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Abstract 

Idiopathic pulmonary fibrosis is a lethal progressive respiratory disease with unknown 

aetiology that occurs predominantly in Western countries. The incidence and prevalence of 

this disease condition has been shown to be increasing over the years. IPF is localized to 

the lungs and diagnosed based on the radiologic and histopathological pattern of usual 

interstitial pneumonia (UIP). Two therapeutic drugs, pirfenidone and nintedanib, have been 

approved by the FDA in 2014 for treating IPF patients. While these drugs retard the 

progression of IPF, they do not cure it. Therefore, research is still required to better 

understand the underlying pathophysiology of IPF, and to develop therapies that halt and/or 

reverse the fibrosis in the lungs.  

Animal models are extensively used to elucidate the mechanisms that drive the fibrosis and 

to trial potential therapies for IPF. While bleomycin mouse models of pulmonary fibrosis are 

extensively used to investigate the human disease, these models fail to fully replicate the 

nature of the disease, and often fail in translating the gained knowledge to the clinic. 

Compared to the human lung, the small size of the murine lung and its dissimilar lung 

structure and function, can make it difficult to interpret data that is relevant to the human 

disease. Since many structural and functional aspects of the respiratory systems in large 

animals are closer to the human respiratory system, our laboratory developed a sheep 

model of pulmonary fibrosis, using bleomycin as the inducing agent.  

In this thesis, the sheep model of pulmonary fibrosis was used to study persistent fibrotic 

and functional changes in lung parenchyma at different stages of the disease progression 

after inducing fibrosis with bleomycin.  A number of drugs were tested in the model, including 

the FDA approved drug pirfenidone. The effects of Mast cell activity on pulmonary fibrosis 

was also assessed in this Thesis. 

In a number of animal models, there are differences in the persistence of fibrosis after 

bleomycin insult. To determine the persistence of fibrosis in the sheep model, a study was 

conducted for sixteen weeks to characterise the time course and reversibility of fibrosis that 

was induced by bleomycin infusion into lung segments. Initially, a segmental approach was 

used to induce fibrosis with two infusions of bleomycin directed into the appropriate lung 

segments, two weeks apart. Saline was infused in the contralateral lung lobe to act as an 

internal healthy-control lung segment. A total of 10 sheep were used in this experiment.  

Changes in lung function throughout the experiment showed that the lung compliance was 
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significantly poorer in bleomycin-induced lung segment up to eight weeks, and then 

improved to near normal levels at sixteen weeks after bleomycin. The improvement of lung 

function was confirmed with histopathological changes at the 16-week timepoint, where the 

lung parenchyma of bleomycin-infused lung segments exhibited normal tissue architecture. 

Importantly, results from this study demonstrate that bleomycin-induced fibrosis in sheep 

lungs resolves during the 8 to 16 week period after the last bleomycin dose.  

As the FDA approved anti-fibrotic drug, pirfenidone, is now recommended for treating IPF, 

an experiment was designed to test whether pirfenidone was also efficacious in the sheep 

model. The experiment was designed with 2 groups of ten sheep, both groups received 

bleomycin into a caudal lung segment, and saline into a contralateral control lung segment. 

One sheep group received 2 oral doses of pirfenidone/day for 5 weeks, starting two weeks 

after the final bleomycin infusion. The control group was treated identically, except that this 

group received 2 oral doses of vehicle/day. Pirfenidone was able to attenuate both 

histopathological and physiological readouts of established fibrosis in the sheep model of 

pulmonary fibrosis. Pirfenidone treatment improved bleomycin-induced fibrotic changes 

compared to vehicle control, with improved lung compliance, reduced fibrotic changes and 

collagen content, as well as a reduction in the density of TGFβ positive cells and 

myofibroblasts. Overall, this study showed that pirfenidone can attenuate bleomycin-induced 

lung fibrosis in sheep. Therefore, in future studies with the sheep model, pirfenidone can be 

used as a benchmark drug to compare the efficacy of other novel therapeutics tested in this 

model.  

The role that mast cells play in pulmonary fibrosis is not well understood. Sheep are a good 

model for studying pulmonary mast cells because the phenotype and density of mast cells in 

the ovine lung are similar to that observed in the human lung. Two different drugs were used 

to investigate the role of mast cells in pulmonary fibrosis in sheep. Firstly, senicapoc, a 

KCa3.1 ion channel blocker which prevents mast cell activation, was compared with the 

current FDA approved drug, pirfenidone. Both drugs were given orally twice daily for 5 

weeks, starting 2 weeks after the final bleomycin infusion. Without any drug treatments, mast 

cell density was significantly increased in the parenchyma of bleomycin-infused lung 

segments that were sampled at seven weeks after bleomycin injury. Mast cell density was 

significantly reduced in bleomycin-infused lung segments after a 5 week treatment with 

senicapoc. On the other hand, pirfenidone treatment did not attenuate mast cell density in 

bleomycin-infused sheep lung segments. This was interesting in that while both senicapoc 
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and pirfenidone attenuated fibrosis and improved lung function in this model, only senicapoc 

retarded the increase in mast cell density that was attributed to bleomycin injury.  

Secondly, cromolyn sulphate, a mast cell stabilizing drug, was used in the sheep model to 

investigate whether it could attenuate the fibrosis resulting from bleomycin injury via its 

effects on mast cells. Cromolyn sulphate, when administered to bleomycin-infused lung 

segments, did not return either the mast cell density, or histopathological changes, or 

functional measurements to control levels that are normally observed in the healthy lung.   

Overall, results presented in this thesis show that the sheep model of pulmonary fibrosis can 

be used to study underlying pathophysiological mechanisms and treatments relating to IPF. 

It will be interesting to see whether the knowledge gained from this thesis can be translated 

to the clinic and contribute to better treatments outcomes.  
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1. Introduction 

1.1 General Introduction 

This thesis examines the functional and morphological changes to lung parenchyma in 

response to bleomycin exposure in an ovine model of pulmonary fibrosis. In particular, an 

investigation will be undertaken to discover if, and when, the locally induced interstitial lung 

fibrosis starts to resolve naturally. The appropriateness of the sheep model to validate novel 

therapeutics will also be assessed. It is therefore appropriate to first discuss the literature 

relating to pulmonary fibrosis in humans, with an emphasis on idiopathic pulmonary fibrosis 

[1], and secondly, discuss treatment options for this disease condition. 

 

1.2 General Overview of Interstitial lung diseases 

Interstitial lung diseases (ILDs) are a group of disorders involving the entire lung 

parenchyma and often lead to scarring of lung tissue or pulmonary fibrosis. According to the 

international classifications described by American Thoracic Society (ATS) and European 

Respiratory Society (ERS), there are more than 200 forms of ILDs with known causes and 

unknown aetiologies [2-5]. Diagnosis of ILDs is fairly difficult for clinicians due to the similar 

clinical manifestations among many forms of ILDs. Therefore, based on the guidelines 

established by ATS and ERS, multiple approaches are required for diagnosis of ILDs. These 

approaches involve clinicians, radiologists and pathologists who use a variety of criteria 

based on physical examinations, pulmonary function testing, chest x-rays, CT scans and 

high-resolution computed tomography (HRCT) of affected patients [2-5].  

ILDs with unknown aetiologies are known as idiopathic interstitial pneumonias (IIPs). During 

the diagnosis of IIP, it is necessary to rule out all the possible causes of ILDs such as 

domestic and occupational environment exposure, connective tissue disease and drug 
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toxicity [6, 7]. In 2002, the ATS together with ERS established international guidelines to 

classify different subtypes of IIPs, based on their clinical radiological and pathological 

features [6]. These guidelines for classifying IIPs were revised by the ATS and ERS in 2013 

[3]. With this revision they have outlined three subtypes of IIPs. They are major IIPs such as 

idiopathic pulmonary fibrosis [1], idiopathic non-specific interstitial pneumonia, respiratory 

bronchiolitis- interstitial lung disease, desquamative interstitial pneumonia, cryptogenic 

organising pneumonia, acute interstitial pneumonia) as well as rare IIPs such as idiopathic 

lymphoid interstitial pneumonia and idiopathic pleuroparenchymal fibroelastosis [3] and the 

last subtype ‘unclassifiable IIPs’ proposed in circumstances where there is inadequate 

clinical, radiological and histological findings which are not related to above mentioned IIP 

conditions [3, 6].  

From all of these idiopathic interstitial lung diseases, IPF is one of the most common, severe 

forms of ILDs and is discussed in detail below [7].  

 

1.3 Idiopathic Pulmonary Fibrosis 

1.3.1 Definition 

 As mentioned above, IPF is the most common form of IIP [1], which is characterised by 

chronic progressive fibrosing interstitial pneumonia with unknown cause [7-12]. This form of 

fibrosis is characterized by increased cellular proliferation, interstitial inflammation, fibrosis 

within the lung parenchyma and that is not due to either infection or cancer [4, 13]. In 

contrast to other IIPs, IPF is associated with characteristic histopathological and radiological 

features of usual interstitial pneumonia, which is described later in this chapter [7, 10]. 
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1.3.2 Incidence and prevalence 

IPF is commonly present in elderly male smokers or ex-smokers between 65 and 70 years of 

age and the median survival time is 2 - 4 years after diagnosis [8-12]. The incidence and 

prevalence of IPF increases over time with the population’s age, is higher in males, and is 

most prevalent in western countries [11, 14, 15]. The annual incidence reported in USA and 

Europe are based on different methods of patient identification. In the USA, the incidence 

rate was identified based on the case definition of IPF, as identified in the US healthcare 

claims data base [14, 16]. In Europe, the annual incidence was identified based on physician 

records and death record of IPF patients using specific international classification of 

diseases codes [14, 16]. The annual incidences of IPF are 6.8 - 17.4 per 100,000 persons in 

the USA based on their case definitions [14, 16, 17], and 0.22-7.94 per 100,000 persons in 

Europe [16]. The mortality rate of IPF has been increasing over the past 20 years, which is 

largely thought to be due to the aging population and the increased reporting of IPF 

associated with changes in IPF diagnostic and treatment guidelines [16, 18]. Mortality data 

from the US shows that the mortality rate increased from 18.8 deaths per 1 000,000 in 2000 

to 20.7 deaths per 1 000, 000 in 2017 [18]. The mortality rate recorded in between 2011 and 

2013 in the UK was 12.1 and 5.6 in males and females respectively [19]. This difference in 

mortality rate may be due to the difference in the data collection used in the USA and the 

UK. National death certificate data has been used in the US to collect IPF cases [18] 

whereas in the study done in the UK, mortality data was collected from the WHO mortality 

database [19]. The most common cause of death is respiratory failure, which is mainly due 

to several complications such as acute exacerbations, pneumonia and chronic progression 

of IPF [16].  
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1.3.3 Pathologic features of idiopathic pulmonary fibrosis 

IPF is limited to the lungs, which shows a cobblestone appearance at the pleural surface. In 

cross-sections, these regions resemble areas of enlarged airspaces with honeycomb 

appearance due to the fibrotic retraction [20] (For definition of clinical terms, see Appendix 

1). The microscopic appearance of the IPF lung is associated with histopathologic and/or 

radiologic pattern typical of usual interstitial pneumonia (UIP). Figure 1-1 shows HRCT 

patterns and histological features of IPF. 

The presence of honeycomb appearance on HRCT is an essential part of diagnosing IPF [7, 

20, 21]. Honeycombing appears as clusters of cystic air spaces, with well-defined thickened 

fibrotic walls, which in the early stage of the disease appear initially close to the pleural 

surface (Figure 1-1A, B) (see Appendix 1) [7, 20]. The histological features of UIP are a 

heterogeneous pattern of dense fibrosis, typically with a honeycomb appearance of lung 

parenchyma with fibrotic areas, coupled with less affected or normal parenchyma (Figure 1-

1C) [7]. Further, inflammation is usually mild and consists of patchy infiltration of 

lymphocytes and plasma cells [7, 20]. These inflammatory cells are associated with 

hyperplastic type II alveolar epithelial cells (AECs) and bronchiolar epithelium. The fibrotic 

areas are composed of dense collagen and subepithelial fibroblast foci (Figure 1-1D). These 

fibroblast foci are composed mostly of proliferating fibroblasts and myofibroblasts [7].  
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Figure 1-1 HRCT imaging and histological features of IPF. A and B HRCT images show 

definitive and possible UIP pattern of IPF with basal and peripheral predominant reticular 

abnormalities with honeycombing (Thin arrows). C and D images are H&E stained lung 

biopsies taken from IPF patients with histological features of UIP. Microscopic honeycomb 

spaces (Thick arrow) appeared along with relatively normal lung tissue (Thin arrow) in image 

C. Image D shows dense fibrotic area (arrow-head) with fibroblast focus (asterisk). Images 

adapted from [7].   

 

1.3.4 Possible pathophysiology 

 Risk factors 

Genetic factors 

Recent reviews suggest that genetic mutations together with environmental risk factors 

increase the risk of developing IPF [11, 22]. It is thought that multiple genetic factors can 
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contribute to this disease. Evidence for this has been reported in a genetic study performed 

on a large cohort of IPF patients from a number of clinical trials including the INSPRIE, 

CAPACITY, ASCEND, RIFF clinical trials, as well as IPF patients recruited at Vanderbilt 

University, University of California San Francisco. The study by Dressen [23] reports on 

mutations in the gene for the telomerase reverse transcriptase (TERT) enzyme, which is 

important for the maintenance of telomere length of adult stem cells. Alveolar type 2 cells 

and lung mesenchymal stem cells express telomerase enzyme, and mutations in genes 

which are involved in telomere length maintenance such as; TERT, telomerase RNA 

component (TERC), poly (A) specific ribonuclease (PARN), and regulator of telomere 

elongation helicase-1 (RTEL1) genes, have been associated with IPF patients. These IPF 

individuals have abnormally short telomeres in peripheral blood cells and AECs [23-25]. 

Dressen et al [23] found that the frequency of the mutations in the 4 telomere-associated 

genes, was higher in IPF patients compared to controls ( 9% of 1739 patients vs 2% of 8645 

controls) and the telomere length of IPF patients was 16% shorter than controls [23]. Also, in 

the clinical trials ASCEND and CAPACITY, there was a more rapid decline in lung function in 

IPF individuals, who had this mutations in above mentioned 4 genes when compared with 

IPF patients without these mutations (1.66% vs 0.83% decline of forced vital capacity per 

month respectively) [23].  

Another gene involved in IPF pathogenesis is MUC5B [24, 26]. A single nucleotide 

polymorphism in the promoter region of MUC5B has been associated with slower disease 

progression in IPF individuals [24, 26]. These findings were supported by Dressen et al [23] 

who found that IPF patients carrying the MUC5B risk allele, rs35705950 were significantly 

older than the patients without risk allele ( mean age 68.1 years vs 65.5 years respectively) 

[23]. This suggests that this MUC5B allele retards the disease progression of IPF in patients 

carrying the allele. 
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Empirical support for the role of the misfolded surfactant proteins in IPF has been shown in a 

study performed on mice carrying a mutant of surfactant protein C [27]. This mutation 

induced apoptosis of type 2 AECS, which was then followed by the development of fibrosis 

in these mouse lungs [27]. Mutations in surfactant protein C and surfactant protein A2 result 

in changes in the three-dimensional structure of these surfactant proteins. The misfolded 

proteins excessively accumulate in the endoplasmic reticulum and activate cellular stress 

pathways in surfactant producing type-2 AECs. Activation of these pathways results in 

apoptosis of type-2 AECs that is intimately associated with IPF histopathology [22, 24, 28, 

29].  

Cell-to-cell adhesion molecules, host cell defence mechanisms and mucin secretions all play 

a major role in protecting the lung from several environmental risk factors. Alterations in 

these mechanical barriers may contribute to the development of IPF. Linkage studies, and 

genome-wide association studies, suggest that MUC5B is one of the genes that is 

overexpressed in IPF lung, specifically in the distal airways [22, 24, 30]. As discussed above, 

a polymorphism in the MUC5B promoter region is associated with slower progression of IPF, 

however, the roles that this mutated allele and the more common allele of MUC5B play in 

development of IPF is unclear. It has been suggested that excessive production of MUC5B 

from injured bronchiolar or alveolar epithelium alter the normal regenerative mechanisms 

resulting in fibroproliferation and honey comb cyst formation [31]. Excessive accumulation of 

MUC5B in bronchoalveolar junction impairs the mucociliary function. This can lead to 

retention of inhaled particles and chemicals and initiate lung inflammation and formation of 

scar tissue over time [32, 33]. 

DNA methylation and histone modification are referred to as epigenetic processes and have 

been reported as factors contributing to the disease process associated with IPF. Epigenetic 

mechanisms emerged as an area of interest to explain the effects of genetic and 

environmental factors on gene expression and disease. Indeed, exposure to certain 
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environmental risk factors can change the genetic make-up through the epigenetic process 

and lead to disease conditions [34, 35]. For example, several studies demonstrate that the 

DNA methylation in aging cells and tissues in lungs predispose the development of IPF. 

Some environmental factors like cigarette smoking promote DNA methylation and histone 

modifications in lung tissue. One study has shown that cigarette smoke can promote DNA 

methylation in specific promoter genes, such as WNT7 A, which are involved in IIPF 

pathogenesis [36].  They have found that exposure to cigarette smoke increased the 

methylation of Wnt7 A promoter sequences in lung epithelial cell lines [36]. Other than 

environmental factors, an individual’s genetic susceptibility also effects on epigenetic 

process [35, 37].  

MicroRNA (miRNA) has also emerged as a major regulator in gene expression through 

epigenetic and post-transcriptional mechanisms [38]. Studies have found that 10% of miRNA 

has significantly changed in IPF lungs compared to healthy lungs in control subjects [39]. 

More specifically, epithelial injury to lung tissue initiates upregulation of profibrotic miRNAs 

and downregulation of anti-fibrotic miRNAs [34, 38, 40, 41]. Studies have found several 

relevant miRNAs in IPF patients by analysing serum samples and bronchoalveolar lavage 

(BAL) samples. There were increased levels of miR-21, miR199a-5p and miR-200, and 

under expressed miR-31, miR-29, miR-185, let-7a and let -7d in IPF patients compared to 

healthy controls [38, 41, 42]. These miRNAs may play a potential role in developing fibrosis 

via TGFβ/smad 3 signalling pathways in fibrogenesis [39, 43]. The activity of transforming 

growth factor-β (TGFβ) via smad3 signalling is described later in this chapter.  

 

Environmental factors 

There are many environmental risk factors that predispose patients to the pathogenesis and 

progression of IPF. Environmental factors associated with IPF include: exposure to silica, 
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metal and wood dust; farming; raising birds; stone cutting and polishing, exposure to 

livestock and vegetable dust, microbial agents, gastro- oesophageal reflux, and ageing [11, 

13, 21, 29, 44, 45]. Cigarette smoke is the most common environmental risk factor involved 

in development of IPF in humans [46]. As previously mentioned in this chapter, cigarette 

smoke alters the epigenome in IPF patients by promoting aberrant DNA methylation, histone 

modification and miRNA population changes which are conducive to the development of IPF 

[35, 47]. 

There is evidence that suggests IPF is an ageing disease in that there is a high disease 

prevalence among the adult population [48]. The key mechanisms appear to involve 

physiological aging such as oxidative stress, telomere length dysregulation, cellular and 

immuno-senescence, changes in extra-cellular matrix (ECM), and mitochondrial dysfunction. 

There is evidence that supports the hypothesis these key mechanisms are abnormal in IPF 

pathogenesis [43, 48, 49]. It has been found that oxidative stress markers are significantly 

elevated in IPF patients when compared with healthy subjects [50, 51]. Abnormalities in 

cellular senescence, or cell aging, have been associated with IPF. Increased levels of 

cellular senescence biomarkers were found in both fibrocytes and epithelial cells in IPF lung 

tissue and were associated with reduced forced vital capacity (FCV) and diffusion capacity in 

those patients [48, 52, 53] . Studies in mice show that senescence markers are evident in 

alveolar epithelial cells and fibroblasts in murine lungs 21 days after bleomycin 

administration [48, 54, 55]. Furthermore, in vitro experiments done by Schafer and 

colleagues found that senescent fibroblasts are fibrogenic [48]. Cultured fibroblasts that 

expressed senescence biomarkers and cells were positive for α-SMA protein; an indicator of 

fibrogenic activity [48].  

Another key mechanism, which can be seen in aging lungs is immuno-senescence which 

refers to alterations of the immune system with an individuals age. There are increased 

populations of neutrophils, monocytes, and macrophages which are associated with high 
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levels of proinflammatory cytokine output in IPF patients [56, 57]. In terms of lymphocytes, a 

downregulation of CD28 expression on circulating CD4 T lymphocytes in IPF patients is 

linked with increased production of profibrogenic mediators [58]. Moreover, a reduced level 

of CD4 T cells is associated with poor clinical outcomes in IPF patients when those patients 

were observed for 12 months following the initial assessment for T cell population numbers 

[58].  

The ECM of an aging lung is characterized by increased production of collagen and TGFβ1 

expression. The ECM in lungs of older people has a more oxidizing environment compared 

to lungs of younger individuals [59]. This induces the excess accumulation of matrix proteins 

and TGFβ1 expression [59, 60]. 

Another mechanism, which can be seen in IPF patients is mitochondrial dysfunction. It has 

been found that changes in mitochondrial biogenesis, increased production of reactive 

oxygen species, increased mitochondrial DNA damage, and defective mitophagy in IPF 

patients can lead to mitochondrial dysfunction [61-64]. As described previously in this 

chapter, IPF patients have abnormally shortened telomers, other key mechanisms 

mentioned in this paragraph together contribute to activation of lung injury and fibrosis in IPF 

patients. 
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Figure 1-2 proposed mechanisms involved in the Pathogenesis of IPF. At the initial 

stage, alveolar epithelium and basement membrane damage is due to microinjuries resulting 

from exposure to environmental and genetic risk factors. These recurrent microinjuries made 

AECs susceptible to apoptosis. Apoptotic AECs release profibrotic mediators and recruit 

fibroblasts. These fibroblasts migrate to lung parenchyma and differentiate to myofibroblasts. 

Myofibroblasts deposit extracellular matrix. The aberrant wound healing process in 

susceptible individuals allows fibrotic tissue to replace normal lung tissue architecture, 

disrupting gas exchange in these individuals.      

 

The cause for the initial injuries in IPF pathology is still unknown. However, a new 

hypothesis for pathogenesis has been proposed based on the observations from human 

patients and animal models [21, 29, 65]. They proposed that epithelial injury is the initial 

event that start aberrant wound healing pathways that ultimately lead to the IPF condition 

(Figure 1-2) [29]. Even though, there is no definitive cause for IPF, it has been suggested 

that IPF was a consequence of multiple interacting genetic and environmental risk factors 

with repetitive micro-injuries to alveolar epithelium [11, 13, 29, 47]. The pathogenesis of IPF 

can be considered as a three stage process; predisposition, activation and progression [47, 
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65] (Figure 1-3). The predisposing risk factors have been discussed above, and a discussion 

follows on the activation and progression processes, which characterise IPF.  

During the activation period, genetically susceptible individuals develop pathological 

changes in alveolar epithelium due to different environmental exposures [20, 65]. One of the 

changes that can be seen in affected epithelium is the shortening of telomers in type 2 AECs  

[65]. Studies have found that short telomeres in AECs promote aberrant tissue repair in the 

lungs of IPF patients [23, 66, 67]. A causative link between telomere defects and lung 

fibrosis has been shown in transgenic mouse models where induced telomere dysfunction in 

AECs drives pulmonary fibrosis [68, 69].  

Another alteration in the lung epithelium of IPF patients is the activation of cellular 

senescence pathways [65]. Previous studies found that cellular senescence markers are 

increased in fibrotic lungs in IPF patients [48, 70]. As mentioned before in this chapter, they 

have found that bleomycin injury in the lung induces cell senescence, which leads to the  

development of fibrosis in the lungs of mice [48]. Also, changes in alveolar epithelium occur 

due to accumulation of dysfunctional mitochondria and endoplasmic reticulum [20, 65]. The 

pathologically altered alveolar epithelium expresses several profibrotic mediators including, 

fibroblast growth factors (FGF), TGF-β, tumour necrosis factor (TNF) and endothelin 1, 

metalloproteinases and coagulation mediator tissue factor. These mediators induce alveolar 

epithelial cell apoptosis, mesenchymal cell activation and remodelling [20, 21, 28, 29, 65]. 

This milieu of profibrotic mediators favours the development of fibrosis in the surrounding 

alveolar interstitium. 

In the progression phase, the normal alveolar architecture is lost and replaced by fibrotic 

tissue, which is characterised by excessive deposition of ECM. At this level, the fibrotic 

changes are independent from epithelial cell dysfunction [65]. Impaired re-epithelialization, 

together with apoptosis in alveolar epithelial cells, activate fibrosis to facilitate the healing of 
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the damaged alveolar epithelium [29]. This results in the formation of myofibroblast and 

fibroblast foci, and accumulation of ECM in the lung [21]. After injury, under normal 

circumstances, the alveolar epithelium should initiate the wound-healing process to restore 

barrier-integrity through epithelial cell migration, proliferation and differentiation, remodelling 

extracellular matrix, and fibroblast and myofibroblast apoptosis. In contrast, it has been 

suggested that IPF patients have abnormal wound-healing with progressive accumulation of 

ECM, decreased fibroblast and myofibroblast cell death and increased alveolar epithelial cell 

apoptosis [21]. Ultimately, the normal alveolar architecture is increasingly replaced with 

fibrotic tissue, which disrupts gas exchange. 
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Figure Error! No text of specified style in document.-1 Pathophysiologic stages of idiopathic 

pulmonary fibrosis [1]. At the 1st stage, processes such as aging, genetic and environmental factors 

initiate IPF pathogenesis. At the 2nd stage, the initiation of defined fibrosis occurs and pathological 

alterations in lung epithelium such as release of profibrotic mediators, fibrocyte recruitment, epithelial 

mesenchymal transition [2], activation of unfolded protein response (UPR). These mechanisms lead 

to stage 3, progression of fibrosis. In this stage, pathological extracellular matrix deposition promotes 

additional fibroblast differentiation and remodelling, and increased stiffness of lung tissue. This in turn, 

decreases the diffusion capacity of the lung resulting in difficulties in breathing.  

 

 

Figure 1-3 Pathophysiologic stages of idiopathic pulmonary fibrosis [1]. At the 1st 

stage, processes such as aging, genetic and environmental factors initiate IPF 

pathogenesis. At the 2nd stage, the initiation of defined fibrosis occurs and pathological 

alterations in lung epithelium such as release of profibrotic mediators, fibrocyte recruitment, 

epithelial mesenchymal transition [71], activation of unfolded protein response (UPR). These 

mechanisms lead to stage 3, progression of fibrosis. In this stage, pathological extracellular 

matrix deposition promotes additional fibroblast differentiation and remodelling, and 

increased stiffness of lung tissue. This in turn, decreases the diffusion capacity of the lung 

resulting in difficulties in breathing.  
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1.4  Clinical presentation  

The clinical course of IPF is variable, with some patients exhibiting a rapid decline, whilst 

others have a slower progressing disease. During the disease progression, most patients 

with IPF show worsening of lung function with chronic exertional dyspnoea, non-productive 

cough, bibasilar inspiratory crackles and finger clubbing (See appendix 1) [7-10]. These 

symptoms severely affect the patient’s physical activity and quality of life; patients may 

experience fear, anxiety and depression with the progression of disease. IPF patients are at 

increased risk of being afflicted with a number of common comorbid conditions such as: 

pulmonary hypertension, emphysema, pulmonary bronchitis and pulmonary infection [10, 16, 

72]. Therefore, these patients require a high degree of health care, including regular 

hospitalization for diagnosis and treatment purposes. As a result, the total direct costs per 

IPF patient in the USA was $26,378 in 2008, from which a quarter of the cost was for 

medications [16, 72]. In the UK, the total cost for overall management of IPF including acute 

exacerbations, symptoms and hospital stays was 209 million dollars and 210 million dollars 

in 2009 and 2011 respectively [73]. Therefore, more effective treatments and management 

plans are necessary to, not only maximise the quality of life of IPF patients, but also to 

minimize the high burden of IPF to society.  

 

1.5 Diagnosis 

IPF is diagnosed based on the pattern of UIP as observed by radiology and histopathology 

of the lesions in the lung parenchyma. It is a multi-disciplinary approach involving 

pulmonologists, radiologists and pathologists, requiring close communication between the 

specialists. When making a diagnosis, it is necessary to discuss clinical data such as 

presentation, exposures, smoking status, associated diseases, lung function, and laboratory 

findings with radiological findings [4]. The ATS together with the ERS, the Japanese 

Respiratory Society (JRS) and the Latin American Thoracic Association (ALAT) established 
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guidelines for early IPF diagnosis in 2011 [8]. These diagnostic recommendations were 

reviewed in 2018 to help clinicians make accurate diagnoses [13]. By use of the word 

‘idiopathic’ in the disease terminology, all the known causes for ILD should be excluded and 

this is a major challenge to clinicians [13]. Therefore, a careful history and physical 

examination is necessary, and it should be focused on comorbidities, use of different drugs, 

environmental exposures, and family history [8, 12]. When considering a diagnosis of IPF, it 

is important for clinicians to thoroughly assess and exclude patients who have diseases with 

similar symptoms such as, for example, chronic hypersensitivity pneumonitis [8, 13].  

The international consensus guidelines provide 4 different diagnostic categories to define 

HRCT features. These categories are ‘definite UIP pattern’, ‘probable UIP pattern’, 

‘indeterminate UIP pattern’, and alternative diagnosis [13, 48]. Definitive UIP patterns seen 

in HRCT are honeycombing, traction bronchiectasis and traction bronchiolectasis with 

ground glass opacification with reticular patterns. These patterns are predominantly 

distributed sub-pleurally and basally (See the appendix 1) [13]. Under this definition, patients 

with definitive UIP patterns are diagnosed as having IPF. However, if the suspected patient 

is showing HRCT patterns of probable or indeterminate UIP, patient should undergo cellular 

analysis of their BAL fluid and surgical lung biopsy for histopathological diagnosis. In a 

probable UIP pattern, the honeycomb appearance is absent in a HRCT scan [13]. According 

to the guidelines, when patients present with clinical signs mentioned above, and have 

asymptomatic or symptomatic bilateral lung fibrosis on a chest radiograph or chest CT scan, 

have bibasilar inspiratory crackles on auscultation, and are older than 60 years of age, they 

need to be evaluated for other aetiologies as mentioned earlier before a probable diagnosis 

of IPF can be made [13].  

The histopathological changes in UIP are characterised by the appearance at low 

magnification of heterogeneous patchy dense fibrosis and honeycomb changes together 

with less affected or normal parenchyma. These changes are more severe in subpleural and 
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paraseptal parenchyma (See appendix 1). Inflammation is mild and consists of patchy 

infiltrates of lymphocytes and plasma cells with hyperplastic type two AECs and hyperplastic 

bronchiolar epithelium. Fibrotic regions contain dense collagen and fibroblast foci. These 

fibroblast foci are scattered in sub-epithelium and are an aggregation of proliferating 

fibroblasts and myofibroblasts. Moreover, microscopic honeycombing is characterised by 

cystic fibrotic airspaces which are lined with bronchiolar epithelium and filled with mucus and 

inflammatory cells.  

Cellular analysis of BAL fluid allows the clinician to diagnose IPF in suspected patients who 

have HRCT patterns of probable UIP, indeterminate or alternative diagnosis. This approach 

was included in 2018 after review of the guidelines established in 2011. BAL fluid analysis 

allows the clinicians to exclude some forms of ILDs (e.g. hypersensitivity pneumonitis, 

sarcoidosis, eosinophilic pneumonia, idiopathic NSIP, cryptogenic organizing pneumonia, 

respiratory bronchiolitis associated ILD, lymphatic interstitial pneumonia) by determining the 

relative percentages of neutrophils, macrophages, lymphocytes and eosinophils, and 

CD4/CD8 ratios that are characteristic for each of these diseases [13].  

Despite the evolution of diagnostic criteria, the process remains challenging, lengthy and 

stressful for patients. Some invasive procedures, including BAL fluid collection and lung 

biopsy, increase risk of complications, and for some patients, these procedures are 

uncomfortable. Further, confirmation of diagnosis is challenging for less experienced 

clinicians who are often in small hospitals with less facilities [13, 14]. Therefore, 

multidisciplinary discussions among experts are important for the correct diagnosis of IPF [8, 

13].   
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Figure 1-4 Stages of diagnosis of IPF. Patients with suspected IPF are evaluated for 

identifiable causes for ILD. In the absence of identifiable cause, HRCT scan of the chest 

determines whether UIP can be diagnosed as IPF. In the absence of a characteristic UIP 

pattern, suspected IPF patients can be diagnosed with a combination of histopathology and 

BAL fluid analysis. Adapted from [12]. 

 

1.6 Management and therapies for IPF 

1.6.1. Pharmacological management 

Some early therapies for IPF used anti-inflammatory drugs based on the hypothesis that the 

disease had a significant inflammatory component that could be delayed. During the last few 

decades, immunosuppression using corticosteroids, often prednisone, has been used [74, 

75]. Treatment of IPF patients with corticosteroid resulted in a reduced improvement in 

respiratory function, and radiological abnormalities, although patients did claim improvement 

in some clinical signs such as dyspnoea [76-79]. In addition to prednisone, azathioprine, and 

N-acetyl cysteine (NAC) were prescribed by physicians but these drugs have no specific 

pharmacological effect in IPF patients [80-82]. In these studies, IPF patients were treated 
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with azathioprine, prednisone and NAC as a combination therapy and changes in forced vital 

capacity (FVC) was assessed as a primary end point [82]. There was no significant 

difference in FVC between patients who received combination therapy compared to the 

placebo cohort [82]. However, IPF patients treated with combination therapy with anti-

inflammatory drugs azathioprine and prednisone showed longer survival time compared to 

placebo controls even though the results were not significant [81, 83]. A total of 27 IPF 

patients were treated with either an azathioprine-prednisone combination therapy (N= 14) or 

with prednisone only (N=13) [83]. From the patients who received combined therapy, 43% 

died during a 9 years follow up period, compared with 77% of patients in the prednisone only 

group [83]. Based on this trial information, the use of these drugs is not recommended by 

ATS for patients with IPF [7]. A combination therapy with N-acetyl cysteine, prednisone and 

azathioprine used in the PANTHER clinical trial, was found to cause more harm than benefit. 

Indeed, in this clinical trial, the combination therapy was associated with increased mortality 

(10%, P= 0.01), hospitalization (30%, P< 0.001) and treatment related severe adverse 

events (31%, P= 0.001) compared to the placebo group [82]. 

Table 1 summarizes the different pharmacological therapies, which are currently used for the 

clinical management of IPF. The ATS committee has reviewed these treatment strategies 

and provide the recommendations for or against the use of each of them [7, 84]. Warfarin is 

an anticoagulant used as a treatment for IPF patients in clinical trials and has resulted in a 

reduction in acute exacerbation associated mortality, but without significant improvements in 

respiratory lung function [85, 86]. Therefore, the ATS committee does not recommend this 

drug as there is no net benefits for its use in IPF patients [7, 87]. Imatinib, a tyrosine kinase 

inhibitor, acts against platelet derived growth factor and may inhibit proliferative diseases 

including IPF, scleroderma, and pulmonary arterial hypertension [88]. The activity of this 

drug has been studied in a phase 2 clinical trial with IPF patients. FVC of these patients was 

not improved after the treatment with Imatinib and patients showed higher incidence of 
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adverse events such as diarrhoea, nausea, anaemia and skin rash [88]. In light of these poor 

trial outcomes, the ATS recommended strongly against the use of this drug for treating IPF 

patients [87]. Increased levels of the endothelin receptor have been found in IPF lungs 

suggesting that this receptor may be a candidate target for treating IPF [89]. Ambrisentan, 

bosentan and macitentan are endothelin receptor antagonists, which have been investigated 

in IPF patients. The use of ambrisentan as a therapeutic for IPF patients has not been 

recommended by the ATS committee after considering results from clinical studies, which 

showed no improvements [90] when compared to placebo in a variety of key indicators such 

as FVC, 6- minute walk distance, and quality of life indices [1, 87]. 

Abnormal gastro-oesophageal reflux is common in IPF patients [91]. Gastro-oesophageal 

reflux (GER) causes aspiration and micro aspiration into the respiratory tract which can 

induce lung injury leading to IPF [92]. Therefore, antacid has been conditionally approved for 

the treatment of IPF patients [87]. After the successful clinical trials, antacid drugs include 

proton pump inhibitors and histamine receptor antagonists that are used to control GER are 

now being used for IPF treatment, particularly for those patients with abnormal GER [93]. 

This recommendation was due to improvement of lung function, low cost of therapy in IPF 

patients compared to placebo controls in those clinical trials [87]. 

Sildenafil, a phosphodiesterase inhibitor, was found to reduce pulmonary vascular pressure 

in IPF patients [94]. With these positive effects, phase III randomized clinical trials have been 

completed for IPF patients and the results from these studies showed that there was no 

significant changes in primary outcome (i.e. 6 minute walking distance) [95]. According to 

these results, and data from other clinal studies performed after this study, sildenafil has not 

shown any positive effect on clinical outcomes including mortality, dyspnoea, acute 

exacerbation [96, 97]. Given those poor outcomes, combined with the high cost for the 

therapy, the ATS committee recommended against the use of this drug as a therapeutic for 

IPF patients [87]. The data from N- acetylcysteine monotherapy has been evaluated by ATS 
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committee. Results from clinical trials shows no significant changes in FVC, mortality rate 

and acute exacerbation in IPF patients compared to the placebo group [82, 98, 99]. 

Therefore, N-acetylcysteine monotherapy has not been recommended to treat IPF [87]. 

Table 1-1 Summary of the different treatment strategies for IPF patients. 

Treatment Recommendation Justification for the recommendation and 
suggestions 

Warfarin Not recommended Severe adverse effect including death 
Imatinib Not recommended High cost for the treatment. Adverse effects 
Combination therapy with 
Prednisone, Azathioprine 
and N-acetylcysteine  

Not recommended Only used in a single clinical trial 
Adverse effects 

Ambrisentan 
ER-A endothelin receptor 
antagonist 

Not recommended Indicated for the treatment of pulmonary 
hypertension. Lack of benefits and 
potentially harmful 

Nitendanib Recommended Rate of the FVC decline. No significant 
mortality 
No serious adverse effects 

Pirfenidone Recommended Reduce rate of FVC decline. Committee give 
low value to the adverse effects 
Suggestions: Patients starting to use this 
medication need to be advise on adverse 
effects. Future research: duration of 
treatment 

Antacid medication 
 

Conditional 
recommendation, 
very low confidence 
in estimates of 
effect 

Possible improved lung function and 
survival. Low cost of therapy. Put low value 
on potential increased risk for pneumonia 

Sildenafil 
Phosphodiesterase-5- 
inhibitor 

Not recommended No any improvement in the outcomes after 
the treatment with this drug; only slight 
improvement of quality of life 

Bosentan or macitentan Not recommended High cost of the medication 
N-acetylcycteine 
monotherapy 

Not recommended Cost of therapy. No change in FVC 

Lung transplantation (Single 
or bilateral) 

Not recommended Shortage of organ 
 

Treatment to pulmonary 
hypertension in IPF patients 

Not recommended Further evidence is necessary to make this 
decision 
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Novel antifibrotic therapeutics such as pirfenidone and nintedanib have been approved to 

control IPF in patients in Japan since 2011 [7, 87]. These two new drugs emerged from 

research showing that IPF could be considered as an aberrant repair process, rather than an 

inflammatory disease [80]. Pirfenidone is an orally active small compound with antifibrotic 

and anti-inflammatory activity [80, 100, 101]. The detailed activity of pirfenidone and its use 

are discussed in chapter 4. Two small clinical trials, which have been conducted with IPF 

patients in Japan showed beneficial effects of this drug in terms of improvement of FVC and 

disease progression [102, 103]. After those clinical trials, two concurrent, randomized clinal 

trials (CAPACITY 004 and CAPACITY 006) were conducted, in the United States, Europe, 

and Australia [104]. These clinical trials together with the ASCEND trial evaluated the 

efficacy of pirfenidone compared with placebo [105]. The pooled data from these clinical 

trials showed reduced mortality rate and decreased rate of FVC reduction in IPF patients 

compared to placebo controls [104, 105]. Based on these results, in 2014 the FDA approved 

this drug for treatment of IPF patients in the United States [80]. Another clinical trial, RECAP 

has been established to study long-term effects (followed up for one year) of pirfenidone on 

the patients who enrolled in the CAPACITY study [106]. They observed the effect of 

pirfenidone on lung function and survival in patients who enrolled in the CAPACITY study 

and received pirfenidone for the first time in this study [106]. The mean change of FVC from 

baseline value to week 60 was comparable with the data shown in the CAPACITY studies 

[106]. Furthermore, the survival rate of the patients newly treated with pirfenidone and the 

patients in the CAPACITY study was greater than the survival rate of the placebo group 

[106]. These results together with results from previous phase 3 clinical trials with 

pirfenidone provide evidences to support the usefulness of pirfenidone as a treatment for IPF 

patients. 

Nintedanib (BIBF 1120) is an intracellular inhibitor of the receptor tyrosine kinases and a 

potent antagonist of growth factors; platelet derived growth factor (PDGF), vascular 



22 

 

endothelial growth factor (VEGF) and FGF [107, 108]. These growth factors are known 

mitogenic factors, which play major pathogenic roles in tumour angiogenesis, extracellular 

matrix proliferation and fibrogenesis. If these growth factors can be suppressed, then there is 

the potential for slowing the progression of pulmonary fibrosis. The inhibitory effect of 

nintedanib has been studied in many cancer therapies demonstrating controlled tumour 

progression by controlling neovascularization [109, 110]. After these preliminary studies, 

nintedanib was evaluated in cancer patients for its safety and efficacy [111-114]. With these 

promising results from these clinical trials, the effect of nintedanib on IPF patients has been 

investigated. This has been studied in 3 randomized clinical trials (TOMORROW, INPULSIS-

1, INPULSIS-2) in IPF patients [115-117]. In the first study, safety and efficacy of nintedanib 

has been evaluated with 4 different doses in IPF patients. Results from this study showed 

improved FVC in patients who received the highest dose of nintedanib [115]. However, there 

were adverse effects such as gastrointestinal symptoms and increased liver enzymes for this 

high dose [115]. Whereas the data from the INPULSIS 1 and 2 trials show that the rate of 

decline of FVC was reduced in patients who were treated with nintedanib comparing to 

placebo controls. The annual rate of change in FVC was -114.7 ml in the nintedanib group 

and -239.9 ml in the placebo group in the INPULSIS-1 trial, and in INPULSIS-2, it was -113.6 

ml in the nintedanib groiup and -207.3 ml with placebo [116, 117]. The most frequent 

adverse effect among patients in the nintedanib group was diarrhoea. However, less than 

5% of patients who participated in this trial discontinued the medication due to diarrhoea 

[116, 117]. Even though there are adverse effects associated with this drug, the INPULSIS 

trial was successful in slowing down the disease progression among IPF patients [116].  

It is interesting to note that even with the positive trial outcomes, neither nintedanib or 

pirfenidone completely halted or cured the disease. The choice of either pirfenidone or 

nintedanib is ultimately a personal preference and it is related to administration and potential 

side effects of each drug [118]. Since both drugs have different modes of action, a 
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combination therapy of these two drugs was investigated in the INJOURNEY clinical trial 

focussing on safety, tolerability and pharmacokinetics as well as changes in FVC [119]. In 

this study, IPF patients first received nintedanib for 4-5 weeks and then the patients were 

randomized to two groups to receive either pirfenidone or continue nintedanib for 12 weeks. 

Patients were monitored for gastrointestinal adverse events, plasma concentration of 

nintedanib or pirfenidone and changes in FVC from the baseline. Gastrointestinal adverse 

events were observed in 70% of patients who received nintedanib with add-on pirfenidone, 

while 52% of patients reported adverse events after they were treated with nintedanib alone. 

Changes of FVC from baseline was -13.1 ml and -31.4 ml in patients treated with nintedanib 

with add-on pirfenidone and nintedanib alone respectively. This FVC change is very small 

compared to the results from monotherapies done with pirfenidone and nintedanib in IPF 

patients. 

 

1.6.2. Non-pharmacologic management 

Clinical guidelines for IPF strongly recommend that lung transplantation be a priority for 

moderate to severe IPF patients due to the progressive and incurable nature of IPF [7, 87]. 

Lung transplantation can prolong survival rate and can improve quality of life in IPF patients 

[87, 118]. Between 50% and 56% of patients who have undergone lung transplantation have 

a 5 year survival rate after the procedure [120, 121]. Common limitations with this strategy 

are: that there are restricted supplies of donor lungs; the medical complexity of surgery; and 

post-surgical complications [13, 87]. Evidence-based guidelines for IPF diagnosis and 

management recommended oxygen therapy for patients with IPF [7]. Oxygen therapy 

reduces exertional dyspnoea, and improved exercise tolerance, and health related quality of 

life in IPF patients [7].  
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Another non-pharmacologic management method for IPF patients is pulmonary 

rehabilitation. It is, a structured exercise program, which involves aerobic conditioning, 

strength and flexibility training, educational lectures, nutritional interventions and 

psychological support for IPF patients. While  this program improves exercise capacity and 

quality of life in patients and has been recommended in the 2011 guidelines, its long-term 

benefits are unclear [7, 11, 13, 122]. A randomized clinical trial, which was designed to 

evaluate exercise benefits for IIP patients, including IPF patients, showed improved 6 

minutes walking distance and improved health-related quality of life in IPF patients [122].  

 

1.6.3. Treatment for exacerbations and complications of IPF 

IPF patients often suffer acute respiratory exacerbations with worsening dyspnoea and 

increased oxygen requirements [123]. This has been defined as acute clinically significant 

respiratory deterioration due to unidentifiable cause(s) in IPF patients [123]. The incidence 

rate of acute exacerbation varies due to differences in study populations [124]. It has been 

reported in an analysis of 6 clinical trials that there are 4.1 acute exacerbation per 100 

patients per year [125]. A registry-based US study reported annual incidence of 13 cases of 

acute exacerbation per 100 IPF patients [126]. In cases of acute exacerbations, 

corticosteroid treatment is conditionally recommended by the international guidelines for IPF 

treatment in 2011, due to a lack of evidence supporting the use of other drugs [7]. As 

mentioned in the guidelines, this recommendation put a high value on anecdotal reports of 

benefits, and high mortality rates of acute exacerbations in IPF patients [7]. Also, there is no 

recommended dose, route, or duration of corticosteroid treatment [7]. Moreover, palliative 

care which focused on reducing patient’s clinical symptoms is necessary to comfort patient 

both physiologically and emotionally to improve the quality of life in patients. In IPF, 

dyspnoea and chronic cough are common and important to manage. Opioids are useful to 
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manage cough and dyspnoea [127]. Some evidence suggests that corticosteroids could be 

effective in the management of cough [128].   

 

1.6.4 New therapeutics in clinical development 

Several potential therapeutics have been investigated, based on different growth factors, 

telomere dysfunction, cellular senescence, epigenetic changes, and mitochondrial 

dysfunction. Many of these processes are observed in IPF pathogenesis. These pathogenic 

mechanisms are discussed in section 1.3.4 in this chapter. In addition, recently, stem cell 

therapies have been considered due to their potential in tissue repair and wound healing 

[129].  

Table 2 shows ongoing clinical trials for drug candidates for IPF. Promising novel targets for 

the treatment of IPF are discussed below. GLPG1690 is a selective autotaxin inhibitor. 

Autotaxin, is an enzyme, which is responsible for converting phospholipids to 

lysophosphatidic acid (LPA). LPA is a phospholipid involved in cell proliferation and 

migration. These downstream cellular processes, and the fact that increased levels of 

autotaxin enzyme are found in BAL fluid of IPF patients, supported an investigation into 

drugs targeting this enzyme to control IPF [130]. GLPG1690 has been effective in preclinical 

trials and phase 1 clinical trials on healthy subjects [130, 131]. In a phase 2 clinical trial, 

involving 23 IPF patients, the drug has been well tolerated with mild to moderate adverse 

effects. The pharmacokinetics and pharmacodynamic profiles of GLPG1690 of IPF patients 

were similar to results found in a phase 1 trial with healthy subjects [132]. Two phase 3 

clinical trials (ISABELA1, ISABELA2) are currently recruiting patients to evaluate efficacy 

and safety of GLPG1690 (Clinicaltrials.gov number: NCT03733444, NCT03711162). Another 

inhibitor of LPA is BMS-986020. The results of a phase 2 clinical trial with this drug showed 

a significantly slower decline in FVC in treated patients compared to placebo. This clinical 
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trial was a multicentre, randomized, double blind, placebo-controlled study conducted on 143 

IPF patients. Eighty-one percent of the patients showed adverse events, including elevated 

liver enzymes, during the study. However, none of these adverse events were life 

threatening, except in 3 individuals. These 3 patients experienced serious adverse effects 

including cholecystitis with increased level of liver enzymes [133].   

Connective tissue growth factor (CTGF) is a growth factor, which induces myofibroblast 

differentiation, ECM deposition and TGF-β expression in fibrogenesis. Thus, it is being 

considered as a potential candidate drug target for IPF [134]. Pamrevlumab (FG-3019) is an 

anti-CTGF monoclonal antibody designed to inhibit the activity of CTGF. In proof-of-principle 

preclinical studies, Pamrevlumab reduced fibrosis and improved lung function in a mouse 

model of irradiation induced lung fibrosis  [135]. In this study, pulmonary fibrosis was 

induced in mice using irradiation of the thorax. The FG3019 antibody was administered 

intraperitoneally to mice at different timepoints after induction of fibrosis. Results from this 

study showed reduced lung density in mouse lungs in CT scanned images after the 

treatment with FG3019 [135]. The study by Bickelhaupt et al  also reports that CTGF 

blockade attenuates TGFβ-induced differentiation of fibroblasts to myofibroblasts and 

reduces expression of α-SMA and collagen-iv expression in fibroblasts and lung cancer cells 

[135]. These promising results supported a phase 2 clinical trial with FG-3019. In this trial, 89 

IPF patients received an intravenous dose of FG-3019 every 3 weeks for 45 weeks [136]. 

IPF patients treated with FG-3019 showed improved FVC and reduced fibrosis with minor 

adverse effects such as fatigue, cough, headache, dizziness, nausea and diarrhoea. To 

further investigate the use of FG-3019, a ‘PRAISE’ phase 2 double blind placebo controlled 

clinical trial was designed with 103 randomized patients. The results showed the disease 

progression was slower in IPF patients treated with the drug as indicated by lower levels of 

fibrosis as assessed by quantitative HRCT [137].  
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During the pathogenesis of IPF, fibrocytes play a major role via extracellular matrix 

deposition and abnormal tissue repair. These fibrocytes are derived from peripheral blood 

monocytes and differentiate to fibroblasts and myofibroblasts when they reach to target 

tissue [138]. Pentraxin-2 or human amyloid P (SAP) is a receptor, which  inhibits monocyte 

differentiation into profibrotic macrophages and fibrocytes and inhibits TGF- 1 production 

[139-141]. The inhibitory effect of SAP on monocyte differentiation resulted in decreased 

lung collagen content in both bleomycin-induced lung-fibrosis and fibrosis resulting from 

TGF-β overexpression in mice [142, 143]. Intravenous recombinant human pentraxin- 2, 

PRM-151 was assessed for its safety, tolerability, pharmacokinetic and pharmacodynamic 

activity in phase 1 clinical trial [144]. Furthermore, FVC and 6-minute walk distance were 

improved in IPF patients after treating with PRM-151 in this study. These positive outcomes 

from this phase 1 clinical trial allow scientists to evaluate the efficacy and safety of this drug 

with a phase 2, randomized, multicentre, double blind, placebo-controlled clinical trial [141, 

144]. In this study, 117 IPF patients were allocated either to receive PRM-151 (n=78) or to 

receive a placebo (n=39). PRM-151 significantly slowed the decline in lung-function 

compared to placebo in IPF patients, 28 weeks after the initiation of treatment. The most 

common adverse event reported in this study was cough [141].  

Elevated levels of Galectin-3 have been reported in in BAL fluid of IPF patients. This, 

together with the knowledge that Galectin-3 is expressed in alveolar macrophages, and type 

2 AECs, support the notion that Galectin-3 could be a worthy IPF candidate drug target [145-

148].  An inhibitor of Galectin-3, TD-139, successfully reduced fibrosis in a mouse model of 

TGF-β adenovirus-induced pulmonary fibrosis [145]. An inhaled formula of TD-139 has been 

tested in 24 IPF patients in a phase 2 clinical trial to study safety and tolerability of this drug 

[149, 150]. After treatment with this inhaled drug, Galectin-3 levels in BAL fluid, and plasma, 

was measured and the results showed significant reduction in expression of Galection-3 in 

BAL macrophages [149, 150]. Currently, patients are being recruiting for phase 2 clinical trial 
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to test the safety and efficacy of this inhaled form of TD-139. In this study, a large cohort of 

IPF patients (450 patients) were recruited to study changes in the FVC in IPF patients over 

52 weeks of period. Higher levels of integrin αvβ6 has been found in type 1 and 2 AECs in 

fibrotic areas of IPF patients, which prompted interest in using this integrin as a potential 

drug target for IPF [151]. Results from preclinical models with a monoclonal antibody against 

αvβ6 reported that this treatment attenuated bleomycin-induced lung fibrosis in mice. The 

hydroxyproline content; an indicator for level of collagen in the fibrotic lung, was reduced by 

65% after treatment with the monoclonal antibody against αvβ6. In phase 2a clinical trials 

with a humanized anti-αvβ6 immunoglobulin G1 antibody (BG00011), TGFβ1 was reduced in 

BAL fluid in IPF patients [152]. A phase 2 clinical trial (SPIRIT) is currently recruiting patients 

to study safety and efficacy of this drug.  

Another drug which is currently being investigated is Lebrikizumab, a human monoclonal 

antibody to interleukin-13 (IL-13). IL-13 is a T-helper (Th)2 cytokine, which is involved in 

tissue fibrosis and remodelling [153]. A randomized, double blind, placebo-controlled phase 

2 clinical trial has been undertaken either as monotherapy (Lebrikizumab only), or together 

with pirfenidone. Initial reports indicate that Lebrikizumab, either alone, or combined with 

pirfenidone, was not beneficial to lung function [154, 155]. However, it is difficult to decide 

whether Lebrikizumab has a potential future as the results from this study have still not been 

fully published.  

PBI-4050 is a small molecule, which targets G-protein coupled receptors, GPR40 and 

GPR84 and has been developed to treat IPF [156]. GPR40 and GPR84 are fatty acid 

receptors that are present in bone marrow, T cells, neutrophils, monocytes/macrophages, 

fibrocytes /myofibroblasts [157, 158]. PBI-4050 reduced the profibrotic and proinflammatory 

cytokines (TGF-1, monocyte chemoattractant protein-, CTGF, IL-23 and IL-16), α-SMA 

expression, collagen-1 deposition and plasminogen activator inhibitor 1, in mouse models of 

bleomycin-induced fibrosis [159, 160]. It has been found that these receptors were 
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overexpressed in acute and chronic models of kidney fibrosis [156]. Treatment with PBI-

4050 reduced the fibrosis in these models via down-regulation of macrophage, 

fibrocyte/myofibroblast and epithelial cells activity [156]. PBI-450 inhibits the activation of 

fibroblasts to myofibroblasts, which results in reduced accumulation of the extracellular 

matrix. Furthermore, PBI-4050 reduced the activation of macrophage and the expression of 

proinflammatory markers; monocyte chemoattractant protein-1, IL-8, IL-6 and profibrotic 

markers; connective tissue growth factor [156]. Treatment with PBI-4050 reduced the pro-

fibrotic gene expression in human dermal fibroblasts in culture, and reduced lung fibrosis by 

47% as quantified by an assessment of histopathological lesions induced in a bleomycin 

mouse model [156]. Phase 2 clinical trials have been completed recently with this new drug 

either alone or combined with either nintedanib or pirfenidone. In this study, the drug was 

well tolerated by IPF patients who were observed for 12 weeks after the treatments. The 

percentage change of the FVC from the baseline was not significant either in the PBI-4050 

alone treatment group, or the PBI-4050 combined with nintedanib treatment group. This 

suggests that PB-4050, both alone and combined with nintedanib, retards the decline in lung 

function in these IPF patients. In contrast, a significant reduction in FVC was observed in 

patients treated with PBI-4050 together with pirfenidone. These results encourage the use of 

the drug PBI-4050 alone, or combined with nintedanib, to treat IPF patients [161].   

Based on tissue repair and wound healing properties, stem cells derived from bone marrow 

(MSC) have been proposed as potential therapeutic treatment strategies for IPF. Initial 

preclinical studies have reported that MSCs contribute to the repair and restore the lung 

injury after being introduced to fibrotic lungs of mice injured with bleomycin  [162]. AETHER, 

a phase 1 single centre, non-randomized, non-placebo controlled clinical trial was the first 

study designed to assess the safety of intravenous infusion of human MSCs to IPF patients. 

The patients tolerated the stem cell treatment with no adverse events. However, with a 

relatively small number of patients, the AETHER trial failed to show any significant 
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improvement in lung function [163]. Another phase 1b clinical trial, with endobronchial 

administration of human adipose-derived stem cells to IPF patients, found no adverse events 

with the introduction of these stem cells [164]. Fourteen patients enrolled to this clinical trial 

were observed for 5 years. Results from this study showed acceptable safety profiles with 2 

years survival time of 100% of the patients.  However, after 2 years, patients stared to show 

declines in FVC, exercise capacity, and 6 minute walk test results [165].        

The clinical trials mentioned above have utilized different therapeutic targets according to the 

complex, multiple pathogenic pathways of IPF. While there were some promising results 

from some candidate drugs, many of the studies failed to translate bench findings to 

favourable clinical outcomes. Therefore, it is still necessary to optimise and validate 

preclinical models that are to be used to screen candidate therapies before testing them in 

expensive clinical trials [166].   
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Table 1-2 Summary of new drugs currently in Phase 2 trials 

Drug Mechanisms of action Observations 

GLPG1690 
(Clinicaltrials.gov 
number 
NCT02738801) 

Selective autotaxin 
inhibitor 

Drug was well tolerated, with stabilization 
of FVC in patients compared to placebo.  
ISABELA 1 and 2 Phase 3 clinical trials are 
recruiting patients to find efficacy and 
safety of the drug.  

BMS-986020 
(Clinicaltrials.gov 
number 
NCT01766817) 

Lysophosphatidic acid 
receptor antagonist 

Reduced the decline of force vital capacity 

Pamrevlumab 
(FG-3019) 
(Clinicaltrials.gov 
number 
NCT01890265)  

Anti-CTGF human, 
recombinant DNA derived 
monoclonal antibody 

A preliminary study shows overall safety, 
and a marginally favourable outcome in 
some patients  

Pentraxin-2: PRM-
151 
(Clinicaltrials.gov 
number 
NCT02550873) 

Recombinant human 
pentraxin-2. Anti-
inflammatory and anti-
fibrotic effect  

A preliminary study shows slower decline 
in lung function in IPF patients 

TD-139 
(Clinicaltrials.gov 
number 
NCT02257177) 

Galectin-3 inhibitor Completed, Results are not published.  

BG00011 
(Clinicaltrials.gov 
number 
NCT01371305) 

integrin αvβ6 monoclonal 
antibody 

Results allowed dose selection for the 
upcoming SPIRIT clinical trial  

Lebrikizumab 
(Clinicaltrials.gov 
number 
NCT01872689) 

IL-13 monoclonal antibody Completed, no beneficial effect on lung 
function  

PBI4050 
(Clinicaltrials.gov 
number 
NCT02538536)  

Targeted against G- protein 
coupled proteins (GPR40 
and GPR84)  

Completed, results are not published 
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1.7 Animal models of pulmonary fibrosis 

The underlying mechanisms and progression of the disease or even aetiology of IPF are still 

not completely understood [167-171]. Well controlled experiments to elucidate these 

mechanisms cannot be performed in humans for obvious reasons. Animal models of disease 

are useful to bridge the gap between human clinical studies and cell culture experiments. 

The histopathological and biochemical changes that occur in the development of lung 

fibrosis can be replicated in different animal models. Mouse models are the most frequently 

used for this purpose. Some of the methods to induce fibrosis include radiation damage; 

instillation of bleomycin; silica or asbestos; and the expression of TGF in transgenic mice 

[172]. These models are further compared below (Table 3).  

Table 1-3 Summary of commonly used mouse models for pulmonary fibrosis 

Model Advantages Disadvantages 

Single dose intratracheal 
bleomycin 

Easy to administer. Low cost. Rapid 
development of fibrosis 

Lack of many UIP 
feature including 
temporal 
heterogeneity, 
fibroblastic foci, 
AEC hyperplasia 
Mouse strain 
dependant 
Spontaneous 
resolution 

Repetitive dose 
intratracheal bleomycin 

Persistent fibrosis. Presence of UIP 
lesions (temporal heterogeneity, AEC 
hyperplasia, few fibroblastic foci) 

Time 
commitment 
more than 4 
months. High 
mortality rate 

TGF overexpression 
model 

Prominent lung fibrosis. Rapid onset of 
fibrosis. Allows targeted intervention 
studies  

High cost and not 
readily available 
More severe 
fibrosis. Fibrosis 
developed within 
an artificial 
environment 
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1.7.1.TGFβ overexpression model 

TGF can be used to induce organ fibrosis in animal models.  TGF , a pro-fibrotic cytokine, 

is involved in most fibro-proliferative disease conditions in lung, liver, kidney, and skin [173, 

174]. TGF has three isoforms: TGF TGF and TGF TGF is closely associated 

with the development of IPF [173].  In lung, TGF is produced by a wide variety of cells 

including macrophages, AECs, endothelial cells, fibroblasts and myofibroblasts [173]. 

Repetitive injury to alveolar epithelium activates TGF  expression in macrophages, epithelia 

cells and myofibroblasts [173]. Usually TGF remains in its inactive state and associated 

with latency associated protein (LAP) [175, 176]. TGF is activated when LAP is removed 

via proteolytic cleavage [176]. The many factors found in fibrotic conditions including 

cathepsins, plasmin, calpain, thromombospondin, integrin V and matrix 

metalloproteinase (MMP) stimulate the release of biologically active TGF [176]  Activated 

TGF together with other fibrogenic mediators, promote fibroblast and macrophage 

recruitment, fibroblast proliferation via PDGF-expression and myofibroblast differentiation. 

Myofibroblasts secrete TGF which induces type 2 AECs apoptosis and aberrant wound 

healing [173]. In addition, myofibroblasts express high levels of tissue inhibitors of matrix 

metalloproteases (TIMPs) and ECM proteins [173]. TGF induces transcriptional activation 

of collagen gene via the Smad signalling pathway [173, 176]. Activated TGF binds to type 

I and type II receptors and phosphorylates receptor-activated smads; smad 2 and smad 3. 

Phosphorylated smad 2 and 3 bind to a common mediator smad 4, which translocates into 

the nucleus and regulates the transcription of TGF gene. This induces the fibrosis-related 

changes within the lung [177]. One of the main outcomes of this process is that 

TGF establishes a microenvironment, which favours the ECM deposition by inducing an 

imbalance between matrix degrading enzymes and their inhibitors [173].  
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Considering the vital role played by TGF in fibrosis, both gene transfer and transgenic 

approaches have been used in many animal studies to induce and evaluate pulmonary 

fibrosis [178]. In these approaches, overexpression of TGF has been used. This was 

achieved by the delivery of an adenoviral -TGF  construct via an intratracheal route, or by 

doxycycline regulated transgenic expression in lung epithelial cells. For studies with 

recombinant adenoviral vectors, two recombinant adenovirus constructs were made; both 

having cDNA for porcine TGF with the first one expressing a latent protein, whereas the 

second one expressed an active form of TGF [179]. Rat lungs, which were infected with a 

latent form of TGF did not show fibrotic changes [179]. However, rat lungs, which were 

infected with a recombinant adenovirus expressing active TGF showed extensive fibrotic 

changes in the lung parenchyma [179] BAL fluid collected from these rats showed a high 

level of active and latent forms of TGF from day 1 with the concentration reaching a peak 

at day 7 [179]. The histopathological changes generated by overexpression of active 

TGF were significant and described as follows [179]. Patchy accumulation of mononuclear 

cells in perivascular and peri-bronchial areas was evident at day 3 after administration of 

recombinant adenovirus to rat lung [179]. This was followed by a rapid onset of fibrosis 

throughout the lung parenchyma [179]. Also, adenoviral vectors were used to evaluate the 

TGF expression and fibrosis in two mouse strains; one was resistant to fibrosis and the 

other was prone to fibrosis [180]. The results from these studies showed that even with the 

presence of high levels of active TGF in fibrosis, the resistant strain appeared relatively 

resistant to development of fibrosis [180]. The fibrosis-prone mouse strain expressed 

increased levels of TIMP compared to the fibrosis resistance mouse strain [180]. The varied 

degree of lung fibrosis among fibrotic-prone and resistant mouse strains may be due the 

differences in response to TGF stimulation on TIMP expression [180]. TGF can 

upregulate TIMP expression and it promotes ECM accumulation in fibrosis-prone mice  

[180].  
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Fibrotic reactions developed by adenoviral overexpression of TGF have a more rapid 

onset, are more severe, and persist for a longer period compared to bleomycin models of 

lung fibrosis [179]. Doxycycline inducible TGF transgenic mice have been used to induce 

fibrosis via TGF overexpression. In this model, three transgenic systems were developed 

to ensure that the biologically active TGF overexpression was limited to the lung [174, 

181]. In the presence of doxycycline, these mice express active TGF in the lung tissue 

within 12 hours, as the doxycycline binding site was only available in the lung tissue in these 

transgenic mice. Lung collagen content increased over the 2 month period of doxycycline 

administration to these animals. In these mouse models, overexpression of TGF has been 

associated with AEC apoptosis, mononuclear cell infiltration, air way remodelling, myocyte 

and myofibroblast hyperplasia and pulmonary fibrosis [174, 181]. The limitations of the 

TGFβ1 overexpression model are that TGF overexpression has been performed by using 

transgenic approaches in altered artificial environments within the lung, where TGF is 

overexpressed by manipulation of a single gene. Therefore, the disease pathogenesis is 

different from what is observed naturally in the human disease. Furthermore, these models 

are not readily available for researchers, and are expensive when compared to cheaper 

bleomycin mouse models.  

 

1.7.2. Bleomycin activity as a fibrotic agent 

Bleomycin is used to induce experimental fibrosis, and has been applied in a wide range of 

species including: mice, rats, guinea pigs, hamsters, rabbits, dogs, primates and sheep [172, 

182]. Bleomycin is a chemotherapeutic agent produced by Streptomyces verticillus bacteria 

[183, 184]. It is widely used in treatment of squamous cell carcinoma, lymphoma, testicular 

carcinoma and ovarian cancers [184].  Bleomycin induces lung fibrosis as a side effect 

during cancer treatment in humans. Bleomycin hydrolase, a bleomycin inactivating enzyme, 
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prevents the effects of this drug in most organs. The susceptibility of the lung to bleomycin 

induced toxicity is due to the low levels of bleomycin hydrolase enzyme in this organ [171, 

172].  

Upon the discovery of the dose-dependent toxicity of bleomycin in the lung, researchers 

began to utilize this drug to develop fibrosis in lungs of experimental animals. The 

mechanism of bleomycin-induced injuries in the lung was established in these early models, 

showing that the drug possesses a DNA binding domain, which results in the cleavage of 

single or double strand DNA in the presence of oxygen and metal ions such as Fe2+, and the 

release of superoxides and free radicals [185, 186]. This superoxide induced DNA-damage 

leads to development of an inflammatory response, activation of fibroblasts and ultimately 

pulmonary fibrosis develops [172, 187].  

The degree of fibrosis induced by bleomycin is different among animal species and it 

depends on the level of expression of bleomycin hydrolase [171]. Rabbits, which maintain 

relatively high levels of the bleomycin hydrolase enzyme, are relatively resistant to lung 

fibrosis whereas C57BL/6 mice have low expression levels of this enzyme, and thus are 

more susceptible to pulmonary fibrosis [171]. 

 

Mouse model of bleomycin induced pulmonary fibrosis 

Bleomycin can be administered directly to lungs via the intra-tracheal or intra-nasal routes; 

whereas intravenous, intra-pleural and subcutaneous routes can be used to administer this 

drug systemically. Mice develop inflammatory and fibrotic lesions in their lungs within a short 

period of time after the introduction of bleomycin. The initial site of pulmonary injury depends 

on the route of administration of bleomycin. The systemic administration through 

intravenous, intraperitoneal or subcutaneous initially injures the pulmonary vascular 

endothelium [178]. With this vascular injury, the bleomycin drug also has access to, and thus 
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damages, the alveolar epithelium. When the drug is delivered intratracheally, alveolar 

epithelial cells are injured [178]. Animal models with systemic delivery of bleomycin develop 

fibrotic lesions around week 4, which become more severe and diffuse by 12 weeks. After 

the initial injury to endothelium, the lung parenchyma shows acute inflammatory lesions. 

There is focal necrosis in type I AECs, metaplasia in type II AECs, and development of 

fibrotic lesions in subpleural areas [170, 183]. Whereas, mice, with intratracheal 

administered bleomycin, develop fibrosis much earlier, usually by week 2, with maximum 

responses noted around 21-28 days after bleomycin administration [170].  

Single dose intra-tracheal drug administration is the most frequent route used to induce lung 

fibrosis in mice because it is easy to administer and fibrosis develops relatively earlier (i.e. 2 

weeks after bleomycin exposure) [167, 170, 188]. Bleomycin can also be administered 

through surgical cut down of trachea or through endotracheal intubation [167, 172]. 

Intratracheal administration of a single dose of bleomycin directly injures the alveolar 

epithelial cells. During the first week of drug delivery, inflammation and lung oedema can be 

seen with elevation of cytokines, including TNF and interleukin- (IL-) [167, 189, 190]. 

This was followed by increased levels of the pro-fibrotic cytokine TGF at around two to 

three weeks post-bleomycin administration [167, 177]. Along with these changes, neutrophils 

and lymphocytes infiltrate the lung within the first week of bleomycin administration [170, 

188, 191, 192]. Subsequently, the proliferation of fibroblasts and extracellular matrix 

deposition occurs around day 14 after the bleomycin challenge [170, 193].  

Even though, there was patchy isolated collagen deposition with this single dose bleomycin 

exposure, the characteristic histopathological lesions for UIP of localized fibroblast foci and 

hyperplastic alveolar epithelium are not observed in this model [167]. This has been 

considered as one of the main drawbacks of the single dose bleomycin model. Furthermore, 

in the single-dose bleomycin model, lung inflammation with neutrophil infiltration is observed, 

which is not a prominent feature in IPF pathology [167, 170]. Another drawback is that, many 
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studies indicate that the murine lung can recover from this injury within six weeks of 

bleomycin exposure [167, 194]. This is not always the case though with another study 

reporting that the pulmonary fibrosis in the murine lung was maintained for 3 months after 

the intra-tracheal instillation of single dose of bleomycin [168]. In this study, the total lung 

collagen content peaked at day 28 and this level was maintained for 84 days after the 

bleomycin instillation [195]. A comparison of these different studies suggests that the 

persistence, or resolution of fibrosis may be due to the genetic variations in the different 

murine strains used in the different studies [168]. Models where the fibrosis resolves over a 

short timeframe, may restrict the development and investigation of potential therapeutics due 

to the difficultly in differentiating between endogenous lung repair and drug-related 

improvement in lung fibrosis and lung function.   

Therefore, many studies have been undertaken to overcome these pitfalls by strengthening 

the bleomycin model. Repetitive intra-tracheal bleomycin models have been developed to 

study the human fibrotic lung disease more appropriately. In this approach, mice were 

intratracheally treated with 0.04U bleomycin bi-weekly for 8 doses and then lungs were 

harvested 2 weeks after the last bleomycin dose [188]. The repetitive-dose bleomycin mouse 

model reflects human IPF more favourably than the single dose bleomycin-induced 

pulmonary fibrosis [167, 188]. For example, histological evaluation of lung samples from the 

repeated-dose model reveal extensive fibrosis and ECM deposition [188]. Further, prominent 

hyperplastic AECs were observed in fibrotic areas of this bleomycin dosing model. 

Hyperplastic AECs are one of the characteristics of UIP in IPF patients [188] and are rarely 

found in the single-dose bleomycin mouse model [167, 188]. In contrast to the single-dose 

bleomycin model, in repetitive-dose mouse lungs there is a pattern of temporal heterogeneity 

with areas of fibrotic scar, active remodelling with hyperplastic AECs and normal lung tissue 

in the same tissue sections [188]. In addition to these findings, the bi-weekly repetitive-

bleomycin model has less inflammatory cell infiltration into the lung, when compared to the 
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single-dose bleomycin models [188]. One of the key findings of this bi-weekly repetitive-dose 

bleomycin model is that the fibrosis appears to be irreversible. Even 10 weeks after the last 

bleomycin dose, marked lung fibrosis was still present with areas of active remodelling and 

prominent hyperplastic AECs [188]. As mentioned, after the repetitive doses of bleomycin, 

fibrotic changes in mouse lungs were similar as seen with human UIP [188]. However, 

fibrotic foci were rarely observed in the repetitive bleomycin model even though it is a key 

feature of human IPF pathology [188].  

Even though the repetitive dose of bleomycin-induced murine model is more comparable to 

human IPF, there are some limitations with this model. The time taken to develop the 

disease is much shorter compared to the clinical disease in humans [188]. In bleomycin 

mouse models, lung fibrosis starts to develop 2 weeks after the bleomycin infusion. 

However, in human IPF develops over years with repeated injuries [170, 188]. Another 

disadvantage of these mouse models is the small body size, and associated differences in 

lung structure and physiology when comparing to its human counterparts [196]. The body 

size of mice prohibits the measurements of physiological parameters in awake un-sedated 

mice [197]. Airway obstruction, compliance or resistance measured in sedated or 

anaesthetized animals may affect these findings [197]. Further, the fibrotic responses to 

bleomycin is strain dependent. C57B1/6 mice are more susceptible than Balb/c mice [170, 

198]. Balb/c mice are more resistant to bleomycin-induced lung fibrosis due to relatively poor 

expression of TGF-β in this strain compared to C57B1/6 mice [199-201]. Therefore, the 

C57B1/6 mouse strain is predominantly used in lung fibrosis research studies. 

 

Rat model of bleomycin induced pulmonary fibrosis 

Rats also have been used to model in pulmonary fibrosis either with single or repetitive dose 

of bleomycin. The profiles of pro-inflammatory and profibrotic cytokines were evaluated in 
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rats given a single dose of intratracheal instillation of bleomycin. The following markers were 

used to determine the onset of inflammatory and fibrotic phases [202]. During the first 9 days 

after bleomycin exposure proinflammatory cytokine levels (IL-1  IL-1, IL-6, IFN)  were 

increased. After 9 days, these cytokine levels were reduced and the collagen levels 

increased and reached a maximum at day 21, which suggesting that the switch between 

inflammation and fibrosis occurs on or just after 9 days post-bleomycin treatment [202]. 

Further, changes of alveolar interstitial cells during pulmonary fibrosis were studied using 28 

female rats, which were instilled intratracheally with a single-dose of bleomycin [203]. During 

the first 24 hours after bleomycin induction, focal lymphocytic infiltration with few 

polymorphonuclear leukocytes and alveolar macrophages were observed. Thickened 

alveolar septa together with the presence of fibroblasts and myofibroblasts and an increase 

in collagen deposition were observed 7 days after bleomycin administration [203]. In studies 

that perform repetitive intratracheal administrations of bleomycin, extensive interstitial 

fibrosis with type II AECs proliferation is observed 90 days after the last bleomycin dose 

[204]. Even though the progression of bleomycin-induced fibrosis has been seen in rat lungs, 

the fibrosis did not resemble many of the histological lesions seen in human IPF, including 

for example, patchy fibrotic areas with fibroblastic foci, and hyperplastic alveolar epithelium. 

One hundred twenty days after the final bleomycin dose, the rats had normal lung 

compliance and functional residual capacity (FRC) [205]. Furthermore, the histological 

lesions were associated with focal peribronchiolar fibrosis and inflammation with 

paracicatrical emphysematous changes (see appendix 1) [205]. 

 

Sheep model of bleomycin induced pulmonary fibrosis 

Because of the limitations of rats and mice models discussed above, large mammals have 

been developed to complement the understanding of the underlying mechanisms associated 
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with pulmonary fibrosis because they have some attributes that are missing in smaller 

animals.  

Sheep is an appropriate mammal for modelling respiratory disease because of the similar 

lung size and airway branching pattern. The alveolar and airway architecture is different 

between mice and human. Mice have 6-8 airway generations, compared to 27- 29 

generations in human [169, 197], and 23 airway generations in sheep lungs [206, 207]. 

Sheep lung segments are well separated by tissue septa. This allows for different treatments 

or controls to be administered locally into different lung segments within the same animal 

[196, 208]. Furthermore, the alveolar volume of larger animals including humans is up to 40-

fold higher compared to mice [209]. ECM components play important roles in determining 

the physiological function of lung tissue. During fibrosis, there is a significant increase in 

collagen and elastin deposition. This leads to stiffness of the lung and alters the mechanical 

properties of the tissue [210]. At high lung volumes of larger species, these components 

provide additional structural support to the lung [210]. Collagen and elastin are the main 

stress-bearing components in the ECM, and contribute to maintain compliance and elasticity 

of the lung [210]. The thickness of connective tissue present in alveolar ducts is also higher 

in species with larger lung mass in order to bear the increased forces operating during the 

distention of alveoli [209]. In contrast to lung function in mice, the physiological parameters 

of air flow, resistance, compliance, breathing rate and tidal volume of large animals, such as 

sheep, lies within the normal ranges found in humans [206]. Moreover, these tests can be 

performed during spontaneous breathing without any anaesthesia or sedation [182, 211, 

212]. Further, repeated sampling for BAL, lung biopsies and continual lung function tests are 

possible, which can be very informative in long-term experimental settings [208]. The 

histology of the sheep lung is comparable to human in terms of the distributions of epithelial 

cell populations, mast cells and airway smooth muscle [206]. Because of the similarities 



42 

 

between the sheep and human lung, the sheep lung is useful for modelling many human 

lung diseases [196, 208].  

The segmental approach can be used to induce fibrosis in defined local lung segments 

[211]. In our laboratory, two different doses of bleomycin were carefully infused to caudal 

segments of the left and right lung lobes using a bronchoscope, while maintaining the right 

median lobe as control by treating with saline [211]. This method allows evaluating the 

disease progression in a specific lung region, while the untreated regions remain healthy to 

maintain normal physiological respiratory function of the animal [211].  

The histological results showed inflammatory and fibrotic changes in bleomycin treated lung 

sections [211]. The administration of lower and high dose of bleomycin resulted in fibrotic 

changes in both alveolar wall and spaces but appeared more prominent in high dose 

bleomycin-treated lung segments [211]. Further, hyperplastic type II AECs were observed in 

both bleomycin-infused segments [211]. Mononuclear cells (macrophages and leukocytes) 

were the predominant inflammatory cell types observed in this study. Further TGF and 

VEGF-expression also increased in bleomycin-infused segments compared to control 

segment. The overall collagen content increased in bleomycin-infused lung segments, and 

the extensive changes in collagen organization was observed using visual images of 

multiphoton microscopy analysis. Lung function was assessed before, and after, bleomycin 

instillation. The mean segmental compliance (Cseg) was significantly reduced, while 

segmental resistance (Rseg) and resistance in collateral channels increased in both low 

dose and high dose bleomycin-infused animals [211]. In the low dose bleomycin treated 

segments, the mean pre-and post-treatment values for Cseg were 0.8ml/cm H2O and 

0.16ml/cm H2O respectively. Whereas in the high dose bleomycin treated segments, the pre- 

and post-treatment values were 0.69ml/cm H2O and 0.23ml/cm H2O [211]. As there were 

similar histopathology changes in both the low-dose, and high-dose, bleomycin segments, it 

was decided to use the low-dose bleomycin regime for subsequent experiments [182, 213], 
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especially given that the low-dose regime did not have as severe acute lung injury, which 

was associated with the application of high-dose regime of bleomycin [211]. 

Further studies in the Snibson laboratory show that fibrosis persisted for 7 weeks after the 

bleomycin infusion. Furthermore, the fibrosis pathology correlates with the lung function in 

the diseased lung segments [182]. Even though the sheep model provides an excellent 

experimental model for lung disease studies, there are also a few limitations. One of the 

main issues is the large costs associated with this type of model. In contrast to mouse 

models, the cost of purchasing these animals is high, and it is more expensive to maintain 

them in animal houses [208]. Another disadvantage is that, in common with all animal 

models, the fibrosis develops over a relatively short time period of time, whereas in humans 

it takes several decades to develop the idiopathic pulmonary fibrosis.  

 

1.8  Research Aims 

The central purpose of this study is to gain a better understanding of the sheep model for 

pulmonary fibrosis, and its usefulness for modelling the human disease. A particular focus of 

the thesis is to use the sheep model, which was previously established in our laboratory, to 

investigate the anti-fibrotic activity of novel as well as currently approved therapeutics. 

Specific aims 

1. To assess the long-term duration of fibrotic and functional changes in lung segments 

after bleomycin injury in a sheep model. 

2. To investigate whether a current FDA-approved drug for treating IPF, can improve 

lung function and pathology in sheep lung segments exposed to bleomycin. 

3. To investigate whether some potential anti-fibrotic therapeutic drugs are efficacious 

in the sheep model, and if so, assess whether they are more efficacious than the 

benchmark approved drug that was investigated in aim 2.  
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4. To investigate the role of mast cells in the parenchyma of the fibrotic lung and 

determine their contribution to the underlying disease mechanisms associated with 

pulmonary fibrosis. 
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2. Materials and Methods 

2.1 Reagents (Alphabetical order) 

2.1.1. 1% BSA/5%NSS/PBS solution (Blocking buffer) 

Blocking solution was made by dissolving 5g of bovine serum albumin (BSA; Sigma Aldrich, 

USA) and 25ml of normal sheep serum [214] in 475ml of  one time phosphate buffered 

saline (PBS). The blocking buffer was aliquoted into smaller volume and stored at -20℃ until 

required.  

2.1.2 1:1 OCT/PBS solution 

One litre of OCT/PBS solution was prepared by mixing 500ml of optimal cutting temperature 

(OCT) compound (Sakura FineTeK, USA) with 500 ml of 1XPBS solution on the same day 

that it needed to be used.   

2.1.3 2.5% Glutaraldehyde solution 

To prepare 100ml of 2.5% Glutaraldehyde solution, 10ml of 25% Glutaraldehyde 

(ProSciTech, Thuringowa, QLD, Australia) was mixed with 1XPBS and the total volume of 

the final solutions was adjusted to 100ml. The solution was then stored in the fridge (4℃).  

2.1.4 3’,’3 Diaminobenzidine Tetrahydrochloride solution 

A solution of 3’,’3 Diaminobenzidine Tetrahydrochloride solution (DAB) solution was 

prepared by warming 0.14g of DAB (Sigma Aldrich, USA) to room temperature (RT), 

dissolving it in 250ml of warm citrate buffer (37℃) and adding 250µl of H2O2 (0.1 % [v/v] of a 

30 % stock).  

2.1.5 4% Paraformaldehyde preparation 

A 100ml of 4% paraformaldehyde was prepared by adding 4g of paraformaldehyde powder 

(Scharlab, Spain) into 80ml of 1XPBS. Paraformaldehyde was dissolved in PBS upon 
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heating (60℃) and stirring. Once it cooled down to RT the pH was corrected using pH strips 

and the volume of solution was adjusted to 100ml using 1XPBS.  

2.1.6 Acetic acid 1N stock solution 

To prepare 200ml of 1N acetic acid solution, 11.44ml of glacial acetic acid (Univar) was 

diluted with distilled water (dH2O) and the final volume of the solution was corrected to 

200ml with dH2O. 

2.1.7 Acetic acid, 1% 

A working solution of 50ml of 1% acetic acid solution was prepared using 8.8ml of 1N acetic 

acid stock solution with 41.2ml of dH2O. 

2.1.8  Alcoholic Hibitane 

Alcoholic hibitane was prepared as a disinfectant by adding 500 mL of Chlorohex C (Jurox 

Pty Ltd, Rutherford, Australia), 3.5L 100 % ethanol (Merck) and 1L dH2O. The solution was 

stored at RT. 

2.1.9  Bleomycin solution  

Fibrosis was induced in the caudal lobe of sheep lung using pharmaceutical grade 

bleomycin sulphate (Bleomycin sulphate for injection, Hospira, Melbourne, Australia). The 

dose required to induce fibrosis in sheep lung was established by previous study which was 

done in our laboratory [211].  According to that study, the required dose of bleomycin 

sulphate for the experimental lung fibrosis was 3U and was made up in 0.6U/ml 

concentration in sterile saline [211]. To prepare the 50ml of 0.6U/ml bleomycin solution, 

2.5ml of 1X sterile PBS was added into a single 15,000 I.U vial (equivalent to 15 U) to 

dissolve the freeze-dried powder of bleomycin sulphate. An additional 18G needle was 

inserted into the vial to prevent pressure build up inside the vial. Then the sterile PBS was 

thoroughly mixed with powder to ensure all the powder was dissolved. This solution was 

withdrawn out of the vial using a syringe and transferred into 50 ml of fresh sterile 1X PBS. 
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Another 2.5ml of fresh sterile PBS was injected into the empty vial to wash out the remaining 

solution. Then this solution was drawn back and put into a new bleomycin sulphate vial. The 

solution was mixed thoroughly to dissolve all powder properly and was again withdrawn and 

added to the PBS/BLM solution, giving a final volume of 55ml.  

2.1.10  Citrate buffer 

A 0.01M citrate buffer for use in immunohistochemistry was prepared by dissolving 2.1g of 

citric acid (Univar) in 1L of dH2O and the pH in the solution was corrected to 5.0 using 1M 

NaOH. This solution was stored at 4℃ until required and warmed to 37℃ immediately prior 

to use.  

2.1.11  Cromolyn preparation 

Cromolyn dose for sheep lung lobe was calculated based on the dose used in previous 

animal model study [215]. A 1.2mg of cromolyn sodium salt (Sigma Aldrich, USA) was 

dissolved in 3ml of sterile 1XPBS by stirring it for 30 minutes. Sheep received an intra-lung 

dose of 1.2mg of cromolyn sodium twice daily via the bronchoscope. This suspension was 

prepared fresh every time when it was needed and placed in the ice until used.  

2.1.12  Methylcellulose 

A 0.5 % methylcellulose solution was prepared by adding 10g of Methocel® MC (Sigma-

Aldrich) to 1L of dH2O heated to 80℃ and dissolved using a magnetic stirrer. Cold dH2O was 

continually added to the solution to give a final volume of 2L while continually stirring until 

methylcellulose was completely dissolved. Solution was stored at 4℃ until use, for no longer 

than one week. 

2.1.13  Phosphate Buffered Saline (PBS) 

The stock solution of 10 times concentrated PBS solution was prepared using 80g Sodium 

Chloride (Merck, Germany), 20g Potassium Chloride (Merck, Germany), 11.5g Na2HPO4 
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(Univar), 2g KH2PO4 (Chem supply) in 1L of dH2O in pH 7.4. The working solution of 1 times 

concentrate PBS was prepared by adding dH2O.  

2.1.14  Phosphotungstic/Phosphomolybdic acid solution 

Phosphotungstic/phosphomolybdic solution was made up for Masson’s trichrome stain as 

per kit instructions (Trichrome stain kit, Sigma Aldrich, USA) and prepared fresh prior to 

each staining. One part from each phosphotungstic and phosphomolybdic acid solutions 

which were provided in the kit, were mixed with 2 parts of dH2O to make up the solution in 

appropriate volumes. 

2.1.15  Pirfenidone suspension preparation 

A dose of 30mg/kg/day pirfenidone (Selleckchem, USA) for a sheep was calculated based 

on the dose  used in human IPF patients and the dose used in other preclinical studies [80, 

216]. A 9.3g suspension of pirfenidone (dose 930mg per sheep/day 31kg weight) for 10 

sheep was prepared in 100ml of 0.5% methylcellulose and allowed to mix for a minimum one 

hour to dissolve completely.  The suspension was made fresh for each day required and 

mixed again immediately prior to administration. Sheep received 5ml of pirfenidone twice 

daily for 5 weeks. 

2.1.16  Toluidine blue stain preparation 

A 1% toluidine blue in 50% methanol solution was prepared by dissolving 2g of toluidine blue 

powder (Sigma-Aldrich) in 100ml of absolute methanol (Chem-supply) and 100ml of dH2O 

resulting in final volume of 200ml.  

2.1.17  Weighert’s Iron hematoxylin solution   

Equal parts of Iron Hematoxylin A and B (Amber Scientific, WA, Australia) were mixed to 

prepare Weighert’s iron hematoxylin solution in appropriate volumes.  
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2.2  Animal experimentation and handling 

2.2.1 Experimental animals 

Female merino-cross lambs aged between 9-12 months were used in all the experiments (H 

M Barty and Sons, Redesdale, VIC, Australia). They were housed at the animal house 

facility of the Faculty of Veterinary and Agricultural Sciences, The University of Melbourne. 

The sheep were drenched (Q-drench ® Jurox, Rutherford, Australia) to eliminate possible 

parasitic infections prior to the experiments. Animals were kept in indoor pens and provided 

with ad libitum feed and unlimited access to water. Animals were examined for any 

pulmonary diseases by an experienced veterinarian prior to experiments. All the 

experimental procedures and collection of tissues were approved by the animal 

experimentation ethics committee of the University of Melbourne. The ethics approval IDs for 

the experiments are: 14133433.1, 1413433.2, 1613909.1. 

2.2.2 Animal Handling 

Bleomycin challenges, lung function measurements and sample collection procedures were 

performed while sheep were restrained in custom made canvas body sheath and head 

harness. Sheep were gagged to prevent bitting of bronchoscope during the experimental 

procedures and lignocaine gel was applied as a local anaesthetic agent (lignocaine 10%, 

complementary compounds services, Ballina, NSW) to the fibre-optic bronchoscope (Model 

VET-6015; Shanghai Aohua Photoelectricity endoscope Co Ltd, China)   

 

2.2.3 Broncho-alveolar lavage collection 

Bronchoalveolar lavage (BAL) was collected from appropriate lung segments before 

commencement of BLM and saline administration and then at different time points outlined in 

section 2.14. Sheep were restrained in the custom-made canvas body sheath and head 

harness and the fibre-optic bronchoscope was advanced through the nostril into the 
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appropriate lung segment. Bronchoalveolar lavage fluid was collected via slow infusion and 

withdrawal of 10 ml sterile 1XPBS through the biopsy port of the bronchoscope. The volume 

of BAL fluid collected was recorded and the sample was placed in ice until processing. Once 

the BAL sample was collected, the bronchoscope was flushed with sterile PBS and then with 

air to avoid contamination between lung segments. The outside of the bronchoscope was 

washed between sheep with disinfectant (1 % Decon 90 in dH2O, Sigma-Aldrich), alcoholic 

hibitane and dH2O.  

2.2.4 Total cell count and preparation of BAL cytospots 

BAL samples were centrifuged at 1100RPM for 7 minutes at 4℃. Supernatant was collected 

and stored at -80℃.  The cell pellet was resuspended with 500µl of 1XPBS for total cell 

counts and cytospots to be used for differential cell count.  

Total cell number in BAL sample was assessed using an automated cell counter (Z™ Series 

COULTER COUNTER® Cell and Particle Counter, Beckman Coulter Inc. USA) and was 

expressed as cells per ml of BAL. 20µl of BAL samples was diluted with 20ml of isoflow 

sheath fluid (Beckman Coulter Inc. USA) in a cuvette to prepare samples for total cell 

counting. Twelve drops of ZAP-OGLOBIN II Lytic Reagent (Beckman Coulter Inc. USA) was 

added to lyse red blood cells which may be present in the BAL fluid. The cuvette was placed 

on the stage of the counter and three counts from each sample were taken and averaged. 

Total cell counts in ml of BAL fluid was calculated by adjusting with dilution factor 200 (400 

for instrument, 0.5 for sample dilution).  

BAL cytospots were prepared from the same cell suspension for differential leukocyte 

counts. 50μl from the cell suspension was added to the wells of a cytocentrifuge (Shandon 

Cytospin; Thermo Fisher Scientific) lined with pre-labelled microscope slides and filter cards 

(HD Scientific, Wetherhill, Australia) pre-wet with PBS and were centrifuged at 1000 rpm for 

3 minutes. Cytospots were then allowed to air dry overnight, fixed with 70% ethanol and then 
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stained for differential leukocytes with Haemkwik (HD Scientific, Wetherhill, NSW) as 

described in section 2.10.1.  

2.3 Bleomycin administration 

In all the studies, bleomycin and PBS was administered to sheep twice, two weeks apart, as 

outlined in the section 2.14.  

In each study, bleomycin was administered to restrained sheep via the biopsy port of the 

fibre-optic bronchoscope. Sheep received a 5ml bolus of 0.6U/ml bleomycin solution to 

either the left, or right, caudal lung lobe, while receiving 5 ml of sterile PBS into the 

contralateral caudal lobe as an internal control. Bleomycin and PBS infusions were 

randomized between the left and right caudal lobes of sheep lung. In detail, half of the sheep 

in the group received bleomycin challenge in the left caudal lobe, while another half received 

bleomycin in the right caudal lobe. PBS infusion, as an internal control, also reversed 

accordingly between animals.  

2.4  Measurement of segmental lung function 

Peripheral airway resistance/segmental lung resistance, collateral airway resistance and 

segmental compliance were assessed in the individual lung segments which were 

challenged with bleomycin or PBS by measuring the pressure changes at a constant air flow, 

using a custom-built Segmental Lung Airway Monitoring (SLAM) system (designed by Dr. 

Emmanuel Koumoundouros, Melbourne School of Engineering, University of Melbourne).  

Lung function was measured in individual segments in awake, constantly breathing animals 

using a wedged-bronchoscope technique. This technique has been previously used in our 

laboratory in many studies to measure the functional changes in localized lung segments in 

sheep [182, 211, 217].  

A constant flow 4ml/sec of 5% CO2 in air was passed via the bronchoscope throughout the 

procedure. The bronchoscope resistance (Rbronch) was measured before taking any lung 
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function measurements. Rbronch was determined by recording the pressure changes at the 

proximal end of bronchoscope in response to constant flow. This was done for each lung 

segments. To measure the lung function parameters, the bronchoscope was wedged into 

the airway of the lung segment, while the constant set air flow passing through the working 

channel of bronchoscope. A PM-1000 transducer amplifier (CWE Inc., Admore, USA) was 

used to record the pressure and the flow was recorded using a mass flow meter (824-S, 

SIERRA INSTRUMENTS, Monterey, USA). Data were acquired with a data acquisition card 

(PCI-6233; National Instruments Corp., Austin, USA) and was analysed with the SLAM 

system (Latitude E6520, Dell Computer Corporation, Texas USA and LabVIEW ®, version 6, 

National Instruments Corp., Austin, USA), which was housed in a Dell GX110 PC (Dell Inc, 

Austin, USA). All the parameters were corrected for the resistance in working channel of 

bronchoscope (Rbronch).  

2.4.1 Peripheral airway resistance/Segmental airway resistance 

(Rseg) 

To determine the segmental lung resistance (Rseg), the pressure was allowed to reach 

steady state during tidal breathing and was divided by the constant flow. 

2.4.2 Collateral resistance (Rcoll) and segmental compliance 

(Cseg) 

To obtain the Rcoll and Cseg, air flow was turned off once pressure reached the steady 

state. Rcoll and Cseg were then calculated using the pressure-flow curve generated as 

previously discussed [211].  

2.5  Oral delivery of methylcellulose and pirfenidone 

A 10ml bolus of 0.5% methylcellulose, or 30 mg/kg of pirfenidone (Selleckchem, USA) in 10 

ml of 0.5% methylcellulose was delivered via oral administration twice daily to sheep 

according to their treatment group. A 10ml syringe was inserted into the sheep’s mouth and 
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solution was slowly infused. The sheep’s mouth was kept closed following the delivery of the 

solution to ensure all the solution was swallowed. Sheep were weighed in the middle of the 

treatment plan and the volume of pirfenidone was adjusted to ensure accurate dosing.  

 

2.6  Intra-lung administration of Cromolyn sodium and sterile PBS 

 Three millilitres of 1XPBS or 1.2mg of cromolyn sodium salt (Sigma Aldrich, USA) in 3ml of 

1XPBS was delivered into the appropriate lung segment via fibre optic bronchoscope twice a 

week as outlined in the section 2.14.3  Sheep were restrained in the custom-made canvas 

body sheath and head harness and the fibre-optic bronchoscope was advanced through the 

nostril in to the appropriate lung segment. Sheep received 3ml of cromolyn sodium salt 

solution to one caudal lung lobe while receiving 3ml of 1XPBS of sterile PBS into the 

contralateral caudal lobe as an internal control. Cromolyn and PBS treatments were 

randomized between the left and right caudal lobes of the sheep lung. In detail, half of the 

sheep in the group received cromolyn treatment in to left caudal lobe, while the other half 

received sterile PBS into right caudal lobe.  

 

2.7 Necropsy and tissue sampling 

Sheep were euthanised at appropriate time points at the end of each study (see section 

2.14) with intravenous barbiturate overdose (Pentobarbital sodium, Cenvet, Dandenong, 

Australia). During the necropsy, sheep lungs were observed for any gross pathological 

changes to reassure their lungs were healthy. The targeted lung segments were identified 

and carefully dissected out. Individual lung segments were then inflated with a 1:1 mixture of 

OCT and PBS, under the pressure of approximately 20cm/H2O. 5mm thick transverse 

sections were obtained from the inflated lung segment. These sections were cut from the 

base of the inflated lung segment where they were distal to the position considered that the 
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bronchoscope was inserted during the procedures. The lung section sampled from most 

distal region was placed in 4% paraformaldehyde for histopathological purposes. Remaining 

lung samples were put in cryomolds which were then filled with OCT compound. Then they 

were placed on a foil boat floating on liquid nitrogen for 10 minutes, and then into liquid 

nitrogen. Blocks were then stored at -80℃ until required for cryo-sectioning.  

2.8  Frozen sectioning 

Frozen tissue blocks stored at -80℃ were warmed to -20℃ before sectioning. These blocks 

were cut using a cryostat (Leica, CM1900; North Ryde, Australia) into 4-8μm thick sections 

and placed on pre-labelled Superfrost Plus microscope slides (Thermofisher Scientific, 

Australia). Slides were allowed to dry at RT for 30 minutes and wrapped in tissue and 

aluminium foil for storage at -80℃ until required for staining. 

2.9  Preparation of lung samples with resin 

Lung samples which were stored in 2.5% glutaraldehyde were used to prepare resin blocks. 

These resin blocks were processed with help from honours student, Bijani, R. to use in 

transmission electron microscopy analysis (TEM). These samples were used to analyse 

mast cells using methylene blue staining. Protocol used in the processing lung samples took 

5 days to complete. On day 1, 2mm thick lung samples were trimmed and washed with PBS 

and kept at 4℃ overnight. On day 2, these samples were fixed with osmium tetroxide for 2-5 

hours, and then washed with PBS, and stored with PBS overnight at 4℃. The next day, 

samples were washed with PBS and dH2O. Then next stage was to dehydrate the tissue 

blocks in increasing concentrations of acetone (70%, 95%, and 100%) and finally infiltrated 

in a mixture of acetone and resin (1:1) overnight. On day 4, Tissue specimens were 

infiltrated in a mixture of acetone and resin (1:2) during the day and then changed the 

mixture to the pure resin and infiltrated overnight. Also, moulds for embedding were 

prepared by adding a small amount of resin to the bottom of the embedding moulds and set 

at 60℃ overnight. On day 5, pure resin was changed twice during the day and tissue blocks 
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were embedded in moulds which are pre-filled with resin. Then the moulds containing the 

resined-impregnated tissues were cured at 60℃ overnight and left in the incubator for 

another 2 days. 

These resin-embedded lung tissues were cut at one micron thick using a glass knife and 

adhered to a glass slide for staining with methylene blue.  

  

2.10  Light microscopy stains 

2.10.1 HaemKwik differential stain 

Cytospots of BAL cells were fixed with 95% ethanol for 5 minutes prior to staining. Slides 

were then immersed in HaemKwik stain solution I (HD Scientific) for 2 minutes and then in 

HaemKwik solution II (HD Scientific) for 20 seconds. Slides were washed with running tap 

water and they were air dried overnight. Once the cytospots dried off completely they were 

mounted with disyrene plasticiser xylene (DPX; Sigma-Aldrich). HaemKwik stains nuclei 

purple, cytoplasm pink and granules within cytoplasm in eosinophils red.  

2.10.2 Haematoxylin and Eosin 

Paraffin embedded lung sections were used, and they were dewaxed using 3 consecutive 

baths of 100% xylene for 5 minutes in each at RT. This was followed by 3-minute 

incubations in 50:50 xylene/100% ethanol mixture, 3 baths of 100% ethanol, and 70% 

ethanol and finally 1-minute incubation in distilled water. Slides were then stained in 

Haematoxylin (HD Scientific) for 2 minutes, rinsed in running water for 5 minutes. Sections 

were then placed in Eosin Y (HD Scientific) for 1 minute and rinsed in tap water and 

dehydrated through 3 changes of 100 % EtOH and cleared in 3 changes of 100% xylene. 

Sections were mounted with coverslips using DPX. H&E stains nuclei purple and cytoplasm 

pink and these H&E stained sections were used for histopathology assessment of the lungs.   
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2.10.3 Masson’s trichrome stain for collagen 

Paraffin embedded lung sections were deparaffinised and rehydrated as previously 

described in section 2.10.2. 

Sections were then stained with Masson’s trichrome according to the trichrome stain kit 

(Sigma-Aldrich) instructions. In short, sections were placed in preheated Bouin’s solution 

(Sigma-Aldrich) at 56℃ for 15 minutes. Then slides were rinsed with running tap water until 

the yellow colour was removed from the sections and they were stained with working 

Weigert’s iron haematoxylin solution (prepared as described in section 2.1.17) for 5 minutes. 

After 5 minutes, sections were washed with running tap water for 5 minutes and rinsed in 

deionized water for 10 seconds. Then slides were stained in Biebrich Scarlet-Acid Fucshin 

for 5 minutes and placed in working phosphotungstic/phosphomolybdic acid solution 

(prepared as mentioned in section 2.1.14) for 5 minutes and subsequently, in an aniline blue 

solution for 5 minutes. Then slides were placed in 1% acetic acid solution (section 2.1.7) for 

2 minutes and finally washed with running water for 5 minutes. Slides were dehydrated, clear 

in xylene as mentioned in section 2.10.2.   

Masson’s trichrome stains collagen blue, nuclei black, cytoplasm and muscle fibers red and 

was used to study collagen presentation in lung sections.  

2.10.4 Toluidine blue staining 

Frozen sections of lung tissue were removed from -80℃ and allowed to warm up to 4℃ for 

at least 20 minutes. Slides were then fixed with cold 100% ethanol for 10 minutes. Sections 

were then put in to 1% toluidine blue in 50% methanol solution for 1.5 minutes. Then the 

slides were dehydrated (twice with 95% ethanol for 20 seconds in each wash and twice with 

100% ethanol for 20 seconds for each wash) and cleared with xylene and mounted with 

DPX.  
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Toluidine blue stains mast cell granules purple and these toluidine blue stained sections 

were used to count total and degranulated mast cell in the lung parenchyma. 

2.10.5 Methylene blue staining  

Slides, which were prepared as mentioned in the section 2.9, were stained with 1% 

methylene blue stain.  After adding methylene blue and washing the stain with dH2O, 2-3 

drops of ethanol were added and then washed immediately.  Methylene blue stains mast 

cells granules blue and these methylene blue stained lung sections were used to count mast 

cells in the lung samples which were obtained from the pirfenidone study (Chapter 4) and 

from the K3.1Ca channel blocker, senicapoc study (done by PhD student, Organ, L.).  

2.10.6 Horseradish peroxidase-DAB method 

Frozen sections of lung tissue were removed from -80oC and allowed to warm to 4℃ in a 

cool room for at least 20 minutes. Slides were then placed in cold 100% ethanol containing 

3ml of 1% H2O2 for 10 minutes to block the endogenous peroxidase in the lung sections. 

Sections were then washed 3 times with PBS and with dH2O for 2 minutes in each wash. 

Slides were then covered with blocking solution (section 2.1.1) and placed in the humid box 

for 30 minutes at RT. Excess moisture was removed by tapping the slides on paper towels 

and the slides were incubated with primary antibody in the humid box at RT (for a summary 

of primary antibodies, incubation times and dilution see the Table 2.1). After incubation, 

sections were then washed 3 times with PBS, 2 minutes per wash and then incubated with 

rabbit anti-mouse Ig/HPR secondary antibody (Table 2.1) diluted 1:100 with blocking buffer 

for 1 hour at RT. Following incubation, sections were washed 3 times in PBS, 2 minutes in 

each wash and immersed in DAB solution (section 2.1.4) for 1-5 minutes, or until a brown 

colour was observed (slides were monitored for intensity of colour change every minute). 

Slides were then rinsed with dH2O and counterstained with Mayer’s Haematoxylin (HD 

Scientific) solution for 20 seconds. Slides were dehydrated, cleared with xylene as described 

in section 2.10.2 and mounted with coverslips using DPX mountant.  
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Table 2-1 Summary of primary antibodies used for immunohistochemistry 

Primary antibody Supplier Dilution Incubation 

Anti-human TGFβ1 

(TB21) mouse 
monoclonal 

Abcam 1:200 2 hours 

 

Anti-human α-SMA, 
mouse monoclonal   

Sigma-Aldrich 

 

1:800 2 hours 

Anti-sheep IgE mouse 
monoclonal 
 

Bio-Rad 1:100 3 hours 

 

2.11 Leukocyte count 

2.11.1 Bronchoalveolar lavage  

Total counts were performed using a coulter counter as previously described in section 

2.2.4. Three counts from each sample were taken and averaged. The total number of 

leukocytes in 1 ml of BAL fluid was calculated using following formula:  

 Total leukocytes per mL of BAL fluid= number of cells counted X dilution factor (400) 

2.11.2 Differential cell counts 

Differential cell counts were performed on BAL cytospots stained with HaemKwik (section 

2.10.1). Differential counts were determined from 100 leukocytes using standard 

haematological criteria [218]. Cells were classified as neutrophils, eosinophils, lymphocytes 

or macrophages. 

2.12 Quantitative image analysis 

2.12.1  Semi-quantitative morphological index (SMI) 

H&E stained lung sections blinded to the treatments were used for histopathological 

assessment. Pathological changes in parenchyma of each individual lung sections were 
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scored by myself under guidance from an experienced pathologist (Dr. Andrew Stent, the 

University of Melbourne), blinded to the treatment groups and BLM/saline lobes as 

previously described [182, 192, 211]. Briefly, slides were scanned into digital format using 

Mirax slide scanner (Carl Zeiss Micro imaging, Jena, Germany) and Pannoramic viewer 

software (3D HISTECH Ltd, Hungary) was used to view the digital images at 20 X 

magnification. For each lung section 10 consecutive, non-overlapping fields were selected 

using slide viewer software and these were selected away from large airways and major 

blood vessels. For each lung section that was analysed for morphometric analyses, 10 

consecutive, non-overlapping fields were examined for the various parameters that were 

assessed. In previous studies performed using this model [182, 211, 213], it was found that 

10 sections gave a mean and standard deviation which did not change significantly if the 

sampling number was doubled to 20 fields. Thus, for all morphometric analyses performed 

on each lung section in this Thesis, 10 fields were sampled, and used to calculate the mean 

and standard error mean for each parameter that was assessed. Each field was graded 

based on the scoring criteria. Degree of tissue involvement within lung parenchyma was 

graded as: 0: absent, 1: 25% (or present), 2: 25-50%, 3: >50%. Alveolar epithelial cell 

hyperplasia was assessed as present (1) or absent (0). Fibroproliferative changes were 

multiplied by four to give equal weighting to inflammatory changes in overall pathology.   

2.10.2 Fibrosis fraction 

Degree of fibrosis or collagen content was determined using Masson’s trichrome stained 

lung sections as previously described [192]. In brief, Masson’s trichrome stained sections 

were scanned using Mirax slide scanner. Ten consecutive, non-overlapping fields from 

digital format of each individual lung sections, selected away from larger airways or major 

blood vessels were assessed using slide viewer software (Panoramic viewer) at 20X 

magnification. Each field from blinded slides was analysed using Image Pro plus (Version 

6.3 for Windows, media Cybernetics, Bethseda, Maryland, USA), using ‘Colour selector’ tool 
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to quantify the area of blue stained collagen within each field. The fraction of blue stained 

collagen for each ten fields were averaged and expressed as a percentage of the total field 

area. 

2.13  Morphometrics 

2.13.1 Tissue and air space volume fraction 

Paraffin embedded, H&E stained lung sections were used for morphometric assessment of 

tissue and air space volumes in lung parenchyma (see section 2.10.3). Digital format of 

slides was obtained using Mirax slide scanner and viewed using panoramic viewer. Ten 

consecutive, non-overlapping fields without obvious larger airways or major blood vessels 

were selected from blinded slides for analysis at 20X magnification. Analysis was performed 

using Image Pro plus as previously described [211]. Briefly, tissue and airspace within lung 

parenchyma was assessed using custom-made test grid, which was created using Image 

Pro plus (total number of 42 points, 21 line grid) [211]. End points of each line on the grid 

were tagged if they intersected parenchymal tissue and were counted automatically by 

Image Pro. Data was exported to excel and tissue and air space percentages were 

calculated using the formula given below:  

Percentage of tissue (Vt)= Number of points overlying tissue (Nt) X 100 

           Total points in grid (Ng) 

Percentage of airspace (Va)= Number of points overlying airspace (Na) X 100 

               Total points in grid (Ng) 

   (Na= Ng-Nt; Ng=42) 
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2.14 Experimental studies 

2.14.1 Study 1: To confirm fibrotic and functional changes in the 

lung segments at the different stages of fibrosis in the sheep 

model  

The first aim of this proposed study was to design a model for pulmonary fibrosis in which 

fibrosis persisted for 16 weeks. The novel segmental challenged sheep model which was 

established in our laboratory was utilized for this study. In this study, sheep were infused 

with 2 doses of bleomycin given 2 weeks apart (Figure 2-1). 

During the experimental period animals were examined for the lung function and the BAL 

fluid was collected throughout the experiment (See Figure 2-1). Functional changes of 

localized lung segments which were infused with bleomycin and saline were analysed in 

awake spontaneously breathing sheep. Rseg, Rcoll and Cseg were assessed using the 

wedged bronchoscope technique which has been previously used in our laboratory.  

 

 

Figure 2-1 Schematic outline of protocol for bleomycin infusion and sampling regime. 

Image (A) shows the bleomycin or saline infusion to individual lung segments of 10 sheep. 

Diagram B) indicates the timeline for the bleomycin/saline infusions, lung function and 

sample collection. 
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2.14.2  Study 2: Investigate some potential antifibrotic therapeutics 

to improve the lung function and the pathology in the novel 

sheep model of segmental induced pulmonary fibrosis. 

This study aimed to demonstrate the activity of an approved therapeutic drug for IPF, 

pirfenidone, which is being used in a few countries (Europe and Japan). Pirfenidone slows 

down the disease progression of IPF patients. The aim of this study was to demonstrate the 

activity of pirfenidone using the sheep model of bleomycin induced lung fibrosis. For this 

study, pulmonary fibrosis was induced using bleomycin in two groups of 10 sheep. Two 

weeks after the last bleomycin dose one group of sheep was given twice daily oral 

administration of pirfenidone, whereas the other group received an oral dose of the vehicle 

(methylcellulose) as a control twice daily. Lung function was measured initially before 

administering pirfenidone and then every 2 weeks in the treated, and control segments 

during the experiment. The study was undertaken for 7 weeks after the final bleomycin dose 

(Figure 2-2).  

 

Figure 2-2 Schematic outline of protocol for bleomycin infusion and sampling regime. 

Image (A) shows the locations for bleomycin and saline infusions to individual lung segments 

of 20 sheep. One group of 10 sheep received methylcellulose and the other group of 10 

sheep treated with pirfenidone. Diagram B) indicates the timeline for the treatment 

administration, lung function and sample collection and dosing period of either 

methylcellulose or pirfenidone.     
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2.14.3 Study 3: Investigate the role of mast cells in the lung 

parenchyma and determine its contribution to the disease 

progression.  

The lung tissues obtained from an experiment conducted by Dr Louise Organ in our group 

were used to study mast cell density in the parenchyma of lung tissues in sheep treated with 

K3.1Ca channel blocker, senicapoc. In this Chapter, Senicapoc activity was compared with 

the known drug pirfenidone to investigate changes in mast cell density in sheep lung 

samples. Mast cell degranulation in tissues obtained 16 weeks after bleomycin challenge 

from study 1 were also investigated.   

Mast cell stabilizer, Cromolyn sodium sulphate was used to assess the effect of mast cell 

activity on lung fibrosis. For this study, fibrosis was induced in 10 sheep in both left and right 

caudal lobes using two doses of bleomycin two weeks apart. Two weeks after the 2nd dose 

of bleomycin, sheep received either an intra-lung dose of cromolyn solution or the vehicle 

twice weekly into either left or right caudal lobe for two weeks. The right median lobe, or left 

cranial lobe, received cromolyn only as an internal control. Lung function was measured 

initially before administering bleomycin, and then every two weeks in the treated, and control 

segments, during the experiment until the end of the experiment (Figure 2-3).  The study 

was undertaken for four weeks after the final bleomycin dose.  
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Figure 2-3 Schematic outline of protocol for bleomycin infusion and sampling regime. 

Image (A) shows the bleomycin infusion to individual lung segments of 10 sheep. One group 

of sheep received intra-lung administration of vehicle and the other group of sheep treated 

with intra lung dose of cromolyn. Either left cranial or right medial lobe received cromolyn 

only as an internal control. Diagram B) indicates the timeline for the bleomycin/saline 

infusion, lung function and sample collection and dosing period of either vehicle or cromolyn.     

 

2.15 Statistical analysis 

Statistical analysis was performed using GraphPad prism for windows version 7 (GraphPad 

software Inc, la Jolla, CA). Each parameter was assessed for normal distribution using the 

D’Agostino normality test. Comparison between individual lobe within the same sheep and 

comparison between before, and after, treatments were analysed using the paired t-test. 

Comparison between different treatment groups in study 2 and 3 were made using unpaired 

analysis. For normally distributed data, paired two-tailed t-tests were used. Wilcoxon 

matched-pairs signed rank test was used for data that did not meet assumptions required for 

parametric testing. Differences between the pirfenidone-, or cromolyn-, or senicapoc-treated 
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sheep and control groups (between lobes of different animals) were assessed using 

unpaired t-tests for data with a normal distribution, and a Mann–Whitney test for data with a 

nonparametric distribution. A p value less than 0.05 was taken as significant. Values are 

represented as mean (±SEM) unless otherwise stated.  

Power statistical analyses from our previous studies using this sheep model show that 

groups of 10 sheep are the minimum group size necessary to ascertain the statistical 

significance of results [182, 211, 213]. Accordingly, for the pirfenidone study, the power 

analysis indicated that I use 20 sheep in total with two study groups of ten sheep. One group 

of 10 sheep for vehicle control, and the other group of 10 sheep for the active drug [213]. For 

the longevity, and the mast cell, studies power statistical analyses indicated that I use 10 

sheep for each study [182, 211]. Both the experimental design, and the statistical power 

analyses, ensures that the lowest number of animals possible are used in order to provide 

statistically relevant information for the questions under investigation. 
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3. Time course of the disease progression in the sheep 

model 

3.1 Introduction 

Animal models are widely used to replicate and understand the histopathological and 

biochemical mechanisms involved in pulmonary fibrosis even though they do not fully 

mimic the histopathological patterns of UIP, or disease progression seen in IPF. They 

also provide a vehicle for proof-of-principle studies to screen potential IPF drugs so that 

they can be further developed before entering expensive clinical trials. As mentioned in 

chapter 1, bleomycin is widely used as a fibrotic agent to induce lung fibrosis mainly in 

murine models. [170, 172]. In mouse models, there have been reports of differences in 

the duration times of fibrosis persisting in the lungs after the final bleomycin injury. For 

example, Chung and colleagues observed differences in the duration of fibrosis in the 

lungs of mice with different genetic backgrounds. They investigated the progression of 

fibrosis in Th1- and Th2-immune-responsive strains of mice with single or repetitive 

doses of bleomycin [194]. They found that pulmonary fibrosis in Th1-responsive mice 

resolved by 4-6 weeks in the lungs with either single or repetitive doses of bleomycin 

challenge. In contrast, lung fibrosis was prolonged with repeated injections of bleomycin 

in Th2-responsive mice. Fibrosis persisted for 9 weeks after the last bleomycin injection 

in these mice [194].  

The usefulness of some mouse models has been questioned where pulmonary fibrosis 

resolves to near normal levels by 6 weeks after bleomycin injury [167, 197, 199].  

Indeed, the above-mentioned mouse studies show that it is important to have a 

knowledge of the differences in fibrosis durations in these models, especially when 

considering them for testing new therapeutics against pulmonary fibrosis.  
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As discussed in chapter 01, the bleomycin-induced lung fibrosis in the sheep model is 

known to persist for up to 7 weeks in our laboratory setting. Both histopathological and 

physiological changes were evident in lung segments at this timepoint [182]. It is not 

known, however, whether these fibrotic changes in sheep lungs persist for more than 7 

weeks after the last bleomycin infusion. If for example, the fibrosis persists longer than 7 

weeks, it would enable this model to be used to test therapeutics further into the fibrotic 

stage and thus be more relevant to the human disease. 

This current study was designed to determine whether the lung pathology and 

associated poorer function would persist longer than 7 weeks after the final bleomycin 

dose in the sheep model. Accordingly, sheep were observed for 16 weeks following two 

doses of bleomycin for pathological and functional changes in lung. The outcome of 

these experiments will be discussed in light of what is known about the persistence of 

lung fibrosis in other animal models using bleomycin as the fibrotic inducing agent.  

                                                        

3.2 Results 

3.2.1 Measurement of lung function 

Lung function was assessed before bleomycin or PBS infusion, and again at 8, 12 and 

16 weeks after the last dose of bleomycin. Lung compliance (Cseg), collateral resistance 

(Rcoll) and peripheral resistance (Rseg) was assessed in the left and right caudal lung 

segments of sheep which received either bleomycin or PBS.  

There was no change in the lung compliance in PBS-infused control lung segments 

throughout the experiment (Figure 3-1A). In bleomycin-infused lung segments, lung 

compliance was significantly reduced at the 8-week timepoint compared to baseline 

values taken before bleomycin infusion into these lung segments.  At the 12- and 16-

week timepoints, compliance in the bleomycin-infused lung segments returned to near 
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baseline values (Figure 3-1A). A further comparison between baseline compliance 

values with compliances at other timepoints, shows that at 8 weeks after bleomycin 

instillation, there was a significant difference in the percentage change from baseline of 

lung compliance in bleomycin-infused lung lobes compared to saline-infused lobes 

(Figure 3-1B).  This compliance comparison was not significantly different at the 12- and 

16-week timepoints (data not shown)   

Next, peripheral resistance and collateral resistance of each lung segments were 

assessed to check whether there were any changes in resistance in lung segments after 

instillation of bleomycin. As expected, there was no change in peripheral and collateral 

resistance in saline-infused control lung segments (Figure 3-1C, D). In bleomycin-infused 

lung lobes, peripheral and collateral resistance gradually increased from baseline until 12 

weeks and then declined slightly. While these values were consistently above the values 

from control segments at all timepoints, these changes were not statistically significant 

when compared to values from saline-infused lung segments.  

 

3.2.2 Histopathological changes in lung tissue after challenged with 

bleomycin 

Sections sampled from lung tissues during necropsy 16 weeks after the bleomycin 

instillation, were stained with H&E for the pathological assessment of fibrotic lesions. 

Figure 3-2 shows representative images of lung sections. In Figure 3-2A and C, saline-

infused lung tissue shows normal tissue architecture of lung parenchyma. Interestingly, 

the bleomycin-infused lung segments also showed normal lung architecture. Moreover, 

there were not any prominent changes to alveolar walls, nor were there patchy fibrotic 

lesions, or inflammatory cell infiltration, and alveolar epithelial cell hyperplasia was not 

evident in the lung parenchyma (Figure 3-2B and D).  
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These observations were confirmed with semi-quantitative scoring of lung pathology as 

shown in Figure 3-3. H&E stained lung sections were assessed for overall pathology, 

separately for fibrosis and inflammation (Figure 3-3). As seen in Figure 3-3, the 

inflammation, fibrosis, and overall pathology scores, are not significantly different 

between saline- and bleomycin-infused lung segments 16 weeks after the final 

bleomycin infusion. To further confirm these data, alveolar space and tissue fractions of 

H&E stained lung sections were quantified using Image Pro Plus software (Figure 3-4). 

There is no significant difference between the parenchymal tissue mean percentages 

calculated for saline- and bleomycin-infused lung segments (Figure 3-4 A). The mean 

percentage of alveolar space in bleomycin-infused lung segments is similar to that 

calculated for the saline-infused lung segments (Figure 3-4B). 

 

3.3  Collagen deposition in the lung after bleomycin infusion 

To assess whether increased connective tissue and collagen deposition persist for up to 

16 weeks after bleomycin injury, lung sections obtained after necropsy were stained with 

Masson’s trichrome stain (Figure 3-5). With this staining regime, lung sections infused 

with bleomycin show the similar lung tissue architecture to that observed in saline-

infused lung segments. Observations under the microscope show that there was no 

excessive deposition of extracellular matrix in bleomycin-infused lung segments (Figure 

3-5 B D). To confirm these observations, Masson’s trichrome staining was quantified as 

percentage of blue staining in lung fields (Figure 3-6A). The positive blue-staining 

(indicating connective tissue) in lung parenchyma of bleomycin-infused lung segments 

was similar to what was observed in saline-infused segments (Figure 3-6A).  

Interestingly, a biochemically assessment of total collagen percentage (% of collagen 

/dry weight of tissue) of lung tissue, using the hydroxyproline assay, showed that the 
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collagen percentage was significantly higher in bleomycin-infused lung lobes compared 

to saline-control lung segments (Figure 3-6B). 

 

 

 

Figure 3-1 Changes in lung function measurements within the caudal lobes of sheep 

lung following infusions with either bleomycin or saline (control). Graphs show the 

values obtained before (baseline) and at 8, 12, and 16 weeks after instillation of either 

saline, or 3IU of bleomycin. A) Changes of lung compliance (Cseg) in the caudal lung lobes 

after either saline or bleomycin infusion; Graph B shows percentage change of lung 

compliance from baseline to the 8-week time point. Graph C) shows the collateral resistance 

(Rcoll) of the lung segments and graph D) shows the peripheral resistance (Rseg) of the 

lung lobes. Data are shown as means± SEM (Standard error mean). Significance was 

determined using a matched paired t-test (Wilcoxon matched paired t-test for non- normal 

data) between differentially treated lung segments. n=10, *P<0.05, **P<0.01). 
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Figure 3-2 Representative images from H & E stained lung sections from saline-infused (control), and bleomycin-infused, lung 

segments from the same sheep at 16 weeks after the final bleomycin/saline infusion. Upper panels show low power views, and lower 

panels show high power views. (Scale bars are included in each image). Images A and C- are from saline-infused lung segments and show 

normal tissue architecture.  Images B and D are from bleomycin-infused lung segments and show normal lung alveoli tissue architecture with 

no prominent inflammation or fibrosis in alveoli space or walls.  
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Figure 3-3 H&E stained lung sections were scored for inflammatory and fibrotic changes using semi quantitative scoring method. 

Graphs show scores for (A) inflammation, (B) fibrosis and (C) overall score assessed on 10 non-overlapping fields/ segment section. Individual 

scores shown in graphs; bar represents overall means±SEM within the treatment groups. n=10 sheep, Significance was determined using 

paired t-test.  
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Figure 3-4 Alveolar tissue fraction in sheep lung segments. H&E-stained lung sections 

were assessed for the changes in alveolar tissue percentage in differentially treated lung 

segments using the point counting method as outlined in the Materials and Methods. Graph 

A) shows parenchymal tissue percentage in bleomycin-infused lung segments compared to 

saline-infused lung segments. Graph B) shows alveolar space percentages in saline- and 

bleomycin-infused lung segments. Individual data shown; Bars represent means±SEM, n=10 

sheep, Significance was determined using paired t-test between lung segments.  
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Figure 3-5 Representative images from Masson’s Trichrome stained lung sections from saline-infused (control), and bleomycin-

infused, lung segments 16 weeks after the final bleomycin/saline infusion. Upper panels show low power views, and lower panels show 

high power views. (Scale bars included in each image). Images A and C- are from saline-infused lung segments and show normal tissue 

architecture.  Images B and D are from bleomycin-infused lung segments and show normal lung alveoli tissue architecture with no excessive 

deposition of extracellular matrix in lung parenchyma.  
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Figure 3-6 Connective tissue levels were assessed with Masson’s trichrome staining on histological sections, and collagen 

deposition was assessed by hydroxyproline assays on lung tissue samples. Fibrotic fractions of saline- or bleomycin-infused lung 

segments (Area of blue staining/total area field) are shown in (A) and collagen content determined with the hydroxyproline assay is shown in  B. 

Individual scores shown in graphs; bars represents overall means ±SEM. n=10 sheep, Significance was determined using the  paired t-test 

between differentially treated lung segments. 
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3.4  Discussion 

As mentioned previously in this chapter, the duration of pulmonary fibrosis after 

bleomycin infusion varies among different studies [168]. In this chapter, the key findings 

are that the lung functional changes and histopathological lesions in bleomycin-infused 

lung segments were similar to control lung segments 16 weeks after the 2nd dose of 

bleomycin. In summary, it was found that fibrosis resolved, and lung function returned to 

near normal levels by 16 weeks after bleomycin damage.    

In this study, fibrosis was induced in sheep lung with two doses of bleomycin as 

previously used in our laboratory [182, 211]. During the current experiment, lung function 

assessed at 8-week showed that lung compliance significantly dropped in the bleomycin-

infused lung segments. This lung function loss confirmed our previous findings in this 

sheep model of poorer lung function reported for the slightly earlier 7-week timepoint 

post bleomycin injury [182].  It was observed that the lung function assessment in this 

study shows that there is no significant change in lung function in bleomycin-infused lung 

segments at 16-week time point compared to control lung segments. Even though we 

have observed that peripheral and collateral resistance of the bleomycin-infused lung 

segments were increased at 8 weeks after the bleomycin instillation, it was not significant 

as we were seen in other studies with this animal model [182]. The studies which were 

done in our laboratory demonstrated lung compliance in bleomycin-infused lung 

segments was significantly lower when compared to saline-infused lung segments at 

week 7 [182]. There are only a limited number of studies which have assessed the lung 

function at as an end-point of the disease after bleomycin insult [219]. Limjunyawong and 

colleagues have established a chronic model of lung fibrosis in mice with a relatively high 

dose of bleomycin, which was able to measure lung function changes for 6 months after 

bleomycin administration [219]. They have observed significant changes in lung function 

parameters of diffusion factor of carbon monoxide, total lung capacity and compliance 
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between control mice and bleomycin administered mice at 6 months after bleomycin 

administration. In this study, fibrosis in mice lungs was induced with intratracheal 

instillation of a single dose of bleomycin. The dose they used in that study was over 10-

fold higher compared to the dose used in other mouse studies; 0.005 units bleomycin per 

gram of mouse body weight as opposed to 0.0004 units per gram of mouse in other 

studies [188, 219]. Therefore, persistence of fibrosis may be due the high dose-rate 

inducing greater lung damage, which does not recover within the observation time of 

those experiments.  Even though there are few studies in small animal models which 

observed fibrosis for more than 7 weeks, none of these studies included functional 

assessment of changes in the lung tissue after the establishment of the fibrosis [188, 

194].   

Pathological changes in lung architecture after the bleomycin instillation has been 

observed in many animal models in which they induced fibrosis for more than 7 weeks. 

Results from Degryse and colleagues in mice showed persistent fibrosis for 10 weeks 

after the eighth dose of bleomycin with prominent alveolar epithelial cell hyperplasia 

[188]. Fibrosis in that mouse model has been established with repetitive doses of 

bleomycin every two weeks with total of 8 doses of bleomycin [167, 188]. Further, the 

experiments, which induced fibrosis in mice with relatively high dose of intratracheal 

bleomycin shows persistent fibrosis with increased tissue fraction and parenchymal 

fraction 6 months after the challenge [219]. The results derived from our study in which 

fibrosis was assessed at 16 weeks demonstrated that histopathology in bleomycin-

infused lung segments was within the normal range of lung architecture as seen in 

control animals. Further, the average pathological scores and tissue fraction in 

bleomycin-instilled lung segments were similar when compared to control lung 

segments. There were no significant pathological changes either in alveoli wall or alveoli 

spaces in H&E stained lung tissue, which were obtained from bleomycin-infused lung 
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segments. Our laboratory previously observed extensive fibrotic changes with 

significantly increased fibrotic scores in lung parenchyma in sheep lung 7 weeks after the 

final bleomycin instillation [182]. Given that compliance was still different between the 

segments at 8 weeks in the current experiment, it can be argued that this self-resolution 

of fibrotic lesions in bleomycin-instilled lung segments presumably commenced around 8 

weeks after the 2nd dose of bleomycin [182].  

Extensive deposition of extracellular matrix in lung parenchyma has been seen in IPF 

and in animal models of pulmonary fibrosis. Increased collagen content has been 

observed in bleomycin mouse model 2 weeks after the 8th dose of bleomycin [188]. 

Organ et al found increased collagen deposition, as assessed by the hydroxyproline 

assay, in sheep lungs 7 weeks post bleomycin injury [182]. The increase in 

hydroxyproline-assessed collagen was consistent with other parameters showing fibrotic 

lung pathology and poorer lung function at the 7-week timepoint in this study [182]. The 

findings from the current study, which extended observations up to 4 months after 

bleomycin insult, showed significant increases in collagen content in sheep lung 

segments exposed to bleomycin when compared to lung segments infused with saline. 

This was observed in the hydroxyproline assay where collagen content was assessed in 

lung samples 16 weeks after bleomycin instillation. It was therefore surprising that the 

percentage of connective tissue stained by Masson’s Trichrome in lung sections from 

bleomycin-infused lung segments were not significantly different from saline-infused 

control lungs.  While there are no immediately obvious reasons for these apparently 

conflicting results, (including technical error which was double-checked) the difference 

between these two findings could possibly be due to the residual scar tissue in 

bleomycin-treated lung samples which can be detected by the hydroxyproline assay. If 

this were the case, the increased hydroxyproline collagen did not interfere with lung 
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function and other pathological assessments performed on bleomycin-damaged lung 

segments in this study  

In summary, this is the first study to examine the duration of pulmonary fibrosis after 2 

infusions of bleomycin in the sheep model. These results demonstrate that bleomycin-

induced fibrosis in sheep lungs resolves with the time. This is important, as it defines a 

useful time window for intervention studies with the sheep model of pulmonary fibrosis. 

The results suggest that future experiments with the model should be not run longer than 

7 weeks after the last bleomycin challenge.  
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5. Mast cells involvement in a sheep model of 

pulmonary fibrosis 

5.1  Introduction 

Mast cell infiltration has been shown in many fibrotic disease conditions of the lung, liver, 

heart and kidney [220-222]. It has been shown that density of mast cells is associated with 

the degree of fibrosis in many of these conditions which may suggest that these cells may 

contribute to the associated pathology [223-226]. Mast cells are increased in lung 

parenchyma in patients with many forms of pulmonary fibrosis including IPF, connective 

tissue disease associated lung fibrosis, and chronic hypersensitivity pneumonitis [220, 227-

232].  

The activity of mast cells in lung fibrosis is controversial with some studies suggesting that 

mast cells play a part in promoting fibrosis, while other investigations indicate that mast cells 

may protect function in the fibrotic lung  [220-222]. Evidence for mast cells promoting fibrosis 

in the lung parenchyma is as follows. It has been demonstrated that increases in the number 

of mast cells in fibrotic lung parenchyma and BAL is strongly correlated with the severity of 

fibrosis [233, 234]. In the case of IPF, there is an evidence that mast cells contribute to the 

disease pathology in this form of fibrosis [220, 233]. These papers find that degranulated 

mast cells are in close proximity to fibroblast foci and hyperplastic type II AECs [220, 233]. 

The high density of mast cells in these patients is positively correlated with the degree of 

fibrosis and excessive accumulation of collagen in lung parenchyma [233]. Also, lung 

function is negatively correlated with mast cell density in lung parenchyma of these IPF 

patients [233].  

While the connection between mast cell density and lung pathology/function is not entirely 

clear, there are a variety of mediators released from mast cells in IPF patients and they 
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appear to be involved in disease progression of these patients [233, 235]. High levels of 

tryptase in BAL fluid from a cohort of IPF patients showed poorer clinical outcome than a 

tryptase negative group of IPF patients [235]. TGF  is also expressed in mast cells in the 

lung tissues from IPF patients [233]. Basic fibroblast growth factor (bFGF) is expressed in 

mast cells and is associated with collagen, elastic fibres and smooth muscle 

cell/myofibroblast like cells in the lung tissues from IPF patients [236]. 

In contrast to above-mentioned studies, other investigators have demonstrated that a high 

density of mast cells in IPF lungs are associated with a slower disease progression [237]. 

They have found that the percentage in the decline of FVC over 6 months was greater 

among the IPF patients who had low density of mast cells compared to a patient cohort with 

a high density of lung mast cells  [237]. The authors suggest, that while mast cell density is 

increased in IPF lungs compared to healthy lungs and in particular to other fibrotic ILDs, 

counterintuitively, a high number of masts cell correlates with slower disease progression in 

IPF patients [237]. The data suggest that mast cells may protect the diseased IPF lung by 

slowing the functional deterioration in these patients. Overall, there is a requirement further 

studies to elucidate the precise role of mast cells in pulmonary fibrosis given these data 

[237] are apparently at odds with the earlier mentioned studies [233, 235]  showing a 

connection between mast cells and IPF pathology.   

Based on the clinical findings, researchers used animal models to address the involvement 

of mast cells in lung fibrosis. These studies have mainly been conducted in mice and rats. 

Further, researchers are considering the use of therapeutics to control mast cell activity in 

fibrosis. Cromolyn, a mast cell stabilizer, has been used in animal models to study the role of  

mast cells in many different fibrotic disease conditions such as renal fibrosis, cardiac fibrosis, 

paraquat induced pulmonary fibrosis, and asthma [238-241]. Pulmonary fibrosis, induced by 

paraquat in rats, which was treated with cromolyn, resulted in a decrease in fibrogenic 

effects as indicated by reduced hydroxyproline and collagen content in the lung when 
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compared with untreated controls [239]. Further, when compared with controls, there were 

less inflammatory cell infiltrates, and reduced thickening of alveolar walls in fibrotic rats lungs 

treated with cromolyn [239]. However, the effect of this drug on IPF patients has not yet 

been tested [222]. Another drug that prevents mast cell activation is the KCa 3.1 ion channel 

blocker, senicapoc. The Ca2+ activated K+ ion channel KCa 3.1 is a regulator of Ca2+influx and 

activation of a number of cell types. The KCa 3.1 ion channel is expressed in mast cells [242]. 

Opening of the KCa 3.1 ion channel results in influx of Ca2+, and activation of mast cells in 

both humans and mice [71, 243]. The KCa 3.1 ion channel blocker, senicapoc has been 

considered safe in phase III clinical trials in sickle cell anaemia [244] and senicapoc used in 

our sheep models to attenuate both bleomycin-induced lung fibrosis and experimental 

asthma [213, 222, 245].  

One of the aims of the current study is to investigate the effects of the KCa 3.1 ion channel 

blocker, senicapoc, in controlling mast cell activity in lung fibrosis in our sheep model. Using 

lung samples from a previously published study [213], the influence of senicapoc on mast 

cell activity will be compared with the effects of the current FDA approved drug pirfenidone. 

Another aim was to study the effects of the mast cell stabilising drug, Cromolyn sodium 

sulphate to investigate the effect of this process on lung fibrosis.  

 

5.2  Results 

5.2.1 Effect of an KCa 3.1 ion channel blocker in mast cell density 

Mast cells were counted on methylene blue-stained resin sections sampled from lung 

segments from pirfenidone- and senicapoc-treated sheep. These lung samples were 

collected 7 weeks after the final bleomycin dose in both pifenidone-and senicapoc-treated 

sheep lung segments. Representative images of methylene blue-stained lung sections are 

shown in figure 5-1. Mast cells appeared with blue granules in these sections. As observed 
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in the photomicrographs, in both senicapoc- and pirfenidone-treated lung segments, mast 

cells are largely intact, and not degranulated (as indicated a lack of granules in the vicinity 

outside the mast cell). Indeed, this is true irrespective of whether the segments received 

bleomycin or saline (Figure 5-1). Figure 5-2 shows mast cell densities in pirfenidone- and 

senicapoc-treated sheep lungs. In particular, it shows the comparison of the mast cell 

populations in the two different treatment groups after bleomycin infusions.  Results show 

that mast cell density was significantly elevated in bleomycin-infused lung samples 

compared to saline-infused lung tissue in pirfenidone-treated sheep (Figure 5-2A). The high 

mast cell density values for bleomycin-infused lung segments of pirfenidone-treated sheep 

were similar to the bleomycin-infused lung segments of vehicle control-treated sheep (Figure 

5-2A). In contrast, in sheep which received senicapoc as anti-fibrotic treatment, mast cell 

densities were at similar levels in both bleomycin-infused, and saline-infused, lung segments 

(figure 5-2B). In this experiment, the vehicle control sheep had significantly higher mast cell 

density in bleomycin-infused lung segments compared to saline-infused lung segments, 

showing that the attenuating effect of senicapoc on mast cell density was not due to possible 

inadequate bleomycin effects on lung damage (Figure 5-2B). Mast cell densities were 

compared between the two treatment groups in bleomycin-infused lung samples. There was 

a significantly lower mast cell density in bleomycin-infused lungs in senicapoc-treated sheep 

compared to bleomycin-infused lung segments in pirfenidone-treated sheep (Figure 5-2C).    

 

5.2.2 Mast cell population in the lung parenchyma 16 weeks after 

the bleomycin challenge 

In order to compare the mast cell density in the sheep lung 16 weeks after bleomycin 

infusion, cryosections from sheep lungs were stained with toluidine blue. The density of total 

mast cells (degranulated and granulated) was not significantly different in bleomycin-infused 

lung segments compared to saline-infused lung segments (Fig 5-3). Next granulated and 
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degranulated mast cells in lung segments were counted. The density of granulated mast 

cells was significantly high in bleomycin-infused lung segments compared to saline-instilled 

lung segments. Interestingly, the density of degranulated mast cells was not significantly 

different between bleomycin- and saline-infused lung segments (Fig 5-3).  

 

5.2.3 The effect of the mast cell stabiliser, cromolyn, on 

pulmonary fibrosis 

BAL fluid was collected at baseline (at the beginning of the experiment before infusion of 

bleomycin), and at 2 and 4 weeks after the final bleomycin infusion to the left or right caudal 

lung segments (Figure 5-4). In this study, BAL samples were only collected from bleomycin-

infused cromolyn-treated lung segments at baseline and 2 weeks. At 4 weeks, BAL samples 

were collected from both vehicle- and cromolyn-treated lung segments. At 2 weeks, 

immediately after collection of BAL fluid, cromolyn- and vehicle-treatments were commenced 

either to left or right caudal lung segment. Two weeks after the final bleomycin infusion, total 

cell counts were significantly elevated in cromolyn-treated lung segments compared to 

baseline values (Figure 5-4A). Total cell counts were significantly elevated compared to 

baseline in both vehicle- and cromolyn-treated bleomycin-infused lung segments 4 weeks 

after the last bleomycin infusion. Even though there is a slight reduction in total cell counts in 

cromolyn-treated lung segments, this was not significant compared to vehicle-treated lung 

segments (Figure 5-4A). Macrophage and neutrophil counts were also significantly elevated 

at 2 weeks compared to baseline in cromolyn-treated lung lobes (Figure 5-4B, D). At the 4-

week time-point, there were no significant differences in both macrophage and neutrophil 

counts when comparing the vehicle-treated lung segments with cromolyn-treated segments. 

For lymphocyte counts, there were no significant difference between any of the groups 

assessed (Figure 5-4C). In summary, cromolyn treatment did not attenuate the infiltration of 
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inflammatory cells into BAL fluid 4 weeks after the final bleomycin infusion into the lung 

segments of sheep.    

Lung function was assessed in sheep at baseline (at the beginning of the experiment), and 

at 2 and 4 weeks after the final bleomycin infusions in the left and right caudal lung lobes 

(Figure 5-5). In both cromolyn- and vehicle-treated lung segments, compliance was 

significantly reduced at both the 2-week (before cromolyn or vehicle treatment) and 4-week 

(after cromolyn or vehicle treatment) time-points (Figure 5-5A, 5-5B). Figure 5-5C shows 

percentage change in lung compliance from baseline at 2 and 4 weeks after bleomycin 

infusions in both vehicle- and cromolyn-treated lung segments. In summary, cromolyn 

treatment did not improve lung compliance in lung segments after bleomycin challenge.  

The lungs of all sheep were examined at post-mortem for gross pathology. The lung 

segments which received either bleomycin, or bleomycin plus cromolyn, were slightly more 

bluey-grey than the surrounding lung regions. These treated lung regions were also firmer 

than other non-treated lung areas when palpitated. Apart from these observations, the non-

treated lung regions of all sheep were otherwise healthy with a florid pink appearance 

without any obvious gross abnormalities or lesions. These gross observations gave me 

confidence that I was taking lung samples from the correct regions of the lung segments, 

and also that all sheep possessed healthy lungs before entering into the study. 

Figure 5-6A shows H&E stained lung sections of variously treated lung segments sampled 4 

weeks after the final bleomycin/saline infusions. Lung segments which received either 

cromolyn, or vehicle, after bleomycin infusion showed fibrotic changes including patchy 

fibrotic lesions in the lung parenchyma. Whereas, lung segments which did not receive any 

treatment (naïve) have normal lung architecture (Fig 5-6A). The lung segments which 

received only intra-lung infusions of cromolyn had swollen inflammatory cell-infiltrated 

alveolar septa without obvious fibrosis. These changes were quantified with semi-
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quantitative scoring of lung pathology, and also by calculating the percentage of alveolar 

tissue in the lung parenchyma, shown in figure 5-6B, C, D and E, As seen in figure 5-6B, C 

and D, the fibrosis, inflammation and overall scores are significantly increased in bleomycin-

infused vehicle-treated lung compared to lung sections which did not receive any treatments 

(naïve). Further, the fibrotic score in the bleomycin-infused cromolyn-treated lung sections 

also increased but was not significant (P=0.055). The inflammatory and overall scores in 

bleomycin-infused cromolyn-treated lung segments are significantly high when compared to 

the lung segments which did not received any treatments (naïve) (Figure 5-6C and D). The 

percentage of alveolar tissue was significantly high in both bleomycin-infused cromolyn- and 

vehicle-treated lung segments when compared to Bleomycin naïve untreated lung lobes 

(Figure 5-6E). Further, the lung lobes which only received cromolyn showed significantly 

high fibrosis-, overall score and tissue fraction compared to the lung segments which did not 

received any treatments (naïve) (Figure 5-6B, D, E).   

Representative images of Masson’s trichrome stained lung sections are shown in figure 5-

7A. There is excessive accumulation of extracellular matrix in both bleomycin-instilled 

vehicle- or cromolyn-treated lung sections compared to naïve or cromolyn only treated lung 

segments. These changes were quantified as percentage of blue staining in the lung field 

(Figure 5-7B). The blue staining connective tissue areas are significantly high in bleomycin-

infused vehicle-or cromolyn-treated lung segments compared to naïve lung lobes (Figure 5-

7B). 

In order to compare the mast cell densities in differentially treated sheep lung segments 4 

weeks after bleomycin instillation, cryosections from sheep lungs were stained with toluidine 

blue. Representative images of toluidine blue stained lung sections were shown in figure 5-8. 

Mast cells appeared with purple granules in these sections. The densities of total, 

degranulated, and granulated, mast cells were not significantly different between the 

bleomycin-infused segments treated with either cromolyn or vehicle (Figure 5-9A, B, and C).   
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Figure 5-1 Representative images from methylene blue stained-resin embedded sections from sheep lung lobes treated either with 

senicapoc, pirfenidone, or vehicle (methylcellulose). Mast cells are indicated with red arrows (granules are stained deep blue). 

Magnification X100.  



103 

 

 

Figure 5-2 Mast cell density in resin-embedded lung sections. Resin-embedded lung sections were stained with methylene blue to assess 

the total mast cell numbers in lung parenchyma from pirfenidone-treated, senicapoc-treated, and vehicle-treated control sheep. Graphs A and B 

show total mast cell counts in saline- and bleomycin-infused lung lobes in pirfenidone- and senicapoc-treated sheep groups respectively. Graph 

C) compares the mast cell numbers in bleomycin-infused lung lobes between pirfenidone- and senicapoc-treated sheep groups. Individual data 

shown; bars represent means±SEM, n=6 sheep per treatment group, Significance was determined using paired t-tests between lobes in the 

same treatment group and unpaired t-tests between different treatment groups and is denoted as *P<0.05. 
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Figure 5-3 Mast cell density in cryosections stained with Toluidine blue. Cryosections 

obtained from sheep lungs 16 weeks after the final bleomycin infusion were stained with 

toluidine blue to assess total, degranulated and granulated mast cells in lung parenchyma.  

Graph shows average total mast cells, degranulated, and granulated mast cells in the lung 

parenchyma in bleomycin-infused lung segments compared to saline-infused lung segments. 

Mean data shown, bars represent means±SEM, n=10 sheep, Significance was determined 

using a paired t-test between lung segments of the same sheep and is denoted as *P<0.05.  
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Figure 5-4 Total and differential cell counts in BAL samples. Total and differential leukocytes counts were performed on BAL cells collected 

from vehicle- or cromolyn-treated sheep both prior (Baseline) and at 2 weeks and 4 weeks after final bleomycin infusion. At baseline and 2 

weeks, BAL samples were only collected from bleomycin-cromolyn treated sheep lung segments. Note that at the 2-week timepoint, BAL was 

collected immediately before the start of cromolyn or vehicle treatment. Data shown as means±SEM, n=10 sheep, significance was determined 

using paired t-test between the lobes and is denoted as *P<0.05, **P<0.01, ***P<0.001. 
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Figure 5-5 Changes in lung function with cromolyn treatment. Lung compliance of the 

differently treated lung segments was measured at the three time-points as follows; A) Lung 

compliance in bleomycin-infused lung segments treated with saline as a vehicle control after 

the 2 week time-point; B) shows lung compliance in bleomycin-infused segments treated 

with cromolyn after the 2-week time-point post the final infusion of bleomycin. Graph C) 

illustrates the percentage change of the compliance from baseline in vehicle- and cromolyn-

treated lung segments at 2- and 4-weeks post bleomycin infusion. Data are shown as 

means±SEM, n=10 sheep, significance was determined using paired t-test between the 

lobes and is denoted as **P<0.01.   
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Figure 5-6 Histopathological changes in lung parenchyma. A) Upper panels show representative images from H & E stained lung sections 

from vehicle-treated control lung segments, and bleomycin-infused cromolyn treated lung segments 4 weeks after the final bleomycin/saline 

infusion. Graphs B, C, and D show fibrotic and inflammatory changes in lung parenchyma of the variously treated lung segments as assessed 

using semi-quantitative scoring methods on H&E lung sections. Graph E illustrates the alveolar tissue percentage in the different lung 

segments. Tissue percentage was calculated using the point-counting method. Both bleomycin-infused cromolyn- and vehicle-treated lobes 

show increased tissue percentage in lung parenchyma compared to naïve control segments. (Scale bars included at the top left of each image 

represent X10). Results show means±SEM, n=10 sheep. Significance was determined using unpaired t-test between groups and is denoted as 

* P< 0.05, ** P< 0.01, *** P< 0.001. 
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Figure 5-7 Connective tissue changes in lung parenchyma with the treatment of cromolyn. A) Upper panel shows representative images 

of Masson’s trichrome stained lung sections from the variously treated lung segments 4 weeks after the final bleomycin/saline infusions. The 

percentage area of blue staining to total field area for lung sections stained with Masson’s trichrome is shown in B.  (Scale bars included at the 

top left of each image). Results show means±SEM, n=10 sheep. Significance was determined using unpaired t-test between different treatment 

groups and is denoted as * P< 0.05, ** P< 0.01. 
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Figure 5-8 Representative images from Toluidine blue stained lung cryo-sections from different treatment groups as highlighting the 

mast cells and their degranulation status. Sheep lung lobes were obtained 4 weeks after the final bleomycin/saline infusion. (Magnification 

X100). Both bleomycin challenged cromolyn or vehicle treated lobes show mast cells with purple stained granules in lung parenchyma (Arrow 

heads).  
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Figure 5-9 Mast cell density in the lung parenchyma following cromolyn treatment. Graphs a, b, and c show data for total, degranulated, 

and granulated mast cells in lung parenchyma of the differently treated lung segments stained with toluidine blue on cryosections.  Results 

show means±sem, n=10 sheep. Significance was determined unpaired t-test between treatment groups. 



111 

 

5.3  Discussion 

While mast cells have been implicated in the pathophysiology of fibrosis, their precise 

involvement in IPF is still not clear. In the current study, the changes in mast cell density in 

the fibrotic sheep lungs were investigated with respect to different treatments, and also the 

changes in population that occur in this cell type over an extended period of time after 

exposure to bleomycin. In this chapter, the key findings are that the density of mast cells in 

lung parenchyma of sheep was significantly increased 7 weeks after bleomycin exposure, 

and this increased density of mast cells can be significantly reduced by blockading the KCa 

3.1 ion channel with oral applications of the drug senicapoc. Interestingly and in contrast, 

oral administration of the currently approved drug for IPF, pirfenidone, did not reduce the 

bleomycin-induced increase in parenchymal mast cells in the sheep model.   

In this study, lung samples from a previous PhD student in our laboratory, Louise Organ, and 

lung tissues from the study in chapter 4 were taken to assess the effects of the drugs 

senicapoc and pirfenidone, respectively, on mast cell density after bleomycin injury. Results 

showed that pirfenidone treatment did not return mast cell density in bleomycin-infused 

segments to saline-control levels in the fibrotic lung 7 weeks after bleomycin infusion. In 

contrast, the mast cell density in bleomycin-infused lung segments were significantly lower in 

senicapoc-treated sheep compared to the mast cell density in pirfenidone-treated sheep. 

Senicapoc, an inhibitor of the KCa 3.1 ion channel, can prevent mast cell activation and this 

has been observed in human and mice lung mast cells [222]. Ca2+ activated K+ ion channels 

are expressed in mast cells and these channels allow influx of Ca2+ into the cell via Orai 1 

channels. This Ca2+ influx allows mast cells to degranulate and release histamine and 

tryptase, synthesis and release of leukotriene and prostaglandin and cytokines IL-4, IL-5 and 

IL-13  [243, 246].  

Researchers in the previously mentioned studies, used KCa 3.1 ion channel blockers such as 

clotrimazole, charybdotoxin to inhibit the activity of these ion channels [71, 243, 246]. The 



112 

 

study performed by Shumilana and colleagues demonstrated that mast cell degranulation 

depends on KCa 3.1 ion channel [71]. The aforementioned study used mast cells that were 

isolated from KCa 3.1 knockout mice and wild type mice [71]. Upon the antigen stimulation, 

Ca2+ influx and degranulation were reduced in the mast cells obtained from KCa 3.1 knock out 

mice compared to mast cells from wild type littermates [71]. The data in a variety of 

experimental settings discussed above, show that KCa 3.1 ion channel is involved in mast 

cell degranulation, and activation by release of histamine, tryptase and other mediators and 

cytokines. While any drug-related changes to the release of mast cell mediators in fibrotic 

lung tissues was not examined in this Chapter or Thesis, it could not be determined whether 

senicapoc, or indeed pirfenidone, attenuated mast cell degranulation in bleomycin-infused 

lung segments because the mast cells were not degranulated in bleomycin-infused vehicle-

control segments 7 weeks after bleomycin injury. In future experiments, it will be interesting 

to investigate whether senicapoc restricts the degranulation of mast cells, earlier in the 

disease course (for example, during weeks 1-4 after bleomycin infusion).  

The data do demonstrate that the KCa 3.1 ion channel blocker, senicapoc, inhibits mast cell 

activity by attenuating the increase in mast numbers in the fibrotic areas of the lungs of 

sheep in this study.  Pirfenidone treatment to bleomycin-infused lung segments had no 

apparent influence on mast cell density in the lung while attenuating bleomycin-induced 

fibrosis and lung function deterioration as mentioned in chapter 4. While the mechanism is 

unclear on how senicapoc contributes to the lowering the number of mast cells in fibrotic 

lung tissues of sheep, some possibilities are that in fibrotic areas of sheep lungs, senicapoc 

influences mast cells by: inhibiting their proliferation, and/or; stimulating their apoptosis, 

and/or; impeding the infiltration of mast cell precursors into the affected tissues. It is noted 

that an earlier study in our laboratory performed by Van der Velden et al., using the sheep 

model of experimental asthma, also found that oral treatment with senicapoc attenuated the 

increase in pulmonary mast cells that normally occurs in response to lung pathology induced 
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by exposure to the asthma allergen house dust mite [241]. Presumably, the mechanisms 

operating in both sheep models of human respiratory disease are similar. It will take further 

studies to elucidate the precise mechanisms operating on mast cells in these sheep models 

of respiratory disease.  

The mast cell activity in pulmonary fibrosis has been observed in different animal models. 

Early studies conducted in rat models of pulmonary fibrosis showed that after the induction 

of fibrosis there were increased numbers of mast cells with elevated levels of histamines and 

serotonin [247-249]. The influence of mast cells on bleomycin-induced lung fibrosis has been 

studied in mast cell deficient mice  [250-252]. These studies show that fibrosis progression 

and collagen deposition after bleomycin challenge was mast cell-dependent when 

comparing the results from mast cell-deficient mice with wild-type mice. They found 

significantly increased levels of fibrosis and collagen deposition in wild type mice compared 

to mast cell-deficient mice after induction of fibrosis with bleomycin [250, 251].  In contrast, 

Okazaki et al showed that the extent of bleomycin-induced fibrosis is more dense in mast 

cell-deficient rats compared to control wild-type rats with normal numbers of mast cells [253]. 

The authors of this paper suggest that the increase in mast cell density, and mast cell 

products, may be associated with, but not a cause of, pulmonary fibrosis  [253] .  

Mast cell populations were assessed in sheep lungs at 16-week time point after induction of 

fibrosis with bleomycin. Results showed that there were no significant changes in mast cell 

populations at this time point. At 16 weeks, the fibrosis was resolved naturally as mentioned 

in chapter 3. It was thus interesting that were no significant differences in mast cell densities 

between the bleomycin- and saline-infused lung segments at the 16-week time point. 

Presumably, as the fibrosis resolves, the mast cell numbers also return to healthy non-

diseased levels. With this experiment however, it can’t be determined whether the reduction 

in mast cell numbers is in response to the resolution of fibrosis, or vice versa, or indeed, 

whether both processes occur simultaneously.  
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In the cromolyn experiment, compared with untreated controls (i.e. lung segments that were 

naïve for bleomycin, cromolyn and vehicle), there were significant increases in fibrotic, 

inflammatory, and overall histopathology scores in lung segments four weeks after being 

infused with bleomycin and without cromolyn treatment. Cromolyn treatment did not 

significantly reduce the high inflammatory, and overall, histopathology scores that were 

induced by bleomycin in this experiment.  The fibrosis histopathology score was approaching 

significance for lung segments that were instilled with bleomycin and treated with cromolyn 

when compared to untreated-control lung segments.  These data were confirmed with 

Masson’s trichrome blue staining for extracellular matrix of histological sections from the 

respective lung segments. Despite these fibrotic changes, at the 4-week time point, there 

were no significant differences in mast cell population densities between the saline- and 

bleomycin-instilled lung segment sections stained with toluidine blue, irrespective of whether 

they were exposed to cromolyn. Similarly, there were no significant differences in the 

numbers of degranulated or granulated mast cells in any of the differentially treated lung 

segments lung when compared to untreated-control lung segments. Thus, the data indicates 

that the application of cromolyn in this experimental setting at the 4-week time point after 

bleomycin injury has no attenuating effect on either fibrosis, or mast cell activity in sheep 

lungs. 

There are some possible reasons for the lack of cromolyn effects in the sheep model. Firstly, 

in the experimental protocol used in this Chapter, cromolyn treatment started 2 weeks after 

the bleomycin infusions. This means that cromolyn treatment started during the 

establishment of the fibrosis phase in the sheep lung, and not during the earlier inflammation 

and tissue injury phase as previously described for the sheep model [182, 211]. In contrast, 

in paraquat-induced fibrosis in rat lungs, cromolyn was applied as an anti-fibrotic agent to 

control lung fibrosis at an earlier stage in the experimental protocol [239].  The effect of 

cromolyn in controlling the fibrosis in the rat model was observed with a significant reduction 
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in collagen content and resolution of fibrotic changes in rat lung parenchyma after treatment 

with cromolyn [239]. In the rat study, cromolyn treatment started 5 days prior to induction of 

fibrosis and continued until 2 weeks after induction of fibrosis. Dosing at the earlier time point 

in the protocol suggests that effect of cromolyn on controlling fibrosis in rat lung parenchyma 

started from the beginning of the tissue injury and the inflammation phase [239]. Therefore, 

based on the rat study findings, it could be argued that the anti-inflammatory properties of 

cromolyn applied early on in the experimental protocol may be important for controlling mast 

cell activity and attenuating fibrosis. The relatively later application of cromolyn to sheep 

lungs may be the reason why cromolyn was not efficacious in the experimental protocol 

used in this Chapter.    

Secondly, it could be that the doses of cromolyn used in this study were not optimal to 

impede mast cell and fibrotic activity in sheep lungs. For the experimental protocol used in 

this Chapter, the dose of sodium cromolyn was calculated according to the dose used 

previously in entire sheep lungs to successfully control antigen-induced airway 

responsiveness, as measured by lung function mechanics in the whole lung [215]. As only 

part of the sheep lung was used for the experimental protocol in this Chapter, the calculated 

cromolyn sodium dose was proportional to the weight of the sheep lung segment that was 

being infused with cromolyn. It cannot be certain whether this proportional dose was 

equivalent to the efficacious dose used by Abraham et al in his sheep asthma model [215]. 

Dose response studies with range of cromolyn concentrations would need to be performed 

to test this in the sheep model of pulmonary fibrosis.  

Thirdly, in addition to its effects on mast cells, cromolyn also inhibits the activity of other 

inflammatory cells such as macrophage, eosinophils, monocytes and platelets [254]. It could 

be that cromolyn’s effects on these other cell types may be confounding the data on fibrosis 

and mast cell activity in the sheep lung segments. In this regard, it was noted that the 

inflammation pathology scores were high in the lung segments which received cromolyn 
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alone. A closer examination of the H&E sections sampled from the cromolyn-alone lung 

segments showed that the infiltrating cells were mainly macrophages (Figure 5-6A). It is not 

known what these cells were doing there, or whether they were influencing the disease 

progress [255]. 

In summary, this is the first study performed in the sheep model of lung fibrosis to investigate 

mast cell activity. While the mast cell-stabilising drug cromolyn had no obvious biological 

effects on the lung pathology described here, the administration of the KCa 3.1 ion channel 

blocker, senicapoc, attenuated the increase in the density of parenchymal mast cells that is 

normally observed in the lung segments, 7 weeks after being infused with bleomycin. An 

attenuation of mast cell density was not observed in this experimental setting with the 

administration of pirfenidone.   
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6. General Discussion 

IPF is a progressive fibrotic disease in which several environmental factors, together with 

genetic predispositions, play roles in the initiation and development of the pathology in 

humans. This thesis has focussed on further validating the sheep model that was 

established in our laboratory for studying the functional and structural fibrotic changes in the 

lung parenchyma in response to the exposure to the fibrotic agent bleomycin. In the sheep 

model, fibrosis persists for seven weeks after induction of fibrosis with relevant physiological 

and structural changes in the lung still evident at this timepoint. Remodelling of the lung 

parenchyma and functional decline of the lung at this timepoint returned to normal healthy 

levels after treatment with the FDA-approved drug for IPF, pirfenidone. The importance of 

this result is that this drug can now be used in the sheep model as a benchmark for 

comparing the efficacy of novel therapeutics for pulmonary fibrosis.  

 

6.1 Time course of the disease progression in the sheep model 

The work presented in this thesis has shown that the bleomycin induced fibrosis persisted 

for seven weeks in this sheep model and after seven weeks, fibrosis naturally resolved with 

the time. As mentioned in chapter 3, fibrosis was induced in sheep with two doses of 

bleomycin in two weeks apart, and they were observed for 16 weeks. Changes in lung 

function throughout the experiment showed that the lung function in bleomycin-infused lung 

segments was significantly poorer at 8 weeks and improved to near normal levels at 16 

weeks after bleomycin damage. This improvement in physiological parameters was 

consistent with the lack of histopathology in the lung parenchyma of bleomycin-infused 

segments at 16 weeks. One of the drawbacks associated with bleomycin animal models of 

pulmonary fibrosis is that the remodelling of lung parenchyma after bleomycin challenge is 

often reversible. This is an important issue because it can confound the data from studies 
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using bleomycin animal models for testing potential therapeutics for IPF. If the bleomycin 

induced fibrosis is reversible, the time taken to restore back the lung parenchymal changes 

to its pre-remodelling state also varies among different studies [172, 205]. Where the 

remodelling of lung parenchyma after bleomycin challenge is reversible, new therapies 

should commence before the lung pathology begins to recover to the healthy state. Taking 

this issue into account, the time course to resolve the lung fibrosis to its pre-remodelling 

status was identified in the sheep model of bleomycin-induced pulmonary fibrosis. The 

important finding for future studies, is that trials designed to test the safety and efficacy of 

new therapeutics in the sheep model, should not continue longer than 7 to 8 weeks after the 

last infusion of bleomycin.  

The required dose of bleomycin to develop fibrosis in sheep lung segments was established 

previously in our laboratory. Organ et al., compared the extent of damage to lung 

parenchyma with two doses of bleomycin; a high dose (6 units per ml of saline), and a low 

dose (0.6 units per ml of saline) [211]. The histopathological changes and collagen 

deposition in the lung parenchyma and lung functional changes were relatively high with the 

high dose of bleomycin compared to the 10-fold lower dose of bleomycin [211]. However, 

these changes were not significantly different between these two doses of bleomycin [211]. 

Based on these results, all future studies performed in our laboratory with the sheep model 

used the low dose of bleomycin (0.6 units per ml of saline) [182], and this dose was used to 

develop fibrosis in sheep lung segments throughout this thesis.  

It was noted that baseline values for compliance averaged around 1ml/cmH20, and dropped 

to around fifty percent of baseline by 8 weeks into the experiment. In a previous published 

paper from our laboratory using the sheep model [211], I note that while there was a similar 

baseline compliance before bleomycin infusion, the values dropped to a much lower 

percentage (between 14-25% of baseline) at 4 weeks. The difference in lung function data 

between the studies was presumably due to the fact that these measurements were taken at 
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different timepoints after bleomycin infusion. In the study by Organ et al 2015 [211], the 

compliance lung function measurements were taken at 4 weeks which is closer to the 

bleomycin injury event. In my studies, the compliance was measured at 8 weeks, and well 

after bleomycin injury. The less severe deterioration in lung function at the 8-week timepoint 

in my study fits with the gradual return to healthy lung compliance values at 16 weeks as 

found in Chapter three.   

The extent of lung injury, and duration of the pathology, in response to bleomycin is known 

to be dependent on dose in mice. [211, 219, 256]. Many studies performed in mice have 

used a relatively high dose of bleomycin in a single intratracheal instillation [188, 194, 219]. 

In contrast, experiments that use repetitive dosing regimes of bleomycin, by and large, use 

relatively low dose rates of bleomycin [194]. In the case of repetitive bleomycin instillation, 

extensive lung damage occurred due to repeated injuries to lung parenchyma with 

bleomycin and allowed to persist fibrosis more than 7 weeks [182, 188]. Based on the 

repetitive-dosing regime experiments with mice, it will be interesting to see if more frequent 

dosing with the low bleomycin dose would result in a longer duration of pulmonary fibrosis in 

sheep. 

The use of bleomycin as a representative model for lung fibrosis is questionable. As 

discussed in chapter 1, bleomycin is the most commonly used injurious agent to characterise 

experimental lung fibrosis. The results from studies in this thesis, showed that bleomycin 

was effective in developing fibrosis in our sheep model. However, in animal models 

bleomycin induces a prominent inflammatory response after the initial lung damage event. 

This inflammatory response is not a prominent feature in IPF lungs. Also, the fibrosis 

persisted for 7 weeks and diminished to healthy lung levels by 16 weeks in sheep as shown 

by my studies. Therefore, we cannot assess fibrosis beyond this time point. In this aspect, 

the use of other fibrotic agents like silica, asbestos, and FITC could be alternative options to 

bleomycin to induce fibrosis our sheep model. Silica and asbestos would be especially 
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relevant for modelling human diseases like asbestosis and silicosis. Also, the segmental 

approach that was utilised in sheep lung can be used to compare the effectiveness of 

fibrosis inducing agent in terms of route of administration, variability in initial lung tissue 

damage, time to develop fibrotic lesions in the lung, and the relevance of those fibrotic 

lesions to UIP patterns as seen in IPF patients. As an example, both silica and FITC develop 

persistent fibrosis in animal models, however both of these fibrotic agents are not capable of 

developing UIP patters in lung tissues [199]. Therefore, future studies with these injurious 

agents using the sheep model would be of benefit to compare relevance of the 

pathophysiological features observed in sheep lung in relation to pulmonary fibrosis in 

humans. 

Moreover, different technologies such as quantitative imaging using CT scan, probed based 

confocal laser endomicroscopy can be used to assess the pathological changes in sheep 

lung. However, the use of these techniques is limited with the facilities available in the 

animal house facility at the university. Also, the usefulness of these procedures is diminished 

given that it is not ethically feasible to perform these invasive procedures to animals on a 

weekly basis to monitor fibrotic changes. While genetic engineering would offer the study of 

specific pathways and genes expressed in sheep in response to fibrotic agents, these 

techniques are practically more limited in sheep due to the incomplete characterisation of 

sheep genome, and difficulties in knocking-out genes in ovine species.             

6.2   Validation of pirfenidone as positive control drug for testing new 

therapeutics 

As found in chapter 3, the fibrosis in bleomycin-infused lung segments, started to resolve to 

its pre-remodelling state around 7 to 8 weeks after the final dose of bleomycin. Therefore, 

the 7 week end-point, after bleomycin exposure, was chosen to study the effects of the FDA 

approved anti-fibrotic drug pirfenidone. The results presented in chapter 4 show that 

pirfenidone can successfully reverse the fibrosis in sheep lung segments after bleomycin 
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instillation. This experiment validates the use of pirfenidone as a positive-control drug to 

compare the effects of novel therapeutics that could be tested in the sheep model for 

pulmonary fibrosis.  

Gastrointestinal-related adverse events such as reduced appetite, diarrhoea and nausea 

and photosensitivity have been reported among IPF patients with the treatment of 

pirfenidone. Due to these adverse events, some patients tend to terminate their drug 

treatment, or switch to the other anti-fibrotic drug nintendanib [257]. Work presented in this 

thesis show that some sheep also exhibited gastrointestinal-related adverse effects with 

pirfenidone treatment, such as diarrhoea and reduced appetite. While this was only 

observed during the last week of the experiment, there was also a weight-loss trend amongst 

pirfenidone-treated sheep during the experiment. While the weight-loss would need to be 

confirmed with higher sheep numbers, it suggests that the sheep model can be useful to 

assess the balance between a drug’s side-effects and its efficacy against fibrosis.  In 

particular, the results support the future use of pirfenidone, as a positive control, to provide a 

benchmark for comparing the efficacy/side-effect balance of other potential drug targets 

tested in the sheep model.  

 

6.3  Mast cell involvement in pulmonary fibrosis 

Since mast cell activity in pulmonary fibrosis is still ill-defined, Chapter 5 investigated mast 

cell activity in the sheep model of pulmonary fibrosis. One of the reasons for the use of 

sheep, over rodents, for pulmonary mast cell investigations, is that mice and rats have 

relatively low numbers of pulmonary mast cells. In most strains of laboratory rodents, mast 

cells are essentially located around larger central airways and are essentially absent in the 

pulmonary parenchyma [206] . Given that IPF is a parenchymal disease and is not typically 

associated with larger central airways, the use of mice for investigating mast cell activity in 
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fibrosis of the lung parenchyma is, at best, questionable. On the other hand, sheep and 

humans have similar densities of mast cells in the lung parenchyma as well as in the airways 

[206, 241, 258, 259]. Therefore, sheep are appropriate for modelling the mast cell 

involvement in parenchymal fibrotic diseases in the human lung. 

 Results presented in chapter 5 reveal that mast cell density was significantly elevated at 7 

weeks after the bleomycin challenge, but not at other time points. Importantly, there is a 

reduction of mast cell density in the fibrotic lung parenchyma after oral treatment with the 

KCa 3.1 ion channel blocker, senicapoc. Both in vitro and in vivo studies show that 

senicapoc inhibits mast cell activation [71, 243]. When comparing the results from Chapter 5 

with the pirfenidone study performed in chapter 4, and also with a previous study performed 

in our laboratory with senicapoc [213], both pirfenidone and senicapoc improved lung 

function and fibrosis to a similar degree in these studies. However, only senicapoc retarded 

the increase in mast cell density in bleomycin-infused lung segments in the sheep model. 

Pirfenidone had no similar attenuating effects on mast cell density in the pulmonary 

parenchyma of sheep, as shown in Chapter 5. Therefore, given that both drugs attenuate 

fibrosis, irrespective of whether or not mast cell activity is inhibited, it could be argued that 

mast cells do not play a major role in fibrosis in the sheep model. The results from the 

cromolyn experiment in Chapter 4 provide further experimental evidence that supports the 

concept that mast cells are not key cells contributing to the development of fibrosis in the 

sheep model. Cromolyn, a mast cell stabiliser, when infused into bleomycin-exposed lung 

segments, did not improve either the function, or pathology, in the injured lung segments. 

These experiments would need to be confirmed with more experiments before attempting to 

translate this knowledge from the sheep model to the human disease as the precise role of 

mast cells in pulmonary fibrosis is questionable. Some future experiments could be designed 

to investigate the effects of mast cell inhibition with the application of either senicapoc, or 

cromolyn, in the earlier inflammatory phase of the disease course (i.e. apply the drug during 
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the first 2 weeks after bleomycin infusion, as opposed to starting the treatment 2 weeks after 

the instillation of bleomycin as was performed in Chapter 5). This would provide a stronger 

informational base to assess importance of mast cells during the fibrosis remodelling in the 

sheep lung. 

 

6.4  Concluding remarks 

In conclusion, the work presented in this thesis shows that the sheep model for pulmonary 

fibrosis can make a useful contribution to the understanding and treatment of fibrotic lung 

disease. In particular, the work will complement future studies investigating the underlying 

mechanisms behind the pathophysiology of IPF. This thesis also includes important data 

which validates an FDA approved anti-fibrotic drug for use as a positive control to test new 

therapeutic targets for intervening in IPF. It will be interesting to see whether the knowledge 

gained from this thesis can be translated to the clinic when treating IPF patients.  
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APPENDIX 

 

Common clinical terms use in IPF  

bibasilar inspiratory crackles A discontinuous sound heard on 

auscultation, primarily during inhalation 

which can hear in both lung bases 

 

Exertional dyspnoea Shortness of breath during exercise 

 

honeycombing clustered cystic air spaces 

 

Paracicatrical emphysematous Dilated terminal air spaces adjacent to 

scar tissue   

Paraseptal parenchyma Alveolar lung tissue located adjacent to 

pleural and septal lines with peripheral 

distribution 

subpleural beneath the pleura 
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