
i 

 

 

 

 

 

The Role of TRAIL in Pulmonary Arterial Hypertension 

And Pulmonary Fibrosis  

 

 

By: 

Adam Thomas Braithwaite 

 

 

 

A thesis submitted in partial fulfilment of the requirements for the degree of 

Doctor of Philosophy 

 

 

 

The University of Sheffield 

Faculty of Faculty of Medicine, Dentistry and Health 

Department of Infection, Immunity & Cardiovascular Disease 

 

Registration number: 150234861 

September 2019 



i 

Abstract 

Pulmonary arterial hypertension (PAH) and pulmonary fibrosis (PF) are complex disorders 

with distinct pathobiology, but both feature progressive aberrant remodelling of the lung. PAH 

is characterised by pulmonary arterial remodelling – underpinned by vascular smooth muscle 

cell (VSMC) proliferation – and a progressive increase in pulmonary vascular resistance 

leading to right heart failure. In PF, expansion and activation of apoptosis-resistant fibroblasts 

and myofibroblasts leads to excessive collagen deposition and progressive decline in lung 

function. The tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) is an 

apoptosis-inducing cytokine that can also promote cell survival, proliferation and migration via 

non-canonical kinase signalling pathways. TRAIL has previously been demonstrated as 

detrimental in PAH mice, but protective in the context of autoimmune disease and PF. I 

hypothesised that TRAIL specifically from fibroblasts confers a protective effect in PF, while 

VSMC-derived TRAIL drives PAH pathogenesis. To test this, TRAIL was genetically deleted 

in Cre/lox mice, which were subjected to models of PAH and PF. Deletion of TRAIL from 

fibroblasts worsened bleomycin-induced PF with no change in associated PAH. Deletion of 

VSMC-derived TRAIL led to a reduction in Sugen 5416/hypoxia-induced PAH determined by 

haemodynamics, right ventricular hypertrophy and remodelling of small pulmonary arteries. 

These data indicate that TRAIL produced by fibroblasts is protective in the development of PF 

induced by bleomycin, whereas TRAIL from VSMCs is pathogenic in the context of 

experimental PAH. Effects of TRAIL stimulation on cultured human pulmonary artery VSMCs 

were explored by measuring transcriptomic and protein phosphorylation changes. TGFβ/BMP 

signalling, focal adhesion and extracellular matrix regulation were key pathways regulated by 

TRAIL. Furthermore, expression of several TRAIL-regulated genes was altered in animal 

models of PF and PAH, and in serum of PAH patients. Together these data highlight new 

mechanisms for TRAIL involvement in PF and PAH and present new potential targets for 

therapeutic intervention. 
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1 Introduction 

1.1 Pulmonary hypertension 

Pulmonary hypertension (PH) is a disorder traditionally diagnosed by mean pulmonary arterial 

pressure (mPAP), obtained from right heart catheterisation, greater than or equal to 25 mmHg 

(Hatano and Strasser 1975). However, this definition has since been updated to specify PH 

should be diagnosed in patients with mPAP >20 mmHg (Simonneau and Montani 2019). PH 

is present in a range of disorders, and these are classified into five main groups: pulmonary 

arterial hypertension (PAH), PH due to left heart disease, PH due to lung disease and/or 

hypoxia, chronic thromboembolic PH (CTEPH) and PH with unclear or multifactorial 

mechanisms (Table 1; Simonneau and Montani 2019). 

 

1.2 Pulmonary arterial hypertension 

Pulmonary arterial hypertension (PAH) is a particularly rare form of PH, with a prevalence of 

approximately 15–26 cases per million population (Humbert et al. 2006, Peacock et al. 2007). 

Unlike other forms of PH, PAH is characterised by the progressive remodelling of pulmonary 

arteries, in particular thickening of the vessel walls and occasionally the formation of 

obstructive plexiform lesions. Chronic pulmonary arterial pathology causes a progressive 

increase in pulmonary vascular resistance (PVR), leading to raised afterload on the right 

ventricle (RV) and ultimately right heart failure. The prognosis for PAH patients is poor: mean 

life expectancy of untreated PAH patients is 2.8 years (D'Alonzo et al. 1991) and with modern 

diagnosis and treatment, survival at 5 years is just 59% (Boucly et al. 2017). Although the 

incidence of PAH is approximately 4-fold higher in women, survival is worse in men – an effect 

that has been attributed to poorer response to treatment in men, measured by PVR and right 

ventricular ejection fraction (Jacobs et al. 2014). Interestingly there is widely varied severity 

within PAH patient cohorts, and risk stratification based on clinical characteristics and 

biomarkers has been demonstrated as beneficial in predicting survival (Boucly et al. 2017, 



2 

Hoeper et al. 2017). Patients may present with symptoms including dyspnoea, fatigue, chest 

pain and coughing. Initial examination may be carried out by echocardiography, followed by 

diagnosis by cardiac catheterisation. Further to PH diagnosis based on mPAP of >20 mmHg, 

classification of PAH is recommended to include pulmonary capillary wedge pressure <15 

mmHg and PVR ≥3 Wood Units, to exclude the effects of cardiac output or left ventricular 

dysfunction (Simonneau and Montani 2019).  

 

The diverse range of PAH clinical conditions may be further classified by recognised risk 

factors and co-morbidities, including drug and toxin-induced PAH, or associated diseases: 

connective tissue disease (CTD), HIV, portal hypertension, congenital heart disease or 

schistosomiasis (Table 1; Simonneau and Montani 2019). Heritable PAH refers to PAH in 

patients with family history and/or pathogenic mutations, of which those in bone 

morphogenetic protein receptor type 2 (BMPR2) are the most common. The remaining PAH 

cases, without a family history, known mutations, identified risk factors or relevant 

comorbidities, are classified as idiopathic PAH (IPAH). IPAH is relatively rare; estimates at the 

prevalence of IPAH vary from 6.5 cases per million (Humbert et al. 2006) to 9 cases per million 

(Peacock et al. 2007), representing 35–43% of total PAH cases.
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Table 1.1: Clinical classification of pulmonary hypertension. 

Group Description 

1 PAH 

1.1 Idiopathic PAH 

1.2 Heritable PAH 

1.3 Drug- and toxin-induced PAH 

1.4 PAH associated with: 

1.4.1 Connective tissue disease 

1.4.2 HIV infection 

1.4.3 Portal hypertension 

1.4.4 Congenital heart disease 

1.4.5 Schistosomiasis 

1.5 PAH long-term responders to calcium channel blockers 

1.6 PAH with overt features of venous/capillaries (PVOD/PCH) involvement 

1.7 Persistent PH of the newborn syndrome 

2 PH due to left heart disease 

2.1 PH due to heart failure with preserved LVEF 

2.2 PH due to heart failure with reduced LVEF 

2.3 Valvular heart disease 

2.4 Congenital/acquired cardiovascular conditions leading to post-capillary PH 

3 PH due to lung diseases and/or hypoxia 

3.1 Obstructive lung disease 

3.2 Restrictive lung disease 

3.3 Other lung disease with mixed restrictive/obstructive pattern 

3.4 Hypoxia without lung disease 

3.5 Developmental lung disorders 

4 PH due to pulmonary artery obstructions 

4.1 Chronic thromboembolic PH 

4.2 Other pulmonary artery obstructions 

5 PH with unclear and/or multifactorial mechanisms 

5.1 Haematological disorders 

5.2 Systemic and metabolic disorders 
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PAH: pulmonary arterial hypertension; PVOD: pulmonary veno-occlusive disease; PCH: pulmonary capillary 

haemangiomatosis; LVEF: left ventricular ejection fraction. Classification established at the 6th World Symposium of 

pulmonary hypertension, Nice, France, 2018. 

 

5.3 Others 

5.4 Complex congenital heart disease 
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1.2.1 PAH and lung disease 

While IPAH is rare, PAH as a broader group is more prevalent in association with certain 

diseases including HIV, sickle cell disease and CTD. PAH is a complication sometimes found 

in CTD, in particular the prevalence of patients with systemic sclerosis (SSc) developing PAH 

(SSc-PAH) is 7–12% (Mukerjee et al. 2003, Hachulla et al. 2005). SSc is a heterogeneous 

autoimmune disorder, characterised by tissue fibrosis and vascular injury. The underlying 

autoimmune dysfunction and dysregulation of fibroblasts leads to abnormal accumulation of 

collagen and potential damage to the skin, gastrointestinal tract, kidneys, lungs and other 

organs. Disease outcome is generally poorer in SSc-PAH, with higher mortality than IPAH or 

SSc alone (Kawut et al. 2003, Hachulla et al. 2009, Le Pavec et al. 2011), and even more so 

in association with interstitial lung disease (ILD; SSc-ILD-PAH). Indeed, PAH is one of the 

leading causes of death in SSc patients, with one study finding PAH accounts for 

approximately 27% of mortalities (Steen and Medsger 2007). 

 

1.2.2 Pathobiology and molecular mechanisms of PAH 

The pathobiology of PAH is complex, and many biological processes have so far been 

implicated. While the molecular pathogenesis of PAH has been studied extensively, the 

underlying mechanisms of PAH with lung disease, including SSc-PAH and SSc-ILD-PAH, are 

yet to be fully elucidated. Pathological changes in the pulmonary vasculature vary in the 

different forms of PAH, and may be found in the veins, capillaries and arterioles. The most 

frequent alterations are sustained pulmonary vasoconstriction and remodelling of the 

pulmonary arteries and arterioles. The arterial remodelling of PAH is characterised by medial 

hypertrophy, intimal fibrosis and often the development of thrombotic or plexiform lesions 

(Pietra et al. 1989). Together, these processes cause the occlusion of small pulmonary 

arteries. Combined with the muscularisation and progressive obliteration of distal vessels, the 

subsequent loss of cross-sectional area (CSA) generates increased right ventricular afterload. 

At the cellular level, the neoplastic pathologies of PAH are thought to be driven by cellular 
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processes including excessive proliferation of apoptosis-resistant endothelial cells (ECs), 

together with proliferation and migration of medial smooth muscle cells (SMCs) and adventitial 

fibroblasts.  

 

1.2.2.1 Pulmonary arterial vasoconstriction 

Sustained vasoconstriction in PAH may be caused by impaired vasorelaxation and/or 

excessive vasoconstriction. Reduced circulating levels of vasodilatory mediators, including 

prostaglandin I2, NO and cyclic guanosine monophosphate (cGMP; Christman et al. 1992) are 

found in PAH patients. Additionally, elevated levels of the vasoconstrictors endothelin 1 (ET-

1) and thromboxane are found in PAH patients (Christman et al. 1992, Kreymborg et al. 2010). 

5-hydroxytryptamine (5-HT; serotonin) has been highlighted as another key mediator of 

vasoconstriction in PAH (Launay et al. 2002), and is thought to be involved in cross-talk 

between pulmonary arterial ECs (PAECs) and pulmonary arterial SMCs (PASMCs) (Eddahibi 

et al. 2006). Perturbation in K+ and Ca2+ channels have also been shown in PAH, and may 

affect processes such as medial hypertrophy and SMC proliferation (Yu et al. 2004). 

 

1.2.2.2 Endothelial dysfunction 

Endothelial dysfunction is a key process in PAH, as illustrated by defective Von Willebrand 

Factor (VWF) in patients (Lopes et al. 1998). Endothelial dysfunction is thought to first occur 

early in PAH disease progression and the PAECs play an important role in mediating structural 

changes in the pulmonary vasculature (Thambiayya 2015), such as inducing SMC proliferation 

via 5-HT (Eddahibi et al. 2006, Launay et al. 2002). PAECs are also important later in disease, 

particularly in the plexiform lesions that are characteristic of – and in experimental PAH, 

demonstrably directly linked to – advanced haemodynamic disease (Abe et al. 2010a). These 

lesions are thought to originate due to abnormal clonal endothelial proliferation (Cool et al. 

1999, Yeager et al. 2001). PAECs within plexiform lesions express vascular endothelium 

growth factor (VEGF) and its receptors (Cool et al. 1999, Geiger et al. 2000, Tuder et al. 2001), 
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highlighting a potential role for this growth factor in PAH pathogenesis. The transition of ECs 

to mesenchymal cells (EndoMT) is another mechanism; involved in several disease 

processes, which has also recently linked PAEC dysfunction to PAH pathogenesis (Good et 

al. 2015, Ranchoux et al. 2015). 

 

1.2.2.3 Genetic factors 

In heritable forms of PAH, causative loss-of-function mutations have been found in genes 

including the bone morphogenetic protein (BMP) receptor and transforming growth factor β 

(TGFβ) receptor superfamily, and activin receptor-like kinase type 1 (ALK1 or ACVRL1). It has 

been shown that 60% of patients with familial PAH and 10–20% of patients with IPAH have a 

heterozygous mutation in BMPR2 (International et al. 2000, Deng et al. 2000). Although these 

mutations have low penetrance of approximately 20% in familial PAH, the importance of 

BMPR2 is illustrated by reduced levels of both BMPR2 protein (Atkinson et al. 2002) and its 

co-receptor BMPR1A (Du et al. 2003) in IPAH patients. This suggests BMPR2 mutations 

increase susceptibility to a ‘second hit’ against key pathways. BMPR2 dysfunction is proposed 

to affect various processes of PAH pathobiology, including upregulation of p38 mitogen-

activated protein kinase (MAPK)-dependent pro-proliferative pathways (Rudarakanchana et 

al. 2002), defective Smad signalling (Yang et al. 2005) and interleukin (IL)-6-mediated 

inflammation (Hagen et al. 2007). A recent whole genome sequencing study identified several 

rare variants associated with PAH, including mutations in SOX17 and GDF2, a gene encoding 

a BMPR2 ligand (Gräf et al. 2018). Furthermore, loci within an enhancer near SOX17 were 

subsequently demonstrated as the first common variants to be associated with PAH (Rhodes 

et al. 2019). 

 

1.2.2.4 Inflammation 

Inflammation has an important role in PAH, with increased circulating levels of inflammatory 

cytokines such as IL-1β and IL-6 found in IPAH patients (Humbert et al. 1995). IL-6 
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overexpression in transgenic mice is sufficient to cause PH (Steiner et al. 2009), and 

conversely IL-6 knockout mice under chronic hypoxia had reduced numbers of recruited 

inflammatory cells – such as macrophages – in the lungs and were protected from PH (Savale 

et al. 2009). A potential mechanistic link between BMPR2 loss-of-function mutations and PAH 

is dysregulation of a negative feedback loop – which would normally regulate inflammation – 

between BMPR2 and IL-6 (Hagen et al. 2007). The role of inflammation as a potential cause 

of PAH, rather than merely a bystander to other biological processes, is highlighted by the 

relatively common occurrence of PAH is association with autoimmune diseases such as SSc. 

This is further supported by mouse models of schistosomiasis that develop PH including 

plexiform lesions, apparently mediated by inflammatory cytokines (Crosby et al. 2010). 

 

1.2.3 Treatment of PAH 

Currently the only curative treatment for PAH is lung transplantation. A variety of drug 

treatment regimens have so far been developed to treat the symptoms of PAH. Patients who 

respond to acute vasodilators may undergo calcium channel blocker (CCB) treatment (Galie 

et al. 2013). However, these vasoreactive patients are a minority, and in a cohort of IPAH 

patients, less than half demonstrated long-term improvement after CCB treatment (Sitbon et 

al. 2005). Standard approved drug therapies for PAH are used in non-vasoreactive patients 

or vasoreactive patients whom are not responding well to CCBs. These drugs aim to induce 

vasodilation by targeting the endothelin, nitric oxide (NO) or prostacyclin pathways, 

increasingly in combination therapy (Galie et al. 2013). For patients with CTD as a comorbidity 

with PAH, the treatment regimen may be further complicated. A study of SSc-ILD-PAH 

patients found no clear benefit to PAH vasodilation drug therapy (Le Pavec et al. 2011). 

Aberrant endothelin signalling can cause excessive vasoconstriction in PAH, and several 

drugs target this pathway. The endothelin receptor antagonist (ERA) ambrisentan selectively 

targets the endothelin-A receptor, while bosentan and macitentan are dual ERAs – affecting 

both endothelin-A and -B receptors. Sustained vasoconstriction in PAH can also be caused 

by impaired vasorelaxation, in particular due to dysfunction in the prostacyclin and NO 



9 

pathways. Prostacyclin therapy aims to restore prostacyclin vasodilation activity to 

endogenous levels, as it is normally produced by vascular ECs. Prostacyclin replacement 

drugs include epoprostenol (synthetic prostacyclin) and prostacyclin analogues iloprost, 

treprostinil and beraprost. Selexipag is a selective prostacyclin IP-receptor antagonist that was 

recently approved for PAH (Sitbon et al. 2015). Alternatively to the prostacyclin drugs, the goal 

of drugs targeting the NO pathway in PAH is to upregulate cGMP, the second messenger 

downstream of NO. Phosphodiesterase type 5 (PDE-5) is an enzyme that degrades cGMP, 

and inhibitors of PDE-5 for treatment of PAH include sildenafil, tadalafil and vardenafil. Another 

drug, riociguat, acts as a stimulator of NO-soluble guanylate cyclase (sGC). 

 

The common purpose with all current drug therapies for PAH – whether targeting the 

endothelin, NO or prostacyclin pathways – is inducing vasorelaxation. While there is evidence 

for anti-proliferative effects mediated by the NO pathway in particular (Wharton et al. 2005), 

reversal of the proliferative phenotype has not been demonstrated. Current PAH treatments 

may improve PVR metrics and quality of life for patients to some extent, but ultimately there 

is little to no change in survival (Macchia et al. 2007, Rich 2007). As such, there is a necessity 

for new drugs targeting the proliferative pathways driving PAH. Drugs targeting right heart 

failure may also show promise – for example, a recent clinical trial demonstrated that the β-

blocker carvedilol could reduce RV deterioration and maintain cardiac output (Farha et al. 

2017). 

 

1.2.4 Animal models of PH/PAH 

Experimental models are a key component of preclinical research, particularly in rare diseases 

such as PAH. Animal models can permit the dissection of disease processes, identification of 

potential drug targets and development of novel therapeutic interventions. However, with all 

preclinical models the quality of data produced (i.e. reproducibility and likelihood to successful 

translate into humans) is dependent on the model utilised. For PAH research, multiple animal 

models are available, with the majority focused on rodents. It is notable that while animals 
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subjected to these experimental models may develop PH, there they vary in how closely the 

disease resembles human PAH (Stenmark et al. 2009). The chronic hypoxia model is one of 

the most commonly used in mice and rats (Lawrie 2014). Hypoxia can induce increased 

pulmonary arterial pressures in mice and rats, with associated right ventricular hypertrophy 

(RVH). However, the response varies between strains, and underlying pulmonary vascular 

remodelling is less severe in mice than in rats, with little evidence of obliterative lesion 

formation (Stenmark et al. 2009). Monocrotaline is a toxic plant-derived alkaloid that was 

discovered to cause PH in rats (Kay et al. 1967) and has since been developed and widely 

used as an experimental model of PH, predominantly in rats. Monocrotaline causes severe 

PH with remodelling, elevated pulmonary arterial pressure and RVH, suggested to be 

mediated via endothelial damage (Jasmin et al. 2001). However, other severe non-PAH 

related effects have been described, including liver and kidney toxicity (Roth et al. 1981). In 

the present study, the Sugen 5416 and hypoxia (SuHx) model was utilised as a model of PAH.  

The addition of Sugen 5416 with hypoxia causes increased pulmonary vascular remodelling 

in mice (Ciuclan et al. 2011). The SuHx model was developed in rats (Taraseviciene-Stewart 

et al. 2001) and subsequently adapted for mice (Ciuclan et al. 2011). Sugen 5416 is an 

inhibitor of VEGF receptors 1 and 2, and although this anti-angiogenic effect may appear 

paradoxical, in combination with experimental hypoxia it has been suggested to increase 

signalling through other receptors, e.g. VEGFR3 to cause pulmonary vascular remodelling 

(Roth et al. 1981). The SuHx model is now the second most commonly used by researchers 

in mice (Lawrie 2014). Furthermore, mouse models have the advantage of widely available 

transgenic strains and relatively simple options for genetic manipulation, which make the SuHx 

mouse a suitable experimental system for the present study. 

 

1.3 Pulmonary fibrosis 

ILD is a term referring to a collection of rare diseases that share some common features but 

have diverse pathophysiology and outcomes. PF is the most common form of ILD, and it may 
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be idiopathic (IPF) or found in association with autoimmune disorders of the connective tissue, 

most often SSc and rheumatoid arthritis (Olson et al. 2012). IPF patients may present with 

chronic exertional dyspnoea, coughing and reduced lung function (Raghu et al. 2011). 

Diagnosis can include radiographic features, spirometry, bronchoscopy and surgical biopsy. 

IPF is rare, but more common in men and in older adults – a recent large meta-analysis of 

studies in Europe 1968–2012 determined that incidence is 3–9 cases per 100, 000 per year 

(Hutchinson et al. 2015). Some studies have also found increased prevalence over time, 

although this effect has been linked to differences in diagnostic criteria and procedures 

(Strongman et al. 2018). Within Europe, the UK has the highest rates of reported IPF, with 

incidence of 4.6–8.7 per 100, 000 people per year (Hutchinson et al. 2015). Risk factors 

associated with IPF include age, genetic factors, smoking and environmental exposure to 

pathogens or other damaging elements (Raghu et al. 2011). The prognosis for IPF patients is 

very poor – within a UK cohort, median survival was 2.7 years, and 5- and 10-year survival 

rates were 34% and 19%, respectively (Strongman et al. 2018). Additionally, no improvements 

in survival were observed between 2000 and 2012, suggesting a lack of meaningful treatment 

development during this period (Strongman et al. 2018). 

 

1.3.1 Pathobiology and molecular mechanisms of PF 

PF is characterised by chronic, progressive lung remodelling and excessive fibrosis leading to 

declining oxygen diffusion capacity. The aetiology of conditions causing PF is varied, although 

the most common form, IPF is less well understood. At the cellular level, fibrosis is mediated 

by deposition of extracellular matrix (ECM) proteins – in particular collagens – by activated 

fibroblasts and myofibroblasts within the lungs. The pro-fibrogenic response is considered to 

be an aberrant form of repair processes in response to injury of pulmonary cells, in particular 

alveolar epithelial cells (AECs). This effect has been highlighted by early dysfunction in AECs 

due to injury in explanted IPF patient lung tissue (Chilosi et al. 2002, Kasper and Haroske 

1996). Furthermore, excessive apoptosis of AECs is observed in the lungs of IPF patients 

(Plataki et al. 2005, Uhal et al. 1998). AEC apoptosis has also been directly implicated in 
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experimental PF induced by the drug bleomycin, which is attenuated by blocking AEC 

apoptosis using caspase inhibitors (Kuwano et al. 2001, Wang et al. 2000). The triggers for 

this AEC dysfunction are not fully understood, although factors implicated include 

environmental exposures and genetic predisposition (Wang et al. 2009). Recently, single-cell 

RNA-sequencing of IPF epithelial cells has allowed characterisation of the aberrantly 

differentiated subpopulations of cells involved in driving IPF (Xu et al. 2016). These epithelial 

cells are distinct to healthy cells, and exhibit activation of multiple pro-fibrogenic pathways (Xu 

et al. 2016). Release of pro-fibrogenic factors from dysfunctional AECs can stimulate fibrotic 

phenotype in fibroblasts and myofibroblasts – e.g. a key factor implicated is TGFβ1; activation 

of which can cause PF in mice, as well as further apoptosis in AECs (Lee et al. 2004). 

Activation of TGFβ-regulated pathways has been demonstrated in IPF airway epithelial cells, 

in particular basal cells – a subset of which appear to be abnormally activated and 

differentiated progenitor cells distinct to IPF patients (Xu et al. 2016). Airway progenitor cells 

have been demonstrated as activated after epithelial tissue damage induced by influenza 

infection (Zuo et al. 2015) or bleomycin insult (Vaughan et al. 2015). These abnormally 

activated regeneration processes in PF present a similarity to the pathological processes 

found in other progressive disorders such as cancer and notably in the pulmonary vascular 

remodelling underlying PAH. 

 

In addition to dysfunctional AECs, pathogenic alterations in the key effector cells of PF – 

fibroblasts and myofibroblasts – have also been linked to the development and persistence of 

the chronic fibrotic state. These changes include apoptosis resistance (Moodley et al. 2004, 

Thannickal and Horowitz 2006), altered expression of apoptosis-inducing membrane death 

receptors (Hohmann et al. 2019) and senescence (Faner et al. 2012). Interestingly, mutations 

in genes associated with telomeres and senescence (that were previously implicated in 

heritable PF) have also been demonstrated in IPF patients (Petrovski et al. 2017). The growth 

factor TGFβ1 has been also demonstrated to promote apoptosis resistance in fibroblasts 

(Horowitz et al. 2004, Zhang and Phan 1999). In addition to phenotypic changes observed in 
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lung resident pro-fibrogenic cells, PF has also been demonstrated to involve the influx of bone 

marrow-derived progenitor cells known as fibrocytes, which can differentiate to fibroblasts or 

myofibroblasts that then potentiate the fibrotic phenotype within the lung (Hashimoto et al. 

2004, Phillips et al. 2004). Fibrocytes have also been implicated as drivers of fibrosis; by 

releasing growth factors and promoting proliferation of resident fibroblasts, and the inhibition 

of this process was suggested to be a mechanism of action for the anti-fibrotic drug nintedanib 

(Sato et al. 2017). The process of epithelial-mesenchymal transition (EMT) has also been 

indicated as a potential source of pathogenic myofibroblasts in PF. TGFβ1 has also been 

demonstrated to cause EMT in vitro, and cells co-expressing markers of EMT (i.e. AEC 

markers and mesenchymal markers) are abundant in IPF lungs (Willis et al. 2005). Aberrant 

Wnt signalling has also been linked to EMT in IPF lungs (Chilosi et al. 2003). Interestingly 

aside from the cells of the airways, the vascular endothelium has been implicated in various 

forms of autoimmune and fibrotic diseases via the process of EndoMT, including SSc (Manetti 

et al. 2017) and experimental bleomycin-induced PF (Hashimoto et al. 2010). This suggests 

that the pulmonary vasculature may also be important in PF pathobiology. 

 

1.3.2 Treatment of PF 

There are currently few treatments for PF, in particular for IPF where the causes are less clear. 

PF was initially thought to be caused primarily by chronic inflammation, so 

immunosuppressant and anti-inflammatory drugs – including corticosteroids such as 

prednisone and the anti-inflammatory colchicine – have been tested for treatment. However, 

the responses were variable (Douglas et al. 1998), and results suggest these kinds of therapy 

may be useful in a small number of cases of autoimmune associated PF, but not in IPF (Raghu 

et al. 2012). Recently, two anti-fibrotic therapies against IPF have been approved for use in 

the UK: pirfenidone in 2013 and nintedanib, in 2015. These treatments may be combined with 

oxygen therapy in addition to targeting specific symptoms such as coughing and dyspnoea. 

Pirfenidone has been demonstrated in clinical trials to reduce disease progression (measured 

by a reduction in the decline of forced vital capacity of the lungs) and to improve survival 
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(Fisher et al. 2017, King et al. 2014, Nathan et al. 2017). Its mechanism of action is not fully 

understood, but has been linked to reduction in fibroblast proliferation and inhibition of TGFβ-

stimulated collagen production. Nintedanib is another anti-fibrotic drug, which is a small 

molecule tyrosine-kinase inhibitor, targeting VEGF receptors, fibroblast growth factor receptor 

(FGFR) and platelet-derived growth factor receptor (PDGFR) to reduce fibrosis. Nintedanib 

has also been demonstrated to slow the decline in forced vital capacity in IPF patients 

(Richeldi et al. 2014). The effectiveness of pirfenidone and nintedanib has not yet been 

compared directly in a clinical trial. Another drug recently shown in a phase II clinical trial to 

slow decline of lung function in IPF patients is pentraxin 2, a recombinant protein inhibitor of 

monocyte differentiation into fibrocytes or pro-inflammatory macrophages (Raghu et al. 2019, 

Raghu et al. 2018). Ultimately the drug therapies developed so far have at best only slowed 

the progression of PF, and the only potential curative option remains lung transplantation. 

There is therefore a need for development of new treatments to halt progression of PF or even 

improve lung function in PF patients. 

 

1.3.3 Animal models of PF 

Many animal models of PF have been developed in order to study disease pathogenesis and 

discover or test new therapeutics. The majority of these models target AEC injury as a 

mechanism to induce fibrosis, and this may be achieved by exposure to physical substances 

mimicking environmental exposure (e.g. asbestos, silica), radiation or drug/chemical agents 

(e.g. bleomycin, fluorescein isothiocyanate) (Moore and Hogaboam 2008). Bleomycin is the 

most commonly used agent to induce PF in mice (Moore et al. 2013). The mechanism of action 

is the introduction of double-strand breaks in DNA, apoptosis/necrosis of cells leading to 

inflammation and fibrotic response (Moeller et al. 2008). Interestingly, bleomycin causes PF 

when administered by IP or IV injection as well as by oropharyngeal aspiration or surgically 

by intratracheal instillation in animal models (Adamson and Bowden 1974, Fleischman et al. 

1971, Thrall et al. 1979). The induction of PF with bleomycin administered systemically 

demonstrates that the damaging effect of bleomycin can also induce PF via the pulmonary 
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vascular endothelium. In comparison to the possibly reversible fibrotic response post- 

intratracheal bleomycin instillation (Izbicki et al. 2002), the repeated IP bleomycin model has 

been described as producing more chronic vascular-associated inflammation and pulmonary 

remodelling, with associated PAH demonstrated by haemodynamic measures and pulmonary 

vascular remodelling (Bryant et al. 2016, Karmouty-Quintana et al. 2015, Karmouty-Quintana 

et al. 2012). For these reasons, the IP bleomycin model was selected rather than the 

intratracheal or oropharyngeal routes of administration for use in the present study. 

 

1.4 Tumour necrosis factor-related apoptosis-inducing ligand 

The tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) is a cytokine that can 

bind five different cell membrane receptors. TRAIL is widely expressed in most tissues 

(Berglund et al. 2008, Uhlen et al. 2017), most predominantly in lung, spleen and prostate 

(Wiley et al. 1995). TRAIL is also expressed in all hematopoietic cell lineages, particularly in 

myeloid cells and neutrophils (Berglund et al. 2008, Uhlen et al. 2017). Within the lung, TRAIL 

is expressed within vascular ECs and SMCs (VSMCs) (Gochuico et al. 2000, Lawrie et al. 

2008). TRAIL has been of particular interest for its proposed ability to selectively induce 

apoptosis in tumour cells. However, it has also been found to regulate a wide variety of non-

canonical cellular effects including survival, migration and proliferation via kinase signalling 

pathways. The widespread expression of TRAIL in most cell types suggests it plays an 

important role in normal biological processes. However, its expression and varied functions in 

cell types of the lung and involvement in pulmonary diseases such as PAH and PF make it an 

interesting candidate for targeting novel therapeutics for these conditions. 

 

1.4.1 TRAIL molecular signalling 

TRAIL, a type II transmembrane protein, is a member of the death receptor ligand family; a 

subclass of the tumour necrosis factor family (Wiley et al. 1995). TRAIL is  proteolytically 

cleaved and its extracellular domain can bind five TRAIL receptors: membrane-bound death 
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receptors DR4 (TRAIL-R1) and DR5 (TRAIL-R2), membrane-bound decoy receptors DcR1 

(TRAIL-R3) and DcR2 (TRAIL-R4) and the soluble decoy osteoprotegerin (OPG) (Degli-

Esposti et al. 1997, Emery et al. 1998, MacFarlane et al. 1997, Marsters et al. 1997, Pan et 

al. 1997a, Pan et al. 1997b, Screaton et al. 1997). TRAIL is conserved in mice – they have 

two decoy receptors and a single TRAIL death receptor, mDR5, which is more similar to DR5 

than DR4 (Schneider et al. 2003). 

 

TRAIL is composed of 281 amino acids and forms a homo-trimeric structure upon binding 

three receptor molecules (Hymowitz et al. 1999). The death receptors DR4 and DR5 are type 

I transmembrane proteins containing a cytoplasmic death domain. In the canonical TRAIL 

apoptosis signalling pathway (Figure 1.1A), binding of death receptors by TRAIL leads to 

recruitment of Fas-associated protein with death domain (FADD), formation of a complex 

known as death-inducing signalling complex (DISC), activation of caspase-8 and 

subsequently downstream caspase-3 dependent apoptosis of the cell (Figure 1A; Dickens et 

al. 2012, Pitti et al. 1996, Suliman et al. 2001). Unlike the TRAIL death receptors, the decoy 

receptor DcR1 has no death domain (Degli-Esposti et al. 1997, Pan et al. 1997a) and DcR2 

has a truncated, non-functional death domain (Degli-Esposti et al. 1997, Marsters et al. 1997, 

Pan et al. 1998). These decoy receptors and additionally – binding with lower affinity – the 

soluble OPG are suggested to suppress apoptotic signalling by competitively binding TRAIL 

(Daniels et al. 2005, Miyashita et al. 2004). Interestingly it was later shown that while DcR1 

acts by inhibiting formation of the DISC, DcR2 is co-recruited to the DISC with DR5, blocking 

initiation of caspase activation and also preventing recruitment of DR4 to the DISC (Merino et 

al. 2006). 

 

Besides inducing cell death, conversely TRAIL can also promote cellular processes including 

survival, proliferation and migration via activation of kinase signalling pathways (Figure 1.1B) 

(Hameed et al. 2012). This non-canonical signalling may depend on the formation of a 

secondary signalling complex after initial DISC assembly (Varfolomeev et al. 2005), recruiting 
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other factors including FADD, caspase-8, RIPK1, TNF receptor-associated factor 2 (TRAF2) 

and inhibitor of NF-κB kinase subunit gamma (IKK-γ). Activation of non-canonical TRAIL 

signalling pathways may also be regulated by expression of DcR1, as antibody neutralisation 

of this decoy receptor can inhibit TRAIL-induced cell proliferation (Hameed et al. 2012). 

Downstream non-canonical signalling by TRAIL has been shown to be effected by activation 

of kinase signalling e.g. NF-κB, p38, c-Jun N-terminal kinase (JNK), phosphatidylinositide 3-

kinases (PI3K), Akt and extracellular signal-regulated kinases (ERK); leading to activation of 

gene transcription (Daniels et al. 2005). By activating NF-κB, TRAIL can also modulate levels 

of FADD-like interleukin-1β-converting enzyme)-inhibitory protein (c-FLIP; Cantarella et al. 

2014), a negative regulator of caspase-mediated apoptosis – a further mechanism by which a 

cell may deviate from pro-apoptotic to pro-survival signalling in response to TRAIL.  
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Figure 1.1: Molecular signalling of TRAIL. (A) Three proteolytically-cleaved tumour necrosis factor-

related apoptosis-inducing ligand (TRAIL) proteins form a homo-trimeric structure when binding death 

receptor 4 (DR4) or death receptor 5 (DR5) at the cell membrane. These are joined by Fas-associated 

death domain (FADD) and procaspase-8 to form the death-inducing signalling complex (DISC). The 

DISC activates the caspase cascade, leading to apoptosis of the cell. TRAIL may also bind the 

membrane decoy receptors (DcR1/2) or soluble osteoprotegerin (OPG), which do not contain a death 

domain, thus preventing TRAIL-induced apoptosis. Apoptosis can also be suppressed by (FADD-like 

interleukin-1β-converting enzyme)-inhibitory protein (c-FLIP), which inhibits the function of the DISC. 

(B) In the non-canonical signalling pathway, the receptor and ligand are thought to be lost, leaving 

FADD and caspase-8 to be joined by receptor-interacting serine/threonine-protein kinase 1 (RIPK1), 

TNF receptor-associated factor 2 (TRAF2) and inhibitor of NF-κB kinase subunit gamma (IKK-γ). This 

secondary signalling complex initiates protein kinase signalling pathways, leading to activation of 

kinases including nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), p38 (mitogen-

activated protein kinase; MAPK), c-Jun N-terminal kinase (JNK), phosphatidylinositide 3-kinases (PI3K) 

and extracellular signal-regulated kinase (ERK). The cellular effects of these kinases include survival, 

proliferation and migration. Adapted from Braithwaite et al. (2018).  
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1.4.2 TRAIL in disease 

1.4.2.1 TRAIL in cancer 

As its name suggests, TRAIL was primarily of particular interest for its ability to selectively 

induce apoptosis in tumour cells in vitro and in vivo, while apparently exhibiting minimal off-

target effects (Ashkenazi et al. 1999, Chinnaiyan et al. 2000, Walczak et al. 1999). 

Furthermore, TRAIL-deficient mice are also more susceptible to tumour formation and 

metastasis (Cretney et al. 2002), suggesting TRAIL has a protective role in cancer 

suppression. Consequently TRAIL signalling has been targeted for use in several anticancer 

therapies (Johnstone et al. 2008), however their success has been mixed, as several types of 

cancer cells are actually resistant to TRAIL-induced apoptosis. In these cells, TRAIL can 

activate pro-inflammatory signalling pathways (Berg et al. 2009, Nguyen et al. 2009), 

proliferation (Azijli et al. 2012, Baader et al. 2005, Ehrhardt et al. 2003, Nguyen et al. 2009) 

and metastasis (Trauzold et al. 2006). The known function of TRAIL has thus evolved beyond 

apoptosis to include these non-canonical effects and TRAIL is now known to have divergent 

roles in diseases affecting the lung (Figure 1.2; adapted from Braithwaite et al. (2018)), where 

TRAIL is widely expressed (Gochuico et al. 2000, Lawrie et al. 2008). 
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Figure 1.2: TRAIL functions in lung diseases. A brief summary of evidence for the varied roles of TRAIL in 

lung diseases.  and , up- and down-regulation, respectively. Akt, protein kinase B; COPD, chronic obstructive 

pulmonary disease; DR4/5, TRAIL death receptor 4/5; ERK, extracellular signal-regulated kinase; PAH, 

pulmonary arterial hypertension; PF, pulmonary fibrosis; RSV, respiratory syncytial virus; SSc, systemic 

sclerosis. Adapted from Braithwaite et al. (2018).
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1.4.2.2 TRAIL in PAH 

TRAIL has been implicated in the pathobiology of PAH (Dawson et al. 2014, Hameed et al. 

2012). This is indicated by elevated levels of soluble TRAIL found in the serum of PAH 

patients, which is associated with worsened clinical severity (Liu et al. 2015). The pulmonary 

vasculature is complex, and many aberrant processes can lead to disease. PAH is a 

multifactorial disorder characterised by remodelling of the pulmonary arteries and a 

progressive increase in PVR, leading to raised afterload on the RV and ultimately right heart 

failure (Hoeper et al. 2013). TRAIL immunoreactivity has been shown in pulmonary vascular 

lesions from IPAH patients (Lawrie et al. 2008) and increased TRAIL mRNA expression is 

detected in the lungs of rodent models of PAH (Lawrie et al. 2011, Liu et al. 2015). 

Furthermore, TRAIL has been demonstrated – by knockout and by inactivation – as necessary 

for the development of PAH in multiple pre-clinical models of PAH (Hameed et al. 2012). 

Reversal of established PAH in rodent models was also demonstrated by administration of an 

anti-TRAIL antibody (Hameed et al. 2012). TRAIL genetic deletion also had a similar protective 

effect in a SuHx mouse model of PAH (Dawson et al. 2014). Increased TRAIL, DR4 and DcR1 

mRNA levels have been detected in explanted PASMCs from IPAH patients, compared to 

healthy control cells (Hameed et al. 2012). Additionally, TRAIL depletion or blockade in rodent 

models of PAH is associated with reduced pulmonary arterial remodelling with fewer 

proliferating PASMCs (Dawson et al. 2014, Hameed et al. 2012). This evidence indicates that 

TRAIL is a key promoter of the PASMC proliferation associated with the pathogenic vascular 

remodelling in PAH in animal models and human disease. Recombinant TRAIL was also 

shown to induce proliferation and migration of IPAH patient PASMCs in vitro, via 

phosphorylation of ERK1/2 (Hameed et al. 2012). The pro-proliferative effect of TRAIL was 

reversed by the addition of DcR1 neutralising antibody, suggesting this decoy receptor is 

essential to non-canonical TRAIL signalling in PASMCs. Other studies have similarly 

demonstrated that TRAIL can stimulate proliferation and migration of vascular SMCs via non-

canonical kinase signalling cascades (Kavurma et al. 2008, Secchiero et al. 2004). 
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Additionally, following activation of NF-κB, TRAIL has been shown to stimulate production and 

release of pro-inflammatory cytokines in vascular SMCs (Song et al. 2011). 

 

EC dysfunction is another key aspect of the angioproliferative state of pulmonary arteries in 

PAH. Several studies have demonstrated that TRAIL can stimulate angiogenic processes in 

vascular ECs in vitro, including proliferation (Cantarella et al. 2014, Cartland et al. 2016, 

Secchiero et al. 2003), migration (Cantarella et al. 2014, Cartland et al. 2016, Zauli et al. 2003) 

and tubule formation (Cartland et al. 2016). Similarly to non-canonical TRAIL signalling in 

SMCs, its angioproliferative effect in ECs has been linked to activation of Akt and ERK 

pathways (Secchiero et al. 2003), as well as upregulation of DcR2 (Harith et al. 2016). 

Conversely, TRAIL has also been demonstrated to have apoptotic (Alladina et al. 2005, 

Gochuico et al. 2000) and anti-angiogenic (Cantarella et al. 2006) effects on vascular ECs. 

The reason for this disparity is unclear, although each of these studies used a relatively high 

concentration of recombinant TRAIL (100 ng/ml), suggesting the pro-angiogenic signalling in 

ECs may preferentially occur at lower TRAIL concentrations. In Cantarella et al. (2014), high 

levels of TRAIL were shown to induce caspase 8-mediated apoptosis of ECs, whereas low 

levels of TRAIL were pro-angiogenic. Interestingly, these dose-dependent opposing effects of 

TRAIL in ECs were linked to modulation of levels of c-FLIP, a procaspase-8 homolog and 

negative regulator of TRAIL-mediated apoptosis (Cantarella et al. 2014). 

 

1.4.2.3 TRAIL in autoimmune disease and fibrosis 

TRAIL is now known to have crucial functions in regulation of inflammation and immune 

response. These systems are significant in the pathogenesis of many forms of lung disease, 

including autoimmune disorders and respiratory infection in addition to pulmonary vascular 

disease (Figure 1.2). A role for TRAIL in regulating inflammation via apoptosis was highlighted 

in a knockout of the mouse TRAIL death receptor, as in addition to tumour formation, the mice 

were prone to chronic inflammation (Finnberg et al. 2008). Additionally, TRAIL has been 

demonstrated to suppress the early inflammatory response via apoptosis of neutrophils 
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(McGrath et al. 2011). There is evidence of commonalities in disease aetiologies between 

PAH and autoimmune disease; for example, 7–12% of patients with systemic sclerosis (SSc) 

develop PAH (Hachulla et al. 2005, Mukerjee et al. 2003). SSc is a heterogeneous 

autoimmune disorder, characterised by tissue fibrosis and vascular injury. PF is the most 

common form of interstitial lung disease and it may be idiopathic (IPF) or often found in 

association with autoimmune disorders of the connective tissue, including SSc and 

rheumatoid arthritis. PF is characterised by pathogenic lung remodelling and deposition of 

ECM proteins – in particular various collagens – by activated fibroblasts and myofibroblasts. 

Elevated soluble TRAIL protein has been observed in plasma (Habiel et al. 2018) and serum 

(Collison et al. 2019) of IPF patients compared to controls. Additionally, increased serum 

TRAIL levels have been found in SSc patients compared to healthy controls, as well as being 

elevated in SSc patients with either PAH or PF compared to those without pulmonary 

involvement (Azab et al. 2012), indicating that TRAIL may also may play a key role in these 

disease processes. In contrast, an additional study found soluble TRAIL present at lower 

levels in the serum of patients with IPF than in healthy controls (McGrath et al. 2012). Within 

the IPF patient group in this study, lung function – shown by transfer factor of the lung for 

carbon monoxide – was correlated with serum levels of TRAIL, suggesting it may have a 

protective role in IPF (McGrath et al. 2012). The reason for the apparent discrepancy in 

circulating TRAIL levels is unclear – possible causes include differences in patient cohorts or 

timing of sample acquisition or technical variation between the studies described. 

Consideration may also be given to the potential lack of a direct relationship or correlation 

between soluble TRAIL levels and TRAIL expressed by cells within the lungs. Perhaps a more 

reliable inference for the role of TRAIL in PF is that differences in TRAIL immunostaining have 

also been demonstrated in the lungs of IPF patients compared to healthy controls (Habiel et 

al. 2018, McGrath et al. 2012). 

 

Furthermore, a direct link for TRAIL to PF pathobiology is illustrated in TRAIL-deficient mice, 

where fibrosis – measured by total lung collagen content – in the bleomycin model of PF was 
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enhanced in comparison to wild-type mice (McGrath et al. 2012). In this model, TRAIL genetic 

deletion also increased pulmonary inflammation (assessed by neutrophil counts in 

bronchoalveolar lavage fluid). The inflammatory phenotype in TRAIL knockout mice was 

accompanied by a reduced number of apoptotic cells in lung tissue, with a corresponding 

reduction of apoptotic neutrophils in bronchoalveolar lavage fluid. This suggests that TRAIL-

mediated apoptosis of neutrophils is a protective process in this form of PF. Contrasting results 

were found in another study, in which TRAIL deletion was found to reduce the PF phenotype 

in bleomycin mice (Collison et al. 2019). However, the metric used for quantification of fibrosis 

was the area of collagen staining per micrometre length of basement membrane of major 

airways, i.e. only directly airway-associated collagen was assessed and only at a limited 

number (~10) of positions in each lung. In reality, PF induced by bleomycin in mice causes 

deposition of collagen throughout the lung and this may have been unaccounted for in this 

study (Collison et al. 2019). Another bleomycin mouse study demonstrated that delivery of a 

neutralising anti-TRAIL antibody by IP injection led to significantly increased procollagen 1 

and procollagen 3 protein in the lung (Habiel et al. 2018). A protective role of TRAIL against 

fibrosis was suggested in this work to be derived from TRAIL-expressing myeloid cells 

inducing apoptosis of pulmonary myofibroblasts, a process which was diminished by the anti-

TRAIL antibody (Habiel et al. 2018). 

 

1.4.2.4 Trail in airway inflammation 

Contrary to its protective effect in IPF, TRAIL appears to have a detrimental role in the context 

of both acute and chronic airway inflammation, by upregulating inflammation and autoimmune 

responses (Figure 1.2). TRAIL is increased in bronchoalveolar lavage fluid from asthmatic 

patients following antigen challenge, and isolated eosinophils express more TRAIL and DcR2, 

but less DR4 and DR5 (Robertson et al. 2002). Deletion of the TRAIL gene in mice diminishes 

airway hyper-reactivity, inflammation and remodelling in an ovalbumin-induced model of 

allergic asthma (Collison et al. 2014, Weckmann et al. 2007) and a rhinovirus-induced asthma 

model (Girkin et al. 2017). Additionally, chronic asthmatic inflammation, remodelling and lung 
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function are worsened by TRAIL deletion in mice infected as neonates with chlamydia (Starkey 

et al. 2014). 

 

Prolonged exposure to irritants and inflammation can lead to chronic obstructive pulmonary 

disease (COPD). A role for TRAIL in COPD has been highlighted by its elevated levels found 

in the lungs of COPD patients. One study found increased TRAIL, DR4, DR5 and DcR1 protein 

in lung parenchyma from COPD patients (Morissette et al. 2008). Higher levels of TRAIL, DR4 

and DR5 mRNA were also found in airway epithelial brushings of COPD patients compared 

to healthy controls (Haw et al. 2016). Another study found increased levels of serum TRAIL 

and DR5 proteins in COPD patients compared to healthy controls (Wu et al. 2015). 

Additionally, with the COPD patient group serum levels of TRAIL and DR5 were found to be 

inversely correlated with forced expiratory volume, a measure of lung function (Wu et al. 2015). 

Inflammation and alveolar cell apoptosis are key processes in many forms of COPD. A pro-

apoptotic function of TRAIL in COPD was originally suggested, as emphysematous lung tissue 

is more sensitive to TRAIL-induced apoptosis than health lung (Morissette et al. 2011). 

However, a pro-inflammatory element may also be important. In a chronic cigarette smoke-

exposure mouse model of COPD, TRAIL mRNA and protein expression was increased in the 

airway epithelium and parenchyma, and in mice with TRAIL deletion, airway inflammation – 

as well as remodelling – was reduced (Haw et al. 2016). The activation by TRAIL of both 

apoptotic and inflammatory pathways within COPD highlights its varied roles and how specific 

cell types are targeted – whether or not this is this mediated by differential receptor expression 

or some other mechanism remains unclear. 

 

1.4.2.5 TRAIL in respiratory infection 

In lower respiratory tract infections, TRAIL has differing roles in immune response and damage 

to host tissues (Figure 1.2). Apoptosis of virus-infected cells is a key mechanism for clearance 

of viral infection and in vitro. In the context of influenza infection, TRAIL-induced apoptosis of 

human lung AECs is enhanced; an effect which is inhibited by blocking DR5 (Brincks et al. 
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2008b). Similarly, TRAIL, DR4 and DR5 are strongly upregulated in response to respiratory 

syncytial virus infection in AECs, leading to increased sensitivity to apoptosis (Kotelkin et al. 

2003). In animal models, TRAIL expressed by CD8+ T-cells has been demonstrated as 

essential for viral immunity, with TRAIL knockout mice exhibiting increased influenza-

associated morbidity and reduced CD8+ T-cell cytotoxicity (Brincks et al. 2008a, Brincks et al. 

2011, Ishikawa et al. 2005). DR5 expression was also shown to be upregulated in influenza-

infected AECs in vivo (Brincks et al. 2008b, Ishikawa et al. 2005). 

 

In opposition to its protective role in viral clearance, other studies have shown that TRAIL 

expressed by macrophages is instrumental in damage to airways caused by apoptosis of 

AECs in influenza infection (Herold et al. 2008, Peteranderl et al. 2016). Deletion of TRAIL in 

mice led to a reduction in mortality and the alveolar epithelial apoptosis and alveolar leakage 

associated with influenza virus pneumonia (Herold et al. 2008). This highlights an interesting 

situation whereby TRAIL death signalling may be used for host for viral clearance, while also 

assisting in viral infection via tissue damage. TRAIL has also been demonstrated as important 

in immune response to bacterial respiratory infection. In the context of Streptococcus 

pneumoniae infection, deletion of TRAIL in mice reduces bacterial clearance in the lungs and 

worsens survival – an effect that is reversed by treatment with TRAIL or DR5 agonist antibody 

(Steinwede et al. 2012). In the same study, neutrophils were found to be the key source of 

TRAIL (Steinwede et al. 2012). 

 

1.5 Research hypothesis 

Together, these data suggest TRAIL is multifaceted in a variety of lung diseases. TRAIL also 

has the ability to function as either pro-apoptotic or pro-survival depending on the cell type, 

and receptor expression on local tissue to mediate either protective or pathogenic 

mechanisms. The exact mechanism by which TRAIL modulates these functions is not fully 
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understood, although regulation of TRAIL, and its cleavage, as well as the expression of 

receptors by specific cell types is clearly important in determining its effects. 

 

Further work is required to fully elucidate the divergent roles of TRAIL to gain a better 

understanding of the role it plays in underlying processes of lung disease, and its potential as 

a therapeutic agent – or target – depending on disease context. Gaining new insights into the 

nature of TRAIL could help to disentangle the differences in molecular pathogenesis between 

IPAH and PAH with CTD such as SSc-PAH and SSc-ILD-PAH. 

 

The main hypothesis of this work is that TRAIL derived from different cell types has varying 

roles in disease: TRAIL from VSMCs drives the pathogenic proliferative processes underlying 

PAH, whereas TRAIL expressed in fibroblasts promotes apoptosis of those or other cells, thus 

modulating the fibrotic processes. Previous studies suggest that TRAIL primarily drives 

pulmonary arterial remodelling in PAH via PASMC proliferation and migration. This could be 

mediated by the activation of the non-canonical kinase signalling pathways of TRAIL. Whereas 

in PF and potentially SSc-/SSc-ILD-PAH, the protective effect of TRAIL may be due to its 

immunosuppressive action via canonical stimulation of apoptosis in fibroblasts. 
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2 Materials and methods 

2.1 In vitro studies 

2.1.1 Primary pulmonary artery smooth muscle cells 

Human primary PASMCs (Lonza, Basel, Switzerland) were grown in media produced with the 

Smooth Muscle Cell Growth Medium-2 BulletKit (Lonza, Basel, Switzerland). Standard cell 

culture techniques were used, and cells were passaged when they reached 80% confluence. 

Cells used in experiments were between p4–p8. 

 

2.1.2 Stimulations 

PASMCs were seeded on T25 flasks at approximately 80% density and given low serum 

medium (1:20 dilution of full growth media in basal media) for 48 hours before stimulations. 

Cells were then stimulated with 30 ng/ml recombinant TRAIL (R&D Systems, Minneapolis, 

MN, United States) or unstimulated as control. Stimulations were carried out for 6 hours for 

RNA and 10 and 60 minutes for protein with 6 replicates per condition. 

 

2.1.3 RNA extraction from cultured cells 

RNA was isolated using TRIzol extraction (Thermo Fisher Scientific, Waltham, MA, USA) 

according to the manufacturer’s instructions. Cells were washed with PBS, then 500 µl TRIzol 

reagent was added directly to the culture flask and pipetted up and down several times to 

homogenise, then transferred to a tube and incubated for 5 minutes. All subsequent reagent 

volumes are per 1 ml of TRIzol reagent used for extraction. A 0.2 ml volume of chloroform was 

added and then samples incubated for 2–3 minutes. The sample was then centrifuged for 15 

minutes at 12,000 × g at 4°C. The upper, colourless aqueous phase containing RNA was 

transferred to a clean tube. A 0.5 ml volume of isopropanol was added to the aqueous phase 

then samples were incubated for 10 minutes at room temperature. Samples were then 

centrifuged for 10 minutes at 12,000 × g at 4°C and the supernatant was discarded. Pellets 
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were resuspended in 1 ml of 75% (v/v) ethanol, vortexed briefly, then centrifuged for 5 minutes 

at 7,500 × g at 4°C and the supernatant was discarded. The RNA pellet was air dried for 5–

10 minutes then resuspended in 50 µl RNase-free water (Sigma-Aldrich, St. Louis, MO) by 

pipetting up and down several times, then incubating at 55°C for 10 minutes. RNA was 

quantified by absorbance at 260 nm using a NanoDrop Spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA, USA). RNA was stored at -80°C until use. 

 

2.1.4 Protein extraction from cultured cells 

Protein was extracted from cells using the Mammalian Protein Extraction Reagent (Thermo 

Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Cells were 

washed with PBS, then 500 µl extraction reagent was added directly to the flask. Flasks were 

shaken for 5 minutes then the lysate was transferred to a microcentrifuge tube and centrifuged 

at 14,000 x g for 10 minutes. The supernatant containing protein lysate was transferred to a 

clean tube and stored at -80°C until use. 

 

2.1.5 Synthesis of cDNA from mRNA 

cDNA was produced from RNA using the high capacity cDNA reverse transcription kit (Applied 

Biosystems, Foster City, CA, United States). Briefly, a 20 µl reaction mixture was set up for 

each sample in a well of a 96-well plate. The reaction mixture consisted of 1 µg or 9 µl 

(whichever was lower) of RNA, 10 µl RT Buffer and 1 µl RT Enzyme, with the remaining 

volume made up with RNase-free water. Control samples were also included with no RNA or 

no RT Enzyme. Samples were run in a thermal cycler for 60 minutes at 37°C, 5 minutes at 

95°C, then held at 4°C until retrieval from the machine. The resulting cDNA was then stored 

at -20°C until use. 
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2.1.6 Quantitative RT-PCR 

Quantitative RT-PCR utilising the TaqMan system (Applied Biosystems, Foster City, CA, 

United States) was carried out to measure levels of specific gene expression within cDNA 

samples. A 10 µl reaction mixture was made in duplicate wells of a 384-well plate for each 

sample and TaqMan probe combination. The reaction mix consisted of 0.5 µl TaqMan probe, 

5 µl TaqMan Universal PCR Master Mix and 4.5 µl cDNA. The reaction was run and measured 

in a 7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, United 

States) with the following thermal cycle: 2 minutes at 50°C, 10 minutes at 95°C, then 45 cycles 

of 15 seconds at 95°C and 1 minute at 60°C. An internal control probe (for GAPDH) was 

included for every cDNA sample for normalisation. Full details of probes used can be found in 

Appendix A: Taqman RT-qPCR. Thresholds were set for each probe in the SDS software 

(Applied Biosystems, Foster City, CA, United States) within the log-linear phase of 

amplification and threshold cycle (Ct) values exported. For each sample/probe combination, 

Ct values were averaged from technical duplicates, then a relative quantity was calculated 

using the delta delta Ct (ddCt) method to give expression data that are log normally distributed 

(Livak and Schmittgen 2001). In this method, the Ct value for each target gene is normalised 

to the reference gene (GAPDH), then each sample dCt is normalised to a calibrator sample 

dCt (from an untreated control group), as below: 

𝑑𝐶𝑡 ൌ 𝐶𝑡௧௧ െ 𝐶𝑡  

𝑑𝑑𝐶𝑡 ൌ 𝑑𝐶𝑡௧ െ 𝑑𝐶𝑡௦   

 

2.1.7 Array quantification of mRNA 

To measure transcriptome, cDNA was measured using Agilent SurePrint G3 Human Gene 

Expression v2 single colour microarrays (Agilent Technologies, Santa Clara, CA, USA). 

Samples for arrays were prepared and run by J. Iremonger according to the manufacturer’s 

instructions and I performed all bioinformatics analyses. 
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2.1.8 Array quantification of protein 

Protein lysate samples for protein measurement were prepared by J. Pickworth and S. 

Dawson as described in Chapter 2.1.4. Kinex KAM-800 antibody arrays (Kinexus 

Bioinformatics, Vancouver, BC, Canada) for protein kinase signalling, containing 877 

antibodies were run by Kinexus Bioinformatics (Vancouver, BC, Canada) according to the 

manufacturer’s instructions for measurement of 518 pan-specific and 359 phosphorylated 

protein levels. 

 

2.1.9 Differential mRNA analysis 

Microarray data were analysed using the linear models for microarray analysis (LIMMA) R 

package (Ritchie et al. 2015, Smyth 2004) to determine the differentially expressed (DE) 

genes. LIMMA uses empirical Bayesian methods to provide stable results even with smaller 

numbers of arrays. Raw Agilent microarray intensity data were read into the package, 

corrected for background and quantile normalised within and between arrays. Expression 

values were then calculated for each probe, and probes that were not expressed in at least 

three separate arrays were filtered out. Linear models were then constructed according to a 

single factor – TRAIL stimulation vs. unstimulated – and used to calculate differential 

expression of probes between these two conditions. A moderated t-statistic was used to 

determine significance, and Benjamini and Hochberg’s method was used to control global 

false discovery (FDR) rate, for which the significance level was set to 5%, giving globally 

adjusted p-values. Full details are provided in Appendix B: R scripts. 

 

2.1.10 Gene ontology analysis 

DE genes determined by LIMMA were assessed for enrichment of gene ontology (GO) terms 

using the DAVID web-based tool (Huang da et al. 2009) with the default settings. The 

categories included for testing were: Genetic Association Database diseases, biological 

process GO terms, molecular function GO terms and Kyoto Encyclopaedia of Genes and 
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Genomes (KEGG) pathways (Kanehisa and Goto 2000). GO terms with more than 500 gene 

hits were excluded as too broad to be informative. Significance threshold for enriched GO 

gene sets was set to p<0.05 (Benjamini-Hochberg adjusted p-value). 

 

2.1.11 Pathway topology analysis 

Pathway enrichment analysis of DE genes detected by LIMMA was carried out using the 

signalling pathway impact analysis (SPIA) R package (Tarca et al. 2009) with the default 

settings. SPIA matches DE genes to KEGG pathways (Kanehisa and Goto 2000) and takes 

into account both the number of genes altered within a pathway (NDE) and the perturbation 

of the pathway (PERT), based on the impact of these genes within the pathway topology. 

These metrics were combined using Fisher’s combined probability test to give a global p-value 

for the probability of significantly altered pathways with cut-offs defined by FDR correction. 

Enriched pathways were plotted using the ‘plotP’ function within the SPIA package. Full details 

are provided in Appendix B: R scripts. 

 

2.1.12 Differential protein analysis 

Array protein quantification values were converted to Z-scores to account for inter-array 

variation and the array data were then combined. For each antibody, a Student’s t-test was 

carried out to determine significantly altered protein levels between the control and 10- or 60-

minute TRAIL-stimulated PASMCs. Significantly altered proteins and phosphorylated proteins 

determined by the Kinex arrays were overlaid on the signalling pathways highlighted by mRNA 

studies. 
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2.2 Animals 

2.2.1 Licensing 

All animal experiments were approved by the University of Sheffield Project Review 

Committee and conformed to the UK Home Office Animal (Scientific Procedures) Act 1986 

and University of Sheffield guidelines for the care and use of animals. 

 

2.2.2 Husbandry 

Mice were housed with up to 6 individuals in polypropylene cages containing bedding, nesting 

material and environmental enrichment. Cages were kept in a controlled environment with a 

12-hour light/dark cycle at 22°C and a constant air pressure. Animals were fed standard 

laboratory chow (Harlan 18% protein rodent diet) and water ad libitum. Littermates were 

housed together where possible, and if non-littermates were combined, this was done shortly 

after weaning to minimise stress. Husbandry was kindly performed by the University of 

Sheffield Biological Services Unit staff and I performed regular welfare checks and husbandry 

tasks during procedures. 

 

2.2.3 Transgenic mouse lines 

For the preliminary bleomycin time-course experiment, which did not require genetic 

modifications, male C57BL/6 mice were obtained from Charles River Laboratories 

(Wilmington, MA, USA). Tnfsf10tm1c(KOMP)Wtsi (hereafter referred to as TRAILtm1c) mice were 

produced from UC Davis EC Cells and obtained from MRC Harwell (all mouse strains are 

summarised in Table 2.1). The primary genetic modification in this allele is a pair of loxP sites 

flanking exon 3 of the TRAIL gene (Figure 2.1). Recombination at the loxP sites occurs in cells 

with Cre recombinase expression, causing excision of the exon and depletion of mRNA and 

protein expression. The deleted allele is referred to as TRAILtm1d. 
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Figure 2.1: TRAIL TM1C transgene construct. Schematic illustrating the TRAILtm1c conditional allele 

transgene construct. The mouse TRAIL gene has 5 exons and is located on chromosome 3. The 

TRAILtm1c has loxP sites flanking exon 3, which can be recognised by Cre recombinase in order to 

excise exon 3 and prevent expression of TRAIL protein. A flippase recognition target (FRT) site remains 

between exons 2 and 3 from previous Flp-mediated excision of other elements to create the TRAILtm1c 

allele.  
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Several cell type-specific Cre driver lines were crossed with the TRAILtm1c line to produce 

double transgenic mice. The B6.FVB-Tg(Myh11-cre/ERT2)1Soff/J (hereafter referred to as 

SMMHC-Cre-ERT2) line has tamoxifen-inducible Cre expression, driven by the smooth 

muscle myosin heavy chain 11 (MYH11) promoter in VSMCs (Wirth et al. 2008). These mice 

were generated and provided by S. Offermanns at the Max-Planck-Institute for Heart and Lung 

Research. As the SMMHC-Cre-ERT2 allele is carried on the Y-chromosome, only male 

animals were used for breeding and experiments with this transgene. The B6.Cg-Tg(Col1a2-

cre/ERT,-ALPP)7Cpd/J (hereafter referred to as Col1a2-Cre-ERT) line has a Cre recombinase 

driven by a tamoxifen-inducible fibroblast-specific collagen 1 a2 (COL1A2) promoter (Zheng 

et al. 2002), and was generated by and obtained from C. Denton at University College London. 

The Tg(Pgk1-cre)1Lni (hereafter referred to as PGK-Cre) line has constitutive, ubiquitous 

expression of Cre recombinase under the control of a phosphoglycerate kinase (PGK) 

promoter (Lallemand et al. 1998) and was obtained from C. Hall at Cancer Research UK. Due 

to an effect of maternal Cre expression during oogenesis, cells of non-transgenic offspring 

from a female carrying the PGK-Cre allele may have Cre-driven recombination (Lallemand et 

al. 1998). However, as we found this effect was inconsistent and may confound genotyping 

results, only male PGK-Cre carriers were used as breeders. Also used was the 

Gt(ROSA)26Sortm1(CAG-Brainbow2.1)Cle strain (hereafter referred to as R26R-Brainbow2.1), which 

was produced by H. Clevers at the Hubrecht Institute and obtained from G. Bou-Gharios at 

the University of Liverpool. The R26R-Brainbow2.1 strain has a conditional allele with a CAG 

promoter followed by a floxed-STOP cassette and the Brainbow 2.1 construct inserted at the 

Gt(ROSA)26Sor locus (Livet et al. 2007, Weissman et al. 2011). This allele functions as a Cre 

recombinase reporter of multiple fluorescent proteins from a single genomic locus depending 

on the recombination event. All transgenic mouse lines used were based on a C57BL/6 

background. 
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Table 2.1: Transgenic mouse lines. 

Full strain name Short name Details 

Tnfsf10tm1c(KOMP)Wtsi TRAILtm1c Floxed TRAIL conditional deletion 

allele 

Gt(ROSA)26Sortm1(CAG-

Brainbow2.1)Cle 

R26R-Brainbow2.1 Fluorescent conditional reporter allele 

B6.FVB-Tg(Myh11-

cre/ERT2)1Soff/J 

SMMHC-Cre-ERT2 VSMC-specific tamoxifen-inducible 

Cre recombinase expression 

B6.Cg-Tg(Col1a2-cre/ERT,-

ALPP)7Cpd/J 

Col1a2-Cre-ERT Fibroblast-specific tamoxifen-inducible 

Cre recombinase expression 

Tg(Pgk1-cre)1Lni PGK-Cre Global constitutive Cre recombinase 

expression 

TNFSF10, TNF Superfamily Member 10; TRAIL, TNF-related apoptosis-inducing ligand; SMMHC, smooth 

muscle myosin heavy chain 11; COL1A2¸ collagen 1 a2; PGK, phosphoglycerate kinase. 

 

2.2.4 Breeding 

TRAILtm1c/wt mice were bred to homozygosity by pairing male and female heterozygous mice 

and selecting homozygous offspring as subsequent breeders. The SMMHC-Cre-ERT2 line 

was maintained by breeding a male SMMHC-Cre-ERT2tg/0 with a female C57BL/6 wildtype 

mouse. All other Cre driver lines were maintained by pairing mice each possessing at least 

one Cre allele (producing offspring potentially heterozygous or homozygous for the Cre allele). 

For F1 crosses, TRAILtm1c/tm1c mice were paired with mice carrying a heterozygous (Col1a2-

Cre-ERT, PGK-Cre) or hemizygous (SMMHC-Cre-ERT2) Cre allele (Figure 2.2). For SMMHC-

Cre-ERT2 and Col1a2-Cre-ERT experimental crosses, double transgenic F1 offspring were 

selected as breeders, and back-crossed with TRAILtm1c/tm1c mice in F2 crosses to produce 

experimental animals possessing TRAILtm1c/tm1c and a single Cre allele. For PGK-Cre F2 

crosses, double transgenic offspring from the F1 cross (TRAILtm1d/wt-PGK-Cretg/wt) were back-

crossed with parental strain TRAILtm1c/tm1c mice to produce (among other allelic combinations) 

TRAILtm1d/tm1d-PGK-Cretg/wt and TRAILtm1c/wt for use in experiments. R26R-Brainbow2.1tg/tg mice 
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were crossed with heterozygous Cre mice from each Cre line, to confirm the localisation of 

Cre recombinase expression and recombination. All breeders were paired at 6-8 weeks of 

age. I coordinated the breeding strategy and performed genotyping, and the setting up of 

matings, ear clipping and weaning was kindly performed by the University of Sheffield 

Biological Services Unit staff. 
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Figure 2.2: Transgenic breeding strategy. Schematic illustrating the breeding strategy to produce 

transgenic mice for experiments. Parental strain TRAILtm1c/tm1c mice were crossed with 

COL1A2/SMMHC-Cre (A) or PGK-Cre (B) to produce F1 offspring. These were back-crossed with 

TRAILtm1c/tm1c mice to produce F2 offspring for experimental use.  
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2.2.5 Induction of Cre recombination 

Cre recombinase activity was utilised to achieve genetic deletion of TRAIL in VSMCs 

(SMMHC-Cre-ERT2), fibroblasts (Col1a2-Cre-ERT) and globally (PGK-Cre). As the PGK-Cre 

promoter is constitutively active in all cells, mice inheriting one or two TRAILtm1c alleles in 

addition to a PGK-Cretg allele would have had Cre expression in all daughter cells since 

fertilisation, and therefore all cells in the adult mouse should have one or two copies of the 

deleted TRAILtm1d allele respectively. As SMMHC-Cre-ERT2 and Col1a2-Cre-ERT promoters 

are both tamoxifen-inducible, tamoxifen was delivered to induce Cre expression in animals 

where this was required. A dose of 2 mg tamoxifen in corn oil (volume 100 µl) was given by 

intraperitoneal (IP) injection once daily for 5 days at 5–8 weeks old. To make the 20 mg/ml 

tamoxifen solution, 1 g tamoxifen (Sigma-Aldrich, St. Louis, MO) was dissolved in 50 ml corn 

oil (Sigma-Aldrich, St. Louis, MO) in a falcon tube overnight at 37°C with shaking. The 

tamoxifen solution was aliquoted into microcentrifuge tubes, which were transferred to -20°C 

storage until use. Tamoxifen aliquots were thawed and brought to approximately 37°C before 

injections. Where appropriate, 5x daily 100 µl corn oil IP injections were given as a control for 

animals not receiving tamoxifen. 

 

2.3 Genotyping 

Parental strains and offspring from all crosses were genotyped to determine which animals 

could be used for subsequent breeding and experiments. Mice were genotyped by PCR 

detection of transgenic alleles, using DNA samples extracted from ear clips. Ear clips of 

approximately 1 mm diameter were taken when mice were weaned, transferred to individual 

microcentrifuge tubes and stored at 4°C until DNA extraction. Ear clipping was kindly 

performed by the University of Sheffield Biological Services Unit staff and samples sent to me 

for preparation and analysis. 
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2.3.1 DNA extraction 

DNA was extracted from ear clips using a REDExtract-N-Amp Tissue kit (Sigma Aldrich, St. 

Louis, MO, United States). All steps were performed at room temperature unless stated 

otherwise. Briefly, a master mix containing 100 μl Extraction Solution and 20 μl Tissue 

Preparation Solution for each ear clip was prepared and mixed thoroughly. 120 μl of this 

solution was added to the microcentrifuge tube containing the ear clip, then incubated for 10 

minutes at room temperature. The tube was then transferred to a heat block and incubated at 

95°C for 3 minutes. After removing the tube from the heat block, 100 μl of Neutralization 

Solution B was added to sample and mixed by vortexing. Samples were kept at 4°C for short 

term, or -20°C for long term storage. 

 

2.3.2 Polymerase chain reaction 

PCR amplification was carried out with specific oligonucleotide primers and thermal cycle 

conditions for each transgenic allele, using a REDExtract-N-Amp PCR Reaction Mix (Sigma 

Aldrich, St. Louis, MO, United States) and a Veriti 96-Well Thermal Cycler (Thermo Fisher 

Scientific, Waltham, MA, USA). PCR primers were purchased from Sigma-Aldrich (St. Louis, 

MO) and 10 μM stock solutions made up with nuclease-free water. PCR primer sequences 

are listed in Appendix C: Genotyping PCR. For each sample, a 20 μl PCR reaction was 

assembled in a well of a 96-well PCR plate (Thermo Fisher Scientific, Waltham, MA, USA) 

using 10 μl PCR Reaction Mix and 4 μl of DNA, with primers and nuclease-free water making 

up the remaining volume (full details in Appendix C: Genotyping PCR). PCR plates were 

sealed with adhesive PCR plate sealer (Thermo Fisher Scientific, Waltham, MA, USA), mixed 

by vortexing then centrifuged briefly to 500 x g to collect all liquid at the base of the wells. PCR 

plates were transferred to the thermal cycler to carry out the PCR reaction (thermal cycle 

conditions are listed in Appendix C: Genotyping PCR) and removed when complete.  
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2.3.3 Agarose gel electrophoresis 

DNA products from PCR amplification were separated by agarose gel electrophoresis for 

visual assessment of results. A 2% (w/v) agarose (Sigma Aldrich, St. Louis, MO, United 

States) gel was produced containing 15 μl of 10 mg/ml ethidium bromide (Thermo Fisher 

Scientific, Waltham, MA, USA) in 1X TAE buffer (Sigma Aldrich, St. Louis, MO, United States). 

A volume of 10 μl from each PCR reaction (containing loading buffer and dye from the PCR 

Reaction Mix) was loaded into a well of the gel. 6 μl of 100 bp DNA ladder (Invitrogen; 

Waltham, MA, USA), made up according to the manufacturer’s specifications, was loaded into 

a well. Electrophoresis was carried out at 90 V for 45–60 minutes, then the gel removed and 

imaged under UV illumination using a Gel Doc system (Bio-Rad Laboratories, Hercules, CA, 

United States). 

 

2.4 Animal models 

2.4.1 Animals 

Mice from C57BL/6N background, either wildtype or with the desired transgenic alleles were 

selected for use in SuHx and bleomycin models. Male mice were used for consistency across 

all experiments due to genetic considerations including the location of the SMMHC-Cre-ERT2 

transgene on the Y-chromosome. Animals were allocated to groups based on their ages, in 

order to equalise the age range between groups as much as possible in addition to 

randomising the groups. To prevent unintended exposure to tamoxifen in animals from non-

tamoxifen groups, the treatment groups were split into separate cages. To give 95% power at 

p<0.05, an optimal group size of minimum 8 animals per genotype and/or treatment condition 

was determined based on a minimum effect size of 28% change in RVESP. This was 

conservatively defined as half of the effect seen in a previous study, whereby TRAIL deletion 

reduced mean RVESP from 97 mmHg (SD 11 mmHg) to 42 mmHg (SD 19 mmHg) (Dawson 

et al. 2014). However, sufficient numbers were not available for all experiments due to 

limitations with breeding, in particular litter sizes and number of animals with the correct 



42 

genotypes. In these cases, animals were allocated to treatment groups with the objective of 

equalising group sizes where possible and therefore maximising the opportunity for 

statistically informative data. Within each experiment or batch, model and treatment protocols 

were synchronised such that endpoint procedures would occur at the same time. The ear 

clipping used for genotyping was also utilised for animal identification, with each animal 

receiving a clip pattern consisting of up to two clips per ear (at the upper and/or lower section). 

Animals each had a unique ear clip pattern within their cage. 

 

2.4.2 VSMC-specific TRAIL deletion in Sugen 5416/hypoxia 

Mice were used in the SuHx model to determine the effect of VSMC-specific TRAIL deletion 

on PAH. Only mice from the TRAILtm1c x SMMHC-Cre-ERT2 cross were used in this model, 

due to the unavailability of sufficient numbers of animals from other Cre crosses. Strains used 

in the experiment were TRAILtm1c/tm1c-SMMHC-Cre-ERT2tg/0 from the F2 cross and 

TRAILtm1c/tm1c from the parental TRAILtm1c strain. TRAILtm1c/tm1c-SMMHC-Cre-ERT2tg/0 mice 

received either tamoxifen or corn oil injections at 5–8 weeks old and were all subjected to 

SuHx. Additionally, mice lacking the SMMHC-Cre-ERT2 allele (TRAILtm1c/tm1c) were given 

tamoxifen at 5–8 weeks old and underwent SuHx. Mice from the parental TRAILtm1c strain 

were also used as a healthy control group and received corn oil injections at 5–8 weeks old, 

followed by normoxic conditions during the SuHx protocol. Mice entered the SuHx protocol at 

minimum 12-weeks old and weighed approximately 25 g at the first Sugen 5416 injection. Mice 

underwent 3 weekly subcutaneous injections of Sugen 5416 at a dose of 20 mg/kg, on days 

1, 7 and 14. A 5 mg/ml Sugen 5416 solution was made fresh weekly by dissolving Sugen 5416 

(Tocris Bioscience, Bristol, UK) in vehicle containing 0.5% (w/v) carboxymethylcellulose 

sodium, 0.9% (w/v) sodium chloride, 0.4% (v/v) polysorbate 80 and 0.9% (v/v) benzyl alcohol 

in deionized water (all components from Sigma Aldrich, St. Louis, MO, United States). Mice 

were kept in hypoxic chambers for 3 weeks (day 1–21), with oxygen concentration sustained 

by an electronic controller at 10% with addition of nitrogen and oxygen as required. Mice had 

free access to standard chow and water at all times. Cages were removed from the hypoxic 
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chambers and cages, bedding, food and water replaced twice weekly. Mice were weighed 

twice weekly, during cage changes and before injections. Animal endpoint procedures were 

followed at day 21. 

 

2.4.3 Bleomycin preliminary time-course model 

The repeated IP injection of bleomycin model was chosen as a suitable model for PF (Bryant 

et al. 2016, Karmouty-Quintana et al. 2015, Karmouty-Quintana et al. 2012). A preliminary 

time-course experiment was undertaken to determine suitable length and endpoint for the final 

bleomycin experiments with Cre/lox transgenic mice. Male C57BL/6 mice, initially at median 

weight 23.5 g (range 20–25 g) were used for the experiment. Mice underwent IP injection with 

35 mg/kg bleomycin (reconstituted with sterile saline 0.9% (w/v) and adjusted to pH 7 with 

sodium hydroxide; obtained from Sigma-Aldrich, St. Louis, MO) or 0.9% (w/v) saline twice 

weekly for 1, 3 or 4 weeks (6 groups, n=8 mice per group). Groups underwent endpoint 

procedures and were sacrificed at day 7, day 21 and day 32 respectively. 

 

2.4.4 Bleomycin final model 

The repeated IP bleomycin model was used to determine the effect of Cre recombinase-

mediated deletion of TRAIL globally or in VSMCs or fibroblasts on PF. Mice from the TRAILtm1c 

x PGK-Cre, TRAILtm1c x SMMHC-Cre-ERT2 and TRAILtm1c x Col1a2-Cre-ERT crosses 

respectively were used in this model to determine these effects. Due to the timing of breeding, 

two separate bleomycin experiments were run: one using TRAILtm1c/tm1c-SMMHC-Cre-ERT2tg/0 

animals from the F2 cross and TRAILtm1c/tm1c from the parental strain, and the other using 

TRAILtm1c/tm1c-Col1a2-Cre-ERTtg/wt, TRAILtm1d/tm1d-PGK-Cretg/wt, TRAILtm1c/wt and TRAILtm1c/tm1c 

animals. Mice underwent IP injection with 35 mg/kg bleomycin (reconstituted with 0.9% (w/v) 

sterile saline and adjusted to pH 7 with sodium hydroxide; produced by Kyowo Kirin, Japan 

and purchased from Sheffield Teaching Hospitals pharmacy) or 0.9% (w/v) sterile saline twice 

weekly for 4 weeks. Animals underwent endpoint procedures and were sacrificed at day 35; 



44 

however, based on severity in the preliminary experiment mice were entered into the protocol 

with higher starting weights (median weight 26.4 g, range 21–31.3 g).  Mice had free access 

to standard chow and water at all times. Mice were weighed twice weekly and endpoint 

procedures were followed at day 21. 

 

2.4.4.1 Global and fibroblast-specific TRAIL deletion in bleomycin model 

For the global and fibroblast-specific TRAIL deletion experiment, TRAILtm1c/tm1c-Col1a2-Cre-

ERTtg/wt mice received tamoxifen IP injections at 5–8 weeks old and were all subjected to the 

bleomycin model. Additionally, mice lacking a Cre allele (TRAILtm1c/tm1c) were given tamoxifen 

at 5–8 weeks old and underwent bleomycin. TRAILtm1d/tm1d-PGK-Cretg/wt and TRAILtm1c/wt from 

the TRAILtm1c x PGK-Cre F2 cross also underwent bleomycin. Mice from the parental 

TRAILtm1c strain were also used as a healthy control group and received corn oil injections at 

5–8 weeks old, followed by IP saline injections during the bleomycin protocol. These mice 

entered the bleomycin protocol at minimum 12-weeks old and weighed approximately 26 g at 

the first bleomycin injection. Due to the availability of animals with the correct genotypes, this 

experiment was run in two batches, with each group split approximately equally between 

batches. No differences due to batch were found in any measurement used in this study (data 

not shown), so the data were combined for all reported analyses. 

 

2.4.5 Humane endpoints 

Based on regular monitoring, on welfare grounds if animals displayed signs of distress or pain 

or loss of weight of greater than 20% of body weight over 5 days, animals were sacrificed 

according to Schedule 1 procedures. 
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2.5 Animal endpoint procedures 

2.5.1 Echocardiography 

For echocardiography, anaesthesia was induced by inhaled isoflurane in air and maintained 

at 1–1.5% (v/v) in air throughout. Heart rate, respiratory rate and rectal temperature were 

monitored, with anaesthetic dose adjusted to maintain a heart rate of 450–500 beats per 

minute. The procedure was performed with mice on a heated stage and covered to minimise 

heat loss. Mice were depilated and heated Aquasonics 100 ultrasound transmission gel 

(Parker Laboratories, Fairfield, NJ, USA) was used to minimise signal loss. A Vevo 770 

echocardiography device with an RMV707B scan head (Visual Sonics, Toronto, Canada) was 

used to record data. For the LV, standard parameters were measured in the short axis view 

and M-mode measurements made for the LV wall and internal dimensions. Stroke volume 

derived from measurement of the velocity timed integral of aortic valve annulus was multiplied 

by heart rate to obtain the cardiac output, which was then normalised to body weight to give 

the cardiac index. M-Mode RV free wall measurements were recorded from the right 

parasternal long axis view. Doppler flow measurements were carried out at the proximal 

pulmonary artery, from which the time from onset of flow to peak velocity (PA acceleration 

time; PAAT) was derived. Echocardiography was performed by N. Arnold and A. Zawia. 

 

2.5.2 Cardiac catheterisation 

Immediately after echocardiography, right and left ventricular catheterisation was carried out 

via the right external jugular vein and right internal carotid artery. Mice remained under inhaled 

isoflurane anaesthesia at 1–1.5% (v/v) in air. An incision was made from the neck to the 

clavicle to the right of the midline to expose the right external jugular vein. Using blunt 

dissection, the surrounding tissue was removed from the jugular vein. The vein at the end 

distal to the heart was ligated with 5-0 silk and the suture secured to the nose cone with tape. 

A second suture was placed around the jugular vein proximal to the heart, left loose and 

secured with a needle holder, which was positioned to keep tension on the suture and stretch 
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the jugular vein. A 25 G needle was used to puncture and hold open the jugular vein whilst 

simultaneously inserting a Millar ultra-miniature pressure-volume PVR-1030 catheter (Millar 

Instruments, Inc., Houston, TX) into the jugular vein. The tension on the proximal suture was 

then released as the catheter was advanced down the jugular vein, then through the right 

atrium and into the RV. The catheter was adjusted until an RV pressure-volume loop was 

observed, then left for 1 minute to stabilise before recording for an extra minute for data 

analysis. After RV catheterisation, the protocol was repeated to access the LV via the right 

internal carotid artery using a PVR-1045 1F catheter (Millar Instruments, Inc.). Data were 

collected using a PowerLab 8/30 data acquisition system (AD Instruments, Oxfordshire, UK) 

and recorded with Chart v7 software (AD Instruments). After data collection, a selection of 

high-quality trace was exported to PVAN v2.3 software (Millar Instruments, Inc.) for pressure-

volume loop extraction and analysis. Cardiac catheterisation was performed by A. Lawrie and 

L. West. 

 

2.5.3 Sacrifice of animals 

Immediately after cardiac catheterisation, mice were exsanguinated by cardiac puncture and 

sacrificed by cervical dislocation. 

 

2.5.4 Lung perfusion formalin fixation 

A lateral incision was made below the diaphragm and the thoracic cavity was opened via a 

vertical incision along the centre of the rib cage. The descending aorta was cut and the RV 

was injected with 2 ml PBS to flush remaining blood from the pulmonary vasculature. The 

heart and lungs with trachea were then removed en bloc. The right lung was ligated and 

removed. The left lung was then inflated to 20 cm of H2O with 10% (v/v) neutral buffered 

formalin via a catheter inserted into the trachea. The left lung and heart were fixed for 24 hours 

at 4ºC in ~15x volume of 10% (v/v) neutral buffered formalin. I performed all pathology 

procedures and subsequent dissections. 
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2.5.5 Tissue harvest 

Half of the dissected right lung was placed in a cryovial microcentrifuge tube then snap frozen 

in liquid nitrogen before transfer to -80ºC storage. The second lung half was transferred to a 

microcentrifuge tube containing 0.5 ml RNAlater (Thermo Fisher Scientific, Waltham, MA, 

USA) and stored at 4ºC for up to 18 hours before removal of the liquid then transferred to -

80ºC storage. Due to low numbers of animals with the correct genotype in bleomycin 

experiments utilising the COL1A2-Cre-ERT and PGK-Cre crosses, for all these animals the 

whole right lung was taken in liquid nitrogen. Samples of aorta, kidney, spleen and liver were 

also dissected and fixed for 24 hours at 4ºC in ~15x volume of 10% (v/v) neutral buffered 

formalin. 

 

2.5.6 Harvest of frozen tissue for imaging 

Snap frozen tissues for histological imaging were harvested from Cre reporter mice, which 

had not undergone use in experimental models. Dissection, vascular flushing and inflation of 

the lungs was performed as described in section 2.5.4 with the following alteration: the lungs 

were inflated with a 1:1 mixture of Tissue-Tek optimal cutting temperature compound (Sakura 

Finetek, Thatcham, UK) and water. The lungs were cut into halves and placed cut face down 

into a cylindrical mould, which was then filled with optimal cutting temperature compound. The 

mould was placed on a metal block, which was sitting in a liquid nitrogen bath. The tissue was 

removed once fully frozen, sealed and transferred to liquid nitrogen before storage at -80°C. 

 

2.6 Animal tissue handling 

2.6.1 Processing formalin fixed tissues for histology 

After 24 hours fixation, neutral buffered formalin was decanted from the formalin-fixed tissues 

and replaced with 70% (v/v) ethanol for storage at 4ºC until processing. Tissues were 

dissected into smaller sections for ease of embedding and cutting. The left lung was dissected 
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laterally into four equal parts. Tissues were dehydrated and processed into paraffin using a 

Leica TP1020 Semi-enclosed Benchtop Tissue Processor (Leica Microsystems, Wetzlar, 

Germany) according to the manufacturer’s instructions. Tissues were then embedded into 

paraffin blocks using metal base molds (Leica Microsystems, Wetzlar, Germany). Sections of 

5 µm thickness were cut with a microtome, floated on water at 40ºC and transferred to Polysine 

glass slides (Thermo Fisher Scientific, Waltham, MA, USA). Slides were dried overnight at 

40ºC then kept at room temperature until use. 

 

2.6.2 Handling snap-frozen tissue for imaging 

Frozen lungs from R26R-Brainbow2.1 mouse crosses were harvested as described in section 

2.5.6 then transferred from -80ºC storage to -20°C storage before sectioning. Sections of 5 

µm thickness were cut in the dark with a Cryostat at -20°C and transferred to Polysine glass 

slides. Slides were stored at -20°C protected from light until mounting. For mounting, slides 

were left at room temperature for 2 minutes, then 10 µl VECTASHIELD Vibrance Antifade 

Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA) was added. A 

coverslip was placed on the slide and air bubbles removed using forceps. Slides were kept at 

room temperature in the dark overnight to allow the mountant to cure before imaging. 

 

2.6.3 Grinding frozen lung tissue 

Frozen lungs harvested as described in section 2.5.5 were transferred in small batches (5–

10) from -80ºC storage to liquid nitrogen contained in a portable dewar. Pestle and mortars 

were pre-cooled with liquid nitrogen then the lung was transferred in and ground to a fine 

powder. Care was taken to avoid thawing the tissue and to add more liquid nitrogen as 

required. Once ground, the tissue was transferred back to the cryovial microcentrifuge tube 

using a scalpel pre-cooled with liquid nitrogen. Tubes were then transferred back to -80ºC 

storage until use. 
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2.6.4 RNA extraction from lung tissue 

RNA was extracted from ground lung tissue using a Maxwell 16 miRNA Tissue Kit and a 

Maxwell 16 MDx Instrument (Promega, Madison, WI, United States) according to the 

manufacturer’s instructions. Approximately 10 mg ground lung tissue was transferred with a 

pre-cooled spatula to a tube on ice containing 200 µl of 1-Thioglycerol/Homogenization 

Solution (20 µl of 1-Thioglycerol per ml of Homogenization Solution). The tissue was 

homogenised by repeatedly drawing through a 25G needle on a 1 ml syringe, then left on ice 

for an additional 15–30 seconds to ensure complete homogenization. 200 µl of Lysis Buffer 

and 15 µl of Proteinase K was added to the sample and vortexed for 20 seconds, then 

incubated for 10 minutes at room temperature. The lysate was transferred to a prepared 

Maxwell RSC Cartridge, which was processed using the Maxwell 16 MDx Instrument. The 

purified RNA was eluted into 60µl of nuclease-free water. RNA quantification, synthesis of 

cDNA and quantitative real-time PCR were performed as previously described (sections 2.1.5 

and 2.1.6). 

 

2.6.5 Protein extraction from lung tissue 

Protein was extracted from tissue using the Tissue Protein Extraction Reagent (Thermo Fisher 

Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. 20 ml extraction 

reagent containing Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA, 

USA) per g of tissue was added to a microcentrifuge tube containing lung tissue. Tissue was 

homogenised by repeatedly drawing through a 25G needle on a 1 ml syringe, then left on ice 

for an additional 15–30 seconds to ensure complete homogenization then centrifuged at 

10,000 x g for 5 minutes. The supernatant containing protein lysate was transferred to a clean 

tube and stored at -80°C until use. 
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2.6.6 Right ventricular hypertrophy measurement 

Atria and right ventricular free walls were dissected from hearts leaving the left ventricle (LV) 

and septum. RVH was measured using the ratio of right ventricular free wall weight to LV plus 

septum weight. 

 

2.7 Histological staining of tissue sections 

2.7.1 General histological techniques 

Unless otherwise stated, buffers and chemicals were obtained from Sigma Aldrich (St. Louis, 

MO, United States). To coverslip stained slides, they were removed from xylene and the 

excess xylene was blotted away. Slides were then transferred face down to a cover slip 

containing two drops of DPX mountant (Merck, Kenilworth, NJ, United States) and air bubbles 

were displaced using forceps, before drying at room temperature for a minimum of 8 hours. 

 

2.7.2 Miller’s elastin stain 

Lung sections were histologically stained for morphology with Miller’s elastin stain with alcian 

blue and Curtis’ modified van Gieson (ABEVG). All steps were performed at room temperature 

unless stated otherwise. Sections were dewaxed with xylene twice for 10 minutes, rehydrated 

step-wise through 100%, 100%, 95% and 50% (v/v) ethanol for 1 minute each and finally 

rinsed in water for 5 minutes. Sections were oxidised with 0.25% (w/v) aqueous potassium 

permanganate for 3 minutes then rinsed with water for 3 minutes. Sections were bleached 

with 1% (w/v) aqueous oxalic acid for 3 minutes then rinsed with water for 3 minutes. Sections 

were stained Carazzi’s haematoxylin (300 ml of 8.33% (w/v) aluminium potassium sulphate in 

water is added to 100 ml of 0.5% (w/v) haematoxylin in glycerol, followed by the addition of 

100 ml of 0.1% (w/v) potassium iodate in water) for 2 minutes, differentiated in acid alcohol 

(1% (v/v) HCl in 70% (v/v) ethanol) for 5 seconds and blued under hot running tap water for 5 

minutes. Sections were then stained with 1% (w/v) alcian blue (VWR International, Radnor, 

PA, USA) in 3% (v/v) aqueous acetic acid for 5 minutes, rinsed in water for 3 minutes and 



51 

incubated in 95% (v/v) ethanol for 3 minutes. Sections were stained with Miller’s Elastin (VWR 

International) for 30 minutes, differentiated in 95% (v/v) ethanol for 5 seconds and rinsed in 

water for 3 minutes. Sections were stained with Curtis’ modified Van Gieson (500 ml made 

using 450 ml saturate aqueous picric acid, 50 ml 1% (w/v) ponceau S and 5 ml glacial acetic 

acid) for 6 minutes and rinsed with water for 3 minutes. Sections were blotted dry, dehydrated 

step-wise through 95%, 100% and 100% (v/v) ethanol for 1 minute each then cleared with 

xylene twice for 10 minutes and coverslipped. 

 

2.7.3 Masson’s Trichrome stain 

Lung sections were histologically stained with Masson’s Trichrome (MTC) to visualise 

collagen. All steps were performed at room temperature. All pre-made stains were obtained 

from the Masson-Goldner staining kit (Merck, Kenilworth, NJ, United States) unless stated 

otherwise. Sections were dewaxed with xylene twice for 10 minutes, rehydrated step-wise 

through 100%, 100%, 95% and 70% (v/v) ethanol for 1 minute each. Sections were stained 

with Weigert’s iron haematoxylin (1:1 ratio parts A and B; made up fresh each day; Pyramid 

Innovation, Polegate, UK) for 5 minutes. Sections were washed in tap water for 5 minutes, 

then rinsed in deionised water. Sections were stained with azophloxine (azophloxine 0.6% w/v 

in 0.31% w/v acetic acid; Masson-Goldner staining kit) for 7 minutes, then rinsed twice in 1% 

(v/v) acetic acid. Sections were stained with acid G (acid G 2% w/v, phosphotungstic acid 

hydrate 4% w/v; Masson-Goldner staining kit) for 10 minutes then rinsed twice in 1% (v/v) 

acetic acid. Sections were stained with water blue (water blue 0.2% w/v in 0.2% v/v acetic 

acid) for 5 minutes, rinsed in 1% (v/v) acetic acid then washed for 1 minute in 1% (v/v) acetic 

acid. Sections were then dipped (4–5 dips; until there was no visible water) in two separate 

rounds of 100% (v/v) ethanol. Sections were then cleared with xylene twice for 10 minutes 

and coverslipped. 
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2.7.4 General immunohistochemistry method 

All steps were performed at room temperature unless stated otherwise. Sections were cleared 

with xylene twice for 10 minutes, rehydrated step-wise through 100%, 100%, 95% and 70% 

(v/v) ethanol for 1 minute each and finally rinsed in water for 5 minutes. Endogenous 

peroxidases were blocked by incubation in 3% (v/v) hydrogen peroxide (diluted from 30% 

stock) for 10 minutes then sections were rinsed with water for 3 minutes. Sections were then 

outlined with a hydrophobic barrier PAP pen (Abcam, Cambridge, UK). Antigen retrieval steps 

were performed at this stage as required for specific antibodies. Sections were blocked with 

2.5% normal serum (species determined by secondary antibody host species; Vector 

Laboratories, Burlingame, CA, USA) for 20 minutes. Excess blocking solution was then blotted 

from the slides, and excess surrounding the sections removed to leave the sections still wet. 

Sections were incubated with primary antibody for 1 hour, then washed three times in PBS for 

5 minutes. Slides were incubated with ImmPRESS Peroxidase Polymer secondary antibody 

(Vector Laboratories, Burlingame, CA, USA) for 30 minutes then washed three times in PBS 

for 5 minutes. Detection was carried out by incubating sections in SignalStain 

diaminobenzidine substrate (Cell Signaling Technology, Danvers, MA, United States) for 1–5 

minutes. Sections were rinsed in water for 5 minutes, then nuclei counterstained with Carazzi’s 

Haematoxylin for 1 minute. Sections were then dehydrated step-wise through 70%, 95%, 

100% and 100% (v/v) ethanol for 1 minute each, then cleared with xylene twice for 10 minutes 

and coverslipped. 

 

2.7.5 Alpha smooth muscle actin immunostaining 

To specifically visualise smooth muscle cells in the pulmonary arterial media, lung sections 

were immunohistochemically stained for α-smooth muscle actin (α-SMA) with the method 

described in section 2.7.4, with the following details. The primary antibody used was a mouse 

monoclonal anti-human α-SMA antibody (1:150 dilution in PBS; M0851; Dako, 

Cambridgeshire, UK). The secondary antibody was raised in goat and accordingly goat serum 

was used for blocking. 
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2.7.6 TRAIL immunostaining 

Sections were immunostained for TRAIL with the method described in section 2.7.4, with the 

following details. The primary antibody used was a rabbit polyclonal anti-human TRAIL 

antibody (1:200 dilution in PBS; abx001750; Abbexa, Cambridge, UK). The secondary 

antibody was raised in horse and accordingly horse serum was used for blocking. 

 

2.7.7 Von Willebrand Factor immunostaining 

To visualise the endothelial layer of the pulmonary arteries, sections were 

immunohistochemically stained for VWF with the method described in section 2.7.4, with the 

following details. Antigen retrieval was carried out before blocking, with sections incubated in 

Menapath trypsin solution (Menarini Diagnostics, Wokingham, UK) at the stock concentration 

for 15 minutes at room temperature. The primary antibody used was a rabbit polyclonal anti-

human VWF antibody (1:300 dilution in PBS; A082; Dako, Cambridgeshire, UK). The 

secondary antibody was raised in horse and accordingly horse serum was used for blocking. 

 

2.7.8 Imaging of histological sections 

Sections were imaged under brightfield using an Axio Imager 2 microscope (Carl Zeiss, 

Oberkochen, Germany) with a 20X objective (200X effective magnification) and using Zen 2 

software to produce tiled and stitched images. Briefly, whole slides were imaged using a 2.5X 

objective to generate a preview image. The preview images were used to draw tiled regions 

around the tissue sections, which were then imaged with the 20X objective. Tiles were stitched 

automatically during image acquisition to create a single image for each section. Compressed 

Zeiss CZI image files (80% quality) were saved and used for image analysis and to generate 

representative figures. 
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2.7.9 Imaging of fluorescence Cre reporter sections 

Sections were imaged using equipment and software as described in section 2.7.8, with 

brightfield illumination replaced with fluorescence imaging. A metal halide lamp (Carl Zeiss, 

Oberkochen, Germany) was used for illumination with images acquired separately for each 

channel. Optical filters were used in the microscope to detect emission at 461, 488 and 555 

nm respectively. 

 

2.7.10 Quantification of pulmonary vascular remodelling 

Pulmonary vascular remodelling was quantified in a blinded manner from the ABEVG 

histologically stained and α-SMA immunostained lung sections. Sections were assessed 

within the Zen 2 software (Carl Zeiss). For the ABEVG histologically stained sections, the 

diameter of pulmonary arteries and arterioles was measured and used to divide them into two 

size groups (0–50 µm and 50–100 µm). Each vessel was scored as non-muscularised or 

muscularised, based on whether they had a single elastic lamina or two or more distinct elastic 

laminae respectively. For determining medial layer thickness in α-SMA immunostained lung 

sections, the polygon contour tool was used to draw two shapes for each small pulmonary 

artery – one around the outer edge of the medial smooth muscle layer, and one around the 

inner edge. The medial layer area was calculated by subtracting the inner shape area from 

the outer area, then the medial layer area was divided by the outer area to give a ratio of the 

medial layer to cross-sectional area. As with the ABEVG histologically stained sections, 

vessels were categorised into two size groups (0–50 µm and ≥ 50 µm) based on the largest 

diameter obtained from the CSA measurement. For both analyses, a minimum of 20–30 

pulmonary arteries were sampled from micrographs of one representative lung section and 

averaged to give one data point per animal. To give an overall representation of lung 

morphology, vessels were sampled from multiple areas of each lung section with the 

assistance of a grid overlaid on the image. 
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2.7.11 Quantification of PF from images 

Micrographs from lung sections stained with Masson’s Trichrome as described in section 2.7.3 

were used to quantify collagen staining as a measure of the extent of PF (example images 

shown in Figure 2.3). This was done computationally, and I was blinded until the final data 

were produced. Firstly, images were exported from Zen software at 25% resolution TIFF files 

to reduce computing time. A batch macro script was used to process the images in FIJI 

software (Schindelin et al. 2012, Rueden et al. 2017) with the following steps. Briefly, an image 

was imported into FIJI using the default settings of the Bioformats plugin (Linkert et al. 2010). 

A greyscale duplicate image was produced and used to make a threshold selection (0–

173/255) of the whole lung section. The selection was grown using the ‘Dilate’ and ‘Fill Holes’ 

functions to remove gaps within the lung section, then the lung area was measured using 

‘Analyze Particles’. This lung area selection was used as the basis for all subsequent 

measurements, by cropping the image data using the ‘Clear Outside’ function. Next, on a 

duplicate of the original colour image, the background colouring was removed using ‘Subtract 

Background’ and a colour threshold (hue 118–156/255, saturation 17–255/255, brightness 9–

245/255) was used to select and measure the area stained by water blue, i.e. collagen. A 

duplicate of the background-subtracted colour image was used to measure the white space 

(i.e. non-cellular) within the lung with a colour threshold (hue 0–255/255, saturation 0–30/255, 

brightness 245–255/255). The tissue area of the lung was calculated by subtracting the white 

space from the total lung area, then the collagen area was divided by the tissue area to give 

a collagen/lung tissue area ratio. This metric was used in order to reduce variation caused by 

differences in total lung size, as well as potential differences in the degree of lung inflation 

during fixation. For each lung, micrographs of four sections were analysed and averaged to 

give one data point per animal. 
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Figure 2.3: Quantification of PF from images. Example images demonstrating FIJI analysis to 

quantify fibrosis in 5 µm mouse lung sections stained with Masson’s Trichrome (MTC). Examples of 

threshold selections are highlighted in red for the white space (i.e. non-tissue areas) within the lung and 

collagen (blue stained) areas. The red areas are overlaid onto a black area representing the threshold 

selection for the lung section perimeter. The total collagen area for each lung was divided by the total 

lung tissue area to account for variation in lung sizes and degree of inflation. 

 

2.8 Patient studies 

2.8.1 Ethical approval 

Clinical data and blood samples were obtained through license of materials from the STH-

ObS Biobank collection, project registration STH15222, under full NHS Research Ethics 

Committee approval (Ethics approval No. 08/H1308/193+5). 
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2.8.2 Participants 

Patients and healthy volunteers were retrospectively enrolled from the existing Sheffield PH 

biobank.  The following patient groups from the PH biobank were assessed in the present 

study: healthy volunteers, IPAH patients, SSc patients, SSc-PAH patients and a set of 

combined PAH patients. 

 

2.8.3 Serum protein measurement 

Protein levels were measured in 1 ml serum samples from patients and healthy volunteers by 

Myriad RBM.  Assays were performed with standard protocols on a validated Luminex-based 

platform. 

 

2.9 Statistics 

Unless otherwise stated, data are expressed with bars representing the mean ± standard 

deviation (SD). Where appropriate, the ROUT method (Motulsky and Brown 2006) with Q = 

5% was used to detect outliers for exclusion. For individual pairwise comparisons, unpaired 

Student’s t-test was performed with a two-tailed p-value. For comparisons involving three or 

more groups, one-way analysis of variance (ANOVA) test was used with each group compared 

post hoc by the Holm-Sidak method. Significance or rejection of the null hypothesis was 

designated to p-values < 0.05. Basic statistical analyses were performed using Prism software 

(Version 8.2.0; GraphPad, San Diego, CA, United States). 
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3 The role of fibroblast-derived TRAIL in bleomycin-

induced PF 

Fibrosis of the lungs is a debilitating condition that may be idiopathic or associated with other 

diseases including autoimmune disorders and PAH. Patients with PF have a poor prognosis: 

the 5-year survival rate for IPF patients in the UK is 43%, and median survival for IPF patients 

is 3.9 years (McLaughlin et al. 2004). As such, there is a substantial requirement for more 

effective pharmaceutical treatments for PF. 

 

PF is characterised by lung remodelling and the deposition of ECM proteins – in particular 

various collagens – by activated fibroblasts and myofibroblasts. The aetiology of PF is 

heterogeneous and various biological processes are thought to be involved. One such factor 

is the apoptosis-inducing cytokine TRAIL. Differences in circulating levels of TRAIL have been 

observed in IPF patients (Collison et al. 2019, Habiel et al. 2018, McGrath et al. 2012), as well 

as within cells of the lung (Habiel et al. 2018, McGrath et al. 2012). In pre-clinical models, mice 

exposed to bleomycin to induce PF have a worsened fibrotic phenotype when TRAIL is 

depleted by genetic deletion (McGrath et al. 2012) or by administering a neutralising antibody 

(Habiel et al. 2018). 

 

I hypothesised that TRAIL produced by fibroblasts within the lungs plays a protective role in 

modulating fibrosis in PF via apoptosis of fibroblasts, myofibroblasts or other pathogenic cells 

in the lung. To determine whether fibroblasts are a protective source of TRAIL in this context, 

a mouse strain was generated with fibroblast-specific, tamoxifen-inducible deletion of TRAIL. 

These mice were subjected to the repeated IP bleomycin model, which has been previously 

described as producing robust PF as well as PAH indicated by elevated RVESP and 

pulmonary arterial remodelling (Bryant et al. 2016, Karmouty-Quintana et al. 2015, Karmouty-

Quintana et al. 2012). Additionally, a global Cre-driven TRAIL deletion mouse strain was 
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produced and subjected to the IP bleomycin model in order to recapitulate previous findings 

(McGrath et al. 2012) in the context of this repeated IP injection model, rather than a single 

dose administered intratracheally or by oropharyngeal aspiration.  
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3.1 Generation of mice with global Cre-driven TRAIL knockout 

Offspring from the F2 cross with two genotypes were used in experiments: TRAILtm1d/tm1d-PGK-

Cretg/wt (global TRAIL deletion) and TRAILtm1c/wt (wild type control). The generation of these 

mice is described in Chapter 2.2.4. 

 

3.1.1 Genotyping 

During breeding and before experiments, mice were genotyped by PCR detection of 

transgenic and wildtype alleles using DNA extracted from ear clips. PCR genotyping was 

performed to determine the genotypes of mice from parental strains, F1 offspring and F2 

offspring (from TRAILtm1d/wt-PGK-Cretg/wt mice crossed with TRAILtm1c/tm1c mice). Three 

separate multiplex PCR reactions were performed to detect TRAILtm1c and TRAILwt alleles, 

TRAILtm1d and TRAILtm1c distal LoxP alleles and PGK-Cretg and PGK-Crewt alleles respectively. 

For TRAIL genotyping, two PCR reactions were performed (Figure 3.1A–B). The first used a 

forward primer sequence upstream of the target region and a reverse primer sequence within 

the target region, to produce a 456 bp product for TRAILwt and a larger 604 bp product for 

TRAILtm1c, which contained the additional LoxP site upstream of the target region. No product 

would be produced in TRAILtm1d, which lacks the target region for the reverse primer. The 

second TRAIL PCR utilised the same forward primer sequence and an additional forward 

primer targeting the distal LoxP sequence, with a reverse primer sequence contained within 

the region downstream of the target region. This PCR formed a 282 bp product for TRAILtm1c, 

a 681 bp product for TRAILtm1d and no product from TRAILwt. For PGK-Cre genotyping, four 

primers were used: one pair specific to a genomic control region, and another pair internally 

targeting the PGK-Cre insert sequence (Figure 3.1C). The PCR enabled amplification of a 408 

bp product for the PGK-Cretg allele and/or a 225 bp wildtype control product. PCR conditions 

and primer sequences are listed in Appendix C: Genotyping PCR. Example agarose gel 

images of PCR genotyping from F2 offspring are shown in Figure 3.1, demonstrating the four 

possible genotypes from this cross: TRAILtm1d/tm1d-PGK-Cretg/wt (1), TRAILtm1c/wt (2), 
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TRAILtm1d/wt-PGK-Cretg/wt (3) and TRAILtm1c/tm1d (4). Of these, TRAILtm1d/tm1d-PGK-Cretg/wt and 

TRAILtm1c/wt mice were used in experiments. 
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Figure 3.1: PCR genotyping of TRAILtm1c, TRAILtm1d and PGK-Cre transgenic alleles. Example 

images of agarose gels from PCR genotyping of four F2 offspring from TRAILtm1d/wt-PGK-Cretg/wt mice 

crossed with TRAILtm1c/tm1c mice. Three separate PCR reactions were performed to detect (A) TRAILtm1c 

and TRAILwt alleles (bands labelled ‘TM1C’ and ‘WT’, 604 bp and 456 bp respectively), (B) TRAILtm1d 

and TRAILtm1c distal LoxP alleles (bands labelled ‘TM1D’ and ‘LoxP’, 681 bp and 282 bp respectively) 

and (C) PGK-Cretg and PGK-Crewt alleles (bands labelled ‘PGK’ and ‘WT’, 408 bp and 194 bp 

respectively). The lane labelled ‘L’ contains 100 bp ladder and lanes ‘1–4’ contain PCR products from 

four separate mice, for which each PCR reaction was carried out. 
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3.1.2 Cre reporter demonstration of Cre recombination 

To confirm the localisation of PGK-Cre expression and PGK-Cre-driven recombination, R26R-

Brainbow2.1 mice were crossed with PGK-Cre mice. The double transgenic offspring were 

utilised as a reporter strain with R26R-Brainbow2.1-driven fluorescence occurring in cells 

where the R26R-Brainbow2.1 flox allele becomes active after Cre recombinase-mediated 

recombination. Based on combinations of random Cre-driven inversion or excision 

recombination events at the R26R-Brainbow2.1 flox gene – which contains multiple 

fluorophores – cells may express fluorescence of different colours. Lung sections from double 

transgenic adult offspring were examined by fluorescence microscopy. As shown in Figure 

3.2, green and red fluorescence indicating Cre recombination was found throughout the lungs, 

in all cell types examined. This confirmed that PGK-Cre expression was able to cause Cre-

mediated recombination in all cell types. Nuclei were fluorescently stained blue by DAPI in the 

mountant. 
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Figure 3.2: Cre reporter demonstrates ubiquitous Cre recombination. Fluorescence micrographs 

of 5 µm lung sections from R26R-Brainbow2.1tg/wt-PGK-Cretg/wt mice. Images were acquired at 488 nm 

and 555 nm (Cre recombinase-driven fluorescence) and 461 nm (DAPI nuclear stain). Images were 

acquired at 200X total magnification then digitally cropped. 
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3.2 Generation of mice with fibroblast-specific TRAIL deletion 

Male offspring from the F2 cross, with tamoxifen-inducible fibroblast-specific TRAIL deletion 

(TRAILtm1c/tm1c-COL1A2-Cre-ERTtg/wt) were used in experiments. The generation of these mice 

is described in Chapter 2.2.4. 

 

3.2.1 Genotyping 

Three separate multiplex PCR reactions were performed to detect TRAILtm1c and TRAILwt 

alleles, TRAILtm1d and TRAILtm1c distal LoxP alleles and COL1A2-Cre-ERTtg and COL1A2-Cre-

ERTwt alleles respectively (Figure 3.3). The PCR reactions were as described in Chapter 3.1.1, 

however as the COL1A2-Cre-ERT allele is inducible, no TRAILtm1d band was detected in DNA 

from ear clips of these mice (as genotyping was performed before tamoxifen was given to 

mice). Examples of PCR genotyping from F2 offspring are shown in Figure 3.3, demonstrating 

the two possible genotypes from this cross: TRAILtm1c/tm1c-COL1A2-Cre-ERTtg/wt (1) and 

TRAILtm1c/tm1c (2). Both of these strains were used in experiments. 

 

 

Figure 3.3: PCR genotyping of TRAILtm1c and Col1a2-Cre-ERT transgenic alleles. Example images 

of agarose gels from PCR genotyping of two F2 offspring from TRAILtm1d/tm1c-COL1A2-Cre-ERTtg/wt mice 

crossed with TRAILtm1c/tm1c mice. Three separate PCR reactions were performed to detect the (A) 

TRAILtm1c allele (band labelled ‘TM1C’ at 604 bp), (B) TRAILtm1c distal LoxP allele (band labelled ‘LoxP’, 

at 282 bp) and (C) COL1A2-Cre-ERTtg and COL1A2-Cre-ERTwt alleles (bands labelled ‘COL1A2’ and 

‘WT’, 408 bp and 194 bp respectively). The lane labelled ‘L’ contains 100 bp ladder and lanes ‘1’ and 

‘2’ contain PCR products from two separate mice, for which each PCR reaction was carried out.
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3.2.2 Cre reporter demonstration of Cre recombination 

To confirm the localisation of COL1A2-Cre-ERT expression and COL1A2-Cre-ERT-driven 

recombination, R26R-Brainbow2.1 mice were crossed with Col1a2-Cre-ERT mice. Cre 

expression was induced by giving 5 daily IP injections of 2 mg tamoxifen at 5–8 weeks. Lung 

sections from double transgenic adult offspring were examined by fluorescence microscopy. 

As shown in Figure 3.4, green and red fluorescence indicating Cre recombination was found 

in medial/adventitial connective tissue/mesenchyme surrounding large blood vessels. This is 

where cells from fibroblast and myofibroblast lineages would be expected to reside. Nuclei 

were fluorescently stained blue by DAPI in the mountant. 
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Figure 3.4: Cre reporter demonstrates fibroblast-specific Cre recombination. Fluorescence 

micrographs of 5 µm lung sections from R26R-Brainbow2.1tg/wt-Col1a2-Cre-ERTtg/wt mice. Images were 

acquired at 488 nm and 555 nm (Cre recombinase-driven fluorescence) and 461 nm (DAPI nuclear 

stain). Images were acquired at 200X total magnification then digitally cropped. 

  



68 

3.3 Bleomycin mouse model of PF 

A time-course experiment was carried out to determine the onset and severity of PF and PAH 

in mice exposed to bleomycin. This experiment also served as an opportunity to optimise the 

protocol, which had not previously been carried out within the research group. The 

experimental protocol is detailed in Figure 3.5. Male C57BL/6 mice underwent IP injection with 

35 mg/kg bleomycin or saline twice weekly for 1, 3 or 4 weeks (8 per group). Groups were 

sacrificed at day 7, day 21 and day 32 respectively. Endpoint echocardiography and cardiac 

catheterisation were performed to assess PAH phenotype. Animals were then sacrificed and 

lungs were perfusion fixed for histological staining and immunohistochemical assessment. 

The 32-day group was originally planned to be taken to 35 days before sacrifice, however 

upon visual inspection of disease severity (indicators including lethargy and breathlessness), 

for animal welfare purposes it was decided to sacrifice the mice at 32 days. 
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Male C57BL/6 mice. 

Twice weekly IP 

injections 35 mg/kg BLM 

or saline. 

Perform terminal 

procedures. 

 

Figure 3.5: Experimental schematic for IP bleomycin time-course. All mice used were male 

C57BL/6. Mice were weaned, ear clipped and genotype confirmed by PCR. Mice were subjected to 

bleomycin (BLM) or saline IP injections twice weekly for up to 4 weeks and culled at day 7, 21 or 32. 

Terminal procedures were performed including echocardiography, cardiac catheterisation and tissue 

harvest. 

  

Male C57BL/6

BLM 1 week Cull at day 7 (n = 8)

Saline 1 week Cull at day 7 (n = 8)

BLM 3 weeks Cull at day 21 (n = 8)

Saline 3 weeks Cull at day 21 (n = 8)

BLM 4 weeks Cull at day 32 (n = 8)

Saline 4 weeks Cull at day 32 (n = 8)
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3.3.1 Quantification of PF 

To visually examine the extent and onset of PF, formalin-fixed, paraffin sections of lung were 

stained with Masson’s Trichrome (Figure 3.6A–B). This highlighted the changes in overall lung 

morphology and specific fibrotic lesions. In the 7-day IP bleomycin mice no fibrotic changes 

were observed compared to the saline control mice. At 21 days the bleomycin mice had 

developed increased areas of collagen deposition, primarily localised to the adventitia of 

pulmonary arteries. These areas also exhibited thickened alveolar septa and cellular infiltrate 

within the alveoli. At 32 days the bleomycin mice had large areas of extensive, contiguous 

fibrotic masses. In the fibrotic areas of 32-day lungs there was almost complete obliteration of 

alveoli, with extensive cellular infiltrate within the remaining alveoli. Blue area representing 

collagen staining was also quantified and normalised to total lung tissue area in FIJI software 

(Figure 3.6C). At 32 days the bleomycin mice had significantly increased normalised lung 

collagen content compared to the matched saline group (mean 0.1561 vs. 0.0410; p = 0.0156). 

No quantitative differences were observed at the 7-day or 21-day timepoints between 

bleomycin mice and saline control mice. 
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Figure 3.6: PF in bleomycin mice.  Mice were subjected to bleomycin (BLM) or saline IP injection 

twice weekly for 1, 3 or 4 weeks and culled at day 7, 21 or 32 respectively. (A–B) Representative 

micrographs are shown from 5 µm thick lung sections histologically stained with Masson’s Trichrome. 

Collagen is stained blue, nuclei pink, cytoplasm red and muscle orange. Images were acquired at 200X 

total magnification then digitally cropped. (A) Whole lung sections showing overall difference in 

morphology. In (B) areas are magnified, highlighting pulmonary artery adventitial fibrosis at BLM day 

21 and dense fibrosis at BLM day 32. (C) Blue area representing collagen staining was quantified and 

normalised to total tissue area. Collagen was measured in four lung sections from each mouse, with 

average values plotted for each mouse. Bars show mean ± SD, n = 1–4. * p<0.05, two-way ANOVA 

with Sidak's multiple comparisons test, bleomycin groups compared to saline control groups. 
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3.3.2 Haemodynamics 

Measurements were taken from right heart catheterisation (Figure 3.7A–E) in addition to 

echocardiography (Figure 3.14F–G) under anaesthesia at the time of terminal procedures to 

assess haemodynamic changes associated with PAH. The 32-day bleomycin mice developed 

significantly increased RVESP compared to saline control mice (mean 52.74 mmHg vs. 21.25 

mmHg, p = 0.0479; Figure 3.7A). While there was no significant difference in dPdt minimum, 

the 21-day and 32-day bleomycin groups were more disperse (standard deviations 1,871 

mmHg/s and 3,109 mmHg/s respectively) compared to their time-matched saline controls 

(standard deviations 477 mmHg/s and 416 mmHg/s respectively), suggesting with greater 

group numbers a difference between treatments may have been detected. No differences due 

to bleomycin were detected in left heart function determined by cardiac index measured by 

echocardiography (cardiac output at the aortic valve normalised to body weight), suggesting 

that the left heart was unaffected by bleomycin insult (Figure 3.7F). Haemodynamic data were 

not obtained for some mice due to either technical difficulty during catheterisation, insufficient 

high-quality pressure-volume loops for analysis or for some control mice catheterisation was 

not performed. Insufficient data points were obtained from LV or aortic haemodynamic 

measurements to draw conclusions (data not shown). 
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Figure 3.7: PAH determined by haemodynamic measures after bleomycin insult. Mice were 

subjected to bleomycin (BLM) or saline IP injection twice weekly for 1, 3 or 4 weeks and culled at day 

7, 21 or 32 respectively. Haemodynamic measurements were taken by cardiac catheterisation (A–E) 

and echocardiography (F–G). Plots show (A) right ventricular (RV) end systolic pressure, (B) RV end-

diastolic pressure, (C) RV dP/dt minimum, (D) RV dP/dt minimum, (E) RV arterial elastance, (F) cardiac 

index (cardiac output measure at the aortic valve and normalised to body weight) and (G) pulmonary 

artery acceleration time (PAAT). Points represent individual mice, n = 3–7 animals per group, bars show 

mean ± SD. * p<0.05; two-way ANOVA with Sidak's multiple comparisons test, bleomycin-treated 

groups compared to saline control groups. 
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3.3.3 Right ventricular hypertrophy 

After sacrifice of animals, hearts were dissected and RVH was calculated as the ratio of RV 

free wall weight to LV plus septum weight. The 32-day group of bleomycin mice developed 

significantly increased RVH compared to saline control mice (mean 0.058 vs. 0.034, p = 

0.0181; Figure 3.8). No RVH was observed in bleomycin mice at the day 7 or day 21 

timepoints. 

 

 

 

Figure 3.8: Right ventricular hypertrophy after bleomycin insult. Mice were subjected to bleomycin 

(BLM) or saline IP injection twice weekly for 1, 3 or 4 weeks and culled at day 7, 21 or 32 respectively. 

Hearts were dissected and right and right ventricular hypertrophy was calculated by right ventricular 

free wall weight normalised to left ventricle plus septum weight (RV:LV+S). Points represent individual 

mice, n = 3–6 animals per group, bars show mean ± SD. * p<0.05;, two-way ANOVA with Sidak's 

multiple comparisons test, bleomycin-treated groups compared to saline control groups. 

  



76 

3.3.4 Pulmonary vascular remodelling 

Pulmonary vascular remodelling was quantified in micrographs of formalin-fixed, paraffin-

embedded lung sections histologically stained with ABEVG to assess vascular changes 

associated with PAH (Figure 3.9A–B). The diameter of pulmonary arteries and arterioles was 

measured and used to divide them into two size groups (0–50 µm and ≥ 50 µm). Each vessel 

was visually scored as non-muscularised (those with a single elastic lamina) or muscularised 

(those with two or more distinct elastic laminae). There were significantly more muscularised 

small pulmonary arteries and arterioles in the bleomycin mice compared to saline control mice 

(Figure 3.9A) at day 21 (mean 53.4% vs. 39.4%; p = 0.0297) and day 32 (mean 57.0% vs. 

33.0%; p = 0.0006). No differences between groups were observed in the larger vessels 

(Figure 3.9B). Pulmonary vascular remodelling was also assessed in micrographs lung 

sections immunostained for α-SMA and VWF (Figure 3.9C). Representative micrographs 

highlight remodelling of small pulmonary arteries. Thickened media were observed by α-SMA 

immunostaining in the 21-day and 32-day bleomycin mice, with two distinct elastic laminae 

visible on the ABEVG stain. Adventitial remodelling was also observed at the 21-day and 32-

day timepoints. 
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Figure 3.9: Pulmonary vascular remodelling in bleomycin mice. Mice were subjected to bleomycin 

(BLM) or saline IP injection twice weekly for 1, 3 or 4 weeks and culled at day 7, 21 or 32 respectively. 

(A–B) Pulmonary vascular remodelling determined by quantification of muscularised arteries and 

arterioles in lung sections stained with Miller’s elastin stain with alcian blue and van Gieson (ABEVG). 

Pulmonary arteries were divided into small (0–50 µm diameter; A) and large sizes (50–100 µm 

diameter; B). Points represent individual mice, n = 3 animals per group, bars show mean ± SD. * p<0.05; 

*** p<0.001; one-way ANOVA with Sidak's multiple comparisons test of bleomycin-treated groups 

compared to saline control groups. (C) Representative micrographs from 5 µm thick lung sections 

stained with ABEVG or immunostained with DAB for α-smooth muscle actin (α-SMA) or von Willebrand 

factor (VWF), with nuclei counterstained with Carazzi’s haematoxylin. Scale bars, 50 µm. Images were 

acquired at 200X total magnification then digitally cropped.  
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3.3.5 TRAIL mRNA expression in lungs 

Real time qPCR was performed to quantify TRAIL mRNA expression in whole lung tissue from 

bleomycin mice. RNA was extracted from frozen whole lung tissue and a set quantity reverse 

transcribed to cDNA for qPCR analysis by TaqMan technology. TRAIL mRNA was detected 

in the lungs of mice at each bleomycin timepoint (Figure 3.10). However, due to lack of 

samples for 7-day saline group, this timepoint was excluded in order to have matched groups 

to perform the two-way ANOVA analysis. Based on this analysis, at the 32-day timepoint 

TRAIL mRNA was significantly lower in the lungs of bleomycin mice than saline controls (mean 

ddCt normalised to GAPDH –1.943 vs. 1.121; p = 0.0468). This was despite variability 

observed between individuals of each group, which was potentially caused by variable 

responses to bleomycin and thus differences in cellular phenotype (e.g. relative number of 

epithelial cells vs. leukocytes) of the lung tissue sampled from each animal. 

 

 

Figure 3.10: TRAIL mRNA expression in lungs from bleomycin mice. Mice were subjected to 

bleomycin (BLM) or saline IP injection twice weekly for 1, 3 or 4 weeks and culled at day 7, 21 or 32 

respectively. TRAIL mRNA was measured in cDNA from whole mouse lungs by TaqMan RT-qPCR. 

Data shown are threshold cycle values normalised to a reference gene (GAPDH) then to a reference 

sample (delta-delta Ct; ddCt). Bars show mean ± SD, n = 3–4, two-way ANOVA with Sidak’s multiple 

comparisons test, bleomycin-treated groups compared to saline control groups.  
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3.4 Fibroblast-specific TRAIL deleted mice have worsened PF 

Based on the preliminary bleomycin time-course experiment, the 5-week timepoint was found 

to give a robust fibrotic phenotype in the lungs, in addition to indications of PAH including 

haemodynamic alterations, RVH and pulmonary vascular remodelling. Therefore, this protocol 

was selected as suitable for subsequent experiments, in which mice with global or fibroblast-

specific, tamoxifen-inducible deletion of TRAIL were subjected to the IP bleomycin model to 

determine the effect of this global or cell type-specific deletion of TRAIL. The experimental 

protocol is detailed in Figure 3.11. The strains used were TRAILtm1c/tm1c (TRAIL normal), 

TRAILtm1c/wt (TRAIL normal), TRAILtm1c/tm1c-COL1A2-Cre-ERT (tamoxifen-inducible fibroblast-

specific TRAIL deletion) and TRAILtm1d/tm1d-PGK-Cre (constitutive global TRAIL deletion). For 

TRAILtm1c/tm1c-COL1A2-Cre-ERT mice and the wildtype tamoxifen control mice (TRAILtm1c/tm1c), 

5x daily 2 mg tamoxifen IP injections were given at 5–8 weeks old. At minimum 12-weeks old 

(median 13.6 weeks, range 11.9–14.9 weeks) and a median weight of 26.4 g (range 21.0–

31.3 g), mice then underwent intraperitoneal injection with 35 mg/kg bleomycin or saline twice 

weekly for 4 weeks then were sacrificed at day 35. Endpoint echocardiography and cardiac 

catheterisation were performed to assess PAH phenotype. Animals were then sacrificed and 

lungs were perfusion fixed for histological staining and immunohistochemical assessment. It 

was originally intended for 10 mice from each group to be utilised in the experiment, however 

due to low numbers of TRAILtm1d/tm1d-PGK-Cre and time constraints, only 5 mice were available 

for this experimental group. Additionally, the choice of control groups was restricted by the 

number of animals available – for example, a group with TRAILtm1c/tm1c-COL1A2-Cre-ERT mice 

given no tamoxifen then subjected to bleomycin was not included. The choice of groups was 

considered to maximise the usefulness of data obtained from the experiment. 
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Male mice used; all 

strains based on 

C57BL/6 background. 

Daily IP injections 2 mg 

TMX or corn oil at 5–8 

weeks old (5x days). 

Twice weekly IP 

injections 35 mg/kg BLM 

or saline (4x weeks), cull 

at day 35. Perform 

terminal procedures. 

 

Figure 3.11: Experimental schematic for TRAIL genetic deletion in bleomycin mice. Strains 

utilised in the experiment either had functional TRAIL expression (TRAILtm1c/tm1c, TRAILtm1c/wt), tamoxifen 

(TMX)-inducible fibroblast-specific TRAIL deletion (TRAILtm1c/tm1c-COL1A2-Cre-ERT) or constitutive 

global Cre-driven TRAIL deletion (TRAILtm1d/tm1d-PGK-Cre). Mice were weaned, ear clipped and 

genotype confirmed by PCR. Two groups underwent tamoxifen (TMX) 5x daily IP injections at 5–8 

weeks old. Mice were subjected to bleomycin (BLM) or saline IP injections twice weekly for 4 weeks 

and culled at day 35. Terminal procedures were performed including echocardiography, cardiac 

catheterisation and tissue harvest.  

TRAILtm1c/tm1c

Corn oil Saline (n = 10)

TMX BLM (n = 11)

TRAILtm1c/wt N/A BLM (n = 11)

TRAILtm1c/tm1c‐
COL1A2‐Cre‐ERT

TMX BLM (n = 9)

TRAILtm1d/tm1d‐
PGK‐Cre

N/A BLM (n = 5)
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3.4.1 TRAIL expression in lungs 

To confirm TRAIL deletion, real time qPCR and immunohistochemistry were used to determine 

the expression of TRAIL in lungs from bleomycin mice with TRAIL deletion, at the mRNA and 

protein level respectively. RNA was extracted from frozen whole lung tissue and a set quantity 

reverse transcribed to cDNA for qPCR analysis by TaqMan technology. At the mRNA level 

(Figure 3.12A), TRAIL was found at a significantly lower level in the lungs of TRAILtm1d/tm1d-

PGK-Cre mice compared to all other groups (e.g. vs. saline control group, mean ddCt 

normalised to GAPDH -12.01 vs. -0.8882; p < 0.0001). Furthermore, in 2/5 TRAILtm1d/tm1d-PGK-

Cre replicates TRAIL mRNA was not detected at all, and these were assigned the maximum 

Ct value of 40 to facilitate statistical analysis (data not shown). In the other 3/5 replicates, the 

extremely low level of amplification may have been due to genomic DNA contamination or 

non-specific amplification. Nevertheless, the difference in ddCt values correspond to a 

theoretical 2,288-fold reduction of TRAIL mRNA in the TRAILtm1d/tm1d-PGK-Cre. Compared to 

saline control mice, TRAIL mRNA was also significantly reduced in the lungs of TRAILtm1c/tm1c-

COL1A2-Cre-ERTtg/wt mice treated with tamoxifen to induce TRAIL deletion in fibroblasts 

(mean ddCt normalised to GAPDH -2.926 vs. -0.8882; p = 0.0030). 

 

Immunohistochemistry was also performed to visualise TRAIL protein expression in the lungs 

of bleomycin mice (Figure 3.12B–C). In mice without TRAIL deletion (TRAILtm1c/wt), TRAIL 

protein was found throughout the lung, in particular concentrated within the airway epithelia, 

pulmonary artery media and cellular infiltrate (possibly leukocytes) within the alveoli and 

interstitium. In contrast, the lungs of TRAILtm1d/tm1d-PGK-Cre mice showed almost no 

immunostaining, with no obvious concentrated areas – likely attributable to background or 

non-specific binding, based on the no primary antibody control staining (Figure 3.12D). No 

differences in TRAIL immunostaining could be visually detected in the lungs of TRAILtm1c/tm1c-

COL1A2-Cre-ERTtg/wt mice (data not shown), which may have been due to the pervasiveness 

of non-specific background staining.  
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Figure 3.12: TRAIL expression in lungs of TRAIL-deleted bleomycin mice. Mice were subjected to 

bleomycin (BLM) or saline IP injection twice weekly for 4 weeks and culled at day 35. Two groups had 

previously undergone tamoxifen (TMX) 5x daily IP injections at 5–8 weeks old. (A) TRAIL mRNA was 

measured in cDNA from whole mouse lungs by TaqMan RT-qPCR. Data shown are threshold cycle 

values normalised to a reference gene (GAPDH) then to a reference sample (delta-delta Ct; ddCt). Bars 

show mean ± SD, n = 3–6. ** p<0.01; **** p<0.0001, one-way ANOVA with Sidak’s multiple comparisons 

test. Representative micrographs are shown from 5 µm thick lung sections immunostained for TRAIL 

(B–C) or using no primary antibody (D) using a DAB substrate. Positive staining for TRAIL is seen as a 

brown stain with nuclei counterstained blue with Carazzi’s haematoxylin. Images were acquired at 200X 

total magnification then digitally cropped.  
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3.4.2 Quantification of PF 

To visually examine the severity of IP bleomycin-induced PF in the context of TRAIL deletion, 

formalin-fixed, paraffin sections of lung were stained with Masson’s Trichrome. Representative 

micrographs of whole lung sections are shown in Figure 3.13A, with higher magnification of 

the same lung sections highlighted in Figure 3.13C. Small areas of collagen were observed in 

proximity to pulmonary arteries in the saline control group. This was in contrast with the denser 

and more widespread adventitial collagen, in addition to some patches of dense fibrosis, found 

in lungs from groups treated with IP bleomycin, but retaining TRAIL expression (TRAILtm1c/wt 

and TRAILtm1c/tm1c + TMX groups). Lungs from bleomycin mice with TRAIL deleted globally 

(TRAILtm1d/tm1d-PGK-Cre) or specifically in fibroblasts (TRAILtm1c/tm1c-COL1A2-Cre-ERT + TMX) 

had markedly larger areas of extensive, contiguous fibrotic masses, with obliteration of alveoli 

and extensive cellular infiltrate. Thickened alveolar walls were also observed throughout the 

lungs of these animals. Blue area representing collagen staining was also quantified (Figure 

3.13B, D) and normalised to total lung tissue area in FIJI software (Figure 3.13E). All 

bleomycin-treated groups had significantly increased lung collagen compared to the saline 

control group, indicating a robust induction of PF with this model. The group with fibroblast-

specific deletion of TRAIL (TRAILtm1c/tm1c-COL1A2-Cre-ERT treated with TMX) had 

significantly increased lung collagen compared to the TMX-treated Cre-negative disease 

control group (TRAILtm1c/tm1c + TMX; mean 0.0733 vs. 0.0459; p = 0.0477). However, no 

significant differences in lung collagen were found between the global TRAIL deleted mice 

(TRAILtm1d/tm1d-PGK-Cre) and any other bleomycin groups. 
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Figure 3.13: PF in TRAIL-deleted bleomycin lungs. Mice were subjected to bleomycin (BLM) or 

saline IP injection twice weekly for 4 weeks and culled at day 35. Two groups had previously undergone 

tamoxifen (TMX) 5x daily IP injections at 5–8 weeks old. (A, C) Representative micrographs are shown 

from 5 µm thick lung sections histologically stained with Masson’s Trichrome. Collagen is stained blue, 

nuclei pink, cytoplasm red and muscle orange. Images were acquired at 200X total magnification then 

digitally cropped. (B, D) Blue area representing collagen staining and total tissue area were quantified 

in FIJI software. In these example images, areas defined as collagen and non-collagen tissue and 

represented in red and grey, respectively. (E) Collagen area was normalised to total tissue area for four 

lung sections from each mouse, with average values plotted for each mouse. Bars show mean ± SD, n 

= 6–10. * p<0.05; **** p<0.0001, one-way ANOVA with Sidak’s multiple comparisons test comparing 

each group.   
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3.4.3 Haemodynamics 

Earlier work in this study demonstrated the development of PAH – by haemodynamic 

measures and pulmonary vascular remodelling – in this particular repeated IP dose bleomycin 

model. Therefore, these investigations were repeated in the context of fibroblast-specific and 

global Cre-driven genetic deletions of TRAIL subjected to the same model to determine any 

effect on haemodynamic changes associated with PAH. Haemodynamic measurements were 

taken from right (Figure 3.14A–E) and left (Figure 3.14F–G) heart catheterisation in addition 

to echocardiography (Figure 3.14H–I) under anaesthesia at the time of terminal procedures. 

Pressure-volume loop analysis was performed to extract key metrics from cardiac 

catheterisation haemodynamic measurements. In the preliminary bleomycin time-course 

experiments, there was an increase in RVESP at the 32-day timepoint compared to the saline 

control mice. However, in this experiment no significant differences in RVESP were found in 

any bleomycin group compared to saline control mice (Figure 3.14A). There was however an 

increase in RV arterial elastance in mice without TRAIL deletion given tamoxifen (Figure 

3.14E; mean 10.24 mmHg/RVU vs. 1.046 mmHg/RVU, p = 0.0074). Additionally, there was a 

corresponding decrease in PAAT – measured by echocardiography – in all bleomycin groups 

apart from those with fibroblast-specific TRAIL deletion (Figure 3.14I). No differences due to 

bleomycin were detected in left heart function metrics including LVESP and mean aortic 

pressure (Figure 3.14F–G) by catheterisation or cardiac index measured by echocardiography 

(cardiac output at the aortic valve normalised to body weight), suggesting that the left heart 

was unaffected by bleomycin insult (Figure 3.14H). 
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Figure 3.14: Haemodynamic measures in TRAIL-deleted bleomycin mice. Mice were subjected to 

bleomycin (BLM) or saline IP injection twice weekly for 4 weeks and culled at day 35. Two groups had 

previously undergone tamoxifen (TMX) 5x daily IP injections at 5–8 weeks old. Haemodynamic 

measurements were taken by cardiac catheterisation (A–G) and echocardiography (H–I). Plots show 

(A) right ventricular (RV) end systolic pressure, (B) RV end-diastolic pressure, (C) RV dP/dt minimum, 

(D) RV dP/dt minimum, (E) RV arterial elastance, (F) left ventricular (LV) end-systolic pressure, (G) 

mean aortic pressure, (H) cardiac index (cardiac output measure at the aortic valve and normalised to 

body weight) and (I) pulmonary artery acceleration time (PAAT). Points represent individual mice, n = 

0–6 animals per group, bars show mean ± SD. * p<0.05; ** p<0.01; one-way ANOVA with Sidak's 

multiple comparisons test comparing each group. 
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3.4.4 Right ventricular hypertrophy 

After sacrifice of animals, hearts were dissected and RVH was calculated as the ratio of RV 

free wall weight to LV plus septum weight (Figure 3.15). There was significant RVH compared 

to saline controls both in mice with TRAIL expression subjected to bleomycin and given 

tamoxifen (BLM - TMX - TRAILtm1c/tm1c; p = 0.0250, mean 0.2617 vs. 0.2228) and in mice with 

fibroblast-specific TRAIL deletion subjected to bleomycin (BLM - TMX - TRAILtm1c/tm1c-

COL1A2-Cre-ERT; p = 0.0259, mean 0.2658 vs. 0.2228). Mice with global TRAIL deletion 

subjected to bleomycin (BLM - TRAILtm1d/tm1d-PGK-Cre) and wildtype mice not given tamoxifen 

and subjected to bleomycin (BLM - TRAILtm1c/wt) had no significant difference in RVH 

compared to saline control mice. A reduction in RVH in globally TRAIL deleted mice compared 

to the disease control groups without TRAIL deletion was not observed. 

 

 

 

Figure 3.15: Right ventricular hypertrophy in TRAIL-deleted bleomycin mice. Mice were subjected 

to bleomycin (BLM) or saline IP injection twice weekly for 4 weeks and culled at day 35. Two groups 

had previously undergone tamoxifen (TMX) 5x daily IP injections at 5–8 weeks old. Hearts were 

dissected and right ventricular (RV) hypertrophy was calculated by right ventricular free wall weight 

normalised to left ventricle plus septum weight (RV:LV+S). Points represent individual mice, n = 5–11 

animals per group, bars show mean ± SD, one-way ANOVA with Sidak's multiple comparisons test of 

each pairwise group combination.  



90 

3.4.5 Pulmonary vascular remodelling 

Analysis of pulmonary vascular remodelling was carried out to determine whether genetic 

deletion of TRAIL had any effect on the vascular changes associated with PAH in the context 

of the IP bleomycin model. Pulmonary vascular remodelling was assessed in micrographs of 

formalin-fixed, paraffin-embedded lung sections histologically stained with ABEVG or 

immunostained for α-SMA or VWF (Figure 3.16A). As shown in the example micrographs, in 

addition to previously illustrated PF present in this bleomycin model there was also extensive 

pulmonary vascular remodelling including increased muscularisation and medial thickening of 

small pulmonary arteries. This remodelling was also quantified by counting the proportion of 

muscularised vessels in ABEVG-stained sections (Figure 3.16B–C) and by measuring the 

medial thickness of muscularised vessels in sections immunostained for α-SMA (Figure 

3.16D–E). The diameter of pulmonary arteries and arterioles was measured and used to divide 

them into two size groups (0–50 µm and 50–100 µm). For ABEVG lung sections, each vessel 

was scored as non-muscularised (those with a single elastic lamina) or muscularised (those 

with two or more distinct elastic laminae). Vessels from areas with large fibrotic masses were 

not counted, as the large amount of adventitial and interstitial collagen and other cellular 

matter obscured histological details in these areas and hindered classification. There were 

significantly more muscularised 0–50 µm diameter pulmonary arteries in all bleomycin groups 

compared to saline control mice, apart from in mice with global TRAIL deletion (BLM - 

TRAILtm1d/tm1d-PGK-Cre; Figure 3.16B). Mice with global TRAIL deletion also had significantly 

fewer muscularised vessels than either the wildtype control bleomycin mice (BLM - 

TRAILtm1c/wt; mean 42.48% vs. 55.50%, p = 0.0056) or bleomycin mice with TRAIL expression 

given tamoxifen (BLM - TMX - TRAILtm1c/tm1c, mean 42.48% vs. 53.92%, p = 0.0139). No 

differences were observed between groups in the number of larger (50–100 µm) muscularised 

vessels (Figure 3.16C). A similar pattern to the proportion of muscularised small vessels was 

also found in the measurement of medial thickening of small vessels from sections 

immunostained for α-SMA (Figure 3.16D). In this analysis, all groups subjected to bleomycin 

had significantly increased medial thickening calculated as medial area normalised to CSA. 
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Of these groups, mice with global TRAIL knockout had the smallest increase in medial 

thickening, and this group also had significantly reduced medial thickening compared to the 

wildtype control bleomycin mice (BLM - TRAILtm1c/wt; mean 0.5244 vs. 0.6221, p = 0.0090) or 

the fibroblast-specific TRAIL deleted bleomycin group wildtype control bleomycin mice (BLM 

- TMX - TRAILtm1c/tm1c-COL1A2-Cre-ERT; mean 0.5244 vs. 0.6073, p = 0.0318). No differences 

between any groups were observed in the larger vessels for this analysis (Figure 3.16E). 
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Figure 3.16: Pulmonary vascular remodelling in TRAIL-deleted bleomycin mice. Mice were 

subjected to bleomycin (BLM) or saline IP injection twice weekly for 4 weeks and culled at day 35. Two 

groups had previously undergone tamoxifen (TMX) 5x daily IP injections at 5–8 weeks old. (A) 

Representative micrographs from 5 µm thick lung sections stained with Miller’s elastin stain with alcian 

blue and van Gieson (ABEVG) or immunostained for α-smooth muscle actin (α-SMA) or von Willebrand 

factor (VWF), with nuclei counterstained with Carazzi’s haematoxylin. Images were acquired at 200X 

total magnification then digitally cropped. Pulmonary vascular remodelling was quantified by the 

proportion of muscularised arteries and arterioles in lung sections stained with ABEVG (B–C) and by 

the medial area over cross-sectional area (CSA) for muscularised arteries in lung sections 

immunostained with DAB for α-SMA (D–E). Pulmonary arteries were divided into small (0–50 µm 

diameter; B, D) and large sizes (50–100 µm diameter; C, E). Points represent individual mice, n = 5–

10 animals per group, bars show mean ± SD. * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001, one-way 

ANOVA with Sidak's multiple comparisons test of each pairwise group combination. 

  



94 

3.5 Summary 

The aim of this chapter was to examine the effect of Cre-driven genetic deletion of TRAIL – in 

fibroblasts and globally – in the context of bleomycin-induced PF. In summary: 

 A time-course experiment demonstrated that four twice-weekly IP injections of 

bleomycin produced a robust PF phenotype with associated PAH at the five-week 

timepoint. 

 Mice with floxed TRAIL allele were crossed with the COL1A2-Cre-ERT and PGK-Cre 

lines to produce strains with tamoxifen-inducible fibroblast-specific, or constitutive 

global deletion of TRAIL, respectively. 

 PF was induced by bleomycin in the TRAIL deletion experiment, with fibroblast-specific 

deletion of TRAIL causing exaggerated fibrosis. 

 Bleomycin-induced PAH haemodynamic phenotype in the TRAIL deletion experiment 

did not fully recapitulate that of the preliminary time-course experiment. There was no 

significant increase in RVESP, however there was evidence of pulmonary vascular 

remodelling and other indices suggestive of PAH, e.g. RV arterial elastance, PAAT. 

 Global deletion of TRAIL led to a reduction in pulmonary vascular remodelling and right 

ventricular hypertrophy, replicating previously published data in other mouse models 

(Dawson et al. 2014, Hameed et al. 2012). 

 Fibroblast-specific deletion of TRAIL had no effect on the PAH phenotype in response 

to bleomycin. 
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3.6 Discussion 

3.6.1 Fibroblasts are a protective source of TRAIL in PF 

In this chapter I further investigated the function of TRAIL in PF by deleting TRAIL in fibroblasts 

or globally in mice and subjecting them to the bleomycin model. Fibroblast-specific deletion of 

TRAIL caused exaggerated PF as measured by lung collagen staining, suggesting that TRAIL 

expressed by fibroblasts is protective in PF. This result expands upon previous studies – 

showing that depletion of TRAIL in mice exposed to bleomycin caused a worsened fibrotic 

phenotype in the lungs (Habiel et al. 2018, McGrath et al. 2012) – to specifically connect TRAIL 

from fibroblasts with this protective process. It is plausible that TRAIL-mediated apoptosis 

confers negative regulation of PF, as fibroblasts and myofibroblasts are key effector cells in 

the pathogenic deposition of collagen. Furthermore, resistance to apoptosis (Moodley et al. 

2004, Thannickal and Horowitz 2006) has been recognised as a crucial factor in the aberrant 

and potentially senescent fibroblast function (Faner et al. 2012) underlying PF. Indeed, 

pulmonary fibroblasts from IPF patients have been shown to be resistant to TRAIL-induced 

apoptosis, with decreased expression of TRAIL receptors (Hohmann et al. 2019). Further 

evidence highlights a protective function of TRAIL produced by myeloid cells that are recruited 

to the lungs in PF – by blocking the activation of pathogenic myofibroblasts – a process that 

appears to be lacking in IPF patients (Habiel et al. 2018). The lack of these TRAIL-mediated 

protective effects in IPF patients is therefore a potential pathogenic mechanism that may be 

targeted in PF therapeutics. 

 

Interestingly, global TRAIL deletion in bleomycin mice did not cause an increase in the fibrotic 

phenotype like that observed in fibroblast-specific deletion of TRAIL. This result is also distinct 

from previously published studies, which demonstrated that genetic deletion or neutralisation 

of TRAIL heightened fibrosis in bleomycin mice (Habiel et al. 2018, McGrath et al. 2012). The 

reasons for this outcome are unclear, but it may be due to the differing variations of the 

bleomycin model utilised – IP injections in the present study vs. bleomycin administered to the 
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airways in other studies of TRAIL function in PF (Habiel et al. 2018, McGrath et al. 2012). The 

present work and others have highlighted the primarily pulmonary vascular-associated fibrosis 

in the IP bleomycin model, which is in contrast to the largely airway-linked fibrosis when 

bleomycin was delivered via the trachea or oropharyngeal route. A protective mechanism 

proposed for TRAIL in previous work was the modulation of airway and alveolar pro-

inflammatory leukocyte populations such as neutrophils, thereby dampening the inflammatory 

aspects driving PF (McGrath et al. 2012, McGrath et al. 2011). This airway inflammation may 

therefore have had reduced or no impact in the context of bleomycin administered by IP 

injection in the present study. The lack of protective effect from global TRAIL deletion in the 

present study may have been due to TRAIL exerting other detrimental effects on the cells of 

the pulmonary vasculature rather than the airway epithelial cells in the context of airway 

delivery of bleomycin. For example, TRAIL may promote angiogenic effects via non-canonical 

signalling pathways, including the stimulation of proliferation in pulmonary vascular ECs 

(Cantarella et al. 2014, Cartland et al. 2016, Secchiero et al. 2003). The global deletion of 

TRAIL in the present study may have ameliorated processes such as these within the 

pulmonary vasculature, thus masking the removal of protective effects observed by the 

fibroblast-specific TRAIL deletion. 

 

3.6.2 The role of TRAIL in bleomycin-induced PAH 

In addition to the PF phenotype produced in the IP bleomycin model, many studies report 

indications of PAH including haemodynamic measures and pulmonary vascular remodelling 

(Bryant et al. 2016, Karmouty-Quintana et al. 2015, Karmouty-Quintana et al. 2012). In the 

present study there was evidence of an early/mid stage PAH phenotype demonstrated by 

pulmonary vascular remodelling and RVH. The development of both PAH and autoimmune-

driven PF pathologies – both processes in which TRAIL has been implicated – in these mice 

presented an attractive opportunity to study the interface between these diverse yet 

intersecting diseases. This could be especially relevant to further understanding similar 

disease pathobiology in patients such as the 7–12% of SSc patients who develop PAH 
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(Hachulla et al. 2005, Mukerjee et al. 2003). In the present study bleomycin-induced 

remodelling of small pulmonary arteries – a key pathogenic process in PAH – was reduced by 

global deletion, but not fibroblast-specific deletion of TRAIL. A similar effect was found in RV 

size, whereby bleomycin induced RVH associated with PAH, but not in mice with global TRAIL 

deletion. A reduction in RVH in globally TRAIL deleted mice compared to the disease control 

groups without TRAIL deletion was not observed, however in this model the RVH produced 

was relatively mild and differences may have been detected in the presence of a stronger 

phenotype. The subtle RVH phenotype may also account for the absence of a significance 

increase in RVH in mice with TRAIL expression subjected to bleomycin without tamoxifen 

treatment. There is therefore a disparity between the effects of TRAIL determined in this IP 

bleomycin model. Fibroblast-derived TRAIL was protective in the context of fibrosis but not in 

the PAH pathology; whereas other sources of TRAIL – removed by global TRAIL deletion – 

had an overriding pathogenic involvement in development of PAH. These findings are in 

accordance with previously described pathogenic functions for TRAIL in development of PAH 

(Dawson et al. 2014, Hameed et al. 2012). The other cell types where TRAIL is known to be 

involved in PAH include the ECs and SMCs of pulmonary arteries. Evidence for this comes 

from the SuHx model of PAH, but the results in the present study suggest there is an overlap 

between disease progression in these distinct models. The role of SMC-derived TRAIL in 

SuHx-induced PAH in mice will be examined in Chapter 4. 

 

3.6.3 The IP bleomycin mouse model of PF 

In the present study a preliminary time-course experiment was performed to characterise a 

mouse model of fibrotic lung disease with associated PAH, which would be suitable for 

disentangling the role of TRAIL – by tissue-specific deletions – in these diseases. Bleomycin 

administered by IP injection, by oropharyngeal aspiration or surgically by intratracheal 

instillation is well established as a model of PF in preclinical animal models (Adamson and 

Bowden 1974, Fleischman et al. 1971, Thrall et al. 1979). While the response after 21 days 

post- intratracheal bleomycin instillation has been shown to be variable and possibly even 
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reversible (Izbicki et al. 2002), the repeated IP bleomycin model has been described as 

producing more chronic vascular-associated inflammation and remodelling in the lungs, with 

associated PAH demonstrated by haemodynamic measures and pulmonary vascular 

remodelling (Bryant et al. 2016, Karmouty-Quintana et al. 2015, Karmouty-Quintana et al. 

2012). For these reasons, the IP bleomycin model was selected rather than the intratracheal 

or oropharyngeal routes of administration. The dose of 35 mg/kg bleomycin was selected 

based on its success when used in the previously mentioned studies. The IP bleomycin model 

had not been used previously in the research group, so a time-course experiment was carried 

out to determine the onset and pathology of PF and PAH in mice IP injected with bleomycin 

twice weekly for up to four weeks and culled at 7, 21 or 32 days. Development of PF was 

visually observed in mice at the 21-day timepoint and was quantitatively increased at 32 days, 

which is in line with previous timecourse studies showing PF after 21 days (Karmouty-

Quintana et al. 2015, Van Rheen et al. 2011). Indicators of PAH pathology including 

haemodynamics, RVH and pulmonary vascular remodelling were also observed in the 32-day 

bleomycin group, again replicating findings from the literature (Bryant et al. 2016, Bryant et al. 

2015, Karmouty-Quintana et al. 2015, Karmouty-Quintana et al. 2012). There were no 

differences in fibrosis, haemodynamics, pulmonary vascular remodelling or RVH between the 

saline control groups at any timepoint, indicating no effect due to saline IP injection alone. The 

development of both PF and PAH in the bleomycin mice model highlighted its potential for 

subsequent experiments to disentangle the differing roles of TRAIL in fibrotic lung disease and 

PAH. 

 

When the IP bleomycin model was used in the context of TRAIL deletion, there was clear 

visual and quantifiable evidence for development of PF. However, the extent of collagen 

deposition was not as severe as in the preliminary time-course experiment. Additionally, the 

bleomycin-induced PAH haemodynamic phenotype in the TRAIL deletion experiment was not 

identical to that of the preliminary time-course experiment, although there was evidence for 

development of PAH in both experiments. In the time-course experiment there was also a 
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reduction in TRAIL mRNA detected in the lungs of bleomycin mice at 32 days, which in the 

TRAIL deletion experiment was demonstrated in the fibroblast-specific and global TRAIL-

deleted mice but not in the bleomycin disease control mice with TRAIL expression. The cause 

of the phenotypic variation between experiments is unclear, although a potentially important 

factor was the greater target initial weight of mice used in the TRAIL deletion study, which was 

selected for animal welfare purposes based on the severity in the preliminary study. Another 

possible factor is the alternate source of bleomycin used in the TRAIL deletion study: in the 

preliminary study bleomycin was purchased from Sigma-Aldrich (St. Louis, MO), whereas in 

the TRAIL deletion study human grade medical bleomycin was produced by Kyowo Kirin 

(Japan) and purchased from an NHS Trust pharmacy. Both sources are described as 

containing a mixture of glycopeptide antibiotics – known as Bleomycin A2 and Bleomycin B2 – 

from Streptomyces verticillus. For both drugs, activity in units was provided by the 

manufacturer and used for dosage calculations. However, while the Sigma preparation lists 

the constituents as 55–70% Bleomycin A2 and 25–32% Bleomycin B2, information was not 

available for the exact formulation of the Kyowo Kirin drug. 
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4 The role of VSMC-derived TRAIL in SuHx-induced 

PAH 

A key process underlying the development and progression of PAH is the characteristic 

pulmonary arterial remodelling (Pietra et al. 1989). As this vascular remodelling – rather than 

vasodilation – so far remains largely untreated by current pharmaceuticals, there is a need for 

better therapies. Several factors have been described as drivers of this vascular remodelling, 

including the cytokine TRAIL (Hameed et al. 2012, Lawrie et al. 2011, Lawrie et al. 2008, Liu 

et al. 2015). TRAIL has direct effects on pulmonary vascular cells in vitro; it induces 

proliferation and migration in PAECs (Cantarella et al. 2014, Cartland et al. 2016, Secchiero 

et al. 2003, Zauli et al. 2003) and PASMCs (Hameed et al. 2012, Kavurma et al. 2008, 

Secchiero et al. 2004). Additionally, elimination of TRAIL by genetic deletion or antibody 

blockade causes reduced pulmonary arterial remodelling and pulmonary artery pressures in 

rodent models (Dawson et al. 2014, Hameed et al. 2012). Although TRAIL is expressed in 

most cell types, including leukocytes, bone marrow transplants have demonstrated that tissue-

derived, rather than circulating TRAIL is required for development of PAH in rodent models 

(Hameed et al. 2012). 

 

I hypothesised that TRAIL produced by VSMCs is crucial to development of PAH. To 

determine whether VSMCs are a detrimental source of TRAIL in this context, a mouse strain 

was generated with VSMC-specific, tamoxifen-inducible deletion of TRAIL. These mice were 

subjected to the SuHx model of PAH. For PAH, many models are available, each with their 

own advantages (Lawrie 2014). The recently-developed murine SuHx model (Ciuclan et al. 

2011) was selected as suitable in that it produces a PAH phenotype as well as presenting the 

opportunity for straightforward genetic manipulation. Additionally, TRAIL-deficient mice 

subjected to the SuHx model were previously demonstrated to be protected against PAH 

compared to wild-type mice (Dawson et al. 2014).   
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4.1 Generation of mice with VSMC-specific TRAIL deletion 

Male mice with tamoxifen-inducible VSMC-specific TRAIL deletion (TRAILtm1c/tm1c-SMMHC-

Cre-ERT2tg/0) from the F2 cross were used in experiments. The generation of these mice is 

described in Chapter 2.2.4. 

 

4.1.1 Genotyping 

Three separate multiplex PCR reactions were performed to detect TRAILtm1c and TRAILwt 

alleles, TRAILtm1d and TRAILtm1c distal LoxP alleles and SMMHC-Cre-ERT2tg and SMMHC-

Cre-ERT2wt alleles respectively Figure 4.1). The PCR reactions for TRAIL alleles (Figure 

4.1A–B) were as described in Chapter 3.1.1. For SMMHC-Cre-ERT2 genotyping, three 

primers were used: two specific to genomic regions flanking the insert site, and one targeting 

the insert sequence (Figure 4.1C). The PCR created a 287 bp product for the SMMHC-Cre-

ERT2tg allele or a 225 bp wildtype product. PCR conditions and primer sequences are listed 

in Appendix C: Genotyping PCR. Example gel images from PCR genotyping are shown in 

Figure 4.1.  
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Figure 4.1: PCR genotyping of TRAILtm1c and SMMHC-Cre-ERT2 transgenic alleles. Example 

images of agarose gels from PCR genotyping of two F2 offspring from TRAILtm1c/tm1c-SMMHC-Cre-

ERT2tg/0 mice crossed with TRAILtm1c/tm1c mice. Three separate PCR reactions were performed to detect 

the (A) TRAILtm1c allele (band labelled ‘TM1C’ at 604 bp), (B) TRAILtm1c distal LoxP allele (band labelled 

‘LoxP’, at 282 bp) and (C) SMMHC-Cre-ERT2tg and SMMHC-Cre-ERT2wt alleles (bands labelled 

‘SMMHC’ and ‘WT’, 287 bp and 225 bp respectively). The lane labelled ‘L’ contains 100 bp ladder and 

lanes ‘1’ and ‘2’ contain PCR products from two separate mice, for which each PCR reaction was carried 

out.  
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4.1.2 Cre reporter demonstration of Cre recombination 

To confirm the localisation of Cre expression and Cre-driven recombination, R26R-

Brainbow2.1 mice were crossed with SMMHC-Cre-ERT2 mice. Cre expression was induced 

by giving 5 daily intraperitoneal injections of 2 mg tamoxifen at 5–8 weeks. Lung sections from 

double transgenic adult offspring were examined by fluorescence microscopy. As shown in 

Figure 4.2, green and red fluorescence indicating Cre recombination was found in the 

pulmonary arterial medial layer containing SMCs. Nuclei were fluorescently stained blue by 

DAPI in the mountant. 
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Figure 4.2: Cre reporter demonstrates VSMC-specific Cre recombination. Fluorescence 

micrographs of 5 µm lung sections from R26R-Brainbow2.1tg/wt-SMMHC-Cre-ERT2tg/0 mice. Images 

were acquired at 488 nm and 555 nm (Cre recombinase-driven fluorescence) and 461 nm (DAPI 

nuclear stain). Images were acquired at 200X total magnification then digitally cropped. 
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4.2 VSMC-specific TRAIL deleted mice are protected from PAH 

Mice with VSMC-specific, tamoxifen-inducible deletion of TRAIL were subjected to the SuHx 

model to determine the effect of this cell type-specific deletion of TRAIL on the PAH 

phenotype. Details of the experimental protocol are summarised in Figure 4.3. The strains 

used were TRAILtm1c/tm1c (TRAIL normal) and TRAILtm1c/tm1c-SMMHC-Cre-ERT2 (tamoxifen-

inducible VSMC-specific TRAIL deletion). For TRAILtm1c/tm1c-SMMHC-Cre-ERT2 mice and the 

wildtype tamoxifen control mice (TRAILtm1c/tm1c), 5x daily 2 mg tamoxifen IP injections were 

given at 5–8 weeks old. The other groups received 5x daily corn oil IP injections. The two 

TRAIL normal disease control groups were TRAILtm1c/tm1c-SMMHC-Cre-ERT2 given corn oil 

and TRAILtm1c/tm1c given tamoxifen. At minimum 12 weeks age (median 12.9 weeks, range 

12.0–15.3 weeks) and weighing approximately 25 g (median 25.9 g, range 22.6–29.1 g) mice 

underwent subcutaneous injection with 20 mg/kg Sugen 5416 or saline once weekly for 3 

weeks then were sacrificed at day 21. Disease groups were kept in hypoxia (10% oxygen) 

throughout the experiment, and normoxia control mice were kept in normal room air. Endpoint 

echocardiography and cardiac catheterisation were performed to assess PAH phenotype. 

Animals were then sacrificed and lungs were perfusion fixed for histological staining and 

immunohistochemical assessment.  
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Male mice used; all 

strains based on 

C57BL/6 background. 

Daily IP injections 2 mg 

TMX or corn oil at 5–8 

weeks old (5x days). 

Weekly SC injections 20 

mg/kg Sugen 5416 with 

hypoxia (10% O2) or 

normoxia (3x weeks) 

and cull at day 21. 

Perform terminal 

procedures. 

 

Figure 4.3: Experimental schematic for TRAIL genetic deletion in SuHx mice. Strains utilised in 

the experiment either had functional TRAIL expression (TRAILtm1c/tm1c) or tamoxifen (TMX)-inducible 

vascular smooth muscle cell-specific TRAIL deletion (TRAILtm1c/tm1c-SMMHC-Cre-ERT2). Mice were 

weaned, ear clipped and genotype confirmed by PCR. Two groups underwent tamoxifen (TMX) 5x daily 

IP injections at 5–8 weeks old and the others received IP corn oil. Mice were subjected to 3 weekly SC 

Sugen 5416 injections with hypoxia (10% oxygen; SuHx) or normoxic conditions (Nx) and culled after 

3 weeks. Terminal procedures were performed including echocardiography, cardiac catheterisation and 

tissue harvest.  

TRAILtm1c/tm1c

Corn oil Nx (n = 5)

TMX SuHx (n = 5)

TRAILtm1c/tm1c‐
SMMHC‐Cre‐

ERT2

Corn oil SuHx (n = 9)

TMX SuHx (n = 9)
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4.2.1 TRAIL expression in lungs 

Real time qPCR was performed to quantify TRAIL mRNA expression in whole lung tissue from 

SuHx mice to determine any changes in this model. RNA was extracted from frozen whole 

lung tissue and a set quantity reverse transcribed to cDNA for qPCR analysis by TaqMan 

technology. TRAIL mRNA was detected in the lungs of mice at each experimental group from 

the SuHx model (Figure 4.4A). However, no significant differences were observed between 

any groups within this experiment. This was in contrast to TRAIL RT-qPCR data from Chapter 

3.4.1, whereby TRAIL mRNA was reduced in whole lungs from mice with fibroblast-specific 

TRAIL deletion subject to bleomycin insult (Figure 4.4B). Immunohistochemistry was also 

performed to visualise TRAIL protein expression in the lungs of SuHx mice (data not shown). 

However, at the protein level, no differences in TRAIL immunostaining could be visually 

detected in the lungs of any mice examined, which may have been due to the high level of 

non-specific background staining. It is also possible that as a soluble cytokine, the specific 

localisation of TRAIL is problematic. 
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Figure 4.4: TRAIL expression in VSMC-specific TRAIL-deleted SuHx lungs. (A) Mice were 

subjected to 3 weekly SC Sugen 5416 injections with hypoxia (10% oxygen; SuHx) or normoxic 

conditions (Nx) and culled after 3 weeks. Two groups had previously undergone tamoxifen (TMX) 5x 

daily IP injections at 5–8 weeks old. TRAIL mRNA was measured in cDNA from whole mouse lungs by 

TaqMan RT-qPCR. (B) Also included for comparison are TRAIL mRNA data from Chapter 3.4.1, in 

which mice were subjected to bleomycin (BLM) or saline IP injection twice weekly for 4 weeks and 

culled at day 35. All data shown are threshold cycle values normalised to a reference gene (GAPDH) 

then to a reference sample (from the nx – corn oil – TRAILtm1c/tm1c group) to compare both experiments 

(delta-delta Ct; ddCt). Bars show mean ± SD, n = 5–9. * p<0.05, *** p<0.001, one-way ANOVA with 

Sidak’s multiple comparisons test comparing the mean of groups within each experiment separately. 
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4.2.2 Haemodynamics 

Haemodynamic measurements were taken from right heart catheterisation (Figure 4.5A–F) in 

addition to echocardiography (Figure 4.5G–H) under anaesthesia at the time of terminal 

procedures to determine any effect of TRAIL deletion on haemodynamic changes associated 

with PAH. Significantly increased RVESP was observed in mice with TRAIL expression 

subjected to SuHx, compared to normoxia control mice: both in those without the SMMHC-

Cre-ERT2 allele given tamoxifen (Figure 4.5A; mean 38.70 mmHg vs. 27.85 mmHg, p = 

0.0143) and in those with the SMMHC-Cre-ERT2 allele given corn oil (Figure 4.5A; mean 

40.28 mmHg vs. 27.85 mmHg, p = 0.0037). Mice with VSMC-specific TRAIL deletion 

(TRAILtm1c/tm1c-SMMHC-Cre-ERT2 given tamoxifen) did not have elevated RVESP compared 

to normoxia control mice. VSMC-deleted TRAIL mice also had significantly lower RVESP than 

both TRAILtm1c/tm1c mice given tamoxifen (Figure 4.5A; mean 31.23 mmHg vs. 38.70 mmHg, p 

= 0.0386) and TRAILtm1c/tm1c-SMMHC-Cre-ERT2 mice given corn oil (Figure 4.5A; mean 31.23 

mmHg vs. 40.28 mmHg, p = 0.0076) and subjected to SuHx. Mice with VSMC-specific TRAIL 

deletion also had significantly higher dP/dt min than TRAILtm1c/tm1c-SMMHC-Cre-ERT2 mice 

given corn oil and subjected to SuHx (Figure 4.5C; mean -713.1 mmHg/sec vs. -2491 

mmHg/sec, p = 0.0330). A similar pattern was seen in RV arterial elastance (Figure 4.5E), 

which was increased by the SuHx insult in the absence of TRAIL deletion, and reduced in 

VSMC TRAIL-deleted mice compared to both disease control mice groups (Figure 4.5E; e.g. 

VSMC-deleted mice vs. TRAILtm1c/tm1c-SMMHC-Cre-ERT2 mice given tamoxifen, mean 17.56 

mmHg/µl vs. 28.46 mmHg/µl, p = 0.0423). No differences were observed due to SuHx or 

between diseased mice in RV end-diastolic pressure (Figure 4.5B), dP/dt max (Figure 4.5D) 

or RV ejection fraction (Figure 4.5F) from catheterisation or PAAT from echocardiography 

(Figure 4.5H). Due to insufficient data, haemodynamic measurements from catheterisation of 

the LV or aorta are not shown. However, echocardiographic examination demonstrated no 

difference in cardiac index (cardiac output at the aortic valve normalised to body weight) 

caused by the SuHx insult (Figure 4.5G), indicating left heart function was unaffected. 
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Figure 4.5: Haemodynamic measures in VSMC-specific TRAIL-deleted SuHx mice. Mice were 

subjected to 3 weekly SC Sugen 5416 injections with hypoxia (10% oxygen; SuHx) or normoxic 

conditions (Nx) and culled after 3 weeks. Two groups had previously undergone tamoxifen (TMX) 5x 

daily IP injections at 5–8 weeks old. Haemodynamic measurements were taken by cardiac 

catheterisation (A–F) and echocardiography (G–H). Plots show (A) right ventricular (RV) end systolic 

pressure, (B) RV end-diastolic pressure, (C) RV dP/dt minimum, (D) RV dP/dt minimum, (E) RV arterial 

elastance, (F) RV ejection fraction, (G) cardiac index (cardiac output measure at the aortic valve and 

normalised to body weight) and (H) pulmonary artery acceleration time (PAAT). Points represent 

individual mice, n = 4–9 animals per group, bars show mean ± SD. * p<0.05; ** p<0.01; one-way ANOVA 

with Sidak's multiple comparisons test comparing each group. 
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4.2.3 Right ventricular hypertrophy 

To measure enlargement of the RV associated with PAH, after dissection of hearts, RVH was 

calculated as the ratio of right ventricular free wall weight to LV plus septum weight (Figure 

4.6). The two groups subjected to SuHx, but without TRAIL deletion developed significantly 

increased RVH compared to normoxic control mice (TRAILtm1c/tm1c given TMX mean 0.3258 

vs. 0.2371, p = 0.0305; TRAILtm1c/tm1c-SMMHC-Cre-ERT2 given corn oil mean 0.3494 vs 0. 

2371, p = 0.0014). Notably, SMC-specific deletion of TRAIL (i.e. in mice with the SMMHC-

Cre-ERT2 allele that received tamoxifen) caused a reduced RVH phenotype in the context of 

SuHx, compared to the genetically identical mice given corn oil (mean 0.2885 vs. 0.3494, p = 

0.0424). 

 

 

 

 

Figure 4.6: Right ventricular hypertrophy in VSMC-specific TRAIL-deleted SuHx mice. Mice were 

subjected to 3 weekly SC Sugen 5416 injections with hypoxia (10% oxygen; SuHx) or normoxic 

conditions (Nx) and culled after 3 weeks. Two groups had previously undergone tamoxifen (TMX) 5x 

daily IP injections at 5–8 weeks old. Hearts were dissected and right ventricular (RV) hypertrophy was 

calculated by right ventricular free wall weight normalised to left ventricle plus septum weight 

(RV:LV+S). Points represent individual mice, n = 5–9 animals per group, bars show mean ± SD. * 

p<0.05, ** p<0.01; one-way ANOVA with Sidak's multiple comparisons test of each pairwise group 

combination.  
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4.2.4 Pulmonary vascular remodelling 

To determine changes in PAH vascular phenotype driven by SuHx, pulmonary vascular 

remodelling was assessed in micrographs of formalin-fixed, paraffin-embedded lung sections 

histologically stained with ABEVG or immunostained for α-SMA or VWF (Figure 4.7A–E). As 

illustrated by the example micrographs (Figure 4.7A), the SuHx insult induced pulmonary 

vascular remodelling including medial thickening of small (0–50 µm) pulmonary arteries 

indicated by α-SMA area. The appearance of thickened small pulmonary arteries was 

accompanied by distinct inner and outer elastic laminae. The pulmonary vascular remodelling 

was also quantified by counting the proportion of muscularised vessels in ABEVG-stained 

sections (Figure 4.7B–C) and by measuring the medial area of muscularised vessels in 

sections immunostained for α-SMA (Figure 4.7D–E). The diameter of vessels was measured 

and used to divide them into two sizes (0–50 µm and 50–100 µm). For ABEVG lung sections, 

each vessel was scored as non-muscularised (those with a single elastic lamina) or 

muscularised (those with two or more distinct elastic laminae). Only vessels with a clear 

transverse cross-section were included in the analysis. There were significantly more 

muscularised 0–50 µm diameter pulmonary arteries in all SuHx groups compared to normoxia 

control mice (Figure 4.7B). Mice with VSMC-specific TRAIL deletion (TRAILtm1c/tm1c-SMMHC-

Cre-ERT2 mice given tamoxifen) also had significantly fewer muscularised vessels than either 

of the SuHx mice groups without TRAIL deletion: those without the SMMHC-Cre-ERT2 allele 

given tamoxifen (mean 40.77% vs. 50.88%, p = 0.0243) or those with the SMMHC-Cre-ERT2 

allele given corn oil (mean 40.77% vs. 52.17%, p = 0.0041). No differences in the number of 

larger muscularised vessels (50–100 µm) were observed between any groups. A comparable 

pattern to the number of muscularised small vessels was also found in the degree of medial 

thickening of small vessels from sections immunostained for α-SMA (Figure 4.7D). In this 

analysis, the two groups without TRAIL deletion subjected to SuHx had significantly thickened 

medial layers calculated as medial area normalised to CSA. The mice with VSMC-specific 

TRAIL deletion in SuHx had do difference in medial thickening to normoxia control mice, and 

furthermore these mice also had reduced medial thickness compared to mice with the 
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SMMHC-Cre-ERT2 allele given corn oil in SuHx (mean 0.3959 vs. 0.5566, p = 0.0028). 

Interestingly, in the medial thickness metric for larger vessels (Figure 4.7E) there was also an 

increase observed in SMMHC-Cre-ERT2 allele given corn oil in SuHx (mean 0.5454 vs. 

0.3205, p = 0.0026), which was ameliorated in mice with VSMC-specific TRAIL deletion (mean 

0.3420 vs. 0.5454, p = 0.0010). 
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Figure 4.7: Vascular remodelling in VSMC-specific TRAIL-deleted SuHx lungs. Mice were 

subjected to 3 weekly SC Sugen 5416 injections with hypoxia (10% oxygen; SuHx) or normoxic 

conditions (Nx) and culled after 3 weeks. Two groups had previously undergone tamoxifen (TMX) 5x 

daily IP injections at 5–8 weeks old. (A) Representative micrographs from 5 µm thick lung sections 

stained with Miller’s elastin stain with alcian blue and van Gieson (ABEVG) or immunostained for α-

smooth muscle actin (α-SMA) or von Willebrand factor (VWF), with nuclei counterstained with Carazzi’s 

haematoxylin. Images were acquired at 200X total magnification then digitally cropped. Pulmonary 

vascular remodelling was quantified by the proportion of muscularised arteries and arterioles in lung 

sections stained with ABEVG (B–C) and by the medial area over cross-sectional area (CSA) for 

muscularised arteries in lung sections immunostained with DAB for α-SMA (D–E). Pulmonary arteries 

were divided into small (0–50 µm diameter; B, D) and large sizes (50–100 µm diameter; C, E). Points 

represent individual mice, n = 4–9 animals per group, bars show mean ± SD. * p<0.05; ** p<0.01; *** 

p<0.001; **** p<0.0001, one-way ANOVA with Sidak's multiple comparisons test of each pairwise group 

combination. 
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4.3 Summary 

The aims of this chapter were to generate mice with VSMC-specific deletion of TRAIL and to 

determine any effect in the context of SuHx-induced PAH. In summary: 

 Mice with floxed TRAIL were crossed with the SMMHC-Cre-ERT2 line to produce a 

strain with tamoxifen-inducible VSMC-specific deletion of TRAIL. 

 SuHx caused a PAH haemodynamic phenotype, which was reduced in mice with 

deletion of TRAIL in VSMCs (with no effect on left heart function). 

 Mice subjected to SuHx developed RVH, which was ameliorated in mice with TRAIL 

deleted in VSMCs. 

 SuHx caused extensive remodelling of small pulmonary arteries, and VSMC-specific 

deletion of TRAIL reduced both the number of muscularised vessels and the medial 

thickness of these vessels. 
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4.4 Discussion 

4.4.1 VSMCs are a protective source of TRAIL in PAH 

In this chapter I presented data demonstrating that mice with VSMC-specific deletion of TRAIL 

were protected from SuHx-induced PAH compared to those with normal TRAIL expression. 

This was evident from improvement in multiple haemodynamic metrics, decreased RVH and 

a reduction in the prevalence and medial thickening of muscularised small pulmonary arteries. 

These results confirm that VSMCs are indeed a crucial source of TRAIL contributing to the 

PAH phenotype in the SuHx mouse model, which is in line with previous studies demonstrating 

that TRAIL drives PAH in SuHx mice (Dawson et al. 2014) and that tissue-derived rather than 

circulating TRAIL is required for PAH pathogenesis in other mouse models (Hameed et al. 

2012). The magnitude of the protective effect of TRAIL deletion in VSMCs in these mice is 

striking given the relatively subtle disease phenotype compared to other models such as the 

monocrotaline or SuHx rat, which unlike the SuHx mouse can develop angioproliferative 

plexiform lesions (Abe et al. 2010b). Notably, while VSMC-specific TRAIL deletion reduced 

the establishment of PAH as determined by several metrics, it did not fully protect against 

disease when compared to normoxic control mice. This suggests that TRAIL expressed by 

additional key vascular cell types – such as ECs – may also be involved in driving PAH. 

Furthermore, the protective effect against PF of TRAIL deletion in fibroblasts (and suggestion 

of a possible effect against bleomycin-induced PAH) demonstrated in Chapter 3.4 indicates 

that deletion of TRAIL in adventitial fibroblasts and other resident vascular cells in the context 

of SuHx-induced PAH could be informative, as these cells are also relevant in PAH. Although 

deletion of TRAIL in ECs, fibroblasts and other cells in the SuHx model was beyond the scope 

of the present study, Cre driver lines are available for many cell types and future work would 

be beneficial in further exploring the role of TRAIL in PAH. 

 

I also found that the SuHx insult did not affect TRAIL mRNA level in whole lung in mice with 

normal TRAIL expression or those with VSMC-specific TRAIL deletion. In contrast, fibroblast-
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specific deletion of TRAIL in mice subjected to bleomycin reduced TRAIL mRNA at the whole 

lung level (but not in bleomycin insult without TRAIL deletion). The reasons for these findings 

are unclear, and I did not have data from unchallenged TRAIL-deleted mice to check for a 

potential basal change in TRAIL expression. A recent single cell RNA sequencing study 

suggested that VSMCs and fibroblasts are of similar number in an unchallenged mouse lung 

(Angelidis et al. 2019). Therefore, the expression of TRAIL may differ between these cell types 

in health and/or disease, and this requires further investigation. As fibroblast-specific deletion 

of TRAIL reduced TRAIL mRNA at the whole lung level in bleomycin mice, one possible 

conclusion to draw from these results is that fibroblasts are a predominant source of TRAIL 

mRNA in lungs of mice subjected to bleomycin. 

 

Another consideration in the interpretation of the results presented here is that the targets of 

pathogenic VSMC-derived TRAIL in PAH remain to be elucidated. Evidence such as the pro-

proliferative and/or pro-migratory effects of in vitro TRAIL stimulation points towards VSMCs 

(Secchiero et al. 2004, Kavurma et al. 2008, Hameed et al. 2012) and ECs (Secchiero et al. 

2003, Zauli et al. 2003, Cantarella et al. 2014, Cartland et al. 2016) as targets of TRAIL in 

PAH. Additionally, antibody blockade of TRAIL in rodent PAH models has been shown to 

increase the number of apoptotic cells – and decrease the number of proliferating cells – within 

remodelled pulmonary arteries (Hameed et al. 2012). However, a direct in vivo effect of TRAIL 

on specific cell types in PAH has not yet been demonstrated. A difficulty in establishing these 

interactions arises from the fact that TRAIL may be membrane-bound or cleaved to form a 

cytokine, thus the localisation of TRAIL immunoreactivity alone may not be informative. 

However, a potentially valuable study would involve the genetic deletion of particular TRAIL 

receptors in specific cell types such as ECs and VSMCs using the Cre/lox system in the 

context of PAH models. Altered expression of specific TRAIL receptors has been linked to 

PAH pathogenesis – for example, elevated DR4 and DcR1 expression was previously 

detected in explanted PASMCs from IPAH patients, compared to healthy control cells 

(Hameed et al. 2012). Similarly, differential expression of TRAIL receptors has been linked to 
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pro-proliferative, pro-survival or pro-hypertrophic effects in cells involved in other varied 

diseases, such as: cardiomyocytes in cardiac disease  (Tanner et al. 2019), AECs in IPF 

(Akram et al. 2014), cells in small cell lung cancer (Belyanskaya et al. 2008) and kidney 

proximal tubular epithelial cells in lupus nephritis (Nguyen et al. 2009). Further research into 

TRAIL receptors is therefore required to fully understand the pathogenic role of VSMC-derived 

TRAIL in PAH established in the present study. The downstream effects of TRAIL stimulation 

of PASMCs and the role of TRAIL-modulated targets in PAH animal models and PAH patients 

are further explored in Chapter 5. 

 

4.4.2 The SuHx mouse model 

In the present study, mice were subjected to the SuHx model and indications of PAH 

phenotype were observed including haemodynamics of the right heart and RVH, with 

underlying remodelling of small pulmonary arteries. The choice of mice as the model species 

was determined by its ease of genetic manipulation. The Cre/lox system in mice presents a 

somewhat simple and readily available method for achieving inducible, cell type-specific 

genetic deletions in a mammalian species. Due to the limited number of mice available for 

study, only one experimental model was able to be utilised. The SuHx mouse model was 

selected as a model originally developed in rats (Taraseviciene-Stewart et al. 2001) but since 

also adapted for mice (Ciuclan et al. 2011). In this model the targeting of the hypoxia pathway 

(as in the chronic hypoxic mouse model) is combined with the use of Sugen 5416, an inhibitor 

of VEGF receptor. The mouse SuHx model produces enhanced pulmonary vascular 

remodelling compared to the chronic hypoxia model in mice (Ciuclan et al. 2011), thus more 

closely resembling the human form of PAH. The SuHx mouse model has been widely adopted 

since its first use – a recent survey from the Pulmonary Vascular Research Institute found the 

SuHx mouse was used by approximately 39% of PH research groups in target identification 

studies, compared to the 56% use rate for the chronic hypoxic mouse (Lawrie 2014). The 

SuHx mouse model has also been utilised extensively previously within the research group 

(Boehm et al. 2018, Dawson et al. 2014, Farkas et al. 2019). Additionally, its use with TRAIL-
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deleted mice reiterated a pathogenic role for TRAIL in PAH (Dawson et al. 2014) further to 

previous studies of TRAIL in models including the chronic hypoxic mouse and the 

monocrotaline rat (Hameed et al. 2012). 

 

A further consideration is the use of the oestrogen receptor antagonist tamoxifen in the present 

study. PAH is sexually dimorphic and is more prevalent in women than in men (Shapiro et al. 

2012) and signalling via the oestrogen alpha receptor has been linked to development of PAH 

(Wright et al. 2015). Animal models of PAH often only use males, however oestrogen may be 

important for PAH in both sexes – in female BMPR2 mutant mice, inhibition of oestrogen by 

use of tamoxifen, anastrozole or fulvestrant can reduce the PAH phenotype, but additionally 

oestrogen receptor 2 deletion is protective in male and female mice (Chen et al. 2017). A 

recent small phase II clinical trial also suggested that aromatase inhibition with anastrozole in 

postmenopausal women and men with PAH could lead to improvements in outcomes such as 

6-minute walk distance (Kawut et al. 2017). However, despite the plausible potential influence 

of tamoxifen on the PAH phenotype in the present study, no differences due to tamoxifen were 

observed in haemodynamics, RVH or pulmonary vascular remodelling. This may be because 

tamoxifen does not have an effect on the pathways involved in this particular model, or 

alternatively might be due to the tamoxifen being administered to mice at 5–8 weeks of age, 

several weeks before the SuHx insult. 
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5 The role of TRAIL targets in PASMCs, animal 

models and human PAH 

In the present study I have demonstrated that fibroblast-derived TRAIL is protective in the 

context of IP bleomycin-induced PF in mice (Chapter 3), whereas TRAIL produced by VSMCs 

is pathogenic and required for the development of PAH in the SuHx mouse model (Chapter 

4). These results are similar to other studies highlighting diverse roles of TRAIL in various 

diseases – particularly in those affecting the lung (Braithwaite et al. 2018) – but go further by 

suggesting that the source of TRAIL is crucial to its function in these varied disease processes. 

Another important aspect to understanding TRAIL function as a cytokine is its target cells and 

the effects induced within these cells. In the context of PAH, key cell types pathologically 

altered include those of the pulmonary vasculature. Indeed, TRAIL has previously been 

demonstrated to have direct pro-proliferative effects (e.g. by ERK1/2 phosphorylation) on 

VSMCs (Hameed et al. 2012, Kavurma et al. 2008, Secchiero et al. 2004) and pro-angiogenic 

effects on ECs (Cantarella et al. 2014, Cartland et al. 2016, Secchiero et al. 2003, Zauli et al. 

2003). However, the full extent of TRAIL-induced processes is pulmonary vascular cells is not 

well understood. As key effector cells in PAH vascular remodelling, it is feasible that TRAIL 

released from PASMCs could also be inducing proliferative effects in these cells via additional, 

undescribed pathways. Therefore, in this chapter I explore the effects of TRAIL stimulation on 

human PASMC, then further characterise the TRAIL-regulated genes and pathways 

discovered in animal models and in human PAH. 
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5.1 TRAIL alters mRNA levels and protein phosphorylation in 

PASMCs 

TRAIL has previously been demonstrated to stimulate pro-proliferative, non-canonical 

signalling pathways in vascular cells, particularly in VSMCs (Hameed et al. 2012, Kavurma et 

al. 2008, Secchiero et al. 2004). Some effects of this signalling have been illustrated – such 

as ERK1/2 phosphorylation in PASMCs (Hameed et al. 2012) – however, the full impact of 

TRAIL signalling in PASMCs and in the context of PAH has not been characterised. To further 

explore this, I analysed microarray datasets detailing the transcriptomic effects of TRAIL 

stimulation of PASMCs. Microarray measurement of mRNA was carried out using cDNA 

created from human primary PASMCs unstimulated or stimulated with 30 ng/ml recombinant 

human TRAIL for 6 hours. This dose was selected as suitable for inducing a proliferative effect 

in PASMCs in previous studies (Hameed et al. 2012). Differential gene expression was 

assessed and then the set of altered genes was investigated using GO enrichment analysis 

and signalling pathway topology analysis, to further implicate TRAIL and TRAIL-regulated 

genes and biological processes in PAH pathobiology. Additionally, at 10- and 60-minute 

stimulation timepoints measurement of protein levels and protein phosphorylation was carried 

out by antibody arrays and the data combined with pathways analysis of the effects of TRAIL. 

 

5.1.1 Microarray mRNA quantification 

To determine the transcriptomic effects of TRAIL stimulation, human primary PASMCs were 

stimulated with recombinant TRAIL or unstimulated as control and mRNA was isolated after 6 

hours. Due to availability of arrays, and to minimise the effects of biological variation, cDNA 

samples from separate stimulations were pooled: 8 unstimulated samples into 4, and 6 TRAIL-

stimulated samples into 2. Measurement of transcriptome was carried out using Agilent 

SurePrint G3 Human Gene Expression v2 single colour microarrays. Array data were 

background corrected, normalised then analysed to determine DE genes using the LIMMA R 

package. From the 35,649 probes whose target genes were found to be expressed, 3,166 
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were significantly altered (adjusted p<0.05; Figure 5.1A) when comparing TRAIL-stimulated 

PASMCs to unstimulated PASMCs. As would be expected from microarray gene expression 

analysis, due to statistical power more numerous significant changes in mRNA expression 

were detected for probes with larger fold changes between experimental conditions. Of the 

significantly DE probes, 462 had a log2 fold change ≥1 (i.e. a 2-fold absolute difference), with 

246 upregulated and 216 downregulated by TRAIL stimulation (Figure 5.1B). The probes with 

the 20 highest and 20 lowest log2 fold changes after TRAIL stimulation are shown in Table 

5.1. Notable genes highly upregulated by TRAIL stimulation included pro-angiogenic growth 

factors (FIGF and PDGFD). Genes highly downregulated by TRAIL included several cytokines 

(CXCL6, CXCL1, CXCL2, IL6 and IL8), the vasorelaxant VIPR1 and the BMP/Wnt antagonist 

SOST. Interestingly, TRAIL mRNA was also significantly increased after stimulation by 

recombinant TRAIL protein (data not shown; log2 fold change 1.118, adjusted p<0.01). 

Commonalities in the biological functions and pathways of genes DE induced by TRAIL 

stimulation are further explored by GO term enrichment analysis and pathway topology 

analysis in Chapter 5.1.3 and Chapter 5.1.5 respectively. 
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Figure 5.1: Differentially expressed mRNA after TRAIL stimulation of PASMCs. Human primary 

PASMCs were stimulated with recombinant TRAIL or unstimulated for 6 hours and transcriptome was 

measured by Agilent SurePrint G3 Human Gene Expression v2 single colour microarrays. (A–B) 

Volcano plots showing differential expression analysis by linear models for microarray analysis 

(LIMMA). Points represent single probes. (A) All probes shown, probes with adjusted p<0.05 are 

highlighted in orange (n = 3,166), (B) probes with adjusted p<0.05 shown, probes with log2 fold change 

≤-1 (n = 246) are highlighted in red and probes with log2 fold change ≥1 (n = 216) are highlighted in 

green. Log2 fold change, TRAIL-stimulated cells vs. unstimulated cells; adjusted p-value after global 

FDR (5%) correction by Benjamini and Hochberg’s method.
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Table 5.1: Top differentially expressed genes after TRAIL stimulation of PASMCs 

Agilent probe ID 

Log2 

FC Adj. p-val. Gene symbol Gene name 

A_23_P31124 3.714 0.0009 COL21A1 Collagen, type XXI, alpha 1 

A_33_P3313283 3.122 0.0002 CILP2 Cartilage intermediate layer protein 2 

A_23_P82990 3.086 0.0033 OGN Osteoglycin 

A_33_P3239185 2.647 1.58X10-5 SYT7 Synaptotagmin VII 

A_33_P3279590 2.602 0.0074 OGN Osteoglycin 

A_33_P3322804 2.452 0.0002 NTRK2 Neurotrophic tyrosine kinase, receptor, type 2 

A_23_P212608 2.404 0.0017 CLSTN2 Calsyntenin 2 

A_23_P216429 2.294 0.0004 ASPN Asporin 

A_23_P45185 2.290 0.0002 FIGF C-fos induced growth factor 

A_23_P202448 2.151 0.0004 CXCL12 Chemokine (C-X-C motif) ligand 12 

A_24_P183664 2.145 0.0065 TRIL TLR4 interactor with leucine-rich repeats 

A_23_P200741 2.017 0.0074 DPT Dermatopontin 

A_24_P156490 1.997 0.0013 KCNMA1 Calcium-activated potassium channel alpha 1 

A_24_P124349 1.964 0.0002 PDGFD Platelet derived growth factor D 

A_33_P3274179 1.935 0.0196 ERV18-1 Endogenous retrovirus group 18, member 1 

A_33_P3216059 1.903 0.0006 ASPN Asporin 

A_32_P181222 1.878 0.0017 KCNMA1 Calcium-activated potassium channel alpha 1 

A_23_P102611 1.869 0.0048 WISP2 WNT1 inducible signaling pathway protein 2 

A_19_P00320885 1.845 0.0122 XLOC_007052 

A_33_P3411244 1.841 0.0055 OR8S1 Olfactory receptor, family 8, subfamily S, mem. 1 

A_23_P161218 -3.832 0.0253 ANKRD1 Ankyrin repeat domain 1 

A_23_P62752 -3.740 0.0080 NPPB Natriuretic peptide B 

A_33_P3362008 -3.705 0.0066 NPPB Natriuretic peptide B 

A_33_P3265783 -3.589 1.58X10-5 STATH Statherin 

A_33_P3227400 -3.304 0.0180 COL4A4 Collagen, type IV, alpha 4 

A_24_P264943 -3.223 0.0010 COMP Cartilage oligomeric matrix protein 

A_23_P7144 -3.163 0.0179 CXCL1 Chemokine (C-X-C motif) ligand 1 

A_23_P71037 -3.151 0.0371 IL6 Interleukin 6 (interferon, beta 2) 

A_23_P155755 -3.134 0.0068 CXCL6 Chemokine (C-X-C motif) ligand 6 

A_24_P305784 -2.993 0.0089 SPANXB2 SPANX family, member B2 



127 

A_33_P3330264 -2.844 0.0134 CXCL1 Chemokine (C-X-C motif) ligand 1 

A_23_P39955 -2.715 0.0024 ACTG2 Actin, gamma-enteric smooth muscle 

A_23_P107421 -2.618 0.0030 TK1 Thymidine kinase 1 

A_32_P87013 -2.600 0.0176 IL8 Interleukin 8 

A_24_P62783 -2.567 0.0002 FABP3 Fatty acid binding protein 3 

A_23_P118571 -2.487 0.0030 SOST Sclerostin 

A_24_P257416 -2.364 0.0253 CXCL2 Chemokine (C-X-C motif) ligand 2 

A_24_P299474 -2.352 0.0351 TENM2 Teneurin transmembrane protein 2 

A_24_P105933 -2.348 0.0203 VIPR1 Vasoactive intestinal peptide receptor 1 

A_23_P118815 -2.340 0.0040 BIRC5 Baculoviral IAP repeat containing 5 (survivin) 

 

Log2 FC, log2 fold change between TRAIL stimulated and control cells; adj. p-val., global adjusted p-value after 

false discovery rate correction of p-value from moderated t-statistic obtained by testing for differential 

expression. Probes with the 20 highest and 20 lowest fold changes are shown. Some genes appear multiple 

times due to probe redundancy. 
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5.1.2 qPCR validation of differentially expressed genes 

RT-qPCR validation was performed to confirm the DE mRNAs as defined by microarray 

quantification. In the microarray assays, the RNA samples (each from separate cell 

stimulations) were pooled: 8 unstimulated samples were pooled into 4 (2 samples per array) 

and 6 TRAIL-stimulated samples were pooled into 2 (3 samples per array). However, for qPCR 

validation the full set of 14 original RNA samples were used as templates for reverse 

transcription to produce fresh cDNA, and the resulting cDNA was subjected to qPCR to 

measure mRNA. TaqMan probes were selected to detect mRNA from 7 genes: FIGF, ICAM1, 

PDGFD, PDGFRA, PDGFRB, SOST and VIPR1. These genes were selected as they had high 

fold changes after TRAIL stimulation in the microarray analysis. Furthermore, based on 

searches of databases detailing known and predicted gene functions (e.g. NCBI Entrez Gene, 

UniProtKB), the selected genes were found to have potentially relevant functions in the effects 

of TRAIL that could warrant further investigation in this chapter. Emphasis for selection was 

placed on potential functional relevance of genes, rather than the very highest fold changes. 

The normalised, background-subtracted log2 intensity values from microarray measurement 

(Figure 5.2A–G) were compared to ddCt values (normalised to GAPDH and a control sample) 

from qPCR measurement (Figure 5.2H–N). All genes investigated were found to have 

significantly DE mRNA as measured by qPCR, and all changes were in the same direction as 

those determined from the microarray data. Higher variability between replicate cDNA 

samples was observed in the qPCR measurement, which may be explained by the pooling of 

several cDNA samples for each replicate array from the microarray dataset. 
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5.1.3 Gene ontology analysis 

To find patterns in gene expression changes after TRAIL stimulation of PASMCs, the set of 

all DE genes determined by LIMMA from microarrays were assessed for enrichment of GO 

terms using DAVID. The categories included for testing were: Genetic Association Database 

diseases, biological process GO terms, molecular function GO terms and KEGG pathways. 

These categories were selected to highlight biological processes that might be regulated by 

TRAIL in PASMCs. GO terms with more than 500 gene hits were excluded as they were 

deemed too broad to be informative. Significance threshold for enriched pathways was set to 

p<0.05 (Benjamini-Hochberg adjusted p-value). In this analysis, 18 terms were found to be 

significantly enriched after TRAIL stimulation (Table 5.2). Disease terms enriched after TRAIL 

stimulation in PASMCs included type 2 diabetes (p = 2.61x10-6), cardiovascular diseases (p = 

0.0013) and coronary artery disease (p = 0.0239). These may be broad terms associated with 

proliferating VSMCs – however, interestingly terms for steroid biosynthesis (p = 0.0184) and 

metabolic pathways (p = 0.0325) were also enriched in the context of TRAIL stimulation, 

suggesting a change in the metabolic phenotype of these PASMCs. Terms associated with 

VSMC muscularisation and contractility were enriched by TRAIL stimulation, including actin 

binding (p = 0.0066), actin filament binding (p = 0.0092) and muscle contraction (p = 0.0040). 

Related terms also associated with TRAIL stimulation were those involving cytoskeletal 

function (structural constituent of cytoskeleton, p = 7.58x10-4 and regulation of actin 

cytoskeleton, p = 0.0209) as well as ECM-related processes (ECM organization, p = 0. 0071; 

ECM-receptor interaction, p = 0.0100 and focal adhesion, p = 0.0026). Further in-depth 

pathway topology analysis of gene expression changes induced by TRAIL stimulation is 

detailed in Chapter 5.1.5. 
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Table 5.2: Gene ontology analysis of TRAIL-induced mRNA changes in PASMCs 

Category Term NDE Fold enrichment Adj. p-val. 

GAD Type 2 Diabetes 369 1.3270 2.61E-06 

BP Cell adhesion (GO:0007155) 95 1.7386 3.74E-04 

MF Structural constituent of cytoskeleton (GO:0005200) 33 2.5258 7.58E-04 

GAD Cardiovascular Diseases 50 2.0911 0.0013 

KEGG Focal adhesion (hsa04510) 49 1.9071 0.0026 

BP Muscle contraction (GO:0006936) 32 2.5122 0.0040 

GAD Skin cancer, non-melanoma 15 4.0884 0.0053 

MF Actin binding (GO:0003779) 59 1.7869 0.0066 

BP ECM organization (GO:0030198) 47 2.0143 0.0071 

BP Actin filament binding (GO:0051015) 34 2.1686 0.0092 

KEGG ECM-receptor interaction (hsa04512) 25 2.3039 0.0100 

KEGG Pathogenic Escherichia coli infection (hsa05130) 18 2.8297 0.0121 

MF Heparin binding (GO:0008201) 38 1.9996 0.0154 

KEGG Steroid biosynthesis (hsa00100) 10 4.0087 0.0184 

KEGG Regulation of actin cytoskeleton (hsa04810) 45 1.7180 0.0209 

GAD Coronary Artery Disease 98 1.5189 0.0239 

KEGG Phagosome (hsa04145) 34 1.8173 0.0318 

KEGG Metabolic pathways (hsa01100) 187 1.2299 0.0325 
Categories: GAD, Genetic Association Database diseases; BP, biological process gene ontology (GO) terms; 

MF, molecular function GO terms; KEGG, Kyoto Encyclopaedia of Genes and Genomes pathways. NDE, number 

of differentially expressed genes matching the term; fold enrichment, observed NDE / expected NDE; adj. p-val., 

Benjamini-Hochberg adjusted p-value for enrichment; ECM, extracellular matrix.  
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5.1.4 Protein kinase phosphorylation changes 

To determine early changes in protein and protein phosphorylation levels, Kinex antibody 

arrays including 877 antibodies were used to quantify protein from unstimulated control 

PASMCs (n = 3) and PASMCs stimulated with recombinant TRAIL for 10 minutes (n = 4) or 

60 minutes (n = 3). Z-scores were calculated for each antibody to reduce the effect of inter-

array variability and these were compared between conditions using a Student’s t-test. 

Proteins and phosphorylated proteins significantly altered (p<0.05) after either 10 or 60 

minutes TRAIL stimulation vs. unstimulated control cells are shown in Table 5.3. Due to the 

high level of variation within the assay, global correction was not carried out and therefore the 

results were used only as additive data to the transcriptomic analysis. Changes in total protein 

and protein phosphorylation observed in this assay are combined with pathway topology 

analysis to highlight the extent of mRNA and protein changes within signalling pathways in 

Chapter 5.1.5. 
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Table 5.3: Altered protein levels after TRAIL stimulation of PASMCs 

    

TRAIL 10 min. vs 

unstimulated 

TRAIL 60 min. vs 

unstimulated   

Target 

protein 

Phospho 

site 
Z-diff. p-value Z-diff. p-value Full target protein name 

Adducin a/g S662 0.34 0.035 0.12 0.364 Adducin alpha (ADD1) 

APG1 Pan-

specific 

-0.15 0.044 -0.16 0.225 Glucose-6-phosphate 1-dehydrogenase 1, 

chloroplastic 

AurKA Pan-

Specific 

-0.02 0.905 0.22 0.036 Aurora Kinase A (serine/threonine protein 

kinase 6) 

AurKB Pan-

Specific 

0.05 0.258 0.10 0.033 Aurora Kinase B (serine/threonine protein 

kinase 12) 

Npm1 T234/237 -0.59 0.047 -0.01 0.988 Nucleophosmin 

CDK6 Pan-

specific 

-0.40 0.439 -0.91 0.007 Cyclin-dependent protein-serine kinase 6 

CDK8 Pan-

specific 

-0.35 0.041 -0.37 0.019 Cyclin-dependent protein-serine kinase 8 

Chk1 Pan-

specific 

-0.44 0.035 -0.35 0.064 Checkpoint protein-serine kinase 1 

CK1d Pan-

specific 

-0.26 0.007 -0.21 0.010 Casein protein-serine kinase 1 delta 

Crystallin 

aB 

Pan-

specific 

0.19 0.036 0.20 0.091 Crystallin alpha B (heat-shock 20 kDa like-

protein) 

ERB2 T686 0.10 0.018 0.13 0.018 ErbB2 (Neu) receptor-tyrosine kinase 

FAK S722 0.39 0.068 0.35 0.050 Focal adhesion protein-tyrosine kinase 

Hsp27 S86 -0.10 0.861 -0.79 0.034 Heat shock 27 kDa protein beta 1 (HspB1) 

JAK1 Y1022 0.18 0.449 0.47 0.048 Janus protein-tyrosine kinase 1 

JAK3 Pan-

specific 

0.08 0.421 0.11 0.041 Janus protein-tyrosine kinase 3 

Krs-1 Pan-

specific 

-0.34 0.560 -0.93 0.024 Protein-serine kinase suppressor of Ras 1 

MAPKAPK2 Pan-

specific 

0.11 0.085 0.18 0.026 MAPK-activated protein kinase 2 
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MEK1 T386 0.15 0.159 0.28 0.044 MAPK/ERK protein-serine kinase 1 (MKK1) 

Mnk2 Pan-

specific 

-0.60 0.031 -0.67 0.020 MAP kinase-interacting protein-serine 

kinase 2 

Nek2 Pan-

specific 

-0.43 0.276 -0.84 0.000 NIMA-related protein-serine kinase 2 

PAK3 Pan-

specific 

-0.12 0.247 0.28 0.001 p21-activated kinase 3 (beta) 

PKCd Y311 0.18 0.390 0.28 0.047 Protein-serine kinase C delta 

PP4C (X/C) Pan-

specific 

0.07 0.403 0.16 0.014 Protein-serine phosphatase X 

PRAS40 T246 -0.03 0.860 0.25 0.004 Proline-rich Akt substrate 40 kDa (Akt1S1) 

Pyk2 Pan-

specific 

-0.29 0.216 -0.32 0.015 Protein-tyrosine kinase 2 

Raf-1 Pan-

specific 

-0.34 0.361 -0.69 0.018 Rad17 homolog 

Rb S780 0.26 0.056 0.27 0.027 Retinoblastoma-associated protein 1 

Src Pan-

specific 

-0.21 0.416 0.09 0.035 Src proto-oncogene-encoded protein 

STAT3 Y704 -0.56 0.119 -0.85 0.008 Signal transducer and activator of 

transcription 3 

WNK1 S382 0.12 0.277 0.21 0.046 Serine/threonine-protein kinase WNK1 

Control, unstimulated PASMCs; TRAIL 10/60 min., PASMCs stimulated with TRAIL for 10 or 60 minutes; Z-diff, difference 

in mean Z-scores between conditions; p-value, calculated using Student’s t-test for significance (antibodies with p < 0.05 

for either comparison are shown in this table).
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5.1.5 Pathway topology analysis 

To determine changes to signalling pathways induced by TRAIL in PASMCs, pathway 

topology enrichment analysis of DE mRNA from microarrays determined by LIMMA was 

carried out using the SPIA R package. The SPIA method matches DE genes to KEGG 

signalling pathways and incorporates two metrics – the number of genes altered within a 

pathway, and the predicted perturbation of the pathway (based on the total impact of gene 

changes within the pathway) – to assess the overall effect on the pathway. These metrics 

were combined using Fisher’s combined probability test to give a global p-value for the 

probability of significantly altered pathways (Figure 5.3). After FDR correction for multiple 

testing, 9 pathways were determined to be significantly altered by TRAIL stimulation in 

PASMCs. Activated pathways included gap junction (hsa04540) and focal adhesion 

(hsa04510), which was also the most significantly altered pathway with 40 of 201 genes DE 

and a global p-value of 3.35 x10-8. Inhibited pathways included chemokine signalling 

(hsa04062), TGFβ signalling (hsa04350), ECM-receptor interaction (hsa04512) and 

regulation of actin cytoskeleton (hsa04810). Notably, several of these pathways highlighted 

by pathway topology analysis – relating to cytoskeletal and ECM functions – were also 

observed in the previous GO term enrichment analysis (Chapter 5.1.3). 
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Figure 5.3: Pathways activated by TRAIL stimulation of PASMCs. Pathway topology analysis of 

differentially expressed (DE) genes using signalling pathway impact analysis (SPIA). Each point 

represents a Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway. The x-axis shows the -

log10 of the p-value of obtaining the number of DE genes (NDE) by chance. The y-axis shows the -

log10 of the p-value of the perturbation of a pathway by chance (PERT), considering pathway topology. 

Dashed line shows significance threshold after combining the NDE and PERT using Fisher’s method, 

with global p-values after false discovery rate (FDR) correction. Of the significantly altered pathways, 

blue points indicate significantly activated pathways and red points indicate significantly inhibited 

pathways. TGF-beta, transforming growth factor β; ECM, extracellular matrix. 
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After 6 hours of TRAIL stimulation in PASMCs, there were extensive mRNA expression 

alterations affecting the TGFβ signalling pathway, leading to predicted overall inhibition 

(Figure 5.4). Expression of mRNA from 16 genes from this pathway were altered by TRAIL, 

including TGFβ3 (downregulated) and TGFβ receptor I (downregulated), as well as the 

transcriptional co-activator E1A Binding Protein P300 (P300). Also affected was the BMP 

signalling incorporated in this KEGG pathway, including BMP4 (upregulated), BMP6 

(downregulated) and the activin receptor 2A (ACVR2A; upregulated). Downstream of BMP 

signalling, the nuclear transcriptional regulators inhibitor of DNA binding 2 and 3 (ID2 and ID3) 

were also downregulated by TRAIL. 

 

A pathway highly upregulated by TRAIL in PASMCs was the focal adhesion pathway, including 

ECM components (e.g. COL1A2, COL4A1, COL4A2, COL4A4 and COL6A1), growth factors 

(e.g. VEGFA, FIGF and PDGFD), integrins and other transmembrane receptors (e.g. ITGA3, 

ITGA4, ITGA11, ITGB3, ITGB5, PDGFRA, PDGFRB) and various intracellular components 

(summarised in Figure 5.5). Additionally, at the 10- or 60-minute stimulation timepoints, 

several changes in protein levels and phosphorylated protein levels (determined by Kinex 

antibody arrays; detailed in Chapter 5.1.4) were detected in the focal adhesion pathway 

(Figure 5.5). These included elevated phosphorylation of key protein kinase regulators of the 

pathway at 60 minutes after TRAIL stimulation: at the S722 amino acid residue of focal 

adhesion kinase (FAK) and the Y311 amino acid residue of protein kinase C delta (‘PKC’). 

Increased phosphorylation was also observed at the T386 amino acid residue of MAPK/ERK 

protein-serine kinase 1 (MEK1) – an important element of the MAPK signal transduction 

pathway, which can regulate cell proliferation and survival. 
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5.2 Expression of TRAIL targets are altered in animal models and 

PAH patients 

In Chapter 5.1, genes and signalling pathways – e.g. TGFβ/BMP and focal adhesion pathways 

– were identified as being regulated by TRAIL in human primary PASMCs in vitro. While the 

signalling pathways identified have functions linked to PAH, further research was required to 

determine whether the genes are involved in PAH pathogenesis in vivo. As TRAIL is 

pathogenically linked to the development of PAH (Dawson et al. 2014, Hameed et al. 2012) 

and induces proliferative and pro-angiogenic changes in pulmonary vascular cells – PAECs 

(Cantarella et al. 2014, Cartland et al. 2016, Secchiero et al. 2003, Zauli et al. 2003) and 

PASMCs (Hameed et al. 2012, Kavurma et al. 2008, Secchiero et al. 2004) – I hypothesised 

that TRAIL might also induce changes to the genes and pathways identified in Chapter 5.1 in 

the context of PAH disease. To test this, the expression of TRAIL-regulated genes identified 

in vitro was examined at the mRNA level in lungs from bleomycin mice (Chapter 3) and in 

lungs from SuHx mice (Chapter 4) and at the protein level in serum from patients. Although 

the bleomycin mice in the present study had a mild PAH haemodynamic phenotype, they did 

develop substantial pulmonary vascular remodelling and therefore were still potentially useful 

in further exploring the functions of TRAIL-regulated genes. These mice also offer a system 

to investigate a role for TRAIL and TRAIL-regulated genes driving the vascular-associated 

fibrosis in the mice subjected to IP bleomycin. It is possible that the fibroblast-derived TRAIL 

found to be important in Chapter 3 may have effects on PASMCs. Similarly, in addition to IPAH 

patients these genes were also examined at the serum protein level in SSc and SSc-PAH 

patients. The genes selected for further investigation were 6 of those used to validate the 

mRNA changes from microarray measurement by RT-qPCR (Chapter 5.1.2). These were 

chosen based on the high fold changes induced by TRAIL stimulation in PASMCs in addition 

to their presence in pathways identified (Chapter 5.1) and/or functions putatively relevant to 

PAH pathogenesis. Protein levels were also compared to metrics of clinical severity within a 

PAH patient cohort to establish a possible relationship. 
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5.2.1 TRAIL-regulated genes in bleomycin mice 

To investigate whether TRAIL-regulated genes from PASMCs might play a role in bleomycin-

induced PF or PAH, RNA was extracted from whole lungs of mice subjected to IP bleomycin 

and mRNA quantified by TaqMan RT-qPCR (Figure 5.6A–E). Also included in this analysis 

were samples from bleomycin mice with fibroblast-specific TRAIL deletion (TRAILtm1c/tm1c-

COL1A2-CRE-ERT mice given tamoxifen) and global TRAIL deletion (TRAILtm1d/tm1d-PGK-Cre 

mice). SOST mRNA was reduced in lungs of both TRAIL normal bleomycin mice groups 

(Figure 5.6E) – as well as in mice with fibroblast-specific TRAIL deletion (mean ddCt 

normalised to GAPDH -2.606 vs. -0.4504, p = 0.0002) – but not in mice with global deletion of 

TRAIL. The global TRAIL deleted mice also had significantly higher SOST mRNA compared 

to the TRAIL normal bleomycin control groups. No alterations in PDGFD mRNA levels were 

found due to bleomycin (Figure 5.6C), however the mice with fibroblast-specific TRAIL deletion 

had significantly reduced PDGFD compared to saline control mice (mean ddCt -3.424 vs. -

1.517, p = 0.0136), TRAIL normal bleomycin mice given tamoxifen (mean ddCt -3.424 vs. -

1.131, p = 0.0021) and globally TRAIL deleted bleomycin mice (mean ddCt -1.270 vs. -3.424, 

p = 0.0212). PDGFRB mRNA was reduced in bleomycin wildtype mice (BLM - TRAILtm1c/wt) 

compared to saline control mice (mean ddCt -2.143 vs. -0.3561 p = 0.0068), but no other 

differences were observed between other groups (Figure 5.6D). No mRNA alterations due to 

the bleomycin insult or between groups were detected in the genes FIGF (Figure 5.6A) or 

ICAM1 (Figure 5.6B).  
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Figure 5.6: Expression of TRAIL-regulated genes in lungs of bleomycin mice. Mice were subjected 

to bleomycin (BLM) or saline IP injection twice weekly for 4 weeks and culled at day 35. Two groups 

had previously undergone tamoxifen (TMX) 5x daily IP injections at 5–8 weeks old. mRNA was 

measured in cDNA from whole mouse lungs by TaqMan RT-qPCR. Data shown are threshold cycle 

values normalised to a reference gene (GAPDH) then to a reference sample (delta-delta Ct; ddCt). Bars 

show mean ± SD, n = 5–10. * p<0.05, ** p<0.01; *** p<0.001, **** p<0.0001, one-way ANOVA with 

Sidak’s multiple comparisons test comparing the mean of each group.  
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5.2.2 TRAIL-regulated genes in SuHx mice 

To investigate whether TRAIL-regulated genes from PASMCs might play a role in mice with 

PAH induced by SuHx, RNA was extracted from whole lungs of mice subjected to the SuHx 

model and mRNA quantified by TaqMan RT-qPCR (Figure 5.7A–E). This experiment also 

included samples from SuHx mice with VSMC-specific TRAIL deletion (TRAILtm1c/tm1c-

SMMHC-CRE-ERT2 mice given tamoxifen). For the FIGF gene, increased mRNA was 

measured in lungs of all SuHx groups compared to normoxic control mice (Figure 5.7A) – 

including mice with VSMC-specific TRAIL deletion (mean ddCt -0.6548 vs. -0.06862, p = 

0.0280). However, no differences in FIGF were observed between SuHx groups. SOST mRNA 

was significantly increased in SuHx mice with TRAIL deleted in VSMCs compared to normoxic 

control mice (mean ddCt 0.2835 vs. -1.086, p = 0.0160; Figure 5.7) as well as compared to 

Cre-negative mice in SuHx given tamoxifen (mean ddCt 0.2835 vs. -1.351, p = 0.0053). 

However, SOST mRNA was also elevated in mice with the SMMHC-Cre-ERT2 allele given 

tamoxifen when compared to saline control mice or Cre-negative mice in SuHx given 

tamoxifen. The reason for this difference between disease control groups is unclear and 

cannot be accounted for by the presence of the SMMHC-Cre-ERT2 allele alone, as these mice 

were not given tamoxifen and so should not have any TRAIL deletion. No differences due to 

the SuHx insult were detected in the genes ICAM1 (Figure 5.7B), PDGFD (Figure 5.7C) or 

PDGFRB (Figure 5.7D).  
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Figure 5.7: Expression of TRAIL-regulated genes in lungs of SuHx mice. Mice were subjected to 

3 weekly SC Sugen 5416 injections with hypoxia (10% oxygen; SuHx) or normoxic conditions (Nx) and 

culled after 3 weeks. Two groups had previously undergone tamoxifen (TMX) 5x daily IP injections at 

5–8 weeks old. mRNA was measured in cDNA from whole mouse lungs by TaqMan RT-qPCR. Data 

shown are threshold cycle values normalised to a reference gene (GAPDH) then to a reference sample 

(delta-delta Ct; ddCt). Bars show mean ± SD, n = 5–10. * p<0.05, ** p<0.01, one-way ANOVA with 

Sidak’s multiple comparisons test comparing the mean of each group.  
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5.2.3 TRAIL-regulated genes in patient serum 

Serum protein measurement was employed as a prospective method for detecting alterations 

to TRAIL targets in the vasculature in PAH patients. To do this, protein levels were measured 

in serum samples from Sheffield PH Biobank patients (IPAH, n = 30; SSc without PAH, n = 

22; SSc with PAH (SSc-PAH), n = 23) and healthy volunteers (n = 29) on a validated Luminex-

based platform by Myriad RBM. SSc and SSc-PAH patients were included to explore possible 

differences between ‘pure’ IPAH and PAH with associated autoimmune disease. The protein 

panel for this assay was used for a separate study, so it included many other target proteins 

(data not shown). The proteins included for this analysis were 4 of those determined as TRAIL-

regulated in the present study, in addition to a single TRAIL receptor that was measured in 

the assay, TRAIL-R3 (DcR1). The serum protein levels measured were visualised as violin 

plots, to enable clear comparisons between larger populations (Figure 5.8A–E). FIGF (Figure 

5.8A) and SOST (Figure 5.8D) proteins were both elevated in serum from IPAH and SSc-PAH 

patients, when compared to health volunteers and SSc patients without PAH (e.g. SOST in 

IPAH vs. healthy volunteers, mean 1061 ng/ml vs. 555.1 ng/ml, p<0.0001; SOST in SSc-PAH 

vs SSc, mean 991.0 ng/ml vs. 639.2 ng/ml, p = 0.0057). A similar pattern was observed for 

TRAIL-R3 protein (Figure 5.8E); however, it was found at much lower levels overall 

(approximately one order of magnitude). Nevertheless, significantly elevated serum TRAIL-

R3 was detected in IPAH and SSc-PAH patients vs. healthy volunteers – interestingly, SSc-

PAH patients also had more than IPAH patients (mean 15.79 ng/ml vs. 11.99 ng/ml, p = 

0.0189). Serum ICAM1 was also increased in the IPAH and SSc-PAH patients vs. healthy 

volunteers or SSc patients without PAH (Figure 5.8B). However, ICAM1 protein was also 

elevated in SSc patients without PAH vs. healthy volunteers (mean 152.8 ng/ml vs. 99.44 

ng/ml, p = 0.0306) – the only case in which SSc patients had an increased serum protein 

compared to healthy controls. However, serum levels of PDGFRB protein were reduced in all 

disease groups: IPAH, SSc and SSc-PAH patients (Figure 5.8C). No differences in PDGFRB 

level were observed between IPAH, SSc or SSc-PAH patients.  
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Figure 5.8: Expression of TRAIL-regulated genes in patient serum. Violin plots of protein levels 

measured in serum samples from Sheffield PH Biobank patients and healthy volunteers on a validated 

Luminex-based platform. Groups included are healthy volunteers (n = 29), idiopathic pulmonary arterial 

hypertension (IPAH; n = 30), systemic sclerosis without PAH (SSc; n = 22) and SSc with PAH (SSc-

PAH; n = 23). Dashed lines show median ± interquartile range. * p<0.05, ** p<0.01; *** p<0.001, **** 

p<0.0001, one-way ANOVA with Sidak’s multiple comparisons test comparing the mean of each group. 
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5.2.4 Correlation of serum sclerostin with PAH clinical severity 

As differences in serum protein levels of TRAIL-regulated genes were observed in PAH 

patients (Chapter 5.2.3), I went on to examine possible relationships between the protein 

levels and measures of clinical severity. To do this, linear regression was performed 

comparing the serum protein measurements with RV cardiac index and PVR in a combined 

cohort of PAH patients (including IPAH and SSc-PAH patients previously assessed; n = 68). 

In this PAH cohort serum levels of sclerostin (SOST) protein were found to be negatively 

correlated with RV cardiac index (R2 = 0.1819, p = 0.0003; Figure 5.9A) and positively 

correlated with PVR (R2 = 0.08763, p = 0.0142; Figure 5.9B). Both of these associations 

indicate increased sclerostin protein is present in patients with worse PAH phenotype. A 

significant linear correlation with PAH clinical severity was not observed for FIGF, ICAM1, 

PDGFRB or TRAIL-R3 proteins (data not shown). 

 

 

Figure 5.9: Correlation of serum sclerostin with PAH clinical severity. Sclerostin (SOST) protein 

was measured in serum samples from Sheffield PH Biobank patients on a validated Luminex-based 

platform. A combined PAH patient sample was studied (n = 68), for which clinical data were also 

available. Linear regression analysis was performed to determine the relationship between serum 

SOST and metrics of PAH clinical severity: right ventricular (RV) cardiac index and pulmonary vascular 

resistance (PVR).  
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5.3 Summary 

The aims of this chapter were to further explore the effects of TRAIL-induced signalling in 

human PASMCs and to validate these effects in the context of animal models and human 

PAH. In summary: 

 TRAIL stimulation of PASMCs caused extensive protein kinase phosphorylation and 

transcriptomic alterations in genes and pathways known to be important in PAH e.g. 

TGFβ/BMP, focal adhesion and ECM regulation. 

 In PASMCs TRAIL downregulates SOST mRNA expression. SOST was reduced in 

lungs of bleomycin mice, but not in mice with global TRAIL deletion. In contrast, SOST 

was upregulated in lungs of SuHx mice, including those with VSMC-specific TRAIL 

deletion (i.e. no down-regulation). Levels of serum SOST protein were elevated in 

patients with PAH and were correlated with clinical severity. 

 In PASMCs, TRAIL increases the expression of PDGFD mRNA. PDGFD was 

downregulated in whole lungs after fibroblast-specific TRAIL deletion in bleomycin 

mice but not significantly altered in SuHx, suggesting that reduced PDGFD may be 

associated with increased fibrosis.  

 FIGF mRNA was not significantly regulated in the bleomycin model but was increased 

in SuHx mice lungs. However, there was no significant difference in expression 

following TRAIL deletion in fibroblasts (bleomycin model) or VSMCs (SuHx). FIGF was 

also elevated in the serum of patients with PAH.  

 Other TRAIL targets e.g. ICAM1, and the TRAIL receptor TRAIL-R3 were elevated in 

serum from patients with PAH.  
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5.4 Discussion 

5.4.1 TRAIL inhibits TGFβ/BMP signalling 

In this chapter I presented transcriptomic and protein phosphorylation data from TRAIL-

stimulated PASMCs, in order to expand upon the known effects of TRAIL in these cells, such 

as ERK1/2 phosphorylation (Hameed et al. 2012). In the present study, TRAIL stimulation of 

PASMCs caused extensive transcriptomic changes in genes and pathways know to be 

important in PAH. For example, TRAIL inhibited the TGFβ/BMP signalling pathway; changing 

expression of several transcripts. The importance of BMP signalling has been highlighted in 

heritable PAH patients, where causative loss-of-function mutations affecting the BMP receptor 

and TGFβ receptor superfamily are found in 60% of patients, but are also found in 10–20% of 

patients with IPAH (International et al. 2000, Deng et al. 2000). In the present study, TRAIL 

also induced downregulation of mRNA from extracellular factors TGFβ3 and BMP6 and the 

receptors TGFβR1 and ACVR2A from this pathway in PASMCs. Downstream effectors of the 

pathway were also affected by TRAIL: the transcriptional co-activator P300 and nuclear 

transcriptional regulators Id2 and Id3.  

 

TRAIL stimulation of PASMCs also downregulated expression of sclerostin (SOST) mRNA, 

and sclerostin mRNA was reduced in lungs of mice with bleomycin-induced PF and PAH, but 

not in mice with global TRAIL deletion, suggesting a link between TRAIL-regulated sclerostin 

and development of disease. In SuHx mice lungs, sclerostin mRNA was upregulated in two of 

the three disease groups, but apparently was not affected by VSMC-specific TRAIL deletion. 

Sclerostin is known as an osteocyte-secreted glycoprotein linked to BMP signalling, which 

acts as a negative regulator of bone formation by suppressing mineralisation of osteoblasts 

(Poole et al. 2005). Mutations leading to loss of sclerostin in humans cause sclerosteosis, a 

condition characterised by high bone mass (Brunkow et al. 2001). In the context of bone 

formation, based on its sequence similarity with other proteins, sclerostin was originally 

suggested to suppress osteocyte differentiation and function via antagonism of BMP signalling 



150 

(Brunkow et al. 2001, Winkler et al. 2003). However, it was later suggested that sclerostin is 

actually an antagonist of Wnt signalling, which is closely linked to BMP signalling (Li et al. 

2005, van Bezooijen et al. 2004, van Bezooijen et al. 2007). Wnt signalling has also been 

linked to PAH pathobiology – e.g. upregulation of Wnt pathway components was observed in 

explanted IPAH plexiform lesions (Laumanns et al. 2009) and Wnt signalling was 

subsequently associated with BMP2-induced PAEC proliferation and survival (de Jesus Perez 

et al. 2009). In PASMCs, BMP signalling has also been demonstrated to induce Wnt signalling 

to suppress proliferation, but enhance motility (Perez et al. 2011). To provide further evidence 

for importance of TRAIL-regulated genes in human PAH, I also measured the serum protein 

levels of several of these genes in PAH and other patients. Interestingly, sclerostin protein 

was elevated in serum from PAH and SSc-PAH patients, compared to healthy volunteers or 

SSc patients without PAH. Within a PAH patient cohort, serum sclerostin was associated with 

clinical severity of PAH measured by PVR and RV cardiac index.  

 

Furthermore, increased serum sclerostin levels have also been linked to the presence of 

atherosclerosis and cardiovascular disease in humans (Morales-Santana et al. 2013, Novo-

Rodríguez and García-Fontana 2018) and to cardiovascular mortality (Novo-Rodríguez and 

García-Fontana 2018). Expression of osteocyte phenotype markers including sclerostin has 

also been associated with calcification of VSMCs linked to atherosclerosis (Zhu et al. 2011). 

A connection between development of atherosclerosis and PAH has been demonstrated by 

the development of PAH in atherosclerosis-prone ApoE-/- mice fed a high-fat diet (Hansmann 

et al. 2007) or more severely in ApoE-/- mice fed a high-fat, high-cholate diet (Lawrie et al. 

2011). In the present study TRAIL stimulated altered gene expression in PASMCs significantly 

associated with GO terms for diseases including type 2 diabetes, cardiovascular diseases and 

coronary artery disease, in addition to biological processes such as metabolic pathways and 

steroid biosynthesis, suggesting a TRAIL-mediated change in the metabolic phenotype of 

these PASMCs. This is in accordance with further evidence for metabolic dysfunction as a 

driver of PAH. For example, treatment of rats with dichloroacetate, an inhibitor of glycolysis, 
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was shown to reverse experimental hypoxic PH (Michelakis et al. 2002) and in humans, a shift 

from oxidative phosphorylation to glycolytic state (the Warburg effect) has been observed in 

IPAH lungs and also in explanted PAECs (Xu et al. 2007). Treatment of IPAH patients with 

dichloroacetate also improved PVR and functional capacity – albeit with a varied response, 

purportedly due to genetic variation (Michelakis et al. 2017). Furthermore, experimental 

inhibition of BMPR2 induces mitochondrial dysfunction and glycolysis in PAECs (Diebold et 

al. 2015), suggesting a link between BMP signalling and metabolic dysfunction. Interestingly, 

in the present study expression of the vascular cellular adhesion molecule ICAM1 was 

downregulated by TRAIL in PASMCs and elevated in serum of PAH patients. ICAM1 is 

predominantly recognised for its role in promoting adhesion of leukocytes when expressed by 

ECs and circulating soluble ICAM1 levels have been linked to cardiovascular disease (Hwang 

et al. 1997, Jude et al. 2002, Ridker et al. 2000) and risk of cardiovascular events and mortality 

(Luc et al. 2003, Ridker et al. 1998). 

 

The evidence presented here implicates TRAIL in modulating the TGFβ/BMP signalling 

pathways in PASMCs. Sclerostin is also indicated as a novel biomarker for PAH, although the 

relationship between decreased sclerostin in PASMCs induced by TRAIL, decreased 

sclerostin in bleomycin mice lungs, increased sclerostin in SuHx mice lungs and increased 

sclerostin found in PAH patient serum is unclear. It is possible that sclerostin is a protective 

factor released by other vascular cells such as PAECs into the circulation. Given its influence 

on BMP and Wnt signalling, further functional investigation is warranted into the role of 

sclerostin in the PAH molecular processes. 

 

5.4.2 TRAIL activates focal adhesion 

In the present study TRAIL activated the focal adhesion pathway in PASMCs, with altered 

expression of numerous transcripts within the pathway in addition to activation of FAK and 

MEK1 proteins indicated by increased phosphorylation. Furthermore, GO terms relating to 

ECM and cytoskeletal functions were enriched in the DE PASMC transcriptome after TRAIL 
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stimulation. The focal adhesion pathway and FAK in particular is important in the regulation of 

cell migration through interactions with growth factors and with the ECM via integrins (Sieg et 

al. 2000). Enhanced motility in SMCs is also a key process in the pulmonary vascular 

remodelling found in PAH (Tajsic and Morrell 2011). Furthermore, dysregulated focal adhesion 

has been indicated in PAH – unlike healthy PASMCs, explanted PASMCs from PAH patients 

can spontaneously migrate in the absence of growth factors (Wilson et al. 2015) and 

additionally elevated FAK activation has been observed in PASMCs from PAH patients 

compared to healthy controls (Paulin et al. 2014). Experimental inhibition of FAK in PASMCs 

in vitro can reduce proliferation and migration (Lin et al. 2017, Paulin et al. 2014) and 

therapeutic inhibition of FAK by inhaled FAK-siRNA or orally-delivered FAK inhibitor has been 

demonstrated to improve PAH in monocrotaline rats, with reduced haemodynamic measures, 

vascular medial hypertrophy and RVH (Paulin et al. 2014). This link between TRAIL and focal 

adhesion in PASMCs therefore presents a novel mechanism potentially driving PAH. 

 

In the present study TRAIL stimulation of PASMCs altered expression of various growth 

factors, including ones able to activate the focal adhesion pathway. TRAIL induced 

upregulation of FIGF (also known as VEGFD) and PDGFD (and its receptors PDGRFA and 

PDGFRB). FIGF is a pro-angiogenic member of the platelet-derived growth factor family and 

although other members of the family have been implicated in PAH, the function of FIGF is 

less well understood. FIGF has been implicated in cardiac repair/remodelling – in the context 

of myocardial infarction, FIGF stimulates myofibroblast growth, migration, and collagen 

synthesis (Zhao et al. 2013). FIGF is also upregulated in the RV of PAH patients (Williams et 

al. 2018). In the present study, mRNA levels of these growth factors were also examined in 

lungs of mice subjected to models of PF and PAH. FIGF mRNA was upregulated in lungs of 

SuHx mice and also at the protein level in serum of PAH patients, suggesting a link between 

TRAIL-induced FIGF and development of PAH, distinct from cardiac remodelling and 

potentially via the focal adhesion pathway. Interestingly, the growth factor PDGFD was 

downregulated in the lungs of fibroblast-specific TRAIL deleted bleomycin mice. Fibroblast-
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specific TRAIL deleted mice also had reduced IP bleomycin-induced vascular-associated PF, 

but no reduction in pulmonary vascular remodelling (described in Chapter 3). Together these 

data highlight a further potential mechanism for TRAIL-regulated protection against fibrosis. 

 

5.4.3 A molecular signature of TRAIL stimulation in PASMCs 

In this chapter the effects of TRAIL stimulation in primary human PASMCs was examined 

using a combined approach of mRNA microarray and protein antibody array assays. Many 

studies utilise PASMCs explanted from PAH patients, or normal PASMCs that have been 

genetically altered – e.g. by mutation of BMPR2 – to study the function of diseased PASMCs. 

While the present study used commercially available PASMCs from non-PAH patients, the 

stimulation by TRAIL was intended to produce a pathogenic effect that might be comparable 

to that which PASMCs experience in vessels of PAH patients, where the presence of TRAIL 

has previously been observed (Hameed et al. 2012). After microarray measurement of 

transcriptome, LIMMA analysis of gene expression allowed many mRNA changes to be 

detected, despite the small number of array replicates. LIMMA employs an empirical Bayes 

approach to estimate sample variances within a pooled estimate, enabling more stable 

inference with small numbers of arrays (Ritchie et al. 2015, Smyth 2004). While the functional 

relevance of individual DE genes could be inferred from their known or predicted functions, a 

more powerful approach is to assess the enrichment of GO terms – annotated classes of 

genes with related functions – within the whole altered transcriptome 

(The Gene Ontology Consortium 2018). Pathway topology analysis using SPIA (Tarca et al. 

2009) is a similar method, which has the additional advantage of estimating the perturbation 

effects on a pathway of changes in gene expression, using networks determined from curated 

pathways. GO enrichment and pathway topology analyses were employed in the present 

study, implicating intersecting and distinct biological processes as regulated by TRAIL in 

PASMCs.  
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6 General discussion 

In this thesis I have presented evidence for divergent functions for TRAIL in PF and PAH. 

Based on previous studies highlighting a pathogenic role for tissue-derived TRAIL in human 

PAH and experimental rodent models of PAH (Hameed et al. 2012) and a protective function 

for TRAIL in IPF patients and bleomycin mice (McGrath et al. 2012), I hypothesised that as 

key effector cells differ between PAH and PF, so TRAIL from different cell types plays differing 

roles in the aetiology of these diseases. To test this hypothesis, I employed the Cre/lox system 

to generate mice with cell type-specific genetic deletions of TRAIL. These were subjected to 

models of PF and PAH as a means to highlight the roles of TRAIL from these specific cell 

types. In Chapter 3, mice with either fibroblast-specific or global TRAIL deletion were 

subjected to bleomycin-induced PF. Mice with normal TRAIL expression developed extensive 

PF whereas mice with TRAIL deleted in fibroblasts had more severe fibrosis. Furthermore, 

fibroblast-specific TRAIL deletion reduced TRAIL mRNA at the whole lung level. These data 

suggested that fibroblasts are a major source of TRAIL in the bleomycin model, and this TRAIL 

plays a protective role in the development of PF induced by bleomycin. My proposed protective 

mechanism is that TRAIL dampens fibrosis by inducing apoptosis of fibroblasts and/or nearby 

cells either by autocrine or paracrine signalling. Senescent, pro-fibrotic fibroblasts are found 

in the lungs of IPF patients, and their ablation in bleomycin mice improves lung function 

(Lehmann et al. 2017, Schafer et al. 2017). Removal of pathogenic fibroblasts also seems to 

be impaired in IPF patients, and furthermore these fibroblasts are resistant to TRAIL-induced 

apoptosis, with decreased expression of TRAIL receptors (Hohmann et al. 2019). These data 

demonstrate mechanistic links between TRAIL function and pathogenic fibroblasts in PF, 

which requires additional study to verify (expanded in Chapter 6.2). 

 

The global deletion of TRAIL in the present study did not protect against PF, whereas specific 

loss of TRAIL in fibroblasts led to worsened fibrosis. The lack of protective effect against PF 

phenotype following global TRAIL deletion (unlike with the fibroblast deletion) is in contrast to 
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previous work finding this outcome (McGrath et al. 2012). My other novel finding from the 

bleomycin model was that global TRAIL deletion reduced the medial thickening of small 

pulmonary arteries and RVH associated with PAH – effects that interestingly were not 

observed in mice with fibroblast-specific TRAIL deletion. This protective effect of global TRAIL 

deletion was not reported previously with TRAIL deletion in bleomycin mice (McGrath et al. 

2012). These discrepancies highlight both the complexity in cell-type specific roles of TRAIL, 

and possibly subtle differences in PF phenotype with different route of bleomycin 

administration (repeated IP bleomycin in the present study vs. single intratracheal injection 

used by McGrath et al. (2012)). The protective mechanism against PF proposed for TRAIL in 

previous work was the modulation of airway and alveolar immune cell populations such as 

neutrophils, thereby dampening the inflammatory aspects driving PF (McGrath et al. 2012). 

From the data presented here it is not possible to determine whether similar effects were 

produced in mice with TRAIL deleted from fibroblasts or globally. It would therefore be 

interesting to further examine this inflammatory modulation effect – e.g. by 

immunohistochemistry to detect specific leukocytes such as neutrophils and macrophages – 

in available tissue samples from these experiments, such as paraffin-embedded mouse lung 

sections (as bronchoalveolar lavage samples were not taken due to limited numbers). 

 

Previous data from genetic deletion or antibody blockade of TRAIL expression in animal 

models demonstrated that TRAIL drives the pulmonary vascular remodelling in PAH (Hameed 

et al. 2012). In Chapter 4 I identified the pathogenic role of VSMC-derived TRAIL in mice 

subjected to the SuHx model, demonstrated by haemodynamics, RVH and pulmonary 

vascular remodelling. These data build on previous findings that predominantly tissue-derived 

TRAIL is responsible for driving PAH pathogenesis (Hameed et al. 2012), to demonstrate that 

specifically TRAIL expressed by VSMCs is key in driving the development of PAH in this 

experimental model. To identify potential mechanisms of the TRAIL-driven PAH phenotype I 

examined TRAIL target genes in PASMCs. TRAIL has previously been demonstrated to drive 

pro-migratory and pro-proliferative signalling pathways in PASMCs, by mechanisms including 
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activation of protein kinases such as ERK and MAPK (Hameed et al. 2012, Kavurma et al. 

2008, Secchiero et al. 2004). In Chapter 5 the effects of TRAIL on PASMCs were further 

explored, using an in vitro TRAIL stimulation model in order to determine novel signalling 

pathways activated by TRAIL. Interestingly, phosphorylation of multiple protein kinases – 

including the cyclin-dependent kinases 6 and 8 (CDK6, CDK8) – were altered by TRAIL in 

PASMCs. These proteins are key regulators of cell cycle progression, which is particularly 

relevant in cell growth and also in cancer. The proliferative, apoptosis-resistant state of 

pulmonary vascular cells in PAH has been compared to that of cancer cells due to the similar 

cellular effects and biological processes involved (Boucherat et al. 2017). Furthermore, PH 

associated with vascular remodelling and perivascular inflammation has recently been 

described in lung cancer patients, and lung cancer cells induced migration and proliferation of 

PASMCs in vitro (Pullamsetti et al. 2017). As described in Chapter 1.4.2.1, TRAIL has been 

well studied as a tumour suppressor that can paradoxically also promote survival and 

apoptosis-resistance in cancerous cells. TRAIL therefore presents a common link between 

PAH and cancer, and the regulation of cell cycle proteins by TRAIL in PASMCs presented in 

this study highlights a potential mechanism for the pathogenic role of VSMC-derived TRAIL in 

PAH.  

 

I also demonstrated that TRAIL induces extensive alterations to genes and protein kinase 

phosphorylation within signalling pathways in PASMCs, e.g. TGFβ/BMP signalling was a key 

pathway regulated by TRAIL that has also been implicated in PAH pathobiology (Morrell 

2006). The TGFβ superfamily, which contains TGFβ proteins, BMPs and activins are 

structurally similar cytokines that can regulate varied cellular processes such as apoptosis, 

proliferation and migration. TGFβ superfamily members bind to type II receptors and recruits 

and activates the type I receptor; this phosphorylates Smad proteins, which then translocate 

into the nucleus and regulate gene expression via interactions with transcription factors, co-

activators and co-repressors. I found that TRAIL alters expression of ligands, receptors and 

nuclear effectors within the TGFβ/BMP signalling pathway in PASMCs. Interestingly, BMP 



157 

signalling has also been linked to self-renewal vs. pathological response to injury in AECs – 

an important aspect of PF pathobiology (Zepp et al. 2017). This highlights commonalities in 

processes underlying progressive pulmonary diseases such as PAH and PF, and the effect of 

TRAIL on AECs presents another potential aspect for further investigation. 

 

In the present study, the expression of several TRAIL-regulated genes was also altered in 

animal models of PF and PAH and in serum of PAH patients, suggesting potential links to 

disease pathobiology. One such gene was sclerostin, a Wnt signalling pathway antagonist 

that has previously been linked to bone formation (Poole et al. 2005) and cardiovascular 

disease (Morales-Santana et al. 2013, Novo-Rodríguez and García-Fontana 2018). In the 

present study sclerostin was regulated by TRAIL in PASMCs and modulated in lungs of 

bleomycin and SuHx mice, and additionally serum levels of sclerostin were correlated with 

clinical severity in PAH patients. As Wnt signalling has been linked to PAH pathobiology, it 

could present a link between TRAIL, sclerostin and human PAH. As with sclerostin in this 

study, evidence for the nature of the role of Wnt signalling in PAH is mixed: BMP2 has been 

shown to induce Wnt signalling leading to PAEC proliferation (de Jesus Perez et al. 2009), 

whereas BMP and Wnt signalling can suppress proliferation in PASMCs (Perez et al. 2011). 

Although in this study the TGFβ/BMP signalling pathways were predicted to be downregulated 

overall by TRAIL, this is a simplification that may mask individual variations within the pathway. 

Furthermore, antagonism between the TGFβ and BMP signalling pathways has been 

demonstrated (Sheares et al. 2004). Further work is therefore required to elucidate the role of 

TRAIL-regulated sclerostin and TGFβ/BMP signalling in PAH (Chapter 6.2). 

 

Interestingly, another protein linked to bone formation, OPG, has been closely linked to PAH 

pathogenesis. OPG is a secreted glycoprotein that is widely expressed across tissues, and 

was originally studied for its role in regulation of bone formation (Simonet et al. 1997). OPG 

was noted as a soluble decoy receptor of TRAIL that is able to block TRAIL-mediated 

apoptosis (Emery et al. 1998), however paradoxically OPG is now known to drive PAH biology 
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in a similar manner to TRAIL. A role for OPG in PAH was first suggested by increased 

circulating OPG found in PAH patient serum (Condliffe et al. 2012, Jia et al. 2017, Lawrie et 

al. 2008) and explanted PASMCs from PAH patients had elevated expression of OPG 

(Condliffe et al. 2012). Furthermore, OPG is upregulated in animal models including SuHx 

mice (Arnold et al. 2019, Jia et al. 2017) and monocrotaline rats (Arnold et al. 2019), and 

stimulation of PASMCs induces proliferation and migration (Lawrie et al. 2008) – a similar 

effect to that of TRAIL. As recent direct evidence for the role of OPG in PAH, genetic deletion 

of OPG was demonstrated to attenuate SuHx-induced PAH in mice (Arnold et al. 2019, Jia et 

al. 2017) and treatment of multiple rodent PAH models with a humanised anti-OPG antibody 

attenuated established PAH-associated pulmonary vascular remodelling (Arnold et al. 2019). 

Notably, in the mouse SuHx model, bone marrow-derived OPG was found to drive PAH 

(Arnold et al. 2019), conversely to TRAIL where its effect has been demonstrated as primarily 

tissue-driven (Hameed et al. 2012) – and in the present study, specifically by VSMCs. Also, 

despite its link to TRAIL as a decoy receptor, the involvement of OPG in PAH has most 

recently been demonstrated to be independent of TRAIL, instead acting by binding to the Fas 

receptor to induce proliferation, migration and survival pathways (Arnold et al. 2019).  

 

Focal adhesion and ECM regulation were another set of functions I found to be extensively 

regulated by TRAIL in PASMCs. This included alterations in gene expression and 

phosphorylation of key regulators such as FAK. Interestingly these ECM-related pathways are 

linked to the development of PAH as well as PF. I also demonstrated that TRAIL altered 

expression of growth factors connected with these pathways – e.g. FIGF and PDGFD (and its 

receptors PDGRFA and PDGFRB) – in PASMCs. Additionally, FIGF and PDGFD were altered 

in patient serum, suggesting a possible role in disease. While FIGF protein was increased in 

IPAH and SSc-PAH patients, PDGFRB protein was reduced in IPAH, SSc and SSc-PAH 

patients compared to healthy volunteers. This highlights a potential commonality for PDGF 

signalling between idiopathic and autoimmune-associated PAH, which requires further study. 

Interestingly, in fos-related antigen-2 (Fra-2) transgenic mice – which develop disease 
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resembling SSc-associated PAH (Maurer et al. 2012) – treatment with the anti-fibrotic drug 

nintedanib reduces pulmonary VSMC proliferation and vascular remodelling as well as PF 

(Huang et al. 2017). Nintedanib has been demonstrated as an inhibitor of VEGF and PDGF 

receptors (Hilberg et al. 2008), which link into the focal adhesion pathway described here. 

Together, these results highlight a potential link between fibroblast-derived TRAIL, PDGFD 

and fibrogenesis in PAH and PF. 

 

6.1 Limitations 

Animal models present an invaluable tool in biomedical research by enabling the study of 

disease pathways. They allow perturbation of normal pathways – e.g. by genetic manipulation 

or pharmaceuticals – to unravel the underlying processes of diseases. However, as with any 

research involving animal models, the conclusions drawn from this study must be carefully 

considered in context. Translation of potential targets from animal models to successful clinical 

trials is poor, which may in part be due to the quality of the model systems utilised (van der 

Worp et al. 2010). This is particularly evident in PH research, where animal models may not 

fully recapitulate the processes underlying disease, at times depending on the varying animal 

physiology. For instance, in PH research where possible the SuHx rat is often selected over 

the mouse, due to the more severe form of disease characterised by worsened pulmonary 

vascular remodelling such as the appearance of angioproliferative plexiform lesions (Abe et 

al. 2010b) not present in mouse models. Another consideration is that many models of PH 

target a single pathway: for example, by hypoxia, administering drugs or genetic modifications. 

Thus, any particular individual model may not fully resemble the complex and possibly 

unknown molecular pathology of human PH.  Despite the limitations of the mouse models 

utilised in the present study, they nevertheless offered an extremely useful tool to investigate 

TRAIL functions by means of cell type-specific genetic deletions using the Cre/lox system, 

which would not be possible in larger animals. 
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A further consideration for the present study was the floxed and tissue-specific Cre 

recombinase driver mouse lines utilised to study the effects of TRAIL deletion. The floxed 

TRAIL line and Cre lines utilised were selected based on previous evidence of TRAIL functions 

and hypotheses for what were deemed to be the most likely important sources of TRAIL. 

However, an exhaustive study could have sought to delete TRAIL from each relevant cell type 

– i.e. vascular ECs, SMCs and fibroblasts – for PAH (where pathogenic TRAIL was shown to 

be tissue-derived), potentially in addition to leukocyte linages for PF. Furthermore, deletion of 

the two mouse decoy receptors for TRAIL and the single death domain-containing receptor, 

mDR5, using floxed lines could have been useful to study the targets of TRAIL in these disease 

models. However, due to restrictions of time and costs, these aspects of study were beyond 

the scope of this thesis. 

 

A possible limitation was in the measurement of PF in mice subjected to bleomycin. I 

determined that measurement of collagen content from Masson’s Trichrome micrographs was 

a simple and robust method for determining the extent of fibrosis in the lungs. However, other 

characteristic features of PF – such as collagen distribution, alveolar septum 

thickening/obliteration or influx of leukocytes – would not be quantified using this method. It is 

possible that differences in these other PF features might have been present in mice with 

global TRAIL deletion, despite no difference being observed in collagen content. Future 

analyses could include manual pathological scoring e.g. using a modified Ashcroft scale that 

has been proven in experimental animal models (Hubner et al. 2008). Due to low numbers of 

transgenic mice it was also not possible to examine inflammation, e.g. by differential leukocyte 

counts within bronchoalveolar lavage fluid. It would be potentially interesting to examine the 

effect of the mouse TRAIL deletions presented here on bleomycin-associated inflammation as 

has been previously described (McGrath et al. 2012). 

 

In the present study, R26R-Brainbow2.1 fluorescent reporter mice were crossed with the Cre 

driver mice to illustrate the localisation of Cre-driven recombination in the expected areas of 
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the lung. However, specific deletions of TRAIL were not demonstrated in either VSMCs or 

fibroblasts – the two cell types targeted in these experiments. Differences in the localisation 

of TRAIL were not observed by immunohistochemical staining, possibly due to non-specific 

antibody binding or cleaved TRAIL released from other cells being bound the cells of interest. 

If crossed with the Cre lines, a reporter floxed TRAIL mouse such as one with the TRAILtm1a 

allele could have presented direct evidence of cells with Cre recombination occurring. When 

subjected to Cre-mediated recombination, the TRAILtm1a allele is converted to a 

TRAILtm1b allele, thereby inducing expression of a LacZ cassette, which can be detected 

histologically by beta-galactosidase staining. Nevertheless, the tissue specificity of the Cre 

lines used in the present study has previously been well characterised (Lallemand et al. 1998, 

Wirth et al. 2008, Zheng et al. 2002), and furthermore the effectiveness of the TRAILtm1c floxed 

line was demonstrated in the present study by the removal of TRAIL mRNA in TRAILtm1c mice 

crossed with the PGK-Cre global Cre strain. 

 

A potential limitation was found in the small numbers of separate biological replicates of 

PASMCs used for transcriptomic and protein measurements. This was more apparent in the 

measurement of total protein and protein phosphorylation by Kinex antibody arrays – the data 

from which was highly variable and caused difficulty in drawing confident statistical 

conclusions. Besides the small numbers analysed, another factor was the high variability of 

antibody-based measurements. In comparison, the mRNA microarrays were able to detect 

over 3,000 DE genes after TRAIL stimulation of PASMCs, despite the smaller number of 

replicates analysed than with the antibody arrays. As well as the differences in technology, 

the use of the LIMMA package allowed detection of DE genes from microarray data even with 

smaller numbers of arrays (Ritchie et al. 2015, Smyth 2004). 
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6.2 Future work 

In this thesis I have presented evidence supporting new insights into TRAIL functions in PAH 

and PF. These findings raise further questions regarding TRAIL and further research is 

warranted to fully understand the roles of TRAIL in lung diseases. Therefore, in this section I 

detail areas where future work could be beneficial. 

 

In the present study, important facets of TRAIL function were highlighted in VSMCs and 

fibroblasts for PAH and PF, respectively. As described in Chapter 6.1, deletion of the TRAIL 

gene in other key vascular cell types – such as ECs – would be useful in fully understanding 

the milieu of TRAIL signalling within these diseases. This was particularly emphasised in the 

IP bleomycin mouse model, where differences in the phenotypes of fibroblast-specific and 

global TRAIL deleted mice suggested other additional cell types as sources of TRAIL. 

Likewise, the target cells affected by TRAIL in these models remain to be elucidated. This 

could be facilitated by further study of TRAIL receptor expression in pulmonary vascular cells, 

in addition to cell type-specific deletion of TRAIL receptors. However, the functional overlap 

and differences between the human and mouse TRAIL receptors are not fully understood 

(Schneider et al. 2003), and further characterisation of the mouse TRAIL receptors in the 

context of PAH and PF is required. There is now also the possibility for genetic manipulation 

in specific cell types in rats – a potentially more physiologically relevant model species for 

PAH, which also possesses four TRAIL receptors – using the CRISPR-Cas9 system (Li et al. 

2013). 

 

The effects of TRAIL signalling illustrated by stimulation of human PASMCs also warrant 

further study. Commercial primary PASMCs from healthy lungs were used in the in vitro TRAIL 

stimulation experiments, and whether the response of these cells reflects that of cells from 

PAH patients is unclear. Therefore, future work could aim to replicate these findings using 

pulmonary vascular cells from explanted PAH lung tissue. Furthermore, the effects of TRAIL 
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stimulation on other important cells such as ECs and fibroblasts – and how these effects 

compare to those found in PASMCs – would be an interesting aspect to investigate in future 

work. In particular the effects of TRAIL on fibroblasts would be useful in further exploring the 

mechanism of fibroblast-derived TRAIL-mediated protection from bleomycin-induced fibrosis 

in mice. As I proposed that this protection is facilitated by increased TRAIL-mediated apoptosis 

of fibroblasts, this could be validated by staining lung sections with an apoptosis marker such 

as terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) and counter-

immunostaining for a fibroblast-specific marker such as vimentin. 

 

A further consideration is that in vitro assays with homogeneous cell populations do not 

necessarily represent the full extent of physiological signalling in vivo. It would therefore 

potentially be informative to carry out single cell sequencing of lung tissue from mice with 

TRAIL deletions subjected to models of PF and PAH. Transition and clonal expansion of 

pulmonary vascular cells such as SMCs are additional processes that has been implicated in 

formation of pulmonary vascular lesions in PAH (Sheikh et al. 2015). Furthermore, recent 

research into atherosclerotic plaque highlights the ability of VSMCs to transform into other cell 

types e.g. myofibroblasts (Wirka et al. 2019) or macrophage-like cells (Shankman et al. 2015). 

It could therefore be interesting to study a potential effect of TRAIL on these processes in vivo, 

besides previously demonstrated effects on migration and proliferation. The R26R-

Brainbow2.1 fluorescent reporter mice present a useful tool for lineage tracking that could be 

crossed with TRAIL-deleted mice to determine any effects. A similar lineage tracking 

investigation was demonstrated in the formation of neointimal lesions by VSMC progenitor 

cells after carotid ligation injury (Chappell et al. 2016), a similar process to the pathological 

remodelling found in PAH. 

 

In the present study, evidence for the role of sclerostin in PF and PAH was demonstrated: 

expression of the TRAIL-regulated gene SOST was altered at the mRNA level in whole lung 

from bleomycin and SuHx mice and at the protein level in serum of patients. It could be 
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informative to study the expression and localisation of sclerostin in human disease, for 

example by immunohistochemistry to detect proteins within the lungs of patients or within 

explanted cells. Functional assays such as inhibition or depletion of sclerostin in cellular 

models and animal models would provide direct evidence for sclerostin function. Reports in 

the literature have linked genetic deletion of sclerostin in mice to bone formation functions (Li 

et al. 2008, Qin et al. 2016). However, studies specifically examining cardiovascular or 

pulmonary vascular functions in SOST-/- mice – either unchallenged or subjected to insult to 

drive disease – have not been published. Further investigations could also be carried out into 

the signalling pathways associated with sclerostin, such as Wnt and BMP signalling. As the 

gene products from these pathways were not examined exhaustively, it would be useful to 

carry out protein measurements for them in further TRAIL stimulation experiments, and in the 

context of disease. The expression of these pathway members could also be studied in human 

disease or using single cell sequencing of experimental disease lungs as described in this 

section, in order to further understand the role of TRAIL in PF and PAH. Together, the data in 

this thesis highlight new mechanisms for TRAIL involvement in PF and PAH and introduce 

new potential targets for therapeutic intervention. 
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8 Appendices 

8.1 Appendix A: Taqman RT-qPCR 

8.1.1 Taqman RT-qPCR probes 

Target Species Assay number 

GAPDH Mouse Mm99999915_g1 

FIGF Mouse Mm01131929_m1 

SOST Mouse Mm00470479_m1 

PDGFD Mouse Mm00546829_m1 

PDGFRB Mouse Mm00435553_m1 

ICAM1 Mouse Mm00516023_m1 

TNFSF10 Mouse Mm01283606_m1   

FIGF Human Hs01128657_m1 

ICAM1 Human Hs00164932_m1 

PDGFD Human Hs00228671_m1 

PDGFRA Human Hs00998018_m1 

PDGFRB Human Hs01019589_m1 

SOST Human Hs00228830_m1 

VIPR1 Human Hs00910453_m1 

 

8.1.2 Taqman RT-qPCR reaction 

Reagent µl per reaction 

Probe (20X) 0.5 

MM (2X) 5 

cDNA 4.5 

Total 10 

 



II 

Temp. Time Cycles 

50ºC 2 min  

95ºC 10 min  

95ºC 15 sec 40X 

60ºC 1 min  

  

8.2 Appendix B: R scripts 

8.2.1 LIMMA mRNA microarray analysis 

Measurement of mRNA expression from microarrays was carried out using the LIMMA R 

package. The Biocmanager package was used for package management. 

 

LIMMA: https://bioconductor.org/packages/release/bioc/html/limma.html 

Biocmanager: https://cran.r-project.org/web/packages/BiocManager/index.html 

 
 
# set main folder 

main.dir <- "." 

setwd(main.dir) 

 

# requirements 

if (!requireNamespace("BiocManager", quietly = T)) 

install.packages("BiocManager") 

library('BiocManager') 

BiocManager::install() 

library(limma) 

 

# read Agilent array data 

Agilent_ProbeIDs <- read.delim(paste(main.dir, 

"targets","Agilent_gene_list.txt", sep = "/"), header = T) 

colnames(Agilent_ProbeIDs) <- gsub("ProbeID", "ProbeName", 

colnames(Agilent_ProbeIDs)) 

 

# read targets file 

targets <- readTargets(paste(main.dir, "targets", "targetsExpression.txt", 

sep = "/")) 
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# read in array data 

x <- read.maimages(targets, path = paste(main.dir, "data", sep = "/"), 

source = "agilent", green.only = T) 

 

# background correct and normalise arrays 

y <- backgroundCorrect(x, method = "normexp", offset = 16) 

y <- normalizeBetweenArrays(y, method = "cyclicloess") 

 

# average spots per probe  

y.ave <- avereps(y, ID = y$genes$ProbeName) 

 

# matrix for linear modeling 

f <- factor(targets$Condition, levels = unique(targets$Condition)) 

design <- model.matrix(~0 + f) 

colnames(design) <- levels(f) 

     

## fit intesity values to linear model 

fit <- lmFit(y.ave, design) 

 

# crate contrast for comparison 

contrast.matrix <- makeContrasts("trail-control", levels = design) 

fit2 <- contrasts.fit(fit, contrast.matrix) 

fit2 <- eBayes(fit2) 

 

# volcano plot of all probes 

volcanoplot(fit2, "trail-control") 

 

# decide tests 

results <- decideTests(fit2) 

 

# results table 

output.trail <- topTable(fit2, adjust = "BH", coef = "trail-control", 

genelist = y.ave$genes, number = Inf) 

write.csv(output.trail, file = 

paste(main.dir,"TRAILvsControl_Expression_Results.txt",sep = "/"), 

row.names=F) 
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8.2.2 SPIA pathway topology analysis 

Pathway topology analysis was performed using the SPIA R package with KEGG pathways. 

The Ensembl Biomart R package was used to download matching Entrez IDs for Agilent 

microarray probe IDs. The plyr R package was used for data manipulation. The Biocmanager 

package was used for package management. 

 

SPIA: http://bioconductor.org/packages/release/bioc/html/SPIA.html 

Biomart: https://bioconductor.org/packages/release/bioc/html/biomaRt.html 

Plyr: https://cran.r-project.org/web/packages/plyr/index.html  

Biocmanager: https://cran.r-project.org/web/packages/BiocManager/index.html 

 

# set main folder 

main.dir <- "." 

setwd(main.dir) 

 

# requirements 

if (!requireNamespace("BiocManager", quietly = TRUE)) 

install.packages("BiocManager") 

library('BiocManager') 

BiocManager::install("SPIA") 

install.packages('plyr') 

library("SPIA") 

library('biomaRt') 

library('plyr') 

 

# run SPIA using pathways data generated from (up-to-date) xml files 

obtained from http://www.kegg.jp/ 

kegg.dir <- "./hsa83.0_2017-07-01" 

kgml.dir <- paste(kegg.dir, "kgml", sep = "/") 

kegg.spia <- paste(kegg.dir, "spia", sep = "/") 

makeSPIAdata(kgml.path = kgml.dir, organism = "hsa", out.path = kegg.spia) 

 

# read limma export table 

expr.table <- read.csv(file = paste(main.dir, 

"TRAILvsControl_Expression_Results.txt"), header = T) 

 



V 

# convert agilent probe IDs to entrez with biomart 

ensembl = useEnsembl(biomart = "ensembl", dataset="hsapiens_gene_ensembl") 

genes.entrez <- getBM(attributes = c('agilent_sureprint_g3_ge_8x60k_v2', 

'entrezgene'), filters = 'agilent_sureprint_g3_ge_8x60k_v2', values = 

expr.table$ProbeName, mart = ensembl) 

colnames(genes.entrez) <- c('ProbeName', 'entrez') 

 

# merge entrez ID into expression table 

expr.table.2 <- merge(expr.table, genes.entrez, by = 'ProbeName', all.x = 

FALSE, all.y = FALSE) 

 

# remove rows without entrez ID 

top <- expr.table.2[!is.na(expr.table.2$entrez), ] 

 

# average fold change for duplicate probes 

top.aveFC <- ddply(top, "entrez", numcolwise(sum)) 

 

# define DE genes for SPIA 

data <- top.aveFC 

sig = 0.05 

nrow(data[data$adj.P.Val < sig, ]) 

tg1 <- data[data$adj.P.Val < sig, ] 

 

# extract fold changes from DE genes 

de.genes = tg1$logFC 

names(de.genes) <- as.vector(tg1$entrez) 

 

# all genes list 

all.genes = data$entrez 

 

# run spia with generated pathway data 

res <- spia(de = de.genes, all = all.genes, organism= "hsa", nB = 2000, 

plots = TRUE, verbose = TRUE, beta = NULL, combine = "fisher", data.dir = 

paste(kegg.spia, "/", sep = "")) 

 

# save pathways table 

write.csv(res, file = paste(main.dir, keggversion, "pathways.csv", 

sep="/")) 

 

# save spia plot 

pdf(file = paste(main.dir, keggversion, "spia.pdf", sep = "/")) 



VI 

plotP(res,threshold = 0.05) 

dev.off() 

 

# save res object for future use 

saveRDS(res, file = paste(main.dir, keggversion, "res", sep = "/")) 

 

8.3 Appendix C: Genotyping PCR 

8.3.1 Genotyping PCR primers 

 

Name Sequence 

CSD-Tnfsf10-F TTCCCTCAATCCCAACCTCCTTTCC 

CSD-Tnfsf10-ttR CCCTGCCCCAGATTTTGTAGTAACC 

CSD-loxF GAGATGGCGCAACGCAATTAATG 

CSD-Tnfsf10-R CAGGGGTAGGTAGATAGCTTGCTGG 

HELpr010  GCATTACCGGTCGATGCAACGAGTGATGAG 

HELpr011 GAGTGAACGAACCTGGTCGAAATCAGTGCG 

HELpr012 TGGACAGGACTGGACCTCTGCTTTCCTAGA 

HELpr013 TAGAGCTTTGCCACATCACAGGTCATTCAG 

SMWT1  TGACCCCATCTCTTCACTCC 

SMWT2  AACTCCACGACCACCTCATC 

PHCreAS1  AGTCCCTCACATCCTCAGGTT 

 

 

8.3.2 TRAILtm1c & TRAILWT PCR reaction 

Reagent µl per reaction 

REDExtract-N-Amp PCR mix (2X) 10 

Nuclease-free water 4.4 

CSD-Tnfsf10-F (10 uM) 0.8 

CSD-Tnfsf10-ttR (10 uM) 0.8 

DNA 4 

Total 20 

 



VII 

Temp. Time Cycles 

94ºC 5 min  

94ºC 15 sec  

65…56ºC 30 sec 10X 

72ºC 40 sec  

94ºC 15 sec  

55ºC 30 sec 30X 

72ºC 40 sec  

72ºC 5 min  

4ºC hold  

 

Expected products: 

 TRAILtm1c (604 bp) 

 TRAILWT (456 bp) 

 

8.3.3 TRAILtm1d & distal LoxP site PCR reaction  

Reagent µl per reaction 

REDExtract-N-Amp PCR mix (2X) 10 

Nuclease-free water 4.4 

CSD-loxF (10 uM) 0.4 

CSD-Tnfsf10-F (10 uM) 0.4 

CSD-Tnfsf10-R (10 uM) 0.8 

DNA 4 

Total 20 

 



VIII 

Temp. Time Cycles 

94ºC 5 min  

94ºC 15 sec  

65…56ºC 30 sec 10X 

72ºC 40 sec  

94ºC 15 sec  

55ºC 30 sec 30X 

72ºC 40 sec  

72ºC 5 min  

4ºC hold  

 

Expected products: 

 TRAILtm1d (681 bp) 

 Distal loxP (282 bp) 

 

8.3.4 COL1A2-Cre-ERT / PGK-Cre & WT control PCR reaction 

Reagent µl per reaction 

REDExtract-N-Amp PCR mix (2X) 10 

HELpr010 (10 uM) 2 

HELpr011 (10 uM) 2 

HELpr012 (10 uM) 1 

HELpr013 (10 uM) 1 

DNA 4 

Total 20 

 

Temp. Time Cycles 

93ºC 1 min  

93ºC 20 sec 30X 

68ºC 3 min  

4ºC hold  

 



IX 

Expected products: 

 COL1A2-Cre-ERT / PGK-Cre (408 bp) 

 WT control (194 bp) 

 

8.3.5 SMMHC-Cre-ERT2tg / SMMHC-Cre-ERT2wt PCR reaction 

Reagent µl per reaction 

REDExtract-N-Amp PCR mix (2X) 10 

Nuclease-free water 1 

SMWT1 (10 uM) 2 

SMWT2 (10 uM) 1 

PHCreAS1 (10 uM) 2 

DNA 4 

Total 20 

 

Temp. Time Cycles 

95ºC 2 min  

95ºC 45 sec  

58ºC 45 sec 30X 

72ºC 2 min  

72ºC 5 min  

4ºC hold  

  

Expected products: 

 SMMHC-Cre-ERT2tg (300 bp) 

 SMMHC-Cre-ERT2wt (200 bp) 
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