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by 

Christopher James Brereton 

Progressive accumulation of abnormal extracellular matrix (ECM) is a key pathologic event in 
idiopathic pulmonary fibrosis (IPF). Repetitive micro-injuries to a genetically susceptible alveolar 
epithelium are thought to incite an abnormal wound healing response, propagating fibrogenesis 
through the induction of pro-fibrotic signals of which TGFβ is considered the prototype. Beyond 
ECM deposition, alterations to collagen nanostructure such as increased pyridinoline cross-linking 
are critical to the loss of ECM compliance in IPF, resulting from upregulation of collagen cross-
linking enzymes such as lysyl hydroxylase 2 (PLOD2) and the lysyl oxidase-like (LOXL) family. 

It was hypothesised that pathological remodelling and increased tissue stiffness in IPF involves 
aberrant expression of these collagen cross-linking enzymes, caused by dysregulation of core 
upstream signalling pathways.  The aims of this study were therefore to identify the cellular 
provenance of key ‘bone-type’ collagen cross-linking enzymes, the upstream regulatory pathways 
which promote their expression, and the biomechanical consequences of their dysregulation.  

Through human tissue analyses integrating regionally selective RNA sequencing LOXL2 was 
established as the LOX(L) enzyme with greatest expression in IPF fibroblastic foci, and a strong 
correlation between LOXL2 and PLOD2 expression was observed, with co-localisation identified 
through in-situ mRNA hybridisation. Hypoxia Inducible Factor (HIF) pathway stabilisation was 
found to be a potent inducer of these ‘bone-type’ collagen cross-linking enzymes using 2D in vitro 
experiments, and exhibited synergistic effects with TGFβ signalling. Yet HIF pathways, rather than 
TGFβ signalling, disproportionately induced collagen cross-linking expression compared to 
collagen fibrillogenesis. The presence of HIF pathway activation within IPF tissue was confirmed 
through immunohistochemical analysis, correlating to areas of PLOD2 and LOXL2 mRNA 
expression. Using an in vitro 3D fibroblastic focus model, HIF pathway stabilisation was observed 
to profoundly alter collagen structure-function, with increases in pyridinoline collagen cross-
linking and matrix stiffness, and a reduction in collagen fibril diameter, that were comparable to 
changes seen within IPF tissue. Gene silencing of HIF1/2α or LOXL2, and catalytic inhibition of 
LOX(L) activity, was capable of modulating the pathogenetic HIF-mediated changes to ECM 
stiffness, suggesting these pathways may offer novel therapeutic targets.  

In summary HIF pathway stabilisation is a key regulatory promoter of ‘bone-type’ collagen 
cross-linking and, in conjunction with TGFβ signalling, may act as a ‘second-hit’ insult to drive 
pathological remodelling of ECM within the IPF lung. Therapeutic applications which target HIF 
pathways could normalise these matrix changes and prevent progressive fibrosis. 
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Chapter 1 Introduction 

1.1 A clinical overview of idiopathic pulmonary fibrosis 

1.1.1 Definition and incidence 

The interstitial lung diseases (ILDs) are a broad group of disorders characterised by cellular 

infiltration and proliferation within the pulmonary interstitium. Changes in the quantity and 

quality of extracellular matrix (ECM), the non-cellular portion of tissue comprised predominantly 

of proteins, polysaccharides and water, is a critical component of many ILDs. Fibrosis is the 

accumulation of excessive and often abnormal ECM within tissue, often as a wound healing 

response to injury. ILDs may occur with or without subsequent fibrosis and by definition are not 

the result of either infection or malignancy1.  

On a practical level, ILD is an umbrella term which encompasses specific diseases of the lung 

parenchyma that can be subcategorised based on their aetiology, pathophysiology, clinical 

features and outcomes (Figure 1.1). Idiopathic interstitial pneumonias (IIPs) are one such 

category, historically delineated by the lack of a clearly identifiable or wholly attributable inciting 

agent. IIPs are further stratified by clinical acuity and have specific clinical, radiographic and 

histopathologic patterns, with a multidisciplinary approach considered the gold standard for 

diagnosis2,3. ILDs which do not meet any of the diagnostic criteria, either due to insufficient, 

discordant or indeterminate information, are deemed unclassifiable2.  
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Figure 1.1: Classification of interstitial lung diseases. A commonly used system for categorising 

ILDs based broadly on a combination of aetiology, clinical, radiologic and pathologic 

findings2,3.  

Idiopathic pulmonary fibrosis (IPF) is the prototypical progressive fibrotic ILD, characterised by a 

usual interstitial pneumonia (UIP) pattern of fibrosis either on radiology or histopathology, in the 

absence of an identifiable underlying cause4. While IPF is a diagnosis of exclusion the diagnostic 

criteria are still rigidly applied, an important point which differentiates this disease from a large, 

heterogeneous cohort of patients who do not meet any specific disease criteria and are 

subsequently labelled “unclassifiable ILD”. 

While it is considered a rare lung disease, there are over 30,000 people with IPF in the UK alone, 

with roughly 6000 new IPF diagnoses made each year5. Indeed, with estimates of between 4.6 and 

8.65 new diagnoses per 100 000 people per year the UK has one of the highest incidence rates of 

IPF within Europe6. Furthermore the number of new diagnoses appears to have risen over time7. 

It should be noted however that any comparison of incidence either temporally or internationally 

is limited by variances in detection rates and methods of identifying IPF cohorts.  
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1.1.2 The evolving terminology around IPF 

IPF is a relatively modern clinical diagnostic label which has enabled significant progress over the 

past two decades in mechanistic studies exploring pulmonary fibrosis pathophysiology. Prior to 

this evolution in disease terminology, patients with what we now consider IPF were cohorted with 

a multitude of other ILDs, leading to misleading findings that distracted from the true nature of 

the fibrotic process.  

While terms such as “chronic interstitial pneumonia” and “diffuse interstitial fibrosis” have been 

reported as far back as the late 19th and early 20th century, IPF did not emerge as an established 

entity until the 1960s8. However the diagnosis was broadly applied to a variety of cases including 

paediatric and acute pathologies, and used interchangeably in Europe and other regions with the 

label “cryptogenic fibrosing alveolitis” (CFA). Further developments such as a pathological 

classification of UIP by Averill Liebow in 1968 and the introduction of chest computed tomography 

(CT) in the 1970s and 1980s led to refinement of the IPF/CFA criteria. IPF became the preferred 

nomenclature over CFA in the new millennium, possibly driven by a growing consensus that 

fibrosis, rather than inflammation, was the key underlying mechanism of disease. 

More recently the Fleischner society revised the high resolution (HR)CT diagnostic criteria for UIP 

in a 2018 white paper9. A key recommended change was to make a working diagnosis of IPF in the 

absence of honeycombing (provided both the radiology and clinical picture were otherwise in 

keeping with IPF). Reflecting this softened stance, the intermediate diagnostic category of 

“possible UIP” was replaced by the term “probable UIP”. While the 2018 ATS/ERS/JRS/ALAT 

Clinical Practice Guidelines adopted the changes in nomenclature, they grouped the category with 

“indeterminate for UIP” and “alternative diagnosis” and maintained a conditional (very low 

quality of evidence) recommendation for surgical lung biopsy in these instances4.   

Debate continues on the appropriateness of the current IPF definition, with some authors 

describing the classification of IPF as a “moving target”10. However despite ongoing desires to 

either further sub-stratify, or conversely, to group ILDs together, the crystallisation of our current 

definition for IPF has enabled greater coherence in our investigation of the underlying 

pathophysiological mechanisms in this disease. Advancements in our understanding may filter 

back into diagnostic guidelines, as well as aid in the development of novel therapeutic strategies.  

1.1.3 Clinical features, diagnosis and prognosis 

The clinical course of IPF is characterised by the insidious onset of dyspnoea and cough which 

advances with fibrosis progression. The onset of these symptoms is often ascribed by the patient 
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to a previous chest infection or period of relative inactivity and lack of fitness, leading to delays in 

seeking medical attention11. Clues on examination include digital clubbing and bibasal inspiratory 

crackles on auscultation of the chest12. Restrictive spirometry, characterised by a preserved 

spirometric ratio and reduced forced vital capacity (FVC), should alert the clinician away from 

more commonly seen respiratory disorders such as asthma and chronic obstructive pulmonary 

disease. Reductions in the transfer capacity of carbon monoxide (TLCO) are seen as the disease 

progresses. A chest X-ray may detect lower zone predominant reticular changes however chest 

HRCT is more sensitive and the gold standard imaging modality for diagnosis of UIP.  

The radiological pattern of UIP on HRCT includes a bilateral and subpleural fibrotic process, 

typically affecting the lower zones to a great extent than the upper zones, resulting in 

architectural distortion of the lung parenchyma and abnormally dilated airways (traction 

bronchiectasis), with or without honeycombing (cystic changes reflecting bronchiolisation of the 

alveolus)9 (Figure 1.2 A-B).  

Occasionally patients with IPF disease do not have typical features of UIP on HRCT and receive 

their diagnosis from lung biopsy. Pathologically, UIP is characterised by a heterogeneous 

interstitial infiltration of dense ECM with adjacent areas of relatively unaffected lung 

parenchyma13. A key feature within affected areas of tissue is the fibroblastic focus – a cluster of 

mesenchymal cells convexly protruding into an adjacent alveolar space and lined by epithelial 

cells that are often morphologically altered (Figure 1.2 C).  

 



Chapter 1 

5 

A B

C

*
 

Figure 1.2: Usual interstitial pneumonia on radiology and histopathology. (A) Axial and (B) 

coronal chest HRCT images for a patient with IPF demonstrating a radiological 

pattern of definite UIP, as defined by subpleural fibrosis and traction bronchiectasis 

in an apicobasal gradient, and honeycombing. (C) Massons trichrome staining (pink – 

cellular contents, blue – ECM) of a histological section from a patient with IPF 

demonstrating a fibroblastic focus (star), a key feature in the histopathological 

diagnosis of UIP. Scale bar 100μm.  

Taken together, the diagnosis of IPF is made by clinical assessment and identification of a pattern 

of UIP on radiological or histopathological criteria as set out by international consensus 

guidelines4. This is recommended to occur through multi-disciplinary team (MDT) discussion of 

the clinical, radiological and histopathological evidence.  

The prognosis for IPF is poor with an average life expectancy of 2-4 years from diagnosis, although 

emerging evidence suggests that treatment with anti-fibrotic medications may improve survival14-

16. Most patients with IPF will die from the disease itself, with inexorable progression of the 

fibrosis culminating in overt hypoxaemic respiratory failure. In a subset of patients the clinical 

trajectory is complicated by an acute exacerbation (either idiopathic or triggered by a 
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superimposed disease process), while others will succumb to associated co-morbidities such as 

cardiovascular disease and lung cancer17.  

1.1.4 Current and future treatments 

Although lung transplant remains the only cure for IPF, the management strategy to stabilise 

disease progression has undergone significant change in the past two decades. An increasing 

understanding of the underlying pathophysiological process has elicited a transition away from 

immunosuppressive strategies towards disease modifying therapies that target fibrotic 

pathways14,17.  

The conventional approach for treating IPF, as with many ILDs, had been with corticosteroids and 

other immunomodulatory agents such as azathioprine or cyclosporine. The concept of “triple 

therapy” arose from the IFIGENIA study in 2005 which observed a slower rate of FVC decline 

when N-acetylcysteine (NAC) was added to a “standard of care” treatment of prednisone plus 

azathioprine18. The hazards of using two treatment groups that had not been robustly tested 

against placebo did not emerge until 2012, when a prematurely terminated arm of the PANTHER 

study revealed that the ‘triple therapy’ regimen incorporating prednisone, azathioprine and NAC 

left the IPF patient at least ten times more likely to be deceased or hospitalised after 15 weeks 

than placebo, with no significant differences in lung function19. Continuation of the NAC-only arm 

revealed that, whilst NAC did not appear overtly harmful, it failed to have any benefit in lung 

function preservation compared to placebo, suggesting the positive results of the earlier IFIGENIA 

study may have resulted from protective effects of NAC against the harmful effects of 

immunosuppressive regimens20. This protective effect of NAC does not appear to extend to any 

clinical benefit when given to patients treated with current anti-fibrotic strategies21.  

Shortly after the triple therapy results of the PANTHER study, in landmark clinical trials for IPF 

treatment, two mechanistically distinct anti-fibrotic agents (nintedanib and pirfenidone) emerged 

as effective disease modifiers, each capable of slowing the rate of FVC decline by approximately 

half22-24.  

Nintedanib is a tyrosine kinase inhibitor (TKI) which broadly targets pro-fibrotic pathways 

including fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF) and platelet 

derived growth factor (PDGF) 24,25. It was originally developed to treat solid organ tumours 

(namely non-small cell lung cancer) but repurposed into pulmonary fibrosis following the 

observation that its target receptors were implicated in the mechanisms of pulmonary fibrosis 

and inhibition of these pathways had shown promise in animal models25-27.  
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Following an earlier phase 2 study (TOMORROW) which had demonstrated the safety of 

nintedanib in IPF as well as trends to reduction in FVC decline and acute exacerbations, two 

replicate phase 3 studies – INPULSIS 1 and 2 – were undertaken to establish the efficacy of 

nintedanib in IPF24,28. After recruiting a total of 1066 participants both studies met the primary 

outcome of a significant reduction in the annual decline of FVC, with a mean decline of 115mls 

and 114mls in the nintedanib arm of INPULSIS 1 and 2 respectively, compared to 240mls and 

207mls respectively for the placebo groups. Additionally, and despite heterogeneity between the 

individual twin trials, a pooled analysis of the rate of IPF exacerbations using centrally adjudicated 

criteria demonstrated a significant reduction of 68% in probable or confirmed exacerbations.  

Longer-term data from both the TOMORROW and INPULSIS trials have since demonstrated both a 

sustained preservation of FVC as well as a potential beneficial effect on survival15,29,30. More 

recently the scope of nintedanib to treat lung fibrosis has extended even further, with the 

SENSCIS trial demonstrating similar efficacy of nintedanib for patients with ILD associated with 

systemic sclerosis while the INBUILD study found nintedanib to delay FVC decline across a range 

of ILDs with a “progressive fibrotic” phenotype, in particular those with a UIP pattern31,32.  

Pirfenidone, a synthetically manufactured pyridine and the only other approved anti-fibrotic 

agent for IPF to date, has broad anti-inflammatory and anti-fibrotic effects which are generally 

attributed to inhibition of the downstream actions of transforming growth factor (TGF)-β1 such as 

fibroblast proliferation and collagen synthesis14,33. Transcriptomic analysis of lung fibroblasts and 

whole lung homogenates from IPF patients treated with or without pirfenidone suggest a 

particular influence of pirfenidone on fibroblast migration, activity and production of ECM, as well 

as a non-fibroblast effect on innate and adaptive immune regulation34.  

Following on from two earlier and promising studies centred in Japan, the CAPACITY trials were 

undertaken to evaluate the efficacy of pirfenidone in IPF over 72 weeks23,35,36. The results of the 

two trials were conflicting, with CAPACITY 004 demonstrating an FVC decline of 12.4% for placebo 

and 8% for pirfenidone 2403mg/day (a statistically significant relative benefit of 4.4%) while 

CAPACITY 006 showed a decline of 9.6% for placebo and 9% for pirfenidone.  After being declined 

approval from the United States’ Food and Drug Administration (FDA) a third trial was 

undertaken37. With a 52 week duration ASCEND was shorter than the CAPACITY trials yet it met 

the primary endpoint, with a mean decline from FVC baseline of 428mls for placebo compared to 

235mls for the pirfenidone group22.   

Pooled analysis from the CAPACITY and ASCEND trials revealed an overall reduction by 43.8% in 

the number of patients that died or suffered a 10% decline in FVC38. Pirfenidone, along with 

Nintedanib, was subsequently approved by the FDA for use in IPF in October 201437. Further 
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studies of pirfenidone in other ILDs are either inconclusive or still underway, largely due to issues 

with trial design and recruitment39,40.  

The broad targets of both nintedanib and pirfenidone are postulated to be an important aspect of 

their anti-fibrotic efficacy but also result in a range of adverse effects, such as photosensitive rash 

(pirfenidone), increased bleeding risk (nintedanib) and gastrointestinal symptoms (both). 

Accumulating evidence from longer-term, open-label studies of these drugs have found no new 

safety concerns but reinforce the significant burden of these adverse effects30,41,42. While often 

mild, adverse effects such as diarrhoea and weight loss are occasionally serious enough to require 

reduction or cessation of treatment.  This problem, coupled with the relatively modest effects on 

FVC decline that anti-fibrotics exert, highlight the importance of ongoing research to develop 

more effective and tolerable treatments. 

Alternative therapeutic interventions in IPF have proven elusive. A rationale for anticoagulation 

arose from the findings of increased thrombotic rates in patients with IPF suggesting a 

dysregulated clotting cascade43. However the placebo-controlled ACE-IPF trial using the vitamin K 

antagonist warfarin was ultimately terminated following just over 50% recruitment after review of 

the safety and outcome data revealed a low likelihood of efficacy and an increase in mortality 

with the treatment group44. Similarly, large studies investigating the use of vasodilatatory 

compounds such as the phosphodiesterase-5 inhibitor sildenafil and the endothelin-1 receptor 

antagonist bosentan were unable to show benefits in their primary outcomes45,46. Other 

treatments which have failed to elicit clinically meaningful differences include subcutaneously 

delivered interferon gamma-1β, the TKI imatinib and the tumour necrosis factor (TNF)α inhibitor 

etanercept47-50.  

In 2017 results were published from a phase 2 clinical trial using a monoclonal antibody 

(Simtuzumab) against the collagen cross-linking enzyme lysyl oxidase-like 2 (LOXL2). After 

recruitment of 544 participants the study was terminated following the second interim analysis 

when no positive difference was detected in progression-free survival51. Yet significant limitations 

with the study design have left questions over the reasons behind a lack of treatment response. 

To begin with, it remains unclear if the monoclonal antibody achieved its target effect as no 

markers of target engagement were identified or measured. By aiming to target LOXL2 alone it 

was also unclear whether redundancies within the 5 member LOXL family may have compensated 

for Simtuzumab’s inhibitory effect. Finally, LOXL2 has numerous established intracellular and non-

catalytic functions which Simtuzumab, as an extracellular-based monoclonal antibody, would have 

failed to influence52-59. Overall these limitations raise significant questions on the suitability of 

Simtuzumab as an appropriate candidate for targeting matrix dysregulation in IPF.  
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The cautionary results of the PANTHER trial, the success of nintedanib and pirfenidone, and the 

limitations of the multitude of negative studies to date highlight the fundamental importance of 

understanding the subtleties in IPF pathophysiology when pursuing development of novel anti-

fibrotic agents. Through the mechanistic dissection of pathways which initiate, propagate and 

drive lung fibrosis is the potential to better understand how this disease develops, as well as 

identify targets of interest which may assist in diagnostic or therapeutic intervention.  

1.1.5 Physiological changes in lung fibrosis 

The pulmonary interstitium is the anatomic space located at the working interface of the lung 

between the alveolar epithelium and capillary endothelium. It is composed predominantly of 

ECM, with a scaffolding of type I and type III collagen fibrils that maintain the alveolar-capillary 

surfaces in close proximity60. Tensile strength within these collagenous structures is necessary to 

resist architectural distortion with fluctuating pressure gradients during minute ventilation.  

As the key anatomical impediment between the alveolar epithelium and capillary endothelium, 

lung interstitium must also be thin enough to enable effective passage of gases from one surface 

to another. Healthy pulmonary interstitium averages 300μm in breadth, which is thin enough for 

oxygen to diffuse rapidly from the alveolar surface to the bloodstream.  

Finally, a healthy interstitium imbues the lung parenchyma with a high degree of compliance, 

enabling effective respiration. While expiration at rest in a healthy human is passive due to elastic 

recoil, inspiration is an energy-requiring process. As the average person will respire 12 to 16 times 

per minute, or around 20,000 times per day, efficient respiration is important for energy 

conservation.  

These three physiological properties of the interstitium are disrupted in the patient with IPF. Lung 

architecture is progressively and heterogeneously altered, with infiltration of the interstitial space 

leading to distortion and eventually obliteration of alveolar sacs, capillary networks and 

conducting airways. Altered lung structure leads to increased dead space ventilation and 

subsequent mismatches in ventilation/perfusion relationships for patients with IPF.  

Expansion of the interstitial compartment with altered ECM also reduces the diffusive abilities of 

the lung, particularly that of oxygen from the alveolar compartment to the capillary 

bloodstream61. Changes in alveolar membrane diffusive conductance (DMCO) significantly 

correlate with fibrotic disease severity62. Carbon dioxide, 20 times more soluble than oxygen, 

diffuses more easily from the bloodstream to the alveolar space and therefore hypercapnic 

respiratory failure is invariably less relevant 
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As the interstitial compartment is progressively altered in IPF, changes to both alveolar 

membrane conductance and ventilation/perfusion relationships lead to an increased gradient in 

alveolar-arteriolar oxygen tension gradients (PAO2-PaO2), with the end-result being progressive 

hypoxaemic respiratory failure, initially on exertion only but ultimately at rest61.  

Changes in both volume and composition of interstitial proteins along with other alterations such 

as surfactant composition leads to a reduction in lung compliance63. By increasing the force 

required to inspire and ventilate the lung, a defective interstitium can significantly increase work 

of breathing. The extent of fibrotic infiltration strongly correlates with pulmonary compliance, and 

as the disease progresses the patient will experience a reduction in total lung capacity and 

increasing respiratory work effort64. As a result of this, basal caloric energy requirements in 

patients with ILD can rise by over 100%63.  

1.2 Our emerging understanding of IPF pathophysiology 

1.2.1 The current paradigm of IPF research 

The evolution of criteria to define and cohort IPF stems largely from the strong demand for 

further clinical trials to study novel anti-fibrotic agents. Yet in parallel has emerged improved 

access to biological material and translational research methodologies to investigate the 

heterogeneous mechanisms which underlie the disease process.  

For two decades the fundamental mechanistic hypothesis for IPF disease is proposed to be a 

repetitive environmental or intrinsic injury in a genetically vulnerable individual with a 

consequent maladaptive and dysregulated wound healing response65,66. Yet this complex and 

multifactorial process has been extensively expanded upon and refined, enabling a level of detail 

sufficient to identify new target pathways and novel therapeutic strategies.  

1.2.2 Genetic susceptibility to pulmonary fibrosis 

Predisposing genetic traits are increasingly implicated in the initiation and progression of 

pulmonary fibrosis (Table 1)67. Case-control genome wide association studies have identified 

variants in at least 11 different genetic loci associated with IPF68-70. Some, such as the MUC5B 

promoter variant, are relatively common but with low penetrance, increasing the risk of sporadic 

IPF in a substantial cohort of individuals. Other, such as telomere mutations, are rare but have 

high penetrance and contribute to a small but important subpopulation of familial disease. 

Beneath these individual polymorphisms also lies a range of gene expression and epigenetic risk 
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factors linked with the disease, highlighting the complex and often multifactorial pathways in IPF 

genetics71-74.  

Arguably the strongest genetic association with sporadic IPF is the single nucleotide 

polymorphism variant of the MUC5B gene promoter – rs35705950 – which confers a 3-fold 

increased risk of developing IPF and is found in over 30% of patients with the diagnosis75. Now 

increasingly associated with other ILDs including rheumatoid arthritis-ILD and early subclinical 

disease (termed interstitial lung abnormalities, ILAs) the MUC5B promoter presents the strongest 

evidence for a pathogenetic influence behind central mechanisms of pulmonary fibrosis76,77. 

MUC5B encodes a mucin glycoprotein responsible for immune and mucociliary regulation, and is 

overexpressed in the IPF bronchoalveolar epithelium, leading some to propose IPF as primarily a 

disease of the small airways78. Several mechanisms are proposed to explain a causal link between 

overexpression of MUC5B and the development of pulmonary fibrosis, including the sustained 

injuries arising from mucociliary impairment and failure to clear the small airways of debris, 

coupled with a disruption in normal reparative responses, leading to fibro-proliferative 

remodelling and honeycombing in the affected area78.  

A number of other genetic associations provide clues to the pathogenetic origins of pulmonary 

fibrosis within the respiratory epithelium. One of the earliest associations with familial pulmonary 

fibrosis was a mutation in the gene encoding surfactant protein C (SFTPC), a component of 

alveolar surfactant produced by type II alveolar cells to maintain alveolus integrity79. Variants of 

the desmoplakin (DSP) gene, which encodes an essential desmosomal protein that anchors 

intermediate filaments to desmosomal plaques, are associated with sporadic IPF, suggesting 

failure in cell-to-cell adhesion and loss of epithelial barrier integrity may be an important 

precipitant for progression of disease68. Overexpression of A-Kinase Anchoring Protein (AKAP)13, 

identified in an independent study as a sporadic IPF risk factor, has been sourced primarily to 

epithelial cells in both healthy and IPF lung tissue, and is postulated to increase TGFβ signalling 

through Rho kinase upregulation of the mechanoreceptor αvβ6 integrins70.    

Telomere length is increasingly implicated in pulmonary fibrosis. Telomeres are the protective 

nucleotide sequences which cap the ends of chromosomes and will progressively shorten with 

each cycle of cell division until the cell either becomes apoptotic or undergoes cell cycle arrest 

(termed senescence)80. Short telomere length can be found in a quarter of sporadic IPF and over a 

third of familial cases, supporting the role for cellular senescence and impaired wound healing in 

early pathogenesis81. In a Mendelian randomisation study, Duckworth and colleagues argue the 

link between telomeres and IPF is not merely an association but causal82. They analysed two 

cohorts (the UK Biobank with up to 1369 cases of IPF against 435866 controls, and an IPF 
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replication cohort with 2668 cases and 8591 controls) and found meta-analysis of the two groups 

statistically inferred shorter telomeres to cause IPF, with an overall odds ratio of 5.81. Mutations 

of genes involved in the regulatory telomerase complex such as Telomerase Reverse Transcriptase 

(TERT), Telomerase RNA Component (TERC), Poly(A)-Specific Ribonuclease (PARN) and Regulator 

of Telomere Elongation Helicase 1 (RTEL1) result in shorter telomere length and whilst rare have a 

significant impact on the likelihood of pulmonary fibrosis development and progression83.  

 

Table 1: Genes associated with an increased risk of developing familial or sporadic IPF 

 

1.2.3 Environmental exposures as potential disease triggers  

IPF is classically associated with male gender and advancing age however there is an increasing 

number of environmental exposures which are associated with disease incidence and progression. 

These exposures are frequently inhalational in nature and may account for early triggers in the 

disease process.  

Cigarette smoking is generally regarded as a risk factor for the development of IPF, and the 

incidence of tobacco smoking is consistently increased in IPF cohorts, although a robust dose-

effect relationship has not been established84. The chance of developing IPF for ever-smokers is 

nearly twice as high as non-smokers, while even maternal smoking presents an independent and 

Gene SNP Locus Odds Ratio Reference 

MUC5B Rs35705950 11p15 2.43 - 4.51 68, 69 

MUC2 Rs7934606 11p15 1.61 68 

TOLLIP Rs5743894 11p15 1.49 69 

TOLLIP Rs111521887 11p15 1.48 69 

MDGA2 Rs7144383 14q21 1.44 69 

DSP Rs2076295 6q24 1.43 68 

TERC Rs6793295 3q26 1.3 68 

FAM13A Rs2609255 4q22 1.29 68 

DPP9 Rs12610495 19q13 1.29 68 

AKAP13 Rs62025270 15q25 1.27 70 
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significant risk85. Current and ex-smokers have more rapid progression of disease than non-

smokers86.  

Also frequently associated with IPF are other possible inhalational exposures such as wood dust, 

metal dust and silica, as well as agricultural activities such as working with livestock and birds87. A 

significant proportion of these inhalation injuries are likely to be experienced through workplace 

exposures. In an ATS/ERS position statement on the occupational burden of non-malignant 

respiratory diseases, Blanc et al concluded a substantial proportion of IPF disease may be 

associated with occupational exposures88. Across 11 case-control studies the authors calculated 

pooled population attributable fractions (PAFs) using the odds ratios and proportion of cases 

exposed in each relevant study, reporting PAFs of 8% for metal dusts, 4% for wood dusts and 3% 

for silica. It should be noted however that the definition of IPF excludes an identifiable 

pneumoconiosis and therefore the proportion of environmental exposures in a population may 

vary depending on how rigorously an alternative diagnosis was sought. Furthermore it is likely 

that many of these workplace exposures will be confounded by other shared and possibly occult 

exposures (such as asbestos).     

Gastro-oesophageal reflux is one of the most common co-morbidities in IPF, and among pooled 

analyses of case control studies it is observed with an increased incidence in cases compared to 

healthy controls89,90. A popular theory is that chronic micro-aspiration of gastric contents could 

provide the elusive trigger for pathological changes in many IPF patients where no other clearly 

identifiable cause is found. However reflux is common in the general population, and the 

presence of confounders such as smoking means the true underlying relationship remains 

unclear90. The use of antacid therapy for treatment of asymptomatic reflux in IPF is another 

source of controversy despite a weak recommendation from the ATS/ERS guidelines on IPF 

management91. Across numerous observational cohort studies the results for antacid use have 

been mixed and some flawed by bias, while a recent larger population-based prospective study 

that took account of these biases found no treatment effect92,93. Randomised trials are currently 

in progress which will hopefully address this question definitively.   

Air pollution is associated with the development of subclinical ILD as well as a risk factor for IPF 

disease progression. Using a range of air quality data sources and residential history from over 

3000 participants who received whole lung CT scans, the MESA cohort study identified a 

heightened risk of ILAs with increasing exposure to nitrous oxides and fine particulate matter94. 

Specific traffic gases may also lead to clinical worsening of pulmonary fibrosis. A cohort of 436 IPF 

patients with air pollutant exposure data based on the nearest available monitoring station 

demonstrated an increased incidence of acute exacerbation with higher levels of nitrogen dioxide 
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and ozone, but not sulphur dioxide or carbon monoxide95.  A larger study of 1114 patients with 

IPF demonstrated a 17% increase in mortality with a 10 parts-per-billion increase in nitrogen 

dioxide levels96. Short term exposure to ozone and long term exposure to inhalable particulate 

matter was found in a separate study to be associated with increased mortality in 135 IPF 

patients97,98.  

In summary a range of environmental exposures are associated with IPF and could potentially 

catalyse the early disease process in a genetically susceptible individual.  

1.2.4 Alterations in the respiratory microbiome 

Despite long-held hypotheses regarding causal infections, limitations with traditional culture-

dependent methods have previously restricted efforts to study the impact of micro-organisms on 

pulmonary fibrosis. A number of viruses, such as hepatitis C and Epstein-Barr virus, have been 

associated with IPF but no robust relationships have been demonstrated99-101. The development 

of non-culture techniques such as DNA and RNA sequencing have substantially improved the 

ability to detect and sub-type organisms, resulting in an ever-growing understanding of the 

complex community of both pathogenic and commensal micro-organisms within the respiratory 

tract collectively termed the microbiome.  

Garzoni and colleagues report being the first to analyse the microbial populations within the 

upper and lower respiratory tracts of an ILD cohort using 16S ribosomal RNA sequencing, a 

culture-independent technique that is reliable, time-efficient and sensitive due to highly 

conserved regions for primer binding and highly variable, organism-specific regions that can be 

used for species identification102. However the individual cohorts were small and despite 

detecting a range of organisms within the IIP sub-cohort (namely Prevotellaceae, Pasteurellaceae, 

Neisseriaceae and Streptococcaceae) they did not find any differences in the diversity or 

abundances compared to either control or other disease cohorts (such as sarcoidosis). Similar 

techniques were employed to examine the respiratory microbiome in bronchoalveolar lavage 

(BAL) samples from 55 IPF patients in the Correlating Outcomes with biochemical Markers to 

Estimate Time-progression (COMET)-IPF biobank. While there was no control group to enable 

healthy comparison, this study found disease progression was strongly associated with a high 

relative abundance of one specific sub-species each of staphylococcus (Operation Taxonomic Unit 

[OTU]1348) and streptococcus (OTU1345)103.  

Shortly thereafter a robust comparison of the respiratory microbiome in 65 IPF and 44 control 

patients was reported, and found patients with IPF had both differences in species abundance 

and an overall higher bacterial burden, the latter being the most consistent finding amongst 
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subsequent microbiome studies104. Notably however, the median age of the control cohort was 

nearly a decade younger than the IPF cohort. A strong association was identified between 

microbial burden and risk of disease progression and death, which is possibly independent of the 

extent of fibrosis and lung parenchymal destruction as determined by radiological assessment105.  

Intriguingly a correlation was also made with the presence of the MUC5B rs35705950 

polymorphism, suggesting an interplay between microbial populations and host immunity that 

could generate alveolar injury and drive disease104. A relationship has subsequently been 

identified between specific genes pertaining to host immunity and defence (such as NLRC4) and 

an increased microbial burden, BAL neutrophilia and lung function decline106. Dysregulation of 

alveolar inflammation has been identified in BAL samples from IPF patients with reduced bacterial 

diversity, with increases of pro-inflammatory cytokines such as interleukin (IL)-1Ra107.  Efforts to 

remodel this host-microbial interaction through antimicrobial agents such as co-trimoxazole 

showed early promise however a larger study has not elicited any significant differences in 

outcome modification, suggesting there is a way to go before the advances in knowledge of the 

respiratory microbiome translate into positive outcomes for patients with IPF108,109.  

1.2.5 Injury and impaired regeneration of the alveolar epithelium 

The currently accepted paradigm for IPF pathogenesis, introduced at the turn of the millennium, 

purports that repetitive micro-injuries to the alveolar epithelium trigger a fibrogenic cascade 

which is sustained and dysregulated (Figure 1.3)65,110. Emerging data using advanced 

methodologies firmly place the alveolar epithelium in a central role for inciting lung 

fibrogenesis111.  

The alveolar barrier is formed by type 1 (AT1) epithelial cells, readily identified morphologically 

due to their thin, plate-like cytoplasm which enables efficient gas exchange and together 

encompass 96% of the alveolar surface112. Due to limited AT1 self-repair abilities, regeneration of 

the alveolar barrier and gas exchange surface following cellular injury requires proliferation and 

trans-differentiation from a pool of cuboidal, multipotent and highly plastic type 2 alveolar (AT2) 

cells, which have a similar population size to AT1 cells despite only comprising the remaining 4% 

of the alveolar surface. Despite AT1 cells originating from AT2 cells, the two cell types have 

broadly divergent roles in the immune response to inhalational pathogens and foreign material, 

with AT1 cells possessing pro-inflammatory functionality while AT2 cells (in health) having broadly 

more anti-inflammatory actions113. AT2 cells are also responsible for generating pulmonary 

surfactant, a lipoproteinaceous amalgam essential for lowering surface tension in the alveolus to 
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avoid collapse at low volumes. This function is lost when AT2 cells transdifferentiate into AT1 

cells, as reflected by differences in gene expression such as SFTPC114.  

 
Figure 1.3: Mechanisms through which pulmonary fibrosis is proposed to develop. (A) The 

healthy lung unit with an alveolar epithelial barrier (blue) composed of flattened AT1 

and cuboidal AT2 stem cells overlying a thin interstitial layer (yellow) comprised 

predominantly of collagen and elastin, which separates it from the capillary network 

(red). (B) Recurrent injuries to a genetically vulnerable alveolar barrier leads to 

epithelial apoptosis, increased cell turnover, stem cell exhaustion and senescence, 

with subsequent recruitment of “basaloid” stem cells from bronchial airways (green). 

(C) Breakdown of the alveolar barrier from maladaptive and senescent basaloid cells 

leads to increased permeability of exogenous exposures into the interstitium, 

epithelial-mesenchymal cross-talk, and mesenchymal cell recruitment and activation 

within the underlying interstitial compartment. This results in ECM expansion and 

aberrant modification, resulting in impairment of both ventilation and gas 

exchange65. 

 

Epithelial mesenchymal transition (EMT) is another important process in both normal epithelial 

tissue development and wound healing responses, and dysregulation of this process is seen in 

disease states including IPF. EMT is typified by a loss of epithelial traits such as apicobasal polarity 

and intercellular connectivity and an upregulation of mesenchymal properties such as increased 
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migratory and invasive behaviour as well as increased matrix production and apoptosis 

resilience115. This process is driven by master transcription factors such as SNAIL1 and SNAIL2, 

Zinc-finger enhancer binder (ZEB)1 and TWIST1, resulting in a broad range of effects in gene and 

protein expression such as downregulation of cadherin cell-cell adhesion proteins (such as 

cadherin-1, encoded by CDH1), and upregulation of the mesenchymal filament protein vimentin 

(encoded by VIM). 

A hyperplastic and dysfunctional alveolar epithelium may arise in IPF from both depletion and 

dysregulation of AT2 cells111,116. The repetitive injuries to the alveolar barrier are thought be the 

precipitant for AT1 and AT2 cell apoptosis, occurring through multiple pathways including 

endoplasmic reticulum stress and mitochondrial dysfunction117,118. Progressive epithelial cell loss 

leads to an exhaustion of the AT2 stem cell pool, resulting in reduced numbers seen in the IPF 

lung65. This effect may be exacerbated by a shortening and/or dysfunction of AT2 telomeres, 

which promotes cellular senescence rather than proliferation and growth, and is associated with 

progressive fibrosis in animal models119,120.  

The residual senescent AT2 cells are dysregulated in activity, reverting to developmental signalling 

axis such as Wingless/integration site (Wnt), Notch, Hippo, and hedgehog pathways and lacking 

important markers of self-renewal and lung repair such as hyaluronan and Toll like receptor 

4116,121. Through single cell RNA-sequencing, subsets of IPF AT2 cells have been identified which 

express conducting airway-associated genes such as MUC5B and SOX2, suggesting the 

recruitment of more proximal airway stem cells to sites of peripheral damage that may drive the 

remodelling and “bronchiolisation” of the alveolar compartment121. Larger single cell RNA-

sequencing studies have confirmed this observation and even proposed the “basaloid” airway cell 

characteristics to be a common theme linking the two pathological endpoints of pulmonary 

fibrosis – honeycomb cysts and fibroblastic foci122,123.  

These studies as well as earlier work have identified markers of EMT as another key signature 

within IPF alveolar cells yet the specific role in IPF pathobiology remains controversial. 

Hypotheses purporting EMT as a source of mesenchymal cells within the fibroblastic foci have 

become less favoured to a more communicative function, relaying pro-fibrotic signals from the 

alveolar surface to myofibroblast progenitors within the interstitial compartment124.   

A failing alveolar epithelial barrier results in disruption and loss of integrity in the underlying 

basement membrane. The injured and dysfunctional epithelial lining initiates a fibrogenic 

response by recruitment and activation of proliferating myofibroblasts through both autocrine 

and paracrine means of epithelial-mesenchymal cross-talk116,125. Hyperplastic AT2 cells overlying 

fibroblastic foci are thought to be a significant source for these growth factors, with both animal 
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and human studies demonstrating their pro-fibrotic capabilities111,122. In another mouse model, 

TGFβ signalling was identified in AT2 cells exposed to increased mechanical tension to catalyse a 

typical UIP pattern periphery-to-centre fibrosis126. Mechanical stress is likely to compound 

alveolar barrier dysregulation, with typical longitudinal and circumferential forces of respiration 

having been demonstrated to slow re-epithelialisation127.  

1.2.6 Mesenchymal cell recruitment and activation  

Fibroblasts reside in the ECM, contributing to matrix homeostasis and providing a diverse range of 

tissues with organ-specific needs of compliance and water content128. Despite being first 

identified by Vichow in the 19th century they remain poorly understood due to relatively low 

numbers in health and significant heterogeneity across tissue types, although single-cell RNA 

sequencing studies in mice and humans are revealing important insights into their molecular 

composition, gene expression and inter-organ heterogeneity128. In general, fibroblasts are highly 

responsive to both the mechanical and chemical environment, and are capable of differentiating 

from a passive and relatively inactive phenotype into migratory, secretory and contractile forms 

(with a wide range of terms including mesenchymal, activated or myofibroblast). In this study, 

‘lung mesenchymal cells’ will be used in reference to histochemical work with IPF tissue and ‘lung 

fibroblasts’ in reference to in vitro studies, in recognition of phenotypical and behavioural 

differences between cells grown in vitro compared to those found in their native matrix 

In IPF lung tissue, activated mesenchymal cells can often be readily identified by their location 

within an aggregate of ECM (collectively termed a fibroblastic focus), convexly protruding from 

the interstitium into the alveolar compartment. They are also notable for their spindle 

morphology and contractile phenotype, and will often express mesenchymal markers such as α-

smooth muscle actin (α-SMA)129. By producing excessive and pathologically altered matrix that 

disrupts normal lung structure and function these mesenchymal cells are widely attributed as the 

principal effector cells of the IPF condition122,123,130.  

Fibroblastic foci are thought to represent areas of active fibrogenesis within the IPF lung14. Initially 

proposed to be interconnected networks representing a wave of active fibrogenesis, micro-CT 

analysis has now characterised them as complex but morphologically discrete structures which 

arise geographically independently from one another131. Significant heterogeneity in shape and 

size are seen between individual foci, with the largest displaying volumes up to 100 times the 

smallest. Although the reason for this variation is unclear, they have been hypothesised to 

represent different levels of injury and response, or alternatively reflect foci as differing stages of 

development. Hypothesised to originate within the interstitial compartment, fibroblastic foci are 
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frequently identified beyond the remains of basal lamina, protruding into the alveolar spaces and 

disrupting normal lung structure-function132.  

Emerging evidence from single-cell RNA sequencing suggests IPF mesenchymal cells are not one 

single entity, but rather a heterogeneous population, likely comprised of a spectrum of active and 

relatively inactive phenotypes. In one study the least differentiated mesenchymal cells were 

found in the perimeter of the fibroblastic focus, contrasting to a population of well differentiated 

myofibroblasts in the focus core130. These less-differentiated mesenchymal cells expressed highly 

proliferative and developmental genomic signatures, most significantly the pro-fibrotic TGFβ 

pathway. A separate analysis found multiple distinct fibroblast phenotypes, each with an 

individual pattern of expression and regional location123. For example fibroblasts expressing 

hyaluronan synthase 1 (HAS1) were found in subpleural areas, demonstrated markers of cellular 

stress such as IL4, and co-localised with collagen I (COL1A1) on histochemical analysis of IPF lung 

tissue. By contrast perilipin 2 (PLIN2)-expressing lipofibroblasts – lipid-laden cells thought to be 

important for fibrosis resolution133 – were located diffusely throughout the lung parenchyma, and 

actin alpha 2 (ACTA2)-expressing myofibroblasts were localised to sub-epithelial regions of 

conducting airways and honeycomb cysts. An independent study published simultaneously also 

identified a spectrum of lung mesenchymal cells in IPF tissue however these were broadly split 

into HAS-expressing fibroblasts and ACTA2-expressing myofibroblasts122. The authors proposed 

this dichotomy could represent the co-existence of healthy and disease-related mesenchymal cell 

populations within IPF lungs. Differences in observations between RNA sequencing studies on 

mesenchymal cells highlight the importance of further work to validate these findings and dissect 

the mechanisms and purpose of these individual mesenchymal phenotypes.  

Despite our growing understanding of the heterogeneity of lung fibroblast phenotypes in IPF, the 

sources of active mesenchymal cells capable of producing the abundant ECM remain 

controversial. Resident fibroblasts and lipofibroblasts recruited locally to sites of injury are 

traditionally thought to be the primary pool of mesenchymal cell progenitors134. Other research 

has pointed towards circulating blood fibrocytes which, under the influence of cytokines such as 

PDGF, migrate to regions of injury and contribute to the fibrotic process135,136.  

Finally EMT, the process of an epithelial cell losing cell-cell contacts and becoming more motile, is 

increasingly implicated in lung fibrosis although the precise mechanisms remain to be clearly 

delineated115,124. Rather than directly forming myofibroblasts, some argue that the EMT 

phenomenon promotes epithelial-mesenchymal crosstalk to indirectly drive fibrogenesis134. An 

observation which favours this theory is that many classically pro-fibrotic cytokines such as TGF-
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β1, members of the Rat sarcoma (RAS) and Wnt families, and hypoxia-inducible factors (HIFs) are 

also potent promoters of EMT115. 

1.2.7 Signalling pathways which regulate fibrogenic responses 

Numerous cell signalling pathways have been implicated in the aberrant wound repair response in 

the IPF lung. While TGFβ is widely considered the classic signalling peptide for organ fibrosis, 

there is increasing focus on alternative pro-fibrotic pathways such as canonical and non-canonical 

Wnt signalling, the tyrosine kinases, and hypoxia inducible factors.  

TGFβ was first reported to promote fibroblast proliferation and collagen synthesis in the 

1980s137,138. It is manufactured by cells as a latent precursor and bound to latent TGFβ-binding 

protein (LTBP) for extracellular secretion where it is predominantly sequestered within ECM 

(Figure 1.4).  Cleavage of the LTBP and latency associated peptide (LAP) converts it to the active 

unit. It has three isoforms of which TGFβ1 is considered the most abundantly expressed, however 

all three isoforms operate through common TGFβ receptor (TGFβR) signalling pathways. In 

canonical signalling, TGFβR phosphorylation leads to SMAD protein phosphorylation and 

subsequent dimerisation, exerting wide-ranging downstream effects at the cell nucleus. TGFβR 

activation also invokes a variety of non-SMAD signalling effects including the promotion of 

guanosine triphosphate (GTP)-binding proteins such as Ras and RhoA, and upregulation of 

mitogen activated protein (MAP) kinase subunits such as c-Jun N-terminal kinases (JNK) and 

ERK1/ERK2.  

TGFβ expression is upregulated in a range of different cell types within fibrotic lung, including 

alveolar epithelial cells and mesenchymal cells139. Single-cell RNA sequencing has identified strong 

expression of TGFβ signalling pathways in IPF epithelium, particularly in cells with an 

undifferentiated or basaloid phenotype121.  In a separate analysis characterising gene expression 

patterns of mesenchymal cell differentiation in IPF, TGFβ was observed to be one of the top 5 

upstream regulators of this mesenchymal transcriptomic signature130. The striking potency of 

TGFβ signalling to promote lung fibrosis has been demonstrated using a rat model with adenoviral 

vector-mediated transfer of porcine TGFβ1 to the rat lung140. The temporary expression of active 

TGFβ1 produced a profound interstitial fibrosis characterised by a proliferation of mesenchymal 

cells and extensive ECM deposition. This effect was not seen with the latent form of TGFβ1. 

Compared to the bleomycin model – perhaps the most commonly used animal model of lung 

fibrosis – the TGFβ1 adenoviral vector model resulted in a more severe and sustained fibrotic 

process with a relative absence of the acute epithelial injury and inflammatory process that is 

typified in bleomycin studies, and is more consistent with the pathological process seen in IPF.  
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Figure 1.4: Transforming growth factor β signalling pathways. Following translation of the TGFβ 

homodimer and interaction with the Latency Associated Peptide (LAP) and Latent 

TGFβ-Binding Protein (LTBP), the latent TGFβ complex is secreted into the ECM.  

Cleavage of the LAP and LTBP occurs through numerous mechanisms such as 

oxidation, mechano-signalling and acidification, releasing active TGFβ that is capable 

of binding to TGFβ receptors (TGFβR1 and TGFβR2). Smad-dependent signalling 

occurs through the phosphorylation of receptor-activated (R)-Smads (Smad2/3) and 

recruitment of common (Co)-Smads (Smad4) before binding with other co-activators 

such as P300 or cyclic-AMP response element binding (CREB)-binding protein at the 

nucleus. Non-canonical (Smad-independent) TGFβ signalling also occurs through 

numerous pathways such as Ras/ERK/MAPK and RHO/ROCK141.  

The mechanisms by which TGFβ signalling exerts a pro-fibrotic effect are well established and 

include fibroblast growth factor (FGF)-driven recruitment and proliferation of fibroblasts, 

activation of myofibroblasts through SMAD-mediated α-SMA expression, stimulation of cellular 

collagen production, and induction of alveolar epithelial cell apoptosis138. Pirfenidone, one of the 

anti-fibrotic drugs to be broadly approved for IPF treatment, is believed to exert at least some of 

its action through inhibition of these TGF-β-mediated effects on fibroblast activity and ECM 

remodelling23.  

Numerous other pro-fibrotic signalling pathways have been implicated in driving pulmonary 

fibrosis. Tyrosine kinases are an important superfamily of cellular signalling proteins and include 

Epidermal Growth Factor (EGF), VEGF and PDGF142. EGF, through dimerisation of the EGF receptor 
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(EGFR), is capable of triggering a complex cascade of cellular signalling pathways including 

RAS/MEK/ERK and mTOR pathways which have been implicated in promoting fibroblast 

activity143,144. VEGF promotes ECM remodelling through induction of matrix metalloproteinases, 

and VEGF levels are positively and strongly correlated with fibrotic disease severity on HRCT145. It 

is notable that Nintedanib, the second anti-fibrotic treatment in IPF, is an inhibitor of multiple 

tyrosine kinases including VEGF, PDGF and FGF.  

An increasingly recognised pathway in pulmonary fibrosis centres on Wnt signalling, which plays 

an important role during embryonic development. Traditionally Wnt signalling has been divided 

into canonical pathways which promote cytosol accumulation of non-phosphorylated β-catenin 

(for example Wnt3a), and non-canonical pathways which act independently of β-catenin (of which 

Wnt5a is one of the most researched members). Upregulation of both canonical and non-

canonical pathways has been identified in IPF146,147. Sustained Wnt expression facilitates aberrant 

repair at the injured alveolar epithelium, which may propagate the underlying fibrotic process148. 

Furthermore Wnt signalling is capable of promoting fibroblast differentiation and proliferation146. 

ICG-001, a compound which essentially prevents canonical Wnt signalling by blocking β-catenin 

interactions with cyclic-AMP response element binding (CREB) protein, was demonstrated to be 

capable of preventing and even reversing fibrosis in a bleomycin mouse model149. However 

despite the promise of Wnt-interfering therapy for targeting fibrosis pathways, to date no such 

treatments have successfully translated into positive clinical trials.  

Finally, hypoxia and its effects through hypoxia-inducible factor (HIF) pathways are an 

emerging area of interest in pulmonary fibrogenesis. HIFs function as heterodimers, with an 

oxygen-dependent HIFα subunit and oxygen-independent HIFβ subunit that together exert 

their effect at the nucleus (Figure 1.5)150. The three HIFα isoforms – HIF1α, HIF2α and HIF3α 

– are thought to have different roles, with HIF1α more often present in the acute phase of 

hypoxia while HIF2α expression increases with hypoxia chronicity. HIF3α is likely to be a 

regulatory protein involved in a negative feedback loop to control and dampen HIF pathway 

activity151.  
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Figure 1.5: Hypoxia inducible factor pathways. In normoxia the accumulation of HIFα is 

prevented by hydroxylation of two proline residues (P402 and P564) by the oxygen-

dependent HIF-prolyl hydroxylases (HIF-PHDs). This enables recognition and binding 

of the HIFα protein by the von Hippel-Lindau (VHL) E3 ubiquitin ligase complex for 

ubiquitination and subsequent proteosomal degradation. PHD activity is reduced in 

hypoxia, enabling HIFα accumulation and dimerisation with HIFβ for downstream 

transcriptional effects at hypoxia response elements (HRE). A second mechanism for 

HIF pathway downregulation occurs through hydroxylation of an aspariginyl residue 

(Asn803) by the di-oxygenase Factor Inhibiting HIF (FIH) enzyme, which prevents 

interaction between HIFα/HIFβ and the P300/CREB transactivating complex at the 

HRE, thereby inhibiting downstream transcription150. 

Reduced oxygen tension in the cellular microenvironment inhibits the enzymatic activity of 

oxygenases such as prolyl hydroxylases (PHDs) which would otherwise target HIFα for 

proteosomal degradation. The subsequent accumulation of HIFα enables coupling with HIFβ 

and downstream expression of hypoxia pathways150,152. Within IPF tissue HIF expression is 

increased and capable of promoting IPF fibroblast proliferation153. Hyperplastic alveolar 

epithelial cells within IPF tissue have been observed to express increased levels of HIF1α, and 

hypoxia is thought to be a key driver of ER stress within IPF tissue154. Furthermore HIF 

activation has been demonstrated to drive EMT-mediated pro-fibrotic gene expression155. 

Together with TGFβ1, HIF pathway activation synergistically increases the expression of 

myofibroblast markers such as αSMA and fibronectin156.  
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In summary there is a complex network of signalling pathways which co-ordinate a fibrogenic 

response, which in the IPF lung is dysregulated and maladaptive. The product of this 

response, and the primary determinant behind the deranged physiological effects in IPF, is 

the manufacture of pathologically altered ECM. This abnormal ECM is often misunderstood 

to be a static end-product of the disease process yet emerging evidence suggests the 

contrary; it is a complex and adaptive interface which not only responds to pro-fibrotic 

stimuli but in a particular environment may induce further fibrogenesis. Therefore the study 

of how these pathways interfere with ECM homeostasis is of particular significance to 

understanding IPF pathogenesis.       

1.2.8 Structure and function of the extracellular matrix 

ECM is a mixture of complex molecules including over 300 different types of protein such as 

collagen, elastin, glycoproteins, fibronectin and proteoglycans157.  The relative proportions of 

these proteins in the ECM impart different properties which are organ specific.  

Within pulmonary tissue, the ECM can be divided into the epithelial and endothelial cell basement 

membranes, thin layers which separate epithelium from underlying stroma, and the interstitial 

ECM. Interstitial ECM is comprised predominantly of fibrillar collagen (type I and type III) and 

elastin158. Cross-linked elastin proteins form the central core of elastic fibres and thereby imbue 

lung parenchyma with elasticity, enabling stretch of greater than 250% of initial fibre length159. 

Glycoproteins such as fibrillin make up the outer layers of the elastic fibres, while the hydrogel-

forming proteoglycans contribute to the overall pulmonary viscoelasticity158.  

By contrast, the rigidity and tensile strength of collagen provides the stress-bearing foundation 

that ties the alveolar-capillary network together as well as limiting parenchymal distension at the 

height of inspiration. The fibrillar type I and type III collagens are most represented, while lesser 

quantities of other fibrillar and non-fibrillar collagens such as collagen V and VI are seen and have 

regulatory roles in addition to providing a structural scaffold.  

Rather than being inert or static, ECM is highly dynamic, with a continuous balance between 

matrix synthesis and degeneration. Animal studies have shown protein turn-over in pulmonary 

ECM to be particularly high, with an estimated synthesis rate for non-collagen proteins of 35% per 

day compared to other tissues such as muscle, skin and heart which demonstrate a range of 

turnover between 11% and 22% per day160. Collagen proteins in the lung also display a higher 

turnover (10% per day) than other organs (muscle 3% per day, skin 4 % per day, heart 5% per 

day).  
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Matrix degradation in humans is primarily co-ordinated through targeted cleavage by the 23-

member family of matrix metalloproteinases (MMPs), extracellularly secreted zymogens that are 

then activated by oxidation or proteolytic cleavage161. Most MMPs are collagenases, although 

only MMP1, 8, 13 and 14 are reported to cleave the triple helix within fibrillar collagen types I, II 

and III162. In healthy lung tissue MMP production and activity is low, with increased activity seen 

at sites of tissue injury and repair.  

The functions of the ECM extend beyond merely a cellular scaffold, with ECM signalling 

mechanisms proposed to be important determinants of cell behaviour163. Cells interact with the 

ECM through cell adhesion receptors, namely the transmembrane integrins164. As a family of 

heterodimeric proteins there are at least 18 α and 8 β integrin subunits in human and mice 

genomes, with a total of 24 α/β combinations that have individual and specific roles. Integrins 

provide cellular connection to, and communication with, ECM ligands, enabling structural changes 

within the cell as well as activation of signalling pathways to change cell behaviour.  

The ECM also serves as a repository for growth factors, which bind to ECM proteins and are later 

released upon matrix degradation or presented directly from the ECM domain157. TGFβ signalling 

is regulated in this way, with the inactive precursor isoforms binding to other ECM proteins such 

as fibronectin163. Activation of the TGFβ isoforms occurs when the LAP is cleaved upon 

degradation of the ECM protein, triggering downstream TGFβ signalling. Mechanical strain within 

the ECM network also triggers integrin binding to the LAP, changing the LAP conformation and 

thereby activating the TGFβ molecule.  

1.2.9 The extracellular matrix in pulmonary fibrosis 

Pulmonary fibrosis is characterised by an expansion of the interstitial compartment with 

abnormal, functionally disruptive ECM. An imbalance caused by excessive collagen fibrillogenesis 

and reduced collagen degradation was conventionally considered the underlying pathological 

mechanism. However a number of other ECM proteins including proteoglycans and fibronectin 

are also increased. Furthermore, collagen content normalised to overall protein is similar between 

non-fibrotic and fibrotic lung tissue and less relevant to tissue structure-function than post-

translational modifications to the collagen molecule165. Contrary to the conventional theory of 

reduced matrix resorption, increased MMP activity and collagen turnover have been identified in 

IPF cohorts and increased turnover by MMPs of collagen 1, 3, 5 and 6 was associated with 

increased mortality over 3 months166,167. The relevance of MMPs to pulmonary fibrosis is further 

complicated by their broader roles in matrix metabolism such as the release of growth factors 

(TGFβ, osteopontin) and facilitation of cellular migration166.  
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Rather than being an end-product and passive bystander of the fibrotic cascade, this altered and 

dysfunctional ECM is hypothesised to be a highly disruptive medium which propagates further 

pro-fibrotic changes (Figure 1.6)64. Booth and colleagues demonstrated this through the 

decellurisation and fibroblast re-seeding of healthy and IPF lung tissue. They found the 

decellularised IPF ECM strongly upregulated a mesenchymal phenotype within seeded fibroblasts 

compared to the healthy donor ECM168. Another study seeded healthy lung fibroblasts into a 

polyacrylamide gel with titratable stiffness and demonstrated that an increase in the matrix 

stiffness was capable of upregulating fibroblast α-SMA expression through polymerisation of 

fibroblast cytoskeletal actin filaments169. In both these studies the changes were observed to be 

independent of TGFβ, highlighting the potency of ECM to directly influence fibroblast activation.  

Aside from the well described integrin pathway, increases in matrix stiffness trigger other 

mechano-sensitive pathways such as the GTPase RhoA and downstream Rho kinase (ROCK), as 

well as the Yes-associated protein (YAP)1 and miR-21 to promote further ECM production170. 

Dysregulation of these pathways promotes a positive feedback loop, stimulating fibroblast 

contractility, proliferation and survival, leading to a vicious cycle of matrix accumulation and 

remodelling (Figure 1.6)171-173. Pathological increases in ECM stiffness may also create a 

mechanical gradient which promotes cellular migration towards the diseased area in the process 

of durotaxis158.  

In addition to the production of abnormal ECM, mesenchymal cells in IPF tissue are capable of 

exerting direct mechanical strain on the matrix. In the aforementioned study by Booth et al, the 

“decellularisation” of healthy donor lung tissue had no appreciable influence on tissue elastance 

measured by atomic force microscopy168. Conversely however, donor IPF tissue was significantly 

less stiff after decellularisation (yet persistently stiffer than the donor healthy tissue). The 

contractile phenotype of the IPF myofibroblast may at least partially explain this observation. 

Expression of α-SMA on these cells leads to cytoskeletal re-organisation and increased formation 

of stress fibres174. These changes enable myofibroblasts to generate contractile forces through 

myosin light chain phosphorylation and contribute directly towards tissue stiffness. Myofibroblast 

contractile activity is chiefly regulated through RhoA, a GTPase of the Ras superfamily which, 

through downstream ROCK, inactivates myosin light chain phosphatase.  



Chapter 1 

27 

Matrix stiffening

Mesenchymal 
contractility

Matrix deposition

Integrins

RhoA/
ROCK

YAP/TAZ

Epithelial injury

Mesenchymal 
recruitment and 

activation

LOX(L) family

Dysregulated collagen 
cross-linking

Mechanoreceptor pathways

Collagen 
fibrillogenesis

TGFβ

TGFβ

TGFβ

TGFβ

 
Figure 1.6: A conventional model of extracellular matrix remodelling in fibrosis, and the central 

role of transforming growth factor β. Pro-fibrotic pathways (namely TGFβ1) mediate 

mesenchymal activation and proliferation, as well as alterations to matrix quantity 

and quality. In a vicious cycle, changes to matrix stiffness driven by collagen 

modification and mesenchymal contractility trigger mechanoreceptor pathways such 

as Yes associated protein (YAP)1 and integrins, generating further fibroblast 

activation and matrix remodelling170.  

Tissue stiffness in fibrotic lung matrix can be determined by measuring the relationship between 

stress and strain175. Within this model, strain is the term ascribed to the deformative change in 

shape for an applied force, such as the expansion in lung volume on inspiration. Stress can be 

described as the oppositional force which occurs when an elastic material has a force applied to it, 

such as the rising negative transthoracic pressure which occurs within lung parenchyma during 

inspiration. Stress and strain have a proportional association termed Young’s modulus, which can 

be used to provide estimates of tissue compliance/stiffness in kilopascals (kPa). Healthy lung is 

relatively compliant with values generally less than 5kPa165,168. Given the heterogeneity of the 

disease process, measurements of tissue stiffness in IPF are highly variable and range from 

healthy-equivalent levels to much higher (with one study showing a mean stiffness of 17kPa and 

peak areas of stiffness greater than 100kPa)28. These discrete areas of stiffness correlate to 
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deposition of fibrotic ECM, and significant research efforts are aimed at understanding the 

biological processes which alter the ECM in IPF to produce these changes in pulmonary 

compliance.   

Taken together these observations suggest ECM mechano-physiology may contribute to 

progressive disease by propagating the fibrotic cascade, and highlight the need for further 

analysis into the mechanisms by which pathological modification of ECM occurs.   

1.3 Collagen modification in the fibrotic lung  

1.3.1 Synthesis and hydroxylation of collagen 

Collagen forms the architectural scaffold across a spectrum of tissues ranging from skin through 

to bone, and differences in collagen synthesis and modification have an enormous impact on the 

imparted mechanical properties.  

The collagen molecule is synthesised as a pro-peptide composed predominantly of the amino 

acids glycine, proline and lysine176. It subsequently undergoes intracellular post-translational 

modifications beginning with the ascorbic acid-dependent hydroxylation of lysine and proline 

peptides through lysyl and prolyl hydroxylases respectively, resulting in formation of the triple 

helix molecule (Figure 1.7).  

The degree of lysine hydroxylation in a collagen molecule is highly variable, and will ultimately 

affect the type of collagen being formed. As will be discussed in more detail below, organs with 

compliant ECM such as skin are predominantly comprised of collagen with lysine-aldehyde based 

cross-links, while stiffer tissue such as bone have more hydroxylysine-aldehyde based cross-links 

(such as pyridinoline)176. Furthermore, individual lysyl hydroxylase family members have specific 

regional activity, with lysyl hydroxylase 1 (LH1) targeting the triple helical lysine residues on 

collagen molecules. Conversely lysyl hydroxylase 2, encoded by the gene procollagen-lysine, 2-

oxoglutarate 5-dioxygenase 2 (PLOD2), is responsible for hydroxylation of collagen lysine residues 

at the collagen telopeptide. Notably, it is the formation of hydroxylysine residues at the 

telopeptide which promote the formation of the stiffer pyridinoline-type cross-links177. It 

therefore follows that increases in PLOD2 activity have been associated with a number of fibrotic 

processes178. Further intracellular collagen modification occurs through glycosylation of some of 

the hydrolysine residues, and while the purpose of these changes are unclear they may influence 

the level of mineralisation and degree of downstream cross-linking176.  
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Figure 1.7: Collagen manufacture, post-translational modification and fibrillogenesis. Following 

translation of protocollagen alpha peptides, ascorbic acid-dependent hydroxylation 

of prolyl and lysyl residues within three collagen alpha chains leads to the formation 

of a procollagen triple helix. The procollagen is extracellularly secreted before 

undergoing N- and C-terminal propeptide cleavage to form tropocollagen. Self-

alignment and assembly of individual tropocollagen molecules results in the 

formation of collagen microfibrils, which are subjected to LOX(L)-mediated oxidation 

of lysine/hydroxylysine residues, producing aldehydes along the collagen microfibrils. 

This promotes spontaneous condensation and cross-linking between aldehydes and 

lysine/hydroxylysine residues, forming the collagen fibril176.  

1.3.2 Collagen cross-linking and fibrillogenesis 

The strength of fibrillar collagen lies at least partially in the covalent inter and intra-molecular 

cross-links which knit collagen fibrils together. Following lysyl hydroxylation, generation of a triple 

helix and extracellular secretion, the pro-collagen molecule undergoes post-translational 

modifications to enable fibril assembly. An integral step in this process is the oxidative 

deamination of specific telopeptide lysine and hydroxylysine residues by lysyl oxidases (LOXs) to 

facilitate covalent collagen cross-linking176.  
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The LOX family consists of five members, LOX and LOX-like peptide (LOXL) 1, 2, 3 and 4, which all 

possess similar catalytic activities due to their highly conserved C-terminals (Figure 1.8). However 

while the N-terminus of LOX and LOXL1 is a basic propeptide, LOXL2, 3 and 4 contain four 

scavenger receptor cysteine rich (SRCR) domains instead. The purpose of these SRCR units 

remains an area of active research however it is postulated they have non-catalytic roles including 

trafficking, protein-to-protein interactions, and the regulation of binding to collagen 

substrates179,180.  

 
Figure 1.8: The lysyl oxidase-like family. All five LOX(L) members contain a highly conserved C-

terminus which requires copper (Cu) to form the co-factor lysyl tyrosyl quinone (LTQ) 

for catalytic amine oxidation. The N-terminus of LOX and LOXL1 are basic pro-

peptides while LOXL2, LOXL3 and LOXL4 have four scavenger receptor cysteine rich 

(SRCR) domains thought to be relevant to protein trafficking and substrate 

interactions. Signal peptides (Si) at the N-terminus facilitates extracellular secretion 

of the enzymes181.    

LOX and LOXL1, but not LOXL2-4, are extracellularly secreted as a soluble, but inactive, pro-

enzyme before undergoing modification by procollagen C-proteinases to produce an active (and 

less soluble) mature enzyme that targets the ε-amino groups on telopeptide lysine and 

hydroxylysine residues180,182. As part of a larger group of amine oxidases, the LOX(L) family 

requires copper to generate lysyl tyrosyl quinone (LTQ), an essential cofactor for oxidation of its 

amine substrates183. Schiff base production with LTQ at specific telopeptide lysine and 

hydroxylysine residues leads to the formation of aldehydes. Spontaneous reactions between two 
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aldehyde groups or between an aldehyde group and an unmodified lysine or hydroxylysine 

residue ε-amine group on parallel collagen molecules produces an immature (divalent) collagen 

cross-link. 

Different types of immature cross-links are formed depending on the permutations of lysine and 

hydroxylysine groups in the neighbouring collagen molecules. More compliant tissue such as skin 

will have lower levels of lysyl hydroxylation, and therefore an increased proportion of lysine 

aldehyde reactions results in a greater number of lysine aldehyde-derived divalent cross-links to 

produce aldimines such as lysinonorleucine (LNL)184. Conversely in stiffer tissue such as cartilage 

and bone, higher levels of lysyl hydroxylation lead to greater hydroxylysine-aldehyde reactions 

and the formation of ketoimines, namely hydroxylysinonorleucine (HLNL) and dihydroxy-

lysinonorleucine (DHLNL)184.  

Over time many of the immature divalent cross-links undergo further reactions, developing into 

mature, trivalent cross-links. The pyridinolines (hydroxylysyl pyridinoline [PYD] and lysyl 

pyridinoline [DPD]) are comprised of two hydrolysyl-aldehyde residues with either a helical 

hydroxylysyl or lysyl residue respectively and are predominantly seen in areas of high lysyl 

hydroxylase activity such as cartilage and bone184. Conversely a lower level of lysyl hydroxylation 

and formation of aldimines in more compliant tissues such as skin and tendon favours the 

formation of alternative trivalent cross-links such as histidinohydroxylysinorleucine (HHL) and 

pyrrole (Figure 1.9). 
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Figure 1.9: The proportion of lysine and hydroxylysine residues at collagen telopeptides 

determine the type of collagen cross-links and tissue compliance. Softer tissue such 

as skin has more lysine cross-links, while stiffer tissue such as bone and cartilage has 

more hydroxylysine cross-links. HHL: Histidinohydroxylysinorleucine. Adapted from 

Eyre D.R., Wu JJ. Collagen Cross-Links. In: Brinckmann J. et al, Collagen. Topics in 

Current Chemistry, vol 247. Springer, Berlin, Heidelberg185. 

Other forms of collagen cross-linking occur independently of lysyl oxidases. For example, 

tranglutaminases are a family of nine highly conserved and calcium-dependent enzymes of which 

eight are catalytically active but only one (transglutaminase 2, TG2) is broadly expressed across 

different tissues and cellular compartments186. TG2 has important roles in matrix stabilisation 

during tissue repair by creating protein-protein cross-links through transamidation between 

glycine and lysine residues to generate an isopeptide bond in a broad range of substrates187. 

Additionally TG2 produces isopeptide covalent bonds between adjoining monomers of individual 

collagen molecules to enhance stability within the existing structure186.  
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1.3.3 Changes to collagen in lung fibrosis 

While IPF is classically considered a disease of excessive ECM deposition, the specific changes to 

the most prevalent protein component – collagen – are less clear. In the early 1980s Fulmer and 

colleagues published results from a study of IPF versus control lung tissue whereby no difference 

was observed in collagen concentration (normalised to dry lung tissue weight) and proposed the 

hypothesis that the type, quality and location of collagen may have more bearing on the disease 

process188. Controversially however another group observed significant increases in normalised 

collagen concentration in IPF lung, postulating that the inter-study discrepancies may have arisen 

from the heterogeneity of disease within IPF lung and therefore the sites of sample selection189. 

Kirk et al also found an increase in mean collagen concentration across 14 autopsy and 7 open-

lung biopsy samples from patients with IPF compared to 17 controls190. Yet when adjusting for 

autopsy versus open-lung biopsy IPF samples it was evident that the autopsy samples were 

significantly more collagen-rich than the lung biopsy samples, and the lung biopsy samples had 

similar collagen concentrations to control. This suggests that discrepancy in the literature could 

reflect not just sampling variation but also stages of disease, with an earlier cellular fibrotic 

process eventually giving way to an advancing front of dense acellular matrix accumulation.  

A more recent study by Jones and colleagues, including this author, found no difference in 

collagen concentrations normalised for either total protein or dry weight, yet a significant 

increase in mean tissue stiffness in IPF lung165. The conclusion from this study was that factors 

other than collagen concentration were capable of influencing the compliance of lung tissue. 

Changes in collagen cross-linking in fibrotic lung tissue were first described by JA Last and 

colleagues, who observed a shift in the ratio of immature DHLNL to HLNL crosslinks in acute 

respiratory distress syndrome as well as increases in mature pyridinoline content in “chronic lung 

fibrosis”191. The observation of increased divalent and trivalent cross-links was confirmed in IPF 

tissue, alongside an increase in lysyl hydroxylation and lysyl oxidase activity by Jones et al165. This 

study found the proportion of immature hydroxylysine cross-links to be greater than the mature 

trivalent cross-links (possibly implying an increase in collagen metabolism), and yet it was the 

mature pyridinoline cross-links which closely correlated to tissue stiffness.  

Increased pyridinoline cross-link formation, driven by over-hydroxylation of lysine residues at 

collagen telopeptides, is considered a common pathway in fibrotic disease192. The mechanisms by 

which pyridinoline cross-linking density impacts on tissue stiffness are incompletely understood, 

however likely stem from tighter collagen molecule proximity leading to reduced fibril hydration 

and smaller, more-dense fibrils165. In keeping with this hypothesis it was noted that IPF collagen 

fibrils were smaller in diameter than control fibrils. Increased pyridinoline cross-links have also 
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been shown to render fibrotic ECM more resistant to proteolytic degradation by MMPs, thereby 

promoting progressive accumulation and possibly explaining both the increased MMP activity and 

associated mortality seen in IPF disease162,167.  

1.3.4 Pathological collagen modifiers in IPF 

Given the correlation between pyridinoline cross-link density and IPF tissue stiffness, factors 

which promote these mature bone-type cross-links warrant particular attention.  

Members of the LOX(L) family appear to be key pathological modifiers of collagen structure. 

Through oxidative deamination of the PLOD2-derived hydroxylysine residues at the collagen 

telopeptides these copper-dependent enzymes promote formation of “bone-type” pyridinoline 

cross-links to enhance fibril and matrix stiffness. While heavily implicated with pulmonary fibrosis, 

the LOX(L) family’s cause-or-effect nature remain a topic of great debate. TGFβ is a central 

promoter of LOX(L) expression, suggesting core pro-fibrotic responses inevitably end in the 

upregulation of LOX(L) activity. Other pro-fibrotic mediators such as PDGF, FGF and hypoxia have 

also been demonstrated to increase LOX(L) expression193.  

Certain LOX(L) family members are more strongly associated with pulmonary fibrosis than others, 

however the level of functional overlap between the individual family members remains unclear. 

LOXL2 has the strongest association and is the most researched, with expression increased in both 

lung tissue and serum from IPF patients, and high LOXL2 serum levels correlating with increased 

risk of hospitalisation, lung function decline and mortality in IPF patients194. Pre-clinical studies 

using an anti-LOXL2 monoclonal antibody in bleomycin-exposed mice demonstrated improvement 

in lung fibrosis scores195. Yet the aforementioned phase 2 randomised, placebo-controlled clinical 

trial using Simtuzumab, a LOXL2 monoclonal antibody, failed to show efficacy in a large cohort of 

IPF patients, raising important questions about the specific role of LOXL2 and its family members 

in this disease51.  

Aside from limitations with the monoclonal antibody, an important question is whether inhibiting 

LOXL2 alone was enough. In a biomechanical analysis of collagen post-translational modification 

in IPF tissue, Jones et al identified LOXL2 and LOXL3 to be most significantly upregulated of the 

LOX(L) family in IPF compared to control tissue165. Furthermore, the selective inhibition of LOXL2 / 

LOXL3 with a small molecule inhibitor on human in vitro and rat in vivo models of lung fibrosis 

resulted in normalisation of tissue stiffness. This could suggest some redundancy between LOX(L) 

family members, implying the need for broader inhibition to inhibit the pathogenic matrix 

remodelling.  
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PLOD2, the gene responsible for lysyl hydroxylase 2 which drives the switch towards 

hydroxylysine-derived cross-links, is increased in IPF tissue and therefore has been put forward as 

another important pathological promoter of bone-type cross-linking in IPF matrix165,196. PLOD2 

expression is increased in the IPF samples, along with increases in the density of hydroxylysine-

derived immature and mature collagen cross-links, suggesting a PLOD2-mediated switch to 

produce stiffer matrix in IPF lung tissue165.  

Upregulation of PLOD2 occurs through a number of pro-fibrotic pathways, however the specific 

drivers of PLOD2 dysregulation in IPF remain unknown. The archetypal pro-fibrotic mediator TGFβ 

is perhaps the best known promoter of PLOD2 induction, mediated through SMAD interactions 

with the PLOD2 promoter197. Yet TGFβ1 is not the only candidate, with emerging evidence from 

cancer research suggesting a number of other key regulators. For example PLOD2 dysregulation 

has been correlated with EGFR phosphorylation in non-small cell lung cancer, leading to the 

discovery of an EGFR-PI3K/AKT-FOXA1-PLOD2 axis.  Another promising candidate is the hypoxia 

protein HIF1α, which is reported to modify PLOD2 induction in a number of malignant cells, most 

likely through direct modulation of the hypoxic response element within the PLOD2 promoter198.  

Taken together, core regulatory enzymes such as the LOX(L) family and PLOD2 are responsible for 

altering the types of collagen cross-links formed in fibrotic lung tissue, although more research is 

required to identify the cellular sources and characterise expression patterns.  

1.4 Summary 

IPF is characterised clinically by progressive respiratory failure secondary to loss of lung function, 

and pathologically by progressive deposition of abnormally modified ECM. These two features are 

likely intertwined, with matrix accumulation distorting normal lung architecture, inhibiting 

compliance and impairing gas exchange.  

The underlying mechanisms which promote this dysregulated matrix remodelling are being 

increasingly elucidated. In the genetically predisposed individual, damage to the alveolar 

epithelium from recurrent exogenous and/or endogenous exposures leads to maladaptive 

changes including AT2 stem pool exhaustion and senescence, epithelial-mesenchymal transition, 

proliferation of a basaloid airway epithelial cell population and bronchiolisation of the alveolar 

compartment. Disruption to the basement membrane from these repetitive injuries and 

inadequate barrier formation enhance epithelial-mesenchymal cross-talk, leading to the 

recruitment, proliferation and activation of fibroblasts with active mesenchymal phenotypes in 

the interstitial compartment.  
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This cross-talk is mediated through a myriad of pro-fibrotic signalling pathways of which TGFβ, 

with broad ranging actions on fibroblast proliferation and behaviour, is considered the prototype. 

However there is increasing evidence for the roles of a variety of other signalling pathways, 

including tyrosine kinases, canonical and non-canonical Wnt signalling, and HIF pathways. 

The aberrant IPF fibroblasts produce excessive and abnormal ECM which is poorly compliant, at 

least in part because of enhanced post-translational collagen modification. This is important 

because alterations in matrix stiffness not only affect respiratory mechanics, but through 

mechano-signalling and durotaxis are likely to promote further fibroblast activity and thereby 

sustain a progressive fibrogenic response.  

Within the IPF ECM, an increase in density of mature trivalent “bone-type” pyridinoline collagen 

cross-links is the result of enhanced PLOD2-mediated hydroxylysine formation at collagen 

telopeptides, followed by subsequent increases in lysyl oxidase-mediated aldehyde formation. 

Changes to pyridinoline cross-link density, rather than the amount of collagen, correlate with IPF 

tissue stiffness. LOXL2 and LOXL3 appear particularly relevant to this process, with increased 

expression seen in IPF lung tissue, and selective inhibition demonstrating normalisation of tissue 

stiffness using in vitro and in vivo models.  

1.5 Hypothesis and aims 

1.5.1 Hypothesis 

The roles of collagen post-translational modifying enzymes such as PLOD2 and members of the 

LOX(L) family in the development and progression of IPF remain poorly understood. In particular, 

the cellular origins and mechanisms of dysregulated PLOD2 and LOX(L) family expression which 

result in downstream “bone-type” pyridinoline collagen cross-links in the IPF lung have not been 

explored. Furthermore the upstream signalling pathways which drive aberrant expression of these 

post-translational collagen modifying enzymes remain unclear.  

I hypothesise that pathological remodelling and increased stiffness in idiopathic pulmonary 

fibrosis involves aberrant expression of collagen cross-linking enzymes, and this is determined 

by dysregulation of core upstream signalling pathways.    

A better understanding of the cellular origins of collagen cross-linking enzymes and the upstream 

pathways which lead to their dysregulation in IPF lung will provide an important platform for 

further study into matrix homeostasis in IPF, with substantial therapeutic implications. 

Localisation of the sources of these enzymes and their upstream regulatory processes will 
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facilitate the development of better disease models as well as identify novel targets for inhibition 

of pathological matrix remodelling. Normalisation of tissue stiffness could not only improve 

respiratory mechanics and physiology, but through inhibition of the disease-propagating 

mechano-sensitive pathways may impede disease progression.  

1.5.2 Aims 

I propose to investigate the core regulatory processes of collagen post-translational modification 

IPF which result in pathologically altered ECM. To achieve this my aims are: 

i) To compare the expression patterns and cellular sources of collagen cross-linking 

enzymes in healthy and IPF lung tissue. 

ii) To determine core signalling pathways which control collagen cross-linking enzyme 

expression and are dysregulated in IPF.  

iii) To use a 3D in vitro model of a fibroblastic focus to determine the importance of these 

dysregulated pathways in promoting post-translational collagen modifications and 

increased matrix stiffness. 
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Chapter 2 Materials and Methods 

2.1 Obtaining clinical material 

Human lung tissue from healthy and IPF donors was obtained from University Hospital 

Southampton under the “Pathophysiological Mechanisms of Pulmonary Fibrosis” study led by Dr 

Mark Jones in collaboration with Dr Aimen Alzatani from the Southampton Department of 

Cardiothoracic Surgery. Ethical approval for the study was provided by Mid and South 

Buckinghamshire Local Research Ethics Committee (LREC#: 07/H0607/73). 

Healthy lung tissue samples were obtained from macroscopically normal sites in patients 

undergoing clinically indicated lung resection for suspected malignancy. IPF lung tissue samples 

were obtained from clinically indicated surgical lung biopsy for the diagnosis of their ILD 

(subsequently confirmed to be IPF at a radiological/histopathological MDT).  

In both groups the subjects were provided with a participation information sheet before giving 

written consent.  

Samples were processed for either live cell culture by Dr Franco Conforti and Dr Rob Ridley (as 

described below) or for histochemical analysis by the Southampton Histochemical Research Unit 

(HRU). For histochemical analysis, samples were fixed for 48 hours in neutral buffered formalin 

and embedded in paraffin wax. 4 micron thick serial sections were cut from the formalin-fixed 

paraffin-embedded (FFPE) blocks and mounted on glass histology slides.   

2.2 Laser capture micro-dissection 

Laser capture micro-dissection (LCMD) was employed to obtain tissue from discrete regions of 

healthy and IPF lung, which were then further analysed using RNA sequencing to identify regional 

patterns of collagen cross-linking enzyme expression (Figure 2.1). LCMD was performed by Dr 

Mark Jones using a Leica ASLMD laser microdissection microscope. 4 micron thick sections 

(mounted on Leica membrane slides) stained with Paradise PLUS staining solution (Life 

Technologies, UK, catalogue number KIT0312S) were examined under live microscopy, and the 

region of interest outlined prior to dissection using an ultraviolet laser and displacement from the 

tissue into a sample container.  
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Figure 2.1: Use of laser capture micro-dissection to obtain region-specific samples of IPF tissue 

for RNA sequencing. (A) An area of alveolar septae in lung tissue from an IPF donor. 

(B) Residual section following LCMD-mediated removal of a discrete region of 

alveolar septae for subsequent analysis. (C) A fibroblastic focus (centre) in lung tissue 

from a donor with IPF. (D) The remaining tissue section after LCMD-removal of the 

fibroblastic focus. Images courtesy of Dr Mark Jones.  

RNA from dissected samples was isolated using Micro Filter Cartridges from RNAqueous-Micro 

Total RNA Isolation Kit (Invitrogen, UK, AM1931) according to the manufacturer’s instructions, 

and the Ion Ampli-Seq-transcriptome human gene expression kit (Life Technologies, UK, A26325) 

was used to prepare cDNA libraries as per the manufacturer protocol. The cDNA libraries were 

sequenced using Ion Torrent Proton Sequencing by Dr Milica Vukmirovic and Dr Naftali Kaminski 

at the Yale School of Medicine, Connecticut, USA. The reference genome University of California 

and Santa Cruz (UCSC) hg19 was used for mapping reads and Fragments per Kilobase of exon per 

Million (FPKM) values were calculated using Cufflinks199. FPKM data was provided to, and 

analysed, by Dr Mark Jones and myself.  

2.3 RNA in-situ hybridisation  

To observe the cellular sources and patterns of collagen cross-linking expression in situ, duplex 

RNA in-situ hybridisation (RNAscope, Biotechne, UK) was performed on healthy and IPF lung 
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tissue as per the manufacturer protocol (RNAscope 2.5 Duplex Detection protocol for FFPE 

tissues, 322500-QKG). This method has superior sensitivity and specificity over earlier non-

radioisotopic techniques due to the use of a double oligonucleotide Z target probe (Z probe pair) 

conjugated to an enzyme label (Figure 2.2)200. Both of the Z probes within the Z probe pair must 

hybridise to the target sequence in order for signal amplification. Z probe pairs target mRNA with 

> 300 base pairs, and a signal is achieved after hybridisation of the target mRNA with a minimum 

of 6 Z probe pairs. The RNAscope methodology employs similar steps to conventional 

immunohistochemistry and allows for labelling and amplification of single RNA molecules with 

minimal background staining. 

 
Figure 2.2: RNA in-situ hybridisation uses double Z target probes to bind target mRNA with high 

sensitivity and specificity. Target probes each have an 18-25 base sequence (the 

bottom of the Z) that is complimentary to the target mRNA, enabling hybridisation. 

The top of each Z probe is a 14 base sequence specific to the pre-amplifier. After 

hybridisation of both Z probes to the mRNA, the combined 28 base sequence binding 

site is available for hybridisation of the pre-amplifier. Multiple sites on the pre-

amplifier enable binding of amplifiers, followed by binding of the chromogenic 

enzyme to the amplifiers to enable a signal200.  

RNAscope assays were performed according to manufacturer’s instructions. Briefly, 4 micron thick 

histopathological sections were baked for 1 hour at 60°C, deparaffinised in xylene and rinsed 

twice in 100% ethanol before being left to air dry. The slides were then incubated in RNAscope 

hydrogen peroxide solution for 10 minutes to neutralise endogenous peroxidases and rinsed in 

water. Target retrieval was performed by incubating slides for 15 minutes in pre-heated 

RNAscope 1X Target Retrieval Solution at >95°C using a manufacturer-recommended food 

steamer.  RNAscope protease plus was then applied to each section and incubated for 30 minutes 

mRNA target

Pre-amplifier

Double Z 
target probes
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in the RNAscope HybEZ Oven (all steps incorporating the RNAscope HybEZ oven were performed 

at 40°C). 

The RNAscope duplex probes were subsequently applied in combination and hybridised for 2 

hours in the HybEZ oven. LOXL2 was detected by a channel 1 (C1)-probe (Probe-Hs-LOXL2-C1, 

311341) and PLOD2 was detected using a channel 2 (C2)-probe (Probe-Hs-PLOD2-C2, 547761-C2). 

On adjacent serial sections LOX was detected using a C1-probe (Probe-Hs-LOX-C1, 311341) and 

LOXL3 detected using a C2-probe (Probe-Hs-LOXL3-C2, 547761-C2). Premixed RNAscope positive 

duplex controls (PPIB in C1 and POLR2A in C2, 321641) and negative duplex controls (DapB in both 

C1 and C2, 320751) were used to confirm true tissue staining (Figure 2.3).  

Six probe amplification steps were then performed to detect the red (C2) signal by applying 

RNAscope amplification reagents 1 through 6 (150μL of each per slide) for between 15 and 30 

minutes each, with wash steps in between using RNAscope 1x wash buffer. The red signal was 

detected by adding RNAscope AP Fast Red to each section and incubating for 10 minutes at room 

temperature. Four more amplification/wash steps were then performed before detection of the 

green (C1) signal using RNAscope HRP Green to each section and incubating for 10 minutes at 

room temperature. Sections were counterstained with 50% Gill’s Haemtoxylin in dH2O for 30 

seconds and then mounted with coverslips using Vectamount permanent mounting medium 

(Vector laboratories, H-5000). 

On visualising samples, individual mRNA molecules were identified by discrete points of 

chromagen. When mRNA expression is high these distinct spots coalesce to form dense regions of 

colour (Figure 2.3 A). The RNAscope probes are highly specific and therefore no staining is 

observed in regions which do not express the gene of interest (GOI). Negative controls were used 

throughout the mRNA in-situ hybridisation experiments to confirm chromagen staining was 

specific for the GOI (Figure 2.3 B).  

Slides were imaged using the Olympus Batch Dotslide VS110. To confirm significant results the 

staining patterns were analysed by Prof Aurelie Fabre, Dublin, an independent expert 

histopathologist in the field of interstitial lung disease.  
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Figure 2.3: RNA in-situ hybridisation of IPF tissue with positive and negative controls. 

Representative RNA in-situ hybridisation images of (A) the ubiquitously expressed 

positive control genes peptidyl-prolyl cis-trans isomerase B (PPIB - green arrows) and 

RNA polymerase II Subunit A (POLR2A - red arrows). As described by the 

manufacturer, PPIB expression in bronchial epithelium is typically high while POLR2A 

expression is typically low-medium. (B) Duplex negative control genes using 4-

hydroxy-tetrahydrodipicolinate reductase (dapB – a gene from Escherichia 

coli bacteria), in both channels which confirm no staining. Macro scale bar 100μm 

and inset scale bar 20μm. 
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2.4 Cell culture 

2.4.1 Primary lung fibroblast cell lines 

Fibroblast experiments were performed using primary human lung fibroblasts from three 

different “healthy” donors between passages 4-6, and six different IPF donors between passages 

4-6. 

Pulmonary fibroblasts were outgrown from lung tissue taken at surgical biopsy by Dr Franco 

Conforti and Dr Rob Ridley, School of Medicine, University of Southampton using established 

methodologies201 before being passaged, cleaned of debris with media changes, testing for 

mycoplasma (MycoFluor Mycoplasma Detection Kit, Life Sciences UK, M7006) and subsequent 

cryopreservation (methodology discussed below).   

For all monolayer experiments primary lung fibroblasts were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM, Gibco 41965039) with 10% Fetal Bovine Serum (FBS, Gibco 10500064), 1% 

penicillin-streptomycin (PS, Gibco 15070063), 1% Non-Essential Amino Acids 100x (NEAA, Gibco 

11140035), 1% L-glutamine 200mM (Gibco 11140-035) and 1% Sodium Pyruvate (NaP, Gibco 

11360070).  

2.4.2 Immortalised alveolar epithelial cell line 

Epithelial cell experiments were primarily performed using an immortalised alveolar epithelial 

type 2 (AT2) cell line (AT2ER:KRASV12) provided by Dr Yihua Wang of the School of Biological Sciences 

at the University of Southampton. The cell line’s immortalised state is a result of being retrovirally 

transduced with human telomerase reverse transcriptase (hTERT) and two mutants of large-

tumour (LT – U19 and tsA58)202. This cell line was originally derived from AT2 cells obtained from 

human lung resection samples, and expresses several alveolar epithelial cell markers including 

surfactant protein C143.  

The cell line also stably expresses the 4-hydroxytamoxifen (4-OHT)-inducible chimeric protein 

ER:KRAS:V12203,204. This results in RAS pathway activation upon exposure to 4-OHT, enabling a 

specific mechanism for RAS activation with negligible off-target effects.  

AT2ER:KRASV12 cells were cultured in DCCM-1 serum free media (Biological Industries 05-010-1A) 

with 10% FBS and 1% Penicillin-Streptomycin-Glutamate (PSG, Gibco 10378016). 
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2.4.3 Primary alveolar type 2 epithelial cells 

Primary AT2 cells were outgrown by Dr Franco Conforti from lung tissue taken at surgical biopsy, 

as previously described, and subsequently cryopreserved201,205.  

Cells were subsequently thawed and seeded onto collagen-coated plates in pre-warmed media 

containing DCCM-1, 10% Newborn calf serum (NBCS, Gibco 16010159) and 1% PSG. Cells were 

cultured for 6 days with media replacement every 48 hours prior to the introduction of 

experimental conditions.  

2.4.4 Cellular thawing, passage, and cryopreservation 

For cryopreservation, cells were chilled on ice and then suspended in chilled complete media with 

10% dimethyl sulfoxide (DMSO, Sigma D2650). 1mL aliquots were placed in cryovials and frozen 

slowly using “Mr Frosty” freezing containers at -80°C. After 24 hours the cells were transferred for 

long-term storage in liquid nitrogen (-196°C).  

For thawing from cryopreservation, cells were removed from liquid nitrogen and thawed in a 37°C 

water bath under direct observation until almost completely thawed. The de-frosted cell 

suspension was then rapidly added to 5mL of pre-warmed complete media (either DCCM-1 for 

immortalised AT2 cells, or DMEM for lung fibroblasts) before centrifuging at 300xg and careful 

discarding of the DMSO-containing supernatant. The cell pellet was re-suspended in 1-3mLs of 

complete media before use as required.  

Cells were passaged after reaching a confluence of between 70-80%, usually following two to 

three days incubation. The medium was discarded and the monolayer rinsed with pre-warmed 

Hank’s Balanced Salt Solution (HBSS without calcium and magnesium, Gibco 14170112) to remove 

residual FBS. Trypsin-EDTA 0.05% (Gibco, 25300054) was added in an appropriate volume (1mL 

for a 75cm2 monolayer) and the flask incubated for 5 minutes at 37°C. Following confirmation of 

cellular detachment from the plastic base by microscopic examination, the trypsin was 

deactivated with 5-7mLs of complete media. A 10μL aliquot was taken for counting with a 

haemocytometer while the remaining cell suspension was spun at 300xg for 5 minutes and the 

media/trypsin removed, before resuspension of the cell pellet in 3mLs of fresh complete media. 

2.4.5 Pro-fibrotic condition reagents 

A variety of pro-fibrotic conditions were used for both monolayer and 3D transwell culture 

experiments.  
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EGF (R&D systems, 236-GMP-200) was reconstituted as per manufacturer protocol using sterile 

phosphate buffered solution (PBS), and used at 10ng/mL in both monolayer time course 

experiments and 3D fibroblastic focus model experiments.  

TGFβ1 (R&D systems, 240-GMP-010) was reconstituted as per manufacturer protocol using 4mM 

HCl, and used at 10ng/mL in monolayer time course experiments and at 3ng/mL for 3D 

fibroblastic focus model experiments.  

Dimethyloxallylglycine (DMOG, Merck, CAS89464-63-1) was reconstituted in DMSO as per 

manufacturer protocol and used at 0.1-1mM in monolayer and 3D fibroblastic focus model 

experiments.  

Recombinant Wnt3a (R&D systems, 5036-WN) and Wnt5a (R&D systems, 645-WN) were 

reconstituted as per manufacturer protocol using sterile PBS with 0.1% bovine serum albumin 

(BSA). They were used at 100ng/mL in monolayer experiments.  

The selective PHD2 inhibitor N-[[1,2-Dihydro-4-hydroxy-2-oxo-1-(phenylmethyl)-3-

quinolinyl]carbonyl]-glycine (IOX2, Tocris, 4451) was reconstituted in DMSO as per manufacturer 

protocol and used at 50-250μM in both monolayer and 3D fibroblastic focus model experiments. 

2.4.6 Short-interfering RNA transfection 

Transfection of short-interfering (si)RNA was performed to silence select gene expression within 

lung fibroblasts and alveolar epithelial cells in order to examine downstream effects. SiRNA are 

formed from longer double-stranded RNA by endoribonuclease Dicer, an RNase enzyme206. They 

can be delivered into the cell through a variety of carriers, broadly divided into viral and non-viral 

vectors. Reverse transfection involves the transfection of siRNA during passage of the cells (while 

they are still in suspension), while in forward transfection the cells are already adherent to the 

plate when the siRNA is delivered. RNA interference occurs through the cell’s RNA-induced 

silencing complex (RISC), which binds to the siRNA before targeting the specific mRNA of interest. 

The mRNA is subsequently cleaved by RISC protein, thereby preventing its expression.  

In monolayer experiments both AT2 cells and lung fibroblasts were reverse transfected with 

either control (On-Targetplus Non-targeting pool, D-001810-10-05), HIF1α (On-Targetplus Human 

HIF1A, L-004018-00-0005), HIF2α (On-Targetplus Human EPAS1, L-004814-00-0005) or LOXL2 (On-

Targetplus Human LOXL2, L-008020-01-0005) siRNA using RNAimax lipofectamine transfection 

reagent (ThermoFisher, 13778030).  
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Briefly, for every 2mls of culture media used in the experiment 2.5μL of siRNA and 7.5μL of 

RNAimax lipofectamine were added to separate 250μL aliquots of Opti-MEM culture media 

(Gibco, 31985062) and warmed to room temperature before combining together and incubating 

for 20 minutes at room temperature. Cell density and media volume was pre-determined by the 

size of the wells used for the experiment. Cells were incubated in trypsin, spun and resuspended 

in the required amount of media before combining with the siRNA/lipofectamine media (500μl of 

siRNA mixture for every 2mls culture media) and aliquotting into experimental wells. Plates were 

incubated overnight in the culture media and siRNA before replacing with fresh media within 24 

hours 

In the 3D fibroblastic focus model, cells were initially reverse transfected as described above. 

After 6 days of cell culture (24 hours prior to spheroid formation and application of experimental 

treatments), a second forward transfection was performed.  For every 2mLs of required culture 

media, 500μL of siRNA mixture was prepared as described above and the combined siRNA culture 

media was warmed to 37°C before replacing the pre-existing culture media in the fibroblast 

model. Cells were subsequently incubated in the siRNA culture mixture for 24 hours prior to 

replacement with fresh media containing experimental treatments.   

Silencing efficacy was confirmed by examining mRNA and protein expression of the target gene 

within lysed samples. Aliquots of media were also obtained from individual samples at harvest 

and blotted to examine the level of extracellularly-secreted LOXL2, an indirect measure of 

silencing efficacy for LOXL2 or upstream pathways within samples. 

2.4.7 Inhibitors of HIF and LOX(L) enzymes 

Dose-finding experiments were performed on primary lung fibroblasts using three different HIF-

inhibiting compounds. Digoxin (Sigma, D6003-100MG) was prepared as per the manufacturer 

protocol to a 2mM working stock by reconstituting in DMSO. Echinomycin (Sigma, 330175-1MG-

M) was prepared as per manufacturer instructions by reconstituting in DMSO for a 1mM working 

stock. NSC124754 (Merck, 400086) was prepared as per manufacturer protocol by reconstituting 

in DMSO for a 10mM working stock. Vehicle controls with DMSO were included in all experiments 

and treatment conditions had an adjusted DMSO concentration to that of the highest dose.  

The LOXL2,3 selective inhibitor PXS-S2A (a gift from Wolfgang Jarolimek, Pharmaxis, Australia) 

was used in the 3D fibroblastic focus model at concentrations selective for LOXL2/3 inhibition only 

(0.1μM) and doses which were capable of inhibiting pan LOX(L) expression (10μM)165. It was 

reconstituted as per the manufacturer protocol to a working stock of 10mM using DMSO. All 

experiments with PXS-S2A contained vehicle controls for DMSO content.  
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2.4.8 3D fibroblastic focus model culture 

The in vitro 3D fibroblastic focus model uses primary lung fibroblasts from IPF donors to form 

spheroids of cells within endogenously-produced ECM that morphologically and biomechanically 

reflect the fibroblastic foci seen in IPF lung tissue. This system is already in use to investigate 

mechanisms of lung fibrosis and test novel anti-fibrotic compounds, and the methods for the 3D 

fibroblastic focus model have been described previously165. Briefly, lung fibroblasts were seeded 

in complete DMEM at 15,000 cells per well using transwells on 24-well plates. The following day 

the complete DMEM media was replaced with an optimised 3D fibroblastic model media 

containing the necessary compounds for fibroblast synthesis of ECM (Appendix A). The 3D model 

media was replaced in both the apical and basal compartments of the transwell 3 times per week 

for the duration of the experiment. After 1 week of culture in 3D media, the experimental 

treatments were added. Thus a pilot 3D model experiment which lasted 2 weeks had 1 week of 

experimental treatment, while a full 6 week experiment had 5 weeks of experimental treatment.  

After completion of the pilot or full experiments the samples were processed accordingly. For 

protein analysis, the spheroids and their surrounding outgrowth sheets of cells and ECM were 

each incubated in 200μL of 2x Laemmli buffer and underwent mechanical lysis using the 

TissueLyser LT (Qiagen, 85600) for 6 x 1 minute intervals at 50 hertz. For mRNA extraction, 

samples were submerged in 300μL of RNA protection reagent (Monarch, T2010) and treated with 

45μL of proteinase K solution (Monarch, T2019L) and incubated at 55°C for 30 minutes as per the 

manufacturer protocol (Monarch total RNA extraction for fibrous tissue). Samples were 

subsequently mechanically homogenised using the TissueLyser LT (6 x 1 minute intervals at 50 

hertz) before RNA was isolated as per the manufacturer’s instructions (described below). For 

collagen biomechanical analysis the samples were enclosed in sterilised aluminium foil parcels 

and flash frozen in liquid nitrogen before storage at -80°C. For tinctorial stains the samples were 

fixed in 4% paraformaldehyde (PFA) and embedded in paraffin blocks (courtesy of the HRU, 

University Hospital Southampton). For electron microscopy the samples were fixed in 3% 

glutaraldehyde in 0.1 M Cacodylate buffer at pH 7.4 (courtesy of the Biomedical Imaging Unit 

(BIU), University Hospital Southampton). For second harmonic generation imaging the samples 

were fixed in 4% PFA and stored in PBS with 0.05% Sodium Azide.  

2.5 Immunohistochemistry 

Immunohistochemistry enables the identification of specific proteins of interest within sections of 

clinical tissue using antibodies directed against specific antigens of interest, followed by 

amplification and labelling of the antibody with a chromagen or fluorophore. 
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Immunohistochemistry was used within the study to analyse the expression of HIF pathways and 

downstream markers of hypoxia in lung tissue from healthy and IPF donors. A streptavidin biotin-

peroxidase system was used for amplification followed by detection with the chromogenic 

tetrahydrochloride 3,3’-Diaminobenzidine (DAB) as per the manufacturer protocols.  

In detail, sections were deparaffinised through Clearene solvent (Leica biosystems 3803600, two x 

10 minutes incubation) and rehydrated through gradated alcohols to a final bath of distilled water 

(dH2O). Antigen retrieval was performed using microwave heating (50% power for 20 minutes) 

with samples in a citrate buffer (0.01M, pH 6). Endogenous peroxidase was nullified by incubating 

sections in 3% hydrogen peroxide in dH2O for 15 minutes, followed by a PBS rinse.  

Non-specific antigen binding was blocked by incubating slides for 20 minutes in serum from the 

animal species that the secondary antibody was raised in (for both HIF1α and Ca9 this was goat 

serum, Dako, X090710-8). Goat blocking solution was prepared by diluting neat goat serum to a 

concentration of 0.015% in TBS-0.1% Tween 20 (TBS/T). Blocking solution was then tapped off 

before addition of the primary antibody (150μL per slide) and incubation overnight at 4°C.  

HIF1α (Cayman, 10006421, IgG raised in rabbit) or Ca9 (Novus Bio, NB100-417, IgG raised in 

rabbit) were diluted to a concentration of 0.2% (1:500) in goat blocking solution. Isotype controls 

were performed with polyclonal immunoglobulins of the animal species that the primary antibody 

was raised in (Rabbit IgG, Dako, X090310-8) at an equivalent concentration to the primary 

antibodies, to exclude non-specific staining (Figure 2.4).  
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Figure 2.4: Immunohistochemistry staining of IPF tissue with HIF1α and isotype control. IHC 

staining of serial sections from a donor with IPF demonstrating alveolar epithelium 

(AE), a fibroblastic focus (FF) and a blood vessel (V), staining for HIF1α (top) and an 

isotype control using Rabbit IgG in an equivalent concentration (bottom). Scale bar 

100μM.  

The following day the primary antibody was gently tapped off and three TBS rinses (5 minutes 

each) were performed before addition of the secondary antibody (biotinylated goat anti-rabbit, 

Dako, E0432, dilution 1:500 in PBS, 150μL per slide) and incubation for 20 minutes at room 

temperature.  3 x TBS rinses (5 minutes each) were performed before application of the Avidin 

Biotin Complex (ABC) reagent (Vectastain, Elite ABC Kit, PK6100, 150μL per slide) and incubation 

for 30 minutes at room temperature. 3 further TBS rinses (5 minutes each) were subsequently 

undertaken followed by addition of DAB diluted in the imidazole substrate buffer (DAB+ substrate 

chromagen system, Dako, K3468, 150μL per slide) and incubation for 5 minutes.  

Sections were then rinsed in TBS, bathed in running water for 2-3 minutes, counterstained in 

Mayer’s haematoxylin (Sigma, MHS32) for 1 minute, rinsed for a further 2 minutes in running 

water and dehydrated through gradated alcohols to clearene (Leica biosystems 3803600, two x 10 

minutes incubation) before applying pertex and a coverslip.  

Sections were left to dry for 24-48 hours and then imaged using the VS110 Batch Dotslide 

scanner.  
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2.6 Hypoxia chamber 

In addition to other methods, HIFs were stabilised through atmospheric hypoxia using a 

HypoxyLab bench-top workstation (Oxford Optronix). The sealed chamber was temperature and 

humidity controlled to ensure optimal culture conditions for cells incubated over several days. 

The PO2 within the unit was controlled automatically by adjusting the ratio of nitrogen, air and 

oxygen from attached cylinders.  

Prior to the hypoxia chamber experiment, cells were seeded and incubated for 24 hours, and 

media was changed to conditioned media just prior to introduction to the hypoxia chamber. The 

hypoxylab was first turned on and allowed to equilibrate to the pre-specified temperature (37°C), 

humidity (80%), CO2 (5%) and PO2. All hypoxia experiments were performed at a PO2 of 8mmHg 

(equating to approximately 1% oxygen at sea level)207.  

Cells were lysed at the completion of the experiment while still in the hypoxia chamber, in order 

to stabilise HIFα RNA and protein prior to sample exposure to a normoxic environment. Samples 

were subsequently processed in the same way as non-hypoxia chamber experiments.  

2.7 RNA extraction, reverse transcription and real time quantitative 

polymerase chain reaction 

2.7.1 RNA isolation  

Formation of mRNA occurs during transcription of nuclear DNA, and facilitates genomic 

instructions for cytoplasmic protein formation by ribosomal translation. Thus mRNA can be 

detected and quantified using methods such as RTqPCR in order to understand cellular expression 

at a transcriptional level. 

To isolate RNA for analyses the Total RNA Miniprep Kit (Monarch, T2010S) was used as per the 

manufacturer’s protocol. In detail, the cell monolayer was lysed with Monarch lysis buffer (300μL 

per well for a 6 well plate) before being transferred to the genomic (g)DNA removal column and 

centrifuged to trap gDNA in the membrane. All centrifuge steps were performed at 16000g for 30 

seconds. The flow-through was collected and 300μL of 100% ethanol was added and gently mixed 

before the sample was transferred to the RNA purification column and centrifuged. The trapped 

RNA was treated with the wash buffer, the DNAse pre-treatment, the priming buffer and several 

further washes (all supplied in the Monarch kit), with centrifugation of the column between steps 

and discarding of the flow-through. Finally the clean, bound RNA was released from the silicon 
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membrane of the spin column with nuclease-free water (30-100μL) into an RNAse-free 1.5mL 

eppendorf tube.  

The wavelength absorbance of the RNA samples at 230, 260 and 280nm was measured using the 

NanoDrop ND-1000 Spectrophotometer to estimate RNA quantity and purity. The aromatic base 

moieties within RNA enable the absorption of UV light at 260nm, which can be used to quantify 

the amount of RNA in a sample (measured in ng/μL). The presence of proteins within the sample 

can be estimated through their aromatic amino acid side chains which have strong absorbance at 

280nm. Other contaminating compounds such as phenol and salts have high absorbance at 

230nm. Therefore the purity of RNA could be estimated using both the 260/230 and 260/280 

ratios. High quality RNA was considered to have been produced with 260/280 and 260/230 

ratios >1.8.  

2.7.2 Reverse transcription 

Reverse transcription of the RNA was performed using the Precision nanoScript2 Reverse 

Transcription Kit (Primer Design, UK) as per the manufacturer protocol. Briefly, in the annealing 

phase a predetermined amount of RNA (usually 1μg) was added to a mastermix of supplied 

random hexamer primers, oligo deoxythymidylic (dt) primer and deoxynucleoside triphosphate 

(dNTP) mix in thin-walled 200μL containers. The solution was made up to 10μL using RNAse-free 

H2O. The samples were then incubated for 5 minutes at 65°C and rapidly cooled using an ice bath. 

In the extension phase a 10μL mastermix of Moloney Murine Leukaemia Virus (M-MLV) reverse 

transcriptase enzyme, 5x M-MLV buffer and RNAse free H2O was added to each of the samples 

which were subsequently incubated in the BioRad T100 thermal cycler for 10 minutes at 37°C and 

then 1 hour at 42°C. The resulting cDNA was diluted in RNAse free H2O at a ratio of 1:10 and 

stored at -20 °C.  

2.7.3 Quantitative polymerase chain reaction  

The polymerase chain reaction utilises thermostable DNA polymerase to amplify DNA fragments 

through a series of thermal cycles. In real time quantitative PCR (RTqPCR) a fluorescent label is 

incorporated into the amplified DNA, and the changing intensity of fluorescence during each cycle 

enables calculation of the DNA quantity. Specific regions within the DNA are selected using 

primers, complimentary sense and anti-sense strands which are designed to target the GOI. Both 

the fluorescent dye-based SybrGreen primers and the hydrolysis (“Taqman”) primers were used 

for RTqPCR in this project. SybrGreen is a dye which fluoresces when bound to double-stranded 

(ds)DNA, both from specific and nonspecific PCR products. During the qPCR process, amplification 
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of the target sequence creates further dsDNA to which the SybrGreen binds, resulting in a 

proportionate increase in fluorescent signal. Because SybrGreen binds to all dsDNA PCR material 

it is considered less specific than the TaqMan method. The TaqMan method involves a 

fluoregenically-labelled probe with a reporter dye, a quencher dye and Taq DNA polymerase. In 

the presence of the target sequence the probe is cleaved by Taq nuclease activity, thereby 

removing the quencher dye from the reporter dye’s proximity and enabling a signal. As the qPCR 

amplification continues more TaqMan probes are cleaved by the target sequences, leading to 

increased signal.  

Housekeeping genes, observed to be stably expressed across a broad range of conditions, were 

used to compare against the expression of specific GOI208. For alveolar type 2 cells these were 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and ubiquitin (UBC), while for fibroblasts 

these was UBC and phospholipase A2 (A2). Notably hypoxia is recognised to induce changes in the 

expression of commonly used housekeeping genes such as GAPDH209. Therefore in experiments 

incorporating hypoxia only stable genes such as UBC and A2 were utilised.  

As per the manufacturer protocol, for each target gene 2.5μL of pre-prepared 1:10 cDNA (in 

RNAse-free water) was added to a 96-well plate in duplicates along with 5μL of Precision 

IC/SybrGreen, 2μL of RNAse-free H2O and 0.5μL of the GOI primer (total 10μL).  

RTqPCR was performed using the BioRad CFX96 system, consisting of alternating thermal cycles of 

amplification. Briefly, PCR enzyme activation and DNA denaturation was achieved by heating the 

samples to 95°C for 135 seconds, followed by annealing of the GOI primers to the single-stranded 

sample DNA by cooling to 50°C for 45 seconds. Subsequently in the extension phase the samples 

were heated to 72°C for 10 seconds to enable DNA polymerisation before reading of the 

fluorescent signal intensity and repeat cycling.  

The cycle threshold (Ct) is calculated from the qPCR amplification curve, measuring the intensity 

of the fluorescent signal at the end of each cycle until it exceeds the predetermined threshold. 

The lower the value of the Ct, the earlier the threshold was reached and therefore the higher the 

expression of the GOI. The Δ Ct method was employed to compare relative gene expression to 

that of the housekeeping gene. Subsequently, the fold change in expression was determine by 

comparing the normalised Ct values between test conditions and the control (ΔΔ Ct). Where Ct 

values were of a similar threshold between donors or repeat experiments an average of the 

control samples was taken for normalisation, in order to allow comparison of mRNA expression 

across the entire experiment. However using an average of control Ct values was not suitable 

when significant variation was seen between individual donors, in which case the fold change in 
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expression was determined against the individual control samples per donor or repeat 

experiment.  

For SybrGreen assays a melt curve analysis was also performed by heating the dsDNA amplicon 

and measuring the point at which 50% is denatured. If the samples contained predominantly 

amplified DNA from the GOI then it would produce similar dissociation curves with a single peak. 

Melt curves for samples which contained multiple peaks, or which did not align with the other 

sample melt curves of the same GOI, were likely to contain other amplified products. This assisted 

in confirming the specificity of the SybrGreen primer, and the presence of possible contamination.  

2.8 Protein quantification and western blotting 

2.8.1 Obtaining protein and quantification 

While mRNA quantification can indicate cellular expression at a transcriptional level, this does not 

always reflect cellular activity at a protein level. Therefore measurement of protein expression 

plays an important role in understanding the cellular function and regulation. A widely used 

method to analyse protein expression is the Western Blot, described below.  

Cell lysate for protein analysis was obtained by adding 2x Laemmli buffer to experiments (200uL 

per well in a 6 well plate) and sonicated for 3 x 10 seconds prior to use or storage at -80°C. Protein 

from cell lysate was quantified using a bicinchoninic acid (BCA) protein assay (Thermo Scientific 

Micro BCA protein assay, 23235). Protein standards were first created in duplicate using serial 

dilution of 2μg/μL BSA in dH2O (from 20μg to 0.313μg). For the conditions, 5μL of each sample 

were then added in duplicate to 145μL dH2O (Figure 2.5).  

Working reagent was prepared using reagent A, B and C in a ratio of 25:24:1 and 150μL of this 

mastermix added to each of the wells, making the total volume in each well 300μL. After 

incubation at 37°C for 60 minutes the plates were analysed using colorimetric analysis on a 

spectrophotometer plate reader at 560nm. A standard curve was created using either Microsoft 

Excel or Graphpad Prism and the linear trendline obtained from the standard to calculate the 

condition protein concentrations.  
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Figure 2.5: Standard curve for a protein quantification assay. Protein quantification for an 

experiment examining primary fibroblasts under a range of pro-fibrotic conditions. A 

line of best fit equation was obtained from the standard curve to estimate the 

protein concentration within the sample conditions.  

2.8.2 Sodium dodecyl sulphate polyacrylamide electrophoresis  

To separate proteins based on molecular weight samples undergo sodium dodecyl sulphate 

polyacrylamide electrophoresis (SDS-PAGE). Briefly, polyacrylamide stacking and separation gels 

were pre-prepared using Biorad 1.5mm protean III gel casts (Appendix A – polyacrylamide gels). 

The percentage of acrylamide was determined by the molecular weight of protein under study, 

ranging from 7.5% for high molecular weight proteins (such as LOXL2 and HIF1α) to 15% for low 

molecular weight proteins (such as β-actin). The gels were immersed in a running buffer 

(Appendix A – running buffer) and 5μL of a molecular weight ladder (Precision Plus Protein 

Kaleidoscope, BioRad, 1610375) was placed in the first well. 

Protein sample volume was calculated from the BCA quantification, to ensure an equal total 

amount of protein per sample (usually 30μg). Samples together with loading buffer (5x Laemmli 

buffer with bromophenol blue and 10% β-mercaptoethanol) were heated at 95°C for 5 minutes. 

Samples were then pipetted into the wells of the western blot cassette along with the molecular 

weight ladder. The gels were run for 1 hour and 30 minutes at 100V, using the bromophenol blue 

dye and the molecular ladder as a guide to ensure adequate distribution of protein by molecular 

weight.  

On completion of electrophoresis the gels were carefully removed from the cassette and placed 

onto a pre-cut polyvinylidene difluoride (PVDF) membrane before being inserted into a transfer 

cassette immersed in a transfer buffer (Appendix A – transfer buffer). Electrophoresis was again 

performed to transfer the protein from the gel to the PVDF membrane by running the transfer 
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cassette at 90V for 2 hours. On completion of the PVDF membranes were carefully removed from 

the gel, and the gel was discarded.  

2.8.3 Antibody incubation 

Freshly transferred PVDF membranes were immersed in 5% skimmed milk powder in TBS/T for 60 

minutes at room temperature to block non-specific binding prior to incubation overnight in the 

primary antibody at 4°C.  Primary antibodies were diluted in 5% milk in TBS/T at the 

concentrations shown (Table 2), which were chosen either by manufacturer recommendation or 

previous experiments.  

 

Table 2: Antibody dilutions for western blot 

Primary antibody Company (catalogue #) Host Dilution 

β-actin, HRP 

conjugated 

Fisher scientific 

(15527301) 

Mouse 1:100,000 

β-catenin (active)  Cell signalling (D13A1) Rabbit 1:1000 

β-tubulin Sigma (T4026) Mouse 1:1000 

Ca9 Sigma (HPA055207) Rabbit 1:500 

HIF1α  BD Biosciences 

(610958) 

Mouse 1:1000 

HIF2α Novus Bio  

(NB100-122) 

Rabbit 1:1000 

HIF3α Abcam (Ab10134) Rabbit 1:1000 

LOXL2 R&D (AF2639) Goat 1:1000 

P-ERK1/2 Fisher scientific  

(36-8800) 

Rabbit 1:1000 

P-SMAD2/3 R&D (S465/S467) Rabbit 1:1000 

PLOD2 R&D (MAB4445) Mouse 1:1000 

Anti-goat IgG-HRP Santa Cruz 

(Sc-2020) 

Donkey  1:5000 
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Anti-mouse IgG-HRP Dako (PO447) Goat 1:5000 

Anti-rabbit IgG-HRP  Dako (PO448) Goat 1:5000 

Following overnight incubation the membranes were washed in TBS/T three times for 5 minutes 

each before being incubated in a horseradish peroxidase (HRP)-conjugated secondary antibody 

(diluted in 5% milk in TBS/T) at room temperature for 60 minutes.  

Following three additional 5 minute rinses in TBS/T the membrane was coated with 1ml of 

chemiluminescence reagent (Clarity Western Blotting ECL Substrate, BioRad 1705060) for 5 

minutes. Excess solution was then removed before chemiluminescence was performed using an 

Amersham Imager 680. An automatic exposure was initially performed, followed by 4-8 

incremental exposures to ensure optimal visualisation.  

The membrane could be reused to blot for another primary antibody by incubating first in a 

stripping buffer with 0.7% β-mercaptoethanol (Appendix A) for 30 minutes at 50°C before 

washing for 10 minutes in TBS/T and re-blocking with 5% milk-TBS/T.   

2.9 Immunofluorescent cytochemistry  

Immunofluorescent cytochemistry was performed to identify patterns of LOXL2 expression within 

individual cells. Prior to the experiment, 2x2cm coverslips were cleaned by submerging in 100% 

isopropanol, dried and placed in the bottom of 6 well plates (all within a class II cabinet). The 

wells were rinsed with PBS and then the cells were seeded over the coverslips in the pre-prepared 

media.  

On completion of the experiment and after removal of media and washing with PBS, the cell 

monolayer (including those adherent to the coverslips) was fixed with 4% paraformaldehyde (PFA, 

pre-prepared in a fume hood, 1mL per well in a 6-well plate) and incubated at room temperature 

for 15 minutes. 4% PFA was then removed and the cells washed again with PBS before storage at 

4°C in 1mL per well of 0.05% sodium azide in PBS until use for staining. 

For LOXL2 immunofluorescent staining the cell monolayer was washed 3 times with PBS and 

permeabilised with 0.1% Triton X-100 in PBS for 15 minutes followed by blocking buffer (1% BSA, 

0.1% Tween 20 in PBS) for 30 minutes. The primary antibody, LOXL2 (R&D systems, raised in goat, 

1:100), was then added (150μL for each coverslip) and the plate was incubated at 4°C overnight.  

After four washes (5 minutes each with 0.1% tween in PBS (PBS/T) the secondary antibody was 

applied (FITC-conjugated anti-goat, Sigma 1:100, 150μL) and left to incubate at room temperature 
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in the dark for 1 hour.  This was followed by incubation with 4’,6-diamidino-2-phenylindole (DAPI, 

EMD Millipore, 1:1000, 150μL) for nuclear staining and phalloidin (Tetramethylrhodamine (TRITC)-

conjugated phalloidin, EMD Millipore, 1:1000, 150μL) to stain for actin filaments (with four x 5 

minute PBS/T washes in between). Following a final set of PBS/T washes the coverslips were 

gently removed from the well and placed face down onto glass adhesion slides with Mowiol 

(Sigma, 81381). The slides were left at room temperature for 10 minutes to dry and then stored at 

4°C overnight in the dark.  

Slides were analysed using confocal microscopy and Leica systems LAX software. LOXL2 

immunofluorescent intensity was calibrated using the control slides, thereby allowing 

comparisons between conditions.   

2.10 Tinctorial staining  

2.10.1 Haematoxylin and eosin stain 

H&E tinctorial staining enables identification of basic structures within lung tissue by delineating 

cellular nuclei (blue) from cellular cytoplasm and ECM (varying shades of pink). To perform an 

H&E stain, FFPE sections were deparaffinised and rehydrated through gradated alcohols to 

distilled water. They were subsequently incubated in Mayer’s haematoxylin for 5 minutes 

followed by running water for 5 minutes. Then they were stained in eosin for 5 minutes before 3 

dips in distilled water, 3 dips in 100% ethanol and dehydration through ethanol, clearene (Leica 

biosystems 3803600, two x 10 minutes incubation) and finally mounted with pertex.  

2.10.2 Massons trichrome stain 

Massons trichrome stain enables further differentiation of collagenous material against a cellular 

background, with ECM staining blue using aniline blue, cellular nuclei staining black using 

Weigert’s haematoxylin (black) and other material including cellular cytoplasm staining various 

shades of pink-red using ponceau-acid fuchsin (pink) differentiated through phosphomolybdic 

acid.  

Briefly, Weigert’s haematoxylin stain was made fresh by preparing solution A (1000mg 

haematoxylin in 100mL of 100% ethanol) and solution B (30% ferric chloride in 1mL 37% HCl, 

diluted to 100mL in distilled H2O). Solutions A and B were mixed equal parts for the final staining 

solution. Ponceau-acid fuchsin was prepared by adding equal parts 0.5% crystal ponceau in 1% 

acetic acid and 0.5% acid fuchsin in 1% acetic acid.  
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Histopathological sections were deparaffinised and rehydrated before being immersed in 

Weigert’s haematoxylin stain for 5 minutes. They were then immersed in running water (to ‘blue’) 

for 5 minutes and subsequently immersed in ponceau-acid fuchsin solution for 3 minutes. 

Sections were subsequently differentiated by applying phosphomolybdic acid (150μL per slide) for 

10 minutes. Sections were dipped in water and then counterstained using aniline blue stain for 5 

minutes. After a final brief rinse, sections were dehydrated through gradated alcohol to clearene 

before mounting on coverslips with pertex.  

2.10.3 Picrosirius stain 

Collagen fibrils possess intrinsic birefringent characteristics due to their highly organised structure 

with co-alignment of the collagen molecules. This natural birefringence can be enhanced by 

staining with picrosirius red, a strong anionic dye which associates with the cationic collagen 

molecules210. Using cross-polarised light, fibrillar collagen appears in a range of red, yellow and 

green birefringence against the black background of non-fibrillar tissue. While the spectrum of 

colour has been proposed to represent different types of collagen, it has been demonstrated that 

the orientation of the collagen bundles is the key determinant of the colours absorbed and 

reflected by the collagen fibrils211.  

Picrosirius staining was performed using the Abcam Ab150681 Picrosirius Red Stain Kit according 

to the manufacturer instructions. Briefly, FFPE sections were deparaffinised and rehydrated 

through gradated alcohols to distilled water. They were subsequently incubated in picrosirius red 

solution for 60 minutes before 2 brief washes in the supplied acetic acid solution. The slides were 

then dipped in absolute alcohol before dehydration through alcohols to clearene (Leica 

biosystems 3803600, two x 10 minutes incubation) and mounting in pertex.  

To image collagen fibrils an Olympus Polarised filter was applied to the Olympus Dotslide 

Microscope and the exposure adjusted to reduce background light before imaging was 

performed. Settings were calibrated to be identical between samples, ensuring comparison of 

fibrillar collagen content could be made. Specifically the polariser filter was set at 90° to the 

forward facing direction and camera exposure was set manually at 15 milliseconds. 
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2.11 Biomechanical analysis of the 3D fibroblastic foci model  

2.11.1 Parallel plate compression testing 

Stiffness in kilopascals (kPa) was estimated using parallel plate compression testing of samples 

followed by the application of Young’s elastic modulus, which is the ratio of tensile stress (σ) to 

tensile strain (ε) within an elastic material (Figure 2.6). 

To measure matrix stiffness parallel plate compression testing was utilised on spheroids from the 

3D fibroblastic focus model using a CellScale Microsquisher. The MicroSquisher possesses a 

motorised “actuator” to deliver force to the sample via a round tungsten beam and platen 

submerged in a fluid bath of PBS. The software program SquisherJoy V5.23 uses an imaging 

system to record sample compression live, determining the original height, cross-sectional area 

and subsequent displacement of the sample, and providing feedback to the actuator which 

enables cycling after a pre-determined level of displacement.  

Choice of beam for use in the parallel plate compression was chosen both from pilot tests with 

surplus spheroids as well as experience from previous experiments based on the anticipated 

stiffness of the tissue165. The beams selected ranged between 0.2032mm and 0.5588mm in 

diameter. Where possible the same diameter beam was used within each experiment to measure 

samples from different test conditions. Specifically, the control (TGFβ-only) samples and IOX2-

exposed samples were measured using a 0.5588mm beam, however the DMOG-exposed samples 

were much softer than this beam could measure, so were tested using a 0.2032mm beam.  

Previously harvested and flash-frozen spheroids were removed from -80°C storage and 

transferred to sterile PBS to equilibrate. Using a 1.5mm skin punch biopsy the tissue sheet 

outgrowths which arose around the base of the spheroids were removed prior to testing.  

The spheroids were subsequently tested with 5 cycles of compression (4 “pre-conditioning” 

cycles followed by the 5th “test” cycle). Each project was comprised of 2 identical 

experiments at different time points. Each experiment had 3 IPF donors, with duplicate 

samples per donor for parallel plate compression testing. This resulted in a total of 12 

samples to be tested for each condition within a project. Maximal displacement of the 

spheroids from the 3D fibroblastic foci model experiment incorporating DMOG was set at 

25%, which was standardised from previous experiments. However preliminary compression 

analysis of the IOX2 3D fibroblastic foci model suggested significantly increased stiffness in 

IOX2-exposed samples and incomplete recoil in the relaxation phase of compression when 

the spheroids were displaced to 25% (consistent with a possible loss of spheroid integrity). 
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This implied there may be irreversible changes due to shear stress within the samples as a 

result of the compression process. Subsequently pre-conditioning and testing was performed 

to a displacement of 21% on all samples within the 3D model experiments described in this 

study, which did not result in the same irreversible changes in structural integrity. Similarly to 

all previous experiments, tissue stiffness was still calculated on the 5th cycle using 

measurements of force (μN) taken from displacement of between 10-20%. All samples 

achieved adequate displacement and relaxation to calculate Young’s modulus and thus the 

new methodology was considered valid.  

 
Figure 2.6: Parallel plate compression testing. Camera view of a control spheroid (A) at full 

relaxation and (B) undergoing parallel plate compression, with the beam and platen 

visible in cross-section view compressing the sample. Young’s modulus states that 

elastance (E) can be estimated by dividing tensile stress (σ) by the strain (ε) in the 

initial linear portion of the stress-strain curve. Coloured markings indicate the 

measurements required to estimate elastance using Young’s modulus in kilopascals 

(kPa).  

2.11.2 Extraction, reduction and hydrolysis of collagen samples 

In order to measure collagen content and pyridinoline cross-links within the 3D fibroblastic foci 

samples, samples were processed to extract and denature the collagen molecules before 

hydrolysis to form low molecular weight peptides. Both the spheroids and the surrounding 

outgrowths of ECM were used to measure collagen and pyridinoline cross-links in order to 

maximise sample quantity.  

While not specifically measured in this study, immature collagen cross-links within the spheroids 

were first stabilised by reduction of each sample in 1mL of potassium borohydride (KBH4, Sigma, 
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12mg/mL in 20mM NaOH, 30 minutes, room temperature) to produce hydroxylated equivalents 

(such as HLNL and DHLNL), which are capable of withstanding acid hydrolysis. After 30 minutes 

the reaction was stopped by adding acetic acid (CH3CO2H, Sigma, 3M, 750μL per 1ml of KBH4) and 

the samples rinsed once in PBS and twice in dH2O.  

The sample collagen was then simultaneously extracted, denatured (to separate the triple helices 

into individual collagen molecules) and hydrolysed (to produce low molecular weight peptides) 

using thermal and acid treatment. Specifically, the reduced samples were immersed in 

hydrochloric acid (HCl, Sigma, 6M) and heated to 100°C for 18 hours before evaporation of the 

HCl using a Genevac EZ-2 Concentrator. Samples were then resolubilised in distilled water for use 

in the colorimetric assays.   

2.11.3 Measuring collagen and cross-links 

Hydroxyproline quantity and pyridinoline cross-link density were determined using a combination 

of colorimetric assays. Total protein was also measured to enable normalisation of collagen 

quantity. Each project had two identical experiments separated in time, and each experiment 

used fibroblasts cultured from 3 IPF donors, resulting in 6 samples per condition that underwent 

collagen and collagen cross-linking analysis.  

Total protein in the samples (minus proline and hydroxyproline) was measured as per 

manufacturer instructions with the Total Protein Kit (QuickZyme Biosciences, QZBTOTPROT1), a 

specialised system capable of measuring protein in acid hydrolysates. It relies on a linear and 

concentration-dependent reaction between genipin, a hydrolysate product from gardenia fruits, 

and free amino acids to produce a blue pigment212. Briefly, the 15μL of kit standards (8 in total 

ranging from a concentration of 0.047 – 3mg/mL and including a negative control) and 10μL of 

experiment samples were added to a 96 well plate with 120μL of Assay buffer and 15μL of Colour 

reagent working solution before incubation at 85°C for 60 minutes. The plate was then cooled to 

room temperature before colorimetric analysis using a plate reader at 570nm. A standard curve 

was used to calculate the sample protein concentrations.  

Collagen content of the samples was measured with the Hydroxyproline Assay Kit (Sigma, 

MAK008), using the manufacturer protocol. The kit is based on the production of colorimetric 

compounds in a concentration dependent manner when 4-(dimethylamino)benzaldehyde (DMAB) 

reacts with oxidised hydroxyproline213. In summary the hydroxyproline standards were prepared 

by dilution of the 1mg/mL Hydroxyproline Standard Solution supplied by the kit in sterile water, 

generating 5 standards ranging from 0.2 to 1.0μg plus a negative control. Test samples were 

prepared by adding 10μL of sample to a well. 100μL of Chloramine T/Oxidation Buffer Mixture 
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was added and incubated for 5 minutes at room temperature. For each sample 50μL of Diluted 

DMAB Reagent and 50μL of Perchloric Acid/Isopropanol Solution were pre-mixed and then 

applied, and the plate was incubated for 90 minutes at 60°C before colorimetric analysis using a 

plate reader at 560nm. Hydroxyproline content of the samples was calculated from the standard 

curve in the same manner as the BCA protein quantification previously detailed.  

Mature pyridinium cross-links (pyridinoline – PYD, and deoxypyridinoline – DPD) were measured 

as per manufacturer instructions using a competitive enzyme immunoassay (Quidel MicroVue 

PYD/DPD, 8010). This kit utilises an anti-pyridinoline cross-link monoclonal antibody which binds 

to PYD and DPD present both in the test strips as well as in the samples214. A higher concentration 

of pyridinoline in the samples leads to less binding of pyridinoline in the test strips, which is 

detected using a colorimetric assay. 6 pyridinoline standards were supplied by the manufacturer 

as well as a high and low control. Samples, standards and controls were diluted 1:10 by combining 

50μL each to 450μL of Assay Buffer before being added to wells coated with anti-PYD antibody. 

100μL of the supplied Cold Conjugate was added and the plate incubated for 3 hours in the dark 

at 4°C. The wells were then washed with supplied Wash buffer, manually inverted and gently 

blotted on paper towel to empty the wells. 150μL of the supplied Working Substrate Solution was 

then applied and the plate incubated for 1 hour at room temperature. 100μL of Stop solution was 

then applied and colorimetric analysis performed with a plate reader at 405nm. A 4-parameter 

calibration curve fitting equation was used to calculate the sample measurements as per 

manufacturer instructions. Consistent with other groups, the pyridinoline cross-link density was 

expressed as the number of cross-links per collagen molecule assuming 300 hydroxyproline 

residues per triple helix178.   
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Chapter 3 Expression and Regulation of Collagen Cross-

linking Enzymes in Pulmonary Fibrosis 

3.1 Introduction  

Increased stiffness of interstitial ECM in the IPF lung not only impairs respiratory function but is 

thought to propagate and sustain the fibrogenic responses64,165.  It is hypothesised that these 

pathologic changes to ECM stiffness involve aberrant expression of collagen cross-linking enzymes 

to form excess “bone-type” pyridinoline collagen cross-links. A variety of collagen cross-linking 

enzymes have been implicated in this process, including PLOD2 and the LOX(L) family (chiefly 

LOXL2)165,177,194.  

The cellular provenance of these collagen cross-linking enzymes remains unclear. Mesenchymal 

cells within IPF fibroblastic foci produce abundant ECM and could be considered the most likely 

source122,123,128. By contrast the alveolar epithelium is increasingly recognised for instrumental 

roles in early IPF pathogenesis, and is likely to promote fibrogenesis through multiple mechanisms 

of epithelial-mesenchymal cross-talk111,126,215. Both bronchial epithelial and lung fibroblast cell 

types are capable of producing collagen cross-linking enzymes upon exposure to pro-fibrotic 

conditions, with distinct patterns of expression193.  Identifying the cellular origins of dysfunctional 

collagen cross-linking enzyme expression in the IPF lung would provide mechanistic insights into 

ECM remodelling and facilitate a targeted examination of upstream events.   

The signalling pathways which drive dysregulated collagen modification in IPF are also poorly 

understood. TGFβ is considered the prototype of fibrosis-generating cytokines, capable of 

promoting epithelial cell apoptosis, recruitment and activation of mesenchymal cells as well as 

ECM production and modification138,140,141,216,217. However a variety of other pro-fibrotic signalling 

pathways are increasingly implicated in the fibrogenic cascade, including the MAPK/ERK, Wnt and 

HIF pathways143,147,149,154,218.  The effects of these pathways on collagen cross-linking enzyme 

expression in key cell types pertinent to lung fibrosis, such as alveolar epithelial cells and lung 

fibroblasts, have not been robustly compared.   
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3.2 Objectives 

The objectives of this study were to: 

i) Analyse and compare expression patterns of collagen cross-linking enzymes within 

healthy and IPF tissue 

ii) Identify cellular sources of collagen cross-linking enzyme expression in IPF tissue 

iii) Explore the effects of key pro-fibrotic signalling pathways on collagen cross-linking 

enzyme expression in relevant cell types to lung fibrosis.  

3.3 Results 

3.3.1 Expression patterns of collagen cross-linking enzyme expression in lung fibrosis 

To investigate the expression patterns, regional variation and cellular sources of collagen cross-

linking enzymes in healthy and IPF lung tissue, two distinct methodologies of RNA analysis were 

employed – laser capture microdissection (LCMD) with RNA-sequencing, and in-situ mRNA 

hybridisation.  

LCMD was performed on serial FFPE sections from 10 healthy and 10 IPF donors by Dr Mark Jones, 

sampling areas of alveolar septal tissue in healthy and IPF lung sections as well as fibroblastic foci 

in IPF sections. The selected samples were then processed for Ion Torrent RNA-sequencing at Yale 

School of Medicine, USA and the data processed and analysed for the expression levels of 

collagen cross-linking enzymes within these regionally isolated samples. Gene expression levels 

(expressed as Fragments Per Kilobase of transcript per Million mapped reads – FPKM) between 

the three different types of tissue were compared.  

Substantially higher levels of collagen cross-linking expression were observed in IPF fibroblastic 

foci than alveolar septae from healthy or IPF tissue (Figure 3.1). Specifically, IPF fibroblastic foci 

had substantially increased gene expression of PLOD2 (Figure 3.1 A), LOX (Figure 3.1 B), LOXL1 

(Figure 3.1 C), LOXL2 (Figure 3.1 D) and LOXL3 (Figure 3.1 E) compared to both healthy alveolar 

septal tissue and IPF alveolar septal tissue. A statistically significant difference in LOXL4 was only 

observed between healthy alveolar epithelium and IPF fibroblastic foci (Figure 3.1 F). Within IPF 

fibroblastic foci samples the expression of PLOD2 and LOXL2 was greatest, suggestive of key roles 

for these two enzymes, with comparatively moderate expression of LOX and LOXL1 and low level 

expression of LOXL3 and LOXL4.  
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No significant differences in expression of any collagen cross-linking enzymes were observed 

between healthy and IPF alveolar septae (Figure 3.1 A-F), supporting the concept of discrete 

regions of fibrosis rather than a generalised dysregulation of cross-linking enzyme activity. 
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Figure 3.1 IPF fibroblastic foci are a key source of collagen cross-linking enzyme induction. RNA 

expression (FPKM) of (A) PLOD2, (B) LOX (C) LOXL1, (D) LOXL2, (E) LOXL3, and (F) 

LOXL4 in healthy and IPF lung tissue, obtained using laser capture microdissection 

(LCMD) and analysed using RNA-sequencing. Data were analysed using grouped 

analysis and multiple comparisons (Dunnett’s test). ** p < 0.01, **** p < 0.0001, 

error bars represent one standard deviation. N=10 healthy and 10 IPF donors. 
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By promoting hydroxylation of lysine residues on collagen telopeptides, increased PLOD2 activity 

provides the substrate for downstream extracellular modification by the LOX(L) family. This 

relationship was further explored by assessing for correlations between PLOD2 and LOX(L) family 

expression in samples taken from the IPF fibroblastic foci. Scatter plots were compiled to illustrate 

this correlation (Figure 3.2). Pearson’s correlation coefficient was used to determine the strength 

of correlation (expressed as an r score with > 0.8 indicating a very strong correlation, 0.5 - 0.8 

indicating a strong correlation, 0.2 – 0.5 indicating a fair correlation and < 0.2 indicating a poor 

correlation)219. A two-tailed P value was applied to determine the significance. Linear regression 

was performed to graphically illustrate strong or very strong correlations with a line of best fit.  

Within IPF fibroblastic foci a strong and statistically significant positive correlation between 

PLOD2 and LOXL2 gene expression was observed (r=0.63, p=0.04) (Figure 3.2 A), pointing towards 

common mechanisms for their dysregulation. Moderate positive but non-significant correlations 

were observed between PLOD2 gene expression and that of LOX (r=0.43, p=0.21) (Figure 3.2 B) 

and LOXL1 (r=0.40, p=0.25) (Figure 3.2 C). Very weak positive, non-significant correlation was 

seen between PLOD2 and LOXL3 gene expression (r=0.06, p=0.83) (Figure 3.2 D). Weak and non-

significant correlation was observed between PLOD2 and LOXL4 gene expression (r=0.29, p=0.41) 

(Figure 3.2 E).  
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Figure 3.2 PLOD2 and LOXL2 expression in IPF fibroblastic foci is strongly correlated.  Using 

Pearson correlation calculations to determine the correlation coefficient (r) and 

significant (two-tailed P value), the gene expression of PLOD2 (y axis) within IPF 

fibroblastic foci tissue was compared to that of the LOX(L) family (x axis). (A) LOXL2 

gene expression was strongly, positively correlated with PLOD2 gene expression (A, 

r=0.63, p=0.04). No significant correlations between PLOD2 gene expression and (B) 

LOX, (C) LOXL1, (D) LOXL3 or (E) LOXL4 were observed. N=10 IPF donors. 
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Expression levels of the fibrillar collagen gene COL1A1 were subsequently analysed, in order to 

confirm the presence of mesenchymal cells within the fibroblastic foci samples and compare this 

collagen expression to the alveolar septae samples (Figure 3.3). Significantly increased levels of 

COL1A1 expression (FPKM) were observed in IPF fibroblastic foci compared to control and IPF 

alveolar septae (Figure 3.3 A), consistent with the gene expression profile of a mesenchymal cell 

population. Intriguingly, PLOD2 (Figure 3.3 B) and LOXL2 (Figure 3.3 C) expression correlated 

poorly with COL1A1 expression, suggesting regulation of collagen cross-linking enzyme expression 

occurred independently of collagen fibrillogenesis.   
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Figure 3.3: Induction of collagen I is significantly increased in the fibroblastic foci samples yet 

correlates poorly with expression of key cross-linking enzymes. RNA expression 

(FPKM) of (A) COL1A1 in healthy alveolar and IPF alveolar or fibroblastic foci tissue. 

Data were analysed using grouped analysis and multiple comparisons (Dunnett’s 

test). ** p < 0.01, *** p < 0.001, error bars representative of one standard deviation. 

Correlation between COL1A1 expression and (B) PLOD2 or (C) LOXL2 using Pearson 

calculations to determine the correlation coefficient (r) and significance (two-tailed P 

value). N=10 healthy and 10 IPF donors. 

In summary, RNA-sequencing of regionally distinct areas from healthy and IPF tissue revealed IPF 

fibroblastic foci to be a source of substantially upregulated collagen cross-linking enzyme 

expression compared to both healthy and IPF alveolar septae. The roles of PLOD2 and LOXL2 may 
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be particularly relevant, as they possessed the highest overall levels of expression and a strong 

correlation within fibroblastic foci. The expression of these enzymes poorly correlated to collagen 

I induction, suggesting independent regulatory pathways for production and modification of 

collagen within active areas of fibrosis.  

3.3.2 Identifying the cellular sources of collagen cross-linking enzymes in IPF 

To confirm the findings observed in the LCMD RNA-sequencing data and further investigate the 

cell-type specific sources of collagen cross-linking enzymes in IPF tissue, expression of key 

collagen cross-linking enzymes was further analysed using mRNA in-situ hybridisation (RNAscope) 

on healthy and IPF tissue sections.   

Duplex probes for LOX or LOXL2 (green) and LOXL3 or PLOD2 (red) were used in combination on 

FFPE tissue sections from seven IPF and three healthy lung donors. Manufacturer-produced 

positive and negative controls were used on adjacent tissue sections to confirm appropriate tissue 

staining (Figure 2.3 A-B). Gills Haematoxylin was used to counterstain the tissue. The sections 

were reviewed and scored by an independent expert histopathologist (Prof. Aurelie Fabre, 

Dublin).  

Overall IPF fibroblastic foci exhibited the highest levels of collagen cross-linking mRNA expression, 

in particular LOX, LOXL2 and PLOD2, while low levels of expression of these enzymes were 

observed in IPF alveolar septae and negligible expression was seen in healthy alveolar septae 

(Figure 3.4 A-C). LOXL3 mRNA expression was very low and located predominantly in vessel walls 

(Figure 3.5).   
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Figure 3.4: Expression of collagen cross-linking enzymes is low in healthy lung tissue. In-situ 

mRNA hybridisation demonstrating expression of LOXL2 (green) and PLOD2 (red) in 

(A) healthy alveolar tissue (B) IPF alveolar tissue and (C) an IPF fibroblastic focus. 

Images representative of sections from N=3 healthy and N=7 IPF donors.  
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Figure 3.5 Healthy lung bronchiolar epithelium and vessel walls have very low expression of 

LOXL3. In-situ mRNA expression of LOX (green) and LOXL3 (red) in healthy lung 

tissue. Images representative of sections from N=3 healthy donors. Staining 

identified by green arrows for LOX and red arrows for LOXL3 respectively. 

IPF lung tissue had highly variable, regionally dependent levels of collagen cross-linking enzyme 

expression. Consistent with the findings from the LCMD RNA-sequencing data, the most striking 

levels of expression were found within mesenchymal cells of the fibroblastic foci, with very high 

expression of LOXL2, moderate expression of PLOD2 and LOX, and low expression of LOXL3 

(Figure 3.6 A-B). This was in sharp contrast to tissue surrounding areas of active fibrosis which 

had very low levels of collagen cross-linking enzyme activity, similar to healthy lung tissue. The 

findings confirmed discrete areas of intense dysreuglation of collagen cross-linking, interspersed 

with relatively unaffected areas. Notably, co-localisation of PLOD2 and LOXL2 was observed within 

individual mesenchymal cells (Figure 3.6 B inset), consistent with the correlation seen within the 

LCMD RNA-sequencing data, and supporting the possibility for unifying mechanisms regulating 

their activity. 

Alveolar epithelial tissue of IPF donors exhibited significant heterogeneity in collagen cross-linking 

activity, with many regions possessing low levels of expression similar to healthy control tissue, 

while a small number of regions demonstrated moderately elevated levels of LOX, LOXL2 and 

PLOD2 activity (Figure 3.7 A-B). These regions of active collagen cross-linking expression were 

often located near areas of active fibrosis, with evidence of both early and established fibroblastic 

foci, and possibly represented sites of early fibrogenesis. 
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Figure 3.6 Fibroblastic foci are a key source of collagen cross-linking enzyme activity in IPF lung 

tissue. In-situ mRNA expression of (A) LOX (green) / LOXL3 (red) and (B) LOXL2 

(green) / PLOD2 (red) in IPF lung tissue with a magnified view of a fibroblastic focus 

(star and inset). Images representative of sections from N=7 IPF donors.  
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Figure 3.7 Discrete areas of increased collagen cross-linking activity within alveolar epithelium 

suggest sites of early fibrogenesis. in-situ mRNA expression of (A) LOX (green) / 

LOXL3 (red) and (B) LOXL2 (green) / PLOD2 (red) in IPF lung tissue with areas of 

fibrogenesis (star). Images representative of sections from N=7 IPF donors.  
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The hyperplastic alveolar epithelium overlying fibroblastic foci exhibited relatively modest levels 

of LOXL2 expression and low levels of PLOD2 expression compared to the underlying 

mesenchymal cells (Figure 3.8 A-B). However a striking degree of LOXL2 activity was consistently 

observed at the epithelial border of the fibroblastic focus, in an area termed by other groups as 

the ‘active fibrotic front’170, with staining often diminishing as the distance from the alveolar 

surface increased. The patterns of staining suggest collagen cross-linking activity was being driven 

by stimuli at the alveolar surface, or within the alveolar epithelium.  
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Figure 3.8: Collagen cross-linking activity is greatest within mesenchymal cells located near the 

alveolar epithelium. In-situ mRNA expression of LOXL2 (green) and PLOD2 (red) in 

(A) IPF lung tissue with a fibroblastic focus (star). (B) Magnified view of the 

fibroblastic focus. Images representative of staining performed on sections from N=7 

IPF donors.  
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Taken together these results confirm fibroblastic foci, and in particular the mesenchymal cells 

within the foci, are the primary sources of the upregulated collagen cross-linking enzyme activity 

within the IPF lung. In particular PLOD2 and LOXL2, critical enzymes for the production of ‘bone-

type’ pyridinoline cross-links, were highly expressed and co-localised within mesenchymal cells, 

pointing towards shared mechanisms for their dysregulation. Notably the greatest levels of 

expression were seen in mesenchymal cells closest to the overlying alveolar epithelium, implying 

the source of their dysregulation may arise from the alveolar surface or within the alveolar 

epithelial cells. While the origins of the collagen cross-linking enzyme dysregulation were 

identified, it remained unclear what signalling pathways were promoting their induction.  

3.3.3 Comparative expression patterns of collagen cross-linking enzymes in lung 

fibroblasts under a range of pro-fibrotic signalling pathways 

In order to identify and compare potential drivers of these collagen cross-linking enzymes, a series 

of in vitro timecourse experiments were performed using primary lung fibroblasts exposed to a 

series of candidate pro-fibrotic signalling pathways. Patterns of collagen cross-linking enzyme 

expression were assessed after exposure to these pathways over 24 – 72 hours, with particular 

attention to the previously identified key enzymes PLOD2 and LOXL2. 

The five pre-determined pro-fibrotic signalling pathways chosen were TGFβ1, EGF/RAS/MEK 

pathways, canonical Wnt and non-canonical Wnt signalling pathways, and HIF pathways. 

RAS/MEK activity was promoted in lung fibroblasts using Epidermal Growth Factor. Recombinant 

peptides for TGFβ1, the canonical Wnt3a and non-canonical Wnt5a were applied directly, while 

HIF pathways were stabilised through the hypoxia mimetic DMOG, which stabilises HIF1α and 

HIF2α through pan-PHD inhibition220,221. 

Downstream activation of each signalling pathway was confirmed by western blotting (Figure 

3.9). RAS/MEK pathway activation was confirmed by expression of phospho-ERK 1 and 2. TGFβ1 

signalling was demonstrated with phosphorylated (P)-Smad 2 and 3. Exposure to DMOG 

promoted HIF1a stabilisation. Both canonical Wnt3a and non-canonical Wnt5a signalling 

promoted phospho-ERK signalling however only the canonical Wnt3a condition (along with 

TGFβ1) demonstrated significant levels of the active (non-phosphorylated) form of β-catenin. 
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Figure 3.9: Confirmation of pro-fibrotic pathway activation through downstream markers in 

lung fibroblasts. Western blot of protein from healthy donor lung fibroblasts 

exposed to either control conditions or one of five different pro-fibrotic pathways – 

EGF 10ng/mL, TGFβ1 10ng/mL, HIF (through DMOG 1mM), Wnt3a 100ng/mL and 

Wnt5a 100ng/mL. Four primary antibodies were applied – P-ERK 1/2, SMAD2/3, 

HIF1α or active β-catenin – to 4 separate membranes. β-tubulin was used as a 

loading control (above is representative of one membrane only). Blots representative 

of N=3 experiments. 

Following confirmation of pathway activation, collagen cross-linking enzyme mRNA expression 

patterns were analysed across the time-course (Figure 3.10). PLOD2 expression was significantly 

upregulated in lung fibroblasts exposed to DMOG, with relatively smaller changes seen with 

TGFβ1 and no changes seen with other pro-fibrotic pathways (Figure 3.10 A). Induction of PLOD2 

with either DMOG or TGFβ1 was greatest at 24 hours however remained significantly elevated 

throughout the time course.  

Within the LOX(L) family, HIF stabilisation through DMOG resulted in significant upregulation of 

LOXL2 and (to a lesser extent) LOX at all time-points (Figure 3.10 B, C). TGFβ1 also induced LOX 

and LOXL2 expression however comparatively less than HIF stabilisation through DMOG, and only 

at the later time point of 72 hours. (Figure 3.10 B, C). Intriguingly, LOXL3 expression was 

significantly upregulated by both DMOG and TGFβ1 at 24 hours but then normalised over 48 and 

72 hours (Figure 3.10 D). Wnt signalling did not have any observed effect on PLOD2, LOX, LOXL2 

or LOXL3 expression (Figure 3.10 A-D). 
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Figure 3.10: HIF stabilisation through pan-prolyl hydroxylase inhibition significantly upregulates 

the expression of PLOD2, LOXL2 and LOX in lung fibroblasts. Time course of healthy 

donor lung fibroblasts exposed to either control, EGF 10ng/mL, TGFβ1 10ng/mL, 

DMOG 1mM, Wnt3a 100ng/mL or Wnt5a 100ng/mL for 24, 48 or 72 hours. mRNA 

expression levels for (A) PLOD2, (B) LOX, (C) LOXL2 and (D) LOXL3 were determined 

using the ΔΔ CT method, normalised to the sample control. Data were analysed using 

grouped analysis and multiple comparisons (Dunnett’s test). * p<0.05, ** p<0.01, *** 

p<0.001, ****p<0.0001, error bars represent 1 standard deviation. N=3 independent 

experiments. 

 

The effect of these pathways on the expression of key interstitial collagen genes – collagen I 

(COL1A1) and collagen III (COL3A1) were subsequently analysed60. Of the five pro-fibrotic 

conditions applied to the primary healthy lung fibroblasts across 24, 48 or 72 hours, only TGFβ1 

had a significant effect on upregulation of COL1A1 and COL3A1 gene expression (Figure 3.11 A-B). 

For both collagen genes this effect increased over time, with the greatest effect seen at 72 hours.  
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Notably despite the potent effect of the HIF pathway stabiliser DMOG to upregulate expression of 

PLOD2 and LOXL2, the effect on collagen gene expression was negligible (Figure 3.11 A-B).  
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Figure 3.11: TGFβ1 but not HIF pathways promote expression of interstitial collagen genes 

COL1A1 and COL3A1. mRNA expression of (A) COL1A1 and (B) COL3A1 expression in 

healthy donor lung fibroblasts exposed to 5 pro-fibrotic conditions for 24, 48 or 72 

hours. mRNA expression levels were determined using the ΔΔ CT method. Data were 

analysed using grouped analysis and multiple comparisons (Dunnett’s test). * p< 

0.05, **** p < 0.0001, error bars represent 1 standard deviation. N=3 independent 

experiments. 

PLOD2 and LOXL2 upregulation by DMOG, and to a lesser extent TGFβ1, was confirmed at 72 

hours by western blot (Figure 3.12). No change in PLOD2 or LOXL2 expression was seen for EGF, 

Wnt3a or Wnt5a.  

Control EGF TGFβ1 DMOG WNT3a WNT5a
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Figure 3.12: HIF stabilisation with pan-prolyl hydroxylase inhibition promotes collagen cross-

linking enzymes PLOD2 and LOXL2 to a greater extent than TGFβ1. Western blotting 

for collagen cross-linking enzymes in lysates of healthy donor lung fibroblasts after 

exposure to 5 pro-fibrotic conditions – EGF, TGFβ1, HIF (through DMOG), Wnt3a and 

Wnt5a for 72 hours. Blot representative of N=3 experiments.  
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When observing the conditions of HIF stabilisation or TGFβ1 treatment over time, expression of 

PLOD2 increased over 72 hours in either condition (Figure 3.13). LOXL2 expression appeared to 

peak at 48 hours, with no discernible increase at 72 hours, possibly due to its extracellular 

secretion.  
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Figure 3.13: PLOD2 expression increases over time with both HIF pathway stabilisation and 

TGFβ1 signalling. Western blotting for PLOD2 and LOXL2 in healthy primary lung 

fibroblasts exposed to 5 pro-fibrotic conditions – EGF, TGFβ1, HIF (through DMOG), 

Wnt3a and Wnt5a. Β-actin was used as a loading control. Blot representative of N=3 

experiments.  

Rather than simply facilitating collagen cross-linking, the LOXL2 enzyme has broad transcriptional 

functions that pertain to epithelial mesenchymal transition (EMT)53-55,57-59. Therefore the 

localisation of LOXL2 within the cell under certain pro-fibrotic conditions could provide important 

insights into specific roles under given conditions. Immunocytochemistry was thus performed not 

only to confirm the relative effects of HIF pathway stabilisation and TGFβ on fibroblast expression 

of LOXL2, but also to determine the cellular location of LOXL2 expression. Two HIF stabilising 

compounds were used – the selective prolyl 2-hydroxylase (PHD2) inhibitor, N-[[1,2-Dihydro-4-

hydroxy-2-oxo-1-(phenylmethyl)-3-quinolinyl]carbonyl]-glycine (IOX2)222, and the non-selective 

pan-PHD inhibitor DMOG.  

To provide a comparable assessment between conditions, fluorescence was visualised by confocal 

microscopy and the gain intensity calibrated to the DMOG condition before being applied to the 

other conditions. Immunocytochemistry revealed HIF stabilisation through either IOX2 or DMOG 

as more potent inducers of LOXL2 expression than the prototypical TGFβ1 signalling (Figure 3.14). 

The cellular pattern of LOXL2 staining in the DMOG condition was predominantly cytoplasmic with 
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some perinuclear staining also detected, suggesting LOXL2 was not specifically acting at the 

nucleus to exert transcriptional functions.  

 
Figure 3.14: HIF stabilisation through either selective or pan-prolyl hydroxylase inhibition 

significantly increases LOXL2 expression in a cytoplasmic and perinuclear pattern. 

Confocal immunofluorescence of LOXL2 (green), DAPI (blue – nuclear staining) and 

Phalloidin (red – actin filament staining) expression in primary healthy lung 

fibroblasts exposed to pro-fibrotic conditions (TGFβ1 10ng/mL, IOX2 50μM or DMOG 

0.5mM) for 48 hours. LOXL2 fluorescent intensity calibrated to control condition. 

Scale bar 50μm. Representative images from N=1 experiment.  

The striking effects of DMOG on PLOD2 and LOXL2 expression required further examination to 

confirm they were HIF mediated and not simply ‘off-target’ effects of the compound. Functional 

silencing experiments were therefore performed on healthy donor lung fibroblasts by Liudi Yao 

(PhD student, School of Biomedical Sciences, University of Southampton). She silenced individual 

HIF genes (HIF1α, HIF2α and HIF1/2α) in primary human lung fibroblasts and then exposed them 

to DMOG. HIFβ, a ubiquitously expressed subunit which is essential for all HIF-mediated 

transcription, was also silenced as a positive control to effectively prevent all HIF pathway 

activation.  

Control TGFβ1

IOX2 DMOG
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Western blotting by Liudi Yao from these experiments revealed the effects of DMOG on PLOD2 

and LOXL2 upregulation were HIF-mediated (Figure 3.15). Specifically, DMOG exposure increased 

PLOD2 and LOXL2 expression in fibroblasts with control siRNA, but not in siHIF1/2α or siHIF1β 

conditions.  

Furthermore, in DMOG-treated conditions, silencing of HIF1α, but not HIF2α, suppressed PLOD2 

expression, thereby demonstrating DMOG-mediated upregulation of PLOD2 is HIF1α dependent. 

Conversely LOXL2 expression was increased despite individual HIF1α or HIF2α silencing, but 

reduced following combined HIF1/2α silencing, implying both HIF1a and HIF2a are capable of 

promoting LOXL2 expression.  

β-tubulin
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DMOG

Control

HIF1α
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Figure 3.15: Upregulation of PLOD2 and LOXL2 by pan-prolyl hydroxylase inhibition is mediated 

through HIF pathways. Functional silencing of HIF activity in primary lung fibroblasts 

performed by Liudi Yao demonstrates PLOD2 expression is dependent on HIF1α and 

not HIF2α, while silencing of both HIF1α and HIF2α is required to prevent expression 

of LOXL2. 

Taken together, HIF stabilisation was identified as a potent regulator of key ‘bone-type’ collagen 

cross-linking enzymes in lung fibroblasts, while the prototypical TGFβ also induced these enzymes, 

albeit less effectively.  Notably, HIF pathway activation had no appreciable effect on COL1A1 and 

COL3A1 expression while TGFβ1 signalling was capable of significant upregulation of both 

fibrillogenesis genes. These divergent responses could have important downstream 

biomechanical implications within the ECM.  
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3.3.4 Comparative expression patterns of collagen cross-linking enzymes in a type two 

alveolar epithelial cell line under a range of pro-fibrotic conditions 

A dysfunctional alveolar epithelial barrier characterised by basaloid and senescent AT2 cells is 

believed to be a significant component in the initiation and progression of pulmonary 

fibrosis111,121,126,215. A gradient of abnormal LOXL2 expression was observed, strongest at the 

epithelial edge and diminishing into the focus, suggesting the alveolar epithelium may be 

implicated in driving collagen cross-linking dysregulation within mesenchymal cells. It is 

increasingly recognised that the origins of the fibrogenic process in IPF are likely to occur at the 

alveolar epithelium, although the specific mechanisms are not clear. Epithelial-mesenchymal 

cross-talk could account for these effects through pro-fibrotic paracrine signalling. EMT is another 

method, although its relevance in IPF is controversial.  

To investigate these possibilities, a stable AT2 cell line (AT2KRAS:V12) was exposed to pro-fibrotic 

signalling pathways to explore morphological changes, markers of EMT and patterns of collagen 

cross-linking enzyme expression. The conditions were identical to those applied for the lung 

fibroblast experiments (TGFβ1, DMOG, Wnt3a, Wnt5a) with the exception of RAS activation. 

Rather than use EGF, an inbuilt RAS promoting pathway was instead activated through the 4-

hydroxytamoxifen (4-OHT)-RAS chimeric protein (ER:KRAS:V12) stably expressed in the AT2KRAS:V12 

cell line203,204. 

Downstream effects of pro-fibrotic pathways on the AT2 cell line were observed using phase 

contrast microscopy. Compared with untreated control cells, morphological changes were noted 

in RAS (4-OHT), TGFβ1 and DMOG conditions, with no changes discernible in either the canonical 

Wnt3a or non-canonical Wnt5a treatments (Figure 3.16). Both treatment with 4-OHT to activate 

RAS and DMOG to stabilise HIF activity induced morphological changes which suggested a 

transition to a more mesenchymal state, including loss of intercellular attachments and an 

increase in extracellular extensions to suggest enhanced motility. Morphological changes were 

also noted with TGFβ1, although more subtle. Namely, while the AT2 cells maintained their 

intercellular attachments they appeared more elongated in appearance. No change in 

morphology was observed with either canonical or non-canonical Wnt signalling.  
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Figure 3.16: Morphological effects of pro-fibrotic signalling pathways on alveolar type 2 cells. 

Representative phase contrast images demonstrating the morphology of AT2KRAS:V12 

cells 72 hours after treatment with 4-OHT (250nM) to activate RAS, TGFβ1 

(10ng/mL), DMOG (1mM) to stabilise HIF, Wnt3a (100ng/mL) or Wnt5a (100ng/mL). 

Scale bar 500um. Images representative of N=3 independent experiments. 

The EMT-promoting effects of these pro-fibrotic pathways were subsequently compared in the 

AT2 cell line using RTqPCR to measure fold change in mRNA expression across the 72 hour time-

course (Figure 3.17). Downregulation of E-cadherin (CDH1), a key protein involved in intercellular 

attachment, and upregulation of the mesenchymal intermediate filament vimentin (VIM) are 

considered hallmarks of the EMT process, while SNAIL1, SNAIL2, ZEB1 and TWIST1 are all 

considered important transcription factors that can induce EMT traits within a cell115.  

Significant loss of CDH1 expression was observed in the RAS (4-OHT) condition, while discernible 

but not statistically significant downregulation was also detected through HIF stabilisation with 

DMOG across the time-course (Figure 3.17 A). Contrastingly, TGFβ1 increased CDH1 expression 

significantly at 72 hours, however also increased VIM expression (Figure 3.17 B). Significant 

upregulation of VIM was also seen with Wnt3a conditions at 24 hours, while DMOG has no 

significant effect.  

Consistent with previous reports, TGFβ1 upregulated SNAIL1 expression (Figure 3.17 C) while 

there was no effect from RAS, HIF or Wnt signalling. None of the 5 pro-fibrotic pathways 

influenced SNAIL2 expression significantly (Figure 3.17 D). Consistent with previously published 

reports, RAS induction through 4-OHT upregulated ZEB1 expression throughout the time-course 

(Figure 3.17 E). None of the pro-fibrotic signalling pathways upregulated TWIST1 however HIF 

stabilisation through DMOG reduced its expression143 (Figure 3.17 F).  
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Figure 3.17: Pro-fibrotic signalling pathways induce mixed epithelial mesenchymal transition 

responses in alveolar type 2 cells. mRNA expression of EMT markers in the AT2 

epithelial cell line exposed to different pro-fibrotic conditions for the times indicated. 

mRNA expression levels of (A) CDH1, (B) VIM, (C) SNAIL1, (D) SNAIL2, (E) ZEB1 and (F) 

TWIST1 were determined using the ΔΔ CT method with grouped analysis and 

multiple comparisons (Dunnett’s test). * p< 0.05, ** p < 0.01, *** p < 0.001, ****p < 

0.0001. N=3 experiments. 
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In summary no convincing effect was observed for any of the pro-fibrotic pathways to induce a 

complete EMT response in the AT2 cells, with significant heterogeneity in the expression of EMT 

markers and transcription factors.  TGFβ1 promoted the prototypical EMT transcription factor 

SNAIL1 yet increased CDH1 expression. Meanwhile both RAS activation through 4-OHT and HIF 

stabilisation through DMOG reduced CDH1 but only RAS was capable of promoting any of the 

EMT transcription factors (ZEB1). HIF pathway activation did not induce any of the EMT 

transcription factors. The mechanism by which HIF stabilisation was capable of reducing CDH1 

could be through induction of LOXL2, which has previously been established to act directly on the 

CDH1 promoter to suppress its expression52,223.  

Mesenchymal cells were previously identified as the primary source of collagen cross-linking 

enzymes in IPF tissue. However a relative increase in the activity of core cross-linking enzymes 

was also observed in the alveolar epithelium overlying fibroblastic foci and in discrete regions of 

early fibrogenesis, suggesting alveolar epithelial cells may also be responsible for early collagen 

modification. Additionally, the aforementioned transcriptional roles of LOX(L) enzymes may be 

relevant to autocrine and paracrine signalling within the IPF lung. The relative expression of key 

collagen cross-linking enzymes were therefore examined within the AT2 cell line after exposure to 

pro-fibrotic signalling pathways (Figure 3.18).  

Notably, PLOD2 expression was significantly elevated throughout the time-course by HIF 

stabilisation, while no other pro-fibrotic pathways had a significant effect on PLOD2 expression 

(Figure 3.18 A). LOX expression was also significantly upregulated through HIF activation at 48 and 

72 hours, and to a lesser (non-significant) extent by TGFβ1 (Figure 3.18 B). There were discernible 

but non-significant increases in mRNA expression of LOXL2 through HIF stabilisation (Figure 3.18 

C), while TGFβ did not induce LOXL2 activity in the AT2 cells. No pro-fibrotic pathway induced 

LOXL3 expression in AT2 cells however HIF stabilisation appeared to suppress its activity (Figure 

3.18 D).  

Taken together, stabilisation of HIF pathways through DMOG appeared to upregulate collagen 

cross-linking enzymes such as PLOD2 and LOX to a greater extent than TGFβ1 in this AT2 cell line. 

However the breadth and magnitude of HIF-mediated collagen cross-linking expression changes in 

AT2 cells was less marked than in lung fibroblasts, possibly indicating less relevance for their role 

in alveolar epithelial function.  
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Figure 3.18: Induction of collagen cross-linking enzymes in alveolar type 2 cells through pro-

fibrotic pathways is less marked than in lung fibroblasts. mRNA expression of 

collagen cross-linking enzymes in the AT2KRAS:V12 epithelial cell line exposed to 

different pro-fibrotic conditions for 24, 48 or 72 hours. mRNA expression of (A) 

PLOD2, (B) LOX, (C) LOXL2, and (D) LOXL3 were determined using the ΔΔ CT method 

with grouped analysis and multiple comparisons (Dunnett’s test). * p< 0.05, ** p < 

0.01, *** p < 0.001, ****p < 0.0001. N=3 experiments. 

As previously described above, LOXL2’s role as a transcription factor for EMT is increasingly 

recognised. With this in mind, the cellular pattern of LOXL2 expression was assessed further in 

AT2 cells cultured on chamber slides under key pro-fibrotic conditions using confocal 

immunofluorescence (Figure 3.19).  

A higher intensity of LOXL2 (green) fluorescence was observed in AT2 cells exposed to DMOG 

compared to TGFβ1 or control. The pattern of staining in all conditions was cytoplasmic, 

suggesting transcriptional activity for LOXL2 at the cell nucleus was not increased by these 

conditions. Staining for actin filaments with phalloidin also enabled a comparison of cytoskeletal 

reconstruction under the four conditional treatments. Compared to control cells, the TGFβ1-

exposed cells appeared to possess longer and more organised actin filaments, while RAS 
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activation through 4-OHT and HIF stabilisation through DMOG resulted in less organised 

phalloidin staining, possibly due to the cells developing an EMT phenotype by becoming more 

motile and undergoing changes in polarisation.  

 
Figure 3.19: Cytoplasmic and perinuclear staining of LOXL2 is increased with HIF stabilisation. 

Confocal immunofluorescence of LOXL2 (green), DAPI (blue) and Phalloidin (red) in 

an AT2 cell line exposed to pro-fibrotic conditions (4-OHT 250nM, TGFβ1 10ng/mL or 

DMOG 1mM) for 48 hours. Signal gain calibrated in DMOG condition and fixed for 

other conditions to enable direct comparison. Scale bar 50μm.  

3.4 Discussion 

Abnormal matrix remodelling in IPF not only impairs respiration through limitations on 

compliance and diffusive capacity, but may even sustain a progressive fibrotic response through 

aberrant mechano-signalling pathways165,168,169,224. Pathological induction of ‘bone-type’ collagen 

cross-linking enzymes such as PLOD2 and the LOX(L) family are likely to be critical mediators of 

this process through accumulation of dense and relatively insoluble pyridinoline cross-links165.  

Control 4OHT

TGFβ1 DMOG
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Using two independent methods of RNA analysis, this study identified significant upregulation of 

bone-type collagen cross-linking enzymes within mesenchymal cells of the fibroblastic foci. The 

cellular source of these enzymes and the pathways which drive their dysregulation have not been 

comprehensively studied before. Historically, the analyses of collagen cross-linking enzymes in IPF 

have focused on serum or whole lung sampling, thereby failing to delineate regional differences in 

their expression165,194. Limitations in conventional in situ staining methodologies have also 

hindered an accurate analysis. In particular, immunohistochemical assays are impaired by the 

predominantly extracellular location of LOX(L) enzymes, leading to ubiquitous staining of matrix 

which lacks insight into the enzyme origins. This is compounded by poor specificity for many of 

the LOX(L) antibodies to their antigenic target, making assessments for specific LOX(L) family 

members difficult to perform193.  

A key finding within the RNA sequencing data was a strong correlation in the expression of PLOD2 

and LOXL2 within the fibroblastic focus, supported by co-localisation of these enzymes within 

individual mesenchymal cells using mRNA in-situ hybridisation. Excessive hydroxylation of lysine 

residues at the collagen telopeptide by PLOD2 is considered a specific fibrotic phenomenon and a 

principal tipping point in pathological stiffening of ECM177. All LOX(L) members are capable of 

oxidising both lysine and hydroxylysine residues to facilitate cross-linking, yet difference in 

substrate selectivity within the individual LOX(L) enzymes is unknown183. The significant 

correlation and co-localisation observed could suggest a preference of LOXL2 for the PLOD2-

induced hydroxylysine residues, over other LOX(L) members. This may also explain the increased 

levels of LOXL2 reported in serum and lung tissue of patients with IPF131,194.  Alternatively, 

common regulatory pathways could be promoting both PLOD2 and LOXL2. For example TGFβ, the 

archetypal pro-fibrotic mediator, is capable of inducing the expression of both enzymes through 

SMAD signalling197,225.   

Intriguingly collagen cross-linking enzyme activity was greatest within mesenchymal cells adjacent 

to the alveolar surface of the fibroblastic foci compartment, suggesting this to be the “active 

front” of matrix remodelling. This finding is in line with a growing body of evidence suggesting the 

alveolar epithelium as the location for fibrogenesis in IPF111,126,215. Induction of collagen cross-

linking enzymes at the leading edge could be due to direct stimulation of mesenchymal cells from 

exogenous exposures entering the interstitium through a maladaptive alveolar barrier. Perhaps 

more likely however is that paracrine signalling from the alveolar epithelium itself is inducing the 

collagen cross-linking activity within mesenchymal cells. For example, in vitro and in vivo studies 

revealed increased mechanical tension on AT2 cells generated a TGFβ-signalling loop which 

generated typical UIP-like patterns of ECM remodelling within mouse lungs126.  In another study, 

disruption of telomere function in AT2 cells (but not mesenchymal cells) was capable of producing 
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a fibrotic response119. Yet the specific regulatory signalling pathways which were inducing 

collagen cross-linking expression at this location were unclear. 

A comparative analysis of pro-fibrotic signalling pathways was subsequently performed on lung 

fibroblasts. Strikingly, HIF stabilisation through DMOG was a potent inducer of both PLOD2 and 

LOXL2, inducing expression fold changes of both enzymes that eclipsed prototypical TGFβ 

signalling.  

HIF signalling has emerged as an important transcriptional mechanism for cellular responses to 

regional environmental changes, chiefly oxygen tension. Our understanding of cellular oxygen 

sensing began just 30 years ago with the identification of the hypoxia response element (HRE) in 

1991 - initially on the erythropoietin gene and subsequently in a diverse range of different cell 

types226,227. A decade of research unveiled the mechanisms of HRE regulation, beginning with the 

identification of a HRE-binding transcription factor (HIF1α) in 1995228, and then the control on HIF 

accumulation in 2001 through prolyl-hydroxylation and VHL degradation229-232. These discoveries 

led to the 2019 Nobel Prize for Physiology and Medicine, as well as innumerable developments of 

HIF pathway relevance in both health and disease.  

HIF proteins are a group of heterodimeric transcription factors which mediate cellular 

responses, primarily to environmental oxygen tension, through the regulation of broad-

ranging gene expression152. These effects are exerted from within the nuclear-located HRE 

when the unstable HIFα subunits bind to the stable HIFβ subunit, forming the stable HIF 

transcription factor150. 

There are three isoforms of the HIFα subunit (HIF1α, HIF2α, and HIF3α). HIF1α and HIF2α isoforms 

are highly conserved within areas such as the basic Helix-Loop-Helix (bHLH) and Per-Arnt-Sim 

(PAS) domains, responsible for DNA binding and dimerisation with HIFβ, thereby reflecting similar 

expression and HIFβ-binding capacity of these two isoforms233. However HIF1α and HIF2α have 

reduced homology in the transactivating domains at the N and C-termini (N-TAD and C-TAD 

respectively) which likely accounts for a divergence in their downstream transcriptional effects. 

HIF3α is even more unique, displaying the ability to dimerise with HIFβ but lacking the same 

transcriptional response, leading to its current perceived role as a negative regulator of HIF 

expression151.  

In normoxia, the HIFα subunit is rapidly degraded before it can dimerise with HIFβ to exert a 

transcriptional effect. This occurs through proline hydroxylation of at least one highly 

conserved HIFα proline residue at the oxygen dependent degradation domain (ODDD) by 
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prolyl hydroxylases (PHDs), which subsequently facilitate the proteosomal degradation of 

HIFα by the von Hippel-Lindau tumour-suppressor protein (VHL) before it can bind to HIFβ234.  

Another oxygen-dependent regulatory mechanism for HIF turnover exists in Factor Inhibiting 

HIF (FIH), an asparaginyl hydroxylase which targets the asparagine 803 residue within the 

HIFα COOH-terminal transactivation domain (CAD), thereby blocking its interaction with 

p300-CREB co-activating proteins in the nucleus220,235. Both PHDs and FIH function in 

normoxia to prevent dimerisation of HIFα with HIFβ at the cell nucleus, and are themselves 

inhibited with varying degrees of hypoxia. 

The PHD family can broadly be differentiated by their function into collagen-PHDs and HIF-

PHDs, which differ in both location and the proline substrates targeted229. HIF-PHDs possess 

catalytic activity which is highly dependent on oxygen tension in the surrounding cellular 

environment, with increased activity at higher oxygen partial pressures. There are 3 known 

HIF-PHDs (PHD1, 2 and 3) which are responsible for the oxygen-dependent HIF 

concentrations. The substrate selectivity and individual roles of each isoform are still a topic 

of ongoing research, although emerging evidence supports PHD2 as the principal regulator of 

hypoxia-mediated HIF-signalling in health and disease236-238. Inhibitors of PHDs, either pan-

PHD inhibitors such as DMOG or selective HIF-PHD inhibitors such as IOX2 (which targets 

PHD2), therefore mimic hypoxia by facilitating the accumulation of HIFα and downstream 

pathway activation through the HIFα/β heterodimer239. 

HIFs are highly expressed in the developing lung, seen as early as 8 weeks into embryological 

development, and are critical to pulmonary organogenesis including neovascularisation and 

airway branching240. Reductions in HIF levels during development or during pre-term delivery may 

lead to significant impairment in respiratory development including alveolar, vascular and 

bronchopulmonary hypoplasia241,242. Following birth and commencement of respiration HIF 

pathway activation in the normal lung declines, and healthy adults have relatively low levels of 

pulmonary HIF expression243.  

HIF pathway dysregulation in adulthood has been implicated in a wide range of pulmonary 

diseases including acute lung injury, pulmonary hypertension, and lung cancer244. However 

the roles of HIF pathway activation in fibrotic interstitial lung diseases such as IPF are less 

well described. In this study it was apparent that the effects of HIF stabilisation on collagen 

cross-linking enzyme induction were more potent in lung fibroblasts than in an AT2 cell line.  

Many HIF effects are pro-fibrotic in nature, including activation of fibroblasts and synergistic 

interaction with TGFβ1/SMAD3 signalling245,246. While immunohistochemical expression of 
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HIF1α and HIF2α expression has been identified within IPF lung tissue the cause or effect 

nature of these expression changes, and the drivers of this pathway activation (such as 

hypoxia) are unclear153,247. Studies examining the effects of HIF pathway activation on ECM 

modification and stiffness are conflicting, and have not been mechanistically explored in 

pulmonary fibrosis248-250. The results of this study therefore raise important questions 

surrounding a possible role for HIF pathways in driving the dysregulated bone-type collagen 

cross-linking enzyme expression in mesenchymal cells, and the downstream biomechanical 

consequences on the IPF ECM.  

3.5 Conclusion 

Using regionally-selective RNA sequencing, collagen cross-linking enzyme expression was found to 

be markedly upregulated within IPF fibroblastic foci compared to healthy and IPF alveolar septae. 

In particular the ‘bone-type’ pyridinoline cross-linking enzymes PLOD2 and LOXL2 were highly 

expressed and exhibited strong correlation, suggesting common mechanisms for their induction. 

In situ mRNA analysis confirmed areas of discrete cross-linking activity within IPF fibroblastic foci, 

identified mesenchymal cells as the source of this activity, and detected substantial co-localisation 

of PLOD2 and LOXL2 within individual mesenchymal cells. In vitro experiments identified HIF 

pathway activation to be a more potent inducer of both PLOD2 and LOXL2 expression in 

fibroblasts than prototypical TGFβ signalling. An understanding of the prevalence, location and 

mechanisms of HIF pathway activation within the IPF lung is required to aid in interpreting these 

findings, and will be reviewed in the next chapter. 
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Chapter 4 HIF Pathways as Key Regulators of Collagen 

Cross-linking Enzyme Expression 

4.1 Introduction 

HIF stabilisation through prolyl hydroxylase (PHD)-inhibiting compounds were previously 

identified as potent stimuli for upregulation of collagen cross-linking enzymes in similar 

patterns to that seen in IPF lung. In particular, PLOD2 and LOXL2 enzyme dysregulation by HIF 

pathway activation was greater than by the conventional pro-fibrotic TGFβ signalling 

pathways. 

PHD inhibitors such as DMOG and IOX2 prevent the VHL-mediated ubiquitination and 

proteosomal degradation of HIFα, thereby mimicking hypoxia in enabling dimerisation of the 

HIFα subunit with HIFβ at the nucleus to promote transcription within the HRE (Figure 4.1).  
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Figure 4.1: Prolyl hydroxylase inhibitors mimic hypoxia to activate HIF pathways through 

stabilisation and accumulation of HIFα. The pan-PHD inhibitor DMOG and selective 

PHD2 inhibitor IOX2 both stabilise HIFα by preventing proteosomal degradation, 

enabling accumulation and dimerisation with HIFβ in the cell nucleus, with 

subsequent HIF pathway transcription at the hypoxic response element (HRE).  

Hypoxia is the conventional means for HIF pathway activation, and may be the mechanism of 

HIFα stabilisation in areas of active fibrosis within the IPF lung153,246. HIF pathways are 

increasingly implicated in IPF pathogenesis, particularly with regard to fibroblast proliferation 
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and activation, but also in association with alveolar epithelial cell apoptosis153,154,156,218,246. 

However a role for HIF pathways as key inducers of pathologic collagen post-translational 

modification has not been explored in IPF. This study therefore sought to confirm HIF 

pathway activation in IPF tissue and analyse the patterns of expression compared to those of 

key collagen cross-linking enzymes. Furthermore, to explore hypoxia as a possible source for 

HIF pathway-mediated collagen cross-linking enzyme activity in the IPF lung, the effects of 

hypoxia on primary lung fibroblasts and alveolar epithelial cells were analysed in vitro.    

4.2 Objectives 

The objectives of this study were to: 

i) Observe patterns of HIF pathway expression in healthy and IPF lung tissue and 

compare this to collagen cross-linking enzyme expression. 

ii) Examine the effects of hypoxia on HIF pathway activation and downstream 

collagen cross-linking enzyme expression in primary healthy and IPF lung 

fibroblasts, and primary alveolar epithelial cells.   

4.3 Results 

4.3.1 HIF pathway expression in IPF tissue 

HIF pathway activation has been observed in IPF tissue, most prominently in areas of fibrogenesis 

surrounding hyperplastic alveolar epithelium and mesenchymal lung fibroblasts153,247. However 

difficulties with antibody selectivity and tissue preparation have left these findings difficult to 

reproduce, and the association between patterns of HIF pathway activation and collagen cross-

linking enzyme expression such as PLOD2 and LOXL2 have not previously been demonstrated.  

This study sought to confirm HIF pathway activation in IPF tissue by measuring key HIF pathway 

markers HIF1α and carbonic anhydrase IX (Ca9), a downstream transcriptional target of HIF which 

is widely used in immunohistochemical studies to reflect HIF stabilisation153,251. Serial sections of 

healthy and IPF lung tissue were examined for expression of HIF1α and Ca9 using an avidin-biotin-

DAB-peroxidase system (Figure 4.2). Adjacent sections were stained with H&E to provide 

architectural reference, and with mRNA in situ hybridisation for key ‘bone type’ collagen cross-

linking enzymes to enable comparison of regional expression.  

Increased expression of HIF1α was seen in IPF alveolar septae compared to healthy septae, with 

cytoplasmic and nuclear staining of alveolar epithelial cells as well as smooth muscle cells within 
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vessel walls. Membranous and nuclear staining for Ca9 was seen in both healthy and IPF alveolar 

epithelial cells, however there appeared to be a greater proportion of positively stained cells in 

IPF tissue, as well as a stronger intensity of staining within IPF blood vessels.  

HEALTHY IPF

H&E

HIF1α

Ca9

 
Figure 4.2: Markers of HIF pathway activation are increased within IPF alveolar septae. H&E 

staining (top row) and IHC staining for HIF1α (middle row) and Ca9 (bottom row) of 

serial sections of healthy and IPF human lung tissue. IHC staining was performed for 

each protein of interest using an avidin-biotin-DAB-peroxidase system (brown). 

Sections were counterstained with haematoxylin (blue). Staining representative of 

N=3 healthy and 5 IPF donors. Scale bar 50μm. 

As previously described, bone-type collagen cross-linking enzymes were highly expressed within 

IPF fibroblastic foci compared to surrounding IPF tissue and healthy lung donor tissue. HIF1α and 

Ca9 expression was observed in mesenchymal cells within the IPF fibroblastic foci (Figure 4.3). 

Furthermore, individual mesenchymal cells within the foci which expressed markers of HIF 

pathway activation also co-expressed PLOD2 and LOXL2 (Figure 4.3 insets).  
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Figure 4.3: Mesenchymal cells within IPF fibroblastic foci co-express markers of HIF pathway 

activation and collagen cross-linking enzyme activity. Adjacent histopathological 

sections of IPF tissue were examined with H&E staining (top row), mRNA in-situ 

hybridisation for bone-type collagen cross-linking enzymes (LOXL2 green channel, 

PLOD2 red channel, second row) and IHC staining for markers of HIF pathway 

activation (Ca9, third row, and HIF1α, bottom row). IHC staining was performed using 

an avidin-biotin-DAB-peroxidase system for protein of interest (brown). Sections 

were counterstained with haematoxylin (blue). Staining representative of 5 IPF 

donors. Scale bar 50μm. 

Markers of HIF pathway activation were also seen in the hyperplastic alveolar epithelium 

overlying fibroblastic foci (Figure 4.4). As previously described, collagen cross-linking enzyme 

activity was most intense in mesenchymal cells within IPF fibroblastic foci that were in close 

proximity to this alveolar epithelium, and diminished with distance from the ‘leading edge’.  
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Figure 4.4: Markers of HIF pathway activation are expressed in hyperplastic alveolar epithelium 

overlying IPF fibroblastic foci. Adjacent histopathological sections of IPF tissue were 

examined with H&E staining (top left), mRNA in-situ hybridisation (LOXL2 green 

channel, PLOD2 red channel, top right) and markers of HIF pathway activation using 

IHC for HIF1α (bottom left) and Ca9 (bottom right). IHC staining was performed using 

an avidin-biotin-DAB-peroxidase system for protein of interest (brown). Sections 

were counterstained with haematoxylin (blue). Images representative of 3 healthy 

and 3 IPF donors. Scale bar 50μm. 

4.3.2 Comparative effects of hypoxia on HIF pathway activation in healthy and IPF lung 

fibroblasts 

Following the identification of HIF pathway activation within IPF tissue, both in mesenchymal cells 

within the fibroblastic foci and in the alveolar epithelium overlying the foci, further in vitro 

experiments were performed to establish the relevance of HIF accumulation to the collagen cross-

linking activity of alveolar epithelial cells and lung fibroblasts. A comparison of fibroblasts from 

healthy and IPF donors was performed to determine if functional differences existed in HIF and 

collagen cross-linking responses.  

To reflect the mechanisms by which HIF pathway activation occurs in the IPF lung, hypoxia was 

used to stabilise HIFα proteins (1% environmental O2, equating to a PO2 of 7.6mmHg at sea level). 

Lung fibroblasts from three healthy and three IPF donors each were plated and incubated in 

parallel (in a standard incubator with ambient O2 levels), and exposed to 1% O2 for either 0, 24 or 

48 hours before immediate harvest while still in the hypoxic environment (if applicable). Cell 

confluence was carefully controlled by plating and harvesting cells at the same time, but 
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staggering the time of hypoxia exposure. Gene expression changes were identified at the mRNA 

level using RTqPCR and at the protein level using western blotting.  

Following exposure to either 24 or 48 hours of 1% O2, both healthy and IPF lung fibroblasts 

demonstrated marked increases in expression of the downstream HIF pathway marker Ca9 

(Figure 4.5 A). Presumably in response to HIFα stabilisation and accumulation within the cell, 

hypoxic conditions for 24 or 48 hours resulted in a marked downregulation of HIF1α (Figure 4.5 B) 

and HIF2α (Figure 4.5 C) expression compared to healthy and IPF lung fibroblasts cultured in 

normoxia. In contrast, the mRNA expression of HIF3α (Figure 4.5 D) was increased in both healthy 

and IPF fibroblasts exposed to the hypoxic environment, likely explained by its regulatory role in 

negative feedback of HIF1α and HIF2α. Notably, IPF fibroblasts cultured in normoxia had greater 

expression of HIF3α than healthy fibroblasts, suggesting an enhanced role for negative feedback 

on HIF pathway activation (Figure 4.5 D).  

 

 

 



Chapter 4 

101 

 
Figure 4.5: Responses in HIF pathway activation to hypoxia in healthy and IPF lung fibroblasts. 

mRNA expression of (A) Ca9, (B) HIF1α, (C) HIF2α and (D) HIF3α in healthy and IPF 

primary fibroblasts exposed to 1% O2 for 0, 24 or 48 hours. mRNA expression levels 

were determined using the ΔΔ CT method with grouped analysis and multiple 

comparisons (Dunnett’s test). * p< 0.05, ** p < 0.01, *** p < 0.001, N=3 healthy and 

3 IPF donors, with experiments performed in duplicate. 

HIFα proteins are in constant turnover, with production dependent on gene expression and 

translation while degradation is dependent on the activity of HIF-PHDs and FIH. Therefore while 

informative, HIF mRNA expression alone represents only part of the HIF response. To quantify 

protein expression of HIFα, western blotting was performed in an identical experiment on lung 

fibroblasts from 3 healthy and 3 IPF donors exposed to 1% O2 for 0, 24 and 48 hours (Figure 4.6).  

Healthy lung fibroblasts exposed to hypoxia for 24 or 48 hours exhibited increased expression of 

HIF1α, HIF2α and HIF3α (Figure 4.6 A). Densitometry analysis of blots from three separate healthy 

donors confirmed HIFα stabilisation and accumulation for all three subunits (Figure 4.6 B-D). 
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Figure 4.6: Hypoxia stabilises all three HIFα subunits in lung fibroblasts from healthy donors. (A) 

Western blotting for HIFα in early passage healthy primary lung fibroblasts exposed 

to 0, 24 or 48 hours of hypoxia. Blot representative of 3 separate healthy donors. β-

actin was used as a loading control. Densitometry analysis demonstrating protein 

expression of (B) HIF1α, (C) HIF2α and (D) HIF3α normalised to β–actin. Grouped 

analysis and multiple comparisons (Dunnett’s test). * p< 0.05. N=3 healthy donors, 

with experiments performed in duplicate.  

 

Conversely, exposure of IPF fibroblasts to 1% O2 for 24 or 48 hours was associated with an 

accumulation of HIF1α and HIF2α protein yet a reduction in the presence of HIF3α (Figure 4.7 A). 

Densitometry analysis of fibroblasts from all three IPF donors confirmed a consistent increase in 

HIF1α (Figure 4.7 B) and HIF2α (Figure 4.7 C) expression after exposure to 1% O2, with no 

difference observed between 24 and 48 hours. Contrary to healthy lung fibroblasts, IPF fibroblast 

HIF3α protein expression was consistently reduced after exposure to hypoxia for 24 or 48 hours in 

all three donors (Figure 4.7 D).   
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Figure 4.7: Hypoxia results in stabilisation of HIF1α and HIF2α but not HIF3α in IPF fibroblasts. 

(A) Western blotting for HIFα in early passage IPF primary lung fibroblasts exposed to 

0, 24 or 48 hours of hypoxia. Blot representative of 3 separate IPF donors. β-actin 

was used as a loading control. Densitometry analysis demonstrating protein 

expression of (B) HIF1α, (C) HIF2α and (D) HIF3α normalised to β–actin. Grouped 

analysis and multiple comparisons (Dunnett’s test). * p< 0.05, ** p < 0.01, **** p < 

0.0001, N=3 IPF donors, with experiments performed in duplicate. 

 

Taken together, hypoxia led to stabilisation of HIF1α and HIF2α in lung fibroblasts from both 

healthy and IPF donors, with an increase in cellular protein expression and decline in mRNA 

expression, possibly due to negative feedback. Of particular significance, HIF3α stabilisation was 

seen in fibroblasts from healthy donors only, with increases in both mRNA and protein expression 

indicative of a growing regulatory feedback mechanism in response to the prolonged hypoxic 

conditions. Contrastingly, there was an apparent loss of HIF3α protein in fibroblasts from IPF 

donors following exposure to hypoxia, and higher baseline HIF3α mRNA expression in normoxia 
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than in healthy fibroblasts. These results could suggest an increase in HIF3α turnover, possibly in 

response to excessive conditions of HIF pathway activation.  

4.3.3 Effects of hypoxia on collagen cross-linking enzyme induction in lung fibroblasts from 

healthy and IPF donors 

A comparative analysis of collagen I and collagen cross-linking enzyme induction was 

subsequently performed in lung fibroblasts from healthy and IPF donors exposed to hypoxia for 0, 

24 or 48 hours.  

Both healthy and IPF lung fibroblasts exhibited increased PLOD2 expression after exposure to 1% 

O2 (Figure 4.8 A). Although there was some heterogeneity between donors, mean expression 

levels were similar between 24 hour and 48 hour hypoxia exposure. Surprisingly, LOXL2 

expression was increased in healthy lung fibroblasts exposed to hypoxia, but not in IPF fibroblasts 

(Figure 4.8 B). Notably, levels of LOXL2 expression appeared higher in IPF compared to healthy 

fibroblasts at baseline (ambient air), and the overall expression levels of LOXL2 in IPF fibroblasts 

were elevated to a similar threshold seen in healthy fibroblasts exposed to hypoxia, suggesting a 

blunted hypoxic response in LOXL2 induction due to higher baseline expression levels. LOXL3 

expression appeared unaffected by hypoxia in lung fibroblasts from either healthy or IPF donors 

(Figure 4.8 C). Notably, a small but significant increase in collagen I gene induction was seen with 

healthy fibroblasts to hypoxia for 24 or 48 hours, while no detectable change was observed in IPF 

fibroblasts (Figure 4.8 D). 
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Figure 4.8: A blunted response to hypoxia is seen on collagen cross-linking enzyme induction in 

IPF fibroblasts. mRNA expression of (A) PLOD2, (B) LOXL2, (C) LOXL3 and (D) COL1A1 

in healthy and IPF primary fibroblasts exposed to 1% O2 for 0, 24 or 48 hours. mRNA 

expression levels were determined using the ΔΔ CT method with grouped analysis 

and multiple comparisons (Dunnett’s test). * p< 0.05, ** p < 0.01, *** p < 0.001, N=3 

healthy and 3 IPF donors, with experiments performed in duplicate. 

Western blotting was performed to determine protein expression of the key ‘bone-type’ collagen 

cross-linking genes PLOD2 and LOXL2 (Figure 4.9). PLOD2 expression gradually increased in 

fibroblasts from healthy donors exposed to hypoxia, however this effect was not seen in 

fibroblasts from IPF donors (Figure 4.9 A, B). Similarly, increases in LOXL2 expression were 

demonstrated in both healthy and IPF lung fibroblasts exposed to hypoxia however the 

magnitude of increase from baseline was much lower in fibroblasts from IPF donors (Figure 4.9 A, 

C). Of interest, both PLOD2 and LOXL2 expression were relatively increased in IPF fibroblasts 

compared to healthy fibroblasts in baseline normoxic conditions (although not statistically 
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significant), which could explain the reduced response to hypoxia compared to fibroblasts from 

healthy donors (Figure 4.9 A-C).  
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Figure 4.9: Blunted effects of hypoxia on collagen cross-linking enzymes in IPF fibroblasts could 

be due to higher baseline levels compared to healthy fibroblasts in normoxia. 

Western blotting for PLOD2 and LOXL2 in early passage IPF primary lung fibroblasts 

exposed to 0, 24 or 48 hours of hypoxia. (A) Blot representative of 3 separate healthy 

and IPF donors. Densitometry analysis of western blots from 3 separate healthy and 

IPF donors exposed to hypoxia for 0, 24 or 48 hours demonstrating protein 

expression of (B) PLOD2 and (C) LOXL2 normalised to β–actin. Grouped analysis and 

multiple comparisons (Dunnett’s test). * p< 0.05, ** p < 0.01, N=3 healthy and 3 IPF 

donors, with experiments performed in duplicate. 
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4.3.4 Effects of hypoxia on HIF pathway activation in primary alveolar epithelial cells 

Results from this study have thus far established collagen cross-linking enzyme induction to be 

highest in mesenchymal cells near the alveolar epithelial edge of the IPF fibroblastic foci, and that 

markers of HIF pathway activation are present in both these mesenchymal cells and in the 

neighbouring alveolar epithelial cells. The HIF response within primary alveolar epithelial cells 

exposed to hypoxia is therefore of interest. Primary alveolar epithelial cells were thawed and 

cultured on collagen-coated wells prior to exposure to 1% O2 for 0, 24 or 48 hours. Similarly to the 

previous experiment with fibroblasts, the plating and lysis of the alveolar epithelial cells in 

different conditional treatments was kept the same, while exposure to hypoxia was staggered 

depending on the length of treatment for each condition. Gene expression at the mRNA level was 

analysed using real time qPCR, and at the protein level with western blotting.  

Primary alveolar epithelial cells exposed to hypoxia demonstrated marked increases in Ca9 

expression, with one donor line exhibiting much greater changes in expression than the 2 other 

donor samples (Figure 4.10 A). The alveolar epithelial cells also exhibited significant reduction in 

HIF1α and HIF2α mRNA expression consistent with a negative feedback loop from stabilisation 

and accumulation of HIFα protein (Figure 4.10 B-C). Concordant with the pattern seen in lung 

fibroblasts, expression of HIF3α was increased in alveolar epithelial cells exposed to hypoxia, 

although there was substantial variation in the degree of upregulation (Figure 4.10 D).  
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Figure 4.10: Primary alveolar epithelial cells demonstrate similar HIFα expression patterns to 

healthy lung fibroblasts. mRNA expression of (A) Ca9, (B) HIF1α, (C) HIF2α, and (D) 

HIF3α in healthy alveolar epithelial cells exposed to 1% O2 for 0, 24 or 48 hours. 

mRNA expression levels were determined using the ΔΔ CT method with grouped 

analysis and multiple comparisons (Dunnett’s test). * p< 0.05, ** p < 0.01, N=3 

healthy donors, with experiments performed in duplicate. 

 

4.3.5 Effects of hypoxia on collagen cross-linking enzymes in primary alveolar epithelial 

cells 

The expression of collagen cross-linking enzymes in the primary alveolar epithelial cells were 

subsequently examined. Primary healthy alveolar epithelial cells exposed to hypoxia for 24 or 48 

hours demonstrated increased mRNA expression of PLOD2 (Figure 4.11 A), with high concordance 

between individual donors. In contrast, the expression of LOX and LOXL2 (Figure 4.11 B-C) was 
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generally increased in primary alveolar epithelial cells exposed to hypoxia however with 

significant heterogeneity in the magnitude of response between donors, leading to a statistically 

non-significant effect overall. Similar to patterns seen in both healthy and IPF fibroblasts, the 

expression of LOXL3 in primary alveolar epithelial cells did not appear to be affected by hypoxia 

(Figure 4.11 D).   

 
Figure 4.11: Hypoxic expression of PLOD2 and LOX(L) enzymes in primary alveolar epithelial 

cells. mRNA expression of (A) PLOD2, (B) LOX, (C) LOXL2 and (D) LOXL3 in healthy 

alveolar type 2 epithelial cells exposed to 1% O2 for 0, 24 or 48 hours. mRNA 

expression levels were determined using the ΔΔ CT method with grouped analysis 

and multiple comparisons (Dunnett’s test). ** p< 0.01, *** p < 0.001, N=3 healthy 

donors, with experiments performed in duplicate. 
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Western blotting was performed on protein lysate from the alveolar epithelial cells (Figure 4.12). 

One of the three donors demonstrated increases in both LOXL2 and PLOD2 expression, while 

another demonstrated PLOD2 upregulation only. The final donor did not demonstrate any 

detectable PLOD2 or LOXL2 expression at 0, 24 or 48 hours despite the presence of β-actin in the 

cell lysate, suggesting the response to hypoxia of collagen cross-linking induction in alveolar 

epithelial cells is variable and donor dependent.  

 

 
Figure 4.12: Collagen cross-linking induction in primary alveolar epithelial cells exposed to 

normoxia or hypoxia was highly variable between donors (A) Western blotting for 

LOXL2 and PLOD2 in healthy primary AT2 cells exposed to 0, 24 or 48 hours of 

hypoxia. Densitometry analysis demonstrates cellular expression for (B) PLOD2 in 2 

out of 3 donors and for (C) LOXL2 in 1 out of 2 donors. β-actin was used as a loading 

control. N=3 healthy donors, with experiments performed in duplicate.   
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Similarly, the induction of collagen gene expression was variable between primary alveolar 

epithelial cell donors, with minimal changes in COL1A1 and COL3A1 expression in 2 donors and 

moderate induction in 1 donor (Figure 4.13 A). 

 

 
Figure 4.13: Primary alveolar epithelial cells exposed to hypoxia do not demonstrate significant 

changes in collagen expression. mRNA expression of (A) COL1A1 and (B) COL3A1 in 

healthy alveolar type 2 epithelial cells exposed to 1% O2 for 0, 24 or 48 hours. mRNA 

expression levels were determined using the ΔΔ CT method with grouped analysis 

and multiple comparisons (Dunnett’s test). N=3 healthy and 3 IPF donors. 

Taken together, significant donor variability was observed in primary alveolar epithelial cell 

responses to hypoxia, although in general it appears that a low oxygen environment is capable of 

promoting HIF pathway activation within alveolar epithelial cells as well as collagen cross-linking 

enzyme induction.  
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4.4 Discussion 

HIF pathway activation has previously been demonstrated in IPF tissue, most prominently in areas 

of active fibrosis within hyperplastic alveolar epithelium and myofibroblasts153,247. Here these 

findings were confirmed using immunohistochemical analysis, and the expression patterns of HIF 

pathway markers were compared to collagen cross-linking induction. Both the fibroblastic foci 

and the overlying hyperplastic alveolar epithelium strongly expressed HIF1α and Ca9, and this was 

associated with areas of increased PLOD2 and LOXL2 mRNA expression on adjacent sections.  

On closer examination the individual cells which co-expressed PLOD2 and LOXL2 also stained 

positive for HIF1α, and the greatest expression of both HIF and collagen cross-linking enzymes 

were located within or adjacent to the alveolar epithelial barrier overlying IPF fibroblastic foci. 

While this association should not be mistaken for a correlation, it leads to an intriguing hypothesis 

that HIF pathway activation at the alveolar epithelium may be a key regulatory driver of the 

increased PLOD2 and LOXL2 activity observed in IPF fibroblastic foci. Consistent with our current 

understanding of IPF pathogenesis, it is possible that stimuli at the alveolar surface (recurrent 

alveolar micro-injuries) or predisposing traits within the alveolar cells themselves (pathogenetic 

abnormalities) promote the stabilisation of HIF in an immediate regional distribution. HIF pathway 

activation could be a key contributor to alveolar epithelial dysfunction and apoptosis in IPF154. 

Furthermore, HIF activation at the alveolar epithelium may be responsible for mesenchymal cell 

recruitment, proliferation and activity, leading to the conglomeration of matrix-producing cells 

and formation of a fibroblastic focus153,218,246.  Finally, results from this study suggest HIF pathways 

could induce the activity of key collagen cross-linking enzymes within both AT2 and mesenchymal 

cells, although the biomechanical effects of this induction remain to be seen.  

Hypoxia was chosen in this study as a physiologically-relevant mechanism to stabilise HIF, and 

other studies investigating HIF pathways in IPF have also used hypoxia153,154,218,246. While hypoxia 

and HIF pathways are sometimes (mistakenly) considered synonymous, hypoxia has a broader 

effect on cell behaviour, such as changes to alveolar epithelial metabolic and ion-transport 

functions252. The degree of hypoxia is also important, and while there is no accepted definition for 

a ‘hypoxic threshold’, a PO2 of 8-10mmHg (1% O2 at sea level) has been observed to cause 

maladaptive effects in tissue and tumours, and is commonly used for in vitro experiments253. 

Notably, cellular behaviour can change with different levels of hypoxia. For example lung 

fibroblast proliferation may be increased with 2% O2 yet reduced with 0.1% O2
254. HIF stabilisation 

is also likely to be affected by the absolute O2 concentration, with PHD inhibition more 

susceptible to relatively ‘milder’ hypoxic conditions while FIH suppression requiring more extreme 
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degrees of hypoxia255. It is thus imperative to recognise these limitations when working with 

hypoxia to investigate the effects of HIF pathway activation.  

Markers of HIF pathway activation were found within mesenchymal cells of the IPF 

fibroblastic foci as well as the overlying alveolar epithelium. This pattern of expression could 

be considered unusual if hypoxia was the underlying trigger, with a hypoxic gradient 

expected to occur in regions distant to the alveolar surface. Furthermore, if hypoxia were to 

incite HIF-mediated collagen cross-linking enzyme induction, it might be anticipated that 

expression of enzymes such as PLOD2 and LOXL2 would be highest within the fibrotic foci 

core, rather than along the alveolar edge. These patterns point toward possible other 

sources of HIF stabilisation, which arise specifically from the alveolar epithelium. Indeed if 

HIF pathway activation is likely to have a role in the early IPF disease process then it would be 

counter-intuitive to assume this occurs through hypoxia alone, as cellular O2 tension in 

epithelial cells and fibroblasts are unlikely to be significantly altered in early disease when 

remodelling of lung architecture and subsequent respiratory failure is yet to take place.  

Hypoxia is not the only modulator of HIF-PHD activity (and thus HIF expression). While the 

precise mechanisms remain controversial, oxidative stress from mitochondrial reactive 

oxygen species (ROS) such as hydrogen peroxide, nitric oxide and glucose oxidase are capable 

of promoting HIF expression through inhibitory effects on HIF hydroxylases256. PHD activity is 

also affected by iron, ascorbate and metabolic intermediates of cellular adenosine 

triphosphate production such as fumarate, succinate, lactate and pyruvate150,257-259. Although 

this hypothesis remains to be explored oxidative stress is recognised to occur with recurrent 

epithelial micro-injury and could stabilise HIF1α under normoxic conditions, thereby 

accounting for HIF dysregulation in early disease256. Nonetheless, as a key environmental 

condition for which HIF pathway regulation exists, hypoxia serves as a useful tool for the 

analysis of cell-specific HIF responses.  

Differences in the hypoxia-HIF response of lung fibroblasts from healthy and IPF donors were 

observed in this study. In particular, a divergence in HIF3α stability was seen, with accumulation in 

healthy fibroblasts but a decline in IPF fibroblasts. This was despite enhanced baseline levels of 

HIF3α mRNA expression in IPF fibroblasts, suggesting the difference was due to either impaired 

translation or increased turnover of HIF3α in IPF fibroblasts. The cause of these differences is 

unclear, however the effect is likely to be maladaptive, with HIF3α thought to regulate the 

transcriptional effects of HIF1α and HIF2α by competitively binding HIFβ260. The HIF3α/β complex 

has relatively few transcriptional effects compared to HIF1α and 2α-mediated pathways, yet it 

possesses a similar ODDD (albeit with only one proline residue as opposed to 2 residues in both 
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HIF1α and 2α)261. A loss of HIF3α stabilisation in hypoxia could conceivably leave cellular activities 

vulnerable to excessive HIF1α and HIF2α-mediated transcriptional effects.  

These findings correlate with the results of another group that have recently identified HIF3α 

expression to be reduced in IPF fibroblasts compared to healthy lung fibroblasts in normoxia218. 

While they did not assess the response to hypoxia over time, they also found baseline HIF1α and 

HIF2α expression to be increased in IPF compared to healthy lung fibroblasts. That finding could 

not be reproduced in this study, possibly due to differences in sample size and cellular processing 

prior to culture, however their findings raise an important question regarding baseline levels of 

HIF expression in IPF lung cells (irrespective to hypoxic conditions). Intrinsically greater levels of 

HIF pathway activation, either through enhanced HIF1/2α stability or loss of HIF3α regulation (or 

both), could sustain excessive collagen cross-linking activity regardless of environmental oxygen 

levels. Such an effect may explain the blunted response of hypoxia on the in vitro IPF fibroblast 

induction of collagen cross-linking enzymes in this study.   

The extension of in vitro hypoxia experiments to primary AT2 cells was intended to provide 

insights into the behaviour of an alveolar epithelial barrier under hypoxic stress, with particular 

attention to the HIF response on matrix remodelling through collagen cross-linking enzymes. 

Primary AT2 cells are extremely challenging to work with as they are highly sensitive to 

environmental stimuli and quickly undergo senescence262. These difficulties were compounded by 

the inability to monitor AT2 cell health and behaviour microscopically while in hypoxic culture. In 

each donor induction of CA9 was identified and so plausibly the variation in PLOD2 and LOXL2 

expression identified between donors could reflect donor specific differences in the response of 

AT2 cells to hypoxia or the transition towards a mesenchymal cell phenotype during cell 

culture.  The low number of donors in this experiment limits further interpretation and repeat 

experiments with an expanded donor cohort would provide further insight. 

 

4.5 Conclusion 

In summary, markers of HIF pathway activation within IPF tissue were identified, and co-localised 

with collagen cross-linking enzyme induction at the ‘leading edge’ of the fibroblastic focus. A 

mechanism for HIF-induced dysregulation of collagen cross-linking enzyme induction through 

hypoxia was confirmed in vitro, with key differences in both the HIF response and collagen cross-

linking enzyme induction to hypoxia in lung fibroblasts from healthy and IPF donors. While these 

results support an emerging relationship between HIF pathway activation and dysregulated 
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activity of collagen cross-linking enzymes, the downstream biomechanical effects of these 

changes on collagen fibril structure and function remain unknown. 
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Chapter 5 Functional Effects of HIF Pathway Mediated 

Collagen Cross-linking Enzyme Dysregulation 

5.1 Introduction  

The premise for this study was based on the key finding that matrix stiffness in IPF lung 

correlates not with collagen quantity but with the density of mature trivalent pyridinoline 

cross-links, which are the product of PLOD2-mediated hydroxylation of lysine residues at the 

collagen telopeptide, followed by LOX(L)-mediated oxidative deamination of these 

precursors165. TGFβ1 signalling has conventionally been viewed as the critical driver of 

aberrant matrix changes in IPF, including upregulation of these ‘bone-type’ collagen cross-

links126,138,140,141,217.  

However this study has identified HIF stabilisation as an alternative and potentially more 

potent mediator of these enzymes, and confirmed HIF pathway activation in IPF tissue at 

corresponding sites to active collagen cross-linking. Given both TGFβ and HIF pathways may 

have relevance to ECM remodelling in IPF, a closer analysis of their individual and combined 

effects on collagen gene induction and cross-linking enzyme activity in IPF lung fibroblasts is 

warranted.  

While TGFβ-mediated biomechanical effects on ECM have been well documented, the 

downstream effects of HIF-mediated promotion of collagen cross-linking enzymes on tissue 

stiffness remain controversial, with some studies suggesting increases in stiffness while 

others demonstrating a reduction248-250. In addition to this, the effects of these HIF pathways 

on the mechanical properties of matrix have never been considered in the remit of 

pulmonary fibrosis, where such changes can have profound effects on both respiratory 

physiology and fibrotic progression.  

It is therefore critical to determine the effects of HIF pathway-mediated dysregulation of 

collagen cross-linking enzymes on collagen nano-architecture and matrix compliance as 

might be seen within the IPF lung, to further our understanding on the biomechanical effects 

of these changes.  
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5.2 Objectives 

The objectives of this study were to: 

i) To investigate the effects of HIF pathway activation with and without TGFβ 

signalling on the expression of collagen cross-linking enzyme and collagen 

fibrillogenesis genes in primary IPF lung fibroblasts. 

ii) To explore the downstream effects of HIF pathway activation on collagen 

fibrillogenesis, tissue stiffness and collagen nano-architecture using an in vitro 

3D fibroblastic foci model. 

 

5.3 Results 

5.3.1 Effects of HIF stabilisation through pan-prolyl hydroxylase inhibition with and 

without TGFβ signalling on collagen cross-linking enzyme induction in IPF lung 

fibroblasts 

Using the pan-prolyl hydroxylase inhibitor DMOG, the downstream effects of HIF pathway 

activation on the expression of collagen fibrillogenesis and collagen cross-linking enzyme 

expression in IPF fibroblasts were examined. Primary lung fibroblasts from 3 IPF donors were 

exposed to either vehicle control (DMSO 1%), DMOG 1mM, TGFβ1 10ng/mL or both DMOG 1mM 

+ TGFβ1 10ng/mL for 48 hours before harvesting for mRNA and protein. 

Expression of collagen cross-linking enzymes was examined using RTqPCR (Figure 5.1). PLOD2 was 

only modestly and non-significantly increased with TGFβ exposure yet markedly elevated with 

DMOG-mediated HIF stabilisation (Figure 5.1 A). Furthermore the combination of TGFβ1 

signalling and HIF stabilisation had a synergistic effect on PLOD2 expression that was greater than 

the sum of individual signalling pathways.   

Mean LOX expression was equally increased with exposure to TGFβ1 or DMOG while combination 

exposures demonstrated an additive effect (Figure 5.1 B). LOXL2 expression was more 

prominently expressed with DMOG exposure than with TGFβ1, and similarly to LOX expression 

the combination DMOG + TGFβ1 conditions had an additive effect on LOXL2 upregulation (Figure 

5.1 C). By contrast LOXL3 upregulation appeared greater with TGFβ1 exposure compared to HIF 

pathway induction through DMOG, yet the effect of combination treatment also appeared 

additive (Figure 5.1 D).   
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Figure 5.1: Combined TGFβ1 and HIF signalling have synergistic effects on PLOD2 expression and 

additive effects on LOX(L) expression in IPF fibroblasts. mRNA expression of (A) 

PLOD2, (B) LOX, (C) LOXL2 and (D) LOXL3  in IPF fibroblasts exposed to TGFβ1 

10ng/mL, DMOG 1mM or both for 48 hours. mRNA expression levels were 

determined using the ΔΔ CT method with grouped analysis and multiple comparisons 

(Dunnett’s test). * p< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. N=3 IPF 

donors, with experiments performed in duplicate. 

To determine the individual and combined effects of TGFβ and HIF signalling on collagen 

fibrillogenesis, mRNA expression of COL1A1 and COL3A1 was also assessed (Figure 5.2). Both 

COL1A1 (Figure 5.2 A) and COL3A1 (Figure 5.2 B) expression was significantly increased with 

TGFβ1 alone. HIF pathway activation through DMOG however appeared to have no effect on 

COL1A1 or COL3A1 expression. Furthermore the addition of DMOG appeared to dampen the 

TGFβ1 effect on promoting collagen gene upregulation (Figure 5.2 A-B). 
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Figure 5.2: TGFβ1 signalling but not HIF stabilisation induces the expression of key interstitial 

collagen genes. mRNA expression of (A) COL1A1 and (B) COL3A1 in IPF fibroblasts 

exposed to exposed to TGFβ1 10ng/mL, DMOG 1mM or both for 48 hours. mRNA 

expression levels were determined using the ΔΔ CT method with grouped analysis 

and multiple comparisons (Dunnett’s test). * p< 0.05. N=3 IPF donors, with 

experiments performed in duplicate. 

 

Considering these findings together, the effects of HIF stabilisation on IPF fibroblasts were similar 

to that seen in healthy lung fibroblasts in earlier experiments, with a greater effect than TGFβ1 in 

promoting PLOD2 and LOXL2 mRNA expression. Additionally synergism between HIF stabilisation 

and TGFβ1 signalling was observed to augment PLOD2 expression to greater levels than the 

additive effects of either pathway alone. By comparison the effect of combined HIF and TGFβ1 

signalling on LOX(L) enzyme expression was no greater than the sum of each individual pathway 

alone.   

Notably TGFβ1 signalling but not HIF pathway activation upregulated expression of key interstitial 

collagen genes COL1A1 and COL3A1, implying that HIF pathways and TGFβ1 pathways may have 

different influences on collagen biosynthesis within lung fibroblast ECM.  

To better understand the differences in effects on collagen fibrillogenesis of HIF and TGFβ1 the 

normalised Cycle threshold (Ct) values were analysed from key collagen cross-linking enzymes 

PLOD2 and LOXL2, and divided them by the normalised Ct values of the COL1A1 and COL3A1 

expression, giving an indication of the proportion of collagen cross-linking enzyme expression 

relative to collagen fibrillogenesis expression for each treatment condition (Figure 5.3).   
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Using this ratio, TGFβ1 signalling did not appear to influence the proportionate expression of 

collagen cross-linking enzymes to collagen fibrillogenesis genes. Specifically, PLOD2 to COL1A1 

(Figure 5.3 A), PLOD2 to COL3A1 (Figure 5.3 B), LOXL2 to COL1A1 (Figure 5.3 C) and LOXL2 to 

COL3A1 (Figure 5.3 D) ratios in TGFβ1 conditions were unchanged compared to control.  

By comparison HIF stabilisation with DMOG was identified to significantly disrupt proportionate 

expression of collagen cross-linking enzymes relative to interstitial collagen genes. Mean ratios of 

PLOD2 expression to collagen fibrillogenesis were elevated to 10 times that of control (Figure 5.3 

A-B), while ratios of LOXL2 to collagen gene was elevated to greater than 5 times control ratios 

(Figure 5.3 C-D).  The combined HIF and TGFβ1 treatment produced different effects on the 

PLOD2-COL1A1/3A1 ratios compared to the LOXL2-COL1A1/3A1 ratios. Combined TGFβ1 and HIF 

signalling elicited an enhanced disruption of PLOD2 to collagen expression ratios compared to HIF 

stabilisation alone (Figure 5.3 A-B). Contrastingly, the addition of TGFβ1 signalling to HIF pathway 

activation reduced the disruption of the LOXL2-COL1A1 and LOXL2-COL3A1 ratios compared to 

HIF stabilisation alone (Figure 5.3 C-D).  
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Figure 5.3: Proportionate expression of cross-linking enzymes to interstitial collagen genes is 

significantly disrupted by HIF pathways. Ratios of normalised mRNA expression of 

(A-B) PLOD2 and (C-D) LOXL2 divided by COL1A1 and COL3A1 in IPF fibroblasts 

exposed to DMOG 1mM, TGFβ1 10ng/mL or both. mRNA expression levels were 

determined using the ΔΔ CT method with grouped analysis and multiple comparisons 

(Dunnett’s test). ** p < 0.01, *** p < 0.001. N=3 IPF donors, with experiments 

performed in duplicate. 

While the gene expression patterns are not the most accurate method for assessing the degree of 

collagen fibrillogenesis and cross-linking activity occurring in lung fibroblast ECM, these results 

suggest HIF stabilisation through DMOG promotes collagen cross-linking enzymes without 

necessarily increasing collagen fibrillogenesis, which may lead to excessive modification of pre-

existing collagen molecules with a higher density of mature pyridinoline cross-links. Contrastingly 

TGFβ1 appears to upregulate expression of collagen fibrillogenesis genes in a proportionate 

manner to the level of collagen cross-linking enzymes induction. Of particular interest, the 
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combined TGFβ1 and HIF signalling treatment profoundly increased the proportion of PLOD2 

expression to collagen fibrillogenesis, but was less effective at disrupting the ratios of LOX(L) 

enzymes to collagen genes than HIF pathways alone. 

5.3.2 Testing HIF stabilisation through pan-prolyl hydroxylase inhibition in a 3D 

fibroblastic focus model 

These results provided sufficient evidence to proceed with a long-term culture 3D fibroblastic 

focus model in order to investigate the functional effects of HIF pathways on lung fibroblast ECM. 

This model uses fibroblasts from IPF donors grown on transwells in optimised culture media. 

Media is replaced 3 times per week and contains necessary components for ECM production 

including freshly prepared ascorbic acid. After a week of culture, TGFβ1 is added to induce 

homogenous contraction of the fibroblast sheet, forming spheroids of lung fibroblasts within ECM 

that mimics fibroblastic foci. To promote maturation of collagen fibrils the fibroblastic foci models 

are cultured for 5 weeks in conditions (6 weeks total).  

Initial pilot studies were performed over 2 weeks in order to optimise the dose and investigate 

the influence of DMOG on the 3D model. After 1 week of culture in 3D model media, the lung 

fibroblast sheets were treated with vehicle alone, with 3 different doses of DMOG alone or with 

TGFβ1 added to each of these 4 conditions (8 conditions in total) and samples were harvested 

after 1 week under these conditions.  

Transwells were observed for macroscopic changes during this time (Figure 5.4). Conditions 

without TGFβ1 did not contract and simply grew as opalescent sheets at the base of the transwell, 

whereas TGFβ1-containing conditions contracted into spheroids. DMOG had no appreciable effect 

on the appearance of the sheets in the absence of TGFβ1 or the shape or size of the spheroids in 

the presence of TGFβ1.  
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Figure 5.4: TGFβ1 is still required to stimulate fibroblast ECM clumping to form spheroids in 

samples exposed to pan-prolyl hydroxylase inhibition. 24-well transwells with IPF 

fibroblasts in apical compartment cultured for 7 days before being exposed to DMOG 

alone or DMOG plus TGFβ1 for 72 hours. Black arrow indicates fibroblast spheroid 

formed from ECM clumping. 

After 2 weeks of culture, the cell sheets or spheroids were harvested for protein using a 

combination of mechanical and enzymatic lysis. Protein was quantified and western blot 

performed using 10ug of cell lysate per condition (Figure 5.5). In treatment conditions without 

TGFβ1 a dose-dependent stabilisation of HIF1α protein was observed with DMOG. Similarly, in 

treatment conditions containing TGFβ1 there was a dose-dependent effect although only the 

higher doses of DMOG (0.5mM and 1mM) were capable of inducing appreciable levels of HIF 

stabilisation. LOXL2 expression was increased by TGFβ1 except in the presence of the highest 

dose of DMOG (1mM) while PLOD2 expression was increased by DMOG at 0.5mM or 1mM, 

regardless of TGFβ1 presence.  

DMOG TGFβ1 + DMOG
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Figure 5.5: Pan-prolyl hydroxylase inhibition stabilises HIF and promotes PLOD2 and LOXL2 

expression in a 3D fibroblastic foci model. Western blotting for HIF1α, LOXL2 and 

PLOD2 in the 3D fibroblastic foci model exposed to incremental doses of DMOG with 

or without TGFβ1 3ng/mL for 1 week. β-actin was used as a loading control. Blot 

representative of 3 individual donor experiments.  

In summary, TGFβ1 was required to produce the spheroid within a long-term 3D model culture, 

with no apparent effect from DMOG on this sheet contraction. Furthermore DMOG did not 

appear to interfere with this process, with appropriate formation of spheroids in all DMOG-

containing TGFβ1 treated condition. A DMOG dose of 0.5mM was capable of upregulating HIF 

expression, resulting in appreciable induction of PLOD2 and LOXL2 in the 3D fibroblast spheroids 

(i.e. TGFβ1 conditions). 

5.3.3 Biomechanical effects of HIF pathway activation through pan-prolyl hydroxylase 

inhibition in a long-term 3D fibroblastic foci model 

To determine the effects of HIF pathway activation through DMOG on mature collagen cross-

linking a 6 week 3D fibroblastic focus model experiment was performed with 1 week in media 

alone to allow fibroblast sheet formation followed by 5 weeks of treatment using DMOG at 

0.5mM. Early passage lung fibroblasts were selected from 3 IPF donors and cultured for 1 week in 

media alone before treatments were added (control - TGFβ1 3ng/mL, or DMOG 0.5mM plus 

TGFβ1 3ng/mL). As anticipated the conditions containing TGFβ1 contracted to form spheroids 

while the conditions without TGFβ1 grew as sheets on the base of the transwell. Following 5 

weeks of culture in conditioned media the sheets and spheroids were harvested for FFPE blocks, 
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parallel plate compression analysis and collagen analysis. The entire experiment was repeated 

once more (24 samples per condition in total).  

FFPE blocks were sectioned and a Masson’s trichrome stain performed to examine the cellular 

(pink) and ECM (blue) composition of the samples (Figure 5.6). This demonstrated profound 

differences in ECM production between spheroids cultured with TGFβ1 alone and with combined 

TGFβ1 and DMOG. Samples cultured in TGFβ1 alone formed spheroids of lung fibroblasts with 

significant quantities of surrounding ECM (Figure 5.6 A). Samples cultured in TGFβ1 plus DMOG 

0.5mM also formed spheroids however massons staining confirmed a paucity of ECM surrounding 

the lung fibroblasts (Figure 5.6 B). 

Spheroids from the control treatment (TGFβ1 alone) and combined treatment (TGFβ1 + DMOG) 

were further analysed to investigate effects on collagen fibrillogenesis. Visualisation of collagen 

fibrils was performed using picrosirius red staining. Under polarised light the control spheroids 

(TGFβ1 alone) demonstrated pronounced accumulation of fibrillar collagen (Figure 5.7 A) while a 

striking paucity of collagen fibrils was seen in samples exposed to combined DMOG 0.5mM plus 

TGFβ1 (Figure 5.7 B).  
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Figure 5.6: Pan-prolyl hydroxylase inhibition substantially reduces extracellular matrix 

production in a 3D fibroblastic foci model. Massons trichrome stain of 3D 

fibroblastic foci samples exposed to (A) control media (TGFβ1 3ng/mL alone) or (B) 

combined (DMOG 0.5mM and TGFβ1 3ng/mL) for 5 weeks. Fibroblast cytoplasm 

stained with acid fuchsin (pink) and ECM with aniline blue (blue). N = 3 IPF donors 

stained. Scale bar 100μM. 
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Figure 5.7: Pan-prolyl hydroxylase inhibition results in near absence of collagen fibrillogenesis in 

a 3D fibroblastic foci model. Representative examples of picrosirius red staining of 

collagen fibrils from 3D fibroblastic foci viewed under polarised light, after exposure 

to treatments with (A) control (TGFβ 3ng/mL alone) or (B) combined DMOG 0.5mM 

plus TGFβ 3ng/mL for 5 weeks. N = 3 IPF donors stained. Scale bar 20μm. 
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Collagen structure-function was further assessed through mechanical testing of ECM compliance 

followed by analysis of collagen quantity and cross-linking density in individual samples (Figure 

5.8). Tissue stiffness was assessed using parallel plate compression testing, followed by sample 

hydrolysis before measuring protein, hydroxyproline and pyridinoline cross-links using 

colorimetric assays, to enable comparison for overall collagen content (normalised to protein) and 

pyridinoline cross-links (normalised to collagen molecules). 

On testing with parallel plate compression, spheroids from control and DMOG samples were 

observed to be of similar shape and size (Figure 5.8 A). Despite this however, substantially 

reduced compliance in the DMOG condition was observed (mean tissue stiffness 0.283kPa +/- 

0.03kPa) compared to the control (TGFβ alone) condition (mean 22.88 +/- 2.72 kPa) (Figure 5.8 B). 

Described another way, DMOG-exposed samples produced spheroids which were on average 

98.5% less stiff than the control samples (mean stiffness DMOG 1.48 +/- 0.27%) (Figure 5.8 C).  

Collagen content in the control samples measured approximately 0.4mg per mg of total protein, 

which was generally consistent with measurements from controls in previous work (Figure 5.8 

D)165. Contrastingly however the additional treatment of samples with DMOG resulted in an 

undetectable level of collagen (measured as hydroxyproline) within the limits of the assay, even 

following extended sample analysis with larger sample volumes. 

Pyridinoline (PYD/DPD) cross-links were also measured in the control and DMOG conditions, and 

density of cross-links calculated per collagen molecule using the measured quantity of collagen. In 

the control condition PYD/DPD cross-link density was again similar to the controls in previous 

work, with a mean cross link density of just over 0.1 cross-links per collagen molecule (Figure 5.8 

E). In the DMOG treatment conditions however PYD/DPD concentrations were undetectable to 

the limits of the assay. 
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Figure 5.8: Pan-prolyl hydroxylase inhibition greatly reduces extracellular matrix stiffness, with 

undetectable collagen or collagen cross-links, in a 3D fibroblastic foci model. IPF 

fibroblasts grown in the 3D in vitro model of fibrosis with control or DMOG 0.5mM. 

(A) Side view of samples undergoing parallel plate compression testing. Scale bar 

200Μm. Tissue stiffness in (B) kilopascals and (C) as a proportion of control 

expressed in percentage, measured by parallel plate compression testing. Samples 

were subsequently hydrolysed before measurement of (D) collagen (hydroxyproline) 

content normalised to protein and (E) mature pyridinoline cross-links normalised to 

collagen. Data from N=2 experiments using 3 IPF donors each (in quadruplicate), with 

stiffness measurements from N=12 samples and collagen and cross-link analysis from 

N=6 samples. 
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Taken together these findings suggest that while DMOG is capable of inducing HIF pathway 

activation to promote PLOD2 and LOXL2 upregulation, it exerts potent downstream effects to 

inhibit collagen synthesis and fibrillogenesis.  

These results may seem incongruous with earlier findings, however in the long-term 3D culture 

system they are likely to be ‘off-target’ effects of DMOG, rather than a key feature of HIF pathway 

activation. As a pan-prolyl hydroxylase inhibitor DMOG has the potential to inhibit not just HIF-

PHDs but also collagen-PHDs integral to intracellular procollagen formation263. This was clearly 

evident by the complete absence of hydroxyproline in the DMOG-exposed samples, and therefore 

the modulation of collagen cross-linking enzyme expression were irrelevant to downstream 

matrix stiffness. This would account for previous findings reporting reduced stiffness with HIF 

pathway activation in DMOG samples, and is consistent with a growing body of evidence where 

DMOG-related suppression of collagen synthesis has been observed248,264-266.  

5.3.4 Effects of HIF stabilisation through selective prolyl hydroxylase 2 inhibition with and 

without TGFβ signalling on collagen cross-linking enzyme induction in IPF lung 

fibroblasts 

HIF pathway activation is possible without interfering with collagen PHD activity. Selective PHD2 

inhibitors such as IOX2 are capable of promoting HIF pathway activation, and it was hypothesised 

that their selective nature would not interfere with collagen biosynthesis. 

To investigate the effect of HIF pathway activation through selective PHD2 inhibition on matrix 

remodelling a time-course experiment was first performed to observe the effect of the PHD2-

inhibitor IOX2 at 50μM concentration over 24 – 72 hours (Figure 5.9). Increased expression of 

HIF1α, LOXL2 and PLOD2 expression was observed in IPF fibroblasts exposed to IOX2 50μM at 

each time point compared to the control condition.  
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Figure 5.9: Selective prolyl hydroxylase 2 inhibition promotes HIF pathway activation and 

increased expression of LOXL2 and PLOD2 in IPF fibroblasts. Western blotting for 

HIF1α, LOXL2 and PLOD2 in the primary IPF fibroblasts exposed to IOX2 50uM for 0, 

24, 48 or 72 hours. β-actin was used as a loading control.  

Having confirmed that selective PHD2 inhibition with IOX2 was capable of upregulating HIF 

pathways as well as dysregulation of the key collagen cross-linking enzymes PLOD2 and LOXL2, 

the effects of HIF stabilisation through IOX2 50μM were subsequently tested in parallel and 

combination with TGFβ1 10ng/mL on IPF lung fibroblasts. Gene expression was analysed at 48 

hours of treatment using RTqPCR (Figure 5.10).  

PLOD2 was observed to be equally increased with TGFβ1 10ng/mL or IOX2 50μM (Figure 5.10 A).  

Notably, combination exposure to TGFβ1 plus HIF stabilisation through IOX2 resulted in markedly 

greater expression of PLOD2 than either condition alone. LOXL2 expression was only slightly 

increased with either TGFβ1 or IOX2 alone, but the combined condition TGFβ1 + IOX2 had an 

additive effect to promote significant induction of LOXL2 (Figure 5.10 B).  

Similarly to previous results using DMOG to promote HIF pathway activation, COL1A1 and COL3A1 

expression were increased with TGFβ1-only while HIF stabilisation through IOX2 did not appear to 

influence COL1A1 or COL3A1 expression (Figure 5.10 C-D). The combined condition TGFβ1 + IOX2 

had similar levels of COL1A1 and COL3A1 expression to the TGFβ1-only condition. 
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Figure 5.10: Combined HIF and TGFβ1 signalling augment collagen cross-linking enzyme 

expression but only TGFβ1 promotes interstitial collagen gene induction. mRNA 

expression of (A) PLOD2, (B) LOXL2, (C) COL1A1 and (D) COL3A1 in IPF fibroblasts 

exposed to IOX2 50μM, TGFβ1 10ng/mL or both for 48 hours. mRNA expression 

levels were determined using the ΔΔ CT method with grouped analysis and multiple 

comparisons (Dunnett’s test). * p< 0.05, **** p < 0.0001. N=6 IPF donors in duplicate 

from 2 individual experiments. 

 

In summary these results reveal that selective PHD2 inhibition using IOX2 at 50μM concentration 

is effective in promoting HIF pathway activation and upregulating expression of the cross-linking 

enzymes PLOD2 and LOXL2. Furthermore the patterns of expression were similar to earlier DMOG 

experiments, with no discernible effects on collagen fibrillogenesis gene expression.  
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5.3.5 Biomechanical effects of HIF pathway activation through selective prolyl-

hydroxylase 2 inhibition in a long term 3D fibroblastic foci model 

With confirmation of IOX2’s effects on HIF pathway induction and key collagen cross-linking 

enzyme expression, functional effects of HIF pathway activation through selective PHD2 inhibition 

were subsequently tested in the 3D fibroblastic foci model.   

Similarly to the DMOG experiment, a 2 week pilot study was conducted with fibroblasts from 3 IPF 

donors cultured for 1 week in the 3D fibroblastic foci model, before being exposed to conditions 

for a second week. Conditions included a vehicle control (DMSO), TGFβ1, and 2 different doses of 

IOX2 alone or with TGFβ1 (6 conditions in total, IOX2 50μM or 250μM) and samples were 

harvested after 1 week of exposure to conditions.  

Samples from each of the 6 conditions were harvested for protein using a combination of 

mechanical and enzymatic lysis. Protein was quantified and western blot performed using 10ug of 

cell lysate per condition (Figure 5.11). HIF1α was upregulated with both doses of IOX2 compared 

to control (Figure 5.11 A). Consistent with earlier experiments, the combination of TGFβ1 and HIF 

induction through IOX2 resulted in the greatest expression of HIF1α. Both PLOD2 and LOXL2 were 

upregulated by IOX2 treatment with or without TGFβ1 (Figure 5.11 A-B).  
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Figure 5.11: Selective prolyl hydroxylase 2 inhibition stabilises HIF and promotes PLOD2 and 

LOXL2 expression in a 3D fibroblastic foci model. Western blotting for (A) HIF1α and 

PLOD2 and (B) LOXL2 in the 3D fibroblastic foci model exposed to low (50μM) or high 

(250μM) dose IOX2  with or without TGFβ1 for 1 week. β-actin was used as a loading 

control. Blot representative of 3 individual IPF donor experiments. 

Taken together IOX2 at a concentration of 50μM appeared sufficient to generate HIF1α 

expression and facilitate upregulation of PLOD2 and LOXL2 in the 3D fibroblastic foci model over 1 

week of exposure. Furthermore the addition of TGFβ1 to IOX2 treatment increased the expression 

of both HIF1α and PLOD2 compared to IOX2 alone, suggesting the combined pathways could 

greatly enhance the production of collagen telopeptide hydroxylysine and subsequent 

pyridinoline cross-links.  

The biomechanical effects of HIF stabilisation by IOX2 on lung fibroblast ECM were subsequently 

determined using a long term culture 3D fibroblastic focus model. Treatments included a vehicle 

control containing TGFβ1 3ng/mL alone and a combined treatment condition with HIF pathway 

stabilisation through IOX2 50μM and TGFβ1 3ng/mL. On completion of the 6 week experiment, 

spheroids were harvested and processed for histochemical staining, parallel plate compression 

and collagen analysis.  
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The effects of IOX2 versus control on cell proliferation, ECM production and collagen 

fibrillogenesis were examined microscopically using sections from FFPE samples for H&E and 

picrosirius red staining (Figure 5.12). Control and IOX2 conditions produced 3D fibroblastic foci 

spheroids with a similar abundance of fibroblasts and ECM (Figure 5.12 A-B). Collagen 

fibrillogenesis was identified using picrosirius red staining with polarised light, and demonstrated 

an abundance of collagen fibrils in both control and IOX2 samples, with no discernible difference 

in fibrillar quantity or density (Figure 5.12 C-D). 

A B

C D
CONTROL IOX2

CONTROL IOX2
 

Figure 5.12: Selective prolyl hydroxylase 2 inhibition does not impair collagen fibrillogenesis in 

the fibroblastic foci 3D model. IPF fibroblasts grown in the 3D in vitro model of 

fibrosis with control or IOX2 50μM. H&E of (A) Control or (B) IOX2. Scale bar 200uM. 

Picrosirius red staining imaged under polarised light of (C) control or (D) IOX2 

samples. Scale bar 20μm. Representative images from N = 3 IPF donors per 

experiment, from 2 individual experiments.  
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Together these findings suggest that unlike earlier findings with DMOG, HIF pathway induction 

through IOX2 did not suppress ECM matrix production and collagen fibrillogenesis.   

After confirming that selective PHD2 inhibition with IOX2 was capable of inducing HIF pathway 

activation but did not impair collagen biosynthesis, the effects of HIF stabilisation through IOX2 on 

collagen structure-function were then examined (Figure 5.13). 

Parallel plate compression testing was performed to test ECM compliance (Figure 5.13 A). A 

profound increase in stiffness was observed in the IOX2 condition compared to control, with a 

mean stiffness (+/- SEM) of 107.1kPa (+/- 10.68) with HIF stabilisation through IOX2 compared to 

35.83kPa (+/- 4.019) in the control condition (TGFβ alone) (Figure 5.13 B). When measuring 

proportional changes in compliance, IOX2 increased the stiffness of fibroblast ECM by a mean of 

346% (SEM +/- 56%) compared to control spheroids. 

The effects of IOX2-mediated HIF induction on collagen and collagen cross-links were 

subsequently analysed. Collagen content (hydroxyproline) normalised to milligrams of total 

protein was significantly reduced with HIF pathway induction in IOX2 samples (mean 0.26mg, SEM 

+/- 0.01) compared to control samples (mean 0.33mg, SEM +/- 0.01) (Figure 5.13 C). Furthermore 

the density of mature pyridinoline cross-links per collagen molecule (mean 0.31 cross-links, SEM 

+/- 0.02) was substantially increased in IOX2 samples compared to control (mean 0.18 cross-links, 

SEM +/- 0.01) (Figure 5.13 D).  
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Figure 5.13: HIF stabilisation through selective prolyl hydroxylase 2 inhibition significantly 

increases tissue stiffness, reduces collagen content and increases pyridinoline 

cross-link density in a 3D fibroblastic foci model. IPF fibroblasts grown in the 3D in 

vitro model of fibrosis with control or IOX2 50μM. (A) Side view of samples 

undergoing parallel plate compression testing. Scale bar 200μM. Tissue stiffness in 

(B) kPa and (C) % control, measured by parallel plate compression testing. Samples 

were subsequently hydrolysed before measurement of (D) Collagen (hydroxyproline) 

content normalised to protein and (E) Mature pyridinoline cross-links normalised to 

collagen. Data from N=2 experiments using 3 IPF donors each (in quadruplicate), with 

stiffness measurements from N=12 samples and collagen and cross-link analysis from 

N=6 samples. 



Chapter 5 

140 

In summary, stabilisation of HIF through IOX2-mediated selective PHD2 inhibition produced 

significantly stiffer lung fibroblast ECM than control conditions containing TGFβ1 alone. This IOX2-

mediated increase in matrix stiffness was associated with a detectable reduction in collagen 

content and an increase in pyridinoline cross-link density. It could therefore be postulated that 

the increases in pyridinoline were the effect of reduced collagen substrate, culminating in 

excessive cross-linking of available collagen molecules. However pyridinoline density was 

normalised to collagen molecules, thereby accounting for this reduction. Furthermore the 

reduction in collagen with IOX2 was around 20% of control samples, while the increase in 

pyridinoline cross-links per collagen molecule was 40% of control. Finally, the observed induction 

in collagen cross-linking expression suggests increased activity rather than a similar degree of 

activity on a smaller quantity of substrate. Notably while pyridinoline cross-link density in control 

samples was similar to earlier work with the 3D fibroblastic foci model performed by our group, 

the density in IOX2 conditions approached levels seen in IPF tissue165. 

To further examine changes to collagen nano-architecture, control and IOX2 samples from 2 

donors were subsequently processed and imaged under electron microscopy, and compared to 

earlier results from Dr Mark Jones using healthy and IPF lung tissue (Figure 5.14). The cross-

sectional diameters of 300 individual collagen fibrils were measured for each of the 3D fibroblastic 

foci samples by a blinded investigator (Dr Elizabeth Davies) and tabulated. Collagen fibrils in 

samples exposed to HIF pathway activation through IOX2 50μM were significantly smaller 

(median 31.51nm, IQR 26.84 – 36.50) than fibrils from control samples (33.86nm, 29.60 – 38.60) 

with a median difference of -2.35nm (Figure 5.14 A-B). This was comparable to the difference 

observed by Dr Mark Jones in an analysis of dry weight collagen fibril diameters from “healthy” 

(non-fibrotic) and IPF lung tissue (median fibril diameter for non-fibrotic lung 29.87nm and for IPF 

lung 26.69nm, median difference -3.18nm) (Figure 5.14 C).  
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Figure 5.14: HIF stabilisation in the 3D fibroblastic foci model reduces collagen fibril diameter, 

similarly to changes seen in IPF lung. (A) Representative images of cross-sectional 

and longitudinal collagen fibrils. (B) Mean collagen fibril diameters in 3D model 

fibroblastic focus tissue exposed to control of IOX2 (collagen fibril diameter 

measured by short axis of 300 transverse fibres per condition, in each of 2 IPF 

donors). Scale bar 50nm. (C) Data from Dr Mark Jones demonstrating non-hydrated 

collagen fibril diameters in non-fibrotic and IPF lung tissue determined by atomic 

force microscopy. **** p<0.0001 (unpaired t-test). Data from 2 individual donor 

experiments.  

In summary selective PHD2 inhibition through IOX2 is capable of promoting HIF pathway 

activation and downstream dysregulation of collagen cross-linking enzyme expression, with 

changes to the mRNA expression proportion of these enzymes compares to collagen 

fibrillogenesis genes. The biomechanical consequences of HIF stabilisation through IOX2 in the 3D 

fibroblastic focus model were striking changes to both matrix compliance and collagen nano-

structure, with a marked increase in pyridinoline cross-link density as well as a reduction in 

collagen concentration and fibril diameter. The changes between control and IOX2-exposed 

matrix were observed to be similar in pattern and scope to the changes observed between 

healthy and IPF lung tissue.  
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5.4 Discussion 

IPF is characterised by progressive deposition of abnormal ECM leading to impairments in 

pulmonary compliance and gas exchange which are ultimately fatal14. Conventionally TGFβ is 

considered the core regulatory pathway within the milieu of pro-fibrotic signals that 

orchestrate abnormal matrix remodelling, largely due to wide-ranging effects to promote 

fibroblast proliferation, activation and ECM production126,137,138,141,216,217.  

HIF pathways are also capable of modulating the expression of ECM-related genes, have 

synergistic mechanisms with TGFβ and have been implicated in IPF 

pathogenesis153,154,156,218,246,250,267-270. HIF pathways may represent an alternative or “second-

hit” stimulus for abnormal matrix remodelling in IPF. Consistent with observations in this 

study of changes to collagen cross-linking enzyme expression, HIF pathway activation 

appears to operate synergistically with TGFβ1/SMAD3 signalling to enhance the pro-fibrotic 

response in a variety of cancer and fibrosis models245,268,270. In particular, specific sites on the 

PLOD2-promoter have been identified for both TGFβ1-mediated SMAD proteins and HIF1α to 

bind and induce expression271.  Independently of TGFβ signalling, HIF pathways appear to 

have direct effects on matrix remodelling in cancer in vitro studies through upregulation of 

ECM genes including LOX(L) family members198,250,267.  

Significantly in this study, HIF pathway induction but not TGFβ1 signalling was found to 

disrupt proportional expression changes of collagen cross-linking enzymes to collagen 

fibrillogenesis genes. This led to an intriguing concept that HIF pathways, rather than TGFβ 

signalling, might be core disruptors of the homeostasis between matrix collagen biogenesis 

and enzymatic modification to produce densely cross-linked fibrillar collagen and propagate 

abnormal matrix stiffness.  

Previous studies are conflicted regarding the effects of HIF pathway induction on changes to 

matrix stiffness. Madsen et al found cancer associated fibroblasts embedded in 3D collagen I 

matrices and incubated in 1% oxygen had reduced contraction and this was associated with 

lower matrix stiffness over 72 hours, while silencing of PHD2 also reduced α-SMA expression 

and fibroblast contractility to reduce the overall stiffness of the model248. Due to the short 

term nature of these experiments (72 – 96 hours) it can be assumed that the stiffness 

changes observed here are likely related to cellular re-organisation rather than modification 

to ECM matrix. They also reviewed modifications to the matrix itself using a breast cancer 

mouse model to demonstrate that 3 weeks of treatment with the pan-PHD inhibitor DMOG 

significantly reduced tumour stiffness but not size. While they observed a reduction in α-SMA 



Chapter 5 

143 

expression in the DMOG exposed samples, the mechanisms underlying the reduction in 

matrix stiffness were not explored.  

Other studies suggest ECM modification by HIF pathways leads to increases in matrix 

stiffness. Gilkes and colleagues used atomic force spectroscopy on cell-free ECM derived 

from human foreskin fibroblasts cultured in normoxic or hypoxic (1% O2) conditions for 72 

hours to demonstrate a 3-fold increase in stiffness for matrix exposed to hypoxia250. Silencing 

of HIF1α or PLOD2 but not HIF2α in the foreskin fibroblasts prior to culture was sufficient to 

normalise ECM stiffness in their experiments. Again these experiments were limited by their 

short term nature, preventing analysis of HIF effects on mature collagen cross-linking. 

Independently of these results Stegen et al demonstrated that postnatal mice (day 2.5) 

possessing a PHD2 conditional deletion in chondrocytes experienced significant qualitative 

changes to bony matrix with reduced solubility and a marked increase in pyridinoline cross-

links, mediated through HIF1α249.  

Notably none of these experiments used a long-term model to examine the effects of HIF 

pathways on mature collagen cross-linking over time. HIF pathway stabilisation was 

incorporated into the in vitro 3D fibroblastic focus model to investigate these questions and 

analyse downstream effects on collagen structure-function within lung fibroblast ECM.  

Advantages of this model not only include the production of endogenous ECM by IPF 

fibroblasts and sufficient time in culture to facilitate maturation of this ECM, but also 

homogeneity in size and shape between samples that enables direct comparison of 

biomechanical properties under different conditions. Incorporation of TGFβ into this model 

aids in homogenous spheroid formation and also reflects the conditions seen in lung fibrosis, 

although importantly it limits the ability of the model to replicate what might be considered 

“healthy” control ECM. Rather, the strength of this model lies in the downstream analysis of 

additional pro-fibrotic pathways, such as HIF signalling, as well as mechanisms of interfering 

with these pathways.  

Two HIF pathway-promoting compounds were used to stabilise HIFα in the 3D fibroblastic 

focus model with strikingly divergent end-results between the pan-PHD inhibitor DMOG and 

the selective PHD2 inhibitor IOX2. In 2 week pilot studies both HIF activating compounds 

were confirmed to accumulate HIF1α within the model and promote downstream activation 

of the bone-type collagen cross-linking enzymes PLOD2 and LOXL2. However following 5 

week exposure to DMOG 0.5mM, ECM from IPF lung fibroblasts was 98.5% less stiff than 

control matrix, with an almost complete absence of collagen fibrillogenesis seen on 

picrosirius staining and undetectable levels of hydroxyproline in hydrolysed samples. By 
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comparison exposure to IOX2 50μM for 5 weeks resulted in IPF fibroblast ECM which was on 

average 346% stiffer than control matrix, with a corresponding loss of in collagen content, 

increase in pyridinoline cross-link density, and reduction in collagen fibril diameter.  

The explanation for these contrasting results is likely to lie in the PHD selectivity of the HIF-

stabilising compounds. Both PHD inhibitors prevent HIFα degradation by impeding the 

hydroxylation of proline residues on the HIFα protein (for example Pro402 and Pro564 in 

HIF1α), thereby preventing HIFα ubiquitination by VHL protein which would otherwise lead 

to its rapid proteosomal degradation152. Due to the broad effects on all PHDs, DMOG has 

been shown to better simulate the cell’s transcriptional hypoxic response than other 

hypoxia-mimicking agents, thus making it a popular first choice for HIF mechanistic studies239. 

However DMOG’s potent effects on PHDs can extend beyond the HIF pathways, with the earliest 

report by Baader and colleagues in 1994 demonstrating dose-dependent suppression of 

hydroxyproline synthesis in 15 day old chick embryos treated with DMOG for 2.5 hours264. More 

recently these effects have also been observed in studies of articular cartilage, with DMOG 

interfering with normal collagen metabolism and reducing matrix stiffness265,266.  

Collagen PHDs (C-PHDs) modify proline to 4-hydroxyproline on pro-collagen α-chains, an essential 

step to ensure appropriate folding for triple helix formation272. Inadequately hydroxylated and 

folded proteins are proteolytically degraded, leading to a reduction in collagen formation and 

deposition. C-PHDs are functionally and geographically distinct from HIF-PHDs, residing in the 

endoplasmic reticulum (rather than the cellular cytoplasm for HIF-PHDs) and targeting different 

proline substrates229. As a cell-permeable oxoglutarate analogue, DMOG is capable of inhibiting all 

members of the oxoglutarate-requiring dioxygenase family, including C-PHDs, HIF-PHDs and 

FIH273. DMOG’s inhibition of collagen-PHDs therefore fundamentally alters normal collagen 

biosynthesis, as evidenced by the lack of detectable hydroxyproline or fibrillar collagen on 

picrosirius staining in the 3D fibroblastic focus samples exposed to DMOG. This distinction is 

important, as the overlap of inhibition between HIF-PHDs and C-PHDs by DMOG is likely to lead to 

false conclusions about hypoxia and HIF pathway effects on matrix remodelling as seen in the 

results of Madsen et al using the breast cancer mouse model248.  

Furthermore within the specific HIF-PHD family, the 3 isoforms (PHD1, 2, and 3) possess non-

redundant functional roles, with PHD2 having been previously identified as the most 

abundant and critical regulator of HIF1α in response to cellular oxygen tension237,274. HIF 

activation through selective inhibition of PHD2 has previously been observed to increase 

matrix synthesis in human chondrocytes, while conditional deletion of PHD2 in the 

chondrocytes of mice stimulated increased bone formation and mass275,276. Yet research on 
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PHD2 inhibition in the lung is limited and focused predominantly on pulmonary hypertension. 

PHD2 knockdown in mice results in embryonic lethality while mice with genetic mutations 

resulting in up to 90% less PHD2 expression develop severe pulmonary arterial hypertension 

and vascular remodelling277. The effects of HIF pathway activation on matrix mechano-

biology were therefore examined through selective PHD2 inhibition to avoid off-target 

effects on C-PHDs.  

In the 3D fibroblastic focus model, HIF pathway activation through the IOX2-mediated 

selective inhibition of PHD2 promoted substantially increased matrix stiffness, with a mean 

stiffness greater than 3 times that of control matrix. Furthermore the dramatic changes in 

compliance were associated with a small but significant reduction in collagen content 

normalised for protein (likely counterbalanced by the strong effect of TGFβ on collagen 

accumulation), increased bone-type pyridinoline collagen cross-link density per collagen 

molecule and a reduction in mean collagen fibril diameter. The reduction in collagen content 

could be due to inhibitory effects on collagen PHDs similar to those observed by DMOG, 

however the selectivity of IOX2 for HIF-PHD2 makes this less likely278.  

In the fibrotic lung these results would have a number of consequences. Firstly, matrix 

stiffening is likely to impede normal physiological function, including critical changes to lung 

compliance culminating in ventilatory restriction64,159. Secondly increases in matrix stiffness 

are likely to generate positive feedback loops through release of growth factors and 

mechano-signalling to recruit and activate lung fibroblasts, generating a population of active 

mesenchymal cells in regional areas of increased stiffness which sustain and propagate 

matrix remodelling163,169-172,174,224. The summary of these effects is a sustained and 

progressive fibrotic response with physiological impairments detrimental to ongoing normal 

function.  

These results draw a number of parallels to the changes seen between healthy and IPF tissue. The 

level of matrix stiffness generated with HIF pathway activation through IOX2 in the 3D fibroblastic 

foci model approached levels seen in IPF tissue using atomic force microscopy by our group165. 

Booth and colleagues have also observed increases in IPF matrix stiffness upwards of 200kPa, 

while mouse models involving bleomycin have observed changes in matrix stiffness of over 

300%172,279. Modification in collagen nano-architecture within the HIF-exposed model also 

correlated with changes seen between human non-fibrotic and IPF lung, with increases in 

pyridinoline collagen cross-link density and reductions in collagen fibril diameter165. While it is 

impossible to perfectly replicate the conditions of IPF within an in vitro model these findings 
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represent a significant step forward in simulating the matrix remodelling of this disease, and 

support further research into HIF pathways as a modifiable target for matrix normalisation.  

5.5 Conclusion 

HIF pathway activation either alone or in synergy with TGFβ signalling disrupts collagen cross-

linking homeostasis leading to a substantially higher density of pyridinoline cross-links in lung 

fibroblast ECM. This is associated with marked changes to collagen nano-architecture and 

increases in tissue stiffness of greater than 300%. Importantly, the changes observed between 

control and HIF-exposed samples in pyridinoline density, collagen fibril diameter and matrix 

stiffness parallel the changes observed between non-fibrotic and IPF lung tissue.   

HIF stabilisation could represent an important fibrotic catalyst or, in lieu with other pro-fibrotic 

mediators such as TGFβ signalling, an amplifying “second-hit” event, disrupting normal ECM 

homeostasis and profoundly altering structure-function through excessive collagen post-

translational modification.  

In such an environment, targeting the excessive HIF pathway activation could normalise matrix 

stiffness, and may have important therapeutic ramifications such as the improvement in tissue 

function and amelioration of fibrogenic forward-feeding loops. Thus both mechanistically and 

therapeutically, the interference with HIF-mediated collagen cross-linking represents an 

important avenue for further investigation. 
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Chapter 6 Modulating the Effects of HIF Pathways on 

Matrix Remodelling 

6.1 Introduction  

This study has identified HIF pathway-mediated upregulation of collagen cross-linking 

enzymes as a critical process in promoting pyridinoline cross-linking, thereby fundamentally 

altering matrix compliance and collagen nano-architecture. The degree of these HIF-

promoting changes in the 3D fibroblastic focus model were substantially greater than in 

samples exposed to TGFβ alone, recapitulating the pattern and degree of changes seen in the 

IPF lung.  

Modulation of these pathways may facilitate the normalisation of ECM compliance, with 

both upstream HIF pathway stabilisation and downstream collagen cross-linking activity 

representing potential targets. A comparison of these two strategies would provide further 

mechanistic insights and demonstrate novel pathways for therapeutic application.  

Methods to target these pathways include silencing of gene expression and inhibition of 

catalytic or transcriptional activity. SiRNAs are synthetically produced double-stranded RNA 

molecules which inhibit specific gene expression through activation of the RISC to promote 

target mRNA cleavage and degradation206. Application of siRNA to silence individual 

components of the HIF/collagen cross-linking pathway has never been attempted using the in 

vitro 3D fibroblastic focus model, but provides a promising avenue to interrogate and dissect 

mechanisms of pathological ECM modification. Effective silencing of LOXL2 and combined 

HIF1/2α have previously been demonstrated, allowing an established platform to build on 

and also enabling a clear comparison between upstream and downstream targets.  

By contrast clinical experience with HIF and LOX(L) inhibiting compounds is limited, however 

they offer broader scope for therapeutic development. Due to the importance of HIF 

signalling in malignant processes a variety of HIF inhibitors have been identified and 

investigated in clinical trials, yet none have translated into clinical practice233. Furthermore 

pre-clinical studies are yet to address the role HIF inhibition may play on the effects of 

pathologic ECM remodelling250. Selective LOXL2/3 catalytic inhibition through PXS-S2A has 

already been applied to the 3D fibroblastic focus model and has demonstrated efficacy in 

reducing pyridinoline cross-linking to normalise matrix stiffness in TGFβ-exposed conditions. 

Furthermore an orally bioavailable form (PXS-S3B) has been shown to attenuate lung fibrosis 
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in vivo using a rat model with TGFβ overexpression, with an improvement in Ashcroft scores 

and lung function compared to vehicle control. Yet it remains to be seen if PXS-S2A is capable 

of ameliorating the substantially greater pathological changes seen in the HIF-stabilised 3D 

fibroblastic foci model, which possess ECM properties more consistent with the IPF lung.  

6.2 Objectives 

The objectives for this study were to: 

i) Confirm siRNA efficacy in lung fibroblasts and investigate the downstream 

effects of siRNA targeting HIF1/2α and LOXL2 in a 3D fibroblastic focus model 

exposed to HIF pathway activation  

ii) Identify suitable candidates of HIF inhibition in lung fibroblasts for incorporation 

into a 3D fibroblastic focus model exposed to HIF pathway activation 

iii) Investigate the downstream effects of PXS-S2A, a LOX(L) catalytic inhibiting 

compound, in a 3D fibroblastic focus model exposed to HIF pathway activation 

6.3 Results 

6.3.1 Evaluating the efficacy of short interfering RNA in short-term 2D cultures 

To explore the potential of siRNA for modulating HIF pathways, the efficacy of silencing target 

genes was first confirmed through 2D experiments in lung fibroblasts. A successful protocol for 

silencing HIF1α and HIF2α had already been established by Liudi Yao in earlier mechanistic studies 

using control and HIF pathway-promoting conditions (Figure 3.15), however it was not known if 

siLOXL2 would have the same efficacy. SiLOXL2 was therefore evaluated in healthy lung 

fibroblasts exposed to TGFβ or HIF pathway activation through either IOX2 or DMOG for 48 hours. 

Despite the off-target effects of DMOG on collagen production, its potent LOXL2 upregulation 

provided an extreme condition for testing siLOXL2 efficiency. A scrambled siControl probe was 

used to account for potential expression changes due to non-specific effects of the 

transfection/silencing process.  

Western blotting of protein samples harvested from cell lysate demonstrated increased LOXL2 

expression with HIF promotion via IOX2 and DMOG (Figure 6.1). Furthermore there was a 

complete absence of LOXL2 expression in siLOXL2 fibroblasts within all treatment samples, even 

with the highly potent LOXL2-promoting DMOG. As anticipated PLOD2 expression increased with 
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both IOX2 and DMOG, and importantly no significant difference in PLOD2 expression was seen 

between siControl and siLOXL2 treatment.  

LOXL2

β-actin

siControl siControlsiLOXL2 siLOXL2 siLOXL2siControl

TGFβ1 DMOG

siLOXL2siControl

IOX2

PLOD2

 
Figure 6.1: Short-interfering RNA effectively silences LOXL2 expression in lung fibroblasts 

exposed to a range of pro-fibrotic conditions. Western blotting for PLOD2 and LOXL2 

in primary healthy lung fibroblasts exposed to IOX2 250μM or DMOG 0.5mM for 48 

hours. β-actin was used as a loading control. Blot representative of experiments from 

N=3 IPF donors.  

The efficacy of siLOXL2 was further evaluated using immunocytochemistry (Figure 6.2). Primary 

healthy lung fibroblasts were transfected with siRNA targeting either LOXL2 or a scrambled 

control, and cultured for 48 hours in the presence of IOX2 or DMOG before fixation and 

immunofluorescence staining for LOXL2 (green). Slides were counterstained for nuclear (DAPI – 

blue) and actin filament (phalloidin – red) fluorescence. In the siControl conditions an increase in 

LOXL2 fluorescence was observed with IOX2 and DMOG compared to vehicle control. LOXL2 

fluorescence was predominantly seen in in a cytoplasmic and perinuclear distribution. In the 

siLOXL2 conditions only traces of LOXL2 fluorescence were seen (predominantly nuclear) in all 

treatment conditions, with marked loss of LOXL2 expression compared to siControl conditions.   
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Figure 6.2: Suppression of LOXL2 expression using short-interfering RNA is effective despite HIF 

stabilising conditions. Confocal immunofluorescence of LOXL2 (green), DAPI (blue – 

nuclear staining) and Phalloidin (red – actin filament staining) expression in primary 

healthy lung fibroblasts exposed to IOX2 250μM or DMOG 0.5mM for 48 hours. 

LOXL2 fluorescent intensity calibrated to DMOG condition. Scale bar 50μm. 

Representative images from N=1 experiment.  
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Both the western blotting and immunofluorescence analysis demonstrated highly efficient 

silencing of LOXL2 gene expression in primary lung fibroblasts. However it remained unclear how 

long this silencing efficacy would last in the long-term culture of the 3D fibroblastic focus model.  

6.3.2 Incorporating short interfering RNA into a HIF-stabilised 3D fibroblastic focus model  

A series of pilot experiments were performed, transfecting IPF lung fibroblasts with siRNA to 

silence the expression of either HIF1α/HIF2α or LOXL2 in the 3D fibroblastic foci model. At 2 

weeks post-transfection the samples were harvested for RNA and the mRNA expression fold 

change was analysed to determine the efficacy of the siRNA at this time point (Figure 6.3).   

At 2 weeks post-transfection of siRNA in the 3D fibroblastic focus model, the mRNA expression of 

HIF1α substantially was reduced with siHIF1/2α compared to siControl and siLOXL2 (Figure 6.3 A). 

Similarly, compared to siControl and siLOXL2, samples transfected with siHIF1/2α demonstrated 

substantial reduction in HIF2α expression at 2 weeks (Figure 6.3 B). The expression of HIF3α 

appeared to increase with siHIF1/2α compared to siControl, possibly as part of a regulatory 

feedback loop, although the changes were not statistically significant (Figure 6.3 C). LOXL2 mRNA 

expression was persistently reduced in 2 of the 3 donors exposed to siLOXL2 transfection after 2 

weeks of culture in the 3D model, although the mean change of all 3 donors was not statistically 

significant (Figure 6.3 D).  No changes in PLOD2 expression were evident in either siHIF1/2α or 

siLOXL2 conditions (Figure 6.3 E), however siLOXL2 appeared to increase COL1A1 expression in 

the 3D model at 2 weeks, with the difference between means being close to reaching statistical 

significance (p = 0.0546) (Figure 6.3 F).  
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Figure 6.3: Efficacy of short-interfering RNA in the 3D fibroblastic focus model after 2 weeks. 

mRNA expression of (A) HIF1α, (B) HIF2α, (C) HIF3α, (D) LOXL2, (E) PLOD2, and (F) 

COL1A1 in the 3D fibroblastic foci model following 2 weeks culture in 3D model 

media without additional treatment conditions. mRNA expression levels were 

determined using the ΔΔ CT method with grouped analysis and multiple comparisons 

(Dunnett’s test). * p < 0.05, **** p < 0.0001. N=3 IPF donors in a single experiment. 
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As an extracellularly secreted protein, LOXL2 can be detected in cellular media, and the media 

from 3D model samples exposed to siRNA treatment was subsequently analysed to determine if 

there was any change in LOXL2 secretion. Media was also blotted for carbonic anhydrase 9 (Ca9), 

a downstream transmembrane marker of HIF activation, which has also been detected in cell 

media previously280. Equal volumes of media from each condition was collected at 72 hours and 

blotted for LOXL2 and Ca9 (Figure 6.4 A). No extracellularly secreted LOXL2 was observed in the 

siLOXL2 conditioned media compared to siControl and siHIF1/2α at 72 hours (Figure 6.4 A-B). 

Notably, despite regulation of LOXL2 expression through HIF1/2α pathways, the efficacy of 

HIF1/2α silencing in our 3D model was not sufficient to modulate secretion of LOXL2 into 

siHIF1/2α cellular media at 72 hours (Figure 6.4 A-B). However in one donor, a reduced level of 

Ca9 was observed in the siHIF1/2α conditioned media at 72 hours post transfection compared to 

siControl and siLOXL2, suggesting some impact of siHIF1/2α on downstream hypoxia pathways 

(Figure 6.4 A).  
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Figure 6.4: Short-interfering RNA targeting LOXL2 substantially reduce LOXL2 enzyme in cell 

media at 72 hours. (A) Cell media analysed for expression of LOXL2 or Ca9 using 

western blot of equal volumes (40μL) media from each siRNA condition. Media from 

3 IPF donors blotted for LOXL2 and 1 donor blotted for Ca9. (B) Densitometry analysis 

of western blots for LOXL2 in cell media at 72 hours following transfection of 3 IPF 

donors with LOXL2 siRNA. N=3 IPF donors in two experiments. 

These results established the viability of incorporating siRNA into the 3D fibroblastic focus model, 

with gene silencing observed from 72 hours and up to 2 weeks post-transfection. It remained 

unclear however if the transfected state would last until the full 3D model culture termination at 

6 weeks. Therefore the efficacy of siRNA in the 3D fibroblastic focus model was subsequently 

analysed at 6 weeks using mRNA expression analysis (Figure 6.5).  
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6 weeks after initial transfection the expression of HIF1α, HIF2α and HIF3α was similar across the 

silencing conditions, with the effects of siHIF1/2α in particular on HIF1α and HIF2α expression 

appearing to have fully reversed (Figure 6.5 A-C). LOXL2 expression was also similar across the 

siRNA conditions, with no discernible effects remaining in the siLOXL2 condition at 6 weeks 

(Figure 6.5 D). PLOD2 expression was broadly similar across conditions (Figure 6.5 E) however 

COL1A1 expression was slightly reduced in siHIF1/2α at 6 weeks and significantly reduced in the 

siLOXL2 condition (Figure 6.5 F). The reason for this result is unclear, however given the increase 

in COL1A1 expression at 2 weeks post-transfection of siLOXL2, this change could represent a 

negative feedback as the gene silencing effects subsided.  
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Figure 6.5: Short-interfering RNA targeting HIF1/2α and LOXL2 have no lasting effect on mRNA 

expression in 3D fibroblastic foci model at 6 weeks post-transfection. mRNA 

expression of (A) HIF1α, (B) HIF2α, (C) HIF3α, (D) LOXL2, (E) PLOD2, and (F) COL1A1 in 

the 3D fibroblastic foci model cultured for 6 weeks. mRNA expression levels were 

determined using the ΔΔ CT method with grouped analysis and multiple comparisons 

(Dunnett’s test). * p < 0.05. N=3 IPF donors in two experiments. 
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To investigate the silencing efficacy in this 6 week model further, LOXL2 was blotted from cellular 

media taken at weeks 1, 2, 4 and 6 after transfection with siRNA (Figure 6.6). Minimal LOXL2 

secretion was seen in all treatment conditions at week 1 post-transfection. At 2 weeks post 

transfection media taken from the siLOXL2 condition still had undetectable LOXL2 expression, 

while siControl and siHIF1/2α had detectable LOXL2 expression. However between 4 and 6 weeks 

the level of LOXL2 expression normalised in siLOXL2-treated conditions, suggesting a loss of gene 

silencing between this period post transfection. Again, the efficacy of HIF1/2α silencing was 

insufficient at all time periods to alter the secretion of LOXL2 into siHIF1/2α cellular media, 

possibly due to a lack of sufficient HIF pathway activation to detect any changes.   

 

siControl

1 2 4 6

siHIF1/2α

Weeks post 
transfection

Media LOXL2

siLOXL2
 

Figure 6.6: Extracellular LOXL2 secretion is reduced 2 weeks following LOXL2 short-interfering 

RNA transfection, but efficacy wanes between 4 and 6 weeks post transfection. 

Western blotting of LOXL2 in 40uL of conditioned media from the apical well of the 

3D fibroblast model at 1, 2, 4 and 6 weeks post-transfection with LOXL2 siRNA. Blot 

representative of N=3 IPF donors in 2 separate experiments.  

From these results it was determined that siRNA could be incorporated into the 3D model 

however the efficacy of gene silencing was variable and subsided between 2 and 6 weeks of 

culture. It remained unclear if the early period of gene silencing had any downstream effects on 

matrix stiffness or collagen modification at the 6 week time point. It was hypothesised that the 

initial silencing period may have residual effects out to 6 weeks on collagen structure and tissue 

stiffness.  

Tissue stiffness was therefore measured in spheroids harvested at 6 weeks following exposure to 

either control (n=6 samples per condition) or 5 weeks of IOX2 (n=12 samples per condition) using 

parallel plate compression testing, followed by hydrolysis and quantification of protein, collagen 

and pyridinoline cross-links (Figure 6.7).  



Chapter 6 

157 

Consistent with previous findings, siControl spheroids exposed to HIF stabilisation through IOX2 

were twice as stiff as spheroids unexposed to IOX2 (Figure 6.7 A-B). Furthermore, siHIF1/2α and 

siLOXL2 spheroids exposed to 6 weeks of control media were no less compliant than siControl 

spheroids, however on exposure to IOX2, gene silencing of HIF1α/2α or LOXL2 conferred a 

reduction in tissue stiffness to an almost equivalent level seen in control conditions, suggesting 

efficacy for early HIF1/2α and LOXL2 gene silencing to alter IOX2-mediated changes to matrix 

compliance.  

No differences in collagen quantity normalised to protein was observed for any of the siRNA 

conditions (Figure 6.7 C). Pyridinoline cross-link density per collagen molecule was increased in 

the IOX2 exposed spheroids compared to control spheroids, however no significant difference 

was detected between either siHIF1/2α or siLOXL2 and control despite reduced tissue stiffness 

(Figure 6.7 D). While this might suggest the reduction in tissue stiffness by both siHIF1/2α and 

siLOXL2 was not related to pyridinoline cross-linking, an alternative explanation is that 

methodological limitations in the measurement of pyridinoline may have prevented any detection 

in effect size. Specifically, outgrowths of daughter cells from the fibroblastic focus which grow 

from the 6 weeks culture, while not having any material impact on the tissue stiffness, are likely 

to influence the results of collagen cross-linking sampling (Figure 6.7 E). These cells develop in the 

latter part of the culture period and are likely to have the least amount of siRNA effect, thereby 

possibly explaining the discrepancy in results.  



Chapter 6 

158 

E

siC
ontro

l

siH
IF1/2

α

siL
OXL2

siC
ontro

l

siH
IF1/2

α

siL
OXL2

0

100

200

300

400

St
iff

ne
ss

 (k
Pa

)
✱✱

✱

✱

IOX2Control

siC
ontro

l

siH
IF1/2

α

siL
OXL2

siC
ontro

l

siH
IF1/2

α

siL
OXL2

0

100

200

300

400

St
iff

ne
ss

 (%
 o

f c
on

tr
ol

) ✱✱✱

✱✱

✱

IOX2Control

siC
ontro

l

siH
IF1/2

α

siL
OXL2

siC
ontro

l

siH
IF1/2

α

siL
OXL2

0.0

0.2

0.4

0.6

Co
lla

ge
n

m
g 

/ m
g 

to
ta

l p
ro

te
in

IOX2Control

siC
ontro

l

siH
IF1/2

α

siL
OXL2

siC
ontro

l

siH
IF1/2

α

siL
OXL2

0.0

0.2

0.4

0.6

Py
rid

in
ol

in
e 

cr
os

s-
lin

ks
pe

r c
ol

la
ge

n 
m

ol
ec

ul
e ✱✱

✱

✱

IOX2Control

A B

C D

 
Figure 6.7: Short-interfering RNA targeting HIF1/2α and LOXL2 is capable of reducing tissue 

stiffness in a HIF-stabilised 3D fibroblastic model, but a change in collagen or 

pyridinoline cross-links is not observed. Tissue stiffness of siRNA spheroids exposed 

to either control or IOX2, measured by parallel plate compression testing and 

illustrated both in (A) absolute levels of stiffness (kPa) of control and IOX2 samples 

and (B) percent of paired control samples. Samples were subsequently hydrolysed 

before measurement of (C) Collagen (hydroxyproline) content normalised to protein 

and (D) mature pyridinoline cross-links normalised to collagen. (E) Representative 
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image of spheroid (blue circle) undergoing parallel plate compression with sheets of 

outgrowth tissue (orange arrows) visible. Significance determined with grouped 

analysis and multiple comparisons (Dunnett’s test). * p< 0.05, ** p< 0.01, *** p< 

0.001. Data from N=2 experiments using 3 IPF donors each (in quadruplicate), with 

stiffness measurements from N=12 samples and collagen and cross-link analysis from 

N=6 samples. 

These results reveal the potential for both upstream inhibition of HIF pathways and downstream 

inhibition of LOXL2 expression to interfere with ECM changes as a result of HIF stabilisation.  

6.3.3 Applying HIF inhibitors to primary IPF fibroblasts in conditions of HIF stabilisation  

HIFα subunits represent potential targets for preventing downstream HIF pathway activation.  HIF 

inhibitors are an expanding and heterogeneous group of compounds with a range of mechanistic 

effects and mixed selectivity for specific HIFα subunits. Three candidate inhibitors were identified 

which have previously been tested on human cells and demonstrate established HIFα inhibition in 

vitro. Digoxin, a commonly prescribed medication for its effects in prolonging the cardiac action 

potential but which also inhibits HIF1α mRNA expression, was selected due to previous work 

exploring effects on reducing HIF-mediated LOX(L) family expression, as well as its established 

presence in clinical use281,282. Echinomycin, an antibiotic originally isolated from Streptomyces 

bacteria, prevents binding of HIFα/β complex to the HRE to exert downstream effects of HIF 

pathways, and is increasingly used as a HIF inhibitor with anti-neoplastic effects283-285. The final 

selection was NSC134754, a novel inhibitor of HIFα translation with previous studies of in vitro 

and in vivo efficacy in cancer models286-288. These three compounds were selected for their 

different mechanisms of HIF inhibition and, to the best of our knowledge, appeared to be well 

tolerated at HIF-inhibiting doses in malignant cell lines. However it remained unclear how these 

HIF inhibiting compounds would be tolerated in human primary lung fibroblasts.  A series of dose-

finding pilot experiments was therefore performed using these 3 HIF inhibitors with primary IPF 

lung fibroblasts over 48 hours.  

IPF lung fibroblasts were exposed to both IOX2 and digoxin at a dose range from 10nM to 100nM 

for 48 hours (Figure 6.8). Cellular morphology was observed at 48 hours prior to harvest of cell 

lysate for protein and western blotting for HIF1α and LOXL2 after a BCA protein quantification to 

ensure equal loading. Western blot revealed a potent dose-dependent inhibitory effect of digoxin 

on both HIF1α and LOXL2 expression, with almost complete suppression of HIF1α and LOXL2 at 

100nM (Figure 6.8 A). However increasing doses of digoxin also resulted in a decline in cell lysate 
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protein concentration (Figure 6.8 B) and clear reductions in cell density, suggesting cellular 

toxicity even at lower doses of 25 – 50nM (Figure 6.8 C).  
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Figure 6.8: Digoxin inhibits HIF1α and LOXL2 expression in HIF-stabilised lung fibroblasts 

however appears to exert a dose-dependent toxic effect. Primary IPF lung 

fibroblasts were exposed to control media or IOX2 250μM with increasing doses of 

digoxin (10nM – 100nM). (A) Western blotting of cell lysate for HIF1α and LOXL2 

using β-actin as a loading control. (B) BCA protein quantification of cell lysate in 

μg/μL. (C) Cellular morphology at 48 hours just prior to harvest. Scale bar 500μm. 

N=2 IPF donors in a single experiment. 

The second HIF inhibitor, echinomycin, was subsequently applied to IPF lung fibroblasts in an 

identical experiment at concentrations of 1 – 20nM before morphological analysis, cell lysis for 

protein and western blotting for PLOD2 and LOXL2 (Figure 6.9). While the lowest dose of 

Echinomycin (1nM) appeared to counterintuitively increase PLOD2 expression there was a clear 

reduction in LOXL2 expression compared to the IOX2-only condition, and increasing doses of 5-

20nM appeared to suppress both PLOD2 and LOXL2 expression (Figure 6.9 A). However increasing 

doses of echinomycin also appeared to have a toxic effect on lung fibroblasts, with a decrease in 

protein concentrations of cell lysate (Figure 6.9 B) and a reduction in cell density on 

morphological analysis even at the lowest dose of 10nM (Figure 6.9 C).  
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Figure 6.9: Echinomycin suppresses HIF-mediated PLOD2 and LOXL2 expression in lung 

fibroblasts however also confers dose-dependent cellular toxicity. Primary IPF lung 

fibroblasts were exposed to control media or IOX2 250μM with increasing doses of 

echinomycin (1nM – 20nM). (A) Western blotting of cell lysate for PLOD2 and LOXL2 

using β-actin as a loading control. (B) BCA protein quantification of cell lysate in 

μg/μL. (C) Cellular morphology at 48 hours just prior to harvest. Scale bar 500μm. 

N=2 IPF donors in a single experiment. 

Finally, the HIF inhibitor NSC134754 was tested in identical conditions on IPF lung fibroblasts, 

using a range of doses from 100nM through to 20μM, followed by morphological assessment, 

protein analysis and western blot (Figure 6.10). Between doses of 100nM and 1μM, NSC134754 

did not appear to have any demonstrable effect on PLOD2 expression, however exerted a dose-

dependent inhibition on LOXL2 expression (Figure 6.10 A). At doses above 1μM there was 

suppression of both PLOD2 and LOXL2 expression.  Similarly to the other two HIF inhibitors 

however a dose-dependent effect on cellular viability was observed at doses greater than 500nM 

in both protein concentration (Figure 6.10 B) and cell density (Figure 6.10 C).  
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Figure 6.10: The HIF inhibitor NSC134754 suppresses HIF-mediated PLOD2 and LOXL2 however 

has dose-dependent effects on cellular viability. Primary IPF lung fibroblasts were 

exposed to control media or IOX2 250μM with increasing doses of NSC134754 

(100nM – 20μM). (A) Western blotting of cell lysate for PLOD2 and LOXL2 using β-

actin as a loading control. (B) BCA protein quantification of cell lysate in μg/μL. (C) 

Cellular morphology at 48 hours just prior to harvest. Scale bar 500μm. N=2 IPF 

donors in a single experiment. 

In summary these pilot studies using established HIF inhibitors to modulate the HIF-mediated 

effects on collagen cross-linking expression had mixed results. While all three compounds 

demonstrated the ability to suppress collagen cross-linking expression in a dose-dependent 

fashion they also exhibited significant toxic effects with reductions in cell density and lysate 

protein concentrations at 48 hours of culture. These effects were visible even at lower doses of 

the inhibitors. It was unclear from these experiments if the toxic effects were secondary to their 

HIF-inhibitory actions or off-target effects of the individual compounds. However none of these 

compounds were deemed suitable to pursue further in the form a 3D fibroblastic focus model 

experiment, where the longer culture periods (6 weeks) would require a compound with minimal 

cytotoxicity. While HIF inhibitors remain a promising avenue for future exploration, further 

analysis was beyond the scope of this study.   
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6.3.4 Selective and pan-inhibition of LOX(L) activity in a HIF-stabilised 3D fibroblastic foci 

model 

PXS-S2A is a haloallylamine-derived amine oxidase inhibitor capable of selective LOXL2/3 

inhibition at lower doses (0.1μM) and pan-LOX(L) inhibition at higher doses (10μM) (Figure 

6.11)165. The novel compound was previously used for selective LOXL2/3 inhibition in a TGFβ-only 

3D fibroblastic focus model to demonstrate a reduction in tissue stiffness and normalisation of 

collagen fibril assembly at both lower doses selective for LOXL2/3 and higher doses which inhibit 

all LOX(L) members, yet it is unclear if this catalytic inhibitor is capable of abrogating the more 

extreme matrix changes from HIF pathway activation which mirror IPF disease.   
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Figure 6.11: The LOX(L) catalytic inhibitor PXS-S2A exerts variable selectivity for LOX(L) enzymes 

which is dose dependent. Data from James Roberts, Synairgen Research Ltd 

demonstrating the inhibitory effect of PXS-S2A on (A) LOX, (B) LOXL1, (C) LOXL2, (D) 

LOXL3, (E) LOXL4 and (F) combined LOX(L) enzymes using bovine LOX and 

recombinant LOXL enzymes with an Amplex Red assay as per manufacturer 

instructions and putrescine as the substrate131.  
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To determine the effect of LOX(L) inhibition on HIF pathway-mediated ECM remodelling PXS-S2A 

was tested in a 6 week 3D fibroblastic focus model. IPF lung fibroblasts were cultured for 1 week 

in the model before exposure for 5 weeks to control or low dose PXS-S2A without IOX2, or 

control, low dose or high dose PXS-S2A with IOX2.  At 6 weeks samples were harvested and RNA 

isolated for RTqPCR to measure HIF pathway activation (Figure 6.12). No differences in the 

downstream HIF pathway marker Ca9 or in HIF1α, HIF2α or HIF3α mRNA expression were 

observed between samples exposed to vehicle control and PXS-S2A at either the low or high dose 

(Figure 6.12 A-D). Consistent with previous results, IOX2 resulted in a substantial increase in 

expression of the downstream HIF-pathway marker Ca9 (Figure 6.12 A), and a reduction in HIF1α 

expression compared to control conditions (Figure 6.12 B). Smaller, non-significant reductions in 

HIF2α expression were observed (Figure 6.12 C) while no significant changes in HIF3α expression 

were observed between control and IOX2 samples (Figure 6.12 D).  
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Figure 6.12: PXS-S2A has no effect on HIFα expression in a HIF-stabilised 3D fibroblastic foci 

model. mRNA expression of (A) Ca9 (B) HIF1α, (C) HIF2α and (D) HIF3α in the 3D 

fibroblastic foci model exposed to conditioned media with control or IOX2 50μM and 

PXS inhibitor. mRNA expression levels were determined using the ΔΔ CT method with 

grouped analysis and multiple comparisons (Dunnett’s test). *** p < 0.001. N=3 IPF 

donors. 

Collagen cross-linking enzyme expression was also measured at 6 weeks (Figure 6.13). PXS-S2A 

had no significant effect on the expression of PLOD2 or LOX(L) enzymes within the samples 

(Figure 6.13). Increases in PLOD2, LOXL2 and LOXL3 expression were observed in samples exposed 

to IOX2 (Figure 6.13 A, C, D).  
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Figure 6.13: PXS-S2A does not significantly affect collagen cross-linking mRNA expression in a 

3D fibroblastic foci model at 6 weeks. mRNA expression of PLOD2, LOX, LOXL2 and 

PLOD2 in the 3D fibroblastic foci model exposed to conditioned media with control or 

IOX2 50μM with or without PXS inhibitor. mRNA expression levels were determined 

using the ΔΔ CT method with grouped analysis and multiple comparisons (Dunnett’s 

test). * p < 0.05, ** p < 0.01, *** p < 0.001. N=3 IPF donors. 

Finally, mRNA expression of collagen fibrillogenesis genes COL1A1 and COL3A1 were tested in 

spheroids following 6 weeks in the 3D fibroblastic focus model (Figure 6.14). No significant 

changes in COL1A1 expression or COL3A1 expression were observed in control of IOX2 conditions 

containing variable doses of PXS-S2A.  
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Figure 6.14: PXS-S2A has no effect on collagen mRNA expression in a HIF-stabilised 3D 

fibroblastic foci model. mRNA expression of PLOD2, LOX, LOXL2 and PLOD2 in the 3D 

fibroblastic foci model exposed to conditioned media with control or IOX2 50μM with 

or without PXS inhibitor. mRNA expression levels were determined using the ΔΔ CT 

method with grouped analysis and multiple comparisons (Dunnett’s test). N=3 IPF 

donors. 

These results suggested the 6 week fibroblastic focus model experiments incorporating the 

catalytic LOXL inhibitor PXS-S2A had adequate exposure to IOX2 to induce changes in HIF pathway 

and collagen cross-linking expression as previously established, while PXS-S2A itself did not 

appear to have any effect on collagen or collagen cross-linking gene expression.  

To determine the effect of PXS-S2A on spheroid morphology and collagen fibrillogenesis samples 

were formalin fixed and paraffin embedded, sectioned and stained for H&E and picrosirius red 

while PLOD2 and LOXL2 mRNA expression was also examined in-situ using RNAscope mRNA 

hybridisation. (Figure 6.15). On H&E staining low dose PXS-S2A did not appear to change spheroid 

morphology, including cellular density or ECM abundance, either with or without the presence of 

IOX2. In the IOX2 conditions, H&E staining revealed high dose PXS-S2A to reduce spheroid stromal 

structure, although the amount of ECM was unchanged.  Analysis of sections stained for 

picrosirius red and viewed under polarised light however revealed no significant differences in 

collagen fibrillogenesis between the control and IOX2 samples with and without PXS-S2A at low or 

high doses. Additionally mRNA co-expression of PLOD2 (red chromagen) and LOXL2 (green 

chromagen) appeared uniformly distributed within all conditions.  
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Figure 6.15: PXS-S2A does not alter extracellular matrix production, collagen fibrillogenesis or 

distribution of collagen-crosslinking enzyme expression in a HIF-stabilised 3D 

fibroblastic focus model. 3D fibroblastic foci model exposed to conditioned media 

with control or IOX2 with or without PXS inhibitor. H&E stains of spheroids (left 

column, scale bar 200μM), picrosirius staining under polarised light (middle column, 

scale bar 50μM) and duplex RNAscope for PLOD2 (red) and LOXL2 (green) mRNA 

expression (right column, scale bar 50μM). Images representative of N = 3 IPF 

donors. 
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To determine the effect of PXS-S2A on matrix compliance and collagen nano-architecture in HIF-

pathway exposed samples parallel plate compression testing was performed, followed by 

spheroid hydrolysis and quantification of protein, collagen and pyridinoline cross-links (Figure 

6.16). HIF-pathway activation through IOX2 again resulted in substantially increased tissue 

stiffness compared samples that were not exposed to IOX2 (Figure 6.16 A-B). Notably selective 

LOXL2/3 catalytic inhibition with PXS-S2A at a concentration of 0.1μM reduced matrix stiffness in 

samples both exposed and unexposed to IOX2, compared to vehicle control. Pan-LOX(L) inhibition 

using PXS-S2A 10μM substantially reduced tissue stiffness in IOX2-conditioned media. Similarly to 

earlier experiments, samples exposed to IOX2 had a moderate reduction in collagen content 

(Figure 6.16 C). Intriguingly PXS-S2A at the higher, pan-LOX(L)-inhibiting concentration appeared 

to increase collagen content of the samples, possibly due to positive feedback on collagen 

production from the highly compliant tissue, although as noted earlier no significant changes in 

COL1A1 or COL3A1 expression were observed at 6 weeks.  

Pyridinoline cross-links were again increased with HIF pathway activation through IOX2, while 

selective LOXL2/3 inhibition with PXS-S2A 0.1μM resulted in a non-significant reduction in cross-

link density in both non-conditioned and IOX2-conditioned media (Figure 6.16 D). This may 

represent an effect size too small to be statistically significant with n=6 samples, or could reflect 

additional factors contributing to matrix stiffness outside of trivalent collagen cross-links. By 

contrast the higher, pan-LOXL(L)-inhibiting dose of PXS-S2A substantially inhibited pyridinoline 

cross-link density compared to vehicle controls. The dramatic reduction in pyridinoline density at 

the higher concentration also correlated with an increase in collagen content, suggesting a 

positive feedback loop driving collagen production to account for the reduction in compliance.  

The large differences in both stiffness and pyridinoline cross-links between selective and pan-

LOX(L) doses of PXS-S2A suggests shared cross-linking activity within the LOXL family upon HIF 

exposure that required broad catalytic inhibition in order to modulate successfully. More detailed 

dose-ranging experiments are required to explore this observation.  
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Figure 6.16: PXS-S2A reduces tissue stiffness and pyridinoline cross-links in a HIF-stabilised 3D 

fibroblastic model. (A) Tissue stiffness (kPa) of control and IOX2 samples and (B) 

Tissue stiffness (% control) of IOX2 samples only) measured by parallel plate 

compression testing. Samples were subsequently hydrolysed before measurement of 

(C) Collagen (hydroxyproline) content normalised to protein and (D) Mature 

pyridinoline cross-links normalised to collagen. Significance determined with grouped 

analysis and multiple comparisons (Dunnett’s test). * p< 0.05, ** p< 0.01, *** p< 

0.001, **** p < 0.0001. Data from N=2 experiments using 3 IPF donors each (in 

quadruplicate), with stiffness measurements from N=12 samples and collagen and 

cross-link analysis from N=6 samples. 
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6.4 Discussion 

HIF stabilisation within the 3D fibroblastic focus model recapitulates the ECM changes seen in the 

IPF lung, representing an important advancement for in vitro models with which novel antifibrotic 

compounds can be tested. In particular, compounds which target pathological collagen cross-

linking activity or their upstream promoters could normalise matrix compliance and prevent the 

mechanosensitive feed-forward loops which are postulated to sustain progressive fibrosis. The 

aim for this study was to examine HIF signalling and downstream LOX(L) dysregulation as 

modifiable targets of matrix reorganisation in the HIF-stabilised 3D fibroblastic focus model, 

initially with gene silencing and then subsequently through application of therapeutic compounds 

which inhibited upstream HIF or downstream collagen cross-linking activity.  

Treatment with siHIF1/2α and siLOXL2 in the 3D fibroblastic focus model demonstrated gene 

silencing efficacy for at least 2 weeks, although was insufficient to substantially suppress gene 

expression at 4 or 6 weeks. Importantly, matrix changes were seen with both siHIF1/2α and 

siLOXL2 in IOX exposed conditions, suggesting a treatment effect with the inhibition of these 

pathways that may translate to the IPF lung. Discrepancies between matrix compliance and 

pyridinoline cross-linking within samples require could represent technical limitations of the study 

or alternatively extra-pyridinoline mechanisms, and require further validation.  

Several problems were foreseen which could reduce the efficacy of siRNA in this format. Firstly 

sufficient maturation of trivalent pyridinoline collagen cross-links required a 6 week culture 

process, and the longevity of the siRNA transfection had not been tested over this time period 

before. Secondly after application of the 3D media to form fibroblast spheroids the surface area 

would be greatly reduced compared to a cell sheet, and therefore penetration of the siRNA to the 

spheroid core could be greatly reduced. To enhance the longevity of gene silencing and avoid 

difficulties with penetration two transfections of siRNA were applied, one on cell seeding and a 

second transfection at day 7 (just prior to spheroid formation). Despite this however, loss of gene 

silencing was observed between 2 and 4 weeks after initial transfection, which is likely to have 

impacted downstream matrix readouts such as collagen cross-linking at the 6 week time point.  

Additionally there were unforeseen problems with incorporating siRNA into the 3D model. The 

non-specific effects of the siRNA process (separate to specific gene silencing), on collagen 

synthesis and modification were unknown prior to this investigation. While a siRNA control 

(scrambled) was included to account for off-target effects of gene silencing, the increases in 

matrix stiffness seen across all samples was not anticipated. While the effect was consistent 

across two independent experiments, a non-siRNA control would have been useful to confirm this 

to be an effect of the transfection process. It remains unclear how siRNA transfection may 
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increase matrix stiffness however off-target effects are well recognised and it is possible that 

cellular toxicity from the transfection process created a stress response which involves 

downstream fibroblast activation and matrix reorganisation289,290. Measurements of collagen 

content and pyridinoline cross-linking density in both control and HIF pathway-exposed samples 

were similar to previous non-siRNA experiments, suggesting the alterations in stiffness are 

independent of collagen cross-linking. Further research in this area is necessary to confirm this 

effect and identify underlying mechanisms.  

As previously discussed, another unanticipated issue was the incorporation of spheroid 

outgrowths into the collagen and pyridinoline cross-link analysis. Discrepancy between 

pyridinoline density and matrix compliance in siHIF1/2α and siLOXL2 samples could be due to the 

dilution effect of these outgrowths, which were more likely to contain daughter cells with less 

siRNA-affected collagen.  Future experiments excluding these outgrowths from sample hydrolysis 

will hopefully provide more accurate data.  

As an exploratory arm of the study, this experiment was limited to just two treatment conditions 

– siHIF1/2α and siLOXL2 – however a number of other pathways are worth interrogating both in 

combination and individually. Gene silencing of other LOX(L) enzymes would enable a comparison 

of the relative effect of each family member on matrix remodelling, and also answer a key 

question on the redundancy of individual members. PLOD2 has been identified as a critical 

enzyme for telopeptide lysine hydroxylation, thereby creating the substrate for LOX(L) enzyme 

activity. Pyridinoline cross-links are present in healthy tissue (albeit at a lower level) and it is 

unclear if silencing PLOD2 would simply normalise pathological collagen cross-linking or instead 

produce an abnormally compliant ECM devoid of all cross-linking.  

Future experiments may benefit from alternative methods of gene silencing. Gene editing 

techniques incorporating Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and 

the CRISPR-associated (CAS)9 enzyme are increasingly available and capable of generating robust 

genetically-modified cell lines291. More importantly the durability of gene silencing with such 

techniques are better suited to the long-term culture requirements of our 3D fibroblastic focus 

model. These new methodologies could be applied to dissect the relevance and functional 

differences of individual HIF and LOX(L) isoforms on ECM biomechanics.  

HIFs are increasingly implicated at multiple stages in IPF pathogenesis and HIF inhibition could be 

a novel therapeutic target to suppress aberrant mesenchymal activity and pathological ECM 

modifications. However no suitable candidates were identified in this study for long term culture, 

with all three selected inhibitors demonstrating a narrow therapeutic window with dose 

dependent cellular toxicity at incremental doses. The cause for this cellular toxicity is unknown, 
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although the parallel findings using three alternative agents with different mechanisms of 

inhibition suggests HIF inhibition is poorly tolerated by lung fibroblasts exposed to IOX2. The anti- 

or pro-apoptotic effects of HIF pathway expression appear to depend on cellular context, and 

excessive HIF inhibition may indeed be detrimental to normal cellular responses292.  Intra-tumoral 

hypoxia-mediated upregulation of HIF pathways in a variety of malignancies has driven research 

in HIF inhibition. Yet to date no HIF inhibiting agents have been approved for treatment, with a 

large proportion failing to move beyond in vitro testing and others unable to demonstrate 

therapeutic efficacy293. Furthermore the results from cancer research do not necessarily translate 

to pulmonary fibrosis, where the aim of HIF pathway inhibition is to normalise cellular function 

rather than trigger cell death.  

This study has consistently identified PLOD2 and LOXL2 as collagen cross-linking enzymes of 

significance for therapeutic targeting, however there remains no commercially available selective 

inhibitor of PLOD2. Minoxidil has been identified as a non-selective inhibitor of PLOD1, 2 and 3, 

with a particular preference for PLOD1, yet previous reports have not demonstrated an effect of 

this agent on pyridinoline cross-links in collagen matrix294. The novel selective LOXL2/3 catalytic 

inhibitor, PXS-S2A, has previously been demonstrated to reduce pyridinoline collagen cross-links 

and matrix stiffness in the 3D fibroblastic focus model165.  Here, these experiments were extended 

to incorporate the more IPF-relevant model involving HIF stabilisation within the 3D fibroblastic 

focus model. PXS-S2A at the selective LOXL2/3 concentration was capable of normalising tissue 

stiffness in HIF-modified matrix, while at the pan-LOX(L) dose PXS-S2A substantially reduced 

stiffness beyond the HIF-unexposed control, with pyridinoline cross-link densities mirroring this 

effect.  

Intriguingly the relative drop in pyridinoline cross-linking was greater than the decline in matrix 

stiffness. One possible explanation could be the activation of other cross-linking enzymes which 

are unaffected by LOX(L) inhibition. In particular, tissue transglutaminase 2 creates calcium-

dependent protein-to-protein cross-links and is activated by both TGFβ and HIF pathways, and 

takes an active role in the early phases of matrix remodelling, providing another potential 

mechanism for stiffness changes which is unaccounted for in our model295-297.  

The magnitude of difference between the selective and pan-LOX(L) concentrations suggests an 

element of redundancy in LOXL2/3 activity, with the inhibition of the other LOX(L) family 

members being required for further effect. Yet an ‘optimal’ level of matrix compliance for 

pulmonary interstitial function has not been defined and therefore it remains unclear if reducing 

collagen cross-linking and matrix compliance beyond control tissue levels is necessarily of benefit. 

Future experiments should explore a wider range of PXS-inhibitor concentrations to better 
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understand the relationship between pyridinoline cross-linking and matrix stiffness in this HIF-

affected model.  

6.5 Conclusion 

Upstream HIF1/2α and downstream LOXL2 were successfully, but only transiently, silenced in a 

HIF-stabilised 3D fibroblastic focus model, with reductions in matrix stiffness observed suggesting 

efficacy of gene silencing of these pathways to interfere with pathologic collagen cross-linking. 

HIF-mediated changes in the 3D fibroblastic focus were also normalised through selective catalytic 

inhibition of LOXL2/3, and at pan-LOX(L) doses matrix compliance was restored to levels seen in 

control conditions with associated profound reductions in pyridinoline cross-linking. The 

similarities in ECM compliance and collagen nanostructure between the HIF-stabilised fibroblastic 

foci model and the IPF condition render these findings even more important, with the potential 

for therapeutic development that may alter the extreme changes seen in the IPF lung. 

Furthermore these interventions have the potential to reduce the aberrant mechano-signalling 

which is increasingly recognised as a pathological driver of progressive fibrosis, enabling a 

resetting of ECM homeostasis and normalisation of collagen structure-function.  
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Chapter 7 Final Discussion and Future Work 

7.1 Final discussion 

7.1.1 Key findings 

Building on the platform that excessive, mature ‘bone-type’ pyridinoline cross-links are a key 

determinant of ECM stiffness within IPF and a potential driver of sustained fibrogenesis, the aims 

of this study were to investigate the cellular sources of pyridinoline cross-linking enzyme 

expression in IPF, identify upstream signalling pathways, and examine downstream biomechanical 

effects of their dysregulation165.  

Through regionally selective RNA sequencing, substantially greater expression of LOX(L) family 

and PLOD2 expression was seen within IPF fibroblastic foci compared to alveolar septae from 

either healthy or IPF donors. LOXL2 exhibited the highest levels of expression within foci, and was 

the only LOX(L) member to demonstrate strong correlation to PLOD2 expression. Using mRNA in-

situ hybridisation, mesenchymal cell populations within IPF fibroblastic foci displayed high levels 

of collagen cross-linking expression, with co-expression of PLOD2 and LOXL2 seen within 

individual cells. Expression of collagen cross-linking enzymes was highest at the leading edge of 

the fibroblastic focus, with a gradual decline in activity toward the focus core, suggesting the 

catalyst for collagen cross-linking dysregulation was located at the alveolar barrier.  

HIF pathway stabilisation was identified as a potent inducer of PLOD2 and LOXL2 expression 

through in vitro 2D fibroblast culture studies, and disproportionately induced these enzymes 

compared to collagen fibrillogenesis genes. In comparison, the effects of prototypical TGFβ 

signalling on these ‘bone-type’ cross-link enzymes was less marked, and induction was 

proportional to collagen gene expression. A differential HIF response to hypoxia was observed 

between fibroblasts from healthy and IPF donors, with a reduction in the expression of HIF3α. 

This isoform is thought to be responsible for negative feedback in the HIF pathway, competitively 

binding with HIFβ without exerting the same downstream transcriptional effects as HIF1α and 

HIF2α. Loss of HIF3α within mesenchymal cells could therefore leave the IPF lung vulnerable to 

excessive HIF pathway activation. HIF stabilisation was confirmed in IPF tissue through 

immunohistochemical studies. Increased expression of HIF1α and Ca9 was particularly seen within 

fibroblastic foci and co-localised to mesenchymal cells that co-expressed PLOD2 and LOXL2 mRNA.  

Using an in vitro 3D fibroblastic focus model which enabled biomechanical testing, HIF pathway 

stabilisation exerted striking changes on collagen structure-function, with a mean increase in ECM 
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stiffness of over 300%, corresponding to a significant increase in ‘bone-type’ pyridinoline cross-

link density and a reduction in collagen fibril diameter. These changes in collagen nanostructure 

paralleled differences seen in collagen between healthy and IPF lung tissue, with the results not 

only supporting the relevance of HIF pathway activation to pathogenetic ECM remodelling in IPF 

but also highlighting the utility of the 3D fibroblastic focus model with HIF stabilisation for further 

experimentation on fibrotic mechanisms and therapeutic development. Through selective gene 

silencing and inhibition of LOX(L) catalytic activity, the HIF-mediated changes to matrix stiffness 

were reduced within the 3D fibroblastic focus model. Significant reductions in pyridinoline cross-

linking were also seen with pan-inhibition of LOX(L) enzyme activity.  

7.1.2 Potential mechanisms for HIF stabilisation in IPF 

This study identified HIF pathway stabilisation as an important promoter of pathologically 

excessive collagen cross-linking as seen in the ECM of the IPF lung. HIF pathway activation has 

previously been observed within the IPF alveolar epithelium and fibroblastic foci, and is implicated 

in other aspects of IPF pathogenesis such as fibroblast proliferation and activation153,218,246,247. Yet 

the mechanisms by which HIF pathways are stabilised within the IPF lung remain unclear.  

Hypoxia is the canonical and perhaps most physiologically relevant trigger for HIF pathway 

activation, but its role as a driver of fibrotic progression in IPF remains to be confirmed. Several 

observations make hypoxia an unlikely candidate for HIF-mediated collagen cross-linking 

dysregulation in IPF. Firstly, the gradient of collagen cross-linking expression observed in this 

study is inconsistent with a hypoxic tissue gradient. Intuitively, the fibroblastic core is the region 

of greatest tissue hypoxia due to the spatial distance from sources of oxygen while the alveolar 

surface by contrast would be a region of relative normoxia. If HIF pathway activation of cross-

linking enzymes was facilitated by hypoxia then the gradient of collagen cross-linking expression 

should be highest at the focus core and negligible at the alveolar surface.  

Secondly, tissue hypoxia and hypoxaemia are seen in advanced disease, reflecting pre-existing 

fibrotic changes and the effects of these changes on increasing physiological dead space 

ventilation, ventilation/perfusion mismatch and oxygen diffusion limitation64. It is therefore 

implausible that a hypoxic environment would be an inciting trigger in early (subclinical) disease 

to catalyse fibrogenesis, although hypoxia may contribute to acceleration of HIF-mediated matrix 

changes as the disease advances.  

A rational explanation for this conundrum is that HIF pathway stabilisation occurs through a 

variety of other “pseudohypoxic” mechanisms, independent of arterial or tissue PO2. In keeping 
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with this concept, baseline levels of HIF1α and HIF2α were observed to be higher in early passage 

IPF fibroblasts compared to control lung fibroblasts despite culture in a normoxic environment218.  

A reduction in PHD co-factors such as Fe2+ and ascorbic acid can promote HIFα accumulation, 

while upstream signalling pathways such as ERK/MAPK and PI3K/Akt/mTOR have been 

demonstrated to stabilise HIFα in a normoxic environment as well298. A range of metabolites such 

as pyruvate and lactate inhibit HIF-PHD activity to increase HIF1α expression in normoxia258,259. 

Enhanced metabolic pathways have already been implicated in IPF disease, and both TGFβ and 

HIF signalling are likely to play important roles in those process299-301. Succinate, an intermediate 

of the Krebs cycle, has been observed in increased levels in fibrotic lungs and is also capable of 

inhibiting HIF1α hydroxylation to stabilise HIF pathways301. The authors who observed these 

findings proposed enhanced glycolytic pathways under aerobic conditions (known as the Warburg 

effect) as the source of increased succinate levels in lung fibrosis, which were capable of 

stabilising HIF1α (independent of hypoxia) to promote TGFβ-induced mesenchymal cell activation. 

Their argument was supported by both the prevention of TGFβ-induced fibroblast activation in 

vitro and the mitigation of bleomycin and TGFβ-mediated pulmonary fibrosis in vivo through 

inhibition of the glycolytic enzyme 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 

(PFKB3).  

Another important candidate source for ‘pseudohypoxic’ HIF stabilisation in the IPF lung is 

oxidative stress. This process involves an imbalance between reactive oxygen species (ROS) and 

anti-oxidant defences, with accumulation of ROS that are toxic to cellular structures302,303. The 

generation of ROS such as hydrogen peroxide, nitric oxide and glucose oxidase are established 

promoters of HIFα expression in normoxic conditions256. HIF-PHDs are relatively impervious to the 

effects of ROS however FIH (the other major regulator of HIF stabilisation) is more sensitive to 

peroxide and an oxidative stress-mediated reduction in FIH activity is thought to be the 

mechanism by which HIF pathway activation may occur304. A wealth of studies have previously 

linked oxidative stress to IPF disease, with markers of an increased oxidant burden localised 

primarily to the injured alveolar epithelium, along with a reduction in protective anti-oxidants 

such as glutathione305-308.  Oxidative stress is linked to environmental exposures commonly 

associated with IPF, such as tobacco smoke and air pollution309,310. Endogenous processes can also 

enhance oxidative stress such as inflammation, metabolic changes within mitochondria and 

exhaustion of protective antioxidant sytems302. For example the reverse Warburg effect, a 

concept usually confined to cancer biology but which has previously been applied theoretically to 

pulmonary fibrosis, describes the generation of metabolic components such as pyruvate and 

lactate by stromal fibroblasts, which are utilised by adjacent tumour cells to increase oxidative 

phosphorylation and ROS production300. In this way, augmented metabolic pathways within IPF 
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cells may promote oxidative stress, with both events generating compounds that are capable of 

HIF stabilisation.   

Taken together, HIF pathway activation in IPF is likely to be a critical event in the sustained 

fibrogenic response and pathological matrix remodelling however the mechanisms of induction 

are not clear. Tissue hypoxia occurs late in IPF and is unlikely to drive early pathogenesis, although 

development of hypoxaemia in advanced disease could accelerate HIF-mediated matrix changes. 

Pseudo-hypoxic HIF stabilisation through enhanced metabolic pathways and oxidative stress are 

already implicated in pulmonary fibrosis and can occur through a range of endogenous and 

exogenous insults at the alveolar surface. In the setting of this pseudo-hypoxic HIF stabilisation, 

the lack of inherent mechanisms for HIF pathway regulation such as HIF3α stabilisation could 

facilitate excessive downstream HIF pathway activation through HIF1/2α, initiating a series of HIF-

mediated events to fundamentally alter mesenchymal activity and ECM structure-function in the 

lung.  

7.1.3 The effects of HIF pathway activation on extracellular matrix remodelling 

The IPF lung exhibits discrete areas of fibrosis with substantially increased matrix stiffness, 

correlating strongly with changes to collagen fibril diameter and density of pyridinoline cross-

links131,168. TGFβ signalling alone was incapable of recapitulating changes of an equivalent 

magnitude within an in vitro 3D fibroblastic focus model, yet the addition of HIF stabilisation as a 

‘second hit’ mechanism resulted in profound disruption of collagen cross-linking with significant 

consequences on both matrix compliance and collagen nanostructure that better reflected 

previous observations within IPF lung tissue.  

While this is the first study to examine the biomechanical consequences in pulmonary fibrosis, 

synergy between TGFβ and HIF pathways has previously been implicated in fibrotic disease. 

Enhanced recruitment and activity of lung mesenchymal cells was observed in vitro with 

combined TGFβ/HIF activation through an augmented response on mRNA and long non-coding 

RNA expression156. Both TGFβ and HIF signalling have been identified as key regulatory pathways 

within in vitro experiments of nickel oxide nanoparticle-mediated pulmonary fibrosis, with 

synergistic effects on α-SMA and collagen 1 expression269. In the same study, inhibition of either 

HIF1α or TGFβ1 resulted in reduced expression of the other pathway.  

Although not demonstrated in this study, mechanisms for enhanced HIF pathway stabilisation 

through TGFβ signalling may exist. In vitro studies in renal fibrosis have observed inter-dependent 

expression of the two pathways, with TGFβ signalling capable of stabilising HIF1α expression in a 

normoxic environment267. As previously discussed, augmentation of metabolic pathways such as 
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glycolysis under aerobic conditions (the Warburg effect) in IPF cells is capable of facilitating 

TGFβ1-induced HIF stabilisation301. In other work, a mechanism by which TGFβ could stabilise HIF 

pathways has been demonstrated through SMAD-mediated inhibition of PHD2311,312. Finally, TGFβ-

mediated stabilisation of HIF in the findings of some groups may lie in technical limitations due to 

a lack of controlling for cellular confluence, which can have an impact on micro-environmental 

oxygen tension. The effect of TGFβ on cell proliferation may inadvertently influence HIF 

stabilisation, with a reduction in pericellular oxygen concentrations observed as cell density 

increases within in vitro experiments313,314.  Yet the results of this study and the magnitude of 

changes in the IPF lung suggest the level of HIF stabilisation required exceeds that which can be 

delivered by TGFβ effects alone, supporting the concept of HIF pathway activation as a separate 

entity which has a synergistic relationship with TGFβ signalling.  

Overall this and previous studies have demonstrated strong correlations between lung fibroblast 

ECM compliance and pyridinoline cross-linking165. However discrepancies between stiffness and 

pyridinoline density were seen with HIF and LOX(L) pathway interference using both gene 

silencing and catalytic inhibition. These differences may represent technical limitations within 

individual experiments, but could also suggest an interplay between HIF pathways and other ECM 

components independent of pyridinoline cross-linking. Other types of cross-linking are involved in 

the regulation of matrix compliance, for which HIF may play a role. For example 

transglutaminases, namely TG2, are important inter- and intra-molecular cross-linking enzymes of 

collagen and other proteins in normal tissue repair186. Dysregulated expression of TG2 is seen in 

human fibrotic lung tissue and IPF fibroblasts while TG2-knockout mice had less collagen 

deposition following exposure to bleomycin295,315. TG2 is capable of stabilising HIF in mammary 

epithelial cells under normoxic conditions through constitutive activation of nuclear factor κ-light-

chain-enhancer of activated B cells (NF-κB), while HIF pathway activation in pulmonary artery 

smooth muscle cells has been identified to increase TG2 expression316,317.  

HIF pathways may also be important to non-enzymatic cross-linking which occurs in ECM. For 

example advanced glycation end products (AGEs), which arise from glycation of lysine residues 

with carbonyl groups of a sugar moiety, are elevated in IPF lung compared to tissue from both 

control and other ILD donors318,319. Hypoxia has been implicated in the accumulation of AGEs such 

as long wave (LW)1, although the relevance of HIF pathways to this process and scope of activity 

remain unexplored320. Traction exerted by cells on the surrounding ECM can have a significant 

effect on ECM compliance within lung tissue168. RhoA/ROCK pathways, key transcriptional targets 

of HIF signalling, are critical regulators of cell contractility through the phosphorylation of myosin 

II321.  
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As well as in matrix production and modification, HIF may have important effects on matrix 

degradation. It is already recognised that increased pyridinoline cross-linking renders ECM less 

susceptible to MMP1 collagenase activity, although this observation has not been translated to 

models of pulmonary fibrosis162. Complicating this picture, MMPs are recognised to be activated 

by reactive oxidative species and HIFs, while increased levels of MMP1 in the alveolar epithelium 

are capable of suppressing mitochondrial activity and inducing HIF1α 322,323. It is plausible that 

both TGFβ and HIF-mediated MMP activity contribute to a loss of more compliant (and soluble) 

matrix, with progressive accumulation of the less digestible collagens composed of dense 

pyridinoline cross-links. This could explain the increased MMP activity within the IPF lung, as well 

as why absolute collagen quantity is increased in end-stage fibrosis but not in early disease167,188-

190.   

Taken together, abnormal matrix remodelling in IPF could represent a ‘second-hit’ phenomenon 

whereby TGFβ and HIF pathway activation at sites of lung injury impede the normal wound 

healing response, firstly by augmenting the proliferation and activity of lung mesenchymal cells, 

and secondly by inducing pathogenetic changes within these cells, shifting the balance in ECM 

production toward excessive collagen post-translational modification (Figure 7.1). Plausibly HIF 

could modulate multiple cross-linking components of the ECM in addition to LOX(L)-mediated 

pathways and upregulate cellular contractility to further compound changes to matrix stiffness. 

On a speculative level other mechanisms of ECM homeostasis such as increased MMP production 

may be insufficient to normalise matrix compliance, or could instead worsen compliance by 

removing softer, more soluble, collagen fibrils, leaving the remaining ECM vulnerable to further 

TGFβ and HIF-mediated pathological changes. This could account for the reduction in collagen 

content observed in HIF-stabilised treatments within the 3D fibroblastic focus model.  
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Figure 7.1: Proposed ‘two hit’ mechanism for pathologic matrix remodelling through the 

combined effects of HIF and TGFβ signalling. HIFs and TGFβ are both capable of 

mesenchymal recruitment and activation, while TGFβ is the core driver of collagen 

fibrillogenesis. HIF stabilisation is proposed to be a critical mediator of matrix 

stiffening through dysregulation of collagen cross-linking enzymes, generating dense 

pyridinoline cross-links which render collagen insoluble. The end-product is poorly 

compliant matrix which cannot be degraded, and generates a feed-forward loop to 

drive further ECM changes.   

7.1.4 Targeting HIF pathways to normalise extracellular matrix homeostasis in IPF 

Accurate and reproducible models are lacking in IPF research, thereby hindering the mechanistic 

evaluation of fibrotic pathways as well as pre-clinical assessment of potential pharmacological 

compounds. In vitro 3D models of IPF have historically relied upon pre-existing lung matrices for 

cellular seeding168. While useful in the analysis of cell behaviour and matrix interactions, the 

models are limited in the analysis of endogenous ECM production and modification. Others, such 

as the ‘scar-in-a-jar’ model, use endogenously produced ECM however do not accurately reflect 
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the mature cross-link density due to the relatively short-term culture conditions324,325. In vivo 

models of IPF most commonly involve an inhalation-introduced lung injury with compounds such 

as bleomycin, leading initially to inflammation, followed by fibrosis, and then often resolution (if 

inhalational exposure is ceased)326. IPF does not follow the same disease course and thus inherent 

limitations of these models are likely to have contributed to the lack of translation of novel 

compounds to clinical studies49,51,327,328.  The HIF-stabilised 3D fibroblastic focus model faithfully 

recapitulates important parameters of post-translational collagen modification in IPF and 

represents an important advancement for pre-clinical in vitro analysis of ECM-modifying effects of 

novel antifibrotic compounds.   

This study used the HIF-stabilised 3D fibroblastic focus model to examine HIF1/2α and LOXL2 

expression as modifiable targets in HIF-mediated ECM changes, with detectable improvements in 

ECM compliance following gene silencing with siRNA. Furthermore the catalytic inhibition of 

LOX(L) enzymes was also capable of normalising matrix changes in HIF-stabilised 3D fibroblastic 

foci models through the reduction in density of pyridinoline collagen cross-links. Both studies 

require optimisation to ensure sufficient targeting of dysregulated cross-linking activity (or the 

upstream signals which promote the activity), however represent important steps forward in the 

application of matrix modifying therapies to normalise matrix homeostasis.  

Progress in the development and application of compounds which modify collagen cross-

linking in IPF have stalled since a phase 2 clinical trial using Simtuzumab, a monoclonal 

antibody directed against LOXL2 (previously known as AB0023), failed to prolong 

progression-free survival of patients with IPF51. Yet serious questions remain over the efficacy 

of this therapeutic compound to perform the desired function. The mechanism of anti-LOXL2 

effect for Simtuzumab has been proposed to be allosteric, with the binding epitope located 

at the non-catalytic SRCR4 domain329. The LOXL2, LOXL3 and LOXL4 SRCRs are postulated to 

be involved in protein trafficking and immune regulation, and inhibition of these regions may 

account for many of the pre-clinical effects of Simtuzumab such as reductions in 

neovascularisation, tumour size and metastases179,195. Specific pre-clinical work examining 

the effects of Simtuzumab on collagen modification were limited, with modest (less than 

30%) inhibitory action on LOXL2 enzymatic activity using collagen 1 as a substrate329. To date 

no analysis of Simtuzumab’s effect on pyridinoline cross-linking has been performed, with 

erroneous suggestions of cross-linking inhibition based on picrosirius staining experiments 

that were incapable of measuring this effect195. It is therefore unclear if Simtuzumab is 

capable of modifying the catalytic activities of LOXL2 on collagen cross-linking in IPF. 
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In contrast, selective catalytic inhibition of LOXL2/3 activity through PXS-S2A has been observed 

to be efficacious at reducing pyridinoline cross-linking and ECM compliance in vitro and in vivo165. 

Additional properties which favour this method of inhibition include the capability for 

interference with both intra- and extracellular LOXL2/3 activity, as well as the potential for 

broader anti-LOX(L) effects at higher concentrations in the event of redundancy between family 

members. It remains unclear if inhibition of LOXL2 alone would result in effective inhibition of 

pathological cross-linking, or if the activity of other LOX(L) members increases in a compensatory 

response. 

 A key question which remains is the level of cross-linking inhibition that is sufficient to break the 

mechanosensitive pathway feedback loop but does not impair normal tissue function. The effects 

of excessive cross-linking inhibition on human lung are unknown but could be maladaptive on 

normal cellular and organ function. Furthermore collagen cross-linking is a ubiquitous process 

within the body, and the systemic effects of impairing catalytic LOX(L) activity are likely to limit 

the extent at which these therapeutics can be applied.  

This and other studies have highlighted the importance of excessive PLOD2-mediated 

hydroxylation of collagen telopeptide lysine residues to alterations in ECM stiffness, which is 

promoted by both TGFβ and HIF signalling192,271. Inhibition of this excessive LH2 activity could 

reduce the substrate available for LOX(L)-mediated pyridinoline cross-linking and subsequently 

normalise ECM compliance. Minoxidil is capable of reducing PLOD2/LH2 expression as well as 

pyridinoline formation, yet its activity against other lysyl hydroxylases such as LH1 make it 

unsuitable for anti-fibrotic application294.  The need for selective LH2 inhibitors has led to the 

development of a high throughput LH assay which reported the identification of a number of 

selective and potent candidates for LH2 inhibition330. Further advances in this field are likely to be 

highly applicable to IPF research.   

7.2 Future work 

A critical step for understanding the influence of HIF pathway activation within IPF is to identify 

the mechanism of HIF stabilisation.  Conventionally (and incorrectly), hypoxia is often considered 

synonymous with HIF and yet a role for hypoxaemia and tissue hypoxia to incite and propagate a 

fibrogenic response has not been established. ‘Pseudohypoxic’ mechanisms of HIF stabilisation 

such as oxidative stress could play important roles at the epithelial-interstitial interface, mediated 

through FIH-dependent pathways. Future work will aim to understand pathways by which HIF is 

stabilised in IPF. In particular, a role for the dysregulation of FIH through both oxidative stress and 

other mechanisms will be explored using both in vitro and in vivo methods. The interplay between 
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oxidative stress and HIF stabilisation will also be extended to the realm of pulmonary fibrosis. This 

will include an analysis of HIF and oxidative stress signatures in IPF populations, as well as 2D and 

3D in vitro studies to simulate oxidative stress-mediated HIF stabilisation and its effects on ECM 

modification.  

The HIF-stabilised 3D fibroblastic focus model is an important advancement in the development 

of a system which can replicate the complex ECM changes that occur in IPF. While it remains to be 

tested, the 3D fibroblastic focus model with HIF pathway activation is likely to produce ECM that 

is resistant to degradation, as opposed to other models such as the bleomycin mouse that exhibit 

reversible changes. With matrix properties that recapitulate fibrotic lung to a greater extent than 

earlier TGFβ-only in vitro models, the HIF-stabilised model will be utilised to interrogate a range of 

candidate compounds which may modulate the abnormal collagen cross-linking responses which 

occur in IPF. Future work will re-examine the effects of selective LOXL2/3 inhibition through PXS-

S2A on matrix stiffness and clarify the discrepancy between compliance changes and pyridinoline 

cross-link density. A wider range of concentrations will be incorporated to better understand the 

redundancy of LOXL2/3 activity in normalising HIF-mediated changes. Finally the effects of 

catalytic inhibition through PXS-S2A will be compared to the allosteric inhibition of Simtuzumab in 

order to answer a key question regarding the efficacy of Simtuzumab in modifying collage cross-

linking.  

Gene silencing through siRNA was performed to mechanistically dissect the roles of HIFα and 

downstream LOXL2 in the development of pyridinoline cross-links and loss of matrix compliance. 

A limitation of this study was the loss of siRNA efficacy over time, leading to inconclusive results. 

Advances in techniques for gene silencing may enable significant mechanistic insights. Gene 

editing systems incorporating CRISPR/Cas9 represent one such advancement, producing cell lines 

with stable silencing of select genes through CAS9 cleavage of specific DNA sequences291. Unlike 

siRNA methods, gene silencing with CRISPR is permanent and not associated with the off-target 

effects of the transfection process. Incorporating this technology into the 3D fibroblastic focus 

model would enable a more detailed comparison of HIFs and collagen cross-linking enzyme 

effects on downstream matrix changes in conditions of HIF stabilisation. Future studies will focus 

on the relevance of individual HIFα subunits, including the poorly understood HIF3α which was 

found to be downregulated in IPF fibroblasts. Furthermore, a broader range of collagen cross-

linking enzymes can be targeted, such as PLOD2, LOX and LOXL3, enabling a comprehensive 

analysis of relevant pathways to ECM remodelling.  

Multiple determinants of ECM compliance exist which were beyond the scope of this study, such 

as transglutaminase-mediated and non-enzymatic cross-linking, cellular contractility, and matrix 
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resorption. The relative contribution of HIF-facilitated changes to these pathways in the overall 

compliance of ECM is unclear, and has not been explored in pulmonary fibrosis. Future studies 

will therefore investigate mechanisms by which HIF pathways alter matrix structure-function 

independent of pyridinoline cross-linking, such as through upregulation of TG2, changes to 

fibroblast contractility or increased MMP activity to remove softer collagen fibrils.    

7.3 Final conclusion 

This study sought to investigate the dysregulation of collagen cross-linking enzymes which drive 

pathological matrix modification in IPF. Mesenchymal cells within fibroblastic foci were identified 

as the primary cellular source of core collagen cross-linking enzymes, and HIF pathways observed 

to be potent inducers of their expression. HIF and collagen cross-linking enzyme activity was 

greatest at the alveolar surface, and could represent a “second hit” phenomenon at the site of 

fibrogenesis. The source of HIF pathway stabilisation is postulated to occur through ‘pseudo-

hypoxic’ mechanisms such as oxidative stress, with loss of normal negative feedback mechanisms 

such as HIF3α.  

HIF pathway activation is essential to disrupt the balance between collagen fibrillogenesis and 

collagen cross-linking, facilitating excessive pyridinoline cross-link accumulation to pathologically 

alter tissue compliance, collagen nano-structure and function at magnitudes comparable to IPF 

lung tissue. Pathological collagen cross-linking activity and upstream HIF pathway dysregulation 

represent important modifiable targets, which may disrupt the feed-forward loop of fibrotic 

progression to normalise matrix homeostasis.  
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Appendix A Media and Buffers 

A.1 Media for cell culture 

A.1.1 Complete DMEM fibroblast media 

• 86% DMEM 

• 10% FBS 

• 1% penicillin-streptomycin 100x  

• 1% Non-essential amino acids (NEAA) 100x  

• 1% L-glutamine 200mM 

• 1% sodium pyruvate  

A.1.2 Complete DCCM-1 media 

• 89% DCCM-1 

• 10% FBS 

• 1% penicillin-streptomycin-L-glutamine 

A.1.3 3D fibroblastic focus model media 

• Phenol-free DMEM (Gibco, 31053-044) 180mL 

• Ham’s F-12 Nutrient Mix (Gibco 21765) 60mL 

• 5% FBS 

• 1% penicillin-streptomycin 

• 1% L-glutamine 100x  

• 1% NEAA 1mM  

• 1% NaP 1mM  

• EGF 10ng/mL 

• Amphotericin B (Gibco, 15290-026) 2.5μg/mL 

• Adenine 0.18mM (Sigma, A2786-5G) 

• 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 8mM (Sigma, 83264-100ML) 

• Insulin 5μg/mL (Sigma, I9278-5ML) 

• Hydrocortisone 0.5μg/mL (Sigma, H0888-1G) 

• L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate (Sigma, A8960-5G) 1μL/mL 

added to media fresh 3 times per week. Stock solutions prepared from dry powder at 

least every 20 days.  
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A.2 Polyacrylamide gels and western blot buffers 

A.2.1 Separation gel 

7.5% Acrylamide 

• 2.5mL 30% acrylamide 

• 2.5mL 1.5M trisaminomethane (Tris)-HCL pH 8.8 

• 4.9mL dH2O 

• 100μL 10% SDS 

• 50μL 10% ammonium persulfate (APS) 

• 5μL tetramethylethylenediamine (TEMED) 

10% Acrylamide 

• 3.3mL 30% acrylamide 

• 2.5mL 1.5M Tris-HCL pH 8.8 

• 4.1mL dH2O 

• 100μL 10% SDS 

• 50μL 10% APS 

• 5μL TEMED 

A.2.2 4% Stacking gel 

• 0.5mL 30% acrylamide 

• 1.25mL 0.5M Tris-HCl pH 6.8 

• 3.05mL dH2O 

• 50μL 10% (w/v) SDS  

• 25μL 10% APS 

• 10μL TEMED 

A.2.3 10x Running buffer 

• 15.5g 0.025M Tris 

• 720g 0.192M glycine 

• 250mls 20% SDS 

• dH2O to make up to 5 litres 

• Dilute 1:10 for working concentration 
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A.2.4 10x Transfer buffer 

• 151.5g 0.025M Tris 

• 720g 0.192M glycine 

• dH2O to make up to 5 litres 

• Dilute 1:10 for working concentration – for every 100mL 10x transfer buffer add 200mL 

methanol and 700mL dH2O 

A.2.5 Stripping buffer 

• 62.5mL 0.5M Tris HCL pH 6.8 

• 50mL 20% SDS 

• Make up to 500mL with dH2O 

• Add 70μL β-mercaptoethanol for every 10mL stripping buffer before use 
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Appendix B Publications, Posters and Presentations 

Christopher J Brereton, Liudi Yao, Joseph Bell, Franco Conforti, Aiman Alzetani, Aurelie Fabre, Ben 

G Marshall, Luca Richeldi, Donna E Davies, Yihua Wang, Mark G Jones. Hypoxia-inducible factor 

pathway activation promotes bone-type collagen cross-linking in Idiopathic Pulmonary Fibrosis. 

European Respiratory Journal Sep 2019, 54 (suppl 63) PA2424; DOI: 10.1183/13993003.congress-

2019.PA2424. Thematic poster 

Christopher J Brereton, Robert Ridley, Franco Conforti, Liudi Yao, Aiman Alzetani, Ben Marshall, 

Sophie V Fletcher, Luca Richeldi, Yihua Wang, Donna E Davies, Mark G Jones. HIF pathway 

activation is a core regulator of collagen structure-function in lung fibrosis. European Respiratory 

Journal Sep 2020, 56 (suppl 64) 4323; DOI: 10.1183/13993003.congress-2020.4323. Presentation 

and thematic poster.  

Christopher J Brereton, Liudi Yao, Yilu Zhou, Joseph Bell, R.A. Ridley, E.R. Davies, O.G. Andriotis, 

Franco Conforti, Soran Mohammed, Tim Wallis, Ali Tavassoli, R. Ewing,  Aiman Alzetani, Ben G. 

Marshall, Sophie V. Fletcher, P.J. Thurner, Luca Richeldi, Donna E. Davies, Yihua Wang, Mark G. 

Jones. Pseudohypoxic HIF pathway activation dysregulates collagen structure-function in human 

lung fibrosis. Elife, Manuscript Under Review, July 2021. 
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