec 
18 90% IMS 1 min 
19 100% IMS 1 min 
20 100% IMS 2 min 
21 Xylene 1 min 
22 Xylene 2 min 
23 Xylene 2 min 

 
Table 2.3  Staining sequence for Haematoxylin and Eosin 
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Step No. Solution time 
1 Xylene 3 min 
2 Xylene 3 min 
3 100% IMS 2 min 
4 90% IMS 2 min 
5 70%IMS 2 min 
6 Lugol's iodine 5 min 
7 3% sodium thiosulphate 3 min 
8 Wash in H2O 2 min 
9 Celestine Blue 5 min 

10 Wash in H2O 1 min 
11 Rinse in distilled H2O 30 sec 
12 Haematoxylin 5 min 
13 Wash in H2O 30 sec 
14 Acid alcohol (1% HCl in 70% alcohol) 3 sec 
15 Wash in H2O 8 min 
16 90% IMS 30 sec 
17 0.2% Orange G in picric alcohol 8 min 
18 Distilled H2O 5 sec 
19 Red mixture (0.5% ponceau de xylidine, 0.5% azofuchsin in 1% glacial 

acetic acid 7 min 
20 Distilled H2O 5 sec 
21 1% Phosphotungstic acid 30 sec 
22 Distilled H2O 20 sec 
23 0.5% Chicago Sky Blue 6BX (Direct Blue) in 1% glacial acetic acid 80 sec 
24 1% Acetic Acid 20 sec 
25 70%IMS 20 sec 
26 90% IMS 20 sec 
27 100% IMS 1 min 
28 Xylene 2 min 
29 Xylene 2 min 
30 Xylene 2 min 

 
Table 2.4 Staining sequence for Martius Scarlet Blue 
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 Tissue culture 
 Alveolar epithelial cells 

A549 alveolar epithelial cells were purchased from ATCC and cultured in 10% FBS 
Kaighn’s modification of Ham’s F-12 medium (F12K, Gibco) medium supplemented with 
penicillin (200 units/ml, Gibco), streptomycin (200 units/ml, Gibco), glutamine (4 mM, 
Gibco). Cells were passaged by routine trypsinisation protocols when monolayer cultures 
reached 80-90% confluence. For experiments, 3 hours before starting monolayers were 
serum starved (0% serum). Although these parameters are uncommon for A549 
starvation, it has been empirically determined to result in quiescence in experiments not 
presented in this thesis.  
Primary human type II alveolar epithelial cells (ATII) were isolated from human lungs of 
grossly normal appearance, obtained through collaboration with Royal Brompton Hospital 
and with approval of the Harefield Ethics Committee. Lung tissue was extensively washed 
and perfused with sterile 0.9 % saline in order to remove blood and inflammatory cells. 
Subsequently, lung tissue was perfused with 0.25 % trypsin in saline (3 x 15 minutes) at 
37 °C and 5 % CO2 in order to dissociate cells. Trypsin was promptly neutralised with a 
50 % FBS, 50 % DNase (diluted in sterile saline, 250 μg/ml, Sigma-Aldrich) mixture and 
lung tissue manually homogenised. A single cell suspension was obtained from the 
homogenised tissue by passing the mixture through progressively smaller filters (pore 
size 300 μm and 40 μm). The cell suspension was then centrifuged (290 RCF, 10 minutes, 
20 °C) and the resulting cell pellet was resuspended in DCCM-1 medium (Biological 
Industries, Kibbutz Beit Haemek, Israel) containing DNase (50 μg/ml). Cells were 
incubated in tissue culture flasks for 2 hours at 37 °C in a humidified incubator to allow 
differential adherence of contaminating mononuclear cells and fibroblasts. Following the 
adherence step, non-adherent cells in suspension were removed and centrifuged. The 
cell pellet was resuspended in red blood cell lysis buffer (Sigma-Aldrich) and incubated 
for 5 minutes at room temperature. The cell suspension was centrifuged once again and 
the cell pellet resuspended in DCCM-1 medium supplemented with 10% FBS, 1% 
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penicillin–streptomycin, glutamine and 1% fungizone. Cells were subsequently counted 
and seeded at a density of 1 x 106 in 12-well plates pre-coated with 1% bovine collagen 
diluted in sterile H2O (PureCol, Nutacon). Alternatively, cells were seeded at a density of 
5 to 8 x 106 in 12 well plates containing collagen coated transwell inserts and grown until 
80-90% confluent or 3 days, whichever occurred first.   
 

 Trans-epithelial electrical resistance measurement 
For ALI cultures, the trans-epithelial electrical resistance (TEER) was commonly used as 
a marker for the health, growth, and confluence of the monolayer. The TEER was 
measured using a two-pronged electrical probe. One probe was placed in the basal 
medium and the other into a small amount of medium that was added on top of the 
monolayer and then allowed to equilibrate for 30 minutes. The TEER was then measured 
as the electrical resistance across the cell layer and filter from one probe to the other. A 
measure of the resistance over a cell-free transwell was used as a baseline. One benefit 
of this method of measuring the barrier integrity is that it can be used to generated 
repeated measurements of the same monolayers, providing a longitudinal measure of 
changes in barrier integrity. 
 

 Confirmation of purity of ATII ALI cultures 
ATII ALI cultures were routinely stained using immunocytofluorescence (as described 
below in Section 2.2.15) to determine the cell types present. Staining for pro-SPC, an 
ATII marker, detected ubiquitous production of this protein, as would be expected in these 
cells (Figure 2.2, red). The ATI marker AQP5 (red) and the fibroblast marker αSMA 
(green), in contrast, showed positivity only rarely, demonstrating the high purity of the ATII 
cultures produced. ZO-1, present alongside both pro-SPC and AQP5 staining (Figure 
2.2, green) confirmed both the shape of the cells as well as their ability to produced tight 
junctions. Tight junctions are necessary for a mature and well-formed epithelial barrier. 
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The nuclei were counterstained in all images using DAPI (Figure 2.2, blue).  For each 
biopsy examined, 4 random fields of view were captured and the number of total nuclei 
and positive cells counted. Contamination, calculated as a percentage of positive cells 
per nucleus, is displayed in Table 2.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2  Immunohistochemical characterisation of ATII ALIs 
Mature ATII ALI cultures were stained as presented in Section 2.2.15. Pro-SPC (red, upper left image) 
staining demonstrated a high degree of positivity, suggesting that most cells isolated were ATII cells. AQP5 
(red, upper right image) staining, conversely, showed only sparse positivity. Staining for the fibroblast 
marker αSMA showed a small degree of contamination by this cell type (green, bottom panel). ZO-1 staining 
was also included with pro-SPC and AQP5 (green, upper panels) and all panels were counterstained with 
DAPI to highlight nuclei (blue). 

Pro-SPC AQP5 

αSMA 
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Biopsy # Nuclei αSMA positive cells Percentage 
1 275 2 0.73% 
2 227 2 0.88% 
3 124 1 0.81% 

    
Biopsy # Nuclei AQP5 positive cells Percentage 

2 250 2 0.80% 
3 140 4 2.86% 

 
Table 2.5 Quantification of percentage contamination in ATII ALI cultures 
 
 

 Bronchial epithelial cells 
Immortalised bronchial epithelial cells (BEAS2B) were obtained from ATCC, cultured in 
10% FBS DMEM and grown in humidified atmosphere containing 10% CO2 at 37 °C. 
Cells were passaged by routine trypsinisation protocols when monolayer cultures reached 
80-90% confluence. 
HBECs were extracted from normal human bronchiolar specimens.  Connective and 
parenchymal tissue was removed from bronchioles 1cm in diameter or less. Using sterile 
tools, the tissue was chopped into 3-5 mm3 pieces, washed in PBS and incubated at 4 °C 
overnight in sterile pronase diluted in DMEM (0.15% w/v pronase, Roche, UK) 
supplemented with penicillin (200 U/ml), streptomycin (200 U/ml), and amphotericin B 
(2.5 μg/ml). The mixture was gently mixed during the overnight incubation on a rotary 
mixer. 
Following 16-18 hours of incubation, the tissue was gently agitated to dislodge the 
bronchiolar epithelial cells from the basement membrane and any remaining pieces of 
solid tissue were removed and discarded. 10% v/v FBS was added to the medium to 
inactivate the proteolytic activity of the pronase and the mixture was centrifuged at room 
temperature for 5 minutes at 150 RCF. The medium was removed from the cell pellet 
which was then resuspended in pre-warmed bronchial epithelial growth medium (BEGM, 
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Lonza, Switzerland). Following counting, the cells were seeded into T175s at a density of 
5-6x106 cells per flask. The medium was replaced the following day to remove non-
adherent and dead cells. The cells were then grown to 80% confluence, with the medium 
being changed every other day. The purity of the cell population was examined using both 
positive immuno-based staining as well as a lack of staining for contaminating cell types. 
Cells were used up to passage 5 in submerged cultures and up to passage 3 for air-liquid 
interface cultures.  
For routine expansion in submerged culture, cells were grown in a humidified atmosphere 
containing 5% CO2 at 37 °C in 1x BEGM consisting of 1x bronchial epithelial basal 
medium and BEGM Singlequots (Triiodothyronine (T3), human Epidermal Growth Factor 
(hEGF), Insulin, Transferrin, Hydrocortisone, Epinephrine, Gentamicin Sulphate/ 
Amphotericin-B (GA-1000), RA, Bovine Pituitary Extract (BPE)) (Lonza, Switzerland). 
Cells were either grown from P0 cells as described above or from frozen vials of cells. 
For culture from frozen cells, one vial of P1 HBECs was thawed in a 25 cm2 static flask 
at a density of 3,500 cells/cm2 in 3-5 ml of BEGM. The media was changed 6 hours after 
plating in order to remove dimethyl sulfoxide (DMSO) in the freezing medium and 
unattached cells and debris. Subsequently, the medium was changed every 48 hours 
until the cells reached 85-90% confluent. HBECs were washed briefly using 3-5 ml/25 
cm2 of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES, Lonza, 
Switzerland) and were subsequently passaged using 3 ml/25 cm2 1x trypsin-EDTA 
(Lonza, Switzerland) at 37 °C for 5 minutes. An equal volume of trypsin neutralising 
solution (Lonza, Switzerland) was added and the cells centrifuged at 150 RCF for 5 
minutes at room temperature. Cells were resuspended in BEGM by mixing gently without 
pipetting up and down. Cells were then mixed 1:1 with 0.4% trypan blue to assess cell 
viability. Live cells actively exclude trypan blue and appear white by phase contrast 
microscopy while dead cells are blue. White cells were counted using a haemocytometer 
and the cells/ml calculated according to manufacturer’s formula 
HBECs for experimental use were cultured on collagen IV from human placenta. Collagen 
IV was reconstituted to a final concentration of 0.66 μg/μl overnight at 4°C with 0.25% 
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acetic acid in distilled H2O. The collagen IV stock was then mixed 1:1 with 100% ethanol 
and used to coat 12 well plates or Transwell inserts, as appropriate, overnight at a 
concentration of 50 μg/cm2.  
Cells between passages 2 and 5 were seeded into coated 12 well plates at a density of 
35,000 cells/cm2 in 1 ml BEGM and grown until 80-90% confluent. During this time, the 
medium was changed every 2 days. For ALI culture, cells of 2 to 3 passage were seeded 
apically at a density of 70,000 cells/cm2 in 500 μl of BEGM medium on 0.4 μm pore size 
12-well plate Transwell inserts (Corning, New York USA). Basolaterally, 1500 μl of BEGM 
was added to the well. The medium, both apical and basolateral was changed every 2 
days until the cells reached confluence, within 5-7 days. The media was then removed 
from the apical surface and the cells were cultured for 28 days at ALI in differentiation 
medium, which consisted of 50% complete BEGM without T3, 50% DMEM and 500 μM 
All-Trans-Retinoic Acid (ATRA). Over the differentiation period, the TEER was 
periodically monitored as described in Section 2.2.7.2 
 

  Reverse transcription and qRT-PCR 
 Prevention of contamination and RNA degradation 

For all appropriate steps of the RNA isolation protocol, molecular biology grade chemicals 
were used and deionised water was pre-treated with 0.1% diethyl pyrocarbonate (DEPC) 
overnight at room temperature and subsequently autoclaved to deactivate the DEPC. All 
equipment was thoroughly cleaned with RNaseZap (Sigma Aldrich, UK) and filtered, 
nuclease free pipette tips (Continental Lab Products, UK) were used to minimise RNA 
degradation and contamination of the samples with foreign nuclear material.  
 

 RNA extraction 
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Total RNA from frozen powdered lung tissue or cells cultures was isolated with 
TRIreagent reagent as per manufacturer’s protocol (Sigma, UK). TRIreagent is a solution 
of phenol and guanidine isothiocyanate that disrupts cell membrane and dissolves cell 
components while preserving the integrity of RNA and other nucleic acids. Total RNA was 
isolated in a single step by adding 1ml of TRIreagent to 50-100 mg of lung tissue or 
directly onto the surface of culture vessels for cultured cells. Material was then scraped 
with a 1 mL pipette tip, transferred to 1.5 mL Eppendorf tube, and taken directly to RNA 
extraction or stored at -80°C until needed.   
For mRNA extraction, the samples were incubated for 5 minutes at room temperature. 
200 μL of chloroform per mL TRIreagent lysate was added after which the sample was 
vortexed vigorously and incubated for 10 minutes at room temperature. This incubation 
allows the formation of an organic phase (containing proteins), an interphase (containing 
DNA), and an aqueous phase (containing RNA). The tubes were centrifuged at 16100 
RCF, 4°C for 15 minutes to firmly separate the layers. The aqueous phase was removed 
to a new 1.5 mL tube and combined with an equal volume of 2-propanol. The addition of 
2-propanol changes the solute balance of the solution which causes the RNA to 
precipitate out of solution. The samples were incubated at room temperature for 10 
minutes to allow full precipitation and spun again at 16100 RCF, 4°C for 15 minutes to 
pellet the RNA. The supernatants were discarded and the pellets were washed with 1 mL 
of 80% ethanol and spun at 16100 RCF, 4°C, for 10 minutes. After the supernatant was 
removed, the pellets were air dried and dissolved in 12.5 μL nuclease free water. 
Contaminating genomic DNA was removed using a Precision DNase kit (Primer Design, 
UK) according to the manufacturer’s instructions. For each sample, 1.5 µL 10x reaction 
buffer and 0.5 µL DNase enzyme were combined with 1 µL nuclease free water and 
added to the dissolved pellet. Samples were then incubated at 30 °C for 10 minutes 
followed by 55 °C for 5 minutes to deactivate the DNase. 
RNA quality was visualised on an agarose gel containing 1% w/v agarose, 40 mM N-
morpholino-propane sulphonic acid (MOPS), 10 mM sodium acetate, 1 mM EDTA, 2.17% 
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w/v formaldehyde (Acros Organics, UK) diluted in DEPC treated H2O. 1 μL of DNase 
treated total RNA sample was combined with 11 μL nuclease free water and 3 μL northern 
loading buffer (62% formamide, 15% formaldehyde, 15% 10x MOPS, 8% glycerol, 0.05% 
gel red, bromophenol blue to color) before loading onto the gel. 
RNA bands were visualised using a Syngene Gene Genius bio-imaging system 
(Synoptics, UK). Intact RNA displayed characteristic 28S and 18S rRNA bands at an 
intensity ratio of approximately 2:1. The concentration and purity of the RNA was 
quantified using a Nanodrop 8000 spectrophotometer (Thermo Scientific, USA). The ratio 
of the absorbance at 260nm to the absorbance at 289nm (A260/A280) was used as a 
measure of protein contamination of the sample. A ratio of 2 was considered ideal with a 
range from 1.7 to 2 considered acceptable. Any sample outside of this range was 
discarded 
 

 cDNA synthesis 
Total RNA was reverse transcribed into cDNA using the qScript cDNA Supermix kit 
(Quanta Biosciences, USA). As per manufacturer instructions, up to 1 μg of RNA was 
diluted up to a volume of 16 μL in nuclease free water. 4 μL of the qScript cDNA Supermix 
containing buffer, an optimized concentration of MgCl2, RNase inhibitor protein, qScript 
reverse transcriptase, dNTPs (dATP, dTTP, dCTP, and dGTP), random nonamers, and 
poly-dT was added. Reverse transcription was performed under the following conditions: 
25°C for 5 minutes, 42°C for 30 minutes, 85° for 5 minutes. Samples were then diluted 
1:3 in nuclease free water. 
 

 qRT-PCR 
qRT-PCR was performed with MESA FAST qPCR no ROX kit (Eurogentech, UK) using 
33 ng of cDNA and forward and reverse primers at a final concentration of 800 nM as 
listed in Table 2.6 on a Mastercycler EP Realplex (Eppendorf, Germany).   DNA 
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polymerase was activated for 5 minutes at 95 °C followed by amplification cycling as 
follows: 40 cycles of 95 °C for 5 seconds and 62 °C for 45 seconds. Fluorescence was 
measured at the end of each 62 °C step.   
Specificity of the amplification was confirmed by examining a melt curve of the reaction. 
Following amplification, a melting curve analysis was performed by slowly increasing the 
temperature from 62 °C to 95 °C while measuring fluorescence. SYBR green fluoresces 
only when bound to double-stranded DNA.  With increasing temperature, DNA begins to 
“melt” into single stranded products, reducing the fluorescence produced by SYBR green. 
The temperature at which a DNA strand melts is primarily determined by its sequence. 
Thus, a specific single product should show a single temperature peak at which the 
fluorescence disappears, indicating melting of all DNA at the same temperature. 
Cp values were defined as the earliest point of the linear region of the logarithmic 
amplification plot to reach a threshold of detection.  Efficiencies were calculated by 
plotting the Cp values obtained against the concentration of input cDNA (2 fold dilution 
series) and examining the slope of the plot. Primer efficiency was calculated using the 
equation: efficiency=10(-1/slope). A value of 2 indicates a 100% efficient reaction. Primers 
were considered suitable if the efficiency was 90% or greater. Where the sequences are 
listed, primers were designed from scratch by Robert Alexander using Primer-BLAST. All 
others were purchased from commercial sources as listed below. 
Quantitative differences in mRNA expression were determined using the Cp value for 
each target and normalised to the geometric mean of the Cp of at least two commercial 
housekeeping genes as determined by the geNorm calculation (both Primer Design, UK). 
Fold change in expression was calculated using the standard 2-ΔΔCp method. Statistics 
were calculated using the ΔCp values.  
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Human    
Gene name Forward Sequence (5' to 3') Reverse Sequence (5' to 3') 
ATP5B Primer Design, UK 
B2M Primer Design, UK 
CAT AACGTTACTCAGGTGCGGGCAT AGGTGGCCGGCAATGTTCTCA 
F3 GAGTGTATGGGCCACGAGAA GCCAGGATGATGACAAGGAT 
F10 GCCCACTGTCTCTACCAAGC CTTGATGACCACCTCCACCT 
F10 for ChIP (-1kb) Dharmacon, CO, USA 
F10 for ChIP (-2kb) Dharmacon, CO, USA 
GAPDH Primer Design, UK 
GGCX CTGAATGCCCATAGGAGGAA TTCACACCCGCAATGAAGTA 
GPX1 TCCCTCTGAGGCACCACGGTC TTGGCGTTCTCCTGATGCCCAAAC 
HMOX1 GGCCAAGACTGCGTTCCTGCT CACGGGGGCAGAATCTTGCACT 
HMOX1 for ChIP Dharmacon, CO, USA 
NFE2L2 CACACGGTCCACAGCTCATC AATCAAATCCATGTCCTGCTGGG 
TOP1 Primer Design, UK 
VKORC1 CAGGACAGCATCGTCAATCA GGCCAGGTAGACAGAACCAG 

   
Murine   
Gene name Forward Sequence (5' to 3') Reverse Sequence (5' to 3') 
ATP5B Primer Design, UK 
AQP5 ATCTTCTACGTGGCAGCCCA TGTGTTGTTGCTGAGCGCAT 
CANX Primer Design, UK 
CO1A1 TCGTGGCTTCTCTGGTCTC CCGTTGAGTCCGTCTTTGC 
F3 CCGAGACACAAACCTTGGACAGC ACTTGCCGCAGGGTGAGGAA 
F5 ACCTCAGGCAGTCACACCACGA GGCCTTGTTAGGCACTGGGCAT 
F7 GACTTTGAGGGTCGGAACTG AGGTACGCTTGGTCCCTACA 
F10 CAGCGGTTACTTCCTGGGTA GCCACAGACCTCTTCCTACG 
HMOX1 GGAGCTGCAGGTGATGCTGACA GGGCAGTATCTTGCACCAGGCT 
KRT5 TGGACCAGTCAACATCTCTGT CACTGCCAACACCAATGCT 
KRT14 GACGCCCACCTTTCATCTTC GGTTGGTGGAGGTCACATCT 
NFE2L2 GGTTGCCCACATTCCCAAAC CAAGCGACTCATGGTCATCTACA 
SFTPC TCTAGCATCCACAGGGTCGG GCAGCTTCCTGCTTGTCTGA 

 
Table 2.6 List of human and mouse primers 
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 Chromatin immunoprecipitation 
 

 Cell fixation 
A549s were seeded into T75 culture vessels and grown to confluence. Following 
treatment with stimuli to encourage NRF2 nuclear translocation, the flasks were 
equilibrated at room temperature for 5 minutes, the medium removed, and the cells 
washed twice with PBS. The cells were fixed in 1% v/v formaldehyde (ChIP grade, Sigma, 
UK) diluted in PBS for 10 minutes at room temperature with gently agitation. 
Subsequently, 1.25 M glycine, to quench the formaldehyde, was added to the vessel to 
achieve a final concentration of 200 mM and the cells were incubated at room temperature 
with gentle agitation for a further 10 minutes. The flasks were then placed onto ice and 
washed twice with ice-cold PBS. Using a cell scraper, the cells were mechanically 
removed from the growth surface and placed into ice-cold PBS. The mixture was spun at 
800 RCF, 4°C, for 10 minutes and the supernatant discarded. The pelleted cells were 
stored at -80°C for downstream use. 
 

 DNA preparation 
In order to more easily access and sonicate nuclear material as well as reduce potential 
contaminating proteins from the cytoplasm, a three step lysis approach was used to 
eliminate cell membrane and cytoplasmic components. Pelleted cells were thawed for 10 
minutes on ice and 1 mL of lysis buffer 1 (50 mM HEPES-KOH pH 7.5, 0.25 %v/v Triton 
X-100, 10 % glycerol, 0.5 mM EGTA, 1 mM EDTA, 140 mM NaCl, 0.5 % NP-40) was 
added followed by incubation at 4°C for 10 minutes with gentle rotation. The mixture was 
spun at 600 RCF, 4°C, for 10 minutes and the supernatant was discarded. 1 mL of lysis 
buffer 2 (10 mM Tris-HCL pH 8.0, 0.5mM EGTA, 1mM EDTA, 200mM NaCL) was added 
followed by incubation and centrifugation as described above. The supernatant was 
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discarded and the cells incubated with 300 µL lysis buffer 3 (50 mM Tris-HCL pH 8.0, 10 
mM EDTA, 1% SDS) at 4°C for 10 minutes with gentle rotation.  
The isolated nuclei were sheered by sonication to achieve an average DNA fragment size 
of 100-300 base pairs. Fragments of this size allow for the discrimination between 
different protein binding sites that are located in promoter areas. Sonication parameters 
were determined empirically in experiments not presented in this thesis. Nuclear material 
was sonicated using a Biorupter Plus (Diagenode s.a., Belgium) on high power for 10 
cycles of 30 seconds on, 30 seconds off. All sonication was performed at 4°C. After 
sonication, 25 µL of the solution was removed and stored at -80°C to be used as the input 
control as will be described later.  
 

 Immunoprecipitation 
The sonicated material was diluted 1:10 in dilution buffer (20 mM Tris-HCL pH 8.0, 1% 
Triton X-100, 5% glycerol, 2 mM EDTA, 150 mM NaCl) and 100µL of 50% protein A 
agarose/ 50% protein G agarose/ salmon sperm DNA slurry (Sigma, UK), 2 µg/mL Bovine 
serum albumin (BSA), and 2 µg/mL single stranded herring sperm DNA were added and 
the mixture was incubated overnight at 4°C with gentle rotation. This ‘pre-clear’ step 
ensures that any antibody present in the nucleus is removed and does not produce a 
false positive. 
Subsequently, the solution was spun at 450 RCF, 4°C for 2 minutes and the supernatant 
was retained. 1mL of the diluted, pre-cleared lysate was incubated with a mouse 
monoclonal anti-NRF2 antibody pre-tested in ChIP applications (D1C9, Cell Signaling 
Technologies, USA) or an isotype-matched non-immune control antibody at a 1:50 
dilution overnight at 4°C with gentle rotation. The DNA-NRF2-NRF2 antibody complexes 
were immunoprecipitated by adding 60 µL of a 1:1 mix of protein A and protein G agarose. 
The mixture was incubated at 4°C with rotation for 2 hours followed by pelleting of the 
agarose and associated complexes by centrifugation at 450 RCF, 4°C for 2 minutes.  
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The pellets were then washed using a series of buffers of increasing salinity to reduce 
contamination with non-specifically bound antibody or protein A/G complex. Washing was 
performed for 10 minutes at 4°C with gentle rotation in each of the buffers listed in Table 
2.7 
 

Buffer Components 
 

Low salt wash buffer  
20 mM Tris-HCL pH 8.0, 1% Triton X-100,  
2 mM EDTA, 150 mM NaCl, 0.11% SDS 

 High salt wash buffer 
 

20 mM Tris-HCL, 1% Triton X-100, 2mM EDTA, 500 mM NaCl, 0.1% SDS 
 

LiCl wash buffer  
10 mM Tris-HCL pH 8.0, 1 mM EDTA, 25 mM LiCl, 1% Na Deoxycholate, 1% SDS 

 TRE buffer  10 mM Tris-HCL, 1 mM EDTA 
 

TRE buffer 
 

10 mM Tris-HCL, 1 mM EDTA 
 
Table 2.7 Wash buffers used for ChIP  
 
After washing, 200 µL of reverse cross-linking buffer (1% SDS, 0.1 M NaHCO3-) was 
added to the antibody and bead complexes, as well as the untreated input DNA, and the 
samples were incubated overnight at 65°C with no rotation. Reversing the formaldehyde 
crosslinks allows the antibody and protein A/G complexes to be removed from the 
solution, leaving only the enriched DNA. This step is necessary to allow for efficient PCR 
amplification. After cooling, the DNA was extracted using a PureLink gDNA extraction kit 
(Life, NY USA) according to the manufacturer’s instructions. Eluted DNA samples were 
used for qRT-PCR as outlined in Section 2.2.8.4.  
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 siRNA transfection  
Pooled NRF2 siRNA consisting of a mixture of 5 unique sequences or non-targeted 
control siRNA (Dharmacon, USA) was diluted to 1 nM in complete medium, either F12K 
with 10% FBS or BEGM as appropriate, containing 4 µL per 1 mL Interferin (Polyplus, 
France). Interferin is composed of positively charged amphiphilic molecules that bind to 
and increase the cellular/nuclear penetration of siRNA particles. Interferin is preferable to 
other polar transfection reagents because it can be used in the presence of antibiotics 
and serum, it has little effect on cellular viability, and it can be used with relatively smaller 
amounts of siRNA.  
A549s or HBECs were seeded such that approximately 80% confluence would be 
achieved after 48 hours. The next day, the medium was removed and replaced with 
complete medium containing Interferin and siRNA as described above. Cells were then 
incubated for a further 24, 48, or 72 hours before RNA/protein sample collection or serum 
starvation followed by further treatment as described in figure legends. 
 

 Western Blot 
 

 Sample preparation 
Cells in 12 well plates, transwell inserts, or trypsinized pelleted cells were washed with 
cold PBS and lysed in Phosphosafe Extraction Buffer (Merck, Germany) containing 
Complete Mini Protease Inhibitor cocktail (1 tablet in 10 mLs, Roche, UK). Cell 
monolayers were scraped and pellets were syringed to ensure complete lysis and lysates 
were transferred to microcentrifuge tubes.  The samples were centrifuged at 13100 RCF 
for 5 minutes in order to remove any contaminating cellular debris or unlysed cells and all 
samples were stored at -80°C before use. 
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 Protein assay 
The Bicinchoninic acid (BCA) protein assay was used to determine the total protein 
content in cellular homogenates. Peptide bonds in proteins reduce Cu2+ to Cu1+ in an 
alkaline medium. The reduced copper cations are chelated by two molecules of 
bicinchoninic acid producing a complex that is intensely purple (maximum absorbance at 
462nm). The absorbance is linearly proportional to the amount of protein present. 
Samples were assayed as follows and concentrations determined using an 8 point 
standard curve of BSA from 2 mg/mL to .015 mg/mL. 10 μL of each sample and standard, 
in duplicate, were mixed with 200 μL BCA working reagent as per manufacturer’s 
instructions, placed into a 96 well plate, and incubated for 20 minutes at 37°C to develop 
color.  The absorbance at 550 nm was then read on a Versamax Tunable Plate reader 
(Molecular Devices, USA). 
 

 Electrophoresis and protein transfer 
Using the total protein levels determined by the BCA assay detailed in Section 2.2.11.2, 
an amount of lysate containing 10 µg of total protein was diluted up to 15 µL in water, 
mixed with Bolt LDS sample buffer and Bolt reducing agent (according to the 
manufacturer’s instructions, both Life Technologies, USA) and heated at 70°C for 10 
minutes to reduce disulfide bonds. 
Samples were then loaded into precast 4-12% polyacrylamide gels (Bolt 4-12% Bis-Tris 
Plus, Life Technologies, USA) along with a 10 to 250 kDa pre-stained protein ladder 
(Page Ruler Plus, Fermentas, USA). The proteins were electrophoresed in 1X Bolt MES 
SDS running buffer (Life, USA) at 200 V for 25 minutes  
Dry protein transfer onto polyvinyldene difluoride (PVDF) membrane was performed using 
an iBlot Gel Transfer Device (Life Technologies, UK). The transfer sandwich was 
assembled using iBlot Transfer Stacks (Life Technologies, UK) containing a PVDF 
membrane fixed onto the bottom anode stack, filter paper and top cathode stack. The 
transfer parameters were set to 20 V for 7 minutes, after which the quality of the transfer 
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was assessed using a rapid stain in 1% Ponceau S solution (in 5% acetic acid, Sigma, 
UK). 
 

  Detection of proteins   
After protein transfer, the membrane was incubated in blocking buffer (5% w/v non-fat 
milk powder in TBS-Tween (TBST, 10nM Tris pH 8, 150nM NaCl, 0.1% v/v Tween-20, 
ddH2O)) for 1 hour at room temperature with gentle motion. The membrane was then 
incubated overnight at 4°C with primary antibodies (as described in Section 2.1.2) 
against proteins of interest diluted in blocking buffer. All incubations containing Cell 
Signaling Technologies antibodies were performed in TBST containing 5% w/v BSA. 
The next day, the membrane was washed 3 times for 5 minutes each in TBST and then 
incubated with a species specific horseradish peroxidase (HRP)-linked secondary 
antibody diluted in blocking buffer. The membrane was washed 3 times for 5 minutes 
each in TBST and then positive bands were developed using Luminata Crescendo 
(Millipore, USA) as per the manufacturer’s instructions. Immunoreactive bands were 
visualised by exposing Hyperfilm ECL (Amersham, USA) to the membrane and 
developing the film on an automated film developer (Kodak, UK). Exposure time was 
adjusted according to the strength of the signal. 
Semi-quantitative analysis of Western blots was performed using densitometry. Blots 
were scanned using a transmissive flatbed scanner (Epson, UK). The optical density of 
each band was calculated using NIH Image J according to a calibration curve of different 
densities (Kodak photographic step tablet, Kodak, UK). The optical density of each band 
was normalised to the optical density an appropriate loading control. Data are described 
as the fold change of the normalised value relative to the average value of the appropriate 
control group. 
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 Hydrogen peroxide concentration assay 
The concentration of H2O2 in growth medium was determined using a colorimetric 
hydrogen peroxide assay. In acidic conditions, H2O2 oxidizes Fe2+ present in Mohr’s salt 
(Fe(NH4)2 (SO4)) to Fe3+, which then complexes with KSCN to form a deep red/purple 
colour. This production of colour displays a linear relationship with the amount of H2O2 
present in the solution. 
The assay was performed entirely within a fume hood because of the potential hazardous 
generation of cyanide gas. 170 µL of the medium of interest or hydrogen peroxide 
standard curve diluted in medium was added to a 96 well plate and combined, in order, 
with 20 µL of 10 M HCL, 40 µL of freshly prepared 30 mM Mohr’s salt, and 20 µL 6.25 M 
KSCN. Upon addition of KSCN and immediate development of a deep red colour, the 
absorbance at 450 nm was read. The values generated by the hydrogen peroxide 
standard curve were used to interpolate the amount of H2O2 present in the samples of 
interest. 
 

   H2-DCFDA ROS assay 
A59s were seeded into black-walled, transparent bottomed 96 well plates (Nunclon, 
Denmark) at a density of 100,000 cells/mL and incubated overnight. After serum 
starvation, the medium was removed and replaced with F12K containing 10µM H2-
DCFDA (Sigma, UK). In initial experiments, the cells were incubated for 10, 30, 60 or 120 
minutes to optimise dye loading times. For all subsequent experiments, cells were loaded 
with dye for 30 minutes followed by washing and treatment as discussed in figure legends. 
After treatment, the change in fluorescence at a wavelength of 520 nm was measured 
over the course of 60 minutes. 
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 Chromogenic FX activity assay 
The method used measured both FXa, in a one-stage process, and FX, in a two-stage 
process. FXa-mediated proteolysis of the chromogenic substrate S-2765 (Chromogenix, 
UK) releases the chromophore pNA (p-nitroaniline). Accumulation of the chromogen is 
measured as a change in absorbance at 405 nm and is proportional to the amount of 
FXa present. Measurement of FX first requires exogenous activation of the zymogen by 
a natural FX activator from Russell’s viper venom (RVV). In the first stage, inactive FX is 
activated by RVV to FXa.  FXa activity is then measured as above.  
Supernatants from submerged cultures and lavages and subnatants from ALI cultures 
were collected after stimulation, spun for 5 minutes at 300 RCF to remove cellular debris, 
and transferred to new microcentrifuge tubes.  All samples were stored at -20°C prior to 
use. A standard curve of human FXa from 400 pM to 6.25 pM, including a blank, was 
constructed in cell culture medium as appropriate. Samples of the standard curve and 
room temperature supernatant, lavage, or subnatant were added to a 96-well microplate 
and combined with activity assay buffer (final concentrations of 0.05 M Tris, 0.05 M 
CaCL2, 0.5 mg/mL BSA, pH 7.8). A second set of the samples was added to the plate as 
above and combined with activity assay buffer containing 15 μg/mL RVV (Haemotologic 
Technologies, USA). The plate was then incubated for 20 minutes at 37°C to ensure full 
activation of FX by the RVV. Following incubation, 100 μL of chromogenic FXa substrate 
S-2765, pre-warmed to 37°C was added to each well.  Following a brief gentle mix, the 
plate was placed onto a 37°C heated Versamax Tunable Plate reader (Molecular Devices, 
USA) and the absorbance at 405 nm read every 60 seconds for 1 hour. Absorbance 
readings at 490 nm were used as a reference. The change in absorbance for the 
standards was used to calculate a standard curve which was then used to determine the 
concentration of FX in experimental samples.    
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 Immunocytofluorescence for epifluorescent and confocal 
microscopy 

Cells were seeded into either uncoated (for A549s) or collagen 4 coated 8 well chambers 
slides (for HBECs, Nunclon, Denmark) at an appropriate density to achieve approximately 
80% confluence overnight. After serum starvation, the cells were treated as described in 
figure legends before washing in PBS and further downstream processing. Alternatively, 
HBECs grown at ALI on transwell filters were treated, removed from their plastic 
housings, and washed in PBS. 
All subsequent steps were performed at ambient temperature. The cells were fixed for 20 
minutes with 4% PFA and then washed twice with PBS. Permeabilization of cells resulting 
from detergent-mediated disruption of the plasma membrane allows for greater 
penetration of antibodies and can increase the intensity of staining. All cells, on both 
chamber slides and transwell filters, were incubated for 30 minutes with PBS containing 
0.5% Triton X-100 to induce permeabilization. Non-specific protein binding was then 
blocked for 30 minutes using 10% FBS, 0.5% Triton X-100, PBS followed by incubation 
for 1 hour with the primary antibody or antibodies of interest diluted in 1% FBS, 0.5% 
Triton X-100, PBS. A complete list of antibodies used is displayed in Table 2.1 and the 
specific combinations of antibodies are displayed in figure legends. Alternatively, certain 
treatments were also incubated with either an isotype-matched control antibody or diluent 
without any primary antibody as a negative control.  
The cells were washed 3 times for 2 minutes each in PBS and then incubated with 
secondary antibody diluted 1:200 in 1% FBS, 0.5% Triton X-100, PBS. The specificity of 
the secondary antibody was chosen as appropriate based on the species of the primary 
and it was conjugated to one of the following fluorescent molecules: Alexa488, Alexa555, 
or Alexa647 (all Life biotechnologies, UK). After 3 washed for 2 minutes each in PBS, the 
chamber slides or transwell filters were treated with Prolong Gold Antifade mountant with 
DAPI (Life Biotechnologies, UK) and cover-slipped using 2mm glass coverslips. Stained 
cells were stored at 4°C prior to imaging.  
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Traditional epifluorescent images were captured using NanoZoomer 2.0-HT slide 
scanner and the NDP.view software (both Hamamatsu, Japan). Confocal images were 
captured using a Zeiss LSM 510 inverted confocal microscope. 
 

 Statistical analysis and replicate numbers 
All data in the figures are presented as mean values ± the standard error of the mean 
(SEM), unless indicated otherwise. Unless indicated, all data were determined to be 
normally distributed and the appropriate parametric statistical test was used. Statistical 
analysis was performed between two treatment groups by Student’s t-test and between 
multiple treatment groups by one-way analysis of variance (ANOVA) or two-way ANOVA 
with Tukey’s post-hoc testing using Graphpad Prism 5 software. Tukey’s post-hoc test 
was determined to provide an appropriate balance between stringency and power and 
also provides the ability to perform significance testing between groups with unequal 
numbers. The mean values of various parameters were considered to be significantly 
different when the p value was calculated to be less than 0.05. 
For cell culture experiments, the n numbers presented in figure legends represent 
individual wells treated and collected within the same experiment. For A549 and HBEC 
experiments, the graphs presented are representative of 2 or 3 separate experiments on 
the same cell source or donor (in the case of HBECs). For certain HBEC experiments, 
results were replicated using 2 or more donors and the results are presented separately. 
For ATII experiments, because of the inability to freeze or passage these cells, each 
graph is representative of 2 or 3 distinct donor populations, as specified in figure legends 
whereas the n number presented represents individual wells within the same experiment.  
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Chapter 3: Regulation of coagulation factor X expression in lung 
epithelium 
 

3.1 Regulation of coagulation factor X in A549 cells 
 

 Introduction 
Idiopathic pulmonary fibrosis (IPF) is a fibroproliferative disease characterized by an 
imbalance between pro-coagulant enzymes and anti-coagulants (Chambers 2008). A 
wealth of epidemiological (Navaratnam et al. 2013), in vitro, in vivo (Chambers 2008), 
and clinical data (Hernandez-Rodriguez et al. 1995), have demonstrated multiple 
potent pro-fibrotic roles for the coagulation proteinases in pulmonary fibrosis. On the 
aggregated strength of these data and a positive result from a small-scale clinical trial 
showing efficacy of the anti-coagulant warfarin in IPF (Kubo et al. 2005), a large multi-
centre placebo-controlled, double-blinded clinical trial was conducted (Noth et al. 
2012). In spite of a high-profile negative result of this trial, there is still a large amount 
of interest in, and research on, the role of coagulation proteinases and anticoagulants 
in fibrosis (Tzouvelekis et al. 2013), (Bendstrup and Hilberg 2012). 
In fibrosis, there are increased levels of coagulation factors present in the lung 
(Chambers and Scotton 2012). The primary source for most of the coagulation 
zymogens is the liver, where they are constitutively produced and secreted into the 
blood stream (Kopec and Luyendyk 2014). Thus, increased levels of pulmonary 
coagulation factors may be the result of increased input from the systemic circulation 
through dysregulated angiogenesis (Hanumegowda et al. 2012), inflammation 
(Bringardner et al. 2008), and abnormal vascular barrier function , all of which are 
known to be disturbed in IPF. There are, however, increasing data to support the extra-
hepatic production of coagulation factors (such as FX, FVII and FXII) by a variety of 
cell types including different types of cancer (Ruf et al. 2011), alveolar macrophages 
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(Tipping et al. 1988), pulmonary fibroblasts (Jablonska et al. 2010), adipocytes 
(Takahashi et al. 2014), and smooth muscle cells (Dashty et al. 2012).  
Previously FX, or any of the other coagulation factors, was not thought to be inducible 
or produced in organs other than the liver. As a result, there have been few studies 
into pathways or signalling moieties that affect its regulation. A study on basal 
expression in the liver suggested that constitutive activity by the transcription factors 
SP-1 and 3 and HNF4 resulted in a large percentage of production (Hung et al. 2001). 
The studies in this chapter were undertaken to investigate the production and 
regulation of FX in vitro in lung epithelium. Cultured cells consisting of the 
adenocarcinoma-derived epithelial cell line A549, primary alveolar epithelial, and 
bronchial epithelial cells were utilised toward this end. 

 Basal FX production in lung epithelium 
Previous data showed that the mRNA for F10 is produced in both alveolar epithelium 
and A549 cells (Scotton et al. 2009). There are, however, several mechanisms of 
control which can prevent the translation of mRNA into protein, such as endonuclease 
mediated degradation (Houseley and Tollervey 2009). FX is heavily post-
translationally modified and these alterations are necessary for its function (see Figure 
1.5, (Knobloch and Suttie 1987) (Wallin et al. 1994)). Modifications include cleavage 
by furin or an as yet unidentified serpin into covalently bound heavy and light chains 
(Wallin, Stanton, & Ross 1994), modifications of a number of glutamate residues into 
gamma-carboxyglutamate residues (Furie et al. 1999) and glycosylation of a number 
of different regions of the peptide (Sinha and Wolf 1993). 
Western blots were performed to evaluate the expression and post-translational 
processing of the FX protein in two common epithelial cell lines. Under reducing 
conditions, such as used for the following blots, the covalently bound heavy and light 
chains dissociate. Thus, the epitope against which the antibody is directed will 
influence which portion of the protein is detected. When FX is activated into FXa, a 
portion of the heavy chain is cleaved by proteinase action. An antibody directed 
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against the heavy chain portion of the protein can detect all three forms of the protein 
(pro-protein, un-activated heavy chain, and activated heavy chain).  
Figure 3.1 shows FX expression in cell lysates from two epithelial cell lines (alveolar 
A549 and bronchial BEAS-2B). The FX heavy chain was detected as three distinct 
bands: pro-protein at roughly 80 kDa, FX at 58 kDa, and FXa at 34 kDa. When 
compared with the positive controls of purified human FX and FXa, these bands 
appear at the correct molecular weights. A549s showed large amounts of the pro-
protein as well as a smaller, but distinct FXa band. The BEAS-2B sample showed 
small amounts of pro-protein with a much more intense band for FX. Although not 
commonly used as a housekeeping gene, ERK2 was used in these and other 
experiments presented in this thesis because of its previous demonstrated stability in 
the particular cells and cell culture systems used (Scotton et al. 2009) 
FX exerts its cellular and pro-coagulant effects via extracellular activation of the PAR 
receptors, thus only secreted protein will have a biological effect. Samples of 
conditioned media from A549 cells were compared with those from HEPG2 cells as a 
control. HEPG2 is a hepatocarcinoma cell line and has been shown to produce and 
release functional liver specific proteins, including FX (Scotton et al. 2009). Media 
conditioned for 24 hours by quiesced cells were collected and enriched for FX using 
immunoprecipitation. These supernatants were then probed for FX using Western 
blotting (Figure 3.2). The HEPG2 conditioned medium showed a prominent FX heavy 
chain band at 54kDa molecular weight. A549 conditioned media showed an identical 
band pattern to that produced by HEPG2. In addition, conditioned media were assayed 
using the chromogenic FX activity assay (Figure 3.3). FX activity was detected in both 
RVV-activated and unactivated wells, suggesting the presence of both FX and FXa. 
Upon addition of the specific FX inhibitor antistasin, there was a complete abrogation 
of positive signal.  
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 FX pro-protein and processed heavy chain are expressed by A549 
and BEAS-2B cells 

Cells were grown to 80% confluence in T75 flasks. Culture medium was removed and cells were 
quiesced for 3 hours in serum-free media, following which they were washed 3 times with ice-cold PBS, 
lysed in RIPA buffer and protein lysates collected for Western blot analysis. 20 µg of total protein lysate 
was run on the gel. Blots were probed with an anti-FX heavy chain antibody; 50 ng of purified FX and 
FXa were also run alongside, as positive controls. Both A549 and BEAS-2B lysates, showed the 
presence of the FX heavy chain. In addition, A549 lysates demonstrated lower molecular weight heavy 
chain bands which corresponded to FXa. 
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 FX protein can be detected by immunoprecipitation from HEPG2 
and A549 conditioned media 

HEPG2 and A549 cells were grown to 80% confluence. Monolayers were washed twice with medium, 
following which serum-free medium was added. Conditioned media were collected after 24 hours, 
enriched for FX by immunoprecipitation using an antibody directed against the light chain, and assayed 
by Western blot using a second FX antibody directed against the heavy chain. HEPG2 and A549 
conditioned media (n = 8 samples) both displayed positivity at 58 kDa, corresponding to the predicted 
molecular weight of the FX heavy chain.  
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 A549s secrete functional FX/FXa protein 

A549s monolayers were washed 3 times in serum-free medium and then incubated in serum-free 
medium for 24 hours to condition media. FXa activity was measured using a spectrophotometric kinetic 
enzyme activity assay using the chromogenic substrate S-2765. RVV was used to activate total FX to 
FXa; the specific FXa inhibitor, antistasin, was added to confirm detection of FXa-dependent activity. 
Low but measurable levels of FXa were detected in the untreated samples and this was significantly 
increased when pre-treated with RVV. FXa levels were reduced to undetectable levels after antistasin 
treatment. Data are expressed as the concentration of FX (pM, mean ± SEM, N=6). **** p<0.0001 
compared with untreated sample, unpaired Student’s t test. 
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 Production of necessary processing enzymes for post-translational 
modification of FX  

As described in Figure 1.3 and Section 3.1.2, FX (and many of the other coagulation 
factors) are highly processed following translation; a process that is essential for their 
function. For instance, the conversion of glutamate residues into Gamma-
carboxyglutamate residues is particularly important to the function of FX as they are 
required for efficient activation of FX by FVIIa and FIXa (Yang et al. 2009). This 
process is accomplished by the enzyme gamma-glutamyl carboxylase (encoded by 
the gene GGCX) in the endoplasmic reticulum and requires the co-factor activity of 
vitamin K1 which is oxidized in the process. Oxidized vitamin K is recycled by the 
activity of the multi sub-unit enzyme vitamin K epoxide reductase C (encoded partially 
by the gene VKORC1) and can then participate in further reactions. VKORC also 
participates in the modification of a number of other coagulation proteins and its 
inhibition by Warfarin leads to anti-coagulation through coagulation factor inactivity 
(Goodstadt and Ponting 2004). The presence and activity of FX processing enzymes 
has heretofore been investigated only in the liver. Therefore, the presence of the 
mRNA transcripts for these two necessary processing enzymes was confirmed in the 
lung alveolar cell line A549 (Figure 3.4).    
In addition to the necessary processing enzymes, Vitamin K1 is also required for FX 
post-translational processing, as described above. Vitamin K1 supplementation was 
investigated in A549 cells to determine if it would have a qualitative effect on the in 
vitro production of F10 mRNA and FX protein. Following treatment for 24 hours with 
vitamin K1, there were no differences detected in either F10 mRNA levels (Figure 3.5, 
Panel A) or FX protein level or banding pattern (Figure 3.5, Panel B). It was therefore 
deemed unnecessary to supplement cell culture media with vitamin K1.  
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 GGCX and VKORC1 mRNA species are present in A549 cells 

A549 cells were grown to 80% confluence and total RNA collected after quiescence. mRNA levels were 
analysed by qRT-PCR. Data are expressed as the normalised value (2Δ-Cp), which takes into account 
the expression of the housekeeping gene. Both mRNA transcripts were detected with VKORC1 
displaying higher relative levels (mean ± SEM, n=8). 
 

 Effect of desferoxamine B (DFOB) on F10 mRNA levels in A549 cells 
Initially, a variety of common pro-inflammatory/pro-fibrotic mediators (such as IL-1β 
and TNFα) were investigated to determine if they may play a role in the regulation of 
F10 in lung epithelium. However, preliminary investigations proved negative (data not 
shown). In addition to the other stimuli investigated, hypoxia was theorised to be 
involved in FX regulation. IPF is characterised by the presence of cystic airspaces in 
the alveolar compartment and a gross impairment in the ability of the lung to participate 
in gas exchange (Noble 2006). Thus, fibrotic areas may have less access to oxygen 
from the bronchi and operate under a state of hypoxia. Additionally, the ectopic 
expression of FVII in cancer cells (Wolberg and Mast 2012) was shown to be 
influenced by hypoxia. The hypoxia-mimetic DFOB is an iron chelator that stabilizes 
hypoxia-inducible factor 1 α (HIF-1α). This is followed by an increase in the expression 
of hypoxia related genes. As a control, the oxidative stress and hypoxia sensitive gene 
heme-oxygenase 1 (HO-1) was included. Contrary to expectation, DFOB treatment of 
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A549s for 18 hours resulted in a concentration-dependent decrease in F10 and HO-1 
mRNA levels (0.8- to 0.3-fold, Figure 3.6). 
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 Vitamin K1 supplementation did not have an effect on F10 mRNA or 
FX protein levels 

A549s were grown to 80% confluence, washed, and their medium replaced with either serum-free 
control medium or serum free medium containing 50 ng/ml vitamin K1. After 24 hours, total RNA was 
collected and assay for the presence of F10 by qRT-PCR (A). Treatment with vitamin K1 did not result 
in any changes to F10 mRNA level. In parallel conditions, total intracellular protein lysates were 
collected and probed via Western blot for the presence of the FX heavy chain. As with the mRNA result, 
treatment with vitamin K1 had no effect on either the amount of FX present or on the distribution or 
banding pattern detected.   
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 DFOB treatment reduces F10 and HO-1 mRNA levels in A549s 

A549 cells were quiesced, placed serum-free, and treated with either DFOB (12.5 µM to 200 µM) or 
medium only control. Total RNA was then collected and assayed for F10 and HO-1 mRNA levels by 
qPCR. When compared to control, DFOB treatment resulted in a concentration-dependent decrease in 
F10 mRNA which was significant at 25 and 50 µM. HO-1 mRNA levels were also significantly decreased 
at concentrations of 50, 100, and 200 µM. Data are expressed as fold change in relation to control and 
relative to the geometric mean of ATP5B and B2M. (mean ± SEM, n=5). * p<0.05, ** p<0.01 compared 
with 0 µM control, 1-way ANOVA, Tukey’s multiple comparisons post-hoc test. Data are representative 
of three independent experiments 

 Effect of H2O2 on F10, TF, VKORC, and GGCX mRNA levels in A549s 
DFOB activates pathways that are important during periods of low oxygenation, which 
suggests that perhaps the opposite, hyperoxia or oxidative stress, might have 
opposing effects on F10 mRNA levels. Oxidative stress, or an imbalance between pro-
oxidants and anti-oxidants, is an important pathological feature of IPF. IPF patients 
display many hallmarks of oxidative stress including increased H2O2 in exhaled breath 
condensate (Psathakis et al. 2006), and decreased lung anti-oxidant capacity (Walters 
et al. 2008). As such, hydrogen peroxide (H2O2) was investigated as a mediator of FX 
production. 
F10, VKORC, and GGCX mRNA levels in A549 cells were investigated using qPCR 
following stimulation with peroxide. Cells were serum starved for three hours prior to 
stimulation with peroxide for 1 hour at concentrations ranging from 100 to 600 µM. As 
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seen in Figure 3.7, treatment of sub-confluent A549s (80%) with H2O2 for 1 hour 
resulted in a concentration-dependent increase in F10 mRNA levels (peak induction 
of 4.18 fold at 600 µM, p<0.001 compared with unstimulated controls). The induction 
by peroxide plateaued at roughly 4-fold and, as a result, 400 µM was chosen for further 
experiments as it was the lowest concentration at which the maximal response was 
obtained. Subsequently the experiment was repeated in fully confluent A549 cells to 
interrogate the effect, if any, of confluence on hydrogen peroxide-mediated F10 mRNA 
induction (Figure 3.8). Treatment of confluent A549s with H2O2 resulted in a similar 
increase in F10 mRNA levels from 200 µM upwards plateauing at roughly 5 fold, 
similar to that seen in sub-confluent cells.        
For these and all subsequent qPCR experiments, unless otherwise noted, the gene of 
interest was first normalised to the expression of at least 2 housekeeping genes to 
account for variability in cell number. Following normalisation, the data were 
expressed as a fold-change relative to the average value for the relevant control group. 
This is referred to as the 2-ΔΔCp method (Livak and Schmittgen 2001). 
Further experiments established that the peroxide-mediated induction of F10 mRNA 
is time-dependent. F10 mRNA levels increased rapidly following stimulation with 
hydrogen peroxide, with a significant increase shown at just 15 minutes post-
stimulation (2.2-fold, p<0.05) as seen in Figure 3.9. However, this induction 
disappeared rapidly; 3 hours after stimulation, the level of F10 mRNA was no longer 
significantly different from unstimulated controls. 
As discussed above, the generation of functional FX requires numerous post-
translational modifications. The mRNA levels for two of the genes involved in this 
process were also interrogated in the peroxide time-course to see if they were 
regulated by peroxide treatment. Neither GGCX nor VKORC mRNA levels changed 
significantly upon H2O2 treatment (Figure 3.10). Additionally the mRNA levels for 
tissue factor (TF, encoded by the F3 gene) were investigated. TF is an integral 
membrane protein that complexes with FX and FVII to form the ternary complex which 
eventually results in the production of FXa. This procoagulant activity is highly 



 

      115 
 

  

regulated by various processes including control of its physical segregation from other 
coagulation factors, in a process called decryption. Oxidative stress is known to 
influence the activity and decryption state of tissue factor (Popescu et al. 2010). The 
mRNA levels of F3 were transiently increased by treatment with 400 µM H2O2 at 4 and 
5 hours post-addition, (2.1 and 1.7 fold respectively, Figure 3.11).   
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 H2O2 treatment results in increased F10 mRNA levels in sub-

confluent A549 cells in a concentration-dependent manner 
Quiesced A549s at 80% confluence were washed and treated with serum free medium containing 
concentrations of hydrogen peroxide ranging from 0 to 600 µM. After stimulation for 1 hour, RNA was 
collected and assayed by qPCR. F10 mRNA levels were significantly increased at peroxide 
concentrations above 200 µM, with a plateauing of response seen at 400 µM and above. Data are 
expressed as fold change in F10 mRNA levels normalised to the geometric mean of ATP5B and B2M 
and relative to unstimulated control (mean ± SEM, n=5). *** p<0.001, **** p<0.0001 in comparison to 0 
µM H2O2, 1-way ANOVA, Tukey’s multiple comparison post-hoc test. Data are representative of three 
independent experiments.  
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 H2O2 treatment results in increased F10 mRNA levels in confluent 

A549s in a concentration-dependent manner 
Confluent A549s were quiesced for 3 hours following which the medium was removed and replaced 
with serum free medium containing 0 to 600 µM H2O2. After 1 hour of stimulation, qPCR analysis 
showed significantly increased F10 mRNA levels at peroxide concentrations of 200 µM and above. The 
response in the confluent cells mirrored that seen in sub-confluent cells. Data are expressed as fold 
change in F10 mRNA level, normalised to the geometric mean of ATP5B and B2M and relative to 
unstimulated control (mean ± SEM, n=5). *** p<0.001, **** p<0.0001 in comparison to untreated control, 
1-way ANOVA, Tukey’s multiple comparison post-hoc test. Data are representative of three 
independent experiments 
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 H2O2 increases F10 mRNA in A549s in a time-dependent manner 

A549s were quiesced for 3 hours in serum free medium. Culture medium was removed and replaced 
with serum-free control medium or medium containing 400 µM H2O2. qRT-PCR at time-points ranging 
from 0 to 8 hours post-stimulation show an increase in F10 mRNA levels from 15 minutes to 2 hours 
after stimulation. By 3 hours, the levels had returned to baseline. Data are expressed as fold change in 
F10 mRNA levels, relative to time 0 control and normalised to ATP5B and B2M (mean ± SEM, n= 4). * 
p<0.05, ** p<0.01, **** p<0.0001 in comparison to the treatment-matched time 0 control, 1-way ANOVA, 
Tukey’s multiple comparison post-hoc test. Data are representative of three independent experiments 
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 GGCX and VKORC mRNA levels do not vary after H2O2 treatment in 
A549 cells 

A549s were quiesced for 3 hours in serum free medium at which point it was removed and replaced 
with either serum-free control medium or medium containing 400 µM H2O2. qPCR analysis of RNA at 
time points from 0 to 8 hours post-stimulation showed no changes in mRNA levels with treatment. Data 
are expressed as fold change in mRNA levels normalised to the expression of ATP5B and B2M and 
relative to time 0 (mean ± SEM, n=4). Data are representative of three independent experiments 
 

One potential concern with hydrogen peroxide stimulation is that any effects observed 
may be due to some factor other than its oxidative action, such as a simple receptor-
ligand interaction. Glutathione (GSH) is an important antioxidant molecule in the lung. 
The rate limiting step in its synthesis is the amount of N-acetyl cysteine (NAC), which, 
in itself, displays a small amount of antioxidant activity (Samuni et al. 2013). NAC is 
commonly used experimentally to supplement the antioxidant capacity of a variety of 
systems (Rushworth and Megson 2014). In order to investigate the role of NAC 
supplementation on the H2O2-induced F10 mRNA increase, A549s were given 
medium only, 1 mM NAC, 400 µM H2O2, or both for 1 hour (Figure 3.12). Treatment 
with NAC alone had no effect on F10 mRNA levels while H2O2 alone lead to a 
significant increase (3.6 fold, p<0.05), as seen previously. When NAC and peroxide 
were given at the same time, F10 mRNA levels were not significantly different to 
control (p<0.05). 
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 F3 mRNA levels transiently increased after H2O2 treatment of A549s 
Quiesced A549s were given either serum-free medium or medium containing 400 µM H2O2 for periods 
ranging from 0 to 8 hours. qPCR analysis of F3 mRNA levels detected a significant increase upon 
peroxide treatment for 4 and 5 hours. Data are expressed as fold change in F3 mRNA relative to 0 hour 
control and normalised to ATP5B and B2M (mean ± SEM, n=4). * p<0.05, *** p<0.001 in comparison to 
the 0 hour control, 1-way ANOVA, Tukey’s multiple comparison post-hoc test. Data are representative 
of three independent experiments. 
 

F10 expression in A549s is inducible by hydrogen peroxide, but it is also expressed at 
baseline in the absence of additional stimulation. When treated for 1 hour with NAC, 
there was no reduction in the basal level of F10 mRNA. Similarly, prolonged treatment 
with 1 mM NAC for either 4 or 24 hours resulted in no change in FX heavy chain protein 
levels, assessed by western blotting (Figure 3.13). 
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 Treatment with NAC decreased H2O2-mediated F10 mRNA induction 
in A549s 

A549 cells were quiesced for three hours in serum-free medium after which they were incubated with 
medium only, 1 mM NAC, 400 µM H2O2, or both for 1 hour. qPCR analysis of F10 mRNA levels 
demonstrated an increase upon treatment with hydrogen peroxide that was reduced back to control 
levels upon co-treatment with NAC. Data are expressed as fold change in F10 mRNA levels normalised 
to ATP5B and B2M and relative to unstimulated control (mean ± SEM, n=3). * p<0.05 in comparison as 
indicated above, 1-way ANOVA, Tukey’s multiple comparison post-hoc test.  Data are representative 
of two independent experiments 
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 NAC treatment did not affect basal FX production in A549s 
A549 cells were quiesced for three hours in serum free medium. After being washed, cells were treated 
with either medium-only control or medium containing 1 mM NAC and total protein was collected 4 and 
24 hours after addition. FX immunoblotting showed no differences in FX pro-protein levels with 
treatment. 
 

 H2O2 treatment strategy in A549 cells 
F10 mRNA induction showed a very acute response to hydrogen peroxide; 15 minutes 
of treatment resulted in significant increase in mRNA levels. Following these mRNA 
studies, Western blotting was performed at a variety of time points to determine 
whether there was a concomitant induction of FX protein. Figure 3.14 shows 
immunoblots of cell lysates from A549s treated for 2, 4, or 6 hours with 400 µM H2O2. 
Despite the rapid induction of FX mRNA, there were no overt differences in the amount 
of FX pro-protein present after treatment with peroxide at these early time-points. 
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 H2O2 treatment for 2, 4, or 6 hours did not have an effect on FX pro-
protein levels in A549 lysates 

A549 cells were quiesced in serum free medium for 3 hours, then washed twice with serum-free 
medium. Cells were then incubated in control medium or medium containing 400 µM H2O2 and 
incubated for 2, 4, or 6 hours. Cell lysates were collected and assayed for the presence of FX pro-
protein or ERK2 by immunoblot. Semi-quantitative densitometry on FX bands showed no significant 
differences between control and treated samples (Data not shown). Blots are representative of three 
independent experiments. 
 

2 to 6 hours after mRNA induction is a relatively short period to detect de novo protein 
synthesis, so the experiment was repeated using longer times before sample 
collection to allow for the potentially slower accumulation of protein. Stimulation of 
A549s with 400 µM H2O2 for 6, 18, and 24 hours was performed as previously 
described. Immunoblotting for FX pro-protein, however, again did not show any 
increase in protein levels after hydrogen peroxide stimulation (Figure 3.15). There are 
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various potential explanations for the increased mRNA levels not resulting in increased 
FX protein. One is that the short-lived mRNA induction, such as that shown in Figure 
3.9, is not sufficient to result in a detectable increase in FX protein in the cell and 
another is that treatment with hydrogen peroxide results in increased protein flux 
through the processing areas of the cell (the ER and the Golgi) and causes increased 
secretion of FX protein. Increased secretion, therefore could result in apparently stable 
intracellular levels of FX accompanied by increased levels of extracellular protein. 
Subsequent experiments were designed to address both hypotheses. 
 
 
 
 
 
 
 
 
 

 H2O2 treatment for 6, 18, or 24 hours did not affect FX pro-protein 
levels in A549 cell lysates 

A549 cells were quiesced in serum-free medium for 3 hours, washed, and given either control serum-
free medium or medium containing 400 µM H2O2. Total intracellular protein was collected at 6, 18 or, 
24 hours post-stimulation and FX pro-protein and ERK2 levels examined by Western blot. Semi-
quantitative densitometry was performed and showed no differences with treatment (data not shown). 
Blots are representative of three independent experiments. 
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 Evaluation of FX enzyme activity by chromogenic activity assay 
Western blotting did not detect an increase in FX protein levels in cell lysates. 
Enrichment of FX by using a pull-down immunoprecipitation followed by western 
blotting (Figure 3.2) was successful, but this technique has a number of drawbacks 
including cost, reproducibility, and the qualitative nature of the resultant data. As 
discussed briefly in Section 3.1.2, FX enzyme activity can be measured by utilising its 
proteinase activity to cleave a substrate and release a coloured or fluorescent 
molecule, enabling an accurate and sensitive measurement of the amount present in 
a biological fluid or conditioned medium. 
A549s grown in standard submerged culture were treated with 400 µM H2O2. 
Supernatants collected at a range of time-points (0 to 18 hours) were assayed, after 
activation with RVV, for the presence of FX. As expected, both the control and treated 
wells showed a gradual increase in the amount of FX present over time, demonstrating 
that the cells are actively producing and secreting FX into the medium. Treatment with 
H2O2, however, led to an increased rate of FX production or secretion, with roughly a 
doubling at 18 hours compared to unstimulated control (Figure 3.16, 169 pM vs 94 
pM , p<0.05). In addition, supernatants were assayed without RVV treatment to 
determine if any FXa was present. Low but measurable levels of 4-6 pM were 
detected, but there were no differences with treatment or over time (data not shown). 
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 H2O2 stimulation of A549s lead to a time-dependent increase in FX 

protein levels 
Quiesced A549 cells were incubated with either serum-free control medium or serum-free medium 
containing 400 µM H2O2 for periods ranging from 0 to 24 hours. Supernatants were collected, activated 
using RVV, and assayed for the presence of FX. Treatment with hydrogen peroxide resulted in a 
significant upregulation of FX at 18 hours post-treatment. Data are expressed as the concentration of 
FX (mean ± SEM, n=3). *p<0.05, compared to the relevant time-matched control, 2-way ANOVA, 
Tukey’s multiple comparison post-hoc test. Data are representative of three independent experiments. 
 

Treatment with peroxide resulted in an increased production and/or secretion of FX, 
but did not increase the proportion of active FX (FXa) beyond a baseline level. The 
activation of coagulation factors is a highly controlled process, because dysregulated 
clotting results in tissue damage and organ malfunction (Zeerleder et al. 2005). The 
activation of FX through the extrinsic system requires the presence of TF and FVIIa. 
Together these three factors form a ternary complex which activates FX. TF is widely 
expressed in monocytes, endothelium, perivascular cells, and epithelial cells but exists 
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mainly in an encrypted form which cannot initiate coagulation (discussed in Section 
3.6). Decryption of TF occurs upon activation of cells by a number of mediators such 
as oxidative stress as discussed previously and tumour necrosis factor α (TNFα), 
which is known to be increased in IPF patients (Piguet et al. 1993), and may involve 
changes in membrane and lipid raft dynamics (Steffel et al. 2006). Preliminary studies 
to assess the role of encryption on TF-mediated FX activation in A549s were 
conducted using TNFα treatment to encourage decryption. Cells were treated with 20 
ng/mL TNFα, 400 µM H2O2 or both for 4 or 18 hours following which they were assayed 
for mRNA content as well as secreted FX and FXa in the conditioned medium. The 
amount of F10 mRNA present was significantly reduced after 4 hours of treatment with 
TNFα alone or both TNFα and H2O2 (0.3-fold, p<0.05, Figure 3.17). At 18 hours, TNFα 
or the combination of TNFα/ H2O2 resulted in increased F10 mRNA levels compared 
to the untreated control at 18 hours (1.8- and 2.42-fold over time-point control 
respectively, p<0.05, Figure 3.17). The condition with both TNFα and peroxide was 
also significantly higher than either of the single treatments alone, implying a 
synergism when in combination. These data demonstrate both the complex temporal 
effects of signalling pathways as well as suggesting that treatment with one mediator, 
such as hydrogen peroxide, may potentiate the signalling of another, such as TNFα, 
when in combination. 
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 TNFα and H2O2 treatment in A549s resulted in time-dependent 

changes in F10 mRNA levels 
Quiesced A549s were incubated with serum-free control medium or medium containing 400 µM H2O2, 
20 ng/mL TNFα, or both for 4 or 18 hours. mRNA analysis by qPCR demonstrated contrasting results 
at the different time points. At 4 hours post-addition, there were significant decreases in F10 mRNA 
levels upon treatment with TNFα alone or in combination with hydrogen peroxide. At 18 hours post-
addition, however, these same treatments displayed significantly increased amounts of F10 mRNA. 
Data are expressed as the fold change in mRNA levels normalised to the expression of ATP5B and 
B2M and relative to the 0 hour control (mean ± SEM, n=5). * p<0.05, ** p<0.01, **** p<0.0001 in 
comparison to the untreated time-matched control, 1-way ANOVA, Tukey’s multiple comparison post-
hoc test. Data are representative of two independent experiments. 

 
In addition, conditioned media were collected and assayed for the presence of FX and 
FXa by activity assay. As expected from the qPCR data, treatment with the 
combination of H2O2 and TNFα for 4 hours did not result in significantly higher levels 
of secreted FX protein, but there was a significant increase in FXa levels (Figure 3.18, 
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150pM vs 75pM, p<0.05). Treatment with one of the mediators alone resulted in no 
differences versus control samples. After a longer stimulation period of 18 hours, total 
FX levels were significantly increased in all treatment groups compared with control 
(Figure 3.19, 250-380 pM vs 111 pM, p<0.05), however the amount of FXa was 
significantly lower (Figure 3.19, 60-80 pM vs 130 pM, p<0.05). While the increased 
production of total FX agrees with previous findings (Figure 3.16), the decrease in 
FXa levels appears contradictory to this, especially as these same stimuli in 
combination increased activation at the earlier time-point. One hypothesis is that an 
early stimulus that activates pro-coagulant pathways also results in production of anti-
coagulant moieties (e.g. tissue factor pathway inhibitor, TFPI, Wood et al. 2014), thus 
leading to a decrease in the measurable amount of FXa, although this was not 
explored.  
 

 

 Dual 400 µM H2O2 and TNFα treatment in A549s resulted in 
increases in FXa but not FX at 4 hours 

Quiesced A549s were treated with either serum-free control medium or medium containing 400 µM 
H2O2, 20 ng/mL TNFα or both for 4 hours. Conditioned media were collected and FXa levels analysed 
by chromogenic activity assay. Total FX levels were also analysed following activation using RVV. FXa 
levels were significantly increased upon treatment with a combination of peroxide and TNFα. There 
were no differences with either of the treatments alone. Total FX levels did not differ significantly with 
treatment. Data are expressed as the concentration of FXa or FX (mean ± SEM, n=4). **** p<0.0001 in 
comparison with untreated control and single treatments, 1-way ANOVA, Tukey’s multiple comparison 
post-hoc test. Data are representative of two independent experiments. 
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 Treatment with 400 µM H2O2 and TNFα in A549s resulted in 
increased FX and reduced FXa at 18 hours 

Quiesced A549s were treated with either serum-free control medium or medium containing 400 µM 
H2O2, 20 ng/mL TNFα, or both for 18 hours. Conditioned media were collected and FXa levels analysed 
by chromogenic activity assay. Total FX levels were also analysed following activation using RVV. FXa 
levels were significantly decreased in each treatment group whereas the amount of FX was significantly 
increased with each treatment. Data are given as the concentration of FXa or FX (mean ± SEM, n=4). 
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 in comparison with untreated control, 1-way ANOVA, 
Tukey’s multiple comparison post-hoc test. Data are representative of two independent experiments. 
 

 Hydrogen peroxide stimulation of A549s cultured at air-liquid interface 
All previous work was carried out using cells grown in standard submerged culture. 
This approach, however, is less representative of the baseline physiology of the lung. 
Under normal circumstances, lung epithelium is covered by a microns thick layer of 
fluid (epithelial lining fluid) which is all that separates the cells from the external 
environment (i.e. air). In contrast, cells in submerged culture are covered by several 
millimetres of liquid. Air-liquid interface (ALI) culture is increasingly utilised to more 
accurately represent the physiological relationship of epithelial cells with air; cells are 
grown to confluence on the upper side of a transwell cell culture insert, then placed at 
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ALI by removing the medium from the upper chamber, exposing the upper surface to 
air. The cells are maintained through contact with growth medium in the lower 
chamber. Growth at ALI results in changes in cell behaviour, polarisation, proliferation, 
and differentiation (de Jong et al. 1994).  
A549 cells were therefore grown at ALI. In initial experiments, after three days at ALI, 
injury was simulated by adding 150 µL of medium, with or without stimulus, to the 
upper, medium-free surface of the monolayer (apical stimulation) for 2 hours. Total 
RNA was collected and used to quantify the mRNA levels of F10, F3, VKORC, and 
GGCX. Treatment of the cells with 200 µM H2O2 resulted in a small yet significant 
increase in F10 mRNA levels (Figure 3.20, 1.3-fold, p<0.05) but no significant 
changes upon treatment at 400 µM. No changes were seen in F3 or VKORC mRNA 
levels, while GGCX was down-regulated by 400 µM H2O2 (0.47-fold, p<0.05).  
The medium from the apical surface was subsequently collected and analysed for the 
presence of FX and FXa by activity assay. It is interesting to note that there were 
higher levels of both FX and FXa produced by these monolayers (320 pM and 50 pM 
respectively) as compared to that produced by submerged cells (50 pM and 5 pM 
respectively). This may simply represent a difference in the method of sampling, the 
result of a smaller dilution effect (samples were collected in 150 µL as opposed to 500 
µL for Figure 3.16), or it may indicate that growth at ALI results in a greater production 
or secretion of FX. Additionally, it may have resulted from differences in the number 
of cells present in each well resulting from differences in experimental set up, although 
this wasn’t specifically investigated. 
Treatment of cells with 200 µM H2O2 for 2 hours resulted in a significant increase in 
the amount of FX when compared to the unstimulated control (Figure 3.21, 487 pm 
vs 320 pM, p<0.05). These data show that A549s grown at ALI not only produce higher 
levels of FX at baseline, but that they are also more responsive to hydrogen peroxide 
stimulation, producing or releasing more FX protein at a lower concentration of H2O2 
and at an earlier time-point. FXa levels were unchanged by any of the treatments. 
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The unexpected differences in F10 and FX after treatment with 200 µM H2O2 but not 
400 µM H2O2 was not explored further, but may have resulted from differences in 
cellular responsiveness after polarisation at ALI. Cells grown at ALI are known to have 
changes in both their behaviour and secretory phenotypes. 
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 H2O2 stimulation of A549 ALI cultures resulted in increased F10, 
decreased GGCX, and no change in F3 or VKORC mRNA levels.  

Quiesced A549s were incubated apically with either serum-free control medium or medium containing 
200 or 400 µM H2O2. mRNA levels were quantified following 2 hours of treatment and showed a 
significant increase in F10 mRNA levels after treatment with 200 µM H2O2 and a significant decrease in 
GGCX mRNA levels following treatment with 400 µM H2O2.. Data are expressed as fold change in 
mRNA level relative to unstimulated control and normalised to ATP5B and B2M (mean ± SEM, n=4). * 
p<0.05 in comparison to untreated control, 1-way ANOVA, Tukey’s multiple comparison post-hoc test.  
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 H2O2-stimulation of ALI A549s increased FX in conditioned media 

Quiesced A549s were treated apically with serum-free control medium or medium containing 200 or 
400 µM H2O2. Medium was collected after 2 hours incubation and the levels of FX and FXa determined 
using a chromogenic activity assay. There were no differences in the concentration of FXa at any of the 
doses tested. Treatment with 200 µM H2O2 caused a significant upregulation in FX. Data are expressed 
as the concentration of FX or FXa in pM (mean ± SEM, n=3) *** p<0.001, **** p<0.0001 in comparison 
to the untreated control, 1-way ANOVA, Tukey’s multiple comparisons post-hoc test. Data are 
representative of two independent experiments. 
 

 Intracellular ROS staining in H2O2-treated A549s 
In biological systems, there are a number of sources of oxidants both within and 
without of the cell. Inside of the cell, the mitochondria are a major source of both 
superoxide and H2O2 resulting from aerobic respiration, which depends on the flow of 
protons to produce ATP. While this process normally results in the production of water, 
unintended reactions can occur between protons and molecular oxygen, leading to the 
production of O2-. When ROS are produced in this manner, they are routinely 
detoxified by the action of mitochondrial superoxide dismutase into less harmful H2O2 
(McCord and Fridovich 1988) which is then broken down by catalase or a number of 
peroxidases into water and oxygen. Additionally, cells of the immune system produce 
and release ROS as a defence against microorganisms (Freitas et al. 2009) - the over-
exuberant activation of which can produce cell death and apoptosis. Peroxide 
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treatment of A549s may result in the modification or activation of extracellular proteins 
that leads to signal transduction, or it may enter the cell and directly interact with 
cellular components leading to signal transduction, or a combination of the two. To 
determine whether treatment with exogenously added hydrogen peroxide leads to 
increased oxidant activity inside the cell, the ROS sensitive dye 2’,7’ –
dichlorofluorescein diacetate (H2-DCFDA) was used. H2-DCFDA enters the cell and is 
de-acetylated by intracellular esterases to a non-fluorescent intracellular intermediate. 
Oxidants present in the cell can then oxidize H2-DCFDA into the fluorescent molecule 
DCF, which can be detected and quantified. This system only measures intracellular 
oxidants as the de-acetylation by intracellular esterases is necessary for the 
subsequent production of the fluorescent molecule. A549 cells were first incubated 
with 10 mM H2-DCFDA for a range of times from 0 to 120 minutes followed by 
treatment with 1 mM H2O2 to determine the optimal amount of time to allow for 
intracellular loading of the dye. As seen in Figure 3.22, H2-DCFDA enters the cell in 
as little as 15 minutes and longer loading times provided only a nominal increase in 
sensitivity. 30 minutes of loading time was used for all future experiments. Little or no 
activation of the dye was seen in unstimulated cells.  
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 The ROS sensitive dye H2-DCFDA rapidly entered the cell 

Quiesced A549s were incubated with H2-DCFDA for times ranging from 0 to 120 minutes, following 
which they were washed and treated with either PBS alone or PBS containing 1 mM H2O2. Fluorescence 
at 530 nm was then measured every minute for 60 minutes. There was very little fluorescence in 
untreated cells, showing only a low level of oxidants present in resting cells. Treatment with 1 mM H2O2 
resulted in a large increase in fluorescence that was not affected by the length of the dye loading period. 
Data are expressed as the rate of change in fluorescence (arbitrary units/min, mean ± SEM, n=6).**** 
p<0.0001 in comparison to the unloaded, dye-free, control cells, 1-way ANOVA, Tukey’s multiple 
comparisons post-hoc test. 
 

After optimisation of the loading time, the sensitivity of the dye was investigated using 
different concentrations of H2O2. A549s were loaded as above and treated with 
concentrations of peroxide from 0 to 1 mM. Measurement of the change in 
fluorescence showed increasing rates of change with increasing concentrations of 
hydrogen peroxide (Figure 3.23). Treatment with hydrogen peroxide caused a 
significant increase in the amount of fluorescent DCF present at all concentrations, 
even the lowest concentration - 10 µM - investigated (Figure 3.23, 77 vs 27 arbitrary 
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slope units, p<0.001). In addition, the effect of the antioxidant precursor NAC on H2O2-
mediated DCFDA oxidation was investigated. Cells were treated with NAC at a range 
of concentrations from 0 to 10 mM concurrently with dye loading. After 30 minutes, 
cells were treated with peroxide. Interestingly, in the absence of peroxide, NAC itself 
lead to a small but significant increase in fluorescence at concentrations of 100 to 
10000 µM when compared to untreated controls (Figure 3.24, 10 to 26 vs 4 arbitrary 
slope units, p<0.05). This observation agrees with other data from the literature 
suggesting that in great enough concentrations antioxidants can in fact act as pro-
oxidants. The chemical moieties on common antioxidant molecules that allow them to 
detoxify ROS, -SH groups in the case of GSH and NAC, will also react with metal ions 
and metal ion containing components of the cell to form oxidants. This can result in 
low but measurable oxidative stress. However, it may be that this is an artefact of cell 
culture, where cells experience much higher oxygen concentrations than they would 
in the body (Halliwell 2008) (Duarte and Lunec 2005). 
In the presence of NAC, however, there was a significant decrease in the rate of 
production of DCF elicited by treatment with hydrogen peroxide, which shows that 
NAC also counteracts the oxidant activity of peroxide. Even at the lowest concentration 
of NAC, there was a significant decrease in the rate of change of fluorescence when 
compared with peroxide-treatment alone (522 vs 566 arbitrary slope units, p<0.05). 
The inhibition was concentration-sensitive, with a plateauing of the inhibitory activity 
at a concentration of 1 mM NAC (IC50: 64 µM NAC) but the increase in fluorescence 
in 10mM NAC + peroxide wells remained significantly higher than that observed in 10 
mM NAC alone (68 vs 4 arbitrary slope units, p<0.0001).  
 

 The rate of extinction of H2O2 in various media  
Data on F10 mRNA from the peroxide time-course (Figure 3.9) and the ROS-sensitive 
dye time-course (Figure 3.23) displayed a fast increase in intracellular ROS levels as 
well as a rapid induction of F10 mRNA levels after treatment with a single bolus of 
H2O2. The increase in F10 mRNA returned to baseline levels quickly after stimulation, 
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however, suggesting a short mechanism of action for peroxide. It is known that the 
lifespan and diffusion distance of reactive oxygen moieties can be incredibly short in 
biological fluids (D'Autreaux and Toledano 2007). Using a colorimetric hydrogen 
peroxide assay, the levels present in cell-free, serum-free culture medium were 
therefore investigated at various time-points following a single bolus addition of 400 
µM H2O2. In agreement with the hypothesis of a short mechanism of action, the half-
life of peroxide in a variety of common culture media was on the order of 4 – 5 minutes 
(Figure 3.25). The rate of disappearance did not differ significantly between the media 
tested (F12K, DMEM, BEGM, and 50%DMEM/ 50%BEGM mix). 
 

 
 
 
 
 

 H2-DCFDA-mediated fluorescence increased in an H2O2 
concentration-dependent manner in A549s 

Quiesced A549s were loaded with H2-DCFDA dye for 30 minutes, washed, and treated with 
concentrations of H2O2 ranging from 0 to 1 mM. Fluorescence at a wavelength of 530 nm was measured 
every minute for 60 minutes and expressed as the change in fluorescence (arbitrary units/min). There 
was a concentration-dependent increase in fluorescence displaying a linear trend (R2=0.9448, 
p<0.0001). All treated wells were significantly higher than the untreated controls. Data are expressed 
as the slope of fluorescence (arbitrary units/min, mean ± SEM, n=12). ** p<0.01, **** p<0.0001 in 
comparison with 0 µM control, 1-way ANOVA, Tukey’s multiple comparison post-hoc test.  
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 NAC inhibited H2O2-mediated H2-DCFDA fluorescence in A549s in a 
concentration-dependent fashion 

Quiesced A549 cells were incubated with 10 mM H2-DCFDA as well as concentrations of NAC ranging 
from 0 to 10 mM for 30 minutes. Wells were then treated with either control medium or medium 
containing 300 µM H2O2 and the fluorescence read once a minute for 1 hour. Treatment with NAC 
resulted in a logarithmic inhibition of H2O2-mediated DCF fluorescence that was significant at all 
concentrations higher than 1µM (IC50 of 64 µM NAC, R2 of 0.9295, p<0.0001). There was a plateauing 
of response (without returning to baseline fluorescence levels, p<0.0001) seen at 1 mM and higher. 
Interestingly, treatment with NAC alone at concentrations of 100 µM to 10000 µM resulted in a 
significant increase in fluorescence. Data are expressed as the rate of change in fluorescence (mean ± 
SEM, n=12) * p<0.05, ** p<0.01, **** p<0.0001 in comparison to the untreated matched control, 1-way 
ANOVA, Tukey’s multiple comparison post-hoc test. ++++ p<0.0001 in comparison to the 0 µM H2O2, 
NAC-treatment matched control, Student’s t test.  
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 H2O2 decomposes rapidly in common cell culture media in the 

absence of cells 
Cell-free, serum-free culture media, as described above, were heated to 37 °C. Hydrogen peroxide was 
then added to the warmed media as a single bolus addition and the mixture incubated at 37 °C for 0 to 
60 minutes. After incubation, hydrogen peroxide concentrations were determined in a colorimetric assay 
by comparison with a peroxide standard curve. After addition, peroxide levels in culture medium rapidly 
decreased, with a half-life ranging from 4.154 to 5.495 minutes depending on the media (half-lives and 
R2 values calculated using a 1 phase decay non-linear regression analysis). Data are expressed as the 
concentration of H2O2 (mean ± SEM, n=4) 
 

 Enzymatic production of ROS by xanthine oxidase and glucose oxidase  
The short duration of hydrogen peroxide persistence in cell culture medium suggests 
that a single bolus addition of H2O2 to medium will result in only a temporary cell 
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exposure. In IPF, the current paradigm proposes that oxidative imbalances evolve 
over the course of the disease as a result of prolonged low-level oxidant insults 
resulting from a variety of sources including activated myofibroblasts (Hecker et al. 
2009), respiratory burst from inflammatory cells such as neutrophils and macrophages 
(Freitas, Lima, & Fernandes 2009), increased cellular activation due to epithelial and 
mesenchymal hyperplasia (Moore and Hogaboam 2008), pollution, and cigarette 
smoke (Pryor and Stone 1993). As such, an acute treatment with hydrogen peroxide, 
as happens with a single bolus addition, may only poorly reflect the in vivo chronic 
oxidative stress in a fibrotic organ. Utilising an enzymatic generation system, it is 
possible to produce sustained levels of ROS in vitro. There are many such systems 
commonly utilised for this purpose, each with their pros and cons. Two were 
investigated in the in vitro regulation of F10 mRNA: xanthine oxidase and glucose 
oxidase. 
Xanthine oxidase (XO) is an enzyme involved in normal purine metabolism and is 
found in both the liver and the lung. It catalyses the oxidation of hypoxanthine to 
xanthine and H2O2 as well as xanthine to uric acid and H2O2. Xanthine oxidase activity 
can also produce superoxide (O2-) depending on the chemical components that make 
up its microenvironment (Harrison 2002). The effect of xanthine oxidase on F10 mRNA 
levels was investigated in A549 cells. Xanthine, which is a component of F12K 
medium, was used as a substrate. Cultured cells were incubated with either serum-
free control medium or medium containing 5 mU/mL XO for 3 to 6 hours. After 3 hours 
of XO treatment, there were no differences between control and treated wells (Figure 
3.26). After 6 hours of treatment, however, there was a significant increase in F10 
mRNA levels upon treatment with XO when compared to the untreated, time-point 
control (2.7- vs 1.43-fold, p<0.05).  
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 XO-treatment increased F10 mRNA levels in A549s at 6 hours 

Quiesced A549s were incubated with serum-free control medium or medium containing 5 mU/mL XO 
for 3 or 6 hours. Using qPCR, mRNA levels were determined for F10 and demonstrated a significant 
increase at 6 hours. Data are expressed as fold change in F10 mRNA levels normalised to the 
expression of ATP5B and B2M and relative to unstimulated control (mean ± SEM, n=3) * p<0.05 in 
comparison to untreated time-matched control, 1-way ANOVA, Tukey’s multiple comparison post-hoc 
test. Data are representative of two independent experiments. 
 

Xanthine oxidase, while showing a significant effect on F10 mRNA levels, did so at a 
slower rate than that seen with direct hydrogen peroxide stimulation, potentially due 
to slower enzymatic generation of ROS as opposed to a single high-concentration or 
due to production of other radicals, such as O2- and ·OH. 
Another system used commonly to generate ROS is the enzyme glucose oxidase 
(GOx). GOx, which takes part in normal sugar metabolism in the body, catalyses the 
oxidation of β-D-glucose to δ-D-gluconolactone by flavin adenine dinucleotide (FAD). 
FADH2, which is produced in the reaction, then donates two electrons to O2 resulting 
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in the production of H2O2 (Reviewed in Boyer et al. 1970). GOx activity results almost 
exclusively in the production of hydrogen peroxide, so it was investigated as a more 
appropriate system for stimulating cells. The rate of H2O2 generation was first 
quantified in F12K medium. As seen in Figure 3.27, GOx activity resulted in a slow 
and steady generation of peroxide. Levels for all concentrations tested remained low 
for the first 2 hours (0 to 20 µM) before they began to accumulate from 4 hours and 
beyond.  
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 The activity of GOx in F12K medium 

Cell-free, serum-free F12K medium was warmed to 37 °C and GOx at concentrations from 0 to 30 
mU/mL was added. Media were maintained at 37 °C and were sampled from 0 to 24 hours following 
addition. The amount of hydrogen peroxide was quantified using a colorimetric hydrogen peroxide 
assay. At all times for concentrations of 20 and 30 mU/mL, the amount of H2O2 present was significantly 
higher than the baseline at time 0. The concentration of 10 mU/mL exhibited lower activity, with peroxide 
levels becoming significantly higher than baseline at 4 hours after addition. Data are expressed as the 
concentration of H2O2 present (µM, mean ± SEM, n=3).   
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The action of glucose oxidase was further delineated using the cellular H2-DCFDA 
ROS assay to determine cellular accumulation of hydrogen peroxide. A549 cells were 
loaded with dye and then treated with concentrations of GOx ranging from 1 mU/mL 
to 30 mU/mL. Fluorescence was read every minute for sixty minutes and the rate of 
change in fluorescence quantified. There was a concentration-dependent increase in 
the slope of the fluorescence intensity, with fluorescence values significantly higher 
than untreated controls at concentrations of 3 mU/mL and higher (Figure 3.28, 
p<0.01). The increase in fluorescence was significantly reduced upon the addition of 
2 mM NAC, which was the lowest concentration of NAC that resulted in the maximal 
inhibition, but the peroxide generation by the two highest concentrations of GOx (20 
and 30 mU/mL) was not completely abrogated.   
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 H2O2 generation by GOx correlated with enzyme concentration and 
was reduced by NAC 

Quiesced A549s were loaded with DCFDA in the presence or absence of 2 mM NAC, as indicated 
above, and then washed. Cells were then incubated with serum-free medium containing concentrations 
of GOx ranging from 0 to 30 mU/mL and monitored or a fluorescent plate reader for an hour. Treatment 
with GOx resulted in a concentration-dependent linear increase (R2: 0.9697, p<0.0001) in the slope of 
the increase in fluorescence at all concentrations tested and this increase was significantly reduced by 
the addition of NAC. Data are expressed as the rate of change in fluorescence (mean ± SEM, n=6) * 
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 in comparison to the unstimulated control, 1-way ANOVA, 
Tukey’s multiple comparison post-hoc test. 
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Because GOx enzymatic activity resulted in a lower but more prolonged presence of 
hydrogen peroxide, it was investigated as a more representative oxidant stimulus. 
Thus, the effect of two concentrations of GOx, 10 mU/mL and 30 mU/mL, was 
investigated on F10 mRNA levels in A549 cells. Treatment with both concentrations 
resulted in a significant increase in F10 mRNA levels (Figure 3.29) at all time-points 
tested (Compared with time-point control, 3- to 6-fold increase, p<0.0001). 400 µM 
H2O2, which was included as a positive control, also elicited an upregulation in F10 
mRNA (9-fold, p<0.0001). Stimulation of A549s with GOx resulted in an upregulation 
in F10 mRNA that remained significant out to later time-points than that seen in the 
hydrogen peroxide time-course experiment (Figure 3.9).  
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 GOx treatment resulted in increased F10 mRNA levels up to 3 hours 
after addition 

Quiesced A549s were treated with either serum-free control medium or stimulus consisting of 400 µM 
H2O2 or GOx (10 or 30 mU/mL). Quantification of F10 mRNA levels by qPCR demonstrated that GOx 
treatment resulted in significantly higher F10 mRNA levels. This stimulation remained significant out to 
the latest time-point tested (3 hours). Data are expressed as fold change in FX mRNA normalised to 
the geometric mean of ATP5B and B2M and relative to the time 0 control (mean ± SEM, n=5). ** p<0.001 
compared to time-matched unstimulated control, 2-way ANOVA, Tukey’s multiple comparisons post-
hoc test. Data are representative of two independent experiments. 
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 Summary 
Results presented in this section focused on the production and regulation of FX by 
the alveolar epithelial cell line A549 in response to oxidative stress, and demonstrated 
the following: 

 A549 cells produce F10 mRNA, pro-protein and processed, functional F10 
zymogen. There is also basal production of the mRNA species for the 
necessary processing enzymes GGCX and VKORC. Vitamin K 
supplementation had no apparent effect on processing of F10 or the levels of 
F10 mRNA 

 Treatment with the hypoxia-mimetic DFOB resulted in a significant decrease 
in F10 mRNA levels. 

 A single bolus addition of hydrogen peroxide resulted in a time- and 
concentration-dependent acute increase in F10 mRNA levels. mRNA levels for 
GGCX, VKORC, and TF did not differ with treatment. mRNA changes were 
prevented upon pre-treatment of the cells with the antioxidant NAC, although 
the antioxidant had no effect on basal levels of F10 mRNA. 
An enzyme activity assay detected increased FX 18 hours after peroxide 
stimulation. Dual treatment of cells with H2O2 and TNFα, a well-known pro-
inflammatory molecule dysregulated in fibrosis, resulted in increases in active 
FXa. 

  A549 cells grown at air-liquid interface also demonstrated increases in F10 
mRNA and FX activity, following hydrogen peroxide stimulation.  

 H2O2 rapidly enters the cell, as determined by a concentration-dependent 
increase in DCFDA-detectable intracellular fluorescence, blockable by pre-
treatment with NAC 

 Peroxide added as a single bolus to cell-free, serum-free medium rapidly 
disappeared from the medium, with a half-life of approximately 5 minutes 
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 GOx enzyme activity resulted in the sustained production of hydrogen peroxide 
when added to F12K medium. Incubation of A549 cells with GOx resulted in a 
significant increase in F10 mRNA levels that was prolonged when compared 
with stimulation via a bolus addition of H2O2. 

 
 

3.2 Production and regulation of FX in primary human alveolar 
epithelial type II cells (ATII) 

 
3.2.1 Introduction 
The current paradigm in IPF highlights the importance of repetitive injury to alveolar 
epithelial cells, which results in their activation and abnormal cross-talk with the 
mesenchyme (King, Jr. et al. 2011). A549s are a well characterized and heavily-used 
tool for studying the biology of human type II alveolar epithelium, but they originate 
from an adenocarcinoma and have chromosomal abnormalities. Increasingly, there is 
a push in the field to move away from cancer cell lines of this nature, and to focus 
instead on the use of more representative primary cells.  
The alveolar epithelium is comprised of alveolar type I (ATI) and type II (ATII) cells. 
ATI cells comprise only 10% of the cells in the lung but comprise 98% of the surface 
area; they are generally considered to play mainly a structural role, increasing the 
surface area of the lung as well as providing a barrier function between air and blood. 
ATII cells, on the other hand, cover the remaining 2% of the lung and act as a 
progenitor cell population that responds to inflammation and injury (Dobbs et al. 2010). 
There is a large body of literature implicating injury to ATII cells in the pathogenesis of 
IPF (Selman and Pardo 2006). Primary ATII cultures therefore represent a relevant 
cell type for investigations into the alveolar epithelium. 
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The extraction process for primary human alveolar epithelium is labour intensive and 
expensive. There are many methods used for ATII extraction, differing widely in yield, 
purity, and cost (Jenkins et al. 2012). A method (Witherden and Tetley 2001) for the 
extraction and culture of ATII cells was therefore adapted and optimised. Briefly, 
parenchymal lung tissue was first flushed to remove macrophages and other immune 
cells present in the lumen of the airway, followed by mechanical and enzymatic 
disruption of parenchymal lung tissue and successive filtration steps to generate a 
single-cell suspension and, finally, an adherence step to reduce contamination with 
mesenchymal cells such as fibroblasts and inflammatory cells such as macrophages. 
 
3.2.2. ATII growth and purity 
Initial work focused on instigating and refining the technique for isolating ATII cells, 
described briefly above with, for example, inclusion of a red blood cell lysis step, and 
subsequent growth at air-liquid interface. ATII cell preparations were first investigated 
for purity and yield. Figure 3.30 shows representative phase-contrast microscopy 
photographs of a standard ATII preparation. The cells can be distinguished by their 
flattened shape, cobblestone-like morphology, and punctate cytoplasmic lamellar 
bodies. Although the purity was generally very high, there were occasional 
contaminants that were fibroblastic in appearance (Figure 3.30, Panel D). Although 
the gold standard method for detecting and discriminating lamellar bodies would be 
electron microscopy, the known reproducibility of the technique (Witherden and Tetley 
2001), the morphology of the cells, and the presence of positive and ubiquitous SPC 
staining was deemed sufficient to determine the identity of the cells as ATII and the 
efficiency of the extraction procedure.  
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 ATII preparations demonstrated characteristic morphology and 
lamellar bodies by phase contrast microscopy 

Primary alveolar type II cells were grown on collagen I coated tissue culture plastic in standard 
submerged culture and photographed at 50 x (A), 100 x (B), and 200 x (C) original magnification. 
Characteristic punctate lamellar bodies were evident in all cultures (indicated by the arrow in Panel C). 
Cells with a fibroblastic morphology were also seen occasionally (indicated by * in Panel D). 

 
Cells that had adhered to the plastic during the adherence step were also routinely 
retained and used for other experiments (not described further in this thesis) or 
discarded. These cultures demonstrated a mixed population of fibroblastic and other 
cell types, most likely macrophages and other immune cells (Figure 3.31, A and B), 
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but subsequent passage resulted in a population that was comprised almost solely of 
fibroblastic type cells (C and D). By immunocytochemistry, these cells were shown to 
be positive for alpha smooth muscle actin (αSMA) and negative for smoothelin (data 
not shown), supporting a fibroblast phenotype (van der Loop et al. 1996).   
 
 
 
 
 
 
 
 
 
 
 
 
 

 Phase contrast microscopy of discarded adherent cells, before and 
after passage demonstrated a mixed population 

After the 2 hour adherence step required to reduce fibroblast and macrophage contamination of ATII 
cultures, the adherent cells were retained and grown in culture. Cell populations initially were a mixed 
group of cells with fibroblastic and macrophage-like morphologies. Representative phase-contrast 
photomicrographs are displayed at 50 x (A) and 100 x (B) original magnification. After passaging, the 
cell population exhibited a uniform fibroblastic morphology, seen at 50 x (C) and 100 x (D) magnification.  
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As outlined in Section 2.2.7.3 and Table 2.5, the percentage of ATI cells was variable 
across the number of donors and was hypothesised to also be related to the length of 
time in culture although this was not specifically investigated. It is known that ATII cells 
differentiate into ATI cells, both in the lung and in vitro (Zhao et al. 2013), and gradually 
lose their Pro-SPC expression over time in culture. As such, ATII preparations were 
used as soon after extraction as their growth rates and density would allow. ATII cells 
were seeded into experimental wells and transwells at high density (ranging from 0.5 
to 5.5x106 cells/cm2) in order to ensure adequate coverage and only a short time in 
culture before use. 
 

3.2.3. The effect of H2O2 on F10 mRNA levels in ATII cells  
Primary human ATII cells were used to confirm and recapitulate the results generated 
in A549s where possible. However, due to the practical limitations of limited tissue 
availability, and donor variability, combined with the technical difficulties of generating 
high cell yields, this constrained the possible number of conditions which could be 
tested. The procedure was run two times before the purity, as determined by Pro-SPC, 
αSMA, and AQP5 staining, was deemed sufficient to take forward into 
experimentation. Each subsequent preparation was visually inspected to ensure an 
epithelial morphology before experimentation. 
Although there was some concern as to the sensitivity of primary cells to oxidative 
stress, treatment of ATII cells with the concentration of hydrogen peroxide used in 
A549 stimulations (400 µM H2O2) did not appear to have a toxic effect, based on the 
morphological appearance of the monolayer (Figure 3.32). After 4 hours of 
stimulation, there was a small yet statistically significant increase in F10 mRNA levels 
(Figure 3.33, 2 fold compared to untreated control, p<0.05) after treatment with 400 
µM H2O2. 
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 Treatment with 400 µM H2O2 did not influence the morphology or 
number of ATII cells by phase contrast microscopy 

ATII cells were placed serum free in DCCM-1 and then incubated for four hours with either serum-free 
control medium (A) or medium containing 400 µM hydrogen peroxide (B). Phase contrast 
photomicrographs were captured at 100 x magnification. There were no qualitative differences in the 
morphology, the number of cells, or the presence of lamellar bodies.  

 
 
 
 
 

 
 Treatment of ATII cells with H2O2 resulted in increased F10 mRNA 
levels 

ATII cells were placed serum free in DCCM-1 medium and then treated with either serum-free control 
medium or medium containing 200 or 400 µM H2O2. After 4 hours of treatment, mRNA levels were 
analysed by qRT-PCR and demonstrated a significant increase in F10 mRNA levels following treatment 
with 400 µM H2O2. Data are expressed as the fold change in F10 mRNA levels relative to untreated 
control and normalised to the expression of ATP5B and B2M (mean ± SEM, n=4). * p<0.05 in 
comparison to 0µM H2O2 control, 1-way ANOVA, Tukey’s multiple comparison post-hoc test. Data are 
representative of three independent experiments. 
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This promising result demonstrated an oxidative stress-mediated increase in F10 
mRNA levels in primary human ATII cells. However, in light of the previous work in 
A549, and to maximise the likelihood of success with a limited supply of primary ATII 
cells, glucose oxidase was chosen as a more robust oxidant generator. This enzyme 
results in a prolonged and lower level generation of hydrogen peroxide that may more 
realistically represent oxidative insults generated by environmental conditions, 
inflammatory cells, or activated myofibroblasts. 
Glucose oxidase activity was first investigated in the medium used for ATII culture, 
DCCM-1. Glucose oxidase was assayed at a variety of concentrations and incubation 
times for its ability to catalyse hydrogen peroxide production. As seen in F12K (which 
is used for the A549 culture, Figure 3.27) there was a gradual production of H2O2 with 
levels accumulating at later time-points. However, the production in DCCM-1, which is 
used for ATII cell culture, was seen earlier – only 2 hours for some concentrations – 
and at lower concentrations of enzyme than that seen in F12K (Figure 3.34), likely 
due to the different formulations of DCCM-1 versus F12K. Concentrations of 10 
mU/mL and 20 mU/mL were therefore taken forward into further ATII experiments as 
they represented middle and high activity, respectively. 

 
 
 

 
 

 Glucose oxidase enzyme activity in DCCM-1 medium 
Cell-free, serum-free DCCM-1 was warmed to 37 °C and glucose oxidase at concentrations of 0 to 30 
mU/mL was added. The medium was then incubated at 37 °C for periods from 1 to 8 hours, as indicated 
above after which the medium was assayed by colorimetric assay for the presence of H2O2. There was 
a gradual increase in the amount of hydrogen peroxide in each of the glucose oxidase concentrations 
with accumulation at later time points.  
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ATII cells in standard submerged culture were subsequently treated with 10 or 20 
mU/mL GOx for periods ranging from 1 to 4 hours. A significant increase in F10 mRNA 
levels was observed following treatment for 3 and 4 hours with 20 mU/mL GOx (Figure 
3.35, 2.5-and 6.3- fold respectively when compared to the time-matched untreated 
control, p<0.05).  

Time, Hours

Fo
ld c

han
ge 

in
F10

mR
NA

1 2 3 40

2

4
6

8 0 mU/mL GOx
10 mU/mL GOx
20 mU/mL GOx

**

*

 
 F10 mRNA levels increased in ATII cells after treatment with GOx 
for 3 or 4 hours 

Primary ATII cells were washed and placed serum-free into DCCM-1 alone or DCCM-1 containing 
10mU/mL or 20 mU/mL GOx. mRNA was collected after 1 to 4 hours and the level of F10 mRNA 
analysed by qRT-PCR. Treatment with GOx at a concentration of 20 mU/mL for 3 or 4 hours resulted 
in a significant increase in F10 mRNA levels. Data are expressed as the fold change in F10 mRNA 
normalised to the expression of ATP5B and B2M and relative to the 1 hour untreated control (mean ± 
SEM, n=4). * p<0.05, ** p<0.01 in comparison to the time-matched untreated control, 1-way ANOVA, 
Tukey’s multiple comparison post-hoc test. Data are representative of two independent experiments. 
 



 

      153 
 

  

3.2.4. Air-liquid interface culture of ATII cells and their response to glucose 
oxidase stimulation 

As discussed previously, ALI culture of epithelial cells of lung represents a more 
representative method for their growth in vitro. Therefore, where possible, experiments 
were constructed to generate corroborating experiments in these cultures. Basic 
aspects of the air-liquid interface cultures were first investigated. Using 
immunofluorescence, the presence of both cytokeratin and ZO-1 was first confirmed 
in cultures from different donors (Figure 3.36, n=6). Staining for pan-cytokeratin (pan-
CK) confirmed the epithelial origin of the cells and ZO-1 is an important component of 
tight junctions necessary for forming an impermeable barrier.  

 Ubiquitous Pan-CK and ZO-1 immunocytofluorescence in ATII cells 
grown at ALI 

Primary ATII cells were grown at air-liquid interface for three days and then fixed, stained for pan-CK 
and ZO-1, and visualised using conventional epi-fluorescence microscopy. The ubiquitous presence of 
CK (Panel A) demonstrated the epithelial nature of the cells grown by the method whereas ZO-1 (Panel 
B) staining showed the presence and formation of tight junctions (both in green, nuclei counter-stained 
using DAPI in blue). Images are representative of 6 donors and captured at 400x magnification.  
 
In order to assess barrier integrity of ALI cultures, the trans-epithelial electrical 
resistance (TEER) was also investigated. In cells that have formed a tight monolayer, 
there is an increase in the electrical resistance across the monolayer as the cellular 
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connections prevent the free flow of fluids and ions that would result in an electrical 
current (Srinivasan et al. 2015). TEER readings were used as a proxy for the health 
of the culture. Increasing values were taken to indicate either cellular expansion or 
increased formation of tight junctions and adherens junctions, both of which would 
indicate a health, growing culture.  
Although each donor was confirmed to express ZO-1, there was considerable 
variability in the TEER readings generated by ALI cultures from different donors. 
Figure 3.37 shows TEER readings from 3 separate donors. There was a large degree 
of inter-donor variability in the TEER measurements, both in the maximum value 
achieved as well as the amount of time in culture taken to reach that maximum (most 
likely related to the cell density at the time of seeding, cell viability and the proliferative 
capacity of the extracted cells). In general, the TEER readings increased over a period 
of 1 to 3 days after the cultures were placed at ALI and all cultures were used for 
experimental procedures after 2 to 8 days of culture at ALI. For each donor tested, 
after a maximum TEER was reached there was a decline, perhaps indicating a decline 
in the health of the culture or merely changes in the electrochemical barrier properties 
of the monolayer such as changes in ion channel activity or expression. TEER was 
routinely monitored and cells were used either during plateau or shortly afterward to 
ensure a healthy experimental system. 

 TEER measurements in ATII ALI cultures 
Three ATII preps from separate donors were grown at ALI and the TEER of the monolayers measured 
over the course of 1 to 8 days. When TEER readings reached a plateau or began to decline, the cultures 
were used in further experiments. The TEER values and behaviour differed between donors. Data are 
expressed as the TEER (mΩ, mean ± SEM, n=12 to 36). 
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ALI cultures that exhibit barrier function will also exhibit polarisation, discussed in 
Section 3.1.8, which is an important feature of many different sorts of epithelia in vivo 
(Gruenert et al. 1995). Addition of a stimulus to the apical or basal surface may 
therefore have different effects, and will model influences from the environment/air, or 
from the underlying circulation/mesenchymal cells, respectively. In IPF, the major 
source of oxidants is still a controversial topic, with some suggesting that they come 
from environmental sources and others from activated mesenchymal cells (Hecker et 
al. 2009), therefore both apical and basal stimulations were tested in primary human 
ATII ALI cultures. First, ALI cultures were treated apically with glucose oxidase (5 or 
10 mU/mL) in a small volume of DCCM-1 as described above. After 4 hours, no 
changes were detected in F10 mRNA levels (Figure 3.38). The amount of total FX 
protein was also measured by chromogenic activity assay in both the liquid added to 
the upper chamber for treatment as well as the basal medium. There were no 
significant changes in the amount of FX present (Figure 3.38, B and C). 

 

 Apical glucose oxidase treatment in ATII ALI cultures did not have 
effect on F10 mRNA or FX protein levels 

The basal medium from washed quiesced ATII ALI cultures was removed and replaced with serum-free 
DCCM-1. Glucose oxidase in concentrations of 0, 5 and 10 mU/mL was added in 150 µL of medium to 
the apical surface of the cellular monolayer. mRNA levels and the amount of FX were analysed 4 hours 
after treatment by qRT-PCR (A) and enzyme activity assay of the apical fluid (B)  and the basal medium 
(C) respectively. There were no significant differences in any of the conditions investigated. Data in 
panel A are expressed as the fold change in F10 mRNA levels normalised to the geometric mean of 
ATP5B and B2M and relative to the untreated control. Data in panels B and C are expressed as the 
concentration of total FX in pM. 
 



 

      156 
 

  

A subsequent experiment focused on a larger number of technical replicates, but only 
one concentration of GOx. A 1 hour time-point was included to determine if any 
changes were happening early. There was a significant reduction in the F10 mRNA 
levels following treatment for 4 hours with 10 mU/mL GOx (Figure 3.39, A, 0.55 fold, 
p<0.05). There were no differences after 1 hour. Despite the reduction in mRNA levels, 
there were no statistical differences in the amount of FX enzyme present in either the 
apical stimulation medium or the basal medium (B and C). Interestingly, the amount 
FX detected was significantly more than that detected in equivalent A549 cultures, 
reaching µM concentrations.  
 
 

 Apical glucose oxidase treatment of ATII ALI cultures did not 
increase F10 mRNA or FX protein levels 

ATII ALI cultures were quiesced and washed. GOx at a concentration of 10 mU/mL was added to the 
apical surface of the monolayers in 150 µL serum-free DCCM-1 and the monolayers were incubated 
for 1 or 4 hours. qRT-PCR analysis of F10 mRNA levels demonstrated no differences after 1 hour of 
treatment, but a significant reduction upon treatment with GOx for 4 hours (A). The apical and basal 
media were collected and analysed by chromogenic FX activity assay for the presence of total FX. 
There were no differences in the amount of FX present in either of the compartments at any of the times 
tested (apical treatment fluid in B and basal medium in C). Data in Panel A are expressed as fold 
change in F10 mRNA levels relative to the 1 hour 0 mU/mL condition and normalised to the expression 
of ATP5B and B2M (mean ± SEM, n=5). Data in Panel B and C are expressed as the concentration of 
FX in pM (mean ± SEM, n=5). * p<0.05 in comparison to the 4 hour control, unpaired Student’s t test. 
Data are representative of three independent experiments. 
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The ALI cultures did not appear to tolerate the apical stimulation well. Although this 
was not quantified, there was a qualitative change in the 4 hour treated cultures in 
particular, with cells detaching from the monolayer. It was theorised that once the cells 
become accustomed to ALI conditions they subsequently do not react well to being 
covered in a liquid medium once again. Therefore, the apical route of administration 
was abandoned. 
Further experiments focused on adding GOx to the basal medium. Aggregated data 
from three individual donors is displayed in Figure 3.40. Quiesced monolayers were 
incubated with either control medium or 10 mU/mL GOx in DCCM-1 for 24 hours. qRT-
PCR for F10 mRNA demonstrated a significant increase in all three donors following 
GOx treatment (2.66- to 9.67- fold in comparison with the appropriate untreated 
control, p<0.05).  
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 Basal glucose oxidase treatment of ATII ALI cultures resulted 
increased F10 mRNA 

Quiesced ATII ALI cultures were washed and incubated with 0 mU/mL GOx or 10 mU/mL GOx in the 
basal medium for 24 hours. qPCR analysis of F10 mRNA demonstrated a significant increase in all 
three donors upon treatment with GOx. Data are expressed as the fold change in F10 mRNA normalised 
to the expression of ATP5B and B2M and relative to the matched control (mean ± SEM, n=4). * p<0.05, 
** p<0.01 in comparison to the appropriate time-matched control, unpaired Student’s t-test. 
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In addition, samples from one of the donors (donor 1) were assayed for the presence 
of FX and FXa by chromogenic activity assay. FXa was detected after treatment with 
GOx whereas there was no detectable activity in the control well (Panel A, 31 pM), 
suggesting that the presence of ROS may have an influence on the activation of FXa. 
In addition, FX activity was significantly higher after treatment with GOx (79 pM vs 51 
pM in comparison to control, p<0.05). Together these data show the influence of 
oxidative stress on the production of F10 mRNA and FX protein as well as the 
activation of FX to FXa in ATII ALI cultures. 
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 Basal GOx treatment of ATII ALI cultures results in increased FX 
and FXa activation    

Quiesced ATII ALI cultures were washed and incubated with stimulus free DCCM-1 or 10 mU/mL GOx 
in the basal medium for 24 hours. FXa was measured in the collected basal medium using a 
chromogenic activity assay and was detected only after treatment with 10 mU/mL GOx (A). Additionally, 
total FX was measured following activation with RVV as described previously and showed significantly 
increased concentrations of FX in the basal medium after GOx treatment (B). Data in Panels A and B 
are expressed as the concentration of FX and FXa respectively in pM (mean ± SEM, n=4 treatment 
wells in a single donor). * p<0.05 in comparison to untreated control, unpaired Student’s t-test. 
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3.2.5. Summary 
Results in this section focused on the extraction, culture, and purity of ATII cells, the 
growth of these cells in standard submerged culture and air-liquid interface culture, 
and the effect of ROS on the production and regulation of F10 mRNA and FX protein.  

 Extraction using the procedure described in Chapter 2 resulted in a pure 
(~99%) population of epithelial cells that had clear lamellar bodies and 
expressed pro-SPC. 

 Although it is a toxic mediator, H2O2 was well tolerated by ATII cells in 
submerged culture, which exhibited no changes in morphology. 

 Glucose oxidase was investigated as a more relevant method for generating 
ROS and its activity in DCCM-1 medium was demonstrated to be greater than 
that seen with equivalent amounts of enzyme in F12K medium. 

 Treatment of submerged ATII cells with glucose oxidase resulted in increased 
F10 mRNA levels, but at later times (4 hours vs 1 hour) and at higher doses 
(20mU/mL vs 10mU/mL) than in similar A549 experiments.  

 ATII cells grown at air-liquid interface retained expression of both the non-
specific epithelial marker cytokeratin as well as the tight junctional protein ZO-
1. TEER measurements on ALI cultures from three different donors exhibited 
variable results in terms of time taken to reach a maximum TEER reading (1 vs 
4 vs 7 days) and the maximum value reached (170 mΩ vs 350 mΩ). 

 Apical glucose oxidase led to a significant decrease in the F10 mRNA levels 
after 4 hours of treatment, but was associated with deleterious effects on the 
monolayers due to re-submersion. 

 Basal treatment with glucose oxidase for 24 hours resulted in significantly 
increased F10 mRNA levels, total FX enzyme, and activated FX.  
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3.3 Production and regulation of FX in primary human small airway 
(HSAEC) and bronchial epithelial cells (HBEC)  

 
 Introduction 

Much of the epithelial research in the IPF literature has focused on the alveolar 
epithelium because active fibrosis is normally localised to distal/peripheral areas of the 
lung, but it is increasingly recognised that the bronchiolar epithelium may also play a 
crucial role in the pathogenesis of fibrosis (Raghu et al. 2011). 
The airway epithelium is among the first tissue compartments to encounter damaging 
stimuli from the environment and acts as the first line of defence against air-borne 
pathogens and toxins. Thus it is likely to play a role in a condition such as IPF which 
involves repetitive injury to epithelial cells. Additionally in IPF, there are evident areas 
of peri-bronchial fibrosis (Cordier 2007) as well as the presence of abnormal 
bronchiolarisation of the alveolar epithelium (Betsuyaku et al. 2000) (Odajima et al. 
2007) (Song et al. 2009). Some features of bronchiolisation of the alveolar epithelium 
may result from repopulation of damaged alveolar areas by bronchial stem cell 
populations (Volckaert and De 2014).  
Researchers are increasingly recognising that the airways may play a major role in 
interacting with the alveolar compartment to further fibrosis. For instance, mutations in 
two major airway genes mucin 5B (MUC5B, Yang et al. 2015) and desmoplakin (DSP, 
Mathai et al. 2016) are both associated with IPF. In addition, the airway epithelium in 
IPF is known to have abnormal activation of developmental pathways (Ryu et al. 2016) 
(Königshoff et al. 2008) and honeycombed cysts, a major hallmark of IPF, are lined 
with MUC5B-positive, ciliated, pseudo-stratified epithelium (Seibold et al. 2013). It is 
currently not known what precise aetiological role airway dysfunction plays in IPF, 
whether it results from or results in peripheral fibrosis, but it is increasingly clear that 
there is crosstalk between the bronchiolar and alveolar compartments. Thus, 
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bronchiolar epithelial cells are now commonly being investigated for their role in the 
aetiology and pathogenesis of IPF. 
Experimentally, HBECs and HSAECs offer several benefits over primary alveolar 
epithelial cells. Unlike ATII cells, HBECs can be expanded in culture and passaged, 
allowing for a greater scope for experimental observation in this primary cell type. They 
can also be cryopreserved for future use and purchased from commercial sources, 
allowing for creation of a valuable biobank of cells extracted from multiple donors. 
Results presented in this section are from experiments done in tandem with equivalent 
A549 and ATII work. Where possible, donor tissue was used to generate populations 
of both ATIIs and HBECs, as described below.  
HBECs were extracted in-house from human lung specimens using an adapted 
method of enzymatic dissociation. Briefly, bronchioli were dissected out from the lung 
sample, and as much of the surrounding parenchymal and vascular tissue was 
removed as possible. The dissociated airways were cut into 1 to 2 cm squares, to 
increase the surface area coming into contact with the enzyme, pronase. Tissue 
segments were then incubated in bronchial epithelial cell growth medium (BEGM) 
containing the pronase for 24 hours at 4°C. The resulting single-cell suspension was 
plated out and grown in BEGM to generate predominantly basal cell cultures (which, 
when grown in specific conditions, can produce differentiated airway epithelia (Karp et 
al. 2002). HBECs and HSAECs were investigated for F10 mRNA and FX protein as 
well as any role oxidants may play in the regulation thereof. 
 

 The effect of H2O2 on F10, GGCX, VKORC, and TF mRNA and FX protein 
levels in HSAECs 

Initial experiments were performed on human small airway epithelial cells (HSAECs) 
which were purchased from Lonza (Switzerland). HSAECs are bronchiolar epithelial 
cells that are extracted from airways with a diameter of 2 mm or less. First, F10, 
GGCX, VKORC, and TF mRNA expression was investigated. The HSAECs, in 
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standard submerged culture, were then treated with a mild concentration of H2O2 (200 
µM) to determine a role for oxidative stress in the regulation of these mRNA species; 
higher peroxide concentrations (400 µM and above) resulted in cellular detachment 
and death (data not shown). As with primary human ATII cells, variability was expected 
– highlighted by the requirement for three housekeeping genes for accurate qPCR 
normalisation, as determined by GeNorm analysis (personal communication from Dr 
Natalia Smoktunowicz, UCL). These three genes were used for the remainder of 
HBEC experiments. 
No changes were observed in the mRNA levels of the necessary FX processing 
enzymes GGCX or VKORC, nor F3 (which, interestingly, has been proposed as a 
basal cell marker (Ahmad et al. 2013)). However, upon treatment for 2 hours with 
hydrogen peroxide, there was a large and significant increase in F10 mRNA levels 
(Figure 3.42, 19-fold, p<0.01). 

 
 
 
 
 
 

 H2O2 treatment in HSAECs resulted in increased F10 mRNA levels 
Quiesced HSAECs were incubated with either control medium or 200 µM H2O2 diluted in BEGM for 2 
hours following which mRNA levels were analysed by qRT-PCR. Although the transcripts for GGCX, 
VKORC, and F3 were present, there were no differences in any of these upon treatment with hydrogen 
peroxide. There was a significant increase, however, in the amount of F10 mRNA. Data are expressed 
as the fold change in mRNA levels relative to the expression of the untreated control and normalised to 
the geometric mean of the expression of B2M, GAPDH, and TOP1 (mean ± SEM, n=3) ** p<0.01 in 
comparison to the untreated control, unpaired  Student’s t test. 
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Cell lysates were also collected and immunoblotted for the presence of FX protein 
using an antibody directed against the heavy chain. HSAECs produced FX pro-protein 
and FX heavy chain at baseline, confirming the extra-hepatic production of this 
coagulation zymogen in another type of primary lung epithelial cell (Figure 3.43). Upon 
treatment for 2 hours with 200 µM H2O2, there was a statistically significant increase 
in the amount of FX heavy chain present (2 fold, p<0.05), as quantified by densitometry 

 

 

 FX Heavy-chain levels were increased following H2O2 treatment of 
HSAECs 

Quiesced HSAECs were treated with control BEGM or BEGM containing 200 µM H2O2. Intracellular 
lysates were collected and blotted for the presence of FX pro-protein and heavy-chain. A significant 
increase in the amount of FX heavy chain was observed after treatment with peroxide, demonstrated 
by densitometric analysis with ERK2 as a loading control. Data in the graph are expressed as the fold 
change in the ratio of FX to ERK densities, normalised to the control group (mean ± SEM, n=3-4) * 
p<0.05 in comparison to the untreated control, unpaired Student’s t test. 
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 The effect of H2O2 on F10 mRNA levels in HBECs 
In light of these initial data using commercially-sourced bronchiolar cells, primary 
human bronchial/bronchiolar epithelial cells (HBECs) generated in-house were then 
utilised for all subsequent studies.  
Data on the effect of hydrogen peroxide in HsAECs had suggested an increased 
sensitivity to its effects when compared with primary human ATII cells, As a result, 
HBECs in standard submerged culture were treated with 200 or 400 µM H2O2 for 1 
hour and then the mRNA level of F10 was measured. There were significantly 
increased mRNA levels of F10 following treatment with either dose of peroxide (7.6- 
and 7.5-fold respectively, p<0.05, Figure 3.44). 
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 F10 mRNA levels increased in HBECs after H2O2 treatment 

HBECS grown in submerged culture were washed and then incubated with BEGM containing 0 to 400 
µM H2O2 for 1 hour. Analysis of the mRNA level of F10 demonstrated a significant increase following 
stimulation with both 200 and 400 µM peroxide. Data are expressed as the fold change in F10 mRNA 
levels normalised to the geometric mean of B2M, TOP1, and GAPDH and relative to the untreated 
control (mean ± SEM, n=5) **** p<0.0001 in comparison to the untreated control, 1-way ANOVA, 
Tukey’s multiple comparisons post-hoc test. Data are representative of one donor in independent 
experiments. 
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Supernatants from these stimulated cells were collected and assayed by chromogenic 
activity assay for the presence of FX/FXa. At this early time point, despite the large 
increase in F10 mRNA level, there were no differences in the FX protein level upon 
treatment (Figure 3.45). This did however confirm that HBECs have the capacity to 
produce functional FX zymogen, and that they have the ability to activate it at baseline 
(10 to 20% of the total FX pool was in the form of FXa).  
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 FXa and FX were detected in HBEC conditioned media, but were not 
affected by H2O2 

HBECS were washed and then treated with 0, 200, or 400 µM H2O2. After 1 hour, the supernatants 
were collected, spun to remove contaminating cellular components, and analysed for the presence of 
FXa (Panel A) and FX (Panel B) by chromogenic activity assay. There were no differences noted in 
the amounts of either FX or FXa present, although it was interesting to note that this cell type, which is 
not commonly thought to be involved in the production of coagulation zymogens, produced measurable 
levels of both FX and activated FX. Data are displayed as the concentration of FX or FXa in pM (mean 
± SEM, n=5).    

 
In order to revisit and reconfirm the effect demonstrated in Figure 3.44, H2O2-
treatment was expanded to include 2 further donors as well as a greater range of 
concentrations of peroxide. HBECs were incubated for 1 or 2 hours with 
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concentrations of H2O2 ranging from 0 µM to 1000 µM and mRNA levels for F10 were 
analysed. After 1 hour of treatment with a concentration of 1000 µM H2O2, both donors 
1 and 2 showed a significant increase in F10 mRNA levels (Figure 3.46, 4.5-fold and 
3.3-fold relative to untreated control respectively, p<0.05). For donor 1, following 2 
hours of 1000 µM hydrogen peroxide treatment, the increase in F10 mRNA persisted 
(8.4-fold in comparison to untreated control, p<0.05) and even increased; the increase 
in F10 mRNA levels was significantly higher after 2 hours compared to the 1 hour 
condition (8.4-fold vs 4.5 fold, p<0.05). Interestingly, though, the F10 mRNA level in 
donor 2 showed no significant changes after 2 hours of treatment. These data suggest 
inter-donor variability, perhaps resulting from differing oxidant responsiveness.    
One concern was the high concentration of hydrogen peroxide used. What relation 
does a concentration of 1000 µM H2O2 have with what a cell would experience 
physiologically and what effect does such a high concentration have on toxicity? In the 
cellular microenvironment it is known that cells, especially those in the airway where 
the oxygen concentration is significantly higher than in other organs, can both 
experience and generate micromolar amounts of ROS. H2O2 does have a known effect 
on cell death, but in these and other experiments, as detailed at other parts in this 
thesis, there was no noticeable change in cellular morphology at the time-points 
tested. In addition, cells of the respiratory tract are naturally subject to much higher 
concentrations of oxygen, so their antioxidant defence systems must necessarily be 
robust to match. Therefore, it is likely that airway epithelial cells are more resistant to 
the deleterious effects of endogenous ROS (Kinnula 2005). 
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 Hydrogen peroxide treatment of HBECs results in increased F10 
mRNA levels 

HBECs were washed and treated with BEGM containing hydrogen peroxide ranging from 
concentrations of 0 to 1000 µM. Following either 1 or 2 hours of incubation (as indicated), the total RNA 
was collected and analysed for the presence of F10 mRNA. qRT-PCR demonstrated increased F10 
mRNA levels in both donors after treatment with 1000 µM for 1 hour (top 2 panels). 2 hours post-
stimulation (bottom 2 panels), the response to treatment with 1000 µM was maintained (or even 
increased) in Donor 1. There were no significant differences in Donor 2 at this time-point. The untreated 
control value is indicated by the horizontal dotted line in each panel. Data are expressed as the fold 
change in F10 mRNA levels normalised to the expression of B2M, GAPDH, and TOP1 (mean ± SEM, 
n= 4-5) * p<0.05, ** p<0.01, in comparison to the time-matched 0 µM H2O2 well, 1-way ANOVA, Tukey’s 
multiple comparisons post-hoc test 
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 The effect of glucose oxidase on submerged and air-liquid interface 
cultures of HBECs  

The extended dose response in multiple donors confirmed the cells responsiveness 
to hydrogen peroxide, but with varying sensitivity (potentially due to the differing 
capacity of each donor to modulate the effects of H2O2 with antioxidants such as 
peroxidases, peroxiredoxins and thioredoxins etc...). As with the A549 and ATII 
experiments presented in Sections 3.1.11 and 3.2.3, glucose oxidase was 
investigated as a more prolonged oxidative stimulus, since hydrogen peroxide rapidly 
degrades in cell culture medium (it has a half-life of only 5.5 minutes in BEGM, Figure 
3.25) and the prolonged generation by glucose oxidase may better represent a smaller 
yet more persistent production of oxidants by activated myofibroblasts and 
inflammatory cells in fibrotic lesions. 
First, the activity of glucose oxidase was confirmed in BEGM and differentiation 
medium (a 50% BEGM, 50% DMEM mixture used in air-liquid interface culture). As 
previously noted in Figure 3.25, there were no differences in the rate of decomposition 
of an H2O2 bolus in BEGM as opposed to DMEM/BEGM. However, the rate of H2O2 
production by GOx in BEGM and DMEM/BEGM was significantly lower than that in 
F12K or DCCM-1 (Figure 3.47, A and B respectively). In BEGM, 20 mU/mL GOx 
produced 20% of the H2O2 at 8 hours as compared to F12K or DCCM-1 (50 µM vs 400 
µM) and in differentiation medium it produced 25% (100 µM vs 400 µM). GOx activity 
was also investigated in DMEM (data not shown) and behaved much as it did in F12K 
and DCCM-1. It is possible, therefore, that BEGM has constituents which inhibit the 
activity of GOx, although the precise reason was not investigated further. In order to 
compensate for the lower activity of GOx, further experiments in submerged culture 
were conducted in differentiation medium and using 20 or 30 mU/mL of glucose 
oxidase.  
HBECs grown in submerged culture were incubated with differentiation medium 
containing 20 or 30 mU/mL GOx for 1 hour, 4 hours, or 24 hours and then assayed for 
the presence of F10 mRNA levels, plus FX/FXa activity in the conditioned medium. 
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After 1 hour of incubation with GOx, there was a significant decrease in the amount of 
F10 after treatment with either 20 or 30 mU/mL GOx (Figure 3.48, both 0.4-fold, 
p<0.05). This initial reduction, however, was reversed 4 hours after treatment with a 
significant increase in F10 mRNA levels upon treatment with both 20 mU/mL GOx 
(2.7-fold versus control, p<0.05) and 30 mU/mL GOx (4–fold versus control, p<0.01). 
By 24 hours, F10 mRNA levels in the cells treated with 20mU/mL GOx had returned 
to baseline,  whereas those treated with 30 mU/mL remained elevated (3.1-fold over 
control, p<0.05).  
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 GOx activity in BEGM and differentiation medium results in the 
production of H2O2 

Cell-free BEGM (Panel A) or differentiation medium (Panel B) was incubated with concentrations of 
GOx ranging from 0 to 30 mU/mL for 0 to 8 hours at 37°C. The amount of hydrogen peroxide was 
measured using a colorimetric assay described Section 2.2.11. Unlike in previous media tested, there 
was little to no detectable accumulation of hydrogen peroxide, nor did the absolute amount reach that 
seen in either F12K or DCCM-1 (media for A549s and ATIIs respectively) at an equivalent concentration 
of GOx. There appeared to be more activity in differentiation medium, most likely as a result of the 
presence of DMEM in the mixture. Data are expressed as the concentration of hydrogen peroxide in 
µM (mean ± SEM, n=4). 
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 GOx concentration- and time-course in submerged HBECs 
demonstrated increases in F10 mRNA levels 

HBECs grown in submerged culture were washed and placed into differentiation medium containing 0 
mU/mL, 20 mU/mL, or 30 mU/mL glucose oxidase. 1 to 24 hours following treatment, total RNA was 
collected and assayed for the presence of F10 mRNA by qRT-PCR. At 1 hour, treatment with GOx 
resulted in a significant reduction in the amount of F10 mRNA present. There were increases, however, 
in the amount of F10 mRNA present at 4 hours in both concentrations of GOx and at 24 hours after 
treatment with the higher concentration of GOx. Data are expressed as the fold change in F10 mRNA 
levels normalised to the amount of B2M, GAPDH, TOP1 mRNA present and relative to the untreated 
time-matched control (mean ± SEM, n=4). * p<0.05, **p<0.01 in comparison to the time-matched 
untreated control, 2-way ANOVA, Tukey’s multiple comparison post-hoc test. Data are representative 
of three independent experiments. 

 
Supernatants were also collected and the amount of FX and FXa present quantified 
by enzyme activity assay; measurable levels of FX and activated FX were detected in 
all samples. Despite the slight decrease in the amount of F10 mRNA present in both 
GOx treated samples at 1 hour, the activity assay showed significantly higher levels 
of both FXa and FX at this timepoint for both 30 mU/mL and 20 mU/mL GOx (Figure 
3.49, 20.6 pM and 20.2 pM respectively vs 10.5 pM for FXa, p<0.01; 50.1 pM and 48.8 
pM respectively vs 39.8 pM for FX, p<0.01). After 4 hours of treatment with GOx, there 
were no differences in the amount of FX present, although there remained an 
increased amount of FXa in the 30 mU/mL treated condition (20.8 pM vs 10.2 pM, 
p<0.01). At the 24 hour time-point, there was a significant increase in the amount of 
FX present in the 30 mU/mL group (45.9 pM vs 38.3 pM, p<0.05) as well as 
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significantly more FXa present in both treatment groups (15.0 pM and 10.8 pM 
respectively vs 3.2 pM, p<0.05 and p<0.01 respectively). The proportion of FXa 
detected in these cultures (20 to 50% of the total pool) was relatively higher when 
compared with other cell-types, such as A549. As discussed previously, FX activation 
is a highly regulated process that can be accelerated by oxidative stress (Langer and 
Ruf 2014). After 1 hour of treatment with GOx, it is likely that pre-formed FX was 
released into the medium resulting in increased FX levels, and also activated, resulting 
in increased FXa levels. As presented in Section 3.1.7, increased FX activation may 
be the result of oxidant-mediated increases in TF/FVIIa activity.  
Although the absolute levels were low, the increase in FX and FXa levels represented 
an approximate doubling in many of the conditions tested. The biological relevance of 
a low picomolar concentration of FX is unclear (the concentration in plasma is 135 
nM), but these values are difficult to directly translate to an in vivo system. A small 
picomolar value may, in the concentrated microenvironment of the lung and epithelial 
lining fluid, result in significant and robust biological responses. Also there are several 
factors which may have resulted in the amount of FX measured being artificially lower. 
First, as discussed above, these samples were diluted in a larger amount of medium, 
which certainly resulted in a less concentrated sample. Second, although the 
chromogenic activity assay accurately measures the amount of FX and FXa present 
in the supernatant, it cannot account for FXa that has been produced and bound in an 
autocrine fashion to the outer surface of the cell or that has been subsequently 
degraded or inactivated by natural anticoagulant proteins such as antithrombin. 
Additionally, it was previously unknown whether HBECs produced FX, hence, the low 
measured levels may accurately reflect the level of production by bronchiolar cells in 
vivo.  
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 GOx treatment of HBECs resulted in differential changes in FX and 
FXa protein levels in conditioned media 

HBECs were washed and placed into differentiation medium alone or differentiation medium containing 
20 or 30 mU/mL GOx. Media was conditioned for 1, 4, or 24 hours before being collected and assayed 
for the presence of FXa (Top row) and FX protein (after activation with Russell’s viper venom, Bottom 
Row). After 1 hour of treatment with either concentration of GOx, there were significant increases in 
both FXa and FX. These increases, however, were not prolonged out to 4 hours. At 4 hours post-
treatment, there was a significant increase in the amount of FXa present in the 30 mU/mL GOx condition 
only. Following 24 hours, the levels of FXa were once again increased for both concentrations while the 
amount of FX present in the 30 mU/mL GOx-treated well was also significantly increased. Data are 
expressed as the concentration of FXa or FX in pM (mean ± SEM, n=4). *p<0.05, **p<0.01 in relation 
to the untreated time-matched control, 2-way ANOVA, Tukey’s multiple comparisons post-hoc test. 
Data are representative of three independent experiments. 
 

Previous experiments illustrated the effect of H2O2 and GOx on F10 mRNA as well as 
FX and FXa protein in submerged culture. One of the commonly utilised features of 
HBECs, though, is their ability, when grown at ALI, to differentiate into a pseudo-
stratified epithelium that contains all of the constituent cell types of the normal 
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bronchiolar epithelium. HBEC ALI culture, therefore, is an ideal system for studying a 
number of processes including progenitor cell differentiation, barrier integrity, and the 
behaviour of airway epithelia, in a more physiologically-relevant system. Primary 
HBECs were seeded into 0.2 µm transwell inserts and grown until confluent (roughly 
7 days). At this point, the medium in the upper chamber was removed and the cells 
were washed and the medium in the bottom chamber was replaced with differentiation 
medium, which is a 50/50 mixture of BEGM and DMEM supplemented with additional 
retinoic acid (500 µM). This mixture encourages differentiation into normal airway cell-
types, including ciliated cells and goblet cells, while the extra retinoic acid prevents 
squamous cell differentiation (Crowe 1998).  
HBECs were differentiated at ALI for 3 weeks before use. Cultures were then 
stimulated by addition of glucose oxidase to the basal medium in order to parallel and 
confirm the results generated in the equivalent experiment in ATII cells (Figure 3.35). 
In contrast to the previous experiment using submerged cultures, there were no 
differences in the amount of F10 mRNA present at 4 hours post-stimulation. However, 
after 24 hours there were significant increases in F10 mRNA levels after treatment 
with either 20 mU/mL GOx (Figure 3.50; 5.63-fold vs control, p<0.05) or 30 mU/mL 
(7.87-fold vs control, p<0.05).  
In additional control or 30 mU/ml GOx wells, cellular protein lysates were collected 
and investigated for the presence of the various processed forms of FX (as detailed in 
Section 3.1.2) by western blot. All wells showed the presence of the three main forms 
of FX heavy chain detected by this antibody: FX pro-protein, FX heavy chain, and the 
activated (cleaved) heavy chain of FXa (Figure 3.51, Panel A). Band intensities were 
assessed using semi-quantitative densitometry and normalised to the loading control 
ERK2. At 4 hours post treatment with GOx, there were no significant differences in the 
amounts of any of the bands measured. At 24 hours, however, there were increases 
in FX pro-protein and FX heavy chain, although these did not reach statistical 
significance (Panel B, p<0.07 and p<0.09 respectively). It is interesting to note that 
the amount of FX detected in these lysates was more robust than that seen in similar 
blots using other cell types or HBECs in submerged culture. This may imply that cells 
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grown at ALI are actually more capable of synthesising FX. Additionally, for each form 
of the FX protein, the amount in the 24 hour 30 mU/mL GOx treatment condition was 
significantly higher than the amount in the 4 hour control and 30 mU/mL conditions 
(p<0.05)   
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 GOx treatment of HBEC ALI cultures resulted in increased F10 
mRNA levels after 24  

HBECs differentiated for 3 weeks at ALI were washed and the basal medium removed and replaced. 
Glucose oxidase was added to the basal medium in concentrations from 0 to 30 mU/mL and the cells 
incubated for 4 and 24 hours. qRT-PCR analysis of the amount of F10 present after treatment 
demonstrated no changes after 4 hours but significant increases after 24 hours treatment with both 20 
mU/mL and 30 mU/mL. Data are expressed as the fold change in F10 mRNA levels relative to the 
untreated time-matched control and normalised to the expression of B2M, GAPDH, and TOP1 (mean 
± SEM, n=4). * p<0.05 in comparison to the 24 hour control, 2-way ANOVA, Tukey’s multiple 
comparisons post-hoc test. Data are representative of two independent experiments. 
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 Treatment with GOx did not influence the intracellular levels of FX 
or FXa protein in HBEC ALI cultures 

HBEC ALI cultures had their apical surface washed and the basal medium removed and replaced with 
either stimulus-free differentiation medium or medium containing 30 mU/mL GOx. After 4 or 24 hours 
of treatment, protein lysates were collected and assayed for the presence of FX and FXa heavy chain 
by western blot. Panel A demonstrates the banding pattern for FX. There are distinct bands for the pro-
protein at 80 kDa, the heavy chain at 58 kDa, and activated FXa heavy chain at 34 kDa (Panel A). The 
densities of each individual band were quantified and normalised to the loading control ERK2 (Panel 
B). For all three forms of the FX protein, the 24 hour 30 mU/mL GOx treatment condition was 
significantly higher than both the control and GOx-treated 4 hour conditions. Data are expressed as the 
fold change in band density normalised to the density of ERK2 and relative to the 4 hour untreated 
control (mean ± SEM, n=3). * p<0.05 in comparison to both 4 hour control and GOx treated conditions, 
unpaired Student’s t-test. Data are representative of two independent blots. 
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In addition to RNA and cellular FX analysis, the conditioned basal media were 
collected and assayed for the presence of activated FX and total FX protein levels. 
The response after 4 hours of treatment with GOx confirmed what was observed in 
the previous experiment on submerged cultures. Although there were no increases in 
F10 mRNA levels at 4 hours, there were significant increases in FXa (Figure 3.52, 30 
mU/mL treatment, 13.17 pM vs 2.17 pM, p<0.05) and FX (20 mU/mL and 30 mU/mL 
treatments, 32.5 pM and 34.15 pM respectively vs 25.82 pM, p<0.01 and p<0.05 
respectively). This again implies that glucose oxidase is having an effect both on the 
activation of FX as well as potentially on the release of FX into the medium. After 24 
hours treatment with 30 mU/mL Gox, there were small but significant increases in the 
amounts of both FXa (15.06 pM vs 5.46 pM, p<0.01) and FX (34.06 pM vs 26.34 pM, 
p<0.01). The percentage of total FX that was activated to FXa ranged from 20 (in the 
conditioned media of untreated cells) to 50% (in the conditioned media of 30 mU/mL 
GOx-treated cells).  
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 Treatment with GOx resulted in increased FX and FXa protein levels 
in HBEC ALI conditioned basal media 

HBECs cultured at ALI for three weeks were washed and the basal medium replaced with differentiation 
medium alone or differentiation medium containing 20 or 30 mU/mL GOx. After 4 and 24 hours, the 
basal media were collected and assayed by chromogenic enzyme activity assay for the presence of 
FXa and FX. At 4 hours, there were significant increases in the amount of both FX and FXa after 
treatment with 30 mU/mL and a significant increase in the amount of FX after treatment with 20 mU/mL 
GOx. After 24 hours, a significant induction in both FX and FXa levels was maintained in cells treated 
with 30 mU/ml GOx. Data are expressed as the concentration FXa or FX in pM (mean ± SEM, n=7). * 
p<0.05, **p<0.01 in comparison to the untreated time-matched control, 2-way ANOVA, Tukey’s multiple 
comparison post-hoc test. Data are representative of three independent experiments. 
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 Summary 
Data presented in this section focused on the culture of human primary bronchiolar 
and small airway epithelial cells in submerged and air-liquid interface culture, the 
production of coagulation factor X by these cells, and the role of oxidative stress in its 
regulation, and demonstrated the following:  

 Commercially available HSAECs grown in submerged culture produced the 
mRNA transcripts for the coagulation proteins F10 and F3 as well as the 
necessary post-translational processing enzymes, VKORC and GGCX. 
Treatment with hydrogen peroxide resulted in a significant increase in F10 
mRNA levels, and a concomitant increase in the amount of FX heavy chain 
protein detected in cell lysates. 

 Similar experiments using H2O2 stimulation on HBECs extracted in-house 
had varied results. Concentration-response experiments, all of which 
showed a significant increase in F10 mRNA levels after H2O2 treatment, 
highlighted donor variability in the concentration and treatment periods 
required to induce changes in F10 mRNA levels in the different cell isolates. 

 Submerged HBECs showed significant increases in F10 mRNA upon 
treatment with GOx at 4 and 24 hours., and this was mirrored by increases 
in FXa and/or FX protein in conditioned media, representing a rough 
doubling of the amount of FX protein present. 

 GOx stimulation of differentiated HBEC cultures (grown at ALI for 3 weeks) 
demonstrated significant differences in F10 mRNA levels after 24 hours 
stimulation, and significantly higher levels of FXa and FX in conditioned 
media. 

 



 

      179 
 

  

3.4 Intracellular signalling pathways involved in epithelial 
production of FX 

 
3.4.1. Introduction 
Previous sections have defined a role for oxidants in the regulation of F10 mRNA and 
FX protein in lung epithelial cell types. Studies were next conducted to investigate the 
identity or identities of signalling moieties responsible for mediating this response. To 
date, studies on FX regulation have only focused on the constitutive production in the 
liver. Data from two such studies have suggested a role for the transcription factors 
hepatocyte nuclear factor 4 (HNF-4), GATA-4, nuclear factor Y (NF-Y), specificity 
protein 1 (SP1), and specificity protein 3 (SP3) in liver-specific expression (Hung and 
High 1996) (Hung et al. 2001). These transcription factors, with the exception of HNF-
4, which is active in the liver, play a role in early developmental pathways as well as 
oncogenesis. They have been demonstrated in lung epithelial cell lines in the context 
of cancer (Zhang et al. 2014) (Yang et al. 2013) (Brown et al. 2013). Although there 
are some data to suggest that they may be involved in oxidative stress 
responsiveness, this involvement appears to result instead from alterations in the 
behaviour of kinases upstream (Suzuki 2011) (Sang et al. 2011) rather than a direct 
effect.   
As described in Section 1.4, ROS are ubiquitous chemical moieties that affect a 
number of cellular processes in both basal physiology (reviewed in Thannickal and 
Fanburg 2000) and the pathogenesis and progression of disease (reviewed in Brieger 
et al. 2012). By their reactive nature, they can oxidize, and thereby alter the behaviour 
of, proteins, lipids, DNA, and RNA. Therefore, the number of potential targets that 
could affect signalling, including transcription factors, is enormous. Processes that are 
known to be influenced by ROS include: cytokine and growth factor receptor 
dimerization (e.g. EGFR, PDGFR), MAP kinase activity (e.g. PI3K), Phospholipase 
activity (e.g. A2), calcium mobilisation from the sarcoplasmic reticulum, and signalling 
complexes (e.g. NF-κB) (reviewed in Zhang et al. 2013, Schieber and Chandel 2014, 
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Holmstrom and Finkel 2014). These represent a number of potential targets that could 
be involved in ROS signalling, with the potential for modulating F10 transcription.   
However, in addition to their broad effects on many cellular processes as described 
above, ROS are known to induce the expression and activity of a wide range of 
antioxidant and detoxifying processes. ROS are a ubiquitous by-product of oxidative 
respiration and other important biological pathways and, as such, there are many 
redundant systems in place to prevent their harmful effects. Classically, the 
transcription of many of these antioxidant and detoxifying molecules is controlled by 
their master-regulator, NFE2L2 (also known as NRF2). NRF2 is present in nearly 
every cell-type and has numerous target genes ((Cho et al. 2006)). Thus, NRF2 could 
represent a potential regulator of F10 transcription. Several of these potential 
pathways were investigated for their involvement in the regulation of F10. 
 
3.4.2. The presence of HNF4 in A549 cells 
Constitutive FX production in the liver is controlled by a number of transcription factors, 
among which HNF4 is major contributor (Hung & High 1996). HNF4 is bound to fatty 
acids in the nuclei of hepatocytes and displays constitutive activation (Wisely et al. 
2002). The presence of this transcription factor was investigated in A549 cells along 
with the hepatocarcinoma cell line HEPG2 as a positive control. Using cells grown in 
standard submerged culture in chamber slides, immunocytofluorescent (ICF) staining 
for HNF4 was performed to detect both the presence and the localisation of this protein 
(Figure 3.53). A549 cells demonstrated little or no cytoplasmic positivity, while HEPG2 
cells yielded a much clearer picture of HNF4 localisation, with ubiquitous staining and 
localisation to the nucleus.  
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 HNF4 ICF on A549 and HEPG2 cells 
A549 (A) cells were grown in glass chamber slides until 80% confluent. HEPG2 (B) cells were seeded 
at the same densities and grown for an equivalent amount of time, but demonstrated growth in 3-
dimensional colony structures rather than in a flat homogenous layer along the bottom of the well.  The 
cells were stained using an alexa-488 conjugated anti-HNF4 antibody and the nuclei counterstained 
using DAPI. Images were captured at 40 x and 20 x original magnification respectively. Little or no 
epifluorescent signal for HNF4 was seen in A549s, with no nuclear localisation. HEPG2 cells 
demonstrated a dramatically increased intensity of staining as well as universal nuclear localisation of 
the protein. 

 
The staining pattern and intensity in A549s strongly suggested a lack of HNF4 protein 
in these cells at baseline. To further confirm this finding and to determine whether 
hydrogen peroxide could influence the amount of HNF4 present, HEPG2 and A549 
cells were treated with 400 µM H2O2 for 3 hours following which the total protein pool 
was interrogated for HNF4 by western blotting. HEPG2 lysates showed a strong band 
for HNF4 at the appropriate molecular weight (Figure 3.54, ~52kDa) while there were 
no discernible bands in the lanes containing A549 lysates. There were also no 
differences in the amounts or molecular weight of HNF4 in HEPG2 lysates after H2O2 
treatment. These negative results confirmed the absence of HNF4 in A549s, and, thus, 
suggested that it is unlikely to play a role in the production of F10 following ROS 
treatment. The presence of HNF4 was not investigated in primary cells, therefore it is 
possible that this molecule could be important in these cell types. However, it was 

A B 
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deemed unlikely that the regulation of F10 would involve drastically different signalling 
systems in two such closely related cell types. 
 
 
 
 
 
 

 HNF4 immunoblotting on peroxide treated HEPG2 and A549 lysates 
Quiesced A549 and HEPG2 cells were washed and then incubated with either serum-free control 
medium or medium containing 400 µM Hydrogen peroxide for 3 hours after which protein lysates were 
collected. Immunoblotting for HNF4 demonstrated a correctly sized band in HEPG2 lysates that did not 
differ upon treatment with peroxide. There were no discernible bands in those lanes loaded with A549 
lysate.  
 

3.4.3. Hydrogen peroxide-mediated MAPK signalling in A549 cells 
Since HNF4 was absent from A549s, further experiments were conducted to 
determine which signalling molecules were activated in response to H2O2 treatment. 
Hydrogen peroxide is a permissive molecule that activates a wide range of Mitogen-
activated protein kinase (MAPK) pathways including extracellular regulated kinase 
(ERK), c-jun n-terminal kinase (JNK) and p38, all of which are also highly activated in 
IPF (Yoshida et al. 2002). Phosphorylation events mediated by these upstream 
kinases results in a cascade of further intermediate activation and eventual regulation 
of gene transcription. The activation of these molecules was investigated after 
treatment of A549 cells with peroxide. 
The ERK pathway is activated by reactive oxygen species and has specifically been 
shown to be activated by TGF-β-mediated ROS production. This can lead to 
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ERK2 
HNF4 

Control Peroxide Control Peroxide 



 

      183 
 

  

pathological changes in the behaviour and phenotype of epithelial cells, resulting in 
epithelial-mesenchymal transition and a furthering of fibrotic responses (Rhyu et al. 
2005). A549 cells were treated with 400 µM H2O2 for a variety of times from 0 to 60 
minutes and then the phosphorylation state of ERK1/2 was investigated by western 
blotting (Figure 3.55, A). There were measurable levels of p-ERK1/2 at time 0, 
implying a certain amount of basal ERK signalling in A549 cells. After treatment with 
H2O2 for only 5 minutes, there was a significant increase in the amount of p-ERK1/2 
in relation to the amount of total ERK1/2 present (3.3-fold, p<0.01). The increase in p-
ERK1/2 remained out to 30 minutes before falling to non-significant levels after 60 
minutes (Figure 3.55, B). The antibody used theoretically recognises both ERK1 and 
ERK2 (phosphorylated and total), but there was only a single apparent band (due 
either to overlapping bands, or a preponderance of a single isoform in A549s). 
However, in most cases, ERK1 and ERK2 display compensatory function (Pages et 
al. 1999).     
Having shown that ERK was phosphorylated following hydrogen peroxide treatment, 
further experiments were conducted to investigate its role in F10 regulation, using 
small molecule inhibitors to block the signalling pathways. Two structurally unrelated 
compounds, PD98059 and U0126, each of which block the action of MEK1/2, were 
used. MEK1 and 2 are upstream kinases that phosphorylate and, thus, activate 
ERK1/2. Therefore, their inhibition will prevent downstream ERK signalling. A549 cells 
were pre-treated with inhibitor for 30 minutes followed by stimulation with 400 µM 
hydrogen peroxide. qRT-PCR for F10 mRNA demonstrated significantly more F10 
mRNA present after treatment with peroxide, but these levels were not reduced upon 
treatment with either PD98059 (Figure 3.56, A) or U0126 (Figure 3.56, B).  
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 H2O2-mediated ERK phosphorylation in A549 cells 

Submerged A549 cells were quiesced, washed, and incubated with serum-free medium or medium 
containing 400 µM H2O2 for periods ranging from 0 to 60 minutes. Protein lysates were collected and 
probed for the presence of p-ERK1 (p44), p-ERK2 (p42) and total ERK1/2. Band intensities were 
measured using semi-quantitative densitometry and demonstrated a significant increase in 
phosphorylation for all treatments from 5 minute to 30 minutes of treatment with hydrogen peroxide. 
After treatment for 60 minutes, the level of phosphorylation returned to baseline. Data are expressed 
as the fold change in p-ERK intensities normalised to the level of total ERK and relative to the time 0 
control (mean ± SEM, n=4). ** p<0.01 in comparison to the 0 minute control, 1-way ANOVA, Tukey’s 
multiple comparisons post-hoc test. Blot is representative of two independent experiments. 
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 ERK inhibition does not influence H2O2-mediated F10 induction 

Quiesced A549s were pre-treated with vehicle control, concentrations of PD98059 from 0.1 to 10 µM, 
or concentrations of U0126 from 10 to 100 nM for 30 minutes. Following this, wells were given either 
stimulus free medium or medium containing 400 µM H2O2 and incubated for 1 hour. qRT-PCR 
demonstrated a significant increase in F10 mRNA levels after treatment with peroxide regardless of the 
amount of inhibitor present. Data are expressed as the fold change in F10 mRNA normalised to ATP5B 
and B2M and relative to the untreated control (mean ± SEM, n=5). 

 
In addition to ERK, the JNK pathway also has relevance in pulmonary fibrosis. The c-
Jun n-terminal kinases are activated by a number of stimuli including growth factor 
signalling, cellular stress, and reactive oxygen species (McCubrey et al. 2006). 
Lysates from the previous experiment (Figure 3.55) were also probed for the presence 
of phosphorylated JNK (p46 isoform, Figure 3.57, A). There was significantly more 
phosphorylated protein present after treatment with hydrogen peroxide for 30 minutes 
(6.1-fold in comparison to the 0 minute control, p<0.05, Figure 3.57, B).      
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 H2O2-mediated JNK phosphorylation in A549 cells 

Quiesced A549 cells were washed and incubated with 400 µM H2O2 for periods ranging from 0 to 60 
minutes. The amount of p46 JNK as well as the amount of total JNK was measured in the intracellular 
protein pool. Using semi-quantitative densitometry, the intensities of the bands were quantified and 
displayed significant increases in the amount of p-46 at 10 and 30 minutes post-treatment. Data are 
expressed as the fold change in band intensity normalised to the total JNK present and relative to the 
time 0 control (mean ± SEM, n=4). * p<0.05 in comparison to the 0 minute control, 1-way ANOVA, 
Tukey’s multiple comparisons post-hoc test. Blot is representative of two independent experiments. 
 

Subsequently, an ATP-competitive small molecule inhibitor of JNK, SP600125, was 
used to disrupt downstream phosphorylation of c-Jun, to determine if there was any 
knock-on effect on F10 induction. A549 cells were treated with the JNK inhibitor 
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SP600125 for 30 minutes before being stimulated with peroxide. Similar to the results 
from the ERK inhibition, there was a significant increase in F10 mRNA levels following 
hydrogen peroxide treatment. There was no effect of the inhibitor on F10 levels at 
base-line or after treatment with hydrogen peroxide (Figure 3.58). 
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 JNK inhibition does not influence H2O2-mediated F10 induction 

Quiesced A549 cells were pre-treated with either vehicle control or SP600125 at concentrations ranging 
from 30 to 1000 nM for 30 minutes. The monolayers were then given medium alone or medium 
containing 400 µM H2O2 and incubated for a further 60 minutes. qPCR demonstrated no effect of the 
inhibitor in the absence of stimulus, significantly higher levels of F10 mRNA following hydrogen peroxide 
treatment, and no effect of the inhibitor on this increase. Data are expressed as the fold change in F10 
mRNA levels normalised to the expression of ATP5B and B2M and relative to the untreated, uninhibited 
control (mean ± SEM, n=5). 
 

Finally, the effect of hydrogen peroxide on p38 MAPK was investigated. p38, as with 
JNK, is activated by a number of stimuli including cytokines, cellular stress, and 
reactive oxygen species (McCubrey, Lahair, & Franklin 2006). The previous lysates 
were probed for the presence of phospho-p38 (p-p38) and total p38 to determine if 
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hydrogen peroxide treatment resulted in activation of the p38 pathway. In untreated 
lysates, there was very little detectable p-p38 present (Figure 3.59, A). However, upon 
treatment with H2O2, the levels of p-p38 rapidly increased, reaching significance after 
5 minutes and remaining significantly increased out to 60 minutes post-treatment 
(Figure 3.59, B, 20- to 40-fold, p<0.0001).     
 
 
 
 
 

Time, minutes

Fo
ld c

han
ge 

in
p-p

38/
tot

al p
38 

rat
io

0 20 40 600
10
20
30
40
50 ****

 

 H2O2-mediated p38 phosphorylation in A549 cells 
Quiesced A549 cells were washed and then incubated in serum free medium containing 400 µM H2O2 
for 0 to 60 minutes. Cell lysates were probed by Western blotting for the presence of phospho-p38 and 
total p-38 and then the band intensities quantified by densitometry. There were significant increases in 
the amount of phosphorylated p38 at 5 minutes and this increase lasted until 60 minutes. Data are 
expressed as the fold change in band intensity normalised to the amount of total p38 and relative to the 
time 0 control (mean ± SEM, n=4). **** p<0.0001 in comparison to the 0 minute control, 1-way ANOVA, 
Tukey’s multiple comparisons post-hoc test. Blot is representative of two independent experiments. 
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Phospho-p38 showed essentially undetectable levels of phosphorylation at baseline 
and was strongly induced following hydrogen peroxide treatment. The small molecule 
inhibitor SB203580, which inhibits the kinase activity of p38, was used to block its 
downstream signalling. A549 cells were pre-treated with inhibitor and then incubated 
with 400 µM H2O2 for 1 hour. qRT-PCR for F10 mRNA demonstrated no effect of the 
inhibitor on the baseline levels of F10 mRNA (Figure 3.60, A). After treatment with 
peroxide, there was a significant increase in mRNA levels, but this was not affected 
by the presence of the inhibitor at any of the concentrations tested. In addition to 
investigating the mRNA profile after treatment with this inhibitor, intracellular lysates 
were also collected and assayed for the presence of phospho-p38 and total p-38. This 
inhibitor has been reported not to affect the direct phosphorylation of p38 by upstream 
kinases. However, upon blotting for p-p38, this was shown not to be the case in this 
system. Interestingly, the lowest concentration of 1 µM resulted in a significant 
decrease in phosphorylation and the highest concentration of 100µM resulted in 
significantly more phosphorylation (Figure 3.60, B and C). One explanation may be 
that p-p38 activity stimulates a negative feedback loop that eventually results in the 
de-phosphorylation of p-p38. In the absence of any negative regulation, p-p38 may 
therefore accumulate. There were no significant changes in the amount of total p38 
present.     
In addition to the signalling pathways investigated above, two others known to be 
associated with both oxidative stress and idiopathic pulmonary fibrosis were studied 
for their potential role in F10 regulation. These included NF-κB (Christman et al. 2000) 
and PI3K (Marwick et al. 2010). Both were inhibited, in turn, in experiments of similar 
design to those described above.  
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 The effect of p38 inhibition on H2O2-mediated F10 induction 
Quiesced A549s were pre-treated with either serum-free control medium or the p38 inhibitor SB203580 
at concentrations ranging from 1 to 100 µM for 30 minutes followed by stimulation with 400 µM hydrogen 
peroxide for 1 hour. qRT-PCR analysis revealed a significant increase in F10 mRNA after hydrogen 
peroxide treatment but no changes in this increase in the presence of inhibitor (A). Intracellular lysates 
from the hydrogen peroxide treated wells were also probed by Western blot for the presence of p-p38, 
total p38, and β actin. Semi-quantitative densitometry of the bands revealed that treatment with 1 µM 
significantly decreased p38 phosphorylation whereas treatment with 100 µM significantly increased p38 
phosphorylation. Data in Panel A are expressed as the fold change in F10 mRNA normalised to the 
expression of ATP5B and B2M and relative to the inhibitor-free untreated control (mean ± SEM, n=4). 
Data in Panel C are expressed as the fold change in p-p38 or total p38 band intensity normalised to 
the amount of β actin present and relative to the un-inhibited control (mean ± SEM, n=4). ** p<0.01, 1-
way ANOVA, Tukey’s multiple comparison post-hoc test. 
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NF-κB activity was inhibited using the small molecule SC-514, which inhibits the action 
of IKKβ. IKKβ activity results in the degradation of the NF-κB inhibitor IκB, which allows 
NF-κB to translocate to the nucleus and influence the expression of its target genes. 
Following inhibition, the cells were treated with hydrogen peroxide. Hydrogen 
peroxide-mediated induction of F10 was unaffected by treatment with this inhibitor 
(Figure 3.61). 
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 NF-κB inhibition did not influence H2O2-mediated F10 induction 

Quiesced A549s were pre-treated with serum free control medium or medium containing SC-514 at 
concentrations of 0.1, 1, or 10 µM for 30 minutes. Cells were then treated with either stimulus-free 
medium or medium containing 400 µM H2O2 for 1 hour. qRT-PCR showed a significant increase in F10 
mRNA following hydrogen peroxide treatment and no effect of SC-514 on this increase. Data are 
expressed as the fold change in F10 mRNA normalised to ATP5B and B2M and relative to the inhibitor-
free untreated control (mean ± SEM, n=5). 
 

Theophylline is a broad-spectrum anti-fibrotic and anti-inflammatory molecule. It can 
inhibit myofibroblast function by decreasing collagen synthesis (Yano et al. 2006) as 
well as inhibit the activity of the pro-fibrotic PI3K pathway, increase cAMP levels 
through inhibition of phosphodiesterases, and influence histone acetylation through 
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HDAC2 inhibition (To et al. 2010). A549 cells were pre-treated with theophylline before 
being incubated with hydrogen peroxide. Hydrogen peroxide treatment resulted in a 
significant increase in F10 mRNA levels and this increase was not significantly 
changed in the presence of theophylline (Figure 3.62). 
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 Theophylline had no effect on H2O2-mediated F10 mRNA induction 
in A549 cells 

Quiesced A549 cells were pre-treated with either serum-free control medium or medium containing 
theophylline at concentrations of 100, 200 or 500 µM for 30 minutes. The cells were then incubated with 
either stimulus free medium or medium containing 400 µM H2O2. qRT-PCR was utilised to investigate 
the amount of F10 mRNA present and demonstrated a significant increase following treatment with 
hydrogen peroxide but no effect of theophylline on this increase. Data are expressed as the fold change 
in F10 mRNA levels normalised to the expression of ATP5B and B2M and relative to the uninhibited, 
untreated control (mean ± SEM, n=5).  
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3.4.4. The role of NRF2 in F10 mRNA regulation 
Having ruled out an obvious role for the liver specific or traditional MAPK pathways in 
the regulation of F10, the master antioxidant transcription factor, NRF2, was 
investigated. Under basal physiological conditions, NRF2 is retained in the cytoplasm 
and targeted for ubiquitin-mediated proteolysis by the action of the sequestration 
protein KEAP1. In the presence of reactive oxygen species, sensitive cysteine 
residues on KEAP1 are modified, disrupting the interaction between KEAP1 and NRF2 
and preventing its degradation (as described in Section 1.4). Following or in tandem 
with its dissociation from KEAP1, NRF2 is phosphorylated by a number of kinases 
(depending upon the specific tissue or cell type, which may include PKC, PERK, and 
various MAP kinases (including ERK, p38, and PI3K)). The precise role of this 
phosphorylation in NRF2 activation is still controversial, with purported effects on 
ubiquitination, stability, nuclear translocation, and changes in NRF2 sensitivity to 
promoter complex binding partners.  NRF2 translocation to the nucleus results in 
activation of transcription for a number of targets including cytoprotective and 
antioxidant molecules (Zhang 2006). NRF2 is a sensitive and pluripotent signalling 
molecule that readily responds to reactive oxygen species and it follows that it would 
be activated after hydrogen peroxide treatment. Additionally, the speed with which 
hydrogen peroxide activates F10 mRNA transcription, in as little as 15 minutes (Figure 
3.9), suggests a rapid and direct signalling mechanism. Further in vitro studies were 
undertaken to investigate this signalling pathway.  
Although NRF2 is a widely investigated molecule, there are no small-molecule 
inhibitors reported in the literature. One of the few compounds that has been 
investigated is the flavonoid, luteolin. Luteolin has been reported to reduce NRF2 
mRNA and protein levels in A549 cells, sensitising them to chemotherapeutic agents 
(Tang et al. 2011). Thus it was used to treat A549s to dissect the role, if any, for NRF2 
in the regulation of F10 mRNA. A549s were initially treated with luteolin in 
concentrations of 0 to 10 µM for 4 or 24 hours, to establish a role for NRF2 in the basal 
production of F10 mRNA (Figure 3.63, A). This treatment resulted in no significant 
changes in F10 mRNA levels. A549s were then pre-treated for 30 minutes with luteolin 
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at the same concentration as previously and incubated for 1 hour with 400 µM H2O2 
(Figure 3.63, B). Treatment with hydrogen peroxide lead to significantly higher F10 
mRNA levels, but this increase was not influenced by the presence of luteolin.  
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 The effect of luteolin on F10 regulation in A549s 

Quiesced A549s were treated with serum free control medium or medium containing luteolin at 
concentrations of 1, 3, or 10 µM for 4 or 24 hours (A). Alternatively, quiesced A549s were pre-treated 
for 30 minutes with luteolin at concentrations of 0, 1, 3, or 10 µM followed by stimulation with either 
serum-free control medium or medium containing 400 µM H2O2 for 1 hour (B). After stimulation, total 
RNA pools were collected and analysed for the presence of F10. As seen in panel A, there were no 
differences in the basal levels of F10 following treatment with luteolin. There was also no effect of the 
luteolin on hydrogen peroxide-mediated F10 increases, shown in panel B. Data are expressed as the 
fold change in F10 mRNA levels normalised to ATP5B and B2M and relative to the appropriate 
untreated control (mean ± SEM, n=4). 
 

However, in addition to the negative result described above, there is evidence to 
suggest that the action of luteolin may depend on the cell type being investigated. For 
instance, luteolin-treated primary hepatocytes were protected from oxidative stress by 
increased NRF2-dependent gene transcription (Huang et al. 2013). Luteolin, thus, may 
play a pro-oxidant or an anti-oxidant role depending upon the specific sub-cellular and 
oxidative environments present in any particular cell. For this reason, other tools for 
investigating the NRF2 pathway were explored. 
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Sulforaphane (SFN) is an isothiocyanate compound that is found in cruciferous 
vegetables such as broccoli and cabbage. It has a number of anti-cancer effects and 
is one of the most potent activators of the NRF2/ARE pathway currently known. SFN-
induced NRF2 activation results from KEAP1 binding and a subsequent decrease in 
NRF2 ubiquitination and proteolysis (Kensler et al. 2013). It has previously been used 
in the treatment of A549s and HBECs as an NRF2 agonist (Wu et al. 2014). 
A549 cells were incubated with SFN at concentrations of 10, 20 or 40 µM for 1 or 4 
hours. After treatment with the highest concentration of SFN for 4 hours, there was a 
significant increase in the amount of F10 mRNA detected by qRT-PCR (Figure 3.64, 
A, 2-fold vs control, p<0.05). As an internal positive control to ensure that the agonist 
was active against canonical NRF2 target genes, HMOX1 mRNA levels were also 
measured and showed a significant increase after treatment with 20 µM SFN for 4 
hours (Figure 3.64, B, 1.7-fold vs control, p<0.01). The reason for the discrepancy in 
the concentration of SFN required to stimulate an increase in the two different target 
genes may relate to differing sensitivities of the promoter sequences of the target 
genes to the effects of NRF2 binding/activity, or temporal differences in upregulation. 
There were no differences in either F10 or HMOX1 mRNA levels after treatment with 
SFN for 1 hour. 
Additionally, the classical NRF2 activator tert-butylhydroquinone (t-BHQ) was used to 
confirm the results generated using SFN. t-BHQ is a quinone derivative that is a potent 
antioxidant and preservative used for stabilising a wide variety of substances including 
foods, chemicals, and fuels. In cells, t-BHQ is oxidized by copper into the related 
species tert-butylquinone (t-BQ) which interacts with the cysteine residues in KEAP1, 
disrupting its interaction with, and the stability of, NRF2 (Wang et al. 2010). After 
treatment for 4 hours with the highest concentration of t-BHQ, there were significant 
increases in both F10 mRNA levels (Figure 3.65, A, 2.3-fold vs untreated control, 
p<0.05) and HMOX1 (Figure 3.65, B, 1.7-fold vs untreated control, p<0.05). These 
data provided additional evidence for the stimulation of F10 gene transcription through 
an apparent NRF2-dependant mechanism.   
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 SFN treatment resulted in increased F10 and HMOX1 mRNA levels 
in A549s 

Quiesced A549s were washed and then treated with either serum-free medium only or medium 
containing 10, 20, or 40 µM SFN. After treatment for 1 or 4 hours, the total RNA pool was collected and 
assayed for the presence of F10 and HMOX1 by qRT-PCR. No differences with treatment were 
observed after 1 hour. However, in the 4 hour groups, there was significantly more F10 present in the 
40 µM condition and significantly more HMOX1 present in the 20 µM condition. Data are expressed as 
the fold change in mRNA levels normalised to ATP5B and B2M and relative to the appropriate untreated 
time-matched control (mean ± SEM, n=5) *p<0.05, **p<0.01 in comparison to the untreated time-
matched control, 1-way ANOVA, Tukey’s multiple comparisons post-hoc test. Data are representative 
of two independent experiments. 
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 t-BHQ treatment results in increased F10 and HMOX1 mRNA levels 
in A549s 

Quiesced A549s were treated with either serum-free control medium or medium containing t-BHQ at 
concentrations of 1 to 30 µM for 4 hours. qRT-PCR analysis of mRNA levels demonstrated significant 
differences in both F10 (A) and HMOX1 (B) mRNA levels after treatment with a concentration of 30µM 
t-BHQ for 4 hours. Data are expressed as the fold change in F10 or HMOX1 respectively, relative to 
the untreated, time-matched control and normalised to the expression of ATP5B and B2M (mean ± 
SEM, n=4). *p<0.05 in comparison to the untreated time-matched control, 1-way ANOVA, Tukey’s 
multiple comparison post-hoc test. Data are representative of two independent experiments. 

 
After demonstrating a role for the NRF2 agonists SFN and t-BHQ in the upregulation 
of F10 mRNA in A549 cells, NRF2 agonism was investigated in HBECs. HBECs grown 
in standard submerged culture were treated with SFN at concentrations of 3 and 30 
µM for 4 hours. In agreement with the A549 data, there was a significant increase in 
the amount of F10 mRNA present after treatment with 30 µM SFN (Figure 3.66, A, 
24.5-fold vs control, p<0.01). The expression of HMOX1 was also examined, and the 
mRNA levels were highly significantly increased after treatment with either 3 µM SFN 
(Figure 3.66, B, 2.67-fold vs control, p<0.001) or 30 µM SFN (3.92-fold vs control, 
p<0.0001) for 4 hours. 
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 SFN treatment results in increased F10 and HMOX1 mRNA levels in 
HBECs 

HBECs grown in submerged culture were washed and then incubated in either stimulus-free BEGM or 
BEGM containing 3 or 30 µM SFN for 4 or 24 hours, following which total mRNA was collected. qRT-
PCR analysis of F10 mRNA levels demonstrated a significant increase after treatment with 30 µM SFN 
for 4 hours. (A). Parallel analysis of HMOX1 mRNA levels demonstrated increases after treatment with 
both 3 and 30 µM SFN for 4 hours (B). Data are expressed as the fold change in F10 or HMOX1 mRNA 
normalised to the expression of B2M, GAPDH, and TOP1 and relative to the appropriate untreated 
control (mean ± SEM, n=4). ** p<0.01, *** p<0.001, **** p<0.0001 in comparison to the untreated time-
matched control, 1-way ANOVA, Tukey’s multiple comparisons post-hoc test. Data are representative 
of two independent experiments. 
 

In addition, the effect of t-BHQ on F10 mRNA levels was also investigated in HBECs. 
Cells from the donors above were treated with t-BHQ at concentrations of 3 or 30 µM 
for 4 hours. The results mirrored those generated using SFN. Treatment with 3 µM t-
BHQ for 4 hours resulted in a significant increase in F10 mRNA levels (Figure 3.67, 
A, 7.74 fold vs untreated control, p<0.05). There were no differences detected at upon 
treatment with 30 µM t-BHQ.  
HMOX1 was again used as a canonical NRF2 target gene to ensure that the 
compound was resulting in activation of the expected pathway. Treatment with t-BHQ 
resulted in significant increases in HMOX1 concentration in both the 3 µM and 30 µM 
treatment conditions (Figure 3.67, B, 17- and 29-fold vs untreated control respectively, 
p<0.0001). Interestingly, although both SFN and t-BHQ are considered canonical 
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NRF2 activators, they displayed contrasting kinetics, especially with regard to their 
effect on HMOX1 mRNA levels. Differences in response, however, would naturally 
result from differences in chemical structure, uptake kinetics, degradation pathways 
and many others. In a system that is as sensitive and finely tuned as that of the ARE, 
small differences in activity could potentially result in larger down-stream effects. 
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 t-BHQ treatment results in increased F10 and HMOX1 mRNA 

levels in HBECs 
HBECs grown in standard submerged culture were washed and then treated with either BEGM alone 
or BEGM containing 3 or 30 µM t-BHQ for 4 hours. qRT-PCR analysis of F10 mRNA levels 
demonstrated a significant increase after treatment for 4 hours with 3 µM t-BHQ (A). In contrast, both 
treatment conditions displayed increased HMOX1 mRNA levels (B). Data are expressed as the fold 
change in F10 or HMOX1 mRNA levels normalised to the expression of B2M, GAPDH, and TOP1 and 
relative to the untreated control (mean ± SEM, n=4). *p<0.05, ****p<0.0001 in comparison to the 
untreated, time-matched control, 1-way ANOVA, Tukey’s multiple comparisons post-hoc test. Data are 
representative of two independent experiments. 

 
3.4.5. Investigation of NRF2 association with the F10 promoter using 

chromatin immuno-precipitation (ChIP)  
Treatment of both A549s and HBECs with NRF2 agonists resulted in significant 
increases in both F10 as well as the canonical NRF2 target gene, HMOX1. The 
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implication of this being that F10 is also directly regulated by NRF2. NRF2 is a master 
regulator of a number of genes, but F10 has not been investigated in this regard. 
However, the number of genes definitively shown to respond to NRF2 is far smaller 
than the enormous number (10,000 genes or 35.6% of the genome) that have putative 
anti-oxidant response element (ARE) consensus sequences in their promoter regions 
(Wang et al. 2007). The large percentage of genes with an ARE consensus sequence 
may, in fact, be an over-estimation based on incomplete identification of ARE elements 
within genes. In addition to the core ARE sequence, the flanking and internal 
nucleotides are also important in defining both constitutive and inducible activity, 
perhaps suggesting that the ARE consensus sequence should be expanded to include 
these bases (Zhang and Forman 2010).   
The F10 gene was scanned in silico for ARE consensus sequences using the Toucan 
2 workbench for regulatory sequence analysis (Aerts et al. 2005), with an input 
sequence spanning from 2kb upstream of the transcription start site (TSS) to 200bp 
downstream of the TSS. Two putative NRF2 consensus binding sites were detected 
at -1650kb and -450kb upstream of the TSS, suggesting a potential functional link 
between F10 expression and oxidant/antioxidant systems (Figure 3.68). Indeed, the 
speed with which F10 transcription occurs after treatment with H2O2 implies a direct 
mechanism, such as through NRF2, ARE-mediated transcription.  
Algorithms, such as Toucan 2, detect potential binding sites based solely on the 
primary sequence of the DNA. Transcription factor binding, however, is affected by a 
number of other complex processes including chromatin structure and density, 
chromatin and histone modification, and the binding of other enhancers and 
repressors at cis- or trans- elements. Therefore, ChIP was utilised to assess NRF2 
protein binding to the F10 promoter in a chromosomal context. Commercially produced 
and validated PCR primers spanning the two putative sites were purchased in order 
to delineate any differing patterns of binding between the two sites.  
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 Toucan 2 promoter analysis – NRF2 binding sites in the F10   
promoter 

The DNA sequence from 2 kb upstream of the transcription start site to 200 bp downstream of the 
transcription end site was analysed using the Toucan 2 tool. There were two putative NRF2 binding 
sites identified at -1650 kb and -450 kb respectively. Putative sequences were generated using the 
Toucan 2 Motif Scanner Position Weight Matrix capability (Reference database: Transfac Public 7.0 
Vertebrates, background model: Human Eukaryotic Promoter Database, prior: 0.1, strand: 1)  

 
ChIP was initially performed on A549s cells stimulated for 1 hour with 300 µM H2O2 or 
for 4 hours with 50 µM t-BHQ. At the -450 bp site of the F10 promoter the detected 
amplification was not different to that seen in the irrelevant IgG control (Figure 3.69), 
suggesting only non-specific chromatin isolation rather than specific NRF2 binding. 
The -1650 bp region did however demonstrate enrichment for NRF2 by IP (increased 
ratio of precipitated DNA compared with input DNA). As a positive control, primers 
spanning the EN2 ARE binding site in the HMOX1 promoter (-8979 bp, Reichard et al. 
2008) were also included and showed a high degree of amplification. Interestingly, 
there were no significant changes to the amount of NRF2 promoter binding after 
treatment with either hydrogen peroxide or t-BHQ. This was true for both the F10 and 
HMOX1 genes.  

NRF2 NRF2 Transcription 
start 
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 NRF2 CHIP in H2O2 and t-BHQ treated A549s 

A549s were quiesced, washed, and then treated with either the appropriate vehicle control or 300 µM 
H2O2 for 1 hour or 50 µM t-BHQ for 4 hours. After the treatment period, the cells were collected and 
analysed via ChIP as described in Section 2.2.8. Input DNA as well as DNA bound to Nrf2 was 
extracted and assayed by qRT-PCR. The amplification that occurred for the -450 bp site was not 
different to that detected for the non-specific IgG control condition, suggesting a lack of binding at this 
putative site. Binding, however, was detected in the -1650 bp region and these values, apart from the 
4 hour control, were greater than the IgG control. HMOX1, a known NRF2 target, was highly enriched 
after immunoprecipitation. There were no differences with treatment in any of the conditions or times 
investigated. Additionally, significant binding was detected in all for HMOX1 in all treatment conditions. 
Data are expressed as the ratio of the qPCR cycle threshold value (Ct) of the enriched DNA to the input 
DNA (mean ± SEM, n=3). *p<0.05, unpaired Student’s t-test. Data are representative of two 
independent experiments 

Treatment periods of 1 hour and 4 hours for H2O2 and t-BHQ respectively were 
sufficient to detect increases in mRNA levels in previous experiments (Figure 3.9 and 
Figure 3.65). However, these times were selected based on an mRNA signature, and 
not transcription factor shuttling to the nucleus. Perhaps unsurprisingly, the lack of 
increased binding suggests that a transient oxidant-mediated increase in NRF2 
binding to the F10 or HMOX1 promoter may already have occurred and returned to 
baseline. Further experiments focussing on a time-course and earlier time points, for 
instance 1, 5, and 15 minutes would likely be necessary to show oxidant-mediated 
NRF2 binding to the F10 promoter.       
Although at these time-points there was no significantly increased binding at either the 
F10 or HMOX1 promoter detected after treatment with hydrogen peroxide or t-BHQ, it 
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is, nevertheless, meaningful that binding was detected within the F10 (and HMOX) 
promoter. This novel finding further suggests that there is a functional relationship 
between F10 and NRF2-ARE activity. 
 

3.4.6. Effect of siRNA knockdown of NRF2 on F10 regulation in A549s and 
HBECs 

NRF2 ChIP demonstrated, at least in A549s, that there is NRF2 binding to at least one 
area of the F10 promoter. In the absence of an inhibitor of NRF2 activation or activity, 
an siRNA knockdown approach was adopted to further confirm a role for NRF2 in the 
oxidant-mediated regulation of F10 expression. 
A commercially validated NRF2 siRNA cocktail was purchased from Dharmacon 
(USA) and used in A549s. A549s were grown to 60% confluence in standard 
submerged culture and then incubated, in the presence of FBS, with the transfection 
reagent Interferin (Polyplus, France) and siRNA at a concentration of either 1 or 10 
nM. In addition to NRF2 siRNA, a scrambled siRNA was also included to detect 
potential off-target or non-specific effects. Cellular lysates were collected at 24 and 48 
hours to determine when optimal knock down was achieved. qRT-PCR of NFE2L2 
mRNA (the gene for NRF2) from each of the treatment groups demonstrated efficient 
knock down at all time-points in both the 1 nM and 10 nM NRF2 siRNA treatment 
groups (Figure 3.70, ranging from 0.08-fold to 0.42-fold vs the 1 nM control siRNA 
group, p<0.001). 
Interestingly, in all of the 48 hour groups apart from the 1 nM scrambled control siRNA 
group, there was a significant time-dependent increase in NFE2L2 mRNA levels. The 
largest increase was detected in the 10 nM control siRNA group, (2.15-fold vs the 
concentration-matched 24 hour group, p<0.01, 2-way ANOVA), but differences were 
also noted in both the 1 nM NRF2 siRNA (0.42-fold vs 0.19-fold in the 24 hour group, 
p<0.001, 2-way ANOVA) and 10 nM NRF2 siRNA groups (0.26-fold vs 0.08-fold in the 
24 hour group, p<0.0001, 2-way ANOVA), although the NFE2L2 mRNA level remained 
lower than the matched control siRNA group in all groups. Additionally, at 48 hours, 
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the 10 nM control siRNA resulted in significantly increased mRNA compared with the 
1 nM control siRNA condition (2.15-fold vs 1.16-fold, p<0.05). It is possible that the 
recognised toxicity of polar transfection reagents, such as Interferin, and of siRNA 
resulted in activation of stress-response and cellular defence pathways (which include 
NRF2). It is also possible that the effectiveness of the NRF2 siRNA reaches its peak 
at 24 hours and thereafter begins to decline as a result of cellular division or siRNA 
degradation. 

 
 

 
 

 
 

 
 

 NRF2 siRNA treatment in A549s resulted in reduced baseline 
NFE2L2 expression 

A549s were washed and treated with complete medium containing Interferin and a scrambled control 
siRNA or NRF2 siRNA at concentrations of 1 or 10 nM. After 24 or 48 hours, total RNA was collected 
and assayed for the presence of NFE2L2 mRNA by qRT-PCR. The samples that were treated with 
NRF2 siRNA contained significantly less NFE2L2 mRNA at all times (24 and 48 hours) and 
concentrations (1 and 10 nM) tested. There was also a significant increase in NFE2L2 mRNA levels 
upon treatment with 10 nM control siRNA when compared to the 1 nM condition. Data are expressed 
as the fold change in NFE2L2 expression relative to the 24 hour 1nM control and normalised to ATP5B 
and B2M (mean ± SEM, n=3). *** p<0.001, **** p<0.0001 in comparison to the treatment-matched 
control siRNA group, 1-way ANOVA, Tukey’s multiple comparisons post-hoc test. + p<0.05 in 
comparison to the 1 nM control siRNA, 1-way ANOVA, Tukey’s multiple comparisons post-hoc test. 
Data are representative of two independent experiments. 
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The effect of NRF2 knockdown on HMOX1 mRNA levels was then investigated. In the 
NRF2 siRNA treated wells there were statistically significant reductions in HMOX1 
mRNA levels apart from the 1 nM, 48 hour condition (Figure 3.71, ranging from 0.03- 
to 0.5-fold vs the appropriate scrambled siRNA control, p<0.01 to p<0.0001). The 
correlation between NFE2L2 and HMOX1 mRNA levels was also investigated by 
plotting the fold changes versus each other (Figure 3.72). There was a strong positive 
correlation (r2=0.7869, p<0.0001) which supports the concept of an intimate 
relationship between the two, as would be expected. 
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 NRF2 siRNA treatment of A549s resulted in reduced baseline 
HMOX1 expression 

A549s were washed and treated with complete medium containing Interferin and either scrambled 
control siRNA or NRF2 siRNA at concentrations of 1 nM or 10 nM. After 24 or 48 hours, total RNA was 
assayed using qRT-PCR to detect the presence of HMOX1 mRNA. mRNA levels in the NRF2 siRNA 
treated wells were significantly reduced at all times and with both concentrations apart from the 48 hour 
1 nM group, which demonstrated higher variability. Data are expressed as the fold change in HMOX1 
mRNA normalised to the expression of ATP5B and B2M and relative to the 24 hour 1 nM control (mean 
± SEM, n=3). ** p<0.01, **** p<0.0001 in comparison to the concentration-matched control siRNA 
group, 1-way ANOVA, Tukey’s multiple comparisons post-hoc test. Data are representative of two 
independent experiments. 
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 NFE2L2 and HMOX1 mRNA levels were highly correlated 
The fold changes from the previous two graphs (Figure 3.70, Figure 3.71) were plotted against one 
another to determine if there was any correlation between the values. A highly statistically significant 
linear correlation demonstrated that NFE2L2 (the X axis) varies in concordance with HMOX1 (on the Y 
axis)  
 

 The expression of F10 in these conditions was then investigated. There was a 
significant degree of variability in F10 mRNA levels within conditions, which reduced 
the power to detect differences. No significant changes were detected between the 
control and NRF2 siRNA treatment groups (Figure 3.73). Additionally, although the 
correlation was weaker than that seen with HMOX1, there was still a statistically 
significant positive correlation (Figure 3.74, r2=0.1883, p<0.05) between NFE2L2 and 
F10 mRNA levels. Of note, the expression of F10 was much lower than that for either 
NFE2L2 or HMOX1, which could have resulted, through the stochastic nature of PCR 
amplification, in the larger amount of observed variability. Further experiments would 
be necessary to clarify whether NRF2 knockdown has an impact on F10 mRNA levels 
at baseline.     
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 NRF2 siRNA on A549s did not influence baseline F10 expression 
A549s were treated with complete medium containing Interferin and either scrambled control siRNA or 
NRF2 siRNA at concentrations of 1 or 10 nM. After 24 or 48 hours, total RNA pools were assayed by 
qPCR for the presence of F10 mRNA. There were no statistical differences between the control and 
NRF2 siRNA treated wells.  Data are expressed as the fold change in F10 mRNA relative to the 24 hour 
1nM treated control group and normalised to the expression of ATP5B and B2M (mean ± SEM, n=3). 
Data are representative of two independent experiments. 
 
 
 
 
 
 
 

 

 NFE2L2 – F10 fold change correlation 
The fold changes for NFE2L2 and F10 from the previous graphs were plotted against one another to 
determine if they shared any relationship. Linear regression demonstrated an R2 value of 0.1883 which 
was statistically significant, suggesting a correlation between NFE2L2 on the X axis and F10 on the Y 
axis. 

R square 0.1883
P value 0.0341
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In addition to using qPCR analysis to detect various mRNA species, total cell lysates 
were collected and assayed for NRF2 and FX protein levels by western blot. . Western 
blotting detected a highly significant decrease in NRF2 protein levels at all 
concentrations of NRF2 siRNA and at each time point investigated (Figure 3.75, 0.05- 
to 0.12–fold vs control, p<0.001). There were also significant increases in the amount 
of NRF2 present in the 10 nM control siRNA conditions at 24 and 48 hours (1.98- and 
3.56-fold respectively, p<0.001), suggesting a non-specific mechanism (e.g. cellular 
stress due to the transfection), although this temporal increase in NRF2 protein levels 
was not seen in the cells treated with NRF2 siRNA.   
 
 
 
 
 
 

 
 NRF2 siRNA treatment of A549s resulted in reduced NRF2 protein 
levels 

A549s were incubated with Interferin and either scrambled control siRNA or NRF2 siRNA at 1 or 10 nM 
in complete medium. After 24 or 48 hours, cellular lysates were collected and assayed by western blot 
for the presence of NRF2 and ERK2 as a loading control (Panel A). Band intensities were measured 
using semi-quantitative densitometry and demonstrated significant reductions in NRF2 levels at all 
times and concentrations in the NRF2 siRNA treated conditions (Panel B). There were also significant 
increases in the amount of NRF2 present in the 10 nM control siRNA treated samples at both 24 and 
48 hours. Data are expressed as the fold change in the ratio of NRF2 to ERK2 relative to the appropriate 
1nM control (mean ± SEM, n=3). *** p<0.001, **** p<0.0001 in comparison to the 1nM time-matched 
control, 2-way ANOVA, Tukey’s multiple comparisons post-hoc test. +++ p<0.001 in comparison to the 
appropriate time-matched control siRNA treatment group, 2-way ANOVA, Tukey’s multiple comparisons 
post-hoc test. Blot is representative of two independent experiments 

Control siRNA A B NRF2 siRNA 
1 nM 10 nM 1 nM 10 nM 

24 hours NRF2 
ERK2 

48 hours NRF2 
ERK2 
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The same samples were also assayed for the presence of FX heavy chain by western 
blotting. In contrast to the RNA result, treatment of A549 cells with NRF2 siRNA at 1 
or 10 nM resulted in significant reductions in the amount of FX heavy chain present at 
48 hours (Figure 3.76, 0.3- and 0.56-fold, p<0.01 and p<0.05 respectively).  
 
 
 
 
 
 
 

 NRF2 siRNA on A549s – Western blot for FX 
A549s were treated for 48 hours with complete medium containing Interferin and either scrambled 
siRNA control or NRF2 siRNA at 1 or 10 nM. Cellular lysates were probed for the presence of FX heavy 
chain by Western blot (Panel A). Semi-quantitative densitometry detected significant decreases in the 
density of the FX heavy chain band after treatment with NRF2 siRNA at a concentration of either 1 or 
10 nM (Panel B). Data are expressed as the fold change in the ratio of FX/ERK2 relative to the 1 nM 
scrambled siRNA control (mean ± SEM, n=3) * p<0.05, ** p<0.01 in comparison to the concentration 
matched siRNA control, 2-way ANOVA, Tukey’s multiple comparisons post-hoc test. Blot is 
representative of two independent experiments 
 

The previous experiment demonstrated a decrease in the amount of NFE2L2 mRNA 
(as well as the associated gene HMOX1) as well as decreased amounts of NRF2 and 
FX protein after NRF2 siRNA treatment. For NRF2 inhibition, there were no major 
differences between the two concentrations of siRNA tested (1 nM and 10 nM). 
However, for subsequent experiments it was decided to use the lowest concentration 
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of siRNA required for the maximal NRF2 inhibition (i.e. 1 nM, at a 48 hour time point), 
in order to reduce non-specific/off-target effects.  
Therefore, A549s were incubated with Interferin only or Interferin plus 1 nM of either 
the control siRNA or NRF2 siRNA in complete medium for 48 hours followed by 
quiescence for 3 hours in serum-free medium and then stimulation with 400 µM H2O2 
for 1 hour.  The total RNA pools were then collected and assayed for the presence of 
NFE2L2, HMOX1, and F10 mRNA. Control siRNA had no effect on NFE2L2 mRNA 
levels compared with Interferin-alone; NRF2 siRNA significantly reduced NFE2L2 
mRNA levels, as expected (Figure 3.77, 0.45-fold and 0.40-fold for untreated and 
hydrogen peroxide-treated respectively vs untreated Interferin only, p<0.001). 
Hydrogen peroxide treatment had no effect on NFE2L2 levels in any of the groups. 
NRF2 protein levels were also measured by Western blot to ensure knockdown. 
Treatment with 1 nM control siRNA did not have an effect on NRF2 protein levels,  
while treatment with 1 nM NRF2 siRNA resulted in significantly less NRF2 protein 
(Figure 3.78, 0.31-fold vs both the Interferin only and control siRNA groups, p<0.001), 
as expected. 
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 NRF2 siRNA reduced NFE2L2 mRNA levels in A549s whereas H2O2 
had no effect 

A549s were incubated with complete medium containing Interferin alone or with either 1 nM of control 
or NRF2 siRNA. After 48 hours, the cells were quiesced for 3 hours in serum-free medium and then 
treated for 1 hour with 400 µM H2O2. qRT-PCR analysis of NFE2L2 mRNA levels detected a significant 
decrease in NRF2 siRNA treated wells. This inhibition was not affected by treatment with hydrogen 
peroxide. Data are expressed as the fold change in NFE2L2 relative to the untreated Interferin only 
control and normalised to the expression of ATP5B and B2M (mean ± SEM, n=4). *** p<0.001, **** 
p<0.0001, 2-way ANOVA, Tukey’s multiple comparisons post-hoc test. Data are representative of two 
independent experiments.      
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 NRF2 siRNA treatment of A549s resulted in reduced NRF2 protein 
levels 

A549s were incubated with complete medium containing Interferin alone or with 1 nM control or NRF2 
siRNA. After 48 hours, the cells were washed and quiesced in serum-free medium for 3 hours. Western 
blotting of the intracellular protein pool followed by semi-quantitative densitometric analysis of NRF2 
band intensities detected a significant reduction in the amount of NRF2 present after treatment with 
NRF2 siRNA. There was no difference after treatment with the control siRNA. Data are expressed as 
the fold change in the ratio of NRF2 to the ERK2 loading control relative to the Interferin only control 
(mean ± SEM, n=4) *** p<0.001 in comparison to the Interferin only control, 1-way ANOVA, Tukey’s 
multiple comparisons post-hoc test. Blot is representative of two independent experiments. 
 

Expression of the standard target gene, HMOX1, was also investigated. After 
treatment with 1 nM NRF2 siRNA, there was a significant reduction in the amount of 
HMOX1 mRNA present in A549s, whether unstimulated or peroxide-stimulated 
(Figure 3.79, 0.37- and 0.46-fold, p<0.001 and p<0.05 respectively). At this time-point, 
peroxide did not significantly increase HMOX1 mRNA levels. 
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 NRF2 siRNA treatment of A549s resulted in reduced HMOX1 mRNA 

A549s were incubated for 48 hours with either Interferin alone or with 1 nM control or NRF2 siRNA. The 
cells were then washed and quiesced in serum-free medium followed by treatment with serum-free 
control medium or medium containing 400 µM H2O2 for 1 hour. qRT-PCR analysis of HMOX1 mRNA 
levels revealed a significant reduction in the amount of HMOX1 present after treatment with NRF2 
siRNA. There were no significant differences between the Interferin only treated wells and the control 
siRNA treated wells nor was there a difference in the NRF2 siRNA treated wells after hydrogen peroxide 
stimulation. Data are expressed as the fold change in HMOX1 mRNA levels normalised to the 
expression of ATP5B and B2M and relative to the untreated Interferin only control (mean ± SEM, n=4). 
* p<0.05, *** p<0.001 in comparison to the treatment-matched control siRNA group, 2-way ANOVA, 
Tukey’s multiple comparisons post-hoc test. Data are representative of two independent experiments 
 

Finally, the amount of F10 mRNA in these treatment groups was quantified using qRT-
PCR. In the Interferin only and control siRNA treated wells, there were large 
statistically-significant increases in F10 mRNA levels after treatment with H2O2 
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(Figure 3.80, 11.36-fold and 13.88-fold vs the appropriate untreated control, p<0.001 
and p<0.05 respectively). However, in the presence of 1 nM NRF2 siRNA, this effect 
of hydrogen peroxide was entirely abrogated, suggesting that NRF2 activity is involved 
in the hydrogen peroxide-mediated increase in F10 mRNA levels.     
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 NRF2 siRNA treatment of A549s blocked the H2O2-mediated 
increase in F10 mRNA levels 

A549 cells were incubated in complete medium containing Interferin only or Interferin plus control siRNA 
or NRF2 siRNA. After 48 hours, the cells were quiesced in serum free medium and then incubated for 
1 hour with either control medium or medium containing 400 µM H2O2. qRT-PCR analysis for F10 mRNA 
showed a significant induction in the Interferin only and control siRNA groups after treatment with 
hydrogen peroxide. This induction, however, was blocked in the presence of NRF2 siRNA. The 
peroxide-treated NRF2 siRNA group was not significantly different from the untreated NRF2 siRNA 
condition. Data are expressed as the fold change in F10 mRNA levels normalised to the expression of 
ATP5B and B2M and relative to the Interferin only, untreated control (mean ± SEM, n=4). * p<0.05, *** 
p<0.001 in comparison to the untreated siRNA-matched group, 2-way ANOVA, Tukey’s multiple 
comparisons post-hoc test. + p<0.05 in comparison to the H2O2 treated control siRNA group, 2-way 
ANOVA, Tukey’s multiple comparisons post-hoc test. Data are representative of two independent 
experiments. 
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NRF2 siRNA treatment was also taken forward into primary HBECs to elucidate the 
role, if any, for the ARE pathway in these cells. HBECs were first incubated with either 
Interferin alone or with control siRNA or NRF2 siRNA for times of 24 to 72 hours. 
Western blotting of cellular lysates for NRF2 demonstrated a significant reduction in 
protein levels at 24 and 72 hours compared to the Interferin only group (Figure 3.81, 
0.33- and 0.05-fold respectively, p<0.01).  
 

 
 

 

 
 

 NRF2 siRNA on HBECS reduced NRF2 protein levels 
HBECs grown in submerged culture were treated with medium containing Interferin alone or with either 
a scrambled control siRNA or NRF2 siRNA at a concentration of 1 nM. Cellular lysates were collected 
at 24, 48, or 72 hours after treatment and assayed by Western blot for NRF2 and ERK2 (Panel A). 
Band intensities were quantified using semi-quantitative densitometry (Panel B). There were significant 
reductions in the amount of NRF2 present after treatment with control siRNA or NRF2 siRNA for 24 or 
72 hours. Data are expressed as the fold change in the ratio of NRF2 to ERK2 relative to the time-
matched Interferin only group (mean ± SEM, n=3). ** p<0.01, *** p<0.001 in comparison to the time-
matched Interferin only control, 1-way ANOVA, Tukey’s multiple comparisons post-hoc test.  
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Given that a robust decrease in NRF2 protein was detected at 24 hours, this time point 
was used to determine the effect, if any, of NRF2 siRNA treatment on hydrogen 
peroxide-mediated increased F10 expression. Cells from two distinct donors were 
incubated with control siRNA or NRF2 siRNA for 24 hours and then treated for 1 hour 
with 500 µM H2O2. This concentration of peroxide was chosen because it represented 
the lowest value at which many of the cells were expected to respond, considering 
that the transfection itself was likely to induce stress.  
Upon treatment with NRF2 siRNA, there were significant decreases in NFE2L2 mRNA 
levels in both the untreated and hydrogen peroxide-treated groups for donor 1 (Figure 
3.82, Panel A, 0.34-fold and 0.11-fold vs the control siRNA group, p<0.001 and 
p<0.0001 respectively) and donor 2 (Figure 3.82, Panel B, 0.04-fold and 0.08-fold vs 
the control siRNA group, p<0.0001 and p<0.001 respectively). There were no 
measured differences in the amount of NFE2L2 mRNA present in the control siRNA 
treated wells nor were there any changes in the levels upon treatment with hydrogen 
peroxide. 
After demonstrating a significant decrease in the NFE2L2 mRNA, the amount of F10 
mRNA was investigated in the same samples. Interestingly, for both donors, after 
treatment with hydrogen peroxide there were no significant increases in F10 mRNA 
levels (Figure 3.83). Therefore, because there was no oxidant-mediated F10 
induction, the effect of NRF2 knockdown on this process remained inconclusive. The 
concentration of hydrogen peroxide (500 µM) was selected based on previous 
experiments (Figure 3.46) and it is possible that the concentration used was simply 
too low to elicit a response from the cells. It is also possible that the introduction of the 
siRNA and transfection reagents altered the responsiveness of the cell oxidative 
stimuli. Further experiments using the more robust glucose oxidase stimulation 
paradigm (as presented in Figure 3.49) would be required to determine the role of 
NRF2 in F10 regulation. 
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 NRF2 siRNA on H2O2 treated HBECs reduced NFE2L2 mRNA levels 

HBECs from two distinct donors were grown in submerged culture and incubated with medium 
containing Interferin only or containing 1 nM control siRNA or 1 nM NRF2 siRNA for 24 hours. After 
being washed, the cells were treated for 1 hour with 500 µM H2O2 and then assayed by qPCR for the 
presence of NFE2L2 mRNA. In both donors there was a decrease in the amount of NFE2L2 mRNA 
present in the NRF2 siRNA treated wells, although the efficiency of this knockdown varied between the 
two donors used. For donor 1 (A), the degree of knockdown was lower than in donor 2 (B). Data are 
expressed as the fold change in NFE2L2 mRNA levels relative to the Interferin only, untreated control, 
and normalised to the expression of B2M, GAPDH, and TOP1 (mean ± SEM, n= 4). *** p<0.001, **** 
p<0.0001 in comparison to the treatment-matched control siRNA condition, 2-way ANOVA, Tukey’s 
multiple comparisons post-hoc test.    
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 NRF2 siRNA on H2O2 treated HBECs had no effect on F10 mRNA 
mRNA levels 

HBECs grown in submerged culture were treated with medium containing only Interferin or Interferin as 
well as control or NRF2 siRNA. After 24 hours of incubation, the medium was replaced with either 
BEGM alone or BEGM containing 500 µM H2O2. The cells were treated for 1 hour and then their RNA 
pools investigated for the presence of F10 mRNA. There were no differences in the amounts of F10 
present. The samples displayed a large amount of inter-treatment variability. Data are expressed as the 
fold change in F10 mRNA normalised to the expression of B2M, GAPDH, and TOP1 and relative to the 
untreated Interferin only control (mean ± SEM, n=4).    

 
 
3.4.7. Summary 
Data presented in this section focused on signalling pathways in A549 and primary 
bronchial epithelial cells that were either known to be involved in F10 regulation or 
activated in situations of oxidative stress. Investigations focused on determining which 
pathways were activated by oxidants and whether or not these pathways were 
important in F10 mRNA production with a particular focus placed on NRF2. Results 
included: 

 The known F10-regulating transcription factor, HNF4, was not detectable in 
A549s by immunocytofluorescence or Western blotting.  
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 Western blotting for phosphorylated signalling moieties showed the activation 
of a number of pathways after treatment with hydrogen peroxide, including 
ERK, JNK, and p38. However, when these pathways, as well as NF-κB and 
PI3K, were investigated using small molecule inhibitors, they were shown not 
to play a role in H2O2-mediated F10 regulation 

 Promoter sequence scanning detected two putative NRF2 binding sites in the 
F10 promoter.  

 Activators of NRF2, SFN and t-BHQ, resulted in significant increases in both 
F10 and HMOX1 mRNA levels in A549s and two unique HBEC lines.  

 The binding of NRF2 to the F10 promoter was investigated using ChIP. Of the 
two putative binding sites in the F10 promoter, the -1650kb site demonstrated 
NRF2 binding.  Further work is required to establish whether this is the case 
in HBECs, and also to determine the influence of peroxide signalling on NRF2 
binding to this site. 

 Treatment of A549 cells with NRF2 siRNA at baseline showed a large 
reduction in NFE2L2 mRNA levels as well as NRF2 protein levels, 
accompanied by a large decrease in HMOX1 mRNA levels and FX heavy 
chain protein levels. The hydrogen peroxide-mediated increase in F10 was 
also significantly reduced in the presence of NRF2 siRNA. Further 
experiments are planned to ascertain the effect of targeting NRF2 with siRNA 
in HBECs. 
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3.5. Discussion and Future Directions 
The results presented in this chapter focused on the production of F10 mRNA and FX 
protein in pulmonary epithelial cells. Where possible, experiments were conducted in 
primary ATII cells and HBECs to ensure that results were more physiologically 
relevant. However, due to the nature of these primary cells, it was not feasible to 
replicate all experimental conditions with all cell types. As expected, primary cell 
populations also displayed greater heterogeneity of response, requiring the replication 
of results in multiple distinct donor populations. All of these issues limited the scope of 
primary cell studies. Nevertheless, key experiments were conducted in primary cell 
populations and broadly reproduced the behaviour seen in cell line experiments. The 
observation of FX and FXa production by alveolar and bronchiolar epithelial cells is 
novel and there were many questions regarding its production and regulation.  
An interesting observation is the partial disconnect between the F10 mRNA signal and 
the production of FX protein, especially in A549 cells. Initial experiments demonstrated 
large increases at the mRNA level, but no changes in protein levels were detected by 
common methods such as Western blotting. There may be many reasons for this 
partial disconnect, both biological and technical. There are mechanisms that result in 
the degradation of mRNA species as they are produced, which could result in a lack 
of protein production even with an increase in mRNA. It is also possible that the tools 
used to detect increases in FX protein were not sensitive enough to detect subtle 
changes. Both the FX activity assay utilised in this thesis and ELISAs for detection of 
FX protein were developed for the blunt measurement of protein present in serum. FX 
exists in the serum at a much higher concentration (~6-7 nM) than the concentrations 
that were attainable in conditioned medium from the experiments detailed here (10-
400 pM). Nonetheless, honing of the treatment specifics (such as concentration and 
time) as well as the use of more sustained oxidative stimuli (such as GOx) were 
sufficient to show increased FX protein levels after ROS treatment. 
When the hydrogen peroxide and glucose oxidase treatments were expanded to 
include Air-liquid interface (ALI) cultures as well as ATII cells and HBECs in 
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submerged culture, there were clear differences in responsiveness to oxidant-
mediated stimulation. Cells grown at ALI were more reactive and sensitive to the 
effects of H2O2 and GOx. This may reflect differences in cellular behaviour when they 
undergo polarization induced by exposure to air and underscores the necessity of 
performing further studies in these systems. Under physiological conditions, the 
respiratory epithelium is an impermeable barrier that is exposed to air on its apical 
surface as opposed to being submerged under culture medium, as they are in 
standard submerged cell culture. As such, the increased responsiveness of ALI 
cultures may more accurately reflect the behaviour of these cells in situ.  
Additionally, ATIIs and HBECs exhibited drastically different responses to oxidants. 
There are many possible reasons for this including: different antioxidant capabilities of 
the divergent cell types, different oxidant buffering capacities of the unique media in 
which the cells were grown, dissimilar reactivity to oxidants as a whole, and slower or 
less active synthetic responses to stimuli. In addition, HBECs are known to produce 
mucus both in vivo and in vitro and these compounds will likely react with, and detoxify, 
oxidants. There is evidence to support each theory but it was most likely a combination 
of all these that resulted in a more sluggish response to oxidant stimulation. 
Nevertheless, it was demonstrated in all three cell types in submerged culture and at 
ALI that treatment with hydrogen peroxide or the hydrogen peroxide generating 
enzyme GOx resulted in increases in both F10 mRNA and FX protein. 
This increase was subsequently shown to involve the action of NRF2 and potentially 
its binding to a heretofore undescribed ARE binding site in the F10 promoter. The 
NRF2 agonists SFN and t-BHQ were used to increase the activity of NRF2, shown by 
increases in HMOX1 mRNA levels, and both resulted in increased F10 mRNA levels. 
These studies were followed up by the more specific ChIP and siRNA studies that 
established NRF2 binding in the F10 promoter and demonstrated that it plays a role in 
H2O2-mediated F10 induction in A549 cells respectively.  
Interestingly, no increase in NRF2 binding to the F10 promoter was detected after 
treatment with hydrogen peroxide. The treatment period of 1 hour was chosen based 
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on previous experiments showing increases in F10 following hydrogen peroxide 
treatment. However, for an increase in mRNA to have occurred, NRF2 would have 
already had to translocate to the promoter and activate transcription. Therefore, 1 hour 
may have been too late to detect an increase in promoter binding; especially when 
considering the fact that increased F10 mRNA levels are detected at just 15 minutes 
after H2O2 treatment. Further experiments are required to address this. 
Although NRF2 agonists resulted in increased F10 mRNA in HBECs, siRNA 
experiments were inconclusive. Further ChIP and siRNA experiments using more 
robust oxidative stimuli, such as glucose oxidase, would be required to determine if 
NRF2 plays a role in the regulation of F10 in these cells. Nevertheless, the combination 
of F10 and FX increases stimulated by hydrogen peroxide, GOx, SFN, and t-BHQ 
provide powerful evidence for the role of NRF2 in F10 and FX production in these 
cells.  
An interesting question remains with regard to the activity of NRF2 in A549 cells. A549 
was generated from an adenocarcinoma biopsy (Giard et al. 1973) and contains 
chromosomal abnormalities including a mutation in KEAP1 that results in its 
constitutive dissociation from NRF2 (Singh et al. 2006). It is, thus, clear that KEAP1-
NRF2 dissociation, while an important event in the activation of the ARE, is not the 
only initiating event in NRF2-mediated gene transcription or cellular response to 
oxidative stress.  
Although the interaction between KEAP1 and NRF2 is disrupted in these cells, it does 
not necessarily follow that NRF2 is maximally activated. KEAP1 binding to NRF2 
results in its ubiquitination and eventual degradation. Therefore, the disruption of this 
interaction results in its cytoplasmic accumulation. However, NRF2 activation and 
nuclear translocation requires other signals, such as phosphorylation. This implies that 
the action of oxidants could influence F10 expression through NRF2 in ways other 
than disrupting the KEAP1-NRF2 bond. Indeed, peroxide treatment was demonstrated 
to influence the activity of kinases and phosphorylation of signalling molecules (Figure 
3.55, Figure 3.57, and Figure 3.59). It is, thus, logical to hypothesise that oxidant-
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mediated increases in kinase activity could result in increased NRF2 phosphorylation 
and activation. Additionally, NRF2 activity at the ARE is influenced by its binding 
partners, such as the Maf proteins. Therefore, oxidants may influence the behaviour 
of NRF2 binding partners or have an effect on its ability to access target genes.   
Studies involving ROS treatment must confront the inherent complexity of oxidative 
stress and those systems designed to combat it. Reactive oxygen species are a 
ubiquitous and important presence in the cell, where they serve an important function 
as secondary messengers for a number of cytokines and growth factors. However, 
they are also potentially damaging to most core components of the cell; their activity 
can modify DNA, disrupt protein folding and function, cause mitochondrial dysfunction, 
and, if in large concentrations, cause apoptosis and cellular death. As such, their 
activity and life-span are strictly controlled by multiple parallel antioxidant systems. 
Therefore, experimental strategies that involve influencing the oxidant/antioxidant 
balance are complicated by these redundant systems. There is a fine threshold 
between producing a ROS stimulus that is enough to overcome buffering systems in 
the cell while not resulting in direct toxicity. Additionally, this threshold will vary 
between cell types, each of which has unique antioxidant defence capabilities and 
ROS tolerances.  
The experiments in this chapter were designed to investigate the production and 
regulation of F10 mRNA and FX protein by pulmonary epithelial cells in vitro. As a 
logical extension of this work, the role of ROS on this production in vivo would be a 
potential fruitful avenue for investigation. For instance, previous work (Scotton et 
al.2009) showed production of F10 mRNA by the hyperplastic alveolar epithelium in 
IPF. The alveolar epithelium is a known site of oxidative stress in IPF, potentially 
resulting from activated myofibroblasts producing hydrogen peroxide (Hecker et al. 
2009). This suggests a potential mechanistic link between oxidative stress and FX 
production in vivo.    
The experiments presented herein were not designed to determine what function the 
lung-specific production of FX would serve on a physiological level. In the context of 
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IPF, FX production is emblematic of the dysfunctional wound healing responses that 
result in the pathological deposition of extracellular matrix proteins. However, all three 
cell-types investigated also demonstrated F10 mRNA and FX protein production at 
baseline, which suggests homeostatic production. What role, if any, this may play in 
the lung is still in question. One hypothesis is that insults experienced by the lung 
result in small wound healing or inflammatory responses that resolve without 
circulatory input. It is also likely that FX production in the lung plays a role or roles as 
yet undetermined.   
 
There are many questions, clarifications, and further directions that should be 
investigated in light of the data presented in this chapter. They include: 

 Expanded NRF2 agonist studies in HBEC and A549 cells. Increases in F10 
mRNA were demonstrated but the findings need to be extended to FX protein 
levels. Where possible, similar studies should also be performed in ATII cells 
to determine if the response is reproduced in these cells. 

 Additional experimentation to corroborate the role of NRF2 in F10 regulation, 
specifically F10 promoter constructs. A promoter construct connected to a 
reporter gene, such as luciferase, would allow for the direct study of NRF2 
activity. This in combination with ChIP and siRNA data would produce a strong 
argument for the role of NRF2 in F10 regulation. 

 Repeat and refine the ChIP for NRF2 in A549s with a specific focus on tailoring 
stimulation using either glucose oxidase or an NRF2 agonist to show an 
increase in binding. This would most likely entail much shorter stimulation times 
to detect the apparently rapid promoter shuttling of NRF2. Once established in 
A549s, this should be replicated in HBECs and ATIIs. 

 Repeat NRF2 siRNA experiments in HBECs and ATIIs with a larger number of 
donors (ideally 5 to 6) and using glucose oxidase NRF2 agonist treatment as a 
stimulation. 
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Chapter 4 – Localisation of coagulation factors in cultured 
epithelium and human lung 
 

 Immunofluorescent imaging of coagulation factors in cultured 
A549 and primary human bronchiolar epithelial cells 

 
 Introduction 

The previous chapter focused on the production of F10 in the alveolar epithelial cell 
line A549, primary alveolar type II cells, and primary bronchiolar epithelial cells. F10 
mRNA and FX protein were regulated by oxidative stress, most likely through the 
activation of the antioxidant master regulator NRF2. Standard molecular biology 
techniques, such as qPCR, Western blotting, and enzyme activity assays are useful 
at determining quantitative changes in mRNA or protein levels. However, these 
measures rely upon changes in cell populations as a whole, and do not provide any 
information on expression patterns in individual cells or re-localisation due to a 
stimulus. For example, NRF2 activation by oxidative stress results in its translocation 
to the nucleus where it can activate transcription of its target genes, but this does not 
necessitate an increase in mRNA or protein levels. As presented in Chapter 3, active 
FX protein was detected in a both A549 and HBECs. FX is activated upon the 
formation of the TF-FVIIa-FX ternary complex. Utilising the single-cell resolution 
possible through immunofluorescence, the localisation, and co-localisation, of these 
three proteins can be determined, further defining their role in the epithelial production 
of FXa. In a similar manner, NRF2 nuclear translocation, if detected in the same 
system, would support a potential role for this transcription factor in the regulation of 
FX. 
 

 Immunofluorescent staining of A549 cells for pan-cytokeratin, FX, FVII, 
TF, and NRF2 

First, the effect of hydrogen peroxide on cellular shape and morphology was 
investigated using a general epithelial marker, pan-cytokeratin (PanCK), which is 
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present in the cytoskeleton of all epithelial cells (Schweizer et al. 2006). Cells that are 
experiencing toxicity from hydrogen peroxide change in shape and structure as a 
result of apoptotic or necrotic processes. PanCK immunocytofluoresence was used to 
determine if treatment with 400 µM H2O2 for 2 or 4 hours (Figure 4.1) resulted in any 
macroscopic changes in cell morphology. Treatment with this concentration of 
hydrogen peroxide was sufficient to result in increased F10 mRNA in A549s, but did 
not result in obvious disruption of the cytokeratin network or any changes in cellular 
morphology, consistent with the hydrogen peroxide toxicity studies performed in 
Chapter 3. 
 
 
 
 
 
 
 
 
 
 
 
 

 Treatment of A549s with 400 µM H2O2 did not result in any changes 
in the localisation of Pan-cytokeratin 

A549 cells were grown in submerged culture in chamber slides. Cells were quiesced for 3 hours in 
serum free medium following which they were incubated with either vehicle or 400 µM hydrogen 
peroxide for 2 hours or 4 hours (as indicated above). Following incubation, the monolayers were 
immunostained with a PanCK antibody. Upon treatment, there were no obvious differences in the 
amount or distribution of cytokeratins. Cytokeratin staining is displayed in green and the nuclei are 
counter-stained with DAPI in blue.  

2 Hours 4 hours 

Control 

400 µM  
H2O2 
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Subsequently, untreated (Figure 4.3) and hydrogen peroxide treated (Figure 4.4) 
submerged A549s were stained for the three members of the ternary complex, FX, 
FVII, and TF. The cells were imaged using confocal microscopy, to allow more precise 
co-localisation studies within individual cells. Cells treated with a non-immune isotype 
control IgG were also imaged and showed good specificity for all three antibodies 
(Figure 4.2). In untreated cells, tissue factor was widely present in the cytoplasm and 
membranes of most cells (Figure 4.3, staining in green). There was also nuclear 
positivity. Factor VII showed very specific punctate staining in peri-nuclear areas 
throughout the cytoplasm (Figure 4.3, staining in orange). This may represent protein 
that has been produced and is being post-translationally modified or packaged for 
extracellular transport in the ER or Golgi apparatus. Factor X was distributed in a 
similar pattern to FVII (Figure 4.3, staining in purple). There was strong localisation of 
staining to the cytoplasm surrounding the nucleus, perhaps suggesting modification 
and processing occurring in the endoplasmic reticulum and Golgi apparatus. FX and 
FVII are both secreted proteins that undergo numerous post-translational 
modifications, such as extensive glycosylation (Yang et al. 2009) and conversion of 
glutamic acid residues to carboxy-glutamic acid groups (Furie et al. 1999) and it would 
be logical to hypothesise that in secretory cells they would be localised to structures 
responsible for processing, packaging, and eventual secretion, although this was not 
specifically investigated. When all three sets of staining were merged into a single 
image, there was clear overlap between all three factors (Figure 4.3, co-localisation 
shown in white), especially in the cytoplasm surrounding the nucleus. Interestingly, 
there was also strong co-localisation of all three factors to the nucleus, possibly 
nucleoli. Although blocking peptide studies were not included with this particular 
experiment, previous control conditions have demonstrated a high degree of specificity 
for all three antibodies. Therefore it was concluded that this unexpected nuclear 
localisation was genuine. There are no reports of any of these factors translocating to 
or playing a role in the nucleus, but there is at least one published report of coagulation 
factor XIIIa acting in this manner (Adany and Bardos 2003) so it is possible that this is 
a novel observation of intracellular activity, however this was not pursued further. 
In the same experiment, separate wells were treated with 400 µM H2O2 for 1 hour 
(Figure 4.4) to determine if treatment with reactive oxygen species resulted in acute 
changes to the distribution or production of coagulation factors. In peroxide treated 
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cells, there was also co-expression of all three members of the ternary complex. FVII 
and FX staining patterns were comparable to that observed in untreated cells. 
Interestingly, though, TF was more broadly expressed and seemed to be more highly 
nuclear, although this was not detected in using image analysis (result presented in 
Figure 4.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Isotype control antibody immunocytofluorescence  
A549 cells were grown in submerged culture in chamber slides. Cells were quiesced for 3 hours in 
serum free medium following which they were incubated with vehicle for 1 hour. The monolayers were 
then immunostained with non-immune IgG pools from mouse (green, top left), rabbit (orange, top right), 
and sheep (purple, bottom left) as indicated above. Non-specific staining was minimal with small areas 
in some nuclei being the only staining observed. Images shown are orthogonal with the X plane shown 
by the green line, the Y plane by the red line, and the Z plane by the blue line.   
 

Mouse IgG Rabbit IgG 

Sheep IgG Merge 
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 Tissue factor, Factor VII, and Factor X immunocytofluoresence in 
untreated submerged A549 cells 

A549 cells were grown in submerged culture in chamber slides. Cells were quiesced for 3 hours in 
serum free medium following which they were incubated with vehicle for 1 hour. The monolayers were 
then immunostained for TF (green), FVII (orange), and FX (purple) as indicated above. There was wide 
distribution of all three factors throughout the cells imaged. The main area of expression and co-
localisation was in the cytoplasm surrounding the nucleus, which possibly represented endoplasmic 
reticulum or Golgi body localisation. FX, TF, and to a lesser extent FVII, were also co-localised to the 
nucleus. Areas where FX and FVII coincide are coloured light pink, and areas where all three factors 
coincide are coloured white in the merged image. Images shown are orthogonal with the X plane shown 
by the green line, the Y plane by the red line, and the Z plane by the blue line.   
 
 

TF FVII 

FX Merge 
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 Tissue factor, factor VII, and factor X immunocytofluoresence in 
submerged A549 cells following treatment with 400 µM H2O2 

A549 cells were grown in submerged culture in chamber slides. Cells were quiesced for 3 hours in 
serum free medium following which they were incubated with 400 µM H2O2 for 1 hour. The monolayers 
were then immunostained for TF (green), FVII (orange), and FX (purple) as indicated above. TF was 
widely distributed throughout the cell and especially localised to the nucleus. FX and FVII still displayed 
some nuclear positivity. In addition, FVII and FX were mainly localised to cytoplasmic structures. Areas 
where FX and FVII coincide are coloured light pink, and areas where all three factors coincide are 
coloured white in the merged image. Nuclei were counterstained in blue with DAPI. Images shown are 
orthogonal with the X plane shown by the green line, the Y plane by the red line, and the Z plane by the 
blue line. 
 

TF FVII 

FX Merge 
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Additionally, image analysis to determine the extent of the colocalisation between the 
antibody staining was performed using the Just Another Colocalisation plugin (JACoP, 
(Bolte and Cordelieres 2006)) in ImageJ. Single colour stacks were analysed pair-wise 
to determine the overall correlation between protein localisation. Pearson’s correlation 
coefficients (PCCs), which are a measure of the linear correlation between two factors, 
were calculated for individual cells through their entire 3-dimensional structure of 12 
Z-slices (an example of the cell selection is displayed in Figure 4.5, A). Pearson’s 
values were medium to strong and demonstrated nuclear localisation of all three 
members of the ternary complex as well as colocalisation between TF, FVII, and FX 
(Figure 4.5, B). Costes’ randomisation protocol, which calculates the average PCC 
thousands of times on slices with a randomised pixel distribution in order to detect 
correlations resulting from chance rather than colocalisation, demonstrated highly 
significant correlations for all pairs analysed (Costes et al. 2004). After hydrogen 
peroxide treatment, there were no changes in the PCC values other than that between 
DAPI and FVII, which increased from .2516 to .3612 (p<0.05). 
In Chapter 3, evidence was presented supporting a role for NRF2 activation in the 
production of F10. Therefore, further immunofluorescent studies were undertaken in 
A549 cells to determine temporal changes in NRF2 localisation in response to 
hydrogen peroxide stimulation. F10 upregulation occurred quickly after treatment with 
reactive oxygen species (within 15 minutes). A549 cells were incubated with 400 µM 
hydrogen peroxide for periods from 0 to 60 minutes and then stained for total NRF2. 
NRF2 populates the cytoplasm of the cell under basal conditions of little or no oxidative 
stress. It is sequestered there through an interaction with the protein Keap-1. When 
this interaction is disrupted by oxidative events, NRF2 dissociates from Keap-1 and 
can then translocate to the nucleus where it activates the transcription of its target 
genes. Therefore, staining for NRF2 should result in cytoplasmic localisation under 
basal conditions and nuclear localisation in the presence of oxidative stress.  
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 Colocalisation of ternary complex proteins in A549s via JACoP 
image analysis 

The images displayed in Figure 4.3 and Figure 4.4 were analysed using JACoP in ImageJ to detect 
protein colocalisation. Pearson’s coefficients were calculated on the Z-stack (12 slices) of individual 
cells as displayed in Panel A. All comparisons showed a highly significant correlation between the 
factors, as measured by Costes’ randomisation protocol, although there were differences in the strength 
of this correlation. In particular, the most strongly associated pairs were DAPI – TF and FVII – FX. After 
treatment with hydrogen peroxide, there was a significant increase in the PCC between DAPI and FVII, 
implying that ROS treatment resulted in increased FVII nuclear localisation. Data are expressed as the 
PCC (average ± SEM, n=5 cells). * p<0.05 in comparison to the appropriate control group, unpaired 
Student’s t test.   
 
However, immunocytofluoresence of A549 cells demonstrated near ubiquitous nuclear 
localisation of NRF2 even in untreated cells and there was no obvious change after 
treatment with hydrogen peroxide (Figure 4.6). This indicates either that the cells were 
under oxidative stress at baseline or, more likely, that the KEAP1 mutation in these 
cells results in NRF2 nuclear localisation at baseline (Singh et al. 2006). In 
confirmation of Figure 4.1, there were no overt changes in cell number or morphology 
detected over the time course which again shows that treatment with this 
concentration of hydrogen peroxide for this duration is non-toxic. 

A B 
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The images presented in Figure 4.6 were analysed for colocalisation using JACoP in 
ImageJ. PCCs were calculated on the full stack (7 Z-slices) of images of individual 
cells (an example field is displayed in Figure 4.7, Panel A) in order to determine any 
changes in the colocalisation of DAPI and NRF2 after H2O2 treatment. As was 
observed in the images, there was a highly significant correlation of NRF2 and DAPI, 
via Costes’ randomisation protocol, even in untreated cells. Although NRF2 nuclear 
localisation was detected at baseline, the PCC at 1 and 5 minutes was significantly 
higher than that of control cells (Figure 4.7, Panel B, .678 and .767 respectively vs 
.502, p<0.001). At 30 and 60 minutes post-treatment, the PCC returned to baseline. 
These data suggest that NRF2 rapidly associates with the nucleus following H2O2 
treatment and that this nuclear localisation quickly returns to baseline levels.   
The previously presented images were generated using a confocal microscope, which 
allows for the determination of the 3-dimensional pattern of staining. Confocal and 
traditional epifluorescent microscopy rely upon filters that limit the excitation/emission 
wavelengths to provide discrimination between multiple fluorophores. Multi-spectral 
imaging, in contrast, involves the collection of emission data at all wavelengths within 
a range determined by the user. Preliminary imaging of unstained slides and slides 
containing each fluorochrome in isolation allows for the creation of a spectral library 
containing the precise emission behaviour of the tissue or cell of interest and each 
fluorescent dye over the entire range of collected wavelengths. This information then 
allows for the detection and elimination of both autofluorescence and interference, or 
bleed through, between fluorophores. In a similar manner to that seen in FACS, 
positivity from one fluorophore erroneously detected as staining for another 
fluorophore because of spectral overlap is compensated for and removed, leaving only 
true positive staining. Because of the nature of multi-spectral imaging, if the spectral 
library is carefully created, there is no risk of a false positive. However, if the 
background is removed to aggressively, there could be unintended removal of genuine 
staining, especially if the background staining is present at similar wavelengths to 
those produced by the fluorophores used.     
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 NRF2 immunocytofluorescence in A549 cells following hydrogen 

peroxide treatment for 1 to 60 minutes 
A549 cells were grown in submerged culture in chamber slides. After quiescing for 3 hours, cells were 
incubated with either medium only or medium containing 400 µM hydrogen peroxide for 1, 5, 30, or 60 
minutes, as indicated above. Following treatment, cells were washed, fixed, permeabilised, and stained 
using an antibody for total NRF2 protein. Images were collected using confocal microscopy. Under 
control conditions, there was near ubiquitous nuclear positivity. The left column shows the DAPI positive 
nuclei, the middle column shows NRF2 positive staining, and the right column shows a merged image. 
A scale bar of 100 µm is represented in the bottom left corner of each image.    

Control 

1 Min 

5 Min 

30 Min 

60 Min 

DAPI Merge NRF2 
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 Colocalisation of NRF2 and DAPI after hydrogen peroxide treatment 
in A549s via JACoP image analysis 

The images displayed in 0 were analysed using JACoP in ImageJ to detect protein colocalisation. 
Pearson’s coefficients were calculated on the full Z-stack (7 slices) of individual cells as displayed in 
Panel A. All comparisons showed a highly significant correlation between the DAPI and NRF2, as 
measured by Costes’ randomisation, demonstrating NRF2 nuclear localisation even in untreated cells. 
After treatment with hydrogen peroxide for 1 and 5 minutes, there was a significant increase in the PCC 
which returned to baseline at 30 and 60 minutes. Data are expressed as the PCC (average ± SEM, n=7 
cells). *** p<0.001, **** p<0.0001 in comparison to the control group, 1-way ANOVA, Tukey’s multiple 
comparisons post-hoc test. 
A549 cells grown in standard submerged culture in chamber slides were treated with 
hydrogen peroxide at concentrations of 0 (Figure 4.8, Panel A), 100 (Panel B), 300 
(Panel C), or 1000 µM (Panel D) for one hour followed by fixation, permeabilisation, 
and staining for phospho-S40 NRF2 and PanCK. p-S40 NRF2 antibody recognises it’s 
epitope on NRF2 only when it is phosphorylated. NRF2 phosphorylation at this site 
after its dissociation from KEAP1 results in its nuclear translocation and activation of 
the ARE (Huang et al. 2002). Theoretically, only activated NRF2 will be detected by 
this antibody which would result in a more specific determination of the activated NRF2 
present in the system of interest. PanCK was used as a counter-stain in order to 
determine overall cell size and shape. Once again, there were few qualitative 
differences in the NRF2 staining. Interestingly, in the 1000 µM condition, there was an 
apparent decrease in both the number of nuclei present as well as the intensity of 
PanCK staining, indicating the toxic effect of this large amount of hydrogen peroxide 
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on cells presented in Chapter 3. The lack of effect of higher concentrations of 
hydrogen peroxide on NRF2 phosphorylation may have been a result of the relative 
late (1 hour) time-point used in this experiment or it may indicate that the interaction 
between ROS and NRF2 activation presented in Chapter 3 did not result from 
changes in phosphorylation in general or at this particular site.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 phospho-S40 NRF2 epifluorescence in A549 cells after treatment 
with hydrogen peroxide 

Quiesced A549s were incubated with vehicle control or medium containing hydrogen peroxide at 
concentrations of 100, 300, or 1000 µM for 1 hour (as indicated above). After treatment, the cells were 
washed, fixed, permeabilised, and stained for DAPI (blue), NRF2 (green) and PanCK (red). Images 
were analysed using multispectral image analysis. A merged image shows the co-localisation of NRF2 
and DAPI (bottom right image in each panel). In all samples, regardless of hydrogen peroxide 
concentration, the majority of nuclei were NRF2 positive and there were no qualitative changes in the 
number of positive nuclei. However, treatment with 1000 µM H2O2 appeared to result in a reduction of 
the amount of PanCK staining and fewer cells present each field of view.   

100 µM H2O2 

300 µM H2O2 1000 µM H2O2 

0 µM H2O2 
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The images displayed above (Figure 4.9), and others, were analysed using JACoP in 
ImageJ. The Pearson’s coefficient showed a large amount of DAPI-NRF2 
colocalisation (ranging from 0.66 to 0.88) in all treatment conditions. Interestingly, 
there was a significant decrease in correlation after treatment with 300 µM H2O2.  
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 Colocalisation of DAPI and pS40-NRF2 in A549s via JACoP image 

analysis 
The images presented in Figure 4.8 and other fields of view from the same experiment were analysed 
using JACoP in ImageJ. The Pearson’s coefficient showed a strong correlation between the two stains, 
confirming a high degree of NRF2 nuclear localisation. After treatment with a concentration of 300 µM 
H2O2, there was a significant decrease in the PCC. Data are represented as the average PCC (mean ± 
SEM, n=4). * p<0.05 in comparison to untreated control, 1-way ANOVA, Tukey’s multiple comparisons 
post-hoc test.   
 
This confirms published work showing that the A549 cell line displays constitutive 
NRF2 nuclear association as a result of a KEAP1 mutation that disrupts its association 
with, and inhibition of, NRF2 (Singh et al. 2006). This further defines the role for NRF2 
in F10 regulation as presented in Chapter 3, which appears to not result from 
increased nuclear localisation of NRF2. As will be discussed further below, NRF2 
activation is complex and requires multiple steps above and beyond its dissociation 
from KEAP1 and translocation to the nucleus. Its activity is influenced by 
phosphorylation by cytoplasmic kinases and its ability to bind to its target genes is 
influenced by binding proteins in the nucleus. Therefore, it may be that 
immunocytofluorescence is not an appropriate assay to detect subtle changes in 
NRF2 activity as opposed to NRF2 localisation. 
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For instance, one possible explanation is that immunocytofluorescence is not sensitive 
enough to detect subtle changes in NRF2 nuclear localisation. It is possible that NRF2 
already present in the nucleus localises to different areas or different genes through 
the action of ROS. One potential mechanism could be changes in its sensitivity for 
transcription targets or its ability to complex with binding partners. 
 

 Immunofluorescent staining of primary HBECs grown in submerged 
culture 

Initial studies conducted in the epithelial cell line A549 were expanded to include 
primary epithelial isolates. Primary human bronchiolar epithelial cells were used 
because of their availability. HBECs were stained for FX, FVII, and TF and imaged 
using confocal microscopy to demonstrate 3D localisation of proteins. In control wells, 
there was immunofluorescent staining for all three members of the ternary complex, 
but the pattern of this staining was different from that observed in A549 cells (Figure 
4.10). TF (staining in green) was present throughout the cytoplasm of the cell, 
especially in perinuclear structures, but was also strongly localised to the cellular 
membrane and what appeared to be cell-cell junctions. Although not specifically 
investigated herein, such membranous localisation could be confirmed by 
demonstrating colocalisation with a marker such as zonula occludens 1 (ZO1). FVII 
(staining in orange) was present but at much lower levels than that detected in A549 
cells. It was almost solely localised to the cytoplasm surrounding the nucleus. FX 
(staining in purple) was localised to both the cytoplasm surrounding the nucleus as 
well as cell-cell junctional areas. All three members strongly co-localised to the 
cytoplasm surrounding the nucleus (colocalisation displayed in white), an area which 
most likely represents the endoplasmic reticulum and Golgi apparatus. Although it was 
not specifically addressed, this could be specifically interrogated using an ER or Golgi 
marker. One hypothesis regarding this localisation is that these proteins are 
undergoing post-translational modification followed by membrane transport, in the 
case of TF, or packaging for secretion, in the case of FX and FVII.  
There were notable differences in the staining patterns between HBECs and A549s. 
TF expression in A549 was predominantly found within the cytoplasm and nucleus, 
with limited membrane localisation. In HBECs, however, there was strong staining for 
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TF on the membrane with little observed staining in the nucleus. This was also true for 
FX, which was predominantly observed only in the peri-nuclear cytoplasm in A549 
cells. The greater membrane localisation in HBECs may suggest that these cells 
secrete FX. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Tissue factor, Factor VII, and Factor X immunocytofluorescence in 
untreated submerged HBECs 

HBECs grown in submerged culture in chamber slides were incubated with control medium for 1 hour 
followed by washing, fixation, permeabilisation, and immunofluorescent staining for TF (green), FVII 
(orange), and FX (purple). A merge of all three sets of staining demonstrated colocalisation of the three 
factors (white). TF, FVII, and FX all localised to peri-nuclear regions, potentially suggesting post-
translational modification and packaging for secretion in the Golgi. TF and FX also potentially co-
localised on the membrane, especially structures that appeared to be cell-cell contacts. The scale is 
indicated in the bottom left corner of each image. Nuclei were counterstained with DAPI (blue). Images 
shown are orthogonal with the X plane shown by the green line, the Y plane by the red line, and the Z 
plane by the blue line. 
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Additionally, cells were treated with hydrogen peroxide at a concentration of 300 µm 
for 1 hour and then stained as above for the three members of the ternary complex: 
TF (Figure 4.11, staining in green), FVII (staining in orange), and FX (staining in 
purple). The localisation pattern after hydrogen peroxide treatment was broadly similar 
to that observed in vehicle treated. The three members of the ternary complex all 
localised to the nucleus, the peri-nuclear cytoplasm, and membranous areas. 
Individual cells (presented in Figure 4.12, Panel A) from the images in Figure 4.10 
and Figure 4.11 were analysed, using JACoP, through their entire Z-stack (consisting 
of 17 slices) to determine colocalisation of the factors in a pair-wise fashion. As was 
detected in the similar experiment with A549s, there was a strong correlation between 
the three members of the ternary complex (Panel B, PCCs ranging from 0.48 to 0.78). 
All three factors also displayed colocalisation with DAPI, although these values were 
lower than those for equivalent staining in A549s, particularly TF (0.32 in HBECs vs 
0.75 in A549 cells). Nevertheless, the correlations were highly statistically significant, 
as determined by Costes’ randomisation protocol. Upon treatment with hydrogen 
peroxide, there were no changes in any of the PCCs  
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 Tissue factor, Factor VII, and Factor X immunocytofluorescence in 
submerged HBECs treated with 300 µM H2O2 for 1 hour 

HBECs grown in submerged culture in chamber slides were incubated with 300 µM H2O2 for 1 hour 
followed by washing, fixation, permeabilisation, and immunofluorescent staining for TF (green), FVII 
(orange), and FX (purple) as indicated above. A merged image is also presented, with colocalisation of 
all three channels (white). Each of the three factors localised to the cytoplasm surrounding the nucleus. 
TF, FVII, and FX were localised to the cellular membrane and cell-cell junctions, although the intensity 
of FVII localisation was lower than the other two factors. Nuclei were counterstained with DAPI (blue). 
The scale is indicated in the bottom left corner of each image. Images shown are orthogonal with the X 
plane shown by the green line, the Y plane by the red line, and the Z plane by the blue line. 
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 Colocalisation of ternary complex proteins in HBECs via JACoP 
image analysis 

The images displayed in Figure 4.10 and Figure 4.11 were analysed using the JACoP in ImageJ to 
detect protein colocalisation. Pearson’s coefficients were calculated on the entire Z-stack (17 slices) of 
individual cells as displayed in Panel A. All comparisons showed a highly significant correlation between 
the factors, as measured by Costes’ randomisation, although there were differences in the strength of 
this correlation. In particular, the most strongly associated pair was FVII – FX. There were no significant 
changes in PCC following treatment with hydrogen peroxide. Data are expressed as the PCC (average 
± SEM, n=5 cells).  
 
The above immunocytofluorescence studies in HBECs demonstrated production of 
the three members of the ternary complex by submerged HBECs. This novel 
observation confirms results from Chapter 3 that indicated F10 expression and FX 
production by HBECs. In those experiments, the transcription factor that appeared to 
be necessary for the hydrogen peroxide-mediated increase was NRF2. To expand 
and confirm these results, the localisation and behaviour of NRF2 was further 
investigated in HBECs. Increases in F10 mRNA levels after hydrogen peroxide 
treatment occurred rapidly; therefore, HBECs grown in standard submerged culture in 
chamber slides were incubated with 300 µM H2O2 for periods from 1 to 60 minutes to 
determine if and when this concentration of peroxide resulted in NRF2 nuclear 
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translocation. Unexpectedly, there was abundant NRF2 nuclear localisation in 
untreated cells at baseline (Figure 4.13), reminiscent of the staining pattern displayed 
in A549s (Figure 4.6) and no qualitative changes with time. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
      

 NRF2 immunocytofluorescence in HBECs treated with hydrogen 
peroxide for 1 to 60 minutes 

HBECs grown in standard submerged culture were treated with 300 µM hydrogen peroxide for various 
periods of time as indicated above. After treatment, all wells were washed, fixed, permeabilised, and 
stained for NRF2 (green, middle image in each panel). There was a high level of NRF2 nuclear 
localisation, even in the absence of H2O2, and no apparent changes with time. Nuclei were 
counterstained using DAPI (blue, left image in each panel). The scale is indicated in the bottom left of 
each image. 
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Images from the previous figure as well as others not presented were quantified in 
ImageJ using JACoP to determine the correlation between NRF2 and DAPI. The 
PCCs for individual cells (as presented in Figure 4.14, using the entire Z-stack of 10 
slices, Panel A) were calculated and detected correlations at all times investigated, all 
of which were deemed significant by Costes’ randomisation protocol. This 
demonstrated, as was observed with A549 cells, that there was a large degree of 
baseline nuclear NRF2 positivity. Interestingly, however, the PCC significantly 
decreased after treatment with hydrogen peroxide for 5, 15, and 60 minutes when 
compared to control (Figure 4.14, Panel B, 0.64, 0.65, and 0.66 respectively vs 0.72). 
This suggested a minor decrease in the association between NRF2 and DAPI. One 
potential explanation is that NRF2 activation results in its concentration to specific 
areas within the nucleus, such as promoter elements carrying an ARE, and that this 
results in an apparent decrease in its overall nuclear distribution.  

 
 

 
 
 
 
 
 
 

 NRF2-DAPI correlation in HBECs - Image analysis via JACoP 
The full Z stack (10 slices) of randomly selected individual cells (Panel A) in the images displayed in 
Figure 4.13 and others not presented (a total of 15 cells, 5 each from 3 independent fields of view) 
were analysed using JACoP in ImageJ to detect protein colocalisation. Pearson’s coefficient showed 
significant correlations (via Costes’ randomisation protocol) between DAPI and NRF2 for all 
experimental groups. After treatment with 300 µM H2O2 for 5, 15, and 60 minutes, the PCC was 
significantly lower compared to the untreated control. Data are expressed as the PCC (mean ± SEM, 
N=10 cells). * p<0.05, ** p<0.01 compared to the untreated control, 1-way ANOVA, Tukey’s multiple 
comparisons post-hoc test.  
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Although near ubiquitous NRF2 nuclear localisation at baseline was unexpected, there 
are some reports of baseline ROS signalling in vitro (Halliwell 2003), which suggests 
that some amount of NRF2 activation is normal and expected within most cell culture 
systems. With this basal oxidative signalling in mind, a hydrogen peroxide 
concentration response was undertaken to determine any concentration-dependent 
effects of hydrogen peroxide on NRF2 nuclear translocation. HBECs grown in 
standard submerged culture were stimulated with hydrogen peroxide in concentrations 
of 0, 100, 300, or 1000 µM for 1 hour followed by immunocytofluorescence staining. 
Two imaging methods and antibodies were investigated simultaneously: a total NRF2 
antibody was used for confocal microscopy and a p-S40 NRF2 antibody was used for 
multi-spectral imaging.  
Total NRF2 localisation was investigated in HBECs and imaged by confocal 
microscopy. In untreated cells, there was some nuclear staining (Figure 4.15, positive 
staining in green), and no qualitative changes following hydrogen peroxide treatment. 
In order to quantify any difference in the correlation between NRF2 and DAPI, 
individual cells for each condition (Figure 4.15, using the full Z-stack of 14 slices, 
Panel A) were analysed using JACoP to generate PCCs (Figure 4.16, Panel B). In 
control cells, there was a strong correlation between DAPI and NRF2 (mean of 0.8) 
that was deemed statistically significant via Costes’ randomisation protocol. After 
treatment with hydrogen peroxide, there were no significant changes in the PCC. This 
again highlighted high baseline NRF2 nuclear localisation in HBECs. 
One potential explanation for these data could be that NRF2 signalling is not related 
to the effect of H2O2 on F10 levels in either A549 cells or HBECs. However, given the 
robust molecular biology data presented in Chapter 3 of this document and the widely 
accepted fact in the literature that hydrogen peroxide is a known potent inducer of 
NRF2 signalling, it is likely that the methodology selected, confocal microscopy, was 
simply not the correct way to detect subtle changes in NRF2 localisation or signalling. 
As will be discussed further in the future plans section, it would be useful to include 
more traditional signal transduction/transcription activation strategies, such as reporter 
constructs, to detect changes in NRF2 signalling. 
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 NRF2 immunocytofluorescence in HBECs treated with 100 to 1000 
µM H2O2 

Submerged HBECs were treated with concentrations of hydrogen peroxide of 0, 100, 300, or 1000 µM 
for 1 hour followed by washing, fixation, permeabilisation, and immunofluorescent staining for NRF2. 
There were substantial numbers of positive nuclei in each condition, including the untreated control. 
Total nuclei were stained using DAPI (blue, left image in each panel) and NRF2 (green, middle image 
in each panel. A merge of all three stains to show co-localisation is displayed in the right image of each 
panel. 
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left of each image.  
 

 ImageJ quantification NRF2 and DAPI nuclear localisation – JACoP  
The full Z-stack (14 slices) of randomly selected individual cells from the images presented in the 
previous figure was analysed using JACoP (an example cell selection is presented in Panel A). The 
PCCs (Panel B) showed a high degree of correlation via Costes’ randomisation protocol, even in 
untreated cells, and did not differ after treatment with any of the tested concentrations of H2O2. Data 
are expressed as the PCC (mean ± SEM, n=10 cells) 
 
In addition, HBECs incubated with hydrogen peroxide in concentrations of 0 to 1000 
µM for 1 hour were stained for p-S40 NRF2 (Figure 4.17, green). NRF2 nuclear 
localisation was detectable in all treatment groups including the untreated control. 
Interestingly, far fewer positive nuclei, as a percentage of the total nuclei present, were 
detected with the phosphorylated antibody. Also, whereas the total NRF2 staining 
highlighted nuclear areas that were of similar size and shape to the DAPI positive 
nucleus, the phospho-antibody detected smaller discrete areas within the nucleus, 
suggesting a localised concentration of activated phospho-NRF2. There was an 
apparent qualitative increase in areas of pS40-NRF2 positivity after treatment with 
hydrogen peroxide, but these were not borne out upon image analysis. 
 
 
 

A B 

0 300 600 900
0.75

0.80

0.85

0.90

[H2O2], M



 

248 
 

 
 
   
 
 
 
 
 
 
 
 
 
 
 

 p-S40 NRF2 immunocytofluorescence in HBECs treated with 100 to 
1000 µM H2O2 

HBECS grown in standard submerged culture were incubated with medium containing vehicle or 100, 
300, or 1000 µM H2O2. After 1 hour, the monolayers were washed, fixed, permeabilised and stained 
using immunocytofluorescence for p-S40 NRF2 (green), DAPI (blue). A merged image of all three is 
displayed in the right image of each panel. There were positive nuclei at baseline and in all experimental 
conditions. 
 
The images displayed in the previous figure were quantified using JACoP in ImageJ. 
20 random nuclei per field of view were selected for PCC calculation (Figure 4.18, 
Panel A). There were no statistical differences in the average PCC after ROS 
treatment (Panel B). The percentage of positive nuclei was also calculated and 
displayed in Panel C.     
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 Quantification of DAPI and p-S40 NRF2 co-localisation after 
hydrogen peroxide treatment  

Randomly selected nuclei (Panel A) from images including those presented in Figure 4.17, were used 
for ImageJ-based co-localisation quantification using JACoP (Panel B). NRF2 positive nuclei were 
detected in all treatment groups. No statistical differences in the average PCC over 40 cells was 
detected. Data are expressed as the PCC (mean ± SEM, n=40 cells). 
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 Immunocytofluorescent staining of HBECs grown at air-liquid interface  
Immunofluorescent studies demonstrated both ternary complex production and co-
localisation and NRF2 activation in submerged A549s and HBECS. However 
submerged cells do not fully replicate the in vivo structure and behaviour of epithelial 
cells. As a result, further studies were undertaken in differentiated cultures of HBECs 
grown at ALI for 3 weeks. When in submerged culture, HBECs express mainly basal 
cell makers. When grown at ALI with the appropriate factors and media, they 
differentiate into members of the bronchiolar epithelium such as ciliated cells and 
goblet cells, recapitulating many of the characteristics the pseudo-stratified 
bronchiolar epithelium. 
Initially, the formulation of the epithelial layer was confirmed after ALI differentiation of 
HBECs. Cells from 3 donors were differentiated for 3 weeks and then fixed and 
processed for standard histological staining using H&E (Figure 4.19, Panel A). In 
addition to investigating untreated conditions, certain wells were also incubated with 
the hydrogen peroxide generating enzyme GOx at a concentration of 10 or 20 mU/mL 
for 4 hours prior to fixation (Figure 4.19, Panels B and C) in order to determine if this 
treatment would result in any physical changes to the cellular layer. GOx was 
previously used as an oxidant stimulus in several cell types (results presented in 
Chapter 3). H&E-stained differentiated HBEC ALI cultures displayed a typical pseudo-
stratified structure as expected. Additionally, there were areas with cilia, demonstrating 
that the basal cells had differentiated into ciliated cells (Figure 4.19, indicated by 
arrows). In experiments performed by Dr. Manuela Platé, the expression of cilia and 
goblet cell markers was confirmed in similar cultures. GOx treatment did not appear 
to result in gross changes to the structure of the monolayer. Ciliated cells were present 
in similar numbers. Therefore it was concluded that GOx was a well-tolerated stimulus 
and further experiments were conducted to investigate what role it might have in FX 
production.  
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 H&E staining on HBEC ALI cultures treated with glucose oxidase 

HBECs were grown to confluence in 0.2 µm transwells and put at ALI. Cells were cultured for 3 weeks 
to encourage differentiation after which they were treated with vehicle control (Panel A), 10 mU/mL 
GOx (Panel B), or 20 mU/mL GOx (Panel C) for 4 hours followed by fixation, embedding, sectioning, 
and H&E staining. All treatment groups showed a typical pseudo-stratified epithelium with nuclei at 
multiple depths throughout the layer. Cilia were also present (indicated by arrows). There was no 
apparent effect of glucose oxidase on the presence, number, or size of the cells. The scale is indicated 
in the bottom left corner of each image. 
 
Immunocytofluorescent staining for factors of interest was also investigated using ‘top-
down’ confocal microscopy. Control and GOx treated HBEC ALIs were washed, fixed, 
and stained for TF, F10 and CK5 (undifferentiated basal cell marker expressed by the 
majority of HBECs when grown in submerged culture). Previous experiments (Figure 
4.10 and Figure 4.11) demonstrated the production of TF and FX in submerged, 
undifferentiated basal cell cultures. Therefore, staining for these factors was included 
to determine if this production remained in a differentiated epithelial layer in vitro and, 
if so, in which specific cell types. TF expression (Figure 4.20, green) was observed 
on what appeared to be the membrane of cells and cell-cell junctions, similar to the 
distribution noted in submerged HBEC cultures. Surprisingly, CK5 (Figure 4.20, 
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orange), which was present in roughly half of the cells, was noticeably absent from 
strongly TF positive cells. TF has been proposed as a basal cell marker, so this 
absence would not appear to correspond with the published research in this area 
(Ahmad et al. 2013). One possible reason for this is that studies showing uniform TF 
expression in basal cells were performed on cells grown in submerged culture. ALI 
culture induces differentiation and polarisation, which has an effect on the expression 
of numerous proteins and markers. Staining for FX protein (Figure 4.20, purple), 
however, showed a much different pattern in ALI cultures when compared with 
submerged cells where the FX was localised to both the cytoplasm and what appeared 
to be cell-cell junctions. At ALI, the staining was punctate and present mostly above 
the nucleus, although there were areas of strong co-localisation with TF.  There was 
no particular association between CK5 and FX. These results confirmed the 
expression of TF and FX at baseline by differentiated bronchiolar epithelial cells, which 
is a novel observation. 
In related experiments, differentiated monolayers were treated with 10 mU/mL GOx 
for 4 or 24 hours and then stained for the three members of the ternary complex. In 
untreated cells at 4 hours, TF was present mainly on the surface of the cell and along 
cell-cell junctions (Figure 4.21, green). FVII was mainly present within the cellular 
cytoplasm, particularly just surrounding the nucleus, as was detected in submerged 
A549s and HBECs (Figure 4.21, orange). FX did not stain as strongly as it did in the 
previous image, probably as a result of inter-donor variability, but was localised to 
similar areas as FVII (Figure 4.21, purple). Peri-nuclear staining would most likely 
represent staining of protein that has been produced and is actively being post-
translationally modified and packaged for secretion. As detected in submerged 
cultures, TF localised to what appeared to be the membrane and cell-cell contacts. In 
general, TF localisation was broadly similar to that seen in submerged cells (Figure 
4.10). The distribution of FX and FVII was more punctate and less overtly localised to 
major structures such as the membrane, which may indicate changes in the 
localisation or production of these factors.  
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 Immunocytofluorescence for Tissue factor, Cytokeratin 5, and 
Factor X in HBEC ALI cultures 

HBECs were grown to confluence in 0.2 µm transwells and put at ALI. Cells were cultured for 3 weeks 
to encourage differentiation after which they were fixed, stained using immunofluorescence, and 
imaged by confocal microscopy. TF (Panel A, green) was localised along the cell membranes and at 
cell-cell junctions, CK5 (Panel B, orange) was present throughout the cell, and FX (Panel C, purple) 
was observed as punctate staining on the upper surface of the cellular layer. Nuclei were counterstained 
in blue with DAPI. Images shown are orthogonal with the X plane shown by the green line, the Y plane 
by the red line, and the Z plane by the blue line. A scale of 20 µm is displayed in the bottom left of each 
image. 
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HBEC ALI cultures were also treated with 10 mU/mL GOx in the basal medium for 4 
hours (Figure 4.21). This concentration of GOx was demonstrated in the previous 
chapter to result in increased F10 after 4 and 24 hours. Therefore, it was hypothesised 
that immunofluorescent staining of ALI cultures treated with GOx could detect changes 
in FX and related coagulation factors of interest. Upon treatment with GOx, however, 
there were no notable differences in the distribution of TF, FVII, or FX, however, there 
was a subjective decrease in the intensity of all three factors. Given especially 
indications from the previous chapter regarding the effect of ROS on the secretion of 
FX and FVII, it is possible that in this system there is an apparent decrease because 
of increased ROS-mediated secretion, although this was not directly addressed. 
In a similar manner, ALI cultures were treated for 24 hours with 10 mU/mL GOx 
(Figure 4.22). Staining for TF (green), FVII (orange), and FX (purple) was broadly 
similar to that observed in the 4 hour treated cells. Additionally, as in the previous 
figure, there was a subjective decrease in the intensity of all three factors after 
treatment with GOx when compared with the untreated wells.     
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 Tissue factor, Factor VII, and Factor X immunocytofluorescence in 
control and GOx treated HBECs 

HBECs were grown to confluence in 0.2 µm transwells and put at ALI. Cells were cultured for 3 weeks 
to encourage differentiation after which they were left untreated or treated with 10 mU/mL GOx for 4 
hours (as indicated in image), fixed, stained using immunofluorescence, and imaged by confocal 
microscopy. TF (green) was localised to the surface of the cellular layer, cellular membranes, and cell-
cell junctions. FVII (orange) was present as punctate staining in the peri-nuclear cytoplasm. FX (staining 
in pink) was also present in the cytoplasm of the cell. Nuclei were counterstained in blue with DAPI. 
Areas of co-localisation are displayed in the merged images as white staining. Apart from a subjective 
decrease in the overall intensity of all three factors, there were no differences upon treatment with GOx. 
Images shown are orthogonal with the X plane shown by the green line, the Y plane by the red line, 
and the Z plane by the blue line. The scale of 20 µm is displayed in the bottom left of each image. 
Images are representative of 2 independent experiments using separate donor lines. 
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 Tissue factor, Factor VII, and Factor X immunocytofluorescence in 
HBECs treated with GOx for 24 hours 

HBECs were grown to confluence in 0.2 µm transwells and put at ALI. Cells were cultured for 3 weeks 
to encourage differentiation after which they were left untreated or treated with 10 mU/mL GOx for 24 
hours (as indicated above), fixed, stained using immunofluorescence, and imaged by confocal 
microscopy. TF (green) was localised to the surface of the cellular layer, cellular membranes, and cell-
cell junctions. FVII (orange) was present as punctate staining in the peri-nuclear cytoplasm. FX (staining 
in purple) was also present in the cytoplasm of the cell. Nuclei were counterstained in blue with DAPI. 
Areas of co-localization are displayed in the merged image as white staining. The staining pattern was 
similar to that detected in the previous figure. Images shown are orthogonal with the X plane shown by 
the green line, the Y plane by the red line, and the Z plane by the blue line. The scale of 20 µm is 
displayed in the bottom left of each image. 
 
The images in the two previous figures were also analysed through their full Z-stack 
depth (18 slices) using JACoP in ImageJ to calculate the PCCs in a pair-wise fashion. 
The colocalisation coefficients produced for the members of the ternary complex were 
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broadly similar to that detected in equivalent submerged HBEC cultures whilst the 
correlations between these three factors and DAPI were lower. 
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 Image analysis of colocalisations in ROS-treated HBEC ALI 
cultures 

The images presented in Figure 4.21 and Figure 4.22 were analysed in ImageJ using JACoP. The 
calculated PCCs, all of which were deemed statistically significant by Costes’ randomisation protocol, 
displayed colocalisation between each member of the ternary complex as well as smaller overlaps 
between the three factors and DAPI. There were no qualitative differences between the control and 
GOx treated wells. Data are presented as the PCC for each pair-wise comparison. 
 
 

 Summary 
Results presented in this section focused on the production of the ternary complex 
coagulation proteins by pulmonary epithelial cells in both submerged and ALI culture 
as well as the activation of NRF2 in response to hydrogen peroxide. Data included: 

 Treatment of Submerged A549s with 400 µM H2O2 did not result in changes in 
morphology or PanCK localisation 

 The three members of the ternary complex were all detected in A549s grown in 
submerged culture. Staining was localised to the cytoplasm surrounding the 
nucleus. Additionally, all three factors displayed nuclear localisation.  

 Immunofluorescence for NRF2 displayed significant nuclear localisation 
irrespective of treatment with H2O2 and a statistically significant increase in the 
PCC after peroxide treatment for 1 and 5 minutes. In addition, staining for p-
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S40 NRF2, which is limited to the nucleus, also detected high degrees of 
positivity at baseline.  

 In submerged culture, HBECs were shown to express the three members of the 
ternary complex. Co-localisation was present in the cytoplasm surrounding the 
nucleus, as was detected in A549s. In contrast, however, TF, FVII, and FX were 
also observed in areas that appeared to be membranous and cell-cell junctions. 

 NRF2 immunofluorescence detected unexpectedly large amounts of nuclear 
localisation in submerged HBECs (~60%). After treatment with 300 µM H2O2 
for 5, 15, or 60 minutes, there was a significant decrease in the DAPI – NRF2 
association, however, this was not detected after treatment with concentrations 
of 100 to 1000 µM for 60 minutes.  

 Finally, HBECs were grown into well-differentiated ALI epithelial layers; the 
presence of ciliated cells was detected. Immunofluorescence demonstrated the 
presence of the three members of the ternary complex with TF strongly 
localising to the membrane and FX and FVII localising to the peri-nuclear 
cytoplasm. After treatment with GOx for 4 or 24 hours, there was an apparent 
decrease in the intensity of staining for all three factors.  

 
 Immunohistochemical staining of coagulation factors in 

normal and IPF human lung biopsies 
 Introduction 

Immunofluorescent staining for the ternary complex in cultured epithelial cells 
demonstrated production in vitro. Additionally, published studies have shown local 
production of coagulation factors by alveolar lung epithelium in fibrotic human tissue 
(Scotton et al. 2009). At baseline, the lung and most other organs exist in an anti-
coagulant state. Uncontrolled coagulation, such as that observed in sepsis, for 
instance, results in severe and deadly organ dysfunction. This is especially dangerous 
in the lung as the enormous surface area can result in uncontrolled clotting (Welty-
Wolf et al. 2002). Therefore, local production of coagulation factors in the lung 
represents an interesting and heretofore undescribed phenomenon. FX and TF were 
both detected in normal primary human bronchiolar epithelial cells at baseline 
(presented in Chapter 3 and Section 4.1.3), which suggests that these cells may also 
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be a source of FX and TF expression in the normal lung. What role such production 
may be playing is unknown and will be further discussed in Chapter 5. 
In addition to the members of the ternary complex, there are other important members 
of the coagulation cascade. One such member is coagulation factor V (FV), which 
catalyses the pro-thrombin cleaving ability of FX. Its pro-coagulant activity has been 
demonstrated to play a role in the reduced pulmonary function of FV Leiden patients 
(Juul et al. 2005) and experimental lung fibrosis (Xu et al. 2001), yet its production in 
the lung has not been investigated. Its production was therefore investigated, along 
with TF, FX, and FVII, in both normal and IPF human lung biopsies. 
 

 Immunohistochemistry for TF, FX, FVII, and FV in normal human lung 
Normal human lung specimens were stained using immunohistochemistry for the 
coagulation factors of interest. Biopsies were collected from rejected donor lungs and 
had no known underlying respiratory conditions. As mentioned above, primary human 
bronchiolar cells produce FX as well as activate FX to FXa, which would require the 
presence of FVII and TF.  
Empirical determination of antibody concentration and unmasking treatment were first 
performed using normal human liver tissue as a control (data not presented). Isotype 
control staining of normal human lung (Figure 4.24, A) and UIP tissue (Figure 4.24, 
B) demonstrated little to no non-specific staining. Serial sections from two individual 
biopsies of normal human lung were stained with specific antibodies for FX, FVII, TF, 
and FV (Figure 4.25, as indicated in the figure). In the distal lung, there was little 
specific staining for any of the coagulation factors. Staining for TF and FX produced a 
certain level of diffuse staining, which could relate to basal production and secretion 
of FX and shedding of TF. However, cells with the morphology of alveolar 
macrophages, present in the airway lumen, did stain specifically for all four factors 
(indicated by black arrows). This staining pattern confirms studies in the literature that 
have shown production of FVII (Chapman, Jr. et al. 1985) and TF (Haugen et al. 1999) 
by alveolar macrophages. Interestingly, FV and a low level of FVII staining was also 
detected in cells that appeared to be alveolar type II epithelial cells (indicated by red 
arrows), although immunostaining for FX or TF was not observed in these cells in 
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control tissue. A higher power view of macrophages and ATII cells is displayed in 
Figure 4.26.  
In addition to staining in parenchymal areas, there was strong immunolocalisation of 
FX, FVII, TF, and FV to the bronchiolar epithelium (Figure 4.27, indicated by red 
arrows). In fact, the bronchiolar epithelium represented the most strongly stained area 
in the normal lung (and is the source of the HBEC isolates used in Chapters 3 and 4). 
These data, in concert with the confocal staining presented earlier in this chapter, 
further suggest that there may be a heretofore undescribed role for coagulation factors 
in the uninjured lung. In addition, there were conglomerations of macrophages present 
in the air lumen that demonstrated staining for all four factors (indicated by black 
arrows). The appearance of all three factors in macrophages and bronchiolar 
epithelium suggests that these cells may also represent sites of coagulation cascade 
activation in vivo.  
These immunohistochemical studies were extended to lung biopsies collected for 
diagnosis of usual interstitial pneumonia (UIP), which is the histopathological 
designation of IPF. Previous research (Scotton et al. 2009) by this lab has shown the 
localisation of FVII, FX, and TF in fibrotic lung. Increased expression was mostly 
associated with the epithelium surrounding fibrotic areas as well as to cells within the 
fibrotic foci. This staining was confirmed and expanded to include FV in two different 
fibrotic lung biopsies. FX, FVII, TF, and FV (Figure 4.28, staining as indicated in the 
figure) were all present on the epithelium surrounding the fibrotic focus (indicated by 
red arrows). All four factors were also localised to cells present in the airway lumen, 
with the morphological appearance of macrophages (indicated by arrowheads). 
However, in contrast to the previously published results, all four factors were also 
strongly localised to cells within the focus (indicated with red arrows); cells which have 
been repeatedly identified as activated fibroblasts and myofibroblasts. These results 
show not only the potential for the formation of the ternary complex in the fibrotic focus 
but also the presence of FV. Together, these demonstrate that the fibrotic focus in 
particular is a likely site of FX activation and, through FV and the prothrombinase 
complex, may extend to pro-thrombin activation.  
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 Isotype control staining of normal and UIP Human lung tissue 
Normal and human UIP lung tissue was sectioned and stained using isotype control antibodies for FX, 
FVII, TF, and FV (as indicated in the figure). The nuclei were counterstained in blue using haematoxylin 
and the scale is indicated in the bottom left of each image.  
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 Factor X, Factor VII, Tissue factor, and Factor V in normal human 
parenchymal lung tissue by immunohistochemistry – low power 

Normal human lung tissue was sectioned and stained for the presence of FX, FVII, TF, and FV using 
immunohistochemistry (as indicated in the figure). There was strong immunostaining for all four factors on cells 
resembling alveolar macrophages (indicated by black arrows). Additionally, there was staining for FVII and FV in 
cells that appeared to be part of the alveolar epithelium and were most likely ATII cells (indicated by red arrows). 
The nuclei were counterstained in blue using haematoxylin and the scale is indicated in the bottom left of each 
image.  
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 Factor X, Factor VII, Tissue factor, and Factor V in normal human 
parenchymal lung tissue by immunohistochemistry – high power 

Normal human lung tissue (from two individual donors), fixed and embedded in paraffin wax, was sectioned and 
stained for the presence of FX, FVII, TF, and FV using immunohistochemistry (as indicated in the figure). Using a 
higher power view, the presence of FVII and FVI on likely ATII cells (indicated by red arrows) and all four factors 
on likely macrophages (indicated by black arrows) is highlighted. The nuclei were counterstained in blue using 
haematoxylin and the scale is indicated in the bottom left of each image. 
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 Factor X, Factor VII, Tissue factor, and Factor V in normal human 
bronchiolar epithelium via immunohistochemistry 

Normal human lung tissue (from two individual donors), fixed and embedded in paraffin wax, was sectioned and 
stained for the presence of FX, FVII, TF, and FV using immunohistochemistry (as indicated in the figure). All four 
factors were strongly localised to the bronchiolar epithelium (indicated by black arrows) and conglomerations of 
alveolar macrophages (indicated by red arrows). In particular, the bronchiolar epithelium was intensely stained for 
FV and FVII. Nuclei were counterstained in blue using haematoxylin and the scale is indicated in the bottom left of 
each image.  
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In contrast to the current data, the results presented in (Scotton, Krupiczojc, 
Konigshoff, Mercer, Lee, Kaminski, Morser, Post, Maher, Nicholson, Moffatt, Laurent, 
Derian, Eickelberg, & Chambers 2009) showed little or no TF present in the fibroblastic 
cells; it was only shown to localise to the epithelium surrounding these lesions. This 
may simply relate to the biological variability seen with different patients (especially in 
a disease as heterogeneous as IPF (Raghu et al. 2011)). There are some published 
data (Wygrecka et al. 2011), however, to support the presence of TF on fibroblasts 
within the fibrotic focus.       
There was also staining for the four coagulation factors in other areas of the lung. In 
common with the normal lung biopsies, FX, FVII, TF, and FVI (Figure 4.28, staining 
as indicated) were all present on the bronchiolar epithelium (indicated with red arrows) 
in IPF lung tissue.  
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 Factor X, Factor VII, Tissue factor, and Factor V in human UIP lung 
tissue via immunohistochemistry – fibrotic focus 

Human lung tissue (from two individual donors), fixed and embedded in paraffin, was sectioned and stained for the 
presence of FX, FVII, TF, and FV using immunohistochemistry (as indicated). All four proteins localised strongly to 
the epithelium surrounding the fibrotic focus (indicated by red arrows) as well as to fibroblasts within the focus 
(indicated by black arrows). Additionally, macrophages present within the lumen were also sites of co-localisation 
(indicated by black arrowheads). Nuclei were counterstained in blue using haematoxylin and the scale is indicated 
in the bottom left of each image. 
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 Factor X, Factor VII, Tissue factor, and Factor V in human UIP lung 
tissue via immunohistochemistry – bronchiolar epithelium 

Human lung tissue (from two individual donors), fixed and embedded in paraffin, was sectioned and 
stained for the presence FX, FVII, TF, and FV using immunohistochemistry (as indicated). All four 
coagulation factors were present in the bronchiolar epithelium (indicated by red arrows). Nuclei were 
counterstained in blue using haematoxylin and the scale is indicated in the bottom left of each image.   
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 Summary 

Results presented in this section related to the immunohistochemical detection of 
coagulation proteins of interest in normal and diseased human lung tissue. Results 
presented included: 

 Normal lung tissue contains only low amounts of FX, FVII, TF, and FV. All four 
factors localise to alveolar macrophages and bronchiolar epithelium. 
Additionally, there was some small degree of staining for FVII and FV on cells 
that were most likely ATII cells. 

 In IPF lung tissue, there was a large increase in the scope and intensity of 
staining present. Bronchiolar epithelium and macrophages remained positive 
for all four coagulation proteins. The main areas of increased staining were 
active fibrotic foci. Fibroblasts within the focus and the abnormal hyperplastic 
epithelium that delineated the outer edge demonstrated strong staining for all 
four factors. 

 
 Discussion and Future Directions 

Using immunocytochemistry, FX, TF and FVII were detected in A549 cells and in 
HBECs grown in both submerged and ALI culture. Together these three factors form 
the ternary complex, which results in the activation of FX to FXa. FXa exerts a number 
of pro-fibrotic and pro-inflammatory effects through activation of the pleiotropic PAR1 
and PAR2 receptors (Scotton, Krupiczojc, Konigshoff, Mercer, Lee, Kaminski, Morser, 
Post, Maher, Nicholson, Moffatt, Laurent, Derian, Eickelberg, & Chambers 2009) as 
well as through activation of the potent pro-fibrotic molecule thrombin which then also 
activates further downstream signalling processes. A549 is a cancer cell line and a 
number of different cancers have been shown to express coagulation factors (Yokota 
et al. 2009). This production can directly affect both their survival and motility (Wang 
et al. 2005). However, production of these factors at baseline in bronchiolar epithelium 
was previously undescribed. 
In A549s, there were areas of TF, FVII, and FX localisation to the nucleus, possibly 
nucleoli. This unexpected result implied that these factors may play a role in the 
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nucleus, at least in a cancer cell line. There is at least one published report (Adany & 
Bardos 2003) that demonstrates an intracellular and intranuclear role for FXIIIa, a 
similar protein. It is possible, then, to imagine that TF or FX or both might play a role, 
for instance, in protein shuttling to the nucleus or in transcription factor activity. The 
studies presented in this chapter were not constructed to interrogate this question and 
cannot further illuminate the observed nuclear localisation. This warrants further 
investigation to more specifically investigate the phenomenon. 
The production of TF, FVII, and FX at baseline represents an interesting and important 
observation. The role of FXa in the lung at baseline can only be speculated upon but 
it may be related to the unique relationship between the lung and the environment. 
The lung is in constant intimate contact with the outside environment through the 
process of respiration. This results in its contact with a number of damaging stimuli 
including pollution, particles, micro-organisms and high oxygen concentrations that 
could result in oxidative stress (Spagnolo et al. 2014). Therefore, our current 
hypothesis postulates that the frequent low-level insults that occur in the lung could 
require a compensatory level of coagulation/inflammation for host-defence and 
resolution purposes (without resorting to vascular leak). In fact, coagulation is a natural 
defence against foreign bodies, pathogenic or inert, that involves physical capture or 
‘walling off’ in a clot to prevent further access into the body (Sun 2006). 
The localisation of ternary complex proteins in HBECs differed significantly to that 
observed in A549s. In HBECs, TF and FX were strongly localised to the cellular 
membrane and cell-cell junctions. These results complement and confirm data that 
were presented in Chapter 3. In most cases, the structures within the lung that are the 
first site of contact for outside stimuli are the airways. Therefore, it is the bronchial and 
bronchiolar epithelia that begin the defence processes described above. FX 
production and activation by HBECs could, thus, represent an important facet of 
homeostasis in the normal lung.  
Ectopic coagulation factor production by the bronchiolar epithelium may also be 
involved in IPF aetiology or progression. IPF has traditionally been considered a 
disease affecting the parenchyma of the lung with little airway involvement. However, 
this notion has been challenged by studies highlighting small airway fibrosis and 
dysfunction (Shaw et al. 2002), and alveolar bronchiolisation (Odajima et al. 2007). In 
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addition, other pulmonary conditions, such as asthma, have described airway 
coagulopathies (de Boer et al. 2012) 
The previous chapter identified NRF2 as the likely transcription factor responsible for 
increased F10 mRNA production in the presence of hydrogen peroxide. Therefore, 
confocal and multi-spectral imaging studies were conducted to detect changes in 
NRF2 localisation in response to oxidative stimuli. A time-course study highlighted 
increased NRF2 – DAPI colocalisation after hydrogen peroxide treatment for 1 and 5 
minutes. Indeed, the speed of this increase correlates with the H2O2 time-course 
presented in Chapter 3, where increased gene expression was detected as early as 
15 minutes post-treatment. However, there was also a large degree of NRF2 nuclear 
localisation in untreated A549s. This was likely the result of a mutation in these cells 
that results in constitutive NRF2 nuclear translocation (Singh, Misra, Thimmulappa, 
Lee, Ames, Hoque, Herman, Baylin, Sidransky, Gabrielson, Brock, & Biswal 2006). 
The immediate question posed by this was: if NRF2 is constitutively present in the 
nucleus, how can it result in such a large increase in the production of F10 mRNA in 
response to oxidative stress? One theory, which was tested in Figure 4.17, was that 
hydrogen peroxide treatment can also result in increased phosphorylation and, 
therefore, transcriptional activity of NRF2. However, in A549s, the levels of 
phosphorylated nuclear NRF2 remained unchanged. One hypothesis that remains to 
be tested is that hydrogen peroxide may influence NRF2 binding partners (e.g. Maf, 
(Motohashi et al. 2004)) that then have an effect on either the specific transcriptional 
targets of NRF2 or its activity. The naturally high level of NRF2 nuclear localisation in 
A549s could also explain why these cells have higher levels of F10 and FX at baseline. 
Additionally, as described previously, it is possible that the apparent NRF2 activation 
is an artefact of the culture system. Cells grown in culture experience a higher oxygen 
concentration than they would in vivo, and this may result in a certain amount of NRF2 
activation in the absence of oxidative stress. 
Initial studies expanding NRF2 localisation into HBECs detected high levels of NRF2 
nuclear localisation irrespective of hydrogen peroxide treatment. Oddly, when HBECs 
were treated with 300 µM H2O2 for 5, 15, or 60 minutes, there were significant 
decreases in the colocalisation of NRF2 with DAPI. It is possible that this resulted from 
increased concentration of NRF2 to certain areas of the nucleus, although this was 
not investigated further. When the experiment was expanded to include the pS40 
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NRF2 antibody, the amount detected in the nucleus was much smaller. It was 
concluded, therefore, that staining for total NRF2, while it may show nuclear 
localisation, was not an accurate representation of the activation of NRF2. These data 
also suggest an interesting difference between A549 cells and HBECs. In A549s, total 
NRF2 and p-S40 NRF2 both localised to nearly all nuclei, suggesting that NRF2 in the 
nucleus in these cells in ubiquitously phosphorylated. In HBECs, only a small fraction 
of nuclei were immunopositive for p-S40 NRF2. This implies that NRF2 nuclear 
localisation does not necessarily mean that it is phosphorylated. Therefore, it also 
implies that nuclear localised NRF2 may not participate in gene transcription unless 
otherwise activated. 
HBECs were also differentiated at ALI and then stained for the ternary complex 
proteins. All three members were expressed in the pseudo-stratified epithelium and 
there was a qualitative decrease in the staining intensity after treatment with the 
hydrogen peroxide-generating enzyme GOx. One possible reason for this is that cells 
grown at ALI are more secretory. Therefore, ROS treatment could result in more 
secretion of FX which would register as increased FX in the conditioned media (as 
was presented in Chapter 3) and less FX inside of the cell. Therefore, the reduction 
in staining is explicable in terms of increased secretion. One method of testing this 
hypothesis would be to block secretion then measure any changes in the amount of 
intracellular FX. This also suggests another series of experiments that could be fruitful 
avenues to explore: the effect of ROS on secretory profiles of cells 
Image analysis software was used to judge the amount of pair-wise colocalisation 
between the three members of the ternary complex, DAPI, and NRF2. Although this 
is a standard technique and useful for showing the overlap between stains, the 
question of how to apply such findings to any functional effect remains fraught. In a 
biological context, it is not immediately clear how a PCC of 0.6 differs from one of 0.8, 
both of which may be highly statistically significant. 
Finally, immunohistochemical studies for FX, FVII, TF, and FV in normal and human 
lung tissue demonstrated that these factors are present on the bronchiolar epithelium. 
These data confirm the confocal studies on A549s and HBECs and further suggest 
that local coagulation factor production in the homeostatic lung may be important.  
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In diseased lung, the staining on the bronchiolar epithelium was retained but there was 
increased staining in fibrotic areas, especially the fibrotic focus. Intense staining on 
the hyperplastic epithelium and on myofibroblasts showed the correlation between 
coagulation factor staining and active fibrosis further supporting a role for the 
coagulation proteinases in fibrotic processes.  
There are many avenues of enquiry and hypotheses that were generated as a result 
of the data presented in this chapter. Future directions include: 

 Perform staining for the three members of the ternary complex in tandem with 
staining for various intracellular compartments, such as the endoplasmic 
reticulum, Golgi body, or membrane, in order to more specifically determine 
the intracellular localisation of these factors. 

o For instance the hypothesis that TF and FX localise to the membrane 
and that FX and FVII localise to the ER or Golgi could be more 
specifically interrogated 

 Pursue further NRF2 nuclear localisation studies to elucidate and quantify the 
activation of NRF2 in response to oxidative stress with a particular focus on 
earlier time-points. 

o In addition, other methods of quantifying the nuclear localisation of 
NRF2, and its activation could be investigated. For instance, Western 
blotting of nuclear extracts after ROS treatment could be used to show 
increased nuclear translocation or the activity of a reporter in a promoter 
construct would show increased NRF2 activation. 

 Expanded confocal studies in HBECs to associate, for instance, FX production 
with NRF2 activation, among others. 

o Because of the potential loss of signal due to secretion, the studies 
could also be refined by including a protein secretion blocker like 
brefeldin A. Intracellular accumulation after ROS treatment would 
provide evidence for the production of these factors and also inform as 
to their destination following synthesis 

o In addition, the production and localisation of the ternary complex 
proteins could be investigated after knocking down NRF2 expression 
using shRNA or CRISPR. 
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 Confocal studies in submerged and ALI ATII cells in order to detect the 
production and localisation of the ternary complex proteins.  

o The studies presented in this chapter demonstrated the 
immunolocalisation of the three members of the ternary complex to 
A549s and HBECs. Demonstrating this, as well as expanding NRF2 
studies to include ATII cells, would expand on and compliment the 
results presented in Chapter 3  

 Pursue studies to more specifically show the interaction between the members 
of the ternary complex in or on pulmonary epithelial cells. Although 
colocalisation studies using immunocytochemistry are useful at determining 
correlations between proteins, they do not necessarily indicate the formation 
of the ternary complex (an event that happens at the angstrom level of 
resolution). 

o The physical interaction of the members of the ternary complex could 
be demonstrated using a variety of methods: 

 Using Immunoprecipitation, one factor could be used to pull-
down and Western blot for another. 

 Using the Duolink system, two proteins that are close enough to 
one another to physically interact are labelled with antibodies 
resulting in the hybridisation and amplification of a marker DNA 
strand. This DNA marker can then be labelled using a fluorescent 
probe and imaged. Such a system could provide strong evidence 
for protein-protein interaction and could be used to demonstrate 
the association of the ternary complex proteins with one another  

 Similar to Duolink, FRET, which utilises paired fluorophores that 
result in emission only when in close proximity to one another, 
could be used to show the interaction between the members of 
the ternary complex on the angstrom level.  



 
 
 

 
     

   274  
  

Chapter 5 – Production and regulation of coagulation proteins in the 
murine model of bleomycin-induced pulmonary fibrosis 
 
5.1 Natural history of bleomycin-induced lung fibrosis in the 

mouse 
 

5.1.1 Introduction 
Animal models are commonly used to study early disease processes and aetiology in 
IPF. Very little is known about the early clinical course of IPF because of the reserve 
capacity of the lung; it is currently theorised that the insult or insults that are 
responsible for initiating the fibrotic process occur years or decades before any clinical 
manifestations are apparent. This is thought to result from the fact that the lung 
capacity is such that small changes do not greatly affect respiration or daily life. (Kim 
et al. 2006).  
There are wide variety of animal models that are used to recapitulate the 
pathophysiological features of IPF in a controlled scientific setting and they have been 
instrumental in determining a number of basic mechanistic details regarding the 
initiation and progression of fibrosis. Commonly used animal models include fibrosis 
induced by bleomycin, FITC, radiation, adenoviral overexpression of TGFβ, and 
adoptive transfer of human fibrotic fibroblasts into immunosuppressed animals. These 
models are heterogeneous and each recapitulates certain clinical features, but there 
is no ‘perfect’ model that contains all of the classical clinical hallmarks of the disease 
(Reviewed in Moore et al. 2013). 
Perhaps the most widely used and well described of the animal models is induction of 
fibrosis by treatment with the chemotherapeutic compound, bleomycin (Umezawa et 
al. 1966). Bleomycin is used to treat a number of cancers, particularly testicular, and 
a known side effect is the development of pulmonary fibrosis (Kawai and Akaza 2003). 
This observation resulted in the development of administration of bleomycin 
(intravenous, intraperitoneal, subcutaneous, or direct pulmonary instillation) as a 
method of initiating fibrosis in mice, rats, and number of other animals. Of these, direct 
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pulmonary instillation is the most common, however, the dosages and precise 
instillation technique (i.e. oro-pharyngeal or surgical injection following tracheostomy) 
vary widely between groups (Reviewed in Scotton and Chambers 2010). The action 
of bleomycin involves toxicity to the alveolar and bronchiolar epithelium. It acts as a 
metal chelator and results in the production of reactive oxygen species that then 
damage intracellular components and DNA, resulting in apoptosis and necrosis (Hay 
et al. 1991). The damaged epithelium then activates mesenchymal cells and, in turn, 
the fibrotic response.  
Bleomycin challenge as a model of fibrosis is valuable and convenient in a number of 
ways. It is relatively inexpensive and has a rapid progression, which reduces the 
overall cost of experiments. It produces a number of important clinical phenotypes 
including fibroblast expansion, over-exuberant production of extracellular matrix 
components, epithelial apoptosis and hyperplasia, lymphocytic aggregates, and 
alveolar bronchiolarisation (Mouratis and Aidinis 2011). It is well described and 
commonly used by a number of research groups. However, it is also criticised for 
lacking traditional histological signs of usual interstitial pneumonia (UIP, the 
histopathological designation for IPF) such as fibroblastic foci and honeycombing, as 
well as for failing to reproduce the progressive nature of the human disease. After the 
initial bleomycin insult, there is a period of inflammation followed by a period of fibrosis. 
The fibrotic tissue is then considered by many to be remodelled and resolved into 
normal, functional tissue. Resolution of the injury is considered the main drawback of 
the bleomycin model; it is an acute disease model that resolves on its own, calling into 
question its relevance to a human disease that is progressive and shows no resolution. 
However, the majority of publications that reference the resolution of bleomycin-
induced fibrosis cite few studies in which there was little longitudinal sampling (Phan 
et al. 1983). Our more recent publication (Scotton et al. 2013), resulting in part from 
data that will be presented below, shows that, while there is some remodelling, the 
lung does not return to normal following oropharyngeal bleomycin injury. This model 
was therefore utilised to investigate longitudinal changes in a both basic measures of 
diseases severity (such as hydroxyproline levels) and the mRNA levels of various 
genes of interest (including collagen, coagulation proteins, and epithelial markers). 
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Results published previously from our laboratory suggested the importance of 
coagulation factor X in the fibrotic process. It was determined that the increased FX 
present in fibrosis could be attributed to local production by the injured epithelium 
(Scotton et al. 2009). These data were developed and expanded to investigate a 
number of parameters over the course of bleomycin injury including both early and 
late time-points. The aim of the study was to produce a holistic picture of the changes 
in a number of important parameters over the course of the disease as opposed to 
relying upon a ‘snapshot’ at a single endpoint. 
 
5.1.2 Natural history of the disease response to oropharyngeal bleomycin 

administration  
As part of a larger study in collaboration with Dr. Chris Scotton (partially published in 
Scotton et al. 2013) investigating the use of ex vivo micro-Computed Tomography to 
image murine lung fibrosis, mice were treated with bleomycin by oropharyngeal 
administration and housed for periods ranging from 3 to 28 days before sacrifice and 
tissue collection. All animal work was performed by the researcher with the aid of Dr. 
Scotton where necessary (for instance with bleomycin instillation). This period was 
selected to include the early inflammatory phase (1-10 days), the peak fibrotic phase 
(10- 21 days, (Izbicki et al. 2002)) and the potential resolution phase (21-28 days and 
beyond), allowing for interrogation of the progression of the injury response to 
bleomycin. Most experiments using animal models focus on a relatively small number 
of time-points and treatments for purely logistical and financial reasons. However, this 
results in an incomplete picture of both the natural history of bleomycin-induced 
fibrosis as well as the precise temporal changes in parameters of interest. When using 
an animal model as a preclinical tool upon which decisions are made for pathways to 
pursue in translational research, it is important to clearly phenotype and delineate the 
exact behaviour and progression of the model system. A breakdown of the number of 
animals in each experimental condition is presented in Table 5.1. 
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  Number of mice per group 
Day Saline Bleomycin 
3 10 11 
7 10 11 
10 8 9 
14 10 8 
21 10 10 
28 10 10 

 
Table 5.1  Number of mice in each group of the bleomycin time-course 
 
One common proxy for the severity of injury in mice is change in body weight. Sick 
animals will reduce their intake of food and water, either because of the physical 
inability to eat or a lack of desire. This longitudinal measure allows for a non-invasive 
estimate of the extent of injury and provides useful information on the progress of the 
diseases as well as theoretically providing a measure, albeit gross, of the efficacy of 
any interventions. Beginning on day 0, before bleomycin administration, all mice were 
weighed. Saline-treated animals gradually increased in mass, reaching an average of 
113% of their starting body weight at day 21 post-treatment (Figure 5.1). Bleomycin 
treated animals rapidly lost weight after bleomycin treatment, beginning especially on 
day 3, and reaching a nadir on day 8 post-treatment. Although their weight gradually 
increased thereafter, up to and exceeding their starting weights by day 28, it remained 
significantly lower than the saline-treated groups at all times after day 7 post-treatment 
(p<0.0001). 
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 Longitudinal changes in body weight over the course of bleomycin 

injury 
C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for up to 28 days before sacrifice. Before administration and thereafter at regular 
intervals, the animals were weighed. Saline treated animals did not exhibit any weight loss in response 
to the oropharyngeal administration, showing that the procedure was well tolerated. Over the period 
that the animals were monitored, the saline-treated animals gradually gained weight (eventually 
reaching 113% of the day 0 weight on day 21) as expected of normal healthy mice. Treatment with 
bleomycin resulted in rapid weight loss from days 1 to 8 post-treatment, when the animals reached a 
nadir. After this time, the bleomycin-treated group began to gain weight and eventually reached 100% 
of their starting weight on day 28. However, beginning on day 7 and at all times afterwards, the 
bleomycin group was significantly lower than the saline-treated group. Data are expressed as the 
percentage of starting body weight (mean ± SEM, n=8-11 mice per group). **** p<0.0001 in comparison 
to the time-matched saline-treated control, 2-way ANOVA, Tukey’s multiple comparisons post-hoc test.  
 
The inflammation and fibrosis that results from bleomycin treatment causes gross 
changes in the structure and function of the lung. One result of the increased 
inflammation, cellular trafficking, and vascular leak in the early stages of bleomycin 
injury and of the fibrotic response in the later stage, is increases in the size and weight 
of the lung. Lungs from animals sacrificed on days 3, 7, 10, 14, 21, and 28 days were 
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weighed before being used for further biochemical and PCR assays described below. 
As early as day 3, and at all points thereafter, the lungs were significantly heavier after 
treatment with bleomycin compared with saline controls (Figure 5.2, a maximum of 
300 mg vs 140 mg, p<0.001). The weight increased significantly from day 3 to day 7 
where it plateaued and remained until day 28. There were no significant changes in 
the lung weights of the saline treated animals.   
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 Bleomycin-treated lungs were significantly heavier than saline-

treated lungs  
C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for 3 to 28 days before sacrifice after which the lungs were removed and 
weighed. For all times investigated, the lungs of bleomycin treated animals were significantly heavier 
than those from animals treated with saline. The increase in lung weight reached a maximum at day 7 
post-bleomycin treatment where it remained until day 28. Data are expressed as the wet weight of the 
total lung in milligrams (mean ± SEM, n= 8-11 mice per group). *** p<0.001 in comparison to the time-
matched saline-treated control group, 2-way ANOVA, Tukey’s multiple comparisons post-hoc test.  
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Representative fixed lungs were investigated using histology to gain an impression of 
the extent of fibrosis within the time-course. The widely used haematoxylin and eosin 
(H&E) and the Martius Scarlet blue (MSB) trichrome stains were both performed on 
sections from the saline-treated day 3 group (Figure 5.3). Both highlighted the typical 
open alveolar structure of the lung through which efficient gas exchange can occur. 
Additionally, MSB, which is utilised to highlight the presence of collagen, showed only 
small amounts of the ECM component present surrounding the large airways and 
vessels.  
The staining was expanded to include bleomycin-treated animals and demonstrated a 
histological pattern typical of bleomycin-induced lung injury and fibrosis (Figure 5.4). 
On day 3, the structure of the alveoli remained relatively undisturbed. Mononuclear 
cells were evident (indicated by an asterisk) suggesting the presence of inflammation 
– a known effect of bleomycin injury. However, there were few changes in the amount 
of collagen present via MSB. On day 7, the beginnings of fibrosis were evident, 
especially adjacent to large airways (indicated by arrows), but the lung remained 
mostly structurally normal. Days 10 to 28 demonstrated destruction of the alveolar 
compartment with structural collapse and wide-spread collagen deposition (blue 
staining in the MSB panels, indicated by arrows).  
In fibrosis, the uncontrolled synthesis and release of collagen is an active process that 
results in the destruction of alveolar structure and dysfunction of the lung. Therefore, 
the extent of a fibrotic response is commonly determined through changes in collagen 
present in the tissue. There are many methods for detecting collagen, each of which 
has benefits and drawbacks. The “gold standard” method for collagen quantification is 
high-performance liquid chromatography (HPLC) for hydroxyproline, which exists in 
mature collagen at a known proportion. 
HPLC was performed on pulverised lung homogenates from bleomycin and saline-
treated animals 7 to 28 days after injury. On day 28 post-administration of the saline 
vehicle, there was significantly more total lung collagen in comparison to day 7 (3.66 
mg vs 2.64 mg, p<0.05). In the bleomycin-treated animals, there were significant 
increases in total lung collagen, when compared to the time-matched, saline-treated 
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control groups, beginning on day 14 (4.83 mg vs 2.92 mg, p<0.0001) that extended 
until day 28 (6.97 mg vs 3.66 mg in saline-treated lungs, p<0.0001, Figure 5.5). 
 
 
 
 
 
 
 

 H&E and MSB staining of saline-treated animals 
C57Bl/6 mice were treated oropharyngeally with saline vehicle and housed for 3 days before sacrifice 
after which the lungs were removed, fixed, and sectioned at 3 µm thickness. H&E and MSB staining 
demonstrated a typical open structure of the lung. Additionally, MSB showed the presence of collagen 
(blue staining, highlighted by arrows), but only surrounding large airways and vessels. The scale is 
indicated in the bottom left of each image. 
 
Interestingly, only differences in total lung collagen levels were apparent (i.e. when the 
increase in the weight of the lung was factored in to the calculation). In contrast, on a 
µg of collagen/mg of lung tissue basis, the bleomycin-treated animals displayed 
significantly lower amounts of collagen/mg tissue until days 21 and 28 (Figure 5.6). 
The first 1-14 days of bleomycin injury are characterised by rampant inflammation and 
vascular leak. The increased oedema, cellularity, and inflammation in the lung during 
this stage likely act to dilute the amount of collagen present per mg of tissue. Previous 
research from our group has shown that vascular leak and inflammation persist until 
at least day 14 (Scotton et al. 2009) post bleomycin administration. Therefore, 
extending the model to 21 or 28 days provides both a more robust fibrotic endpoint 
without the complicating factor of exuberant inflammation and vascular leak and 
potentially a larger therapeutic window with which to examine fibrotic processes.    
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 H&E and MSB staining of bleomycin-treated animals 
C57Bl/6 mice were treated oropharyngeally with bleomycin at a dose of 50 IU per mouse and housed for 3 to 28 
days before sacrifice after which the lungs were removed, fixed, and sectioned at 3 µm thickness. H&E and MSB 
staining demonstrated a typical open structure of the lung on day 3 but with the presence of inflammation (indicated 
by asterisks). Beginning on day 7, fibrosis was evident (indicated by red arrows), however at this time-point there 
was little collagen deposition noted and the parenchyma retained its typical open structure. Beginning on day 10 
and especially present on days 14 and later, there was widespread collapse of the alveolar structure, fibrosis, and 
collagen deposition (blue staining in the MSB panels, indicated by black arrows). The scale is indicated in the 
bottom left of each image. 
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In addition to measuring the collagen content via HPLC, the commercial colorimetric 
Sircol assay for collagen quantification was also used. The Sircol assay relies upon 
the binding of the dye Sirius Red to collagen. It is a rapid and technologically simple 
quantification technique, especially when compared to the technically complex 
approach of HPLC, and is therefore commonly reported in the literature. Therefore, 
should it accurately reflect changes in collagen, it would be an attractive alternative to 
determination of lung hydroxyproline by HPLC. In contrast to the results of the HPLC 
assay, the Sircol assay detected increased collagen in the bleomycin groups at all 
times after treatment when compared to the relevant time-matched control group 
(Figure 5.7, panel A, 550 to 600 µg vs 400 µg, p<0.05), although the amount of 
collagen detected overall was only a fraction (~9%) of that detected by HPLC. The 
pattern of the changes in collagen detected by Sircol and HPLC in bleomycin treated 
animals were drastically different. The two results are presented together in one graph 
(Figure 5.7, panel C) to highlight both the different amounts of collagen detected as 
well as the disparate pattern of collagen accumulation. Similar to HPLC, the increase 
in collagen was only detected when the lung weight was taken into account. When 
expressed as µg collagen / mg lung tissue, there was a statistically significant 
decrease at all times after bleomycin treatment (Figure 5.7, Panel B). A weak (r2 = 
0.1899) but statistically significant correlation was detected (Figure 5.7, panel D). 
These data, especially the increase in total lung collagen at day 7, call into question 
the utility of the Sircol assay as a reliable measure of lung collagen. In fact, a recent 
report (Lareu et al. 2010) highlighted the non-specific detection of serum proteins by 
the Sircol assay. In this context, the apparent increase in collagen on days 3 and 7 
after bleomycin treatment most likely represents instead the detection of increased 
vascular leak and presence of serum proteins the circulation rather than increased 
collagen.  
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 Changes in total lung collagen content over the course of 

bleomycin injury measured by HPLC 
C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for 7 to 28 days before sacrifice after which the lungs were removed and 
homogenised. Total lung homogenates were derivitized using NBD-Cl and assayed for hydroxyproline 
by HPLC. Beginning on day 14 after bleomycin treatment, there was significantly more collagen in the 
lungs of bleomycin-treated animals than in saline-treated animals. This increase in total lung collagen 
was detected at all times up to 28 days, the latest time point investigated. Data are expressed as the 
total lung collagen in mg (mean ± SEM, n=8-11 mice per group). * p<0.05, *** p<0.001 in comparison 
to the appropriate time-matched saline-treated control group, 2-way ANOVA, Tukey’s multiple 
comparisons post-hoc test.      
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 Changes in collagen/ mg lung tissue over the course of bleomycin 

injury measured by HPLC 
C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for 7 to 28 days before sacrifice after which the lungs were removed and 
homogenised. Total lung homogenates were derivitized using NBD-Cl and assayed for hydroxyproline 
by HPLC. When analysed on a collagen/ mg lung tissue, there was significant less collagen in 
bleomycin-treated animals in the early groups, days 7-14. Only on days 21 and 28 did the bleomycin-
treated group rise to the level of the saline control. Data are expressed as µg collagen/mg lung tissue 
(mean ± SEM, n=8-11). * p<0.05, ***p<0.001, ****p<0.0001 in comparison to the time-matched 
bleomycin treated group, 2-way ANOVA, Tukey’s multiple comparisons post-hoc test.  
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 Changes in total lung collagen over the course of bleomycin injury 

measured by the Sircol assay. 
C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for 7 to 28 days before sacrifice after which the lungs were removed and 
homogenised. Total lung homogenates were assayed using the Sircol assay for lung collagen and 
demonstrated significantly higher levels of collagen in all bleomycin treated groups regardless of the 
time (A). When expressed on a collagen per mg of tissue basis, however, there were significantly lower 
levels in the bleomycin-treated groups at all time-points. The total lung Sircol result is presented along 
with the HPLC result to allow for comparison (B). There was a weak yet statistically significant 
correlation between the bleomycin HPLC and Sircol total lung collagen values (C). Data are expressed 
as the total lung collagen in mg (mean ± SEM, n=8-11 mice per group). *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001 in comparison to the time-matched saline treated control group, 2-way ANOVA, Tukey’s 
multiple comparisons post-hoc test. Pearson correlation calculation was used to determine the linear 
relationship and P value presented in panel C. 
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5.1.3 Changes in mRNA levels of pro-fibrotic, epithelial, coagulation, and 
oxidative stress markers over the bleomycin time-course 

 
Real-time PCR was used to interrogate changes in the mRNA levels various genes of 
interest through the phases of the response to bleomycin injury, including many 
different components of the coagulation system, common genes upregulated in 
fibrosis, and antioxidant-related genes.  
At its most basic, fibrosis is a result of the over-exuberant production of extracellular 
matrix components (ECM). Collagen type 1 alpha 1 (COL1A1) is one of the most 
common ECM components in the body. It is also highly upregulated in both IPF and 
experimentally induced fibrosis in mice (Border and Noble 1994). Classically, after 
bleomycin administration there is rampant inflammation beginning just after treatment 
that lasts for 10-14 days. The fibrotic response, including ECM synthesis, is thought 
to become apparent from days 10-14 and continue subsequently. The expression of 
COL1A1 was investigated as a marker for the fibrotic process. COL1A1 mRNA levels 
increased significantly after treatment with bleomycin and remained higher than saline 
treated animals at all time-points (Figure 5.8, 2.6 to 6.21 fold, p<0.05), suggesting that 
increased COL1A1 expression is an early event in tissue repair following injury, 
although pathological increases in collagen deposition and accumulation may only 
become apparent at later time-points. 
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 COL1A1 mRNA levels in bleomycin treated mice 

C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for periods from 7 to 28 days before sacrifice. RNA was extracted from total 
lung homogenates and assayed by qRT-PCR for the presence of COL1A1 mRNA. There were 
increased levels of COL1A1 mRNA in the bleomycin treated groups at all times investigated. Data are 
expressed as the fold change in COL1A1 mRNA levels normalised to the expression of ATP5B and 
CANX and relative to the day 7 saline control (the grey horizontal lines represent the mean of the saline 
groups and the black horizontal lines represent the mean of the bleomycin groups, n=5-10 mice) * 
p<0.05, ** p<0.01, **** p<0.0001 in comparison to the time-matched, saline control, 2-way ANOVA, 
Tukey’s multiple comparisons post-hoc test. 
 
Correlations between changes in COL1A1 mRNA levels and changes in lung weight 
(Figure 5.9, Panel A) or the total lung collagen as determined by HPLC (Figure 5.9, 
Panel B) were calculated using Pearson’s correlation coefficient. There was a strong 
correlation between lung weight and COL1A1 mRNA (r2 of 0.5545) and a weaker yet 
still statistically significant relationship with total lung collagen (r2 of 0.08492).  
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 COL1A1 correlation with lung weight and total lung collagen 

The fold changes from Figure 5.8 were correlated with the lung weights presented in Figure 5.2 
(Panel A) or the total lung collagen figures presented in Figure 5.5 (Panel B). Both correlations were 
considered statistically significant, although the linearity of the COL1A1 – lung weight relationship was 
stronger. Pearson correlation calculation was used to determine the r2 and p-values presented. 
 
The current paradigm emphasises the role of epithelial injury in the fibrotic process. 
Bleomycin damages alveolar epithelial cells, which is thought to result in their 
activation and abnormal cross-talk with mesenchymal components. As discussed 
previously, the main component of the alveolar epithelium is the type I cell. These 
large flat cells perform mostly a barrier function, are not particularly synthetic, and are 
not generally considered to play an active role in fibrosis (Dobbs et al. 2010). 
Nevertheless, they are damaged by bleomycin challenge and this damage, through 
the release of DAMPS and other intracellular components, may influence the fibrotic 
process. The amount of aquaporin 5 (AQP5, a type I cell marker) was investigated in 
the bleomycin time course. There were no significant changes in the amount of AQP5 
mRNA present upon bleomycin treatment at any of the times investigated (Figure 
5.10).  

R square 0.5545
P value < 0.0001

R square 0.08492
P value 0.0068
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 AQP5 mRNA levels do not change after bleomycin challenge 

C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for periods from 7 to 28 days before sacrifice. RNA was extracted from total 
lung homogenates and assayed by qRT-PCR for the presence of AQP5 mRNA. There were no 
significant differences between bleomycin and saline treated animals at any of the time points 
investigated. Data are expressed as the fold change in AQP5 mRNA levels relative to the day 7 saline 
control and normalised to CANX and ATP5B (the grey horizontal lines represent the mean of the saline 
groups and the black horizontal lines represent the mean of the bleomycin groups, n=5-10 mice). 
 
As opposed to type I cells, alveolar type II cells occupy only a small percentage of the 
surface area of the lung. However, they are highly synthetic and respond vigorously 
to a range of stimuli, including bleomycin. In fact, mutations in SFTPC result in injury 
to and the death of type II cells and are known to induce fibrosis in both humans 
(Thomas et al. 2002) and mice (Lawson et al. 2011). In fibrosis, alveolar type II cells 
exhibit increased apoptosis as well as hyperplasia, which is likely a response to the 
increased apoptosis (Zoz et al. 2011). In order to track changes in the ATII cells, the 
amount of SFTPC mRNA present in the lung after bleomycin challenge was measured. 
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On days 7, 10, and 14, there was no increase in the amount of SFTPC mRNA present 
after bleomycin treatment. However, there were highly significant increases in mRNA 
levels on days 21 and 28 post bleomycin challenge in comparison to the time-matched 
saline-treated group (Figure 5.11, 10.77 and 12.96 fold respectively, p<0.0001). 
Interestingly, days 21 to 28 represent the peak of fibrotic disease, as measured by 
HPLC detection of collagen deposition. The coincidence of peak fibrosis with 
increased SFTPC levels suggests a link between fibrotic injury and ATII cell 
hyperplasia. This finding corresponds to the current literature which suggests that 
fibrosis results from abnormal cross-talk between the epithelium and the 
mesenchyme.    
Idiopathic pulmonary fibrosis has traditionally been considered a disease of the distal 
lung. However, it is increasingly recognised that the bronchial epithelium also plays a 
role (Odajima et al. 2007). The bronchiolar epithelium is populated by a number of 
terminally differentiated cells that form a complicated pseudo-stratified epithelium. 
This epithelium is renewed by a progenitor cell population of basal cells. Several 
published studies suggest that progenitor and stem cells expand and migrate after 
bleomycin injury in an attempt to repair and resolve damage (Chen et al. 2012; 
Vaughan et al. 2015). Cytokeratin 14 (KRT14) and cytokeratin 5 (KRT5) are co-
expressed in basal cells and commonly used as markers. KRT14 and KRT5 mRNA 
levels were analysed over the bleomycin time course. KRT14 mRNA levels varied only 
slightly over the bleomycin time-course. On day 7, there was a significant decrease in 
the amount of KRT14 mRNA present in the bleomycin-treated group compared to the 
time-matched saline-treated group (Figure 5.12, 0.48 fold, p<0.05). The remaining 
groups did not differ significantly between treatments.  
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 SFTPC mRNA levels in bleomycin treated mice 

C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for periods from 7 to 28 days before sacrifice. RNA was extracted from total 
lung homogenates and assayed by qRT-PCR for the presence of SFTPC mRNA. On days 7, 10, and 
14, there were no differences in the amount of SFTPC mRNA between saline and bleomycin treated 
animals. On days 21 and 28, however, there were significant increases in the amount SFTPC mRNA 
after bleomycin treatment. Data are expressed as the fold change in SFTPC mRNA levels, relative to 
the day 7 saline treated group and normalised to ATP5B and CANX (the grey horizontal lines represent 
the mean of the saline groups and the black horizontal lines represent the mean of the bleomycin 
groups, n=5-10 mice). **** p<0.0001 in comparison to the time-matched, saline-treated control, 2-way 
ANOVA, Tukey’s multiple comparisons post-hoc test.  
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 KRT14 mRNA levels in bleomycin treated mice 

C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for periods from 7 to 28 days before sacrifice. RNA was extracted from total 
lung homogenates and assayed by qRT-PCR for the presence of KRT14 mRNA. Treatment with 
bleomycin resulted in a significant decrease in mRNA levels on day 7 whereas there were no differences 
upon treatment at any of the other times investigated. Data are expressed as the fold change in KRT14 
mRNA normalised to ATP5B and CANX and relative to the day 7 saline-treated control group (the grey 
horizontal lines represent the mean of the saline groups and the black horizontal lines represent the 
mean of the bleomycin groups, n=5-10 mice) * p<0.05 in comparison to the saline-treated, time-matched 
control, 2-way ANOVA, Tukey’s multiple comparisons post-hoc test. 
 
Contrastingly, KRT5 mRNA levels over the same period displayed a pattern broadly 
similar to that of SFTPC. There were significant increases in KRT5 mRNA levels in 
bleomycin treated groups, in comparison to the saline-treated controls, at days 7 
(Figure 5.13, 6.16 fold, p<0.05), 21 (21.55 fold, p<0.001), and 28 (27.33 fold, 
p<0.0001). Similar to SFTPC, the large increase in KRT5 correlated with the peak 
fibrotic period, suggesting a link between the two. In IPF and various animal models, 
including bleomycin-induced fibrosis, interstitial fibrosis is accompanied by the 
presence of abnormal bronchiolarisation of the alveolar epithelium. These studies 
have focussed on the expression of bronchiolar marker, such as KRT5, by the alveolar 
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epithelium. However, a recent publication (Vaughan et al. 2015) has suggested that 
this may be the result of lineage negative bronchiolar progenitor cells migrating to 
areas of injury and proliferating in an attempt to repair the alveolar epithelium. These 
data support this observation. It would be expected that changes in KRT5 would be 
mirrored by changes in its binding partner KRT14, but such was not detected. The 
reason for this was not further investigated, but could related to incomplete 
bronchiolarisation of alveolar epithelial cells or the fact that lineage negative progenitor 
cells express an incomplete suite of keratins at this stage. 
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 KRT5 mRNA levels in bleomycin treated mice 

C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for periods from 7 to 28 days before sacrifice. RNA was extracted from total 
lung homogenates and assayed by qRT-PCR for the presence of KRT5 mRNA. There was a significant 
increase in the amount of KRT5 mRNA in bleomycin treated animals after 7 days. This was followed by 
much larger, more significant increases in mRNA levels in the bleomycin-treated groups at 21 and 28 
days. Data are expressed as the fold change in KRT5 mRNA levels relative to the day 7 saline control 
group and normalised to the expression of ATP5B and CANX (the grey horizontal lines represent the 
mean of the saline groups and the black horizontal lines represent the mean of the bleomycin groups, 
n=5-10 animals) *p<0.05, ***p<0.001, ****p<0.0001 in comparison to the time-matched saline-treated 
control, 2-way ANOVA, Tukey’s multiple comparisons post-hoc test. 
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Previous studies in our laboratory investigating the role of FX in bleomycin-induced 
lung fibrosis detected changes in F10 mRNA levels at early time points (days 7 and 
14) after treatment with bleomycin (Scotton et al. 2009). This study, however, 
investigated no additional time points. As such, the amount of F10 mRNA was 
quantified in animals treated with bleomycin for 3 to 28 days. In agreement with the 
previous study, there was a significant increase in F10 mRNA levels in bleomycin 
treated animals after 7 days when compared to the time-matched saline-treated 
control animals (Figure 5.14, 2.27 fold, p<0.0001). This increase was also present at 
day 10 (2.82 fold, p<0.0001) but had returned to baseline by 14 days. On day 21, 
mRNA levels once again showed a small yet significant increase (1.3 fold, p<0.01). 
These data contrast with the publication referenced above, which demonstrated a 
significant increase in F10 mRNA between days 7 and 14 in bleomycin-treated 
animals. The reason for this discrepancy was not investigated further, but most likely 
reflected biological variability, subtle changes in the bleomycin-induced injury, or 
differing animal susceptibilities.  
The profibrotic effects of FX are produced after it is enzymatically activated. With 
relevance to IPF, although it can be activated by several pathways, is extrinsic 
activation of FX by the ternary complex. The two other members of the ternary 
complex, coagulation factor 7 (F7) and tissue factor (F3) were also investigated over 
the bleomycin time-course to determine if they varied in fibrosis. FVII is an 
enzymatically active coagulation protein that, in addition to activating FX, 
demonstrates potent pro-fibrotic effects via activation of PAR-2 (Wygrecka et al. 2011). 
Therefore changes in F7 mRNA represent not only potential changes in the activation 
of FX, but also changes in FX-independent fibrotic processes. Upon bleomycin 
treatment, F7 mRNA levels were highly significantly increased relative to the relevant 
saline-treated control group at all times investigated (Figure 5.15, 1.94 to 3.41 fold, 
p<0.0001). The amount of F3 mRNA from days 7 to 28 was quantified by qPCR and 
demonstrated significantly higher levels at days 7 and 10 in the bleomycin-treated 
groups when compared to the time-matched controls (Figure 5.16, 3.18 and 2.00 fold 
respectively, p<0.0001 and p<0.05).  
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These observations show coincident increases in F10, F7, and F3 at days 7 and 10 
post-bleomycin treatment. As previously mentioned, the lack of induction in F10 at day 
14 did not agree with previous results. The increase in all three proteins at earlier time-
points may suggest that this increase is related to the inflammatory process. However, 
previous results (Scotton et al. 2009) detected increased FX protein at a stage of the 
fibrotic injury characterized by little to no inflammation (day 14 and beyond), 
suggesting a local production. The reason for the discrepancy between that study and 
these results is unknown. Another unknown in this study is whether or not increased 
mRNA signal results in increased protein expression in the lung of interest. Because 
of the longitudinal aim of the study, whole lungs were collected for biochemistry (such 
as HPLC) and molecular biology techniques (such as qPCR) only. Including another 
set of animals for lavage or a related technique required to study coagulation factor 
activity in the lung would have drastically increased the number of animals required 
for this already extensive study.   
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 F10 mRNA levels in bleomycin treated mice 

C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for periods from 3 to 28 days before sacrifice. RNA was extracted from total 
lung homogenates and assayed by qRT-PCR for the presence of F10 mRNA. Bleomycin treatment 
resulted in significant increases in F10 mRNA at days 7, 10, and 21 days post-treatment. Interestingly, 
there was no differences in the 14 day bleomycin-treated group. Data are expressed as the fold change 
in F10 mRNA relative to the day 3 saline treated control and normalised to the expression of ATP5B 
and CANX (the grey horizontal lines represent the mean of the saline groups and the black horizontal 
lines represent the mean of the bleomycin groups, n=5-10 mice) ** p<0.01, **** p<0.0001 in comparison 
to the time-matched saline treated control group, 2-way ANOVA, Tukey’s multiple comparisons post-
hoc test. 
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 F7 mRNA levels in bleomycin treated mice 

C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for periods from 7 to 28 days before sacrifice. RNA was extracted from total 
lung homogenates and assayed by qRT-PCR for the presence of F7 mRNA. There were increased 
amounts of F7 mRNA present in the bleomycin-treated animals at all times. Data are expressed as the 
fold change in F7 mRNA levels relative to the day 7 saline control and normalised to the expression of 
ATP5B and CANX (the grey horizontal lines represent the mean of the saline groups and the black 
horizontal lines represent the mean of the bleomycin groups, n=5-10 mice). **** p<0.0001 in comparison 
to the appropriate time-matched saline control, 2-way ANOVA, Tukey’s multiple comparisons post-hoc 
test. 
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 F3 mRNA levels in bleomycin treated mice 

C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for periods from 7 to 28 days before sacrifice. RNA was extracted from total 
lung homogenates and assayed by qRT-PCR for the presence of F3 mRNA. There were significant 
increases in mRNA levels after bleomycin treatment for 7 or 10 days. At all other times, there were no 
differences between the bleomycin and saline treated groups.  Data are expressed as the fold change 
in F3 mRNA levels relative to the day 7 saline control and normalised to ATP5B and CANX (the grey 
horizontal lines represent the mean of the saline groups and the black horizontal lines represent the 
mean of the bleomycin groups, n=5-10 mice). * p<0.05, **** p<0.0001 in comparison to the appropriate 
time-matched saline-treated control, 2-way ANOVA, Tukey’s multiple comparisons post-hoc test. 
 
FVII and FX each display potent pro-fibrotic effects via activation of PAR1 and PAR2. 
However, in addition to their activity via these receptors, FX activation results in the 
activation of prothrombin to thrombin, which also exhibits potent pro-fibrotic and pro-
inflammatory activity via PAR1 (Chambers 2008). The activity of thrombin is increased 
in both bleomycin-induced lung injury (Tani et al. 1991) and in pulmonary fibrosis 
associated with systemic sclerosis (Hernandez-Rodriguez et al. 1995). Prothrombin 
activation by FX is accelerated by coagulation factor V (FV), which is a large (330 kDa) 
non-enzymatically active protein (Nicolaes and Dahlback 2002). FVa binds to FXa to 
form the prothrombinase complex. Interestingly, the pro-thrombotic “Leiden” mutation 
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of FV has been associated both with decreased measures of pulmonary function in 
humans (Juul et al. 2005) and increased fibrosis after bleomycin treatment in 
transgenic animals (Xu et al. 2001).Therefore, the amount F5 present may also 
represent an important change after pulmonary injury by bleomycin. Animals treated 
with bleomycin for 3 to 28 days were analysed for the amount of F5 present in lung 
homogenates. There were no significant differences in the amounts of F5 mRNA upon 
bleomycin treatment at any of the times investigated (Figure 5.17). Saline treated 
animals exhibited an unexpected and large degree of variability that was not seen with 
any other genes, although the precise reason for this was unclear.     
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 F5 mRNA levels in bleomycin treated mice 

C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for periods from 7 to 28 days before sacrifice. RNA was extracted from total 
lung homogenates and assayed by qRT-PCR for the presence of F5 mRNA. F5 mRNA levels did not 
differ significantly between saline and bleomycin treated animals over the periods tested. Data are 
expressed as the fold change in F5 mRNA levels normalised to ATP5B and CANX and relative to the 
day 7 saline control (the grey horizontal lines represent the mean of the saline groups and the black 
horizontal lines represent the mean of the bleomycin groups, n=5-10 mice).  
 
Results from Chapter 3 demonstrated the importance of oxidative stress and the 
NRF2-ARE pathway on F10 expression in vitro. NRF2 is an important protective factor 
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in bleomycin induced lung fibrosis and its absence (Kikuchi et al. 2010) (Cho et al. 
2004) or the supplementation of related antioxidant systems through the addition of 
exogenous compounds (discussed further in the next section) can profoundly 
influence the progression of pulmonary fibrosis. There are contrasting reports, 
however, as to the changes in NRF2 that occur after bleomycin injury. One report by 
(Liu et al. 2013) demonstrated a decrease in NRF2 on day 14 after bleomycin 
treatment whereas another (Cho et al. 2004) showed an increase in NFE2L2 mRNA. 
The level of NFE2L2 mRNA was quantified over the course of bleomycin injury from 
day 7 to day 28. On day 10 post-bleomycin treatment, there was a significant increase 
in NFE2L2 mRNA levels compared to the saline-treated control group (Figure 5.18, 
1.26 fold, p<0.05). There were no differences at any of the other times investigated.  
These data broadly agree with those shown in (Cho, Reddy, Yamamoto, & Kleeberger 
2004), which detected significantly increased amounts of NFE2L2 at 3, 7, and 14 days 
post-bleomycin administration 
In addition to NFE2L2 mRNA levels, HMOX1 mRNA levels were assayed.  HMOX1 is 
a canonical target of NRF2 and increases in its level should reflect increases in NRF2 
activity. Indeed, at the time for which there was an increase in NRF2, day 10, there 
was also a highly significant increase in HMOX1 mRNA levels (Figure 5.19, 2.18 fold, 
p<0.0001). There was also a significant increase in mRNA levels at day 21 post-
bleomycin treatment. Collectively, these results suggest an increase in activity of the 
NRF2-ARE system around day 10, which also coincides with the increase in F10 and 
the other ternary complex proteins detected at that time.       
The increase in NFE2L2 and HMOX1 at day 10 suggests that it may relate to either 
bleomycin injury itself or inflammation that is known to result thereafter. Indeed, 
bleomycin is thought to mainly act via oxidative cleavage of DNA, resulting in cellular 
death and inflammation. In this context, an increase in antioxidant pathways and 
mediated genes would be expected. It is interesting, albeit possibly coincidental that 
this increase is accompanied by increases in the ternary complex members.   
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 NFE2L2 mRNA levels in bleomycin treated mice 

C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for periods from 7 to 28 days before sacrifice. RNA was extracted from total 
lung homogenates and assayed by qRT-PCR for the presence of NFE2L2 mRNA. After bleomycin 
treatment, there were significantly increased levels of NFE2L2 present on day 10 but no significant 
differences at any of the other times tested. Data are expressed as the fold change in NFE2L2 mRNA 
levels normalised to ATP5B and CANX and relative to the day 7 saline control (the grey horizontal lines 
represent the mean of the saline groups and the black horizontal lines represent the mean of the 
bleomycin groups, n=5-10 mice). *p<0.05 in comparison to the appropriate saline-treated time-matched 
control group, 2-way ANOVA, Tukey’s multiple comparisons post-hoc test. 
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 HMOX1 mRNA levels in bleomycin treated mice 

C57Bl/6 mice were treated oropharyngeally with saline vehicle alone or bleomycin at a dose of 50 IU 
per mouse and housed for periods from 7 to 28 days before sacrifice. RNA was extracted from total 
lung homogenates and assayed by qRT-PCR for the presence of HMOX1 mRNA. In the 7 and 21 day 
bleomycin-treated groups, there were significant increases in HMOX1 mRNA. No changes were 
detected for the other groups. Data are expressed as the fold change in HMOX1 mRNA normalised to 
ATP5B and CANX and relative to the day 7 saline treated control (horizontal bars represent the group 
means, n=5-10 mice). ** p<0.01, ****p<0.0001 in comparison to the appropriate time-matched saline-
treated control, 2way ANOVA, Tukey’s multiple comparisons post-hoc test. 
 
5.1.4 Summary 
Data presented in this section focused on the natural history of bleomycin-induced 
lung fibrosis in the mouse, with a specific emphasis on simple indicative measures of 
disease severity, biochemical determination of lung collagen content, and temporal 
changes in mRNA species of interest. Results included: 

 After bleomycin treatment, body weights fell and lung weights increased. 
 Biochemical measures of collagen in the lung disagreed as to the extent and 

pattern of collagen deposition. 
o HPLC for hydroxyproline demonstrated increased total lung 

hydroxyproline after bleomycin treatment for 10 days whereas the Sircol 
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assay demonstrated increased levels at all times after bleomycin 
administration. 

 qPCR on total lung homogenates for COL1A1 detected increased mRNA levels 
at all times after bleomycin administration. 

o COL1A1 levels correlated significantly to both the lung weight and the 
total lung collagen as measured by HPLC 

 mRNA levels of the ATII marker SFTPC and the basal cell marker KRT5 
increased dramatically on days 21 and 28 following bleomycin injury. 

 qPCR for the members of the ternary complex (F10, F7, and F3) showed 
increases on days 7 and 10 after bleomycin treatment.  

 In contrast to the mRNA species for the other coagulation factors measured, 
F5 mRNA levels were not affected by bleomycin treatment. 

 NFE2L2 and HMOX1 mRNA were both increased on day 10, a time-point at 
which the three members of the ternary complex were also increased.  

 
 
5.2 n-Acetylcysteine treatment of bleomycin-induced lung 

fibrosis in the mouse 
5.2.1 Introduction 
Idiopathic pulmonary fibrosis is characterised by gross abnormalities in antioxidant 
defence systems and increases in oxidative stress markers (Walters et al. 2008) in 
lung tissue. In the lung, a critical and prevalent antioxidant is the tripeptide glutathione 
(GSH). The rate limiting step in the generation of GSH is the production of N-
Acetylcysteine (NAC); supplementation with this amino acid results in increases in 
GSH and, therefore, the antioxidant capacity of the lung (Rushworth and Megson 
2014). However, a recent large phase III clinical trial of NAC versus placebo in mild to 
moderate IPF showed no effect (PANTHER, Martinez et al. 2014) on lung function 
decline, overall survival, or the rates of acute exacerbations. The PANTHER trial was 
conducted primarily on the strength of the positive result from the IFIGENIA trial 
(Demedts et al. 2005). It is possible, however, that the beneficial effects in the 
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IFIGENIA trial resulted from amelioration of the toxic side-effects of the immuno-
suppressive azathioprine and corticosteroid prednisolone, treatment with both of 
which was an inclusion criteria. Nevertheless, there may still be a role for antioxidant 
treatment in finer groups of patients (e.g. those that have deficits in antioxidant 
capacity or those that have a more severe disease). 
A number of studies in bleomycin-induced lung fibrosis have focused on the role of 
antioxidant depletion or supplementation on injury. (Reviewed in Walters, Cho, & 
Kleeberger 2008). NAC has also been used in several prophylactic studies in the 
mouse (Teixeira et al. 2008), (Shahzeidi et al. 1991), (Hagiwara et al. 2000) and in 
bleomycin treated rats (Cortijo et al. 2001), (Serrano-Mollar et al. 2003) and showed 
a large effect on the extent of injury. These studies showed the benefit of NAC 
supplementation, and thereby, GSH, on bleomycin-induced fibrosis. Therefore, the 
effect of NAC supplementation on changes in coagulation proteins after bleomycin 
treatment was investigated. An additional aim of the study was to investigate if NAC 
supplementation influenced the extent of fibrosis induced by oropharyngeal 
bleomycin. 
 
5.2.2 Basic measures of fibrosis and injury 
C57Bl/6 mice aged 10 to 12 weeks were dosed prophylactically with NAC (300 mg/ kg 
of body weight in sterile water) or vehicle control alone by oral gavage once per day 
for 7 days, after which they were treated with either bleomycin (50 IU per mouse) or 
vehicle control by oropharyngeal administration and housed for an additional 14 days. 
Over this period, the daily dosing with NAC continued (resulting in 21 days total of 
NAC treatment and 14 days total of bleomycin treatment). During treatment, mice were 
regularly weighed and their change in body weight was used as a non-invasive way of 
estimating the extent of injury. Beginning with NAC administration by gavage, there 
was no change in the body weight either over time or between the treatments (Figure 
5.20), which shows that the mice tolerated both the gavaging and the NAC treatment 
well. After saline administration on day 0, there was a gradual increase in the body 
weights of both the NAC and vehicle treated groups until day 9 when there was a 
plateau at about 105% of the day -7 value, although this increase was not statistically 
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significant. After bleomycin administration, the bleomycin-treated groups fell in weight 
as expected by roughly 10%, reaching a nadir at 9 days post-treatment after which 
they began to recover. At all times later than day 3 post-treatment the bleomycin 
treated animals were at a lower weight than the saline treated animals (p<0.01) and 
at all times later than day 3 post-treatment, the bleomycin treated animals were lighter 
than their day -7 starting weight (p<0.05). There were no differences in body weight 
between the NAC and vehicle gavaged groups at any of the times investigated. 
On day 14, the animals were sacrificed and tissues harvested. Before any biochemical 
assays were performed, lung wet weight was measured as an indicator of the extent 
of fibrosis. In the saline treated groups, there were no differences between the lung 
weights for the vehicle and NAC treated groups (Figure 5.21). However, the lungs 
from bleomycin treated animals were significantly heavier on average than those from 
saline treated animals (265 mg vs 120 mg, p<0.001) and there were no differences 
between the average lung weights for the vehicle-bleomycin and the NAC-bleomycin 
groups (269 mg vs 261 mg).  
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 Change in body weight after NAC administration and bleomycin 
treatment in mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Beginning on day -7 and extending to day 14, the mice 
were weighed regularly. There were no changes in body weight over the period of day -7 to 2. After 
bleomycin treatment, on day 3 weights began to fall until day 9 where they reached a roughly 10% 
decrease. In contrast, the saline treated animals gradually increased in weight until day 9, reaching a 
value of 105% of starting weight. At all times on and after day 3, the bleomycin treated animals were 
significantly lighter than the saline treated animals. There were no differences in body weight between 
the NAC and vehicle treated groups, regardless of saline or bleomycin treatment. Data are expressed 
as the change in weight over time as a percentage of the starting weight on day -7 (mean ± SEM, n= 
8-13 mice per group). ** p<0.01, ****p<0.0001 in comparison to the treatment-matched day -7 value, 2-
way repeated measures ANOVA, Tukey’s multiple comparisons post-hoc test. ++ p<0.01, ++++ 
p<0.0001 in comparison to the time-matched appropriate bleomycin group. 
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 Lung weights after NAC administration and bleomycin treatment in 
mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14. 
Lung wet weights were collected and demonstrated a significant increase after bleomycin treatment. 
Lung weights remained the same between the vehicle and the NAC-treated groups. Data are expressed 
as the lung wet weight in mg (horizontal bar represents the group mean, n=4-10 mice per group). *** 
p<0.001 in comparison to the appropriate vehicle or NAC treated saline control, 1-way ANOVA, Tukey’s 
multiple comparisons post-hoc test. 
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Homogenised total lung samples were used to quantify the amount of collagen in the 
lung by HPLC. Oropharyngeal bleomycin treatment caused a significant increase in 
the amount of collagen present in the lung (Figure 5.22, A , ~2 mg after saline 
administration vs 3.4 mg after bleomycin administration, p<0.01) whereas there were 
no differences in amounts present after NAC administration in either saline-treated 
animals (2.34 vs 2.32mg) or bleomycin-treated animals (3.46 vs 3.44 mg). HPLC 
results showed no effect of NAC on the amount of fibrosis induced by bleomycin 
treatment in contrast to previously published studies. Expressed as the amount of 
collagen per mg of lung tissue, there were also no differences between bleomycin 
alone or bleomycin + NAC groups (Figure 5.22, B, 12.6 vs 12.8 nmol/mg, p<0.01).  
In an effort to elucidate the relationship between the lung weight and the collagen 
content of the lung, the HPLC values were plotted against the lung weights. Lung 
weights correlated positively with the amount of collagen in the total lung (Figure 5.23, 
Panel A, R2=0.7518, p<0.0001) and inversely with the amount of collagen per mg of 
lung tissue (Figure 5.23, B, R2=0.7934, p<0.0001) which lends credence to the notion 
that the amount of collagen in the lung is a function of the mass of the lung. At this 
relatively early point in the fibrotic injury, the absolute quantity of collagen in the tissue 
is likely diluted by increased inflammatory cell infiltrate and vascular leak.  
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 HPLC determination of lung collagen after NAC administration and 
bleomycin treatment in mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14. 
Total lung homogenates were derivitized using NBD-Cl and analysed by HPLC for lung hydroxyproline. 
There were significant increases in the amount of collagen present in both the vehicle and NAC treated 
groups after bleomycin administration. There were no differences between the vehicle and NAC treated 
groups after either saline or bleomycin administration (Panel A). When analysed as nmol collagen/mg 
lung tissue, there were significantly lower amounts of collagen in the bleomycin treated groups as 
compared to the saline treated groups. There were no differences detected between the vehicle and 
NAC conditions (Panel B). Data are expressed as mg of collagen in the total lung (Panel A) or nmol 
per mg of tissue (Panel B) (horizontal bar represents the group mean, n=4-10 mice per group). ** 
p<0.01, *** p<0.001 in comparison to the appropriate vehicle or NAC treated saline control group, 1-
way ANOVA, Tukey’s multiple comparisons post-hoc test. 
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 Lung weight – Collagen concentration correlation 

Lung weights were graphed against their corresponding total collagen (Panel A) and collagen/mg tissue 
values (Panel B). Total lung values positively correlated with lung weights whereas collagen/mg tissue 
amounts negatively correlated. Pearson correlation, p<0.0001. 
 
Total lung homogenates were also investigated for malondialdehyde (MDA) levels to 
determine if NAC had effectively reduced bleomycin-induced oxidative damage. MDA 
is the by-product of lipid peroxidation and is often used as an in vivo marker for 
oxidative stress (Bartoli et al. 2011). This small organic compound was measured 
using the thiobarbituric acid reactive substances (TBARS) assay which relies upon its 
reaction with thiobarbituric acid to form a fluorescent molecule that can then be 
measured and quantified. As expected, MDA in the total lung was significantly 
increased in the vehicle-treated bleomycin group (Figure 5.24, Panel A, 2276 in the 
vehicle + saline group vs 7130 pmoles in the vehicle + bleomycin group, p<0.05) 
whereas the NAC treated bleomycin group was not significantly different from the NAC 
treated saline control, or the vehicle-treated bleomycin group. Expressed as pmol 
MDA/ mg of tissue, there were no differences with any of the treatments (Figure 5.24, 
Panel B).      
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 MDA levels after NAC treatment and bleomycin administration in 
mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
Total lung homogenates were assayed for MDA using the TBARS assay. In the total lung, there was a 
significant increase in the amount of MDA present in the vehicle bleomycin group but no differences 
upon NAC treatment followed by either saline or bleomycin (Panel A). When analysed as pmoles of 
MDA per mg of lung tissue, there were no differences in any of the groups (Panel B). Data are 
expressed as pmoles MDA per lung or per mg lung tissue (horizontal bar represents the group mean, 
n= 5-10 mice per group). * p<0.05 in comparison to the treatment-matched saline control, 1-way 
ANOVA, Tukey’s multiple comparisons post-hoc test. 
 
Interestingly, the amount of total lung collagen was significantly correlated with the 
amount of total lung MDA (Figure 5.25, R2= 0.3081, p=0.004), suggesting some 
connection between the amount of fibrosis (as measured collagen) and the amount of 
oxidative stress (as represented by MDA levels), supporting the notion that bleomycin-
induced pulmonary fibrosis is characterised by oxidative injury that results in fibrotic 
responses. Such a correlation was unexpected seeing as the amount of collagen via 
HPLC did not differ whereas the MDA did. One potential reason is that oxidative 
damage and changes, which are measured by the TBARS assay occur early in the 
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model whereas fibrotic changes only occur later. Therefore, it may have been that a 
decrease in the amount of oxidative damage resulted from NAC treatment, but that 
the time-point selected was not long enough to detect the resultant changes in 
collagen levels. Indeed, the selection of 14 days as a time-point and the associated 
benefits and draw-backs will be further discussed in Section 5.3. 
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 Total lung MDA – Total lung collagen correlation 

Values for the total lung MDA were plotted against the values for total lung collagen for all animals in 
the experiment. There was a statistically significant positive correlation for the values, Pearson 
correlation, p=0.004. 
 
5.2.3 Changes in mRNA levels for genes of interest  
Biochemical measures of changes in lung weight, collagen content, and MDA content 
suggested that NAC had no effect on the fibrotic response to bleomycin and, at best, 
a moderate effect on oxidative stress levels in the lung. QPCR studies were also 
undertaken on various genes of interest in order to further interrogate the disease 
processes.  
Increased collagen production and deposition is the most basic fibrotic process and 
responsible for the ultimate destruction of lung architecture. COL1A1 mRNA levels 
were measured in the lungs of bleomycin treated animals after NAC administration. In 
saline treated animals, there was no difference in the amount of COL1A1 mRNA 
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present after NAC administration (Figure 5.26). After bleomycin treatment, there was 
a significant increase in mRNA levels in the vehicle treated group (5.66 fold, p<0.01) 
but no significant difference in the NAC-administered group.      
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 COL1A1 mRNA levels in NAC and Bleomycin administered mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
RNA was extracted from total lung homogenates and assayed for the presence of COL1A1 mRNA by 
qRT-PCR. Levels remained stable in the absence of bleomycin, showing no differences between 
vehicle and NAC treated animals. Bleomycin treatment resulted in a significant increase in vehicle 
treated animals but not in NAC treated animals. However, the reduction in COL1A1 mRNA levels upon 
NAC treatment was not significant when compared to the vehicle treated group. Data are expressed as 
the fold change in COL1A1 mRNA levels normalised to the expression of ATP5B and CANX and relative 
to the vehicle-saline control group (horizontal bars represent the group mean, n=4-10 animals per 
group). ** p<0.01 in comparison to the vehicle-saline group, 1-way ANOVA, Tukey’s multiple 
comparisons post-hoc test. 
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In confirmation of the relationship between the HPLC value and COL1A1 qPCR 
values, there was a statistically significant correlation between the two values (Figure 
5.27, R2=0.3453, p=0.0025). Perhaps unsurprisingly, the animals that displayed the 
largest increases in COL1A1 mRNA had the highest amounts of total lung collagen.    
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 Total lung collagen – COL1A1 mRNA correlation  

Values for the fold change in COL1A1 mRNA were plotted against total lung collagen HPLC values. 
There was a statistically significant positive correlation as determined by Pearson correlation, p=0.0025.  
 
The main aim for this study was to determine if NAC treatment in bleomycin challenge 
had an effect on increases in the coagulation cascade proteins, particularly F10 and 
F7. Total lung homogenates were assayed for F10 mRNA which showed a significant 
increase in the vehicle-treated bleomycin group (Figure 5.28, 2.3 fold, p<0.01), but 
not after treatment with NAC. There was no significant difference between the two 
bleomycin groups, however. The amount of F7 mRNA present was significantly 
increased after bleomycin treatment in both the vehicle (Figure 5.29, 2.76 fold, 
p<0.001) and NAC treated groups (2.46 fold, p<0.01). The third member of the ternary 
complex, F3, was not significantly affected by bleomycin treatment (Figure 5.30). 
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There were no differences in the amounts of any of these three mRNA species in the 
saline treated animals. These data broadly replicate the results from the bleomycin 
time course (Section 5.1.2) which showed increases in F10 and F7 mRNA levels and 
no changes at later time points in F3. However, in the previous experiment F10 mRNA 
levels had returned to baseline by 14 days whereas in Figure 5.11 they remained 
significantly increased compared to control, highlighting some of the inherent 
variability associated with the bleomycin model (factors that may have an effect on the 
extent of experimental injury can include small changes in microenvironment, the age 
and weight of the animals, the time of year and day on which the experiment was 
conducted (Pekovic-Vaughan et al. 2014). 
These results, particularly those presented in Figure 5.26 and 5.28 present a 
challenge when it comes to analysis. For COL1A1 and F10, the NAC-bleo groups were 
significantly different from neither the saline or bleomycin only groups. This ambiguous 
statistical result was also complicated by the fact that the bleomycin only group 
displayed significant heterogeneity. However, outlier analysis was performed on the 
results and the animal was determined to fall within the normal range (within 2 
standard deviations of the mean) and was therefore retained in the analysis. As such, 
the data should not be over-interpreted.  
Additionally, there were interesting correlations when the amounts of mRNA were 
correlated with total lung collagen measured through HPLC. There were statistically 
significant correlations between collagen levels and F10 mRNA (Figure 5.31, 
R2=0.3552, p=0.0021), F7 (Figure 5.32, R2=0.5071, p<0.0001), F3 mRNA levels 
(Figure 5.33, R2=0.3635, p=0.0018). Although it is difficult to determine causation 
using these sorts of associations, it is interesting to see that increased mRNA 
signatures for the three members of the ternary complex correlate with a traditional 
measure of lung fibrosis. 
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 F10 mRNA levels in NAC and bleomycin administered mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
RNA was extracted from total lung homogenates and assayed for the presence of F10 mRNA by qRT-
PCR. In the absence of bleomycin, there were no significant differences in the amounts of mRNA 
present. Upon treatment with Bleomycin, there was a significant increase in the amount of F10 mRNA 
in the vehicle treated group whereas there was no significant increase in the NAC treated group. The 
difference between the two bleomycin treated groups was not significant. Data are expressed as the 
fold change in F10 mRNA levels normalised to the expression of ATP5B and CANX and relative to the 
vehicle-saline control group (horizontal bars represent the group mean, n=4-10 animals per group). ** 
p<0.01 in comparison to vehicle-saline group, 1-way ANOVA, Tukey’s multiple comparisons post-hoc 
test.  
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 F7 mRNA levels in NAC and bleomycin treated mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
RNA was extracted from total lung homogenates and assayed for the presence of F7 mRNA by qRT-
PCR. In saline treated animals, there were no significant differences between the vehicle and NAC 
treatment groups. Upon treatment with Bleomycin, however, there were significant increases in the 
amount of F7 mRNA present in both the vehicle and the NAC treated groups. Data are expressed as 
the fold change in F7 mRNA normalised to ATP5B and CANX and relative to the vehicle-saline control 
group (horizontal bars represent the group means, n=4-10 mice). ** p<0.01, *** p<0.001 in comparison 
to the vehicle-saline group, 1-way ANOVA, Tukey’s multiple comparisons post-hoc test. 
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 F3 mRNA levels in NAC and bleomycin treated mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
RNA was extracted from total lung homogenates and assayed for the presence of F3 mRNA by qRT-
PCR. There were no significant differences in any of the treatment groups. Data are expressed as the 
fold change in F3 mRNA levels normalised to the expression of ATP5B and CANX and relative to the 
vehicle-saline group (horizontal bars represent the group means, n=4-10 mice per group). 
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 F10 mRNA level – total lung collagen correlation 

The fold change in F10 mRNA levels was plotted against either the total lung collagen. There was a 
positive correlation for collagen (p=0.0021) as determined by a Pearson correlation calculation. 
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 F7 mRNA level – total lung collagen correlation 

Fold change in F7 mRNA level was plotted against total lung collagen and demonstrated a significant 
positive correlation via Pearson correlation (p<0.001).  
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 F3 mRNA level – total lung collagen correlation 

The fold change in F3 was plotted against the total lung collagen. There was a significant correlation 
(p=0.0018) between F3 and total lung collagen. Pearson correlation. 
 
FV plays an important role in prothrombin activation after complexing with FXa. 
Therefore, in addition to the members of the ternary complex, the effect of bleomycin 
and NAC treatment on F5 mRNA levels was also investigated. In the bleomycin treated 
groups, there was a significant decrease in the amount of F5 mRNA present after 14 
days (Figure 5.34, 0.4 fold in comparison to the appropriate saline-treated group, 
p<0.05). There were no significant differences between the vehicle and NAC treatment 
groups in either the saline treated or bleomycin treated animals.  
In opposition to the members of the ternary complex which showed positive 
associations, there was a significant negative association between total lung collagen 
(p=0.0015) and F5 mRNA levels. The negative association as well as the significant 
reduction in mRNA levels after bleomycin treatment suggest a potentially interesting 
connection between this coagulation factor and fibrosis.   
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 F5 mRNA levels in NAC and bleomycin treated mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
RNA was extracted from total lung homogenates and assayed for the presence of F5 mRNA by qRT-
PCR. In the saline treated animals, there was no effect of NAC administration on F5 mRNA levels. In 
comparison to the saline treated animals, there was significantly less F5 mRNA in the bleomycin treated 
groups but no differences between the vehicle and NAC treated groups that were treated with 
bleomycin. Data are expressed as the fold change in F5 mRNA levels normalised to the expression of 
ATP5B and CANX and relative to the vehicle-saline control (horizontal bars represent the group mean, 
n=4-10 mice). * p<0.05, ** p<0.01 in comparison to the treatment-matched saline control group, 1-way 
ANOVA, Tukey’s multiple comparisons post-hoc test. 
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 F5 mRNA – Total lung collagen correlation 

F5 mRNA levels were plotted against the amount of collagen in the whole lung. There was a significant 
inverse correlation with collagen (p=0.0015) as determined by a Pearson correlation calculation. 
 
One of the interesting findings in the bleomycin time course was the marked changes 
in epithelial cell markers of ATII (SFTPC) and basal cells (K5) over the course of the 
fibrotic response. In the later stages of the time course, there were large increases in 
both ATII and basal cell markers. Therefore, the mRNA species for ATI, ATII, and 
basal cell markers were investigated after NAC treatment of bleomycin injury to 
determine if bolstering antioxidant defences had any effect on epithelial injury. Similar 
to that detected in the bleomycin time-course, there were no significant differences in 
AQP5mRNA levels upon treatment with either NAC or bleomycin (Figure 5.36). In 
contrast however, there was a large increase in SFTPC mRNA levels in the vehicle 
treated group after bleomycin administration (Figure 5.37, 4.06 fold compared to the 
vehicle + saline group, p<0.01) that was significantly reduced upon NAC treatment 
(1.81 fold, p<0.05). The NAC-bleomycin treated group was not significantly higher than 
the NAC-saline treated control. These results demonstrate that NAC acts to prevent 
the increase in SFTPC mRNA that occurs in bleomycin-induced fibrosis.  
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 AQP5 mRNA levels in NAC and bleomycin treated mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
RNA was extracted from total lung homogenates and assayed for the presence of AQP5 mRNA by 
qRT-PCR. There were no differences in mRNA levels in any of the treatment groups. Data are 
expressed as the fold change in AQP5 mRNA normalised to ATP5B and CANX and relative to the 
vehicle-saline group (horizontal bars represent the group mean, n=4-9 mice per group).  



 
 
 

 
     

   325  
  

Fo
ld c

han
ge 

in
SF

TP
C m

RN
A

Vehicle 
- Salin

e

NAC - Salin
e

Vehicle 
- Bleom

ycin

NAC - Bleom
ycin

0
2
4
6
8

10 ** *

 
 SFTPC mRNA levels in NAC and bleomycin treated mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
RNA was extracted from total lung homogenates and assayed for the presence of SFTPC mRNA by 
qRT-PCR. In the saline-treated animals, there were no differences between the vehicle and NAC 
treated groups. Upon bleomycin treatment, there was a significant increase in SFTPC mRNA levels in 
the vehicle treated group whereas there was no significant increase in the NAC treated group. Indeed, 
the SFTPC mRNA levels in the NAC treatment group was significant less than the vehicle-treated 
bleomycin group. Data are expressed as the fold change in SFTPC mRNA levels normalised to ATP5B 
and CANX and relative to the vehicle-saline treated group (horizontal bars represent the group mean, 
n=4-9 mice per group). ** p<0.01 in comparison to the vehicle-saline group, 1-way ANOVA, Tukey’s 
multiple comparisons post-hoc test. + p<0.05 in comparison to the vehicle-bleomycin group, 1-way 
ANOVA, Tukey’s multiple comparisons post-hoc test.   
 
In the bleomycin time course investigations, there were significant changes in the 
basal cell marker KRT5 as well, suggesting that bleomycin has a significant effect on 
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the behaviour of basal cells. Therefore the two basal cell markers KRT14 and KRT5 
were investigated in the NAC-bleomycin animals. KRT14 mRNA levels were not 
significantly affected by either NAC administration or bleomycin treatment (Figure 
5.38). In opposition to this, KRT5, which was highly upregulated after bleomycin 
treatment for 21 and 28 days, showed a large increase in the vehicle-bleomycin group 
(Figure 5.39, 4.76 fold in comparison to the vehicle + saline group, p<0.01). 
Additionally, the NAC treatment after bleomycin administration resulted in a significant 
decrease in KRT5 mRNA levels when compared to the vehicle + bleomycin group 
(2.03 fold, p<0.01) and there was no significant difference between the NAC + saline 
group and the NAC + bleomycin group.     
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 KRT14 mRNA levels in NAC and bleomycin treated mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 5 0IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
RNA was extracted from total lung homogenates and assayed for the presence of KRT14 mRNA by 
qRT-PCR. There were no statistically significant differences between any of the groups. Data are 
expressed as the fold change in KRT14 mRNA normalised to ATP5B and CANX and relative to the 
vehicle-saline control (horizontal bars represent the group means, n=4-9 animals per group). 
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 KRT5 mRNA levels in NAC and bleomycin treated mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
RNA was extracted from total lung homogenates and assayed for the presence of KRT5 mRNA by qRT-
PCR. In the saline treated animals, there were no differences between the vehicle and NAC treated 
groups. After bleomycin treatment, there was a statistically significant increase in KRT5 mRNA present 
in the vehicle treated group whereas there was no difference in the NAC treated group. The increase 
in the vehicle-bleomycin group was significantly higher than the NAC treated bleomycin group. Data 
are expressed as the fold change in KRT5 mRNA levels normalised to the expression of ATP5B and 
CANX and relative to the vehicle-saline group (horizontal bars represent the group means, n=4-9 
animals per group). *** p<0.001 in comparison to the vehicle-saline group, 1-way ANOVA, Tukey’s 
multiple comparisons post-hoc test. ++ p<0.01 in comparison to the vehicle bleomycin group, 1-way 
ANOVA, Tukey’s multiple comparisons post-hoc test. 
 
Broadly, these data fit with those presented in Figures 5.11 and 5.12 with the 
exception of the difference in time point. In the longitudinal study presented earlier, 
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KRT5 mRNA levels were significantly increased following bleomycin treatment 
whereas KRT14 mRNA levels remained stable. Interestingly, the time-point at which 
increased KRT5 mRNA levels were detected (21 days and beyond) was later than that 
displayed above (14 days). This once again suggests some amount of variability within 
the bleomycin model even when all attempts were made to standardise all 
components, including the supplier of bleomycin, the supplier, age, and weight of the 
mice, and the technical aspects of bleomycin instillation. 
The bleomycin injury that results in fibrotic responses in the lung is commonly 
considered to revolve around oxidative damage of vulnerable epithelial cells (Selman 
and Pardo 2006). Therefore, antioxidants and antioxidant defence systems are 
considered important in the pathogenesis of bleomycin-induced lung fibrosis. Results 
presented in Chapter 3 focused on a potential role for the antioxidant master-regulator 
NRF2 in the regulation of FX. Therefore the amount of NFE2L2 as well as one of its 
main targets, HMOX1, was measured in the NAC-bleomycin experiment. 
Quantification of NFE2L2 mRNA detected no significant differences in mRNA levels 
with either bleomycin or NAC treatment (Figure 5.40). This agrees with the data 
presented in Figure 5.15 which also showed no increase at 14 days post-bleomycin 
administration. Additionally, there were no differences detected in HMOX1 mRNA 
levels with any of the treatments (Figure 5.41), also in agreement with the results from 
the bleomycin time course (Figure 5.16). Together these two results suggest that at 
this time point in this experiment, there was no significant activation of antioxidant 
defence systems, possibly because oxidant-mediated injury occurs early after 
bleomycin injury and is no longer present at day 14.   
 
 



 
 
 

 
     

   329  
  

Fo
ld c

han
ge 

in
NF

E2
L2

mR
NA

Vehicle
 - Salin

e

NAC - Saline

Vehicle 
- Bleom

ycin

NAC - Bleom
ycin

0.0

0.5

1.0

1.5

2.0

 
 NFE2L2 mRNA levels in NAC and bleomycin treated mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
RNA was extracted from total lung homogenates and assayed for the presence of NFE2L2 mRNA by 
qRT-PCR. There were no differences in mRNA levels between any of the treatment groups. Data are 
expressed as the fold change in NFE2L2 mRNA normalised to ATP5B and CANX and relative to the 
vehicle-saline control (horizontal bars represent the group means, n=4-9 mice). 
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 HMOX1 mRNA in NAC and bleomycin treated mice 

C57Bl/6 mice were pre-treated with NAC (300 mg/ kg) or vehicle control by oral gavage for 7 days. On 
day 0, mice were treated oropharyngeally with either 50 IU of bleomycin per animal or vehicle control 
and then housed for 14 days before sacrifice. Vehicle and NAC treatment continued daily until day 14.  
RNA was extracted from total lung homogenates and assayed for the presence of HMOX1 mRNA by 
qRT-PCR. There were no differences upon either NAC or bleomycin treatment. Data are expressed as 
the fold change in HMOX1 mRNA normalised to ATP5B and CANX and relative to the vehicle-saline 
control (horizontal bars represent the group mean, n=4-9 mice per group).  
 
 
5.2.4 Histological and immunohistochemical investigation of lung tissue from 

the NAC – bleomycin experiment 
Whole lungs from 3 animals of each treatment group were insufflated in fixative, 
processed, paraffin-embedded, and sectioned for various histological and 
immunohistochemical investigations. The histological designation of IPF (UIP, 
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Katzenstein et al. 2008) is still considered the gold standard for diagnosis of disease. 
Indeed, histological features, such as the number of fibrotic foci present, are a 
predictive factor for both the severity of disease as well as the survival rate (Harada et 
al. 2013), (Enomoto et al. 2006).  
Because signals from specific populations of cells may be masked in total lung 
homogenates, there are subtleties of disease and important pathways that only 
become apparent upon investigation of specific sub-tissues within the lung. For 
instance, in fibrosis, there is vigorous expansion in the number of fibroblasts and 
myofibroblasts as well as inflammatory infiltrates, both of which may mask changes in 
epithelial cell behaviour or pathways.  
Before any specific immunohistochemical stains were performed, basic general 
histological examinations were performed to gather an impression as to the extent, 
distribution, and reproducibility of fibrosis. Haemotoxylin and eosin (H&E) and Martius 
Scarlet Blue (MSB) stains were performed on sections of lung from each of the four 
treatment groups. All histological and immunohistochemical staining was performed 
Robert Alexander and examination of the slides was conducted in collaboration with 
an experienced histologist. Because of the lack of any overt differences between the 
vehicle and NAC treated groups, it was decided that an independent blinded 
pathologist was not necessary. This was especially pertinent given the lack of 
difference detected by the quantitative HPLC assay and other biochemical assays 
presented earlier. 
Bleomycin-treated lung may contain both fibrotic and histologically normal tissue. After 
fixation, the five lobes of the murine lung (enclosed within rectangles in Figure 5.42) 
were separated from one another and embedded in one block to increase the surface 
area of the lung present in each particular section. Vehicle-bleomycin (Panel A) and 
NAC-bleomycin (Panel B) MSB stained sections were visualised at low power in order 
to show the overarching pattern of fibrosis within the lobes of the lung. There were 
large, dense, areas of fibrosis (indicated by black arrows) interspersed with 
histologically normal areas of parenchymal lung tissue (indicated by grey arrows), 
often within the same lobe. Fibrotic areas were distributed throughout the lobes of the 
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lung and extended from the broncho-vascular bundles out to the periphery of the lung, 
with subpleural involvement. 
 
 
 
 
 
 
 
 
 
 
 
 

 MSB staining of bleomycin treated mouse lung 
3 µM sections of paraffin-embedded lung tissue were stained using MSB. Representative images of 
vehicle + bleomycin and NAC + bleomycin (as indicated above) treatment groups are presented. The 5 
individual lobes of the lung are highlighted in black boxes. A low-power image demonstrated 
heterogeneous fibrotic lesions (indicated by black arrows) distributed throughout the lobes of the lung. 
Fibrotic areas were accompanied by apparently histological normal sections of lung (indicated by grey 
arrows). The scale is indicated in the bottom left corner of each panel. 
 
Higher power H&E images of all treatment groups were also captured. In the saline 
treated groups, both NAC and vehicle administered, the structure of the lung was 
architecturally ordered and open, under which condition the lung functions efficiently 
in gas exchange (Figure 5.43, top row). After bleomycin administration, there were 
gross distortions in the lung architecture with occlusion of alveolar spaces, collapse of 

Vehicle-bleomycin NAC-bleomycin 
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the open architecture, and disordered cellular populations. Bleomycin administration 
recapitulated many of the important histological features of UIP including aggregates 
of mononuclear cells (Figure 5.43, bottom row, indicated by arrows). There were no 
qualitative differences between the vehicle-bleomycin and NAC-bleomycin groups. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 H&E staining of control and bleomycin-injured mouse lung 
3 µM sections of paraffin-embedded lung tissue were stained using H&E. Animals from the vehicle- 
saline and vehicle-NAC groups (top row) had a characteristically open lung structure that allows for 
efficient gas exchange. In the image are a bronchiole (indicated by an arrowhead), vessels (indicated 
by an asterisk). In contrast, in the bleomycin-saline and bleomycin-NAC (bottom row) groups, the 
standard open architecture of the lung was grossly distorted. Fibrotic lesions were characterised by the 
presence of mononuclear cell aggregates (indicated by a black arrow).  These were also accompanied 
by a general collapse in alveolar structure and increased cellularity of parenchymal tissue. Images are 
representative of three animals. The scale is represented in the bottom left of each image. 
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MSB staining highlights the presence of extracellular matrix proteins (for example, 
collagen) and is commonly used to investigate the extent of fibrosis. The saline-vehicle 
and saline-NAC (Figure 5.44, top row) animals displayed the presence of extracellular 
matrix proteins only in the smooth muscle layers surrounding the large airways and 
vessels (indicated by an asterisk) while retaining the open and functional alveolar 
structure. There were no obvious differences between the vehicle and NAC treated 
animals, which implies, in agreement with the biochemical and qPCR results, that NAC 
treatment per se does not affect the lung structure. Treatment with bleomycin resulted 
in alveolar distortion, and rampant disordered deposition of extracellular matrix 
components (blue staining, indicated by an arrow) in both bleomycin-vehicle and 
bleomycin-NAC (Figure 5.44, bottom row) treated animals. As with the H&E staining, 
there were no differences in either the pattern or severity of fibrosis with the addition 
of NAC, in confirmation of the HPLC result presented in Figure 5.22. 
One of the original aims for the NAC-bleomycin experiment was to investigate the 
presence and localisation of coagulation factors in both the uninjured and bleomycin 
injured lung and to determine whether this was modulated by NAC. A large body of 
previous work has shown the importance of FVIIa (Wygrecka et al. 2011), FXa 
(Scotton et al. 2009), and thrombin (Chambers et al. 1998) in bleomycin challenge. 
However, there has been no investigation as to the presence (or absence) of these 
factors in the lung at base-line, nor to their co-localisation in bleomycin injury. 
Immunostaining was therefore used to detect the presence of proteins of interest, and 
their co-localisation with MDA as a marker of oxidative stress. Serial sections of lung 
from both vehicle-saline (Figure 5.46) and NAC-saline (Figure 5.47) were stained for 
FX, FVII, TF, and MDA. Isotype control immunostaining demonstrated a low off-target 
staining (Figure 5.45). 
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 MSB staining of control and bleomycin-injured mouse lung 
3 µM sections of paraffin-embedded lung tissue were stained using MSB. Treatment with saline-vehicle 
or saline-NAC (top row) did not result in disruption of the alveolar structure. ECM components were 
detected only near bronchioles and blood vessels (indicated by an asterisk). In contrast, the bleomycin-
vehicle and bleomycin-NAC (bottom row) groups exhibited gross distortions in lung architecture 
characterised by the presence of extracellular matrix deposition (indicated by an arrow). There were no 
apparent differences between the two treatment groups as far as the pattern or extent of fibrotic lesions. 
The scale is represented in the bottom left of each image. 
  
In the lung at baseline, there was very little alveolar expression of the ternary complex 
proteins, nor was there any appreciable MDA staining. FX, FVII, and TF 
immunoreactivity was discernible in cells with the morphological appearance of 
alveolar macrophages (indicated by red arrows) and there was strong 
immunopositivity for all three factors on the bronchiolar epithelium (indicated by black 

  

* * 

Vehicle NAC 

Saline 

Bleomycin 



 
 
 

 
     

   336  
  

arrows). This staining pattern in the uninjured lung suggests that two important 
sources of potential local production of FXa are the bronchiolar epithelium and alveolar 
macrophages, an observation that agrees with the localisation of these same factors 
in human tissue, as presented in (Chapter 4). Alveolar macrophages have previously 
been shown to express TF and FVII (McGee et al. 1990) and TF has been proposed 
as a novel basal cell marker (Ahmad et al. 2013), but this is the first study of FX and 
the ternary complex as a whole in the lung.  
In bleomycin treated lungs that were also stained for FX, FVII, TF, and MDA, there 
was an overall increase in the amount of staining present in the lung as a whole. The 
increase was particularly associated with fibrotic areas. Within fibrotic areas, the three 
members of the ternary complex all localised strongly to cells with a 
fibroblastic/myfibroblastic morphology (Figure 5.48, indicated by black arrows). These 
clusters of cells, although not completely analogous, were reminiscent of fibrotic foci 
in IPF, which are clusters of highly synthetic myofibroblasts located beneath highly 
activated alveolar epithelial cells (Selman and Pardo 2002). In these images, there 
were no apparent epithelial layers. Interestingly, these fibroblastic structures also 
stained for the oxidative stress marker MDA. This suggests that myofibroblasts are 
subjected to or causative of oxidative stress in fibrosis, or both, an observation that is 
supported by publications regarding the role of NADPH oxidase 4 in fibroblast 
behaviour and fibrosis (Hecker et al. 2009).  
In fibrotic areas, there were many inflammatory cells present, including small 
lymphocytes and larger rounded cells resembling macrophages/monocytes. The 
lymphocytes were not strongly stained for any of the members of the ternary complex 
whereas the macrophage type cells showed positivity for all three (indicated by red 
arrows), as was observed in the un-injured lung. Neither macrophages nor 
lymphocytes were positive for MDA in the sections investigated. Areas of fibrosis in 
NAC-bleomycin animals displayed a similar distribution and intensity of staining 
(Figure 5.49).   
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 FX, FVII, TF, and MDA isotype control immunostaining in vehicle-
saline treated mouse lung 

3 µM sections of paraffin-embedded lung tissue were immunostained using isotype-matched non-
immune control antibodies for FX, FVII, TF, and MDA (as indicated above). Scale bars are present in 
the lower left corner of each image. Apart from a small amount of positivity in the MDA control, little 
off-target effect was observed. Immuno-reactivity (indicated by brown staining) was counterstained 
using haematoxylin, which results in blue nuclei. 
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 FX, FVII, TF, and MDA immunostaining in vehicle-saline treated mouse 
lung 

3 µM sections of paraffin-embedded lung tissue were immunostained using specific antibodies for FX, FVII, TF, 
and MDA (as indicated above). A is a low power view of a bronchiole and parenchyma whereas B is a higher power 
view of a different large airway as well as some parenchymal tissue and an associated blood vessel. Positive 
bronchiolar staining is indicated with black arrows and alveolar macrophages are indicated by red arrows. All 
members of the ternary complex localised to the bronchiolar epithelium as well as alveolar macrophages. Scale 
bars are present in the lower left corner of each image. Immuno-reactivity (indicated by brown staining) was 
counterstained using haematoxylin, which results in blue nuclei. 
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 FX, FVII, TF, and MDA immunostaining in NAC-saline treated mouse 
lung 

3 µM sections of paraffin-embedded lung tissue were immunostained using specific antibodies for FX, FVII, TF, 
and MDA (as indicated above). A is a low power view of a bronchiole, parenchyma and a blood vessel, whereas B 
is a higher power view of a different large airway as well as some parenchymal tissue. There was co-localisation 
on the bronchiolar epithelium (indicated by black arrows) as well as on alveolar macrophages (indicated by red 
arrows).. The scale is represented in the bottom left corner of each image. Immuno-reactivity (indicated by brown 
staining) was counterstained using haematoxylin, which results in blue nuclei. 
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 FX, FVII, TF, and MDA immunostaining in vehicle-bleomycin treated 
mouse lung 

3 µM sections of paraffin-embedded lung tissue were immunostained using specific antibodies for FX, FVII, TF, 
and MDA (as indicated above). A is a lower power view of a typical fibrotic lesion in the parenchyma and B is a 
higher power view of a different fibrotic lesion. All three members of the ternary complex localised strongly to both 
macrophage/monocyte type inflammatory cells (indicated by red arrows) and to fibroblastic type cells (indicated by 
black arrows). MDA, however, was present in the fibroblast aggregates only and not on the macrophage-type cells. 
The scale is indicated in the lower left corner of each image. Immuno-reactivity (indicated by brown staining) was 
counterstained using haematoxylin, which results in blue nuclei. 
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 FX, FVII, TF, and MDA immunostaining in NAC-bleomycin treated 
mouse lung 

3 µM sections of paraffin-embedded lung tissue were immunostained using specific antibodies for FX, FVII, TF, 
and MDA (as described above). A is a lower power view of a typical fibrotic lesion in the parenchyma and B is a 
higher power view of a different fibrotic lesion. The distribution and extent of immunostaining was similar between 
the vehicle and NAC treated bleomycin groups. In NAC-bleomycin treated animals, all three members of the ternary 
complex were localined to aggregations of cells with myofibroblastic morphology as well as to inflammatory cells 
with macrophage/monocyte morphology. The scale is indicated in the lower left corner of each image. Immuno-
reactivity (indicated by brown staining) was counterstained using haematoxylin, which results in blue nuclei.   
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The qPCR results presented above (Figure 5.26 to Figure 5.41) pointed to an effect 
of NAC treatment on bleomycin-induced increases in SFTPC and KRT5. These two 
genes are considered markers for ATII and basal cells respectively. Bleomycin is 
known to result in injury to, and hyperplasia of, epithelial cells. It is this injury that is 
thought to be the main pro-fibrotic event in humans (Selman & Pardo 2006). Although 
not widely associated with bleomycin-induced lung fibrosis, epithelial cell hyperplasia 
was detected in fibrotic regions (Figure 5.50 and Figure 5.51, indicated by black 
arrows). When stained using either H&E or MSB the abnormal, disordered, 
hyperplastic, epithelium closely resembled the nearby bronchiolar epithelium. Alveolar 
bronchiolisation is a recognised phenomenon in both bleomycin-induced fibrosis and 
IPF (Odajima, Betsuyaku, Nasuhara, & Nishimura 2007).  
Although it is not possible to categorically state that these abnormal areas are not 
simply pre-existing bronchi, such structures were not detected in histologically normal 
areas. Upon reviewing the images, an experienced (non-blinded) histologist confirmed 
that these bronchiolar regions, be they outgrowths of the nearby bronchioli or alveolar 
bronchiolisation, were abnormal and found only in areas of fibrosis. 
The effect of bleomycin on the ATII and basal epithelial markers by QPCR, as well as 
the presence of abnormal bronchiolar-associated epithelium in lung sections, suggest 
that these two cell types could play an important role in fibrosis. Therefore, SPC and 
K5 specific antibodies were also used to stain lung tissue. To begin, the expression of 
each was investigated in uninjured lungs. As expected, SPC strongly stained the 
alveolar epithelium, specifically ATII cells (Figure 5.53, Panel A, indicated by black 
arrows) and K5 was strongly localised to basal cells in the bronchial epithelium (Figure 
5.53, Panel B, indicated by red arrows). Negative control isotype staining (non-
immune sera from the same species as the primary) was performed and showed 
negative results apart from K5 which showed some degree of positivity (Figure 5.52) 
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 H&E staining of vehicle-bleomycin and NAC-bleomycin treated 
mouse lungs  

3 µM sections of paraffin-embedded lung tissue were stained using H&E. Disordered epithelial areas 
representing ATII hyperplasia, alveolar bronchiolisation, or a combination of the two were detected in 
both vehicle-bleomycin and NAC-bleomycin treated animals (indicated using arrows). Abnormal areas 
were very similar in staining and morphology to the nearby bronchiolar epithelium. The scale is indicated 
in the bottom left of each image. 
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 MSB staining of vehicle-bleomycin and NAC-bleomycin treated 
mouse lungs 

3 µM sections of paraffin-embedded lung tissue were stained using MSB. Disordered epithelial areas 
representing ATII hyperplasia, alveolar bronchiolisation, or a combination of the two were detected in 
both vehicle-bleomycin and NAC-bleomycin treated animals. These areas, indicated above with black 
arrows, were easy to detect as a result of the deep red staining. The abnormal epithelial layers were 
most-often detected adjacent to an airway, suggesting a bronchiolar association. The scale is indicated 
in the bottom left of each image.   
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 K5, NRF2, and SPC isotype control immunostaining in vehicle-
saline treated mouse lung 

3 µM sections of paraffin-embedded lung tissue were immunostained using isotype-matched non-
immune control antibodies for K5, NRF2, and SPC (as indicated above). Scale bars are present in the 
lower left corner of each image. Apart from some staining in the K5 control, little off-target effect was 
observed. Immuno-reactivity (indicated by brown staining) was counterstained using haematoxylin, 
which results in blue nuclei. 
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 SPC and K5 immunostaining in vehicle-saline treated mouse lungs 
3 µM sections of paraffin-embedded lung tissue were stained using specific antibodies for SPC (Panel A) and K5 
(Panel B). Alveolar epithelial cells were strongly immunopositive for SPC (Indicated by black arrows). These cells 
were cuboidal and situated at the junction between multiple alveoli, which is the classical location for ATII cells. K5 
staining produced some undesirable background but positive staining (brown/black color, indicated by red arrows) 
was easily distinguished from non-specific signal (lighter brown). Basal cells were intensely stained and were 
situated below the pseudo-stratified bronchial and bronchiolar epithelium. The scale is indicated in the bottom left 
corner of each image. Immuno-reactivity (indicated by brown staining) was counterstained using haematoxylin, 
which results in blue nuclei. 
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Hyperplastic areas of abnormal epithelium in bleomycin injured animals were 
investigated more thoroughly to determine which epithelial markers, if any, they 
expressed. Therefore, sections of bleomycin-treated lungs (Figure 5.54 and Figure 
5.55) were stained with antibodies for SPC and K5 in addition to FX and the antioxidant 
transcription factor NRF2.  
In bleomycin injured lungs, the expression of SPC was significantly altered. There was 
an increase in the amount of staining across the lung, but this staining was more 
diffuse and less specifically associated with any one cell type. SPC is a secreted 
protein and the surfactant proteins, including SPC, are produced and released in 
response to lung injury (Baekvad-Hansen et al. 2010). In fibrotic lesions, there was a 
reduction in the amount of SPC, suggesting a loss of epithelial cells in these areas or 
an increase in the secretion of SPC. This agrees with the current paradigm that injury 
and dysfunction of the epithelium results in mesenchymal activation and fibrosis. 
There was no apparent relationship between areas of abnormal hyperplastic 
epithelium and SPC expression. 
Interestingly, when examined for their K5 expression, the abnormal areas were 
strongly positive, suggesting their bronchiolar/basal origin. In addition to immuno-
reactivity for KRT5, there was also positivity for FX and NRF2. Thus, in bleomycin-
induced lung fibrosis, there is a co-localisation of these two important factors on 
abnormal, bronchiolised epithelium. The source of this epithelium was not investigated 
further in these studies. It is possible, however, that it results from the migration and 
expansion of lineage negative stem cells expressing K5 (Vaughan et al. 2015). 
Although qPCR analysis detected significant differences between SPC and KRT5 
levels between the vehicle- and NAC-treated bleomycin groups, there were no easily 
discernible differences in the distribution or extent of staining for either, with similar 
areas of abnormal epithelium that stained for FX, K5, and NRF2 (Figure 5.54 and 
Figure 5.55). It is possible that the effect of NAC on KRT5 mRNA levels was not such 
that it was detectable by this qualitative measure. Subtle changes in the number or 
size of bronchiolised epithelial areas would result in quantitative total lung changes 
while remaining difficult to detect within a single slice of lung tissue. 



 
 
 

 
     

   348  
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 FX, KRT5, NRF2, and SPC immunostaining in vehicle-bleomycin 
treated mouse lung 

3 µM sections of paraffin-embedded lung tissue were immunostained using specific antibodies for FX, K5, NRF2, 
and SPC (as indicated above). A and B are views of abnormal areas present in lung sections from two different 
animals. FX, KRT5, and NRF2 all strongly stained hyperplastic epithelial areas indicated by black arrows. SPC was 
present as a diffuse background stain and did not strongly localise in concert with the other three factors. The scale 
is indicated in the bottom left corner of each image. Immuno-reactivity (indicated by brown staining) was 
counterstained using haematoxylin, which results in blue nuclei. 
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 FX, KRT5, NRF2, and SPC immunostaining in NAC-bleomycin 
treated mouse lung 

3 µM sections of paraffin-embedded lung tissue were immunostained using specific antibodies for FX, K5, NRF2, 
and SPC (as indicated above). A and B are views of abnormal areas present in lung sections from two different 
animals. The staining pattern in NAC-bleomycin treated animals was broadly similar to that seen in vehicle-
bleomycin treated animals. FX, NRF2, and KRT5 were all localised to areas of abnormal epithelium. SPC, while 
present throughout the tissue, was diffuse and not specifically localised to any particular structure. The scale is 
indicated in the bottom left corner of each image. Immuno-reactivity (indicated by brown staining) was 
counterstained using haematoxylin, which results in blue nuclei. 
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These data show a potential intersection between oxidative stress, coagulation, and 
alveolar bronchiolisation in fibrosis. In addition to identifying these areas as KRT5-
expressing epithelia, the presence of the other members of the ternary complex and 
MDA was also investigated. Immuno-reactivity for FX, FVII, and TF was localised to 
similar hyperplastic epithelial areas (Figure 5.56 and Figure 5.57). In agreement with 
the NRF2 staining, positivity for MDA was present, further suggests that the 
hyperplastic epithelium is a site of oxidative stress in fibrosis. Interestingly, although 
not directly quantified, MDA only appeared to be present in areas that were also 
strongly positive for the members of ternary complex.  
There were no easily distinguishable differences between the vehicle-bleomycin 
treated animals (Figure 5.56) and the NAC-bleomycin animals (Figure 5.57). These 
data do not agree with those presented in the total lung MDA quantification (Figure 
5.24) which showed a significant increase in the amount of MDA in the vehicle-
bleomycin group but not in the NAC-bleomycin group. However, as discussed 
previously, immunohistochemistry provides a rich snapshot of the presence of proteins 
of interest in one section of the lung, but it only represents a small proportion of the 
lung as a whole. 
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 FX, FVII, TF, and MDA immunostaining in vehicle-bleomycin treated 
mouse lung 

3 µM sections of paraffin-embedded lung tissue were immunostained using specific antibodies for FX, FVII, TF, 
and MDA (as indicated above). A and B are equivalent areas highlighting abnormal epithelial areas in different 
animals. Positive staining for each of the three members of the ternary complex was present in areas of alveolar 
bronchiolisation. This was accompanied by immunoreactivity for MDA, which implies that these areas have 
experienced oxidative stress. The scale is indicated in the bottom left corner of each image. Immuno-reactivity 
(indicated by brown staining) was counterstained using haematoxylin, which results in blue nuclei. 
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 FX, FVII, TF, and MDA immunostaining in NAC-bleomycin treated 
mouse lung 

3 µM sections of paraffin-embedded lung tissue were immunostained using specific antibodies for FX, FVII, TF, 
and MDA (as indicated above). A and B are equivalent areas highlighting abnormal epithelium in different animals. 
The staining pattern for the ternary complex and MDA in NAC-bleomycin animals did not significantly differ from 
that seen in vehicle bleomycin animals. FX, FVII, and TF all localised to areas of abnormal epithelium that appeared 
to be bronchiolised or hyperplastic. These areas also stained for MDA. The scale is indicated in the bottom left 
corner of each image. Immuno-reactivity (indicated by brown staining) was counterstained using haematoxylin, 
which results in blue nuclei. 
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5.2.5 Summary 
Results presented on this section focused on the role of NAC treatment on bleomycin-
induced lung fibrosis. Main findings included: 

 Body weights fell rapidly after bleomycin treatment, reaching a nadir at day 9 
after treatment. Treatment with NAC did not have a significant effect on body 
weights as there were no statistical differences between the groups. 

 Total lung wet weight increased after bleomycin treatment and this increase 
was not affected by NAC treatment. 

 HPLC measurement of collagen demonstrated a significant increase in total 
lung collagen after bleomycin treatment and no reduction after NAC treatment. 

 The oxidative stress marker MDA was significantly increased in the vehicle-
bleomycin treatment group but not in the NAC-bleomycin group. There was a 
correlation between total lung collagen and total lung MDA. 

 qPCR studies were performed for a number of genes of interest. 
o COL1A1 mRNA levels were significantly increased in the vehicle-

bleomycin treatment group but not in the NAC-bleomycin treatment 
group. COL1A1 mRNA levels were highly correlated with the amount of 
collagen in the lung as determined by HPLC. 

o mRNA species for the members of the ternary complex were 
differentially regulated after bleomycin injury. F10 mRNA increased in 
the vehicle-bleomycin treatment group but not in the NAC-bleomycin 
treatment group whereas F7 mRNA levels rose in both treatment groups. 
In contrast, F3 mRNA levels were unchanged.  

o The alveolar epithelial markers AQP5 and SFTPC were differentially 
regulated. The amount of AQP5 present was not affected by either NAC 
administration or bleomycin treatment. SFTPC mRNA levels were 
significantly increased in the vehicle-bleomycin treatment group and this 
increase was significantly attenuated by NAC administration. 

o Similar to the alveolar epithelial markers, KRT14 and KRT5 displayed 
differing responses in fibrosis. KRT14 mRNA levels were not 
significantly different between any of the treatment groups while KRT5 



 
 
 

 
     

   354  
  

was significantly increased in the vehicle-bleomycin treatment group. 
This increase was attenuated by NAC administration. 

 Histology was performed on vehicle- and NAC-treated animals after 
saline/bleomycin administration: 

o There were drastic changes in lung architecture in bleomycin treated 
animals, but there were on obvious effects of NAC 

o In fibrotic lung, there was a general increase in the amount of staining 
for the members of the ternary complex, especially in fibrotic areas and 
on abnormal epithelium. These areas of intense staining also coincided 
with staining for the oxidative stress marker MDA. 

o Further studies established that the abnormal epithelium that stained 
strongly for the ternary complex also expressed K5, a basal cell marker, 
suggesting that these epithelia were of bronchiolar origin. Further, these 
cells were also shown to be positive for NRF2. 

 
 

5.3 Discussion and Future Directions 
Bleomycin-induced lung fibrosis is an incredibly common model with which to 
investigate basic fibrotic processes and interventions in mice. Although it does not 
perfectly replicate the human condition, it is still useful for pre-clinical and basic 
biological studies, especially the relatively less-common oropharyngeal route of 
administration, which was used for the two studies described above. Oropharyngeal 
instillation results in a different course, duration, and severity of disease compared 
with i.t. (Scotton & Chambers 2010). In o.p. bleomycin administration, the animals are 
much less heavily sedated which results in a more natural breathing pattern and, 
subsequently, a better distribution of the bleomycin throughout the lung. This may 
explain the longer-lasting, more severe disease observed. The precise reason for this 
discrepancy has not been experimentally explored, but it may indicate that o.p. 
bleomycin represents a better, more pathologically relevant, model than i.t. bleomycin.  
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Because the course of disease differs in o.p. bleomycin, a time-course was undertaken 
to elucidate the natural history of the fibrosis/injury. It is commonly accepted that 
bleomycin-induced lung fibrosis spontaneously resolves, resulting in a complete 
restoration of lung architecture by day 28 post administration. IPF is a progressive 
disease that results in steadily declining lung function and eventual death from 
respiratory failure. Therefore, an animal model that spontaneously resolves is 
undesirable. However, data presented in this thesis and published from our laboratory 
(Scotton et al. 2013) showed that at 28 days and beyond (up to day 84) there are still 
macroscopic and microscopic changes to the lung. Total lung wet weight and total lung 
collagen levels remained elevated at this time. The o.p. method of bleomycin 
administration, therefore, appears to resolve much more slowly than the i.t. model.  
One interesting observation regarding the o.p. model was that increased collagen by 
HPLC or Sircol at early time-points was only detected when the weight of the lung was 
taken into account. This finding contradicts what is commonly reported in the literature: 
increased collagen per mg of lung tissue after i.t. bleomycin. As reported in Figure 
5.6, after o.p. bleomycin treatment the amount of collagen per mg of tissue was 
significantly lower. One potential reason for a decrease per mg of tissue is that o.p. 
bleomycin treatment results in inflammation and inflammatory cell influx at sites of 
injury. Therefore, increased collagen, especially early in the model where inflammation 
is rampant, may be overshadowed or experimentally diluted by increased cellularity of 
the lung. It may be that the fibrosis initiated by i.t. installation of bleomycin produces 
less inflammation which, therefore allows for the detection of increased collagen per 
mg of tissue.  
A number of qPCR studies were performed on the total mRNA samples across the 
time-course. The three members of the ternary complex (F10, F7, and F3) were all 
increased early in course of bleomycin injury (days 7 and 10). These data conflict 
somewhat with previously published values (Scotton et al. 2009) that show later 
increases in coagulation factors. There are many factors that may have influenced this 
including the severity and precise course of disease in this particular experiment. 
Nevertheless, bleomycin-administration results in the increased production in 
coagulation factors which are theoretically sufficient for activating pro-inflammatory 
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and pro-fibrotic signalling via PAR-1. Importantly, F10 mRNA increases on day 10 after 
bleomycin administration were accompanied by increases in NFE2L2 and HMOX1. 
These results strengthen the assertion, from Chapter 3, that the regulation of F10 may 
be controlled in part by the action of NRF2. There were also highly significant 
increases in ATII (SPC) and basal cell (KRT5) markers during peak fibrosis at 21 and 
28 days. Fibrosis is characterised by altered epithelial-mesenchymal crosstalk that 
results in fibroblast expansion and dysfunction. It is known that ATII hyperplasia occurs 
in areas of active fibrosis and that this contributes to fibrosis (Selman & Pardo 2006). 
Another characteristic of bleomycin-induced fibrosis is alveolar bronchiolisation, which 
was detected as an increased in KRT5 mRNA levels as well as by 
immunohistochemistry, which will be discussed below.  
O.p. bleomycin injury was subsequently treated with daily NAC administration to 
determine if supplementation of antioxidants was effective at reducing or preventing 
fibrosis, as has previously been shown. Unexpectedly, there was no effect of the NAC 
administration on the severity of fibrosis as determined by HPLC, lung weight, or 
histology. This contrasting result could again be explained by the different route of 
bleomycin administration. As discussed above, o.p. bleomycin administration results 
in a more severe, more prolonged fibrotic response than is traditionally observed after 
i.t. bleomycin administration. This may have resulted in a disease that was too intense 
to be ameliorated by NAC administration. All previous studies that have demonstrated 
a protective effect of NAC were performed in the i.t. model. Therefore it is also possible 
that the dose used, which was based on those used in the published studies, was not 
sufficient to protect against the more damaging o.p. model. However, NAC 
administration did have an effect on a number of genes and also appeared to block 
the increase in MDA after bleomycin administration. Although it did not have an effect 
on the extent of fibrosis at the time-point measured, it is also possible that, had the 
treatment been continued, an effect would have been demonstrable at later time-
points. This notion is supported by the fact that there were effects of NAC on some of 
the mRNA species measured by qPCR.   The mRNA species for a number of pro-
fibrotic proteins (COL1A1, F10, etc…) were significantly increased in the vehicle-
bleomycin group and not significantly increased in the NAC-bleomycin group. These 
data show that NAC administration had an effect on the expression of genes but that 
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that effect did not subsequently translate into a broad effect on the fibrotic response, 
implying that the intervention was either not strong enough or that the experiment was 
terminated too early to detect a larger effect on fibrosis in general.  
Fibrosis is a complex, multi-factorial condition that involves the activation and 
concerted action of a large number of disparate pathways, cell-types, and processes. 
Chief among these is mesenchymal crosstalk with abnormal, injured, hyperplastic 
epithelial cells. There were large increases in the mRNA species for markers of 
alveolar (SFTPC) and bronchial (KRT5) epithelium in the fibrotic period after 
bleomycin administration. Increases of this sort could result from epithelial 
expansion/hyperplasia in response to a damaging stimulus such as bleomycin. This 
notion is supported by a recent publication (Vaughan, Brumwell, Xi, Gotts, Brownfield, 
Treutlein, Tan, Tan, Liu, Looney, Matthay, Rock, & Chapman 2015) which determined 
that a lineage negative stem cell populations expands into areas of epithelial damage, 
resulting in increases in both SFPTC and KRT5 expression. 
Interestingly, NAC administration in bleomycin injury resulted in significantly reduced 
mRNA levels for SFTPC and KRT5 relative to the increase in the vehicle group. 
Bleomycin is known to cause oxidative damage to the pulmonary epithelium and NAC 
has been shown in previous studies to block that damage. Although there was no 
reduction in the amount of fibrosis when tissues were collected, a lessening of the 
extent of injury to epithelial cells would have likely resulted in less fibrosis and a shorter 
diseases course. 
Although NAC did not protect from bleomycin induced fibrosis, there were a number 
of other intriguing observations from the study. A number of correlations were detected 
including: F10, F7, and F3 positive correlations with total lung collagen and a negative 
correlation of F5 to total lung collagen. Although a correlation does not equate to a 
specific relationship between two factors, the connections warrant further exploration.  
One complicating factor of qPCR studies utilising homogenised lung tissue is the 
changing cellularity of the lung after bleomycin injury. Bleomycin injury causes 
rampant injury and concomitant inflammation which will likely influence the results 
produced by studies investigating total lung tissue. For instance, local production of 
the coagulation factors is thought to mainly result from epithelial cells. However, 
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bleomycin-induced fibrosis results in the influx of inflammatory cells and also 
mesenchymal expansion. Both of these processes may result in an apparent decrease 
in the mRNA levels of coagulation factors while in fact they merely represent a 
decrease in the proportion of the lung that represents the epithelium. The mRNA 
species may still be increased in the epithelium. This can be specifically investigated 
using techniques that more finely delineate tissues, such as laser-capture 
microdissection, which was not used in this thesis. 
In addition, bleomycin injury is characterised by inflammation in the tissue and it is 
possible that these cells, particularly macrophages, could be a source of both 
coagulation factor mRNA species and proteins present in the fibrotic lung. However, 
previous work demonstrated increasing coagulation factor production accompanied by 
decreasing inflammation in the murine model (Scotton et al. 2009) and 
immunohistochemistry of fibrotic tissue demonstrated highly immuno-localised 
staining of epithelial tissues. While it cannot be ruled out that this staining results from 
localisation of secreted factors to the epithelium, the combination of qPCR data, 
immunohistochemistry, and data from previous publications provide strong evidence 
in support of epithelial production of coagulation factors. Again, laser-capture 
microdissection could provide an interesting and informative avenue with which to 
further investigate coagulation factor production in the lung. For instance, alveolar 
epithelium in non-fibrotic areas could be compared with hyperplastic epithelium 
overlying fibrotic areas and aggregates of inflammatory cells. 
Another option for detecting specific cell-type production of factors of interest is 
immunohistochemical staining, which was used to confirm and expand quantitative 
biochemical and qPCR results. There were no major differences between the NAC 
and vehicle-bleomycin animals, in confirmation of the qPCR and collagen results. 
However, important studies were conducted on coagulation, oxidative stress, and 
epithelial markers to determine where and to what cell types coagulation factors were 
localised.  
The ternary complex members all strongly localised to fibrotic areas, specifically 
fibroblasts and abnormal epithelial patches. This corroborates the proposed role for 
PAR signalling in the fibrotic process. Additionally, these areas were positive for the 
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oxidative stress marker MDA. In further studies, the abnormal epithelial areas were 
shown to be positive for not only FX, but also K5 and NRF2. This suggests that the 
FX-positive epithelium is either bronchiolised alveolar epithelium or expanded basal 
cells from the bronchus and that it is the site of antioxidant pathway activation.  
One potential hypothesis, then, is: oxidative stress in epithelial cells results in the 
activation of the transcription factor NRF2 which, in turn, results in the increased 
production of FX and FVII. It may be either that this increased production of FX and 
FVII is caused by alveolar bronchiolisation or that it causes alveolar bronchiolisation. 
It is currently not known which results in which. FXa has been shown to influence the 
differentiation of fibroblasts to myofibroblasts (Scotton et al. 2009) and bronchial 
epithelium has been shown both in vitro (results presented in Chapter 3) and in vivo 
to be a source of FX. Therefore each scenario is probable and further research would 
be required to delineate the pathway. 
Additionally, it is currently unclear what role, if any, the ternary complex and FXa may 
play in the function or structure of the lung during homeostasis. The most direct way 
of interrogating this question would be to knock out the gene for FX, but knockout 
animals die during or just after birth due to haemorrhage. In order to circumvent this 
lethality, and to study the effect of locally produced FX in the lung, a conditional 
knockout would be essential to allow for enough circulatory FX for essential 
coagulation processes. Unfortunately, the generation of a conditional knockout is 
lengthy and costly and beyond the scope of this thesis.  
Many questions as to the role of oxidative stress in the regulation of coagulation factors 
in vivo as well as to the role of coagulation factors in fibrosis have been generated as 
a result of the data presented here. Potential future directions include: 

 NAC treatment of bleomycin injury with an increased range of doses and time-
points to detect if NAC is effective at treating/preventing fibrosis in the O.P. 
model. 

o qPCR studies would be the main aim to detect significant changes in 
mRNA levels of proteins of interest, such as F10, following NAC 
administration. 
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o Bronchoalveolar lavage could also be employed to determine if NAC 
administration had an effect on the increased levels of FXa that are 
associated with bleomycin induced fibrosis. 

o Additional immunohistochemical studies to further delineate the co-
incidence of coagulation factors with various markers of oxidative stress 
and epithelial sub-type. 

 Utilisation of tissue specific knockout of NRF2 (or other important antioxidant 
pathways) to further investigate the role of oxidative stress in both fibrosis and 
the production of coagulation factors. 

o For instance, would a mouse lacking epithelial NRF2 exhibit different 
responses to bleomycin injury in terms of fibrosis parameters or 
coagulation factor production and activation? 

 Investigations on the role of lung-specific FX production on both baseline 
physiology and bleomycin-induced pulmonary fibrosis. 

o Potential methods include both AAV rescue of FX KO animals and a FX 
conditional knockout in alveolar or bronchial epithelial cells. 

 Pursue further experimentation on the role of FV in fibrosis and other non-
coagulation processes. 

o Supplement bleomycin-treated animals with exogenous FV both 
prophylactically and therapeutically to determine any effect of this factor 
on fibrosis or its resolution. 

 Focus specifically on the “fibrotic” and “resolution” phases from 
days 14 to 28 and beyond as these time-points showed 
significantly reduced FV. 
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Chapter 6 – Discussion 
 
6.1 Introduction 

 
Idiopathic pulmonary fibrosis is a complex multi-factorial disease of unknown aetiology. 
Current paradigms posit that repeated cycles of epithelial wounding and mesenchymal 
activation initiates ongoing wound-healing responses that are not correctly directed or 
resolved, resulting in eventual tissue destruction and organ failure. Current therapeutic 
strategies have shown only a moderate effect on reducing the rate of progression. As such, 
there is a push to develop more effective treatments. Two potential avenues for treatment 
are oxidative stress and coagulation, both of which have shown some promise in pre-clinical 
work. 
   
Limited data from our laboratory suggested a possible link between oxidative stress and 
increased local production of FX in the lung (Scotton et al. 2009), but this preliminary 
research did not delve into any mechanistic details. Therefore the experiments presented in 
this thesis were constructed, as outlined by the aims presented in Section 1.5, to investigate 
the hypothesis that the local production of coagulation factors by alveolar and 
bronchial epithelial cells is regulated by oxidative stress and plays a pathogenic role 
in the pulmonary fibrosis.  
  
6.2 Production and regulation of F10 and FX in pulmonary epithelial cells 
 
Until recently, it was assumed that all coagulation factors present in the circulation and 
throughout the body at areas of inflammation and haemorrhage were produced in the liver 
and released as inactive zymogens. This paradigm has been challenged recently by a 
number of studies suggesting production by a variety of extra-hepatic cell types including 
fibroblasts, smooth muscle cells, monocytes, and a number of cancer cell lines. With specific 
relevance, the lungs of IPF patients and of bleomycin treated mice have increased levels of 
FX and it has been demonstrated that a portion of this was the result of local production by 
epithelial cells (Scotton et al. 2009). Preliminary in vitro research determined that this 
increased production resulted from oxidative stress   
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Hydrogen peroxide was chosen as an inexpensive, widely utilised, and well tolerated 
stimulus to mimic oxidative stress in a culture system. Treatment of the alveolar epithelial 
cell line A549 as well as primary ATII and HBE cells resulted in increased F10 and FX, albeit 
with different concentrations and kinetics. Indeed, this follows as each cell type will have a 
unique antioxidant profile, both in the identity and amounts expressed, resulting in divergent 
responses.  
 
Subsequent quantification of the half-life of hydrogen peroxide in biological fluids, such as 
cell culture medium, demonstrated that it rapidly degraded, a fact that was mirrored by short-
lived increases in F10 mRNA levels. The cause for the rapid degradation of hydrogen 
peroxide in culture medium may have resulted from its reaction with any number of 
molecules that are present at large concentrations in these fluids; glucose, amino acids, 
biotin, inorganic salts, buffering molecules such as phenol red, and many others are 
common additions. ROS are characterised by their high degree of reactivity. They will readily 
oxidized these components, degrading and becoming non-toxic in the process. On an 
experimental level, the rapid degradation of ROS in cell culture medium represented a 
substantial methodological drawback. Many common molecules used for in vitro stimulation, 
such as cytokines and small molecule inhibitors, are known to persist in the medium for 
hours to days. With increased persistence, the cells will encounter the molecule for longer 
and, as such, develop a more distinct response to its presence. On the contrary, with a 
rapidly decaying molecule such as hydrogen peroxide the cell will show an initial response 
that will then rapidly decrease as the stimulatory molecule disappears. As a result, any 
demonstrable changes in the cell will return to baseline, resulting in a brief response that 
represents not the response of the cell but the absence of the stimulus. For example, the 
initial hydrogen peroxide studies presented herein (Figures 3.14 and 3.15) demonstrated 
that hydrogen peroxide stimulation did not result in an increase in FX protein levels by 
Western blot. On potential reason for this was: although 400 µM H2O2 was able to cause a 
short-lived increase in F10 mRNA (Figure 3.9), the stimulation did not persist long enough 
or stimulate the cells sufficiently to result in increased intracellular protein levels.  
 
Therefore, enzymatic generation of hydrogen peroxide was explored as a more appropriate 
ROS stimulus. In fact, a less intense yet more prolonged oxidative stimulus more closely 
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resembles the physiological situation in IPF, where many small yet chronic insults are 
thought to result in poorly resolved wound healing responses. The enzyme GOx digests 
glucose present in the cell culture medium at a constant rate, producing an amount of H2O2 
that increases linearly with the concentration of the GOx. In this way, it was possible to fine-
tune the amount of ROS present in the culture medium and also to ensure that H2O2 
remained in the medium for long enough to result in lengthier cellular stimulation. GOx 
treatment resulted in a more robust increase in F10 and FX and was used for further in vitro 
stimulation experiments. 
 
There is no widely accepted value for an amount of ROS that will result in toxicity as that 
will depend on the specific cell and its condition at the time of treatment. Care was taken to 
ensure that the treatment with ROS, both hydrogen peroxide and GOx, resulted not in 
massive damage and apoptosis but rather signal transduction. A549 cells have a noted 
resistance to hydrogen peroxide treatment, either as a bolus addition (Shenberger et al. 
2002) or through enzymatic generation (Dandrea et al. 2004) and the ROS amounts 
detected in this thesis fell within the “non-toxic” range presented in these studies. In addition, 
histological examination of primary ATII cells treated with H2O2 for a relatively short time (4 
hours) showed no changes in morphology after treatment. One interesting observation of 
the above referenced studies was that treatment with hydrogen peroxide for longer periods 
of time (48 to 72 hours) resulted in cell-cycle inhibition and senescence. Together, these 
data suggest that the increase in F10 does not result from the non-specific effects of cellular 
stress or damage, but rather the activation of specific signalling cascades. 
 
The studies presented in this thesis were not designed to investigate the involvement of 
senescence in either epithelial F10 mRNA production or IPF more generally, but premature 
senescence and its effects on cellular behaviour and secretory patterns are a known feature 
of fibrosis (Chilosi et al. 2013), (Minagawa et al. 2011).The role of senescence in F10 or FX 
production, then, could represent an interesting avenue for further investigation.  
 
In an effort to determine the mechanistic specifics of ROS-mediated F10 increases, two 
strategies were employed. First, the known liver-specific coagulation transcription factor 
HNF-4 was investigated in cultured epithelial cells (Bancroft et al. 1992). It was not shown 
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to be present in A549 cells while showing strong positivity in the liver cell line HEPG2, as 
expected. The physiological demands on a liver cell as opposed to an alveolar epithelial cell 
naturally result in – and from – drastically different genetic and synthetic profiles coordinated 
by unique transcription factors and signalling networks. This suggests the interesting notion 
that F10 expression is controlled by at least two distinct systems depending, perhaps, on 
the organ being investigated. Of course, organ-specific expression of proteins is wide-
spread and necessary for the distinct functioning of each organ. 
 
Oxidative stress, for instance, may pose a unique danger to the cells of the lung because of 
the much higher relative oxygen concentration in this organ. Therefore, it is possible that 
antioxidant and related pathways play an important role in this organ. One potential 
important application of such a finding could involve the fine-tuning of a pharmacological 
treatment that would reduce the production of FX in the lung whilst not interfering with the 
important homeostatic liver production. Such a treatment could possibly reduce the 
undesirable and potentially dangerous bleeding side-effects of systemic anticoagulation. 
 
In addition, further experiments investigating local coagulation factor production by other 
tissues would be useful. For instance, inflammatory cells (particularly monocytes and 
macrophages) and cells of the vasculature (smooth muscle and endothelial cells) are known 
to be sources of coagulation factors (Dashty et al. 2012). These cells were not examined in 
this thesis and could represent important sources of local coagulation factor production. In 
addition, it is generally considered that the main source of coagulation factors is the 
circulation. Despite preliminary evidence to suggest that increased FX in the murine lung 
following bleomycin injury was not the result of increased vascular leak, it would be useful 
to investigate this issue more fully. For instance, lavages could be used to correlate amounts 
of coagulation factors present with amounts of inflammatory markers (such as serum 
components) present.  
 
Secondly, pathways known to be involved in ROS signal transduction (NF-κB, p38, JNK, 
and ERK), all of which have also been shown to be involved in IPF, were investigated. NF-
κB plays a well-described role in production of a wide variety of antioxidant molecules 
including SOD2, HO-1, and glutathione peroxidase (reviewed in Morgan and Liu 2011). In 
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addition, NF-κB both influences and is influenced by the transcriptional activity of the AP-1 
complex (Fujioka et al. 2004). AP-1 itself, which is formed of a heterodimer of c-jun and c-
fos, plays a role in the regulation of the antioxidant molecule sulfiredoxin (Soriano et al. 
2009). The ‘immediate early’ response that results in AP-1 formation results from the 
activation of ERK and JNK signalling (Karin 1996). Therefore, the activities of NF-κB, ERK, 
and JNK form an interconnected and integrated network to influence the production of 
important cytoprotective genes including antioxidants. None of the factors investigated was 
shown to have an effect on the production of F10 mRNA levels. Although not directly related 
to the production of FX, ROS treatment did lead to the activation of these, and probably 
many other, pathways. In the context of IPF, this could influence important fibrotic mediators 
such as CCL2 (the release of which involves ERK signalling, Ortiz-Stern et al. 2012) and 
pathways such as TGFβ1 signalling (which involves the phosphorylation and activation of 
JNK, Engel et al. 1999). Perhaps more importantly, activated p38, ERK, and JNK have all 
been demonstrated to phosphorylate and thereby activate NRF2 (reviewed in Kong et al. 
2001), which suggests that they may be important in ROS signal transduction although they 
do not appear to play a differential role in F10 mRNA production.  
 
One curious observation in the NRF2 ChIP studies was the lack of increased binding 
following hydrogen peroxide or NRF2 agonist treatment. The stimulation times chosen were 
based on those which had, in previous experiments, demonstrated an effect on F10 mRNA 
levels. However, given the rapid generation of the response as well as its equally rapid return 
to baseline, it is possible that the transcription factor responsible for this increased 
production had already accomplished its signalling and dissociated from the DNA. Future 
studies utilising earlier time-points (5 to 15 minutes) would be necessary to demonstrate 
increased binding.  
 
F10 has not heretofore been described as a target for NRF2, yet the number of recognised 
targets for NRF2 is expanding to include hundreds of genes unrelated to antioxidant or 
detoxification processes, such as adipogenic (Chorley et al. 2012) and hematopoietic 
pathways (Campbell et al. 2013). Previous screens used to identify targets have been 
performed in either KO animals (Lee et al. 2003), (Thimmulappa et al. 2002) or in isolated 
cells that have been genetically manipulated (Campbell et al. 2013). In KO animals, it is 
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likely that F10 was not detected as a target because the experiments were not performed in 
specific cell types, but in larger tissue sets, which have many different sorts of cells. This 
may have resulted in F10 being diluted out as a target gene because of the increased 
presence of cells with no F10 expression. In addition, these experiments compared KO 
animals with normal animals and did not included stimuli, such as ROS, which were 
demonstrated by this thesis to increase expression. In the cellular experiments, SFN, which 
was used in this thesis to increase F10 mRNA levels, was used to strongly induce NRF2 
activity. However, the cells that were used were erythroid and lymphoid, which are cell types 
that have not been shown to produce coagulation factors.  
 
One of the interesting questions that remains regarding the role of NRF2 in epithelial-specific 
production of F10 mRNA and FX protein is: NRF2 is expressed ubiquitously throughout the 
body and plays a key role in many different cell types (Moi et al. 1994), so why is there no 
apparent production of FX except in the pulmonary epithelium? This broad question was not 
addressed by this thesis, which was specifically focused on the pulmonary epithelium, but it 
is possible that other cell types do produce FX and that this has simply not been detected 
or investigated. FX has traditionally been viewed as a liver-specific gene whose expression 
is controlled by the activity of the liver-specific promoter HNF-4. Therefore, its production in 
other organs was not investigated until recently. Studies have increasingly shown that 
coagulation factors are produced outside of the liver, particularly by immune cells, 
fibroblasts, and cancers of various origins and that these ectopically produced factors play 
key roles in inflammation, immunity, metastasis, and wound healing. In other types of fibrosis 
(cardiac, hepatic, or renal, all of which have coagulation imbalances, Mercer and Chambers 
2013) the epithelium may also produce and secrete FX. Thus, a potential avenue for 
investigation could be the epithelia of organs other than the lung, whether they produce F10 
mRNA, and what role oxidative stress plays in this production. 
 
Although there is increasing recognition of ectopic production of FX and other coagulation 
factors by cells outside of the liver, it is clear that many more cells express NRF2 than 
produce FX. This disconnect may result from the specifics of NRF2 activity in the specific 
cell type. A promoter binding to its target gene, including NRF2, is a complicated event that 
involves both positive and negative regulation from enhancers, other promoters, binding 
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partners, and epigenetic modifications nearby. Therefore, the activity of NRF2 as well as 
which genes it promotes in any specific tissue or cell will result from both the identity and 
activity of other proteins and epigenetic modifications. There are known associations 
between specific epigenetic markers and IPF (Reviewed in Helling and Yang 2015, Yang 
and Schwartz 2015) suggesting that subtle changes in histones, such as increased 
methylation or acetylation, can have a pronounced effect on gene expression and, therefore, 
the larger context of disease. In fact, at least two NRF2 target genes, NAD(P)H: quinone 
oxidoreductase 1 (NQO1, Tada et al. 2005) and Glutathione S-transferase (GSTP1, Tchou 
et al. 2000), are known to be silenced through promoter hypermethylation which reduces 
the ability of NRF2 to bind to, and activate, the promoter. 
 
One potential theory, then, is that in most cells the NRF2 binding site in the FX promoter is 
epigenetically modified such that no binding or downstream translation occurs. However, in 
certain cells, such as the bronchiolar and alveolar epithelial, this epigenetic silencing may 
be lessened or removed, allowing for the oxidant-mediated production of FX. In order to 
investigate this, epigenetic screens of the F10 promoter in bronchiolar and alveolar epithelial 
cells could be conducted to detect significant changes, such as methylation. The epigenetic 
map of the promoter in these cells could then be compared to equivalent areas in both cells 
which do not produce F10 mRNA, such as fibroblasts, and cells that are known to produce 
F10 but through non-NRF2, non-inducible pathways, such as hepatocytes. 
 
6.3 Heterogeneity of oxidative stress responses in primary epithelia 
 
A549 cells were used for many studies because they are robust and provide replicable 
homogenous populations for large-scale experiments, ensuring a minimum of variability and 
increasing the chances for interpretable data. However, as discussed previously, studies 
utilising solely the A549 cell line may be less broadly applicable because of their tumorigenic 
nature and abnormal chromosomal status. A549s play a useful role in cell culture 
experiments, especially in early stages where pathways are being investigated. However, 
because they are a cancer cell line, they should be considered to produce useful yet 
preliminary data. Cell culture studies using only A549s are relevant only insofar as they 
inform on mechanism. Their relevance to disease states and processes, unless one is 
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researching lung cancer, is tenuous. In IPF research, because of the lack of tissue and the 
difficulties in culturing alveolar epithelial cells (discussed further below), A549 will continue 
to be a useful and widely utilised model. However, experimental protocols should expanded 
where possible in primary cells to provide confirmation in a more physiologically relevant 
system. 
 
Ideally, all cellular experimentation would be conducted in primary cells isolated from the 
tissue of interest. However, there are several drawbacks to their use. Most primary cells 
grow poorly or not at all in culture, human tissue is difficult and expensive to obtain, and 
extraction procedures are costly and labour-intensive. In addition, experiments should be 
replicated in a large number of distinct donor cell lines to ensure broad reproducibility. As 
was noted in earlier discussion sections, cells of the same type from distinct donors were 
observed to have heterogeneous responses to oxidative stimuli. This both reduces the 
interpretive power of studies and indicates the need for multiple confirmatory studies in 
further donors.  
 
The precise reason for donor differences was not specifically investigated, but there are a 
number of likely reasons. First, although all care was taken to standardise and optimise the 
primary cell extraction procedures, it may be that subtle contamination of cultures with other 
cell types, such as fibroblasts or macrophages, resulted in disparate results. This issue was 
addressed, however, by investigating the purity of each individual ATII culture, which in each 
case was at least 98%. However, it cannot be ruled out that the small percentage of 
contaminating cells had an influence on downstream responses. In the case of HBECs, 
purity studies were not performed as a part of this thesis, but they have been performed 
previously (Karp et al. 2002) and have shown nearly 100% purity. The medium in which 
HBECs are grown, BEGM, has been specifically formulated to encourage the growth of 
bronchiolar epithelial cells while minimising the growth of contaminating cells such as 
fibroblasts (Picot and Jones 2005).  
 
Second, there is a known relationship between circadian rhythms and the cell’s ability to 
respond to and detoxify ROS (reviewed in Stangherlin and Reddy 2013). For instance, there 
are periodic changes in basal NRF2 binding to various ARE promoter elements that results 
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in oscillating levels of antioxidant genes throughout the day. Interestingly, these changes 
have been correlated with changes in the susceptibility of the murine lung to bleomycin-
induced fibrosis (Pekovic-Vaughan et al. 2014). In relation to the heterogeneity of response 
to ROS detected in both A549s and primary epithelial cells, it is possible that subtle changes 
in the NRF2-ARE system brought about by circadian rhythms resulted in variable data. 
 
Third, it is likely that the health of each particular culture and, therefore, their responses to 
stimuli, was directly affected by the amount of time from the tissue removal, or donor death, 
to cell isolation and culture. On an anecdotal level, primary cells that were extracted very 
near to the time of tissue collection or host death grew better, generated a larger number of 
viable cells, and persisted for longer. After donor death or tissue removal, the tissue and 
cells undergo a number of changes that could influence the subsequent behaviour of the 
cells in culture. For instance, the amount of oxygen and nutrients available to the cells is 
obviously impaired in the absence of a functional circulatory system. Therefore, it is logical 
to assume that a number of processes, such as cellular respiration, will be altered and will 
have a significant impact on all downstream behaviour. For instance, hypoxia results in the 
activation of a number of adaptive pathways to combat low oxygen concentrations and this 
action influences and is influenced by oxidant-mediated pathways, including NRF2 (Miyata 
et al. 2011).  
 
Unfortunately, the amount of time elapsed between donor death and primary cell extraction 
was determined by circumstances beyond our control. This period ranged from 6 hours at 
the shortest to 5 days at the longest. The value of all primary tissue samples was such that 
all viable donors were utilised. Although this likely introduced variability as described above, 
it was deemed more appropriate to generate results in a greater number of donors rather 
than a smaller number of more homogenous donors. With greater access to donor material, 
discrimination could be used when determining which tissue to use for primary cell 
generation, but such was not the case in this thesis.       
 
Finally, cells were generated from individual donors, each of whom is distinct genetically and 
epigenetically, of a different age, gender, and medical and medication history, with unique 
cellular behaviour and disease predilections. When tissue was received every care was 
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taken to use tissue that had no underlying respiratory diagnosis that could complicate the 
result, but it cannot be ruled out that there were donors with undiagnosed confounding 
respiratory conditions. IPF is a multi-factorial disease with a significant genetic component 
(Garcia-Sancho et al. 2011). It is broadly recognised that IPF results from a combination of 
genetic predisposition combined with causative environmental exposures. Therefore, subtle 
sub-cellular or cellular differences in pulmonary tissue are likely to play a role in disease 
progression. All patients display a complex set of long-term environmental exposures 
combined with their own genetics. In a general sense, this suggests that each set of cells 
extracted from a donor will carry subtle yet potentially experimentally important differences 
in a number areas. For instance, the ATII cells from a certain donor may have slightly higher 
levels of the antioxidant glutathione or have suffered from oxidative stress in vivo. Or 
environmental exposures could have resulted in epigenetic changes affecting the 
expression levels of important genes such as NRF2 or its targets. These sorts of alterations 
could lead to divergent responses to ROS stimulation. In addition, unlike A549, which is 
comprised of a relatively homogenous clonal population, primary cells, even when extracted 
from the same donor, will have slight subcellular and genetic differences, resulting in minute 
yet important differences in response.  
 
Given the number of issues encountered when using primary tissue for experimentation, 
there are possible solutions. In order to overcome the inter-donor variability, all effort should 
be made to replicate results in as many donor lines as possible. This would increase the 
power of each experiment, enhancing the ability to detect genuine differences. In addition, 
given greater access to patient tissue, lower yield yet higher purity ATII isolation procedures, 
such as FACS based ones, could be trialled to determine if lower contamination results in 
more homogenous responses. Although all available patient samples – and their associated 
cellular isolates - were used for the experiments presented in this thesis, it may be that 
greater discrimination should be applied to which tissues are used. In order to reduce 
variability due to the health of the culture, only tissue of less than a certain age post-mortem 
(for instance a maximum of 2 days) could be used for generating ATII cells. This would also 
have the added benefit of allowing the experiments to be standardised to a much greater 
degree. Variability in oxidative responsiveness related to circadian rhythms could be 
reduced if experiments were conducted at a specific day and time of day after isolation.  
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6.4 The use of IPF tissue for epithelial cell isolation and culture  
 
One limitation of experimentation on primary cells in culture, is the lack of access to IPF 
tissue. Idiopathic pulmonary fibrosis involves the activation of pathways and cellular 
programs within the progressive context of abnormal wound healing. In this way, both the 
behaviour of each individual cell as well as the milieu of cytokines, growth factors, and 
oxidants will reflect the broad changes that occur in fibrosis. Therefore, treatment of cultured 
cells with ROS will mimic a key facet of pulmonary fibrosis, oxidative stress, to the exclusion 
of the rest. There are no perfect cell culture models of fibrosis because it is a condition that 
involves the complicated cross-talk between multiple cell types including epithelial, 
mesenchymal, and immune cells. There are several systems that attempt to address this 
question by using dual or even triple culture of cells (Lehmann et al. 2011), but it remains 
technologically difficult and expensive to do so. However, if cell culture studies were 
performed in cells extracted from IPF tissue, the sub-cellular imprint, such as altered gene 
expression or antioxidant levels, of the disease would be carried into the cell culture system 
and increase the applicability of the system.        
 
Many IPF studies, including those presented in Chapter 4 of this thesis, rely upon the 
immunohistochemical investigation of fixed, embedded tissue samples. These studies 
provide indirect correlative evidence on the interactions between protein and cells of interest. 
Given access to primary cells generated from IPF tissue, these results could be confirmed 
and expanded. Unfortunately, few groups have succeed in generating epithelial cells from 
IPF tissue (Marmai et al. 2011). IPF is a rare condition (only ~10 cases per 100,000), so 
patient access is limited and acquiring diseased tissue is difficult on a logistical level. In 
addition, as a result of the increasing power of modern diagnostic procedures, IPF patients 
are not commonly subjected to lung biopsy for diagnosis when clinical symptoms, a high 
resolution computed tomography (HRCT) scan and BAL will suffice. This prevents the need 
for a damaging lung biopsy, which can be detrimental to the health of the patient in terms of 
morbidity and mortality. Additionally, because of the known progressive nature of IPF as well 
as modern clinical practice, many IPF patients opt for hospice and other non-hospital based 
options when approaching the end of their lives, which further reduces the likelihood of a 
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post-mortem autopsy or tissue collection. Another source of IPF tissue is from lungs that are 
removed prior to lung transplant. However, the number of patients that undergo this 
procedure is very limited. Therefore, of the already small percentage of people who have 
IPF, the amount of tissue that is collected for research is even further reduced. As a further 
complicating factor, epithelial cells in the IPF lung are fragile and do not react well to the 
extraction procedure, which is stringent and damaging to cells. Because of this and a lower 
ratio of epithelial to mesenchymal cell (Jenkins et al. 2012), it takes a large amount of IPF 
tissue (a whole lobe or more) to generate IPF ATII cells in numbers similar to what can be 
extracted from mere grams of normal lung tissue (Jenkins, et al. 2012). One potential 
solution to this problem is to develop links with hospitals that have tertiary IPF treatment 
centres. Such centres have greater access to patient tissue, thereby increasing the chances 
of receiving IPF lung.  
 
6.5 Bronchiolar involvement in IPF 
 
A549s, primary ATIIs, and HBE cells were all used for various experiments throughout this 
thesis. IPF is a condition thought to affect mainly parenchymal, distal areas that encompass 
the alveolar epithelium, but it is increasingly recognised that the bronchiolar epithelium plays 
a role in fibrosis as well (Betsuyaku et al. 2000), (DePianto et al. 2015), (Fulmer et al. 1977). 
Immunohistochemical studies in bleomycin-induced murine fibrosis (presented in Chapter 
5 of this thesis) showed co-localisation of FX, KRT5, and NRF2 in hyperplastic epithelium, 
highlighting intriguing correlations between bronchiolar, coagulation, and oxidative stress 
markers. Additionally, treatment with the antioxidant NAC resulted in a reduction in the 
amount of KRT5 mRNA present. Together, these data suggest that there may be abnormal 
bronchiolization of alveolar epithelial cells or migration of bronchiolar cells to the alveolus in 
response to fibrosis. A recent publication provided confirmatory evidence and further 
demonstrated that KRT5-expressing progenitor cells migrate to damaged areas and expand 
in response to injury (Vaughan et al. 2015). It is possible, then, that these were the cells 
detected in the immunohistochemical studies. A further avenue of study could involve the 
investigation of these stem cells in fibrosis and their potential role in the local production of 
FX. As with alveolar production of FX, this raises the interesting question as to the role of 
FX in normal lung tissue, a question deserving of further research.    
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6.6 NRF2 involvement in FX production 
 
On a mechanistic level, F10 mRNA expression was determined to be the likely result of 
NRF2-mediated ARE activation. However, in A549s, and many other types of cancer cell 
lines, there is a constitutive activation of NRF2 that confers a survival advantage (Singh et 
al. 2006). The immediate question, then, was: how can NRF2 be involved in ROS-mediated 
F10 mRNA production in A549s if it is constitutively active? Although it is difficult to directly 
compare, it was observed that the relative amount of F10 mRNA found in A549s, based on 
the amplification cycle at which a product was detected, was far higher at baseline than 
either of the primary cell types. In the context of increased NRF2 nuclear localisation, this 
lends circumstantial support to the role of NRF2 in F10 production. However, how then could 
ROS further increase this already high base-line production? It is possible that there is a 
reservoir of inactive NRF2 that can then be further activated by treatment with hydrogen 
peroxide, resulting in increased F10 transcription. Specifically, the interaction between 
KEAP1 and NRF2 results in its ubiquitination and eventual degradation and it is this relation 
that is disrupted in A549s. However, NRF2 activation also results from its phosphorylation 
by any one of a number of common signalling kinases such as ERK, JNK, or p38 (reviewed 
in Bryan et al. 2013). Each of these particular kinases was investigated in Chapter 3 and 
not demonstrated to play a role in F10 mRNA regulation, but it is possible that another kinase 
plays an as yet undetected role in NRF2 activation in this system. 
 
Additionally, NRF2 binding to the ARE in genes is increased after it binds with the small Maf 
protein (Itoh et al. 1997). Therefore, it is possible that treatment with reactive oxygen species 
in A549s had an effect not on NRF2 directly, but on the amount of heterodimerisation 
between NRF2 and Maf. The precise mechanism was not further investigated in either 
A549s or primary cells, but the interaction between NRF2 and Maf could be investigated 
using immunoprecipitation for NRF2 followed by Western blotting for Maf or vice-versa. In 
this way, NRF2 agonists or ROS treatment on cells could be utilised to detect any changes 
in the coupling between NRF2 and Maf.  
 
Further signalling work would be required to irrefutably establish F10 as an NRF2-mediated, 
oxidant-sensitive gene. NRF2 siRNA gene silencing in A549s resulted in a reduction in the 



 
 
  

 

  
 

   374  
  

upregulation of F10 after hydrogen peroxide treatment. However, these results were not 
successfully expanded to include HBECs or ATIIs. Additionally, NRF2 ChIP experiments 
detected NRF2 nuclear localisation to the F10 promoter at baseline in A549s, but no 
increase in binding after ROS treatment, at the time-point investigated. This supports the 
notion that F10 is regulated by NRF2 but fails to explain increased levels following peroxide 
treatment. As was discussed in more detail in Chapter 3, there are many potential reasons 
why baseline NRF2 binding was noted in the absence of stimuli and no increases were 
observed following stimulation. Given the rapid increase in F10 mRNA levels following 
hydrogen peroxide addition (levels increase significantly by only 15 minutes) and the equally 
rapid descent to baseline (levels fall to non-significance by 3 hours), the potential window 
for detecting NRF2 binding is small. For the first experiment, a time-point of 1 hour was used 
as the standard time at which the largest increase in F10 mRNA was detected. However, for 
the mRNA to have been increased, NRF2 must have already been to the nucleus to 
accomplish this upregulation. Therefore, 1 hour was potentially too late to detect increased 
binding, if the DNA-binding activity of NRF2 is transient. Ideally, a number of pre-1 hour time 
points such as 5, 15, and 30 minutes would be collected to provide a window in which to 
detected promoter shuttling. In addition, as will be discussed in the future plans, confirmatory 
experiments should be expanded to include promoter constructs to demonstrate NRF2 
binding to the F10 promoter in reporter cells or F10 promoter mutagenesis using CRISPR 
or another genome editing tool.    
 
 
6.7 Subcellular protein localization 

 
In all three cell types investigated – A549s, ATIIs, and HBECS – the three members of the 
ternary complex were all localised within the cell. FX and FVII especially were observed in 
the perinuclear space. Proteins localised to this space are likely either being actively 
produced in the endoplasmic reticulum or folded and post-translationally modified in the 
Golgi apparatus. 
 
The localisation of FX and FVII to the perinuclear space provides circumstantial evidence 
that these proteins are being modified following translation and possibly packaged in the 
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Golgi for export into the extracellular space. Additionally, both the localisation of these 
proteins to the processing areas of the cell as well as experiments showing the production 
of FX that could be activated, suggests that not only is F10 mRNA produced, the protein is 
being translated and, more importantly, correctly processed such that it is active. After 
translation, the FX pro-protein undergoes multiple key processing events, as discussed in 
Section 1.3.3 and Figure 1.5 that are necessary for its function. These protein modifications 
occur in either the endoplasmic reticulum or the Golgi apparatus, which coincides with the 
immunopositivity detected there. 
 
Another benefit of confocal imaging and Z-stacks is that protein-protein colocalisation can 
be investigated. The key theory posited by this thesis is that FX can be locally produced and 
activated in the lung, in the absence of any input from the vasculature. This local production 
can then result in pro-fibrotic PAR signalling without the overt presence of inflammation, 
such as is observed in IPF. One qualitative change detected using confocal imaging was a 
subjective decrease in the amounts of FX and FVII after GOx treatment. Although this would 
appear to contradict the hypothesis of increased F10 mRNA levels following ROS 
stimulation, it suggests that GOx treatment especially resulted in increased levels of FX and 
FXa in the medium. Therefore, increased FX in the medium would result from secretion and, 
if the rate of secretion outpaced the rate of production, would naturally result in decreased 
levels of FX inside of the cell. All together, these results demonstrate the production of the 
three members of the ternary complex by pulmonary epithelial cells. 
 
One interesting avenue for further exploration relates to the role of secretion in ROS-induced 
changes in FX levels. Confocal microscopy demonstrated changes in FX (as well as TF and 
FVII) localisation within the cell, implying that it could have an effect on its post-translational 
modification, packaging, or eventual secretion. Indeed, this hypothesis agrees with in vitro 
results presented in this thesis that demonstrated increased FX in the supernatant after ROS 
treatment. Increased secretion is a likely cause of this increase, especially given that the 
time-point investigated, 4 hours, is not generally considered to be long enough to detect de 
novo protein synthesis. Therefore, ROS treatment may have a dual effect on FX within 
respiratory epithelial cells: increased secretion as well as increased mRNA production. 
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There are multiple lines of evidence to support a role for ROS in a secretory context. Studies 
have shown that it is a necessary secondary messenger in the secretion of insulin from 
pancreatic islet cells (Pi et al. 2007), IL-1β from macrophages (Ives et al. 2015), and 
inflammatory cytokines and mucins from bronchial epithelial cells (Rada et al. 2011). The 
role of ROS in the secretion of FX could be examined using a number of common molecular 
biology tools. For instance, FX levels in the supernatant after ROS treatment could be 
investigated in the presence of a protein synthesis inhibitor such as cyclohexamide, which 
would support a role for secretion. Additionally, there are a number of protein transport or 
secretion blockers, such as Brefeldin A or Nemensin, which could potentially be used to 
block secretion whilst simultaneously resulting in the accumulation of FX within the cell. 
Such accumulation could be determined using Western blot or microscopy techniques. 
 
 
6.8 The ternary complex in fibrotic and normal lung tissue 
 
Fixed murine and human lung tissues were investigated for the presence of the ternary 
complex members and other proteins of interest. In normal tissue from both mouse and 
human, FX, FVII, and TF were all detected. The ternary complex members were not present 
in the distal lung, but all three were strongly localised to the bronchiolar epithelium and, to a 
lesser extent, alveolar macrophages. Apart from their putative role in IPF, the observation of 
the presence of coagulation factors in the uninjured lung is novel. The ubiquity of their 
presence on the bronchiolar epithelium in both human and murine tissue suggests that they 
play a role in the function of the lung or its homeostasis, particularly in the airways. One 
possibility is that the local production of coagulation factors by the bronchial epithelium is 
necessary to defend against minor injuries that occur to the airways as a result of its 
particular contact with the environment. The coagulation cascade has a well-described role 
in the wound-healing response and it may be that this is utilised such that small insults can 
be addressed without requiring input from the systemic circulation. Nevertheless, this 
observation has potential wide-reaching implications for lung biology and merits further 
investigation. The role of FX in baseline physiology is difficult to study because of its central 
role in haemostasis; knocking out the gene in mice results in post-natal death from massive 
haemorrhage. Therefore, other methods for its study are required. One avenue would 
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involve the production of a lung-specific conditional knock out, created by breeding a strain 
with the cre-recombinase gene under the control of a lung specific promoter (such as 
SFTPC) with a strain carrying a F10 gene that is flanked by LoxP sites. Such a mouse would 
allow research into the effect of a lung-specific FX deletion both on basal parameters of lung 
structure and function as well as fibrosis.  
 
One limitation of an immunohistochemical approach is that one cannot discriminate between 
local production and the localisation of proteins secreted by other cells. Therefore, it is 
currently not clear whether these cells produce or are merely a site for the binding and 
activation of coagulation factors. The in vitro studies presented in Chapter 3 provide 
circumstantial evidence to support its local production by alveolar and bronchiolar epithelial 
cells. One way to further support this idea would be to perform further similar confocal 
studies with the addition of a membrane marker. Using Z-stacks, coagulation factors could 
be localised to within the cell, or even within particular subcellular structures, which would 
provide further support that they are produced locally. However, the comparability between 
in vitro and in vivo systems is debated. One way to investigate the production of FX in vivo 
is to perform laser capture microdissection of the epithelium and other tissue of interest such 
as lymphocytic aggregates or vascular areas. Once captured, the mRNA can be assayed 
for F10 (confirming what was presented in Scotton et al. 2009), F7, F3 and other coagulation 
factors using qPCR.  
 
6.9 Anticoagulant and antioxidant clinical trials 
 
There have been two recent high-profile clinical trials directly related to the hypotheses 
presented in this thesis, both of which had disappointing outcomes. The ACE-IPF trial (Noth 
et al. 2012) was designed to test the effectiveness of warfarin in treating IPF. Warfarin is a 
non-specific vitamin-K dependent enzyme inhibitor that results in broad-spectrum 
anticoagulation. It was chosen above other anticoagulant compounds as a result of its long 
clinical history, known safety profile, and long half-life. However, the trial was ended early as 
a result of increased mortality in the treatment group. Those patients treated with warfarin 
showed worsened IPF and increased mortality as a result. This troubling negative result, 
rather than rule out a role for coagulation in IPF, merely suggested that broad-spectrum 
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anticoagulation is undesirable in IPF.  Warfarin non-specifically inhibits the post-translational 
modification of all vitamin K dependent enzymes, which includes the anticoagulants protein 
C, protein S, and protein Z. Therefore it may have resulted, instead, in increased coagulation 
in the lung. One key difference between the Kubo trial (Kubo et al. 2005) and ACE-IPF was 
the inclusion of heparin in addition to warfarin. When patients were admitted to hospital with 
acute exacerbation, they were treated with heparin. There was a suggestion that the 
decreased mortality detected in the trial was related to a reduction in deaths from acute 
exacerbation and that this resulted from heparin administration (Tzouvelekis et al. 2013) 
(Bendstrup and Hilberg 2012). The bulk of preclinical work (Scotton et al. 2009) and 
epidemiological data (Navaratnam et al. 2013) clearly points to an important role for the 
coagulation cascade in fibrosis. Additionally, as discussed above, results presented in 
Chapter 5 demonstrated a strong correlation between mRNA species for F10, F7, and F3 
and the hallmark fibrosis gene COL1A1.  
 
It is also possible that the negative result presented in ACE-IPF was the result of indirect 
effects of anticoagulation rather than a direct effect, or lack thereof, of the coagulation 
cascade on fibrosis. For instance, the coagulation cascade plays a key role in the body’s 
response to injury, and it is possible that broad-spectrum anticoagulation resulted in 
increased susceptibility to non-fibrotic injuries that then resulted in increased fibrosis. In a 
similar vein, there are several studies that demonstrate involvement of the coagulation 
cascade in defence against infection (Reviewed in Antoniak and Mackman 2014). Therefore, 
anticoagulation could result in increased susceptibility to viral infection. Especially given the 
purported role of viruses in the aetiology of IPF, an increase in infection rate or viral 
reactivation could have an influence on mortality. As a result, there is still large amount of 
interest on coagulation in IPF and a desire to clinically test more specific anticoagulants, 
such as direct FXa or thrombin inhibitors. 
        
Another negative study, the monotherapy arm of the PANTHER study (Martinez et al. 2014), 
reported that NAC treatment in patients with mild to moderate disease resulted in no 
significant changes in IPF progression or mortality. The reason for the failure of this trial in 
contrast to the success of the IFIGENIA trial is not currently known. However, the inclusion 
criteria for the two trials were different, so it may be that the IFIGENIA trial included a sub-
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group of patients that benefited more strongly from NAC treatment and that this group was 
either excluded from or not detectable in the PANTHER trial. Additionally and importantly, 
the lung antioxidant capacity of the patients in the PANTHER trial was not measured. 
Therefore, it may be that antioxidant levels in the lung are important in IPF and that NAC, 
either as a result of the compound itself or the dosing regime, did not influence the amount 
of available GSH and, therefore, the extent of the disease. In fact, a recent publication 
suggests that the effectiveness of NAC in treating a variety of conditions comes not from 
any antioxidant activity that the compound itself exhibits, but in its ability to bolster the 
amount of GSH. Therefore, if the ability of the cell to convert NAC to GSH is dampened, 
NAC may not have an effect on the antioxidant systems, but this does not necessarily 
suggest that antioxidant systems are not important disease processes (Rushworth and 
Megson 2014). Finally, a recent trial has demonstrated that the combination of pirfenidone, 
which is licensed to treat IPF, and NAC resulted in a significant reduction in FVC decline and 
a significant increase in progression-free survival when compared to pirfenidone alone 
(Sakamoto et al. 2015). This is meaningful as pirfenidone is one of the only compounds that 
is effective in patients. It also suggests that a broad approach may be better when attempting 
to treat IPF.  
 
6.10 Summary 
 
Cultured pulmonary epithelial cells, one cell line and two types of primary cells, produce F10 
mRNA and release FX protein into the culture medium at baseline and this production is 
increased by treatment with ROS, either directly added or enzyme-generated. The FX that 
is released is functional in an in vitro assay, suggesting that it is correctly post-translationally 
modified, and activable. This indirectly demonstrates the co-production of FVII and 
expression of TF as well as implying that epithelial cells are a potential source of FXa in 
vivo. Mechanistic studies demonstrated that F10 mRNA is also increased by treatment with 
two distinct NRF2 agonists. These studies were extended to include both NRF2 siRNA 
treatment followed by ROS stimulation, which resulted in a reduction in the H2O2-mediated 
F10 increase, and NRF2 ChIP, which demonstrated NRF2 binding to a novel ARE in the F10 
promoter site.  
 



 
 
  

 

  
 

   380  
  

Tandem confocal studies on the cells described above demonstrated co-localisation of the 
three members of the ternary complex in epithelial cells. In addition, FX and FVII were 
detected within the cell, which suggests de novo synthesis. When the studies were 
expanded to include fixed human and mouse lung tissue, the members of the ternary 
complex were detected in normal lung, localised to the bronchiolar epithelium. This confirms 
the biochemical work on cultured cells. The breadth and intensity of staining for coagulation 
factors was increased in fibrotic tissue from human IPF and murine bleomycin-induced 
fibrosis, but the staining pattern remained similar in uninvolved areas of lung. The 
bronchiolar epithelium remained strongly stained but there was additional staining on 
abnormal hyperplastic epithelium. In mouse tissue, epithelial areas that were intensely 
stained for the members of the ternary complex were also positive for NRF2, the oxidative 
stress marker MDA, and the basal cell marker K5. Together, these results suggest that 
abnormal epithelium in fibrosis is bronchiolized, a site of oxidative stress, and a source of 
coagulation factors. 
 
6.11 Future plans 

 
There are many potential future directions that would expand the findings presented in this 
thesis. They include: 

 Further studies in cultured cells regarding NRF2-mediated FX production. 
Specifically: 

o Perform ROS stimulation experiments in the presence of protein synthesis or 
secretion blockers to determine if the increased FX detected in cultured media 
results from de novo production or secretion of pre-formed protein. 

o Increase the number of donors used to expand the detection of NRF2 and 
ROS-mediated FX production. More donors would confirm the ubiquity of the 
response across a wider segment of the patient population. 

o Expand NRF2 ChIP experiments, focusing on earlier time-points in primary 
cells to show ROS-mediated NRF2 binding to the FX promoter. ChIP 
experiments in both HBECs and ATIIs would be necessary to confirm the 
response across cell types. 

o Investigate the activity of NRF2 on the F10 promoter in a promoter 
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construct/reporter cell system. Activation of a reporter cell would provide 
evidence for the interaction of NRF2 and the F10 promoter, albeit in an artificial 
cytoplasmic system lacking the genomic context present in the nucleus. It 
would also provide corroboratory evidence for the ChIP studies. Additionally, 
binding studies could be performed with mutated or truncated promoter 
constructs in order to determine the effect of particular areas (such as the -
1650 bp ARE binding site) on binding and activation. 

o Mutate AREs within the endogenous F10 promoter utilising the CRISPR/Cas 
system. CRISPR is a bacterial defence system that protects against viral 
infection by targeting and cleaving foreign genetic material. It can be co-opted 
using single stranded “guide” RNA molecules to specifically target cleavage of 
DNA, addition of bases, or removal of bases. In this context, it could be used 
to mutate specific areas of the F10 promoter, such as the -1650 bp ARE. This 
would provide further evidence for the importance of this interaction within the 
complex environment of the nucleus, with all accompanying factors such as 
epigenetic modification, chromatin structure, and binding partners. 

o Examine the epigenetic modifications of the F10 promoter in order to 
determine if these have any effect on the activity of NRF2. The state of the 
F10 promoter, as determined by pyrosequencing, for example, to examine 
methylated CpG islands, could be compared across lung epithelial cells, a cell 
type that has not been shown to produce coagulation factors, such as 
fibroblasts, and hepatocytes, which are the canonical producers of the protein 
in the liver. Such a study would highlight differences in the promoter 
modifications and provide potential mechanistic evidence for the differential 
production of FX by epithelial cells of the lung. 

 Increase the number of specific markers used in confocal studies to include those for 
subcellular organelles, such as the endoplasmic reticulum or the Golgi apparatus, to 
show the localisation of FX, FVII, and TF more specifically. Potential markers include: 
calnexin for the ER, giantin for the Golgi apparatus, Zo-1 for the membrane, and 
fibrillarin for the nucleolus. Such studies could provide information on the modification 
and eventual secretion of these factors from the cell by associating it with particular 
structures. Additionally, the apparent nuclear localisation of all three members of the 
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ternary complex detected by confocal staining, as presented in Chapter 4 could be 
confirmed using a nuclear marker. 

 Examine the role, if any, of lineage negative progenitor cells in the local production of 
coagulation factors. Immunohistochemical studies in mice highlighted cells that were 
strongly positive for K5, SPC, and also FX. These cells may represent a lineage 
negative progenitor cell population that migrates to injured areas in order to 
repopulate and restore normal tissue architecture, as discussed above. Therefore, 
they may also be a source of locally produced coagulation factors. Specifically: 

o Examine cultured murine lineage negative progenitor cells for the production 
of coagulation factors. 

o Expand immunohistochemical studies to include markers for lineage negative 
and other stem cell types to investigate what role these cells play in both 
fibrosis and the local production of coagulation factors. 

 Use a conditional knockout approach to remove FX from the lung through the Cre-
Lox recombinase system. For this strategy, a mouse line containing two lox P sites 
flanking the F10 gene, which produces FX normally, would be crossed with second 
mouse engineered to produce the enzyme Cre recombinase under the control of a 
cell type-specific promoter. This would result in the deletion of the modified F10 gene 
only in those cells expressing Cre recombinase. In this way, a mouse could be 
generated that lacked the F10 gene only in alveolar type I cells (using the AQP5 
promoter to target Cre expression), alveolar type II cells (using the SFTPC promoter), 
basal cells/lineage negative progenitor cells (using the KRT5 promoter), and any 
number of other targets of interest. This model would allow for the study of the role 
of locally produced FX in the lung at baseline. For instance, would the conditional 
knockout animals display normal lung architecture and physiology? Would they be 
more or less susceptible to injury or infection? Would they survive to a normal age? 
There are many interesting questions that could be addressed with a conditional 
knockout. More importantly for this thesis, it would allow for the specific investigation 
of the role of lung epithelial-produced FX in fibrosis.  

 Repeat the NAC treatment of bleomycin-injured animals with additional groups at 
later stages of disease/resolution. Experiments presented in Chapter 5 did not show 
an effect of NAC on common fibrosis end-points, but there were suggestions that 
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NAC had an effect on other disease parameters, such as epithelial injury. 
Investigation of the effect of NAC at a later stage of disease would allow for any effect 
of NAC on epithelial injury to manifest as changes in fibrosis end-points. 

 Investigate the presence of FX and FVII in samples collected from IPF patients and 
determine if there is any correlation between these proteins, their activation, and 
disease parameters such as changes in lung function, fibrotic progression, or 
mortality. The two large clinical trials discussed above, PANTHER and ACE-IPF, 
could both provide potentially important clinical material to investigate. Lavage fluid 
from both trials could be investigated for general coagulation parameters, such as the 
international normalised ratio (INR, which measures the extrinsic coagulation 
cascade) and the activated partial thromboplastin time (aPTT, which measures the 
intrinsic coagulation cascade). Lavage fluid collected from patients before and after 
treatment as well as from the control and treatment arms could be assayed for FX 
and FVII to see if, for the PANTHER study, NAC treatment resulted in any changes 
to these proteins or their activation or if, for the ACE-IPF study, warfarin treatment 
actually resulted in reduced FX and FVII activity. Additionally, given access to fixed 
tissue, the presence or absence of these factors in the lung following treatment could 
be investigated via immunohistochemistry. 
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