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A CHARACTERISATION OF FIBROBLASTIC FOCI AND THE
PRODUCTION OF FIBRILLAR COLLAGENS IN IDIOPATHIC

PULMONARY FIBROSIS

by Mark G. Jones

Idiopathic pulmonary fibrosis (IPF) is a complex chronic fibroproliferative
disease of unknown aetiology where aggregates of highly active fibroblasts,
termed ‘fibroblastic foci’, produce excessive extracellular matrix (ECM)
components. On standard 2D pathologic examination fibroblastic foci are
considered small, distinct lesions although in 3D they have been proposed
to form a highly interconnected reticulum as the leading edge of a “wave”
of active fibrosis. There is increasing recognition that the ECM produced
may not simply be a consequence of fibrosis but may also contribute to
fibrogenesis, however the actual changes in ECM structure and function
remain poorly understood. This thesis will further study fibroblastic foci
and the predominant ECM constituent, fibrillar collagen, in IPF.

Fibroblastic focus morphology and inter-relationships in 3D were studied
by integrated microCT and histological analyses. Collagen expression in
ex vivo IPF lung tissue was characterised by biochemical, biomechanical,
histological, and non-linear imaging analyses. A long term model of fibrillar
collagen production by fibroblastic foci was established using parenchymal
lung fibroblasts explanted from IPF or non-fibrotic lung tissue.

This study demonstrates that the application of multi-modal imaging
methodologies can further advance concepts of disease pathogenesis in fi-
brotic lung diseases. It provides novel data that in 3D fibroblastic foci
are heterogeneous and of varying size and complexity, suggesting previously
unrecognised plasticity. It also shows that these fibroblastic structures
are independent of each other, consistent with their being the product of
discrete sites of lung injury and repair. It demonstrates that in IPF post-
translational modifications of collagen, rather than increased total collagen
content, strongly influence the altered mechanical properties of IPF lung
tissue, and identifies upregulation of multiple lysyl oxidases as therapeutic
targets. Finally, it describes a novel 3D model culture system of fibroblastic
focus ECM production with utility in mechanistic and therapeutic studies of
fibrotic lung diseases.
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Chapter 1

Introduction

1.1 Idiopathic Pulmonary Fibrosis: An

overview

Interstitial lung diseases (ILDs) are a diverse range of over 300 conditions

a↵ecting the lung interstitium.1 They are a clinical area with significant

unmet patient needs given the number of conditions, their typical rarity,

diagnostic uncertainties, and currently limited therapeutic options. The

prototypic ILD is idiopathic pulmonary fibrosis (IPF), a chronic progressive

fibrotic lung disease of unknown aetiology with a median survival of only

35 months from time of diagnosis.2,3 Healthy tissue is replaced by scar

tissue, thereby destroying alveolar architecture, and leading to decreased

lung compliance, disrupted gas-exchange, and ultimately respiratory failure

and death. Whilst progress has been made in understanding of IPF disease

pathogenesis, patient treatment options remain limited, and better therapies

are urgently required.

1.1.1 A historical perspective

Between 1931 and 1941 Dr. Hamman and Dr. Rich described four unusual

cases of pulmonary disease at Johns Hopkins Hospital.4,5 All patients died

of respiratory insu�ciency, and at autopsy “the pathological process in the

1



Chapter 1. Introduction

lungs was identical in all and this lesion was so extraordinary and distinctive

that there can be no doubt that the symptoms displayed by each case, di↵erent

though they were, arose from the same underlying morbid process, variations

in symptoms depending upon the stage this process had reached at the time

the patient came under observation.”4

This first description in the English-language literature of a fibrotic lung

disease of unknown aetiology as a distinct clinical and pathological entity

formed the basis for all subsequent studies of what have since been termed

idiopathic interstitial pneumonias (IIPs), a group of di↵use parenchymal lung

diseases of unknown aetiology.

Building upon initial case series descriptions, in 1969 a framework for

classification of interstitial lung diseases of unknown aetiology was proposed

by Liebow and Carrington who described five histopathologic subgroups

of chronic IIPs.6 Importantly, this framework informed the principal that

IIPs could be subclassified, and that histological pattern may correlate

with prognosis. The subgroup most frequently encountered was termed

“usual” interstitial pneumonia (UIP). This term has been used to define

the histopathological or radiological pattern of disease which in the absence

of any identifiable cause is diagnostic of IPF.

Multiple terms were then used inter-changeably in the literature to

describe what would now be considered IPF including di↵use interstitial

fibrosis, di↵use fibrosing alveolitis, cryptogenic fibrosing alveolitis (CFA),

classical interstitial pneumonitis-fibrosis, di↵use interstitial pneumonitis and

IPF. In the 1990’s both the terms IPF and CFA were accepted nomenclature,

and it was not until ratification of international consensus guidelines in

2000 that the now standard term IPF began to be applied wordwide.7 For

consistency throughout this thesis the term IPF will be applied even when

referencing manuscripts using di↵ering terminology such as CFA.

In 1998 Katzenstein & Myers proposed a reclassification of IIPs which em-

phasised the need for consistent histopathologic criteria, and demonstrated

that, prior to this, distinct separate idiopathic pneumonias had been grouped

and all considered ‘IPF’.8 They identified a set of key distinguishing features

2
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including temporal heterogeneity of fibrosis, the presence of honeycombing,

the extent of inflammation, and the presence of fibroblastic foci to classify

five distinct entities: usual interstitial pneumonia (UIP), desquamative in-

terstitial pneumonia (DIP), respiratory bronchiolitis-associated interstitial

lung disease (RB-ILD), nonspecific interstitial pneumonia (NSIP), and acute

interstitial lung disease (AIP).

The importance of this reclassification is demonstrated by its application

by Daniil et al. to 30 surgical lung biopsy samples, each of which were

previously diagnosed as having a ‘typical’ histopathological pattern of UIP,

and with each patient being diagnosed with IPF.9 They identified that only

half of the samples would still be considered to have a UIP classification

but that patients with this pattern showed progressive deterioration and

increased mortality when compared to the other half, who were now classified

as NSIP, and who typically remained stable or improved.

In 2002 the American Thoracic Society and European Respiratory Society

(ATS/ERS) published a consensus statement of the classification of IIPs

which incorporated the Katzenstein and Myers classification together with

clinical and radiographic diagnostic features.10 The histopathologic UIP

classification has since remained unchanged. When interpreting publications

prior to this time consideration must therefore be given to the comparability

of data with subsequent studies.

1.1.2 Definition

In 2000 the American Thoracic Society and European Respiratory Society

(ATS/ERS), in collaboration with the American College of Chest Physicians

(ACCP), published an international consensus statement on the diagnosis

and management of IPF.7 This defines IPF as “a specific form of chronic,

progressive fibrosing interstitial pneumonia of unknown cause, occurring

primarily in older adults, limited to the lungs, and associated with the

histopathologic and/or radiologic pattern of UIP.”2 Most recently updated in

3
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2011, these guidelines have helped to standardise the approach of clinicians

worldwide to the diagnosis and management of IPF.2

1.1.3 Incidence and prognosis

It has been estimated that IPF a↵ects 5 million people worldwide.11 There

have been no large scale studies of IPF incidence although a recent systematic

review of 34 studies estimated an incidence range of 3-9 cases per 100 0000

per year in Europe and North America.12 In the United Kingdom greater

than 5000 new cases are diagnosed each year, and for uncertain reasons the

incidence continues to rise.13 It occurs more commonly in men, is rare in

people less than 50 years of age, and typically occurs in people over the age

of 60.2 Whilst prognosis is variable the median survival from the time of

diagnosis is thought to be between 2 and 4 years.3

1.1.4 Risk factors for development

Exposure risk factors

Infectious agents and particulate inhalation have been implicated in IPF

pathogenesis and progression. A history of cigarette smoking is associated

with the development of IPF in the majority of patients.2,14 Multiple other

inhaled environmental exposures have been associated with increased risk

for the development of IPF including metal dusts (brass, lead and steel) and

wood dust (pine).2,15

Abnormal gastro-oesophageal reflux (GER) is common in patients with

IPF, and chronic silent microaspiration, as a source of repetitive lung injury,

has been proposed as a risk factor for developing IPF.16 In support of this

association is the finding in retrospective analyses of clinical trials that

patients taking anti-acid treatment have a smaller decrease in forced vital

capacity (FVC) than those not taking anti-acid treatment.17 However, GER

is common in advanced lung diseases, and currently there is no prospective

clinical data supporting a causative or prognostic relationship.
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A large number of studies have investigated the potential role of viruses

and bacteria in both the pathogenesis and progression of IPF.2 The role of

viruses remains uncertain, with the most sensitive viral detection methodolo-

gies having identified no evidence of virus presence in IPF bronchoalveolar

lavage fluid (BALF) samples.18

There is evidence of increased bacterial burden in the BALF of patients

with IPF compared to controls, and that microbial burden may correlate with

survival, however interpretation of the significance of this association is chal-

lenging .19,20 Further investigation is required to help to understand whether

this represents an aetiological factor, a determinant of disease behaviour, a

surrogate finding of another disease process such as microaspiration, or a

marker of lung structure derangement.

Genetic risk factors

The identified exposure risks factors are relatively common, however only a

small proportion of individuals develop IPF. There is now increasing evidence

that in many cases the individuals developing IPF have an underlying genetic

predisposition, and it has been proposed that development of IPF involves

multiple gene-environment interactions.21

Through studies of familal interstitial pneumonia (the familial form of

IPF) rare genetic variants in eight genes have been identified which relate to

surfactant protein processing and tra�cking and telomere biology.21 Building

upon these familial studies, over the past decade there has been a step-

change in our understanding of the significance of genetic susceptibility to the

development of sporadic IPF, and genome-wide association studies have now

identified more than a dozen common genetic variants associated with IPF

risk.22,23 Whilst not demonstrating a direct causal link to IPF, these studies

have identified the potential importance to the aetiology of IPF of alterations

in host defence, DNA repair, cell senescence, and epithelial barrier function

in the lung. Importantly, common polymorphisms in two genes involved in
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host defense have been identified as potential genetic markers of both IPF

susceptibility and disease progression.

A common single nucleotide polymorphism (SNP) rs35705950 in the

promoter region of the gene encoding for mucin-5B (MUC5B) has been

significantly associated in mutiple independent studies as the risk variant

with the largest genetic e↵ect on development of both familial and sporadic

forms of IPF (odds ratio 4-8 per allele).22–28 MUC5B encodes a mucin-5B

precursor protein that contributes to airway mucous production and may

have an important role in lung host defense.19,29 No such association has

been identified in systemic sclerosis or sarcoidosis associated lung fibrosis,

suggesting that the MUC5B polymorphism may represent an IPF specific

fibrotic pathway.27,30,31

The potential importance of MUC5B was highlighted by the subsequent

identification that whilst those with the common risk T allele are at increased

risk of the development of IPF may actually have a higher rate of survival,

with the 7% of patients with the TT genotype having a very low risk of

death.32 In contrast the 28-34% of patients with the GG genotype have the

highest risk of death. This finding requires external validation, although in

keeping with the proposed correlation with prognosis was the identification

in UK patients with IPF that the minor T allele was associated with less

rapidly progressive decline in lung function.27

Recent work has identified that novel variants in toll-interacting pro-

tein (TOLLIP), an important regulator of innate immune responses acting

downstream from the toll-like receptors (TLRs), are associated with IPF

susceptibility and progression. Patients that carry the minor alleles of

associated TOLLIP SNPs had decreased TOLLIP expression in lung tissue,

but individuals who developed IPF despite having a protective TOLLIP

minor allele were found to have an increased mortality risk.23
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1.1.5 Symptoms and diagnosis

Patients present with symptoms of non-productive cough and/or gradual

onset shortness of breath. On examination fine inspiratory bibasilar crackles

and finger clubbing may be present. Pulmonary function tests typically

identify a restrictive pattern of spirometry and a reduced di↵using capacity

for carbon monoxide.2

IPF is diagnosed by clinical assessment and identification of a pattern

of UIP on radiological high-resolution computed tomography (HRCT) (Ta-

ble 1.1 and Figure 1.1) or histological (Table 1.2 and Figure 1.2) criteria. Ad-

vances in HRCT diagnostic accuracy for the UIP pattern have revolutionised

diagnostic practices and guidelines, and now only a minority of patients with

atypical features or early disease are thought to require surgical lung biopsy

for histological diagnosis.2,33

Current guidelines emphasise that diagnosis of IPF is strengthened by

multidisciplinary interaction to determine a clinico-radiologic-pathologic di-

agnosis and requires the following:2

• Exclusion of other known causes of interstitial lung disease (for example

domestic and occupational environmental exposures, connective tissue

disease, and drug toxicity)

• The presence of a UIP pattern on HRCT in patients not subjected to

surgical lung biopsy (Table 1.1)

• Specific combinations of HRCT and surgical lung biopsy pattern in

patients subjected to surgical lung biopsy (Table 1.2)

A number of descriptive terms including honeycombing, reticular pat-

tern, and traction bronchiectasis within these diagnostic criteria are used

throughout this thesis. For reference, the Fleischner Society, an international,

multidisciplinary medical society for thoracic radiology, defines these as:34
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• Honeycombing. Pathologically, honeycombing describes fibrotic lung

tissue containing cystic airspaces with thickened walls lined by meta-

plastic bronchiolar epithelium. The cysts can range in size from a few

millimetres to several centimetres. Radiologically, on CT scans the

appearance is of clustered cystic air spaces, typically of comparable

diameters of 3 - 10mm.

• Reticular pattern. A collection of numerous small linear opacities that

together resemble a net.

• Traction bronchiectasis. Irregular bronchiolar dilatation caused by

surrounding retractile pulmonary fibrosis.

Table 1.1: High-resolution computed tomography criteria for the usual interstitial
pneumonia (UIP) pattern. Adapted from Raghu et al.2

UIP Pattern

(All Four Features)

Possible UIP Pattern

(All Three Features)

Inconsistent with UIP Pattern

(Any of the Seven Features)

Subpleural, basal

predominance

Subpleural, basal

predominance

Upper or mid-lung

predominance

Reticular abnormality Reticular abnormality
Peribronchovascular

predominance

Honeycombing with or

without traction

bronchiectasis

Absence of features

listed as inconsistent

with UIP pattern

Extensive ground glass

abnormality

Absence of features

listed as inconsistent

with UIP pattern

Profuse micronodules

Discrete cysts

Air-trapping (bilateral)

Consolidation
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*

Figure 1.1: A single transverse HRCT section demonstrating a typical radiological
pattern of usual interstitial pneumonia (UIP). Extensive subpleural peripheral
reticular abnormality, traction bronchiectasis (example identified by the white

arrow), and honeycombing (example identified by the *) are present.
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*

A

B

Figure 1.2: A histological section of a typical usual interstitial pneumonia pattern
stained with Movat’s Pentachrome stain. In (A) a tissue overview identifies a
heteregenous process with areas of more normal lung alternating with established
fibrosis and honeycomb spaces (HC). For reference anatomical features including
a bronchiole (Br), the pleura (P), a pulmonary arteriole (PA), and a pulmonary
vein (V) are labelled. In (B) a higher power magnification of one area, with a

fibroblastic focus identified by the *. Scale bar in (B) is 500µm.
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1.1.6 Natural history

The natural history of IPF remains poorly understood but is thought to be

highly variable. A number of disease courses including rapid progression

from time of diagnosis, slow progression over many years, and sudden step

wise declines following acute exacerbations of unknown cause are proposed,

although no prospective longitudinal study has confirmed such heterogeneity

of disease course.2

1.1.7 Treatment

Treatment of IPF has posed significant challenges. Whilst anti-inflammatory

therapies had traditionally been advocated, following the reclassification of

IPF in 2000, poor treatment response to anti-inflammatories was consis-

tently identified.35 Over the past decade significant advances were made

in the methodological quality, number, and size of randomised controlled

trials (RCT) of therapies in IPF. These RCTs identified that a number of

putative therapies actually caused harm to patients, including the accepted

standard of care, the combination of prednisolone, azathioprine, and N-

acetylcysteine.36 Building upon advances in RCT design over this time,

recently large phase III clinical trials have demonstrated e�cacy of two novel

antifibrotic agents, nintedanib and pirfenidone, for the treatment of patients

with IPF.37–41

Nintedanib is a small molecule inhibitor selective for tyrosine kinase re-

ceptors including fibroblast growth factor receptor (FGFR), platelet-derived

growth factor receptor (PDGFR), and vascular endothelial growth factor

receptor (VEGFR).42 Preclinical studies have implicated the associated

mediators in the pathogenesis of fibrosis. Expression of fibroblast growth

factor (FGF)-2 is increased in IPF tissue, and it is a potent mitogen for

fibroblasts and induces collagen synthesis.43,44 Platelet-derived growth factor

(PDGF) induces fibroblast chemotaxis, fibroblast proliferation, and pro-

motes fibroblast-mediated tissue matrix contraction.45 Inhibition of VEGF
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signalling attenuated pulmonary fibrosis in a bleomycin model of lung fibro-

sis. 46 However, whether the e�cacy of nintedanib is a consequence of its

pleiotropic mechanism of action on all of these receptor pathways or whether

e�cacy is related to inhibition of a subset or only one pathway remains

uncertain.47–50

Pirfenidone is an orally administered pyridine that has combined anti-

inflammatory, anti-oxidant, and anti-fibrotic actions in experimental mod-

els of pulmonary fibrosis, although the precise mechanism of action is

unknown.51–56 Regulation of transforming growth factor � (TGF�) in vitro,

and inhibition of fibroblast proliferation and collagen synthesis in ani-

mal models of lung fibrosis has been demonstrated.52,55,57,58 Similarly to

nintedanib, it has been speculated that the e�cacy of pirfenidone may be a

consequence of pleiotropic mechanism of action.36

Nintedanib and pirfenidone appear to have comparable e�cacy, approx-

imately halving the rate of disease progression over 52 weeks as assessed by

decline in FVC when compared to placebo. However, neither has shown clear

evidence of a survival or symptomatic benefit, and a better understanding of

the pathogenesis and progression of IPF is required if better therapies are to

become available for patients.36

1.2 Current concepts of IPF pathogenesis

Until 2000 the prevailing concept of IPF pathogenesis was of a chronic inflam-

matory disorder which progressed to established fibrosis.35 In 2001 Selman

et al. reassessed this hypothesis.8,59 They highlighted that inflammation was

not a prominent histopathologic finding of IPF, that markers of inflammation

did not correlate with outcome, and that anti-inflammatory therapy did not

improve outcome.59,60 They proposed the hypothesis that progressive fibrosis

was a consequence of an epithelial-dependent fibroblast-activated process.

The current paradigm of IPF pathogenesis proposes that, in ageing-

related susceptible lung, at multi-focal sites of alveolar epithelial injury the
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disruption of epithelial homeostasis leads to aberrant wound healing.60,61

Abnormally activated epithelial cells produce multiple growth factors and

chemokines which induce dysregulated fibroblast proliferation, the formation

of fibroblast foci, and uncontrolled extracellular matrix (ECM) synthesis.

This replaces the normal alveolar architecture, so preventing gas-exchange at

sites of fibrosis, and the lung is remodelled. The complexity of this process

is demonstrated by the number of cell types and signalling pathways that

have now been implicated in IPF development including epithelial injury

and innate immunity, fibroproliferative responses linked to aberrant kinase

activation, TGF� and its downstream pro-fibrogenic pathways, coagulation

cascade activation, and T-helper 2-skewed immune responses linked to acti-

vation of macrophage subsets and aberrant wound healing.60

Disruption of epithelial homeostasis

The epithelium of alveoli is composed of Type 1 and Type 2 alveolar epithelial

cells (AEC).62 Type 1 cells constitute the majority of the alveolar surface

area of the peripheral lung and are squamous to increase surface area, so

ensuring a minimal thickness for e�cient gas exchange. Type 2 cells are

round in shape, typically found in the corners of alveoli, and have multiple

roles including the synthesis and secretion of pulmonary surfactant, and the

maintenance of a functional alveolar epithelium through di↵erentiation into

Type I cells after injury.62

In IPF it has been proposed that, following repetitive epithelial microin-

juries, a disruption of epithelial homeostasis occurs which prevents normal

wound healing and promotes activation of an intra-alveolar coagulation

cascade, imbalanced protease activity, and activation of fibroblasts.61,63 Loss

of Type I AEC but increased and hyperplastic Type II AEC are a consistent

finding in IPF tissue, and the observation that fibroblastic foci are located

immediately adjacent to hyperplastic or apoptotic AEC has informed the

concept that microinjuries trigger abnormal epithelial-mesenchymal cross-

talk.59. The abnormal behaviour of these AECs has been associated with

14



Chapter 1. Introduction

epithelial recapitulation of developmental pathways including the Wnt-�-

catenin and Sonic hedgehog pathways.64,65 The abnormally activated AECs

secrete numerous fibrogenic growth factors and cytokines including TGF�

and PDGF, and this is proposed to perpetuate a cycle of failed repair and

progressive fibrosis.63

TGF-�

TGF� is a pleoiotropic cytokine with key roles in both normal development

and disease.66 It is secreted by many cell types including macrophages,

epithelial cells, and fibroblasts. Three closely related isoforms have been

identified, TGF-�1, TGF-�2, and TGF-�3. TGF-� is synthesised as a latent

precursor in complex with a latency-associated peptide and a latent TGF-�

binding protein. It can be activated extracellularly following conformational

change or cleavage from the complex by matrix metalloproteinases (MMP9

and MMP2), pH changes, thrombospondin-1, tissue sti↵ness, and integrins.

Binding to a heteromeric receptor complex consisting of one TGF� type I

and one TGF� type II receptor activates a signaling cascade through the

SMAD family of transcriptional activators.66–72

TGF-�1 has been consistently associated with pulmonary fibrosis devel-

opment. It is highly expressed in lungs of patients with IPF.73 Following

epithelial overexpression of TGF-�1 progressive lung fibrosis is observed,

whilst following overexpression of TGF-�3 only limited fibrosis is present.74

Di↵erential expression of TGF-� receptors has been reported in IPF lung

tissue.75 In vivo transient overexpression of active TGF-�1 establishes pro-

gressive lung fibrosis in the absence of prominent inflammation.76 In vitro

fibroblasts undergo di↵erentiation into myofibroblasts and express ↵-smooth

muscle actin (↵SMA) when treated with TGF-�1, with increased expression

and secretion of ECM components including Type I collagen.77,78 ↵V�6

integrin is an epithelial restricted molecule which is is strongly up-regulated

in inflammatory and fibrotic diseases. In lung mouse models of fibrosis it has

been proposed as a core mediator of activation of TGF-�1 and development

of lung fibrosis.79
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Lung epithelial TGF-� signalling is proposed as a key initiator of the

fibrotic process. TGF-� induces apoptosis of lung epithelial cells, and

epithelium-specific deletion of TGF-� receptor type II partially protects

mice from bleomycin-induced pulmonary fibrosis.80,81 In vitro and in vivo

approaches have identified evidence of TGF-�1 induced epithelial to mes-

enchymal transition (EMT), where epithelial cells lose epithelial cell markers

and simultaneously up-regulate mesenchymal markers, although the relative

contribution of this to the activated myofibroblast population in IPF remains

uncertain.82–84

In support of the core role of TGF� in lung fibrosis is the finding that a

number of mediators induced by TGF� have been associated with fibrogensis

including connective tissue growth factor (CTGF) and extra domain A (ED-

A) fibronectin.85 CTGF is a member of the CCN family of matricellular

proteins. Whilst its mechanism of action remains poorly understood it is

induced by TGF� and has also been proposed to enhance the fibrotic response

to TGF-�.86 The induction of bleomycin-induced skin fibrosis requires its

expression, and in the bleomycin model of lung fibrosis it has been proposed

to increase Type 1 collagen synthesis independently of SMAD signalling

through the ERK-1/2 and JNK MAPK pathways.87

ED-A fibronectin is an isoform of the glycoprotein fibronectin arising

from alternative splicing of fibronectin mRNA which is required for TGF�

induced myofibroblast di↵erentiation.88 ED-A fibronectin is constitutively

upregulated in IPF fibroblasts compared to control fibroblasts, whilst EDA-

null mice do not develop lung fibrosis following bleomycin challenge. As

TGF-� promotes EDA exon splicing, it has been proposed that one pathway

TGF-� promotes fibrogeneis via is induction of ED-A fibronectin.

Activated Fibroblasts and Myofibroblasts

Myofibroblasts are secretory and contractile cells with a phenotype between

a fibroblast and a smooth muscle cell which express ↵SMA in stress fibers.89

In IPF multiple possible sources of activated myofibroblasts within fibroblast
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foci have been proposed including resident mesenchymal cell proliferation,

pericytes of the lung interstitium, circulating fibrocytes, and EMT.90,91

These activated fibroblasts and myofibroblasts are proposed to deposit ex-

cess ECM so destroying the alveolar architecture and ultimately leading to

decreased lung compliance, disrupted gas-exchange, respiratory failure, and

death. A number of local factors are required for complete fibroblast to

myofibroblast di↵erentiation including active TGF�, high mechanical stress

via mechanotransduction, and specialised matrix proteins including ED-A

fibronectin.60,89,92

Consistent with the concept that fibroblasts are key e↵ector cells in IPF

is the finding of in vitro phenotypic di↵erences between cultured IPF and

non-fibrotic fibroblasts including reduced proliferation, increased expression

of ↵-SMA , and increased production of Type 1 collagen.93–96,96–98 Fibroblasts

isolated from patients with IPF have increased migration and invasion which

was proposed to be mediated by expression of hyaluronan, a non-sulphated

glycosaminoglycan.99 During a normal wound healing process elimination

of myofibroblasts through apoptosis must occur, however fibroblasts and

myofibroblasts from IPF tissue are more resistant to apoptosis than control

lung fibroblasts, whilst excess epithelial cell apoptosis is observed in IPF

tissue.100 Although the mechanisms underlying this “apoptosis paradox”

remain uncertain, it has been observed that prostaglandin E2 deficiency,

which reduces fibroblast FasL-induced apoptosis sensitivity whilst increasing

AECs sensitivity, occurs in IPF tissue.101

Fibroblastic foci

Fibroblastic foci are a key histopathological feature of UIP thought to repre-

sent areas of active fibrosis.60 Their absence excludes a definite histopatho-

logical diagnosis of UIP, although infrequently they may be present in tissue

samples from other interstitial lung diseases and so are not considered pathog-

nomic for UIP.2 The typical morphology of a fibroblastic focus, illustrated in

Figure 2.1, was first described by Dr. Katzenstein and Dr. Myers in 1986

who subsequently proposed the term fibroblastic focus in 1988:102,103
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“scattered small foci of an immature type of fibrosis.. characterized by a

proliferation of fibroblasts within an edematous stroma. It resembled the type

of fibrosis seen in the airspace plugs in bronchiolitis obliterans, except that it

was located within the interstitium”

Figure 1.3: A histological section of a typical UIP/IPF pattern stained with
Movat’s Pentachrome stain, which stains mature collagen yellow and proteoglycans
blue-green, demonstrating the typical appearance of a fibroblastic focus, which is

identified by the *.

Whilst they speculated that the presence and extent of fibroblastic

foci (FF) might be useful in predicting prognosis it was not until 2001

that King et al. proposed that extent of young connective tissue present

within fibroblastic foci on lung biopsy predicts survival in IPF (Risk Ratio

1.93 (95% CI 1.31 to 2.83, p=0.0009).104 However, there have since been

conflicting reports of this initial finding, and whilst it has been suggested

that methodological di↵erences might explain the divergent findings, the
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relationship between fibroblastic foci profusion and disease behaviour in IPF

remains uncertain.105–107

The identification of fibroblastic foci continues to be based upon this first

morphological description by Katzenstein and Myers and so is susceptible

to inter-observer variability. The absence of a definition incorporating ad-

ditional factors such as the expression of specific protein markers remains

a general limitation to their study. Immunohistochemical studies have

identified that fibroblastic foci are composed of a population of activated

fibroblasts and myofibroblasts, with most cells expressing ↵SMA and almost

all cells expressing vimentin, however specific expression patterns have yet to

be determined.108,109 The fibroblasts and myofibroblasts within fibroblastic

foci are considered to be the source of altered ECM production in IPF. Kuhn

et al. assessed for evidence of active collagen synthesis by staining IPF tissue

with an antibody to pro-collagen Type I 110. In 9 of 22 IPF biopsies no

collagen synthesising fibroblasts were identified. In the 13 positive samples

quantification of staining ranged from less than 1% to 20%. More recently

Kaarteenaho-Wiik et al. identified pro-collagen Type I predominantly intra-

cellularly within fibroblast foci.111

A number of other ECM components have been localised to fibroblastic

foci. Tenascin C, an oligomeric extracellular matrix glycoprotein, has been

identified to be strongly expressed and actively synthesized in fibroblastic

foci, and expression has been proposed to correlate with survival in IPF.112,113

The glycosaminoglycan (GAG) versican has been localised to fibroblastic foci,

with the versican-rich areas containing little mature collagen although the

myofibroblasts stained for pro-collagen Type 1.114 The matrix of the foci

stained strongly for versican, moderately for hyaluronan, and minimally for

decorin and biglycan. Yamashita et al. proposed three stages of fibroblast

foci on the basis of expression intensity of GAG and procollagen Type

I.115 Three stages were defined: stage I, characterised by GAG-dominant

deposition; stage II, characterised by mixed deposition of GAGs,; and stage

III, characterised by collagen-dominant deposition.
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The fibroblastic reticulum

Based upon standard 2D histopathological examination fibroblastic foci have

been considered small focal isolated lesions, however in 2006 Cool et al.

proposed the concept that fibroblastic foci form an interconnected reticulum

that is highly connected and extends from the pleura in to the underlying

parenchyma as the leading edge of a “wave” of fibrosis.116 Morphometric

analyses, with calculation of the Euler number, a measure of network connec-

tivity, was reported to demonstrate evidence of significant fibroblastic focus

interconnectivity. This was illustrated by 3D reconstructions of 2D photomi-

crographs of sequential histological sections of a volume of approximately

500µm3. Human androgen receptor gene methylation assay analysis of the

foci showed balanced methylation indicating polyclonality of foci, and so it

was proposed that this was a reactive rather than malignant process. The

concept of the fibroblastic reticulum has informed some current hypotheses

of the pathogenesis of IPF, and it has been proposed that IPF is a neo-

proliferative cancer-like disorder of the lung.117–119

1.3 Lung tissue extracellular matrix

The lung is a complex organ structured to maximise surface area and

minimise di↵usion barrier for gas exchange.120 Lung parenchyma, the portion

of lung involved in gas exchange, is composed of respiratory bronchioles

terminating in acini which contain thousands of alveoli, the gas exchanging

units of the lung.121 In an average human lung there are estimated to be 480

million alveoli, with a volume of 4.2⇥ 106 µm3.120,122 In lung parenchyma

there are two types of ECM, the basement membrane and the interstitial

matrix. The basement membrane supports the epithelium and endothelium,

and is composed primarily of type IV collagen, laminins, nidogen, and

perlecan.123 Adjacent to this is the interstitial matrix which consists of mul-

tiple proteins including collagens, elastin, proteoglycans, and fibronectin.124

Whilst traditionally the lung ECM had been considered relatively inert,
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it is now recognised to be in dynamic equilibrium between synthesis and

degradation.125

ECM is a highly organised, three-dimensional (3D) network of proteins

which encapsulates cells.126,127 It is composed of insoluble fibrous structural

proteins including collagens and elastin which form fibrils and fibers together

with proteoglycans, and specialised proteins such as growth factors and

small matricellular proteins.128 It provides a sca↵old for cell adherence and

migration, but can also influence cell behaviour by providing both biophysical

and biochemical cues. The ECM is a central regulator of cell and tissue

behaviour, with dynamic reciprocal communication between cells and the

ECM critically important in tissue development, homeostasis and wound

healing.127,128

In 2012 mass spectrometry analysis of normal lung matrix identified

94 proteins with 61 core ECM proteins including collagens (VI, XIV, XII,

and IV), laminins, fibronectin, and proteoglycans.129 However, the common

hydrophobic protein elastin was not identified. Solubilisation of ECM to

enable mass spectrometry analysis is a significant challenge given proteins

are typically large in size, cross-linked, and glycosylated, and it is likely that

ongoing methodological optimisation will further inform our understanding

of the composition of the lung ECM in health and disease.

1.3.1 Fibrillar collagen production

Collagens constitute approximately one-third of the total proteins in the

human body.130 At least 28 distinct types of collagens have been identified,

with the common structural feature a triple helix containing a repeating

XaaYaaGly sequence, where Xaa and Yaa can be any amino acid.131,132 The

collagen family can be subdivided by their supramolecular assemblies into

fibrils (Types I, II, III, V, XI, XXIV, and XXVII), fibril-associated collagens

with interrupted triple helices (FACIT) (Types IX, XII, XIV, XVI, XIX, XX,

XXI, and XXII), network-forming (Types IV, VIII, and X), anchoring fibrils

(Type VII), hexagonal networks (Types VIII and X), and beaded filaments
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(Type VI).131,133 Fibrillar collagens are the most abundant collagen group in

the body, with their hierarchical spatial arrangement a key determinant of

the mechanical and physical properties of a tissue.

Studies of collagen fibrillogenesis have predominantly focussed on Type I

collagen which constitutes approximately 90% of total body collagen and is

the most abundant matrix sca↵olding protein.134 Fibrillar collagens are syn-

thesised within cells as non-hydroxylated, non triple helix precursor proteins

termed procollagen, with post-translational modifications including hydrox-

ylation and cross-linking reactions essential to produce stable collagen.130,135

Procollagen production

Soluble procollagen molecules form intracellularly from three polypeptide

strands, termed ↵ chains, each possessing the conformation of a left handed

helix. The three ↵ chains are characteristic for each collagen type, and can

be identical and form homotrimers or di↵erent and form heterotrimers.131

In the endoplasmic reticulum prolyl-4-hydroxylase, a member of the 2-

oxoglutarate-dependent dioxygenase family, catalyzes the hydroxylation of

proline residues to 4-hydroxyproline in X-Pro-Gly triplets; this is essential

for stable helix conformation.134 Hydroxylation occurs only in the presence

of oxygen, and decarboxylation of 2-oxoglutarate requires both Fe2+ and

ascorbate.134 Deficiency of ascorbate results in the condition scurvy.136

Triple helix formation is initiated by the carboxyl terminus propeptide,

with folding in a zipper-like fashion to the amino-terminus.137 The chains

twist together to form procollagen, a 300nm long right handed triple helix

with a one-residue stagger between adjacent ↵ chains. The triple helix is se-

creted into the extracellular space, and tropocollagen monomers generated by

cleavage of the N- and C-propeptides by the procollagen metalloproteinases.

The tropocollagen monomers are composed of a lengthy triple-helical domain

flanked by short, non-triple helical telopeptides, and are the basic unit of all

fibrillar collagen structures.130
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Collagen assembly

Collagen assembly is hierarchical, with lateral and longitudinal aggregations

and cross-linking of tropocollagen of progressively more complex supramolec-

ular assemblies directed by tissue-specific matrix macromolecules including fi-

bronectin and proteoglycans, cell surface integrins, and intracellular forces.138

The telopeptides have an important role in fibrillogenesis, and multiple

tropocollagen monomers self assemble laterally into intermediate-sized fibril

segments called microfibrils composed of five tropocollagen monomers in a

quasi-hexagonal unit cell.139,140 Microfibrils then assemble into fibrils, the

structure of which varies between tissues.141 The fibrils are stabilised by

covalent cross linking of the telopeptides through the action of the lysyl

oxidase (LOX) enzymes linking hydroxylysine or lysine side chain residues.130

When visualised by electron microscopy collagen fibrils have a characteristic

axial 67 nm “D-banding” pattern, which was proposed by Petruska & Hodge

to occur through lateral staggering of collagen molecules; more recently

this has been proposed to occur through super-twisting of the microfibril

structure.140,142

It is now recognised that fibrils are typically heterotypic and composed

of multiple types of collagen, with type I collagen incorporated with type III

and type V.143,144 Furthermore, non-collagenous proteins such as fibronectin

and the fibril-associated small leucine-rich proteoglycans decorin, biglycan,

and lumican play key roles in determining fibril assembly and structure.145

Multiple fibrils, analagous to nano-scale ropes, then form with cross-linking

macromolecules such as proteoglycans into regional tissue structures termed

fibers, however this process is poorly understood.146

Whilst in vitro type I collagen can form fibrils spontaneously, in

vivo type I collagen containing fibrils do not form in the absence of fi-

bronectin, fibronectin-binding integrins, collagen binding integrins, and colla-

gen V.137,138 As fibrillar collagens have almost 50 identified binding partners,

it is hypothesised that spontaneous self-assembly in vivo might be harmful

and that formation of the diverse types of collagen suprastructures present

in di↵erent tissues requires tight regulation of local collagen assembly.147
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1.3.2 Post-translational collagen modifications

The biosynthesis of collagen is complicated. Multiple post-translational

modifications including enzymatic cross-linking and glycosylation of fibril-

lar collagen may a↵ect the structural and biomechanical properties of the

ECM.148 Although changes in post-translational collagen modifications are

proposed to determine collagen fibril biomechanical properties, degradability,

and biological function, the functional significance of such changes on these

processes remain poorly understood.

Enzymatic post-translational modifications

The LOX enzymes covalently cross-link neighbouring telopeptides within

and between tropocollagen monomers.149 They are a family of five copper

dependent amine oxidases (LOX and LOX-like (LOXL) 1 to 4) with a

highly conserved C-terminal catalytic domain and a more variable N-terminal

pro-region.150–152 Based upon their N-terminal structure the family can be

further subdivided. LOX and LOXL1 contain a highly basic propetide whilst

within the N-terminus of LOXL2, LOXL3, and LOXL4 are four scavenger

receptor cysteine-rich (SRCR) domains, the function of which is unknown

but which may have a role in protein-protein interactions. All have a signal

peptide and are secreted into the extracellular environment, with LOX and

LOXL1 then undergoing extracellular proteolytic processing by procollagen

C-proteinases including bone morphogenetic protein-1 (BMP-1) to release

the active enzyme.153

In addition to a primary cross-linking function, the LOX family has mul-

tiple non-enzyme dependent activities including transcriptional regulation

and modulation of cell signalling pathways and cell adhesion.154 That LOX

is essential for normal biosynthesis of collagens and elastin is illustrated by

the observation that mice without the LOX gene die soon after parturition,

and that aortic samples from rats treated with the irreversible LOX inhibitor

�-aminopropionitrile (BAPN) have decreased mature collagen cross-links

associated with a reduced sti↵ness.155,156
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LOXmediated collagen cross-link type is determined by the hydroxylation

of telopeptidyl and helical lysine residues on collagen prior to cross-link

formation.148 Lysyl hydroxylases (LH1, LH2, LH3) are intracellular enzymes

which induce Lys residue hydroxylation prior to triple helix formation. The

extent of Lys hydroxylation is highly variable depending upon tissue type

and pathological condition. LH1 and LH3 hydroxylate lysyl residues in the

collagen triple helix whilst LH2 hydroxylates telopeptide Lys residues. Two

alternatively spliced isoforms of LH2 have been identified, LH2a (spliced at

exon 13) and LH2b (full length), of which LH2b is proposed to be the major

form.157

Following triple helix secretion into the extracellular space the hydroxyly-

sine or lysine residues undergo LOX-induced oxidative deamination to form

Lysald or Hylald, so initiating a series of condensation reactions which enable

the subsequent formation and maturation of covalent crosslinks, with cross-

link pathway determined by amino acid residue combination as illustrated in

Figure 1.4. Hydroxylysine aldehyde-derived collagen cross-links (HLCCs) are

the predominant type of collagen cross-link in skeletal tissues whilst lysine

aldehyde-derived cross-links (LCCs) are the predominant type of cross-link

in soft tissue.148

Cross-linking may also be catalyzed by transglutaminases (TG), a mul-

tifunctional protein family which can cross-link collagens and fibronectin by

transamidation, with formation of "-(�-glutamyl) lysine bonds which are

stable to proteolytic and and mechanical damage.158 TG2 is the most widely

expressed member. Type 1 collagen crosslinked by TG2 is three-fold less

susceptible to the proteolytic action of matrix metalloproteases than normal

fibrils, and so it has been proposed that in disease processes altered resistance

to breakdown may occur.158,159
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Non-enzymatic post translational modifications

Non-enzymatic glycation of collagen, where reducing sugars such as glucose

react with the lysyl and hydroxylysyl groups of collagen in a series of

reactions to form irreversible advanced glycation end products (AGEs), may

have significant e↵ects on the structural properties of collagen, a↵ecting

both mechanical and collagen-protein and collagen-cell interactions.160 AGEs

may form crosslinks by bridging between neighbouring protein free amino

groups.161 Experimentally AGEs have been shown to enhance matrix sti↵-

ness in Achilles tendon, and to have increased resistance to proteolysis162

Following incubation of rat tail tendon in ribose, irregular fibril diameter,

fusion of fibrils, and an increase in fibril packing density is seen.163 The

a�nity of heparin and keratan sulfate proteoglycan binding to type I collagen

is reduced following glycation, and endothelial cell migration is delayed on

glycated collagen.164

Glycation increases with age and this been proposed to contribute to

progressive insolubilization and sti↵ness of collagen in aged and diabetic

tissues, although this process remains poorly understood.160 Recently, me-

chanical testing of rat tail tendon following experimental AGE formation

identified no change in individual fibril sti↵ness.165 Rather, a reduction in

collagen molecule side by side sliding, proposed to reflect lateral molecular

interconnectivity by AGEs, was associated with an increase in fibril failure

resistance, suggesting that tissue level changes in AGE induced sti↵ness occur

at higher levels of tissue architecture than individual fibrils.

1.4 Fibrillar collagens in lung fibrosis

Composition of the ECM is highly controlled and tissue specific, with

specificity influenced by protein isoform expression, the proportion of each

individual matrix component, and post-translational modifications. During

fibrosis pathological remodelling of the ECM occurs, with the composition

and structure of the ECM substantially altered. As the major component of
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lung ECM, a number of studies have investigated for alterations in collagen

in lung fibrosis, including total collagen content, type of fibrillar collagen

production, collagen cross-linking, and collagen degradation.

Alterations in total collagen content

An increase in total lung collagen content is thought to occur in IPF.60 In

1986 Kirk et al. identified a significantly higher mean collagen concentration

in IPF lung samples compared with control samples.166 Very wide variations

in collagen concentrations of the IPF samples were observed. Autopsy

samples from patients with IPF had a significantly higher collagen concentra-

tion than biopsy samples, and so it was suggested that progressive collagen

deposition occurs in IPF. In contrast, one prior study in 1980 had identified

no di↵erence between control and IPF samples, with increased sample size

and technical di↵erences in sample processing proposed as reasons for this

discordance.167 Selman et al. quantified total collagen in open lung biopsies

from 11 patients considered to have IPF. In comparison with control lung

tissue total collagen content was increased.168 More recently, Nkyimbeng et

al. quantified total collagen content from 3 di↵erent regions of IPF patients

undergoing lung transplantation from peripheral to more hilar sites.169 They

identified wide variations in collagen concentrations of IPF tissue, and whilst

a possible trend towards increased collagen content in IPF lungs compared

to controls was seen, this did not reach statistical significance.

Alterations in fibrillar collagen deposition

A number of studies have investigated the distribution of newly synthesised

collagens in IPF, and have identified evidence of increased production of

collagens I and III.111,170 Lammi et al. measured propeptides of type I and

type III procollagens in BALF of patients with IPF.170 Both were significantly

elevated in comparison to controls. Detectable type III procollagen propetide

was associated with mortality, and was proposed as a marker of disease

activity. A number of immunofluorescent and immunohistochemical studies
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of collagens in fibrotic lungs have suggested that deposition of type III

collagen is observed in the early stages of fibrosis, whilst type I collagen

is the predominant collagen in more established fibrosis.109,171–175

Whilst collagen I and collagen III are best characterised, there is evidence

of altered production of other collagens in IPF. Specks et al. studied

expression of Type VI collagen and identified that in normal lungs it is

present in vascular and bronchial walls and in the interstitial space.176 In

IPF tissue collagen VI expression was increased, and co-expressed with

collagens I and III. Collagen VI mRNA was expressed by both fibroblasts

and myofibroblasts. Vittal et al. studied the expression of Collagen I and

collagen V by immunofluorescent staining of tissue sections and Western

blotting of lung homogenates. They identified that both were significantly

increased in comparison with pathologically normal lung tissue.177 Parra et

al. studied IPF lung tissue with immunofluorescence, morphometry, and

3D reconstruction. Morphological disorganisation of fibrillar collagen was

observed, with increased type V observed within the interstitium and blood

vessels in comparison to control tissue.

Alterations in collagen cross linking

Alterations in the type and number of collagen cross links have been proposed

to occur in lung fibrosis. Increased lysyl oxidase activity has been associated

with fibrosis progression. Barry-Hamilton et al. identified an increase in

LOXL2 in IPF lung tissue with limited expression in healthy tissues, and

serum LOXL2 levels have been associated with an increased risk for disease

progression.178,179 Olsen et al. identified that TG2 expression and "-(�-

glutamyl) lysine bonds are increased in IPF lung tissue.180

Overhydroxylation of lysine residues by the lysyl hydroxylase LH2 has

been proposed to be a general fibrotic phenomenon.157,181 In human synovial

osteoarthritic fibroblasts TGF�1 induces LH2 expression, and fibroblast

cultures from the skin of patients with systemic sclerosis, keloid scars, and

palmar fascia of Dupuytren’s patients have elevated LH2b expression, with
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increased production of HLCCs.157,182,183 Increased pyridinoline cross-linking

has been associated with reversibility of fibrosis, with collagen matrices with

increased HLCCs less susceptible to proteolytic degradation.184

In 1986 Reiser et al. analyzed collagen-cross linking following intra-

tracheal bleomycin installation.185 They studied dihydroxylysinonorleucine

(DHLNL), a difunctional cross-link formed by condensation of two hydrox-

ylysine molecules, and hydroxylysinonorleucine (HLNL), formed by conden-

sation of lysine and hydroxylysine molecules. DHLNL:HLNL ratios were

elevated in lungs at two and four weeks, before returning to baseline at

ten weeks. At ten weeks hydroxypyridinium (d-Pyr), a mature reaction

product of DHLNL and hydroxylysine, was elevated. They proposed that

DHLNL:HLNL ratios are increased acutely, whilst d-Pyr, whose biosynthesis

requires 4 to 6 weeks in vivo, is increased in long term fibrosis. They then

studied cross-links in lung tissue from patients with ILD, adult respiratory

distress syndrome (ARDS), and control subjects.186 The majority of patients

with ILD had a diagnosis of the condition then considered to represent IPF

although other conditions including respiratory bronchiolitis, hypersensitiv-

ity pneumonitis, and sarcoidosis were included in this study. They identified

elevations of DHLNL:HLNL ratio in patients with ARDS. d-Pyr content

correlated with age, and significant increases in the d-Pyr content in lungs

of patients with ILD were observed, in support of the concept that there is

increased lysyl hydroxylase activity in pulmonary fibrosis.

Alterations in collagen degradation

Matrix metalloproteinases (MMPs) are a family of zinc endoproteinases

which degrade ECM components.187 They are tightly regulated at the tran-

scriptional and post-translational levels. The interstitial collagenases (MMP-

1, MMP-8, MMP-13, and MMP-18) are the principal MMPs able to digest

collagens in their triple helical form. MMPs are typically synthesised in

a latent form and activated by extracellular propeptide domain cleavage.

Their activity is tightly controlled by their endogenous inhibitors, the tissue

inhibitor of metalloproteinases (TIMPs), which bind to active MMPs in a
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1:1 stoichiometric ratio. In humans four TIMPs (TIMP-1 to TIMP-4) have

been identified. Alterations in either MMP or TIMP activities may therefore

a↵ect ECM degradation.

To better understand underlying reasons for the imbalance between ECM

synthesis and degradation in IPF, a number of studies have investigated

whether collagen degradation is altered or impaired in IPF. In 1979 Gadek

et al. identified increased collagenase activity in BALF from IPF patients

compared with controls.188 The concept of a ‘fibrotic collagen’ resistant to

proteolytic degradation was subsequently proposed, although this has not

been demonstrated experimentally in IPF.168,185,186,189,190 An immunohis-

tochemical study identified increased expression of TIMPs compared with

collagenases, and it was suggested that a non-degrading fibrillar collagen

microenvironment prevails in IPF.191 More recently Nkyimbeng et al. sug-

gested that spatially imbalanced colllagenolytic activity was occurring, with

collagenolytic activity along the airways more prominent as compared with

scar regions.169 There is now increasing evidence that MMPs are increased

in IPF, with elevated levels of MMP-1, MMP-2, MMP-3, MMP-7, MMP-

8 and MMP-9 identified.68 They have been proposed to promote fibrosis

through multiple diverse mechanisms including EMT, promoting abnormal

epithelial cell migration, inducing lung macrophage phenotype switching, and

promoting fibrocyte migration.192

1.5 The role of altered ECM sti↵ness in lung

fibrosis

Tissue sti↵ness can be measured using Young’s elastic modulus (an object’s

tendency to be deformed elastically) which describes the force per unit area

required to compress a sample. Liu et al. used atomic force microscopy

(AFM) microindentation to directly measure the local biomechanical proper-

ties of fresh murine lung tissue. Studying the bleomycin model of lung fibrosis

they identified that variations in fibrotic tissue sti↵ness were highly localised,
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with up to a 30 fold increase in the median shear modulus compared to the

median observed in normal lung tissue.193,194 The median shear modulus of

saline treated lungs was 0.5 kPa whilst within areas of fibrosis the median

stifness was 3kPa and within some highly localised areas increases of greater

than 15 kPa were observed. They then studied the e↵ect of increases

in sti↵ness on human lung fibroblasts through gradient sti↵ness hydrogel

substrates, and identified a transition in cell behaviour from relative cell

quiescence to progressive increases in proliferation and matrix synthesis as

substrate sti↵ness increased, and proposed that in lung fibrosis a pathologic

pro-fibrotic feedback loop may occur with increasing sti↵ness driving a

proliferative, contractile, synthetic fibroblast phenotype.

In 2012 Booth et al. performed AFM microindentation on two normal

and two IPF transplant tissue samples.129 They identified that normal human

lung possessed a mean Young’s modulus of 1.96 ± 0.13 kPa. In contrast IPF

tissue had a mean sti↵ness of 16.52 ± 2.25 kPa, with marked variation in

sti↵ness ranging from 0.3 to 200 kPa. They then decellularised normal and

IPF transplant tissue slices, and identified that when normal lung fibrob-

lasts were re-seeded into acellular lung matrices that the fibrotic matrices

promoted TGF� independent myofibroblast di↵erentation.129 More recently,

gene expression patterns of healthy and IPF-derived lung fibroblasts were

studied when seeded on either healthy or IPF-derived matrices.195 The origin

of the matrix, rather than the cell origin, had the dominant impact on gene

expression, with a critical role for matrix dependent suppression of miR-29

in IPF proposed.

The precise mechanisms by which matrix sti↵ness is transduced by

fibroblasts remains unclear, although integrins, the predominant receptors

for cell adhesion to ECM proteins, are thought to have a central role,

with mechanosensitive protein-protein interactions occuring within adhesion

complexes.196,197 Downstream of this both extrinsic mechanotransduction

involving cell force-mediated activation of the latent TGF� complex, and in-

trinsic mechanotransduction through actin cytoskeletal remodeling-mediated

activation of the mechanosensitive transcription factor megakaryoblastic
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leukemia 1 (MKL1) via the Rho / Rho kinase (Rho/ROCK) pathway has

been demonstrated to promote myofibroblast di↵erentation.72,198,199 ROCK

family members are serine/threonine kinases activated by Rho GTPAses;

within the bleomycin model targeting of Rho kinase attenuated fibrosis,

supporting a potential pathogenetic role in human lung fibrosis.199

There is therefore significant evidence that increased tissue sti↵ness,

rather than simply being a consequence of fibrosis, has an important role

in regulating fibrosis progression by influencing cell behaviour. Although

experiments have demonstrated a potential pathologic role for increased

sti↵ness in IPF, which ECM alterations result in increased sti↵ness in IPF is

unknown.
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1.6 Characterising fibrotic lung diseases in 3-

Dimensions

The lung is a complex organ structured to maximise surface area and

minimise di↵usion barrier for gas exchange. Whilst the inter-related struc-

tures of alveoli, connective tissue, airways, vasculature, and lymphatics are

disrupted in fibrotic lung diseases, little is known regarding these changes in

3-dimensions (3D) at the micrometre (µm) to millimetre (mm) scale.

Currently stereological assessment of histological sections is considered

the reference standard for quantitative 3D assessment of lung structure in

health and disease in 3D.200 Stereology refers to the mathematical methods

for defining physical properties of irregular 3D structure using 2D sections

obtained by physical or optical imaging techniques.200 Standards for quanti-

tative assessment of lung structure through stereological measurements were

proposed by the ATS/ERS in 2010, however methodologies using histological

sectioning are extremely time consuming, may be impacted by sectioning

artefacts, and require very careful study design to prevent sampling bias.200

There have been few applications of sterology to fibrotic lung diseases.

Coxson et al. applied a cascade design technique to study CT, histological,

and electron microscopy data and identified increased parenchymal thick-

ness, increased collagen content, increased interstitial cells, and increased

electron-lucent space in the regions of IPF lungs with radiological evidence

of disease.201

Whilst 2D histological sections have predominantly informed current

understanding and classifications of fibrotic ILDs, 3D microscopy is a new

and evolving field applying novel imaging methodologies to non-destructively

image whole tissue samples in 3D. Increased understanding of 3D changes

in ILDs at the micrometre to millimetre scale might therefore be achieved

by the application of such methodologies. For example, the use of a novel

embedding methodology to provide full optical transparency of biopsies of

human lung explant to enable 3D tomography visualisation using scanning

laser optical tomography (SLOT) followed by thin sectioning for histology
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and immunohistochemistry assessment at a 10-12µm resolution has been

demonstrated, however fresh tissue is required and the tissue visualisation

remains poor compared to histological sectioning.202

An alternative approach is the application of micro-computed tomogra-

phy (microCT). MicroCT uses X-ray projections at rotational increments to

produce 3D images. Compared to a conventional CT scanner the field of

view is much smaller however the resolution achieved is far greater; imaging

of tissue 3D microarchitecture down to spatial resolutions in the order of 1-10

µm is feasible.203–205

MicroCT has most frequently been to applied to image bone as there

is high contrast between calcified and soft tissue.206 In 2005 it was used by

Watz et al. to visualise the alveoli of human lung following development

of a methodology including lung inflation and fixation with hot formalin

vapour and silver nitrate staining.207 It has since informed our understanding

of distal airways disease in patients with chronic obstructive pulmonary

disease (COPD) where through integration with CT findings narrowing and

disappearance of small conducting airways was demonstrated before the onset

of emphysematous destruction.208 More recently in chronic lung allograft

rejection it has demonstrated a form of constrictive bronchiolitis of the

conducting airways.209

In fibrotic lung diseases microCT imaging has been employed for quan-

tification of fibrosis in small animal studies.210–214 It has not been applied

to human interstitial lung disease diagnostic samples as research tissue

access is typically limited to surplus tissue from such samples and current

methodologies require whole samples for processing with contrast agents or

air-inflation prior to fixation.

A group led by Prof. Ian Sinclair and Dr. Peter Lackie at the University of

Southampton have recently developed a protocol that enables imaging of rou-

tinely prepared formalin-fixed para�n-embedded human lung tissue samples

by microCT.215 No special sample preparation such as staining is required.

A narrow X-ray attenuation contrast window between tissue and standard

para�n mounting medium, and also between di↵erent tissue compartments,
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is exploited, enabling visualisation of small airways of the lung and their 3D

microstructural interrelationships within standard para�n-embedded sam-

ples without the use of any contrasting agents. This non-destructive process

can be applied to tissue used for diagnosis, and conventional histopathologic

sectioning of the tissue can subsequently be performed; this enables cellular

or molecular information from methodologies such as immunohistochemistry

or in situ hybridisation to be precisely co-registered within the volumetric

data set from microCT. This initial study demonstrated that structural

features such as airway and vascular networks could be resolved, although

visualisation of soft tissue features was not assessed.215

1.7 Models of IPF

Whilst tissue analyses have informed the classification of interstitial lung

diseases, to better understand mechanisms of disease pathogenesis and to

develop novel therapeutics we require models with disease relevance. Typ-

ically animal, tissue, and cell-based models have been employed. Although

preclinical data from models for both nintedanib and pirfenidone demon-

strated e�cacy, many therapeutic candidates with very similar data have

not translated - or even potentially caused harm - to patients with IPF,

and the relevance of translating findings from preclinical models of IPF to

patients remains uncertain.36,216

Multiple animal models of lung fibrosis have been developed. Animal

models have informed our mechanistic understanding of human lung fibrosis,

enabling the study of many putative mediators and pathways, and are widely

used to study the safety and e�cacy of potential drugs. The most commonly

studied is the bleomycin murine model, where fibrosis develops following

acute lung injury as a consequence of DNA strand breakage and oxidant

injury.217 However, no animal model has similarities with the histopatho-

logical features or progressive nature of IPF, and the ability to incorporate

relevant variables such as ageing, environmental factors, and genetic vari-

ability is limited 217–219 As a consequence whilst such models have a valuable
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role when investigating a specific functional question they cannot fully model

complex diseases such as IPF and their disease mechanisms.

Given the limitations of animal models, further insight can be gained

through ex vivo and in vitro human tissue-based models. The most common

approach is the study of fibroblasts grown as monolayers on standard tissue

culture plastic. However, there is increasing recognition that substrate

stifness, composition, and structure may all influence cell behaviour and

phenotype. Tissue culture plastic has a Young’s modulus of 2 - 4 Gpa; with a

stifness far greater than pathologic fibrotic lung tissue it would be anticipated

to significantly impact on cell behaviour.193,220 Furthermore, the behaviour

of cells in 2D can di↵er substantially from the same cell type cultured in a

3D ECM. For example, whilst osteoblasts within a 3D collagen I gel require

MMP activation of latent TGF-� to prevent apoptosis, osteoblasts cultured

on a tissue culture plate in 2D do not.221

The development of more advanced cell culture systems using disease

relevant tissue or cells may help overcome limitations of studies on 2D

plasticware. One possible approach was demonstrated by Booth et al. who

developed a methodology to prepare acellular lung matrices using human

lung tissue, so providing a more physiologic environment for cell culture in

vitro.129 However, this methodology requires access to lung transplantation

tissue, and in advanced lung fibrosis tissue architecture will vary widely,

and so reproducibility and relevance to earlier stages of lung fibrosis remains

uncertain.

A number of studies have demonstrated the formation of multi-layered

fibroblast structures following long term culture, although none has cultured

primary lung fibroblasts.222,223 Recently Shamis et al studied the characteris-

tics of induced pluripotent stem cell-derived fibroblasts in long term culture

and demonstrated production of an organised 3D extracellular matrix.224

If translatable to studies of primary parenchymal lung fibroblasts such an

approach provides the possibility of studying long term fibrillar collagen

production in lung fibrosis in a 3D environment.
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1.8 Objectives and hypotheses

The primary goal of this work is to increase understanding of fibroblastic foci

and whether and how the production of fibrillar collagens is dysregulated in

IPF.

Fibroblastic foci are a key diagnostic feature of UIP thought to represent

areas of active fibrosis. On standard 2D pathologic examination fibroblastic

foci are small, distinct lesions. The concept that they are linked in a

complex reticulum that is highly interconnected has informed understanding

of disease pathogenesis however the 3D morphology and inter-relationships of

fibroblastic foci remain poorly understood. A better understanding of their

3D morphology and interconnectivity may further inform concepts of disease

pathogenesis.

Fibroblastic foci are considered to be the source of altered ECM pro-

duction in IPF, with fibrillar collagens the predominant ECM component.

Whilst altered collagen production, assembly and sti↵ness at the cellular-

scale are proposed to contribute to fibrogenesis, whether this occurs in

IPF, and at what hierarchical level (fibril, fibre, or tissue) is incompletely

understood. There is limited evidence whether disproportionately increased

collagen cross-linking and/or altered collagen fibril assembly and/or altered

fibre accumulation is occurring - as opposed to increased collagen deposition

alone - and the hierarchical level at which any change in biomechanical

properties occurs. A better understanding of alterations in the assembly

and biomechanical properties of collagens in IPF tissue, and the hierarchical

level at which these changes occur, may further inform basic and translational

research in fibrotic lung diseases.

Whilst studies comparing IPF and non-fibrotic lung tissue may identify

di↵erences in ECM of potential pathogenetic relevance, to better understand

this process mechanistic studies are required. The relevance of animal models

to IPF remains uncertain, and mechanistic studies of fibrillar collagen pro-

duction in vitro have been limited as production and incorporation of collagen

into a pericellular matrix is ine↵ective in standard monolayer fibroblast
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cultures. The development of a long-term 3D in vitro fibroblast model of

ECM production using primary human lung fibroblasts derived either from

patients with IPF or from non-fibrotic lung parenchyma would provide a

novel platform for mechanistic and therapeutic studies of ECM pathways in

lung fibrosis.

My objectives are pursued through three separate aims:

Aim 1

I plan to investigate the application of microCT of diagnostic para�n em-

bedded samples to image the microarchitecure of IPF tissue. Integration of

microCT and histological analyses will enable detailed characterisation of the

3D morphology of fibroblastic foci and the assessment of their interconnec-

tions at a whole tissue scale. My hypotheses are:

i) MicroCT of para�n embedded lung tissue can identify diagnostic fea-

tures of UIP, the histological pattern diagnostic of IPF.

ii) Detailed 3D characterisation of the morphology of fibroblast foci and

their interconnections will be revealed by microCT.

Aim 2

I plan to characterise collagen production and assembly in human IPF lung

tissue, and to study similarities and di↵erences with non-fibrotic lung tissue.

In cross-disciplinary collaboration the relationship of collagen properties with

sti↵ness of tissue at the micro-scale, and of collagen fibril sti↵ness at the nano-

scale, will be assessed by atomic force microscopy. My hypothesis is:

i) Altered extracellular matrix biomechanical properties of IPF tissue at

the micro-scale are a consequence of dysregulated collagen fibril assembly

at the nano-scale.
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Aim 3

I plan to develop and characterise a long term 3D in vitro model of fibrillar

collagen production using lung parenchymal fibroblasts explanted from pa-

tients with IPF or non-fibrotic lung tissue.

My hypothesis is:

i) A novel 3D in vitro model using parenchymal lung fibroblasts will syn-

thesise structured fibrillar collagens, and phenotypic di↵erences between

the production and assembly of fibrillar collagens by IPF or non-fibrotic

lung fibroblasts will be identified.
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Materials and Methods

2.1 Materials

The reagents were obtained from suppliers as detailed below.

Abcam, Cambridge, UK Picro-Sirius Red Stain Kit (ab150681), anti-

Tenascin C antibody (ab108930), anti-Procollagen Type I antibody (2Q576),

anti-Collagen Type I (AB3470), Goat anti-rat IgG (AB7096), anti-LOXL4

antibody (ab881886)

A.Menarini Diagnostics Ltd., Winnersh-Wokingham, UK Peroxide

Blocker (MP-968-PER25), Background blocker with Casein (MP-966), An-

tibody Diluent (MP-900-25), Rabbit Polymer HRP (MP531-M3R6)

GE Healthcare, Buckinghamshire, UK ECL chemiluminescence detec-

tion reagent 2 (RPN2232).

Life Technologies, Paisley, UK Alexa Fluor 546 Donkey Anti Rabbit

IgG (H+L) (A10040), Alexa Fluor 488 Goat Anti-Mouse IgG (A11029) Dul-

becco’s Modified Eagles Medium (DMEM) (11960044), Fungizone Antimy-

cotic (15290-026), Heat-Inactivated Foetal Bovine Serum (FBS) (10108165),

Ham’s F12 Nutrient Mix (21765-037), Hank’s balanced salt solution (HBSS)

without Ca2+Mg2+(14170-0880), L-Glutamine (25030-024), Minimum Essen-

tial Medium Non Essential Amino Acids (11140-035), Penicillin Streptomycin

(15070-063), ProLong AntiFade Reagent with DAPI (P36935), RNAlater
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(R0901), Sodium Pyruvate (11360-039), Trizol (15596018), 0.5% Trypsin-

EDTA (15400054).

Millipore, Abingdon, UK Millicell Hanging Cell Culture Inserts (6.5mm

with a 1µm pore polyethylene terephtalate (PET) membrane insert)

(PIRP12R48)

PeproTech, London UK TGF-�1 (100-21)

PrimerDesign, Southampton, UK Precision MasterMix (Precision-ic),

Primers (DD-hu-600) for UBC/A2, Col1a1, Col3a1, Lox, Loxl1, Loxl2, Loxl3,

Loxl4, Plod2A, Plod2B

Proteintech, Manchester UK PLOD2-Specific Antibody (21214-1-AP)

Qiagen, Manchester UK QuantiTect Rev. Transcription Kit (205311),

RNeasy Mini Kit (74106)

QuickZyme Biosciences, Leiden, The Netherlands Total Collagen

Assay kit (QZBtotcol), Total Protein Assay kit (QZBtotprot)

Quidel, Kornwestheim, Germany MicroVue PYD EIA kit (8010)

Sigma-Aldrich, Poole, UK 1,4-Diaminobutane (D13208), �-

aminopropionitrile (BAPN) (A3134), Adenine (A2786), Bovine serum albu-

min (A9418), Chloroform (C2432), Citric Acid (251275), Dimethylsulphoxide

(DMSO) (D2650), Epidermal Growth Factor (EGF) (E9644), Ethanol

(32221), FITC Anti-↵-SMA (F3777), Glacial Acetic Acid (27221), HEPES

(H4034), Hyaluronidase from bovine testes (H3506), Hydrochloric Acid

(HCl) (07102), Hydrocortisone (H0888), Insulin (I9278), IgG1 from murine

myeloma (M9269), IgG2a from murine myeloma (M9144), Isopropanol

(I9516), L-Ascorbic acid 2-phosphate sequimagnesium salt hydrate (A8960),

Methanol (24229), Peroxidase from horseradish (P6782), Sodium Chloride

(S9625), Sodium Phosphate Dibasic (Na2HPO4) (S9763), Sodium Phosphate

Monobasic Dihydrate (NAH2PO4·H2O) (71505), Triton-X-100 (T8787), Tris-

Base (T1503), Trypan Blue (T8154), Trypsin from bovine pancreas (T8003)

Roche Applied Science, Burgess Hill, UK Complete Protease Inhibitor

Cocktail Tablets (11697498001), PhosStop Phosphatase Inhibitor Cocktail

Tablets (04906837001).
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2.2 Methods

Many of the methodologies described in this study were cross-disciplinary,

and involved extensive collobration. I conceived and led the described work;

the contributions of the many collaborators who were crucial to completion

are described in each section.

2.2.1 Patient cohort

In 2007, in preparation for this work, whilst undertaking an NIHR Academic

Foundation Programme in Southampton, I wrote the project protocol and

obtained local ethical approval for a longitudinal study entitled ‘Pathophysi-

ological mechanisms of pulmonary fibrosis’ (MREC 07/HO607/73) under the

supervision of Dr. Katherine O’Reilly (Lead ILD Physician in Southampton

at this time prior to moving to Mater Misericordiae University Hospital,

Dublin in 2012) and Prof. Donna Davies. All patients undergoing diagnostic

surgical lung biopsy at University Hospitals Southampton NHS Foundation

Trust for investigation of suspected interstitial lung disease are approached

for consent for use of tissue obtained as part of routine clinical practice

which is surplus to diagnostic requirements. A biobank of cryopreserved

fibroblast lines from explant cultures, histological para�n embedded samples,

and frozen biopsies was therefore available for this study from patients who

have subsequently undergone ILD MDT discussion and have a consensus

diagnosis of IPF according to international consensus guidelines.2

For the work characterising collagen, additional tissue samples from

five patients undergoing lung transplantation for treatment of IPF stored

at the Clinical Research Centre, St Vincent’s Hospital, Dublin, Ireland

were obtained through collaboration with Dr. Aurelie Fabre (Consultant

Histopathologist, St. Vincent’s University Hospital, Dublin, Ireland) and

Dr. Katherine O’Reilly.
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2.2.2 Histopathology collaborations

Histopathological diagnosis of interstitial lung diseases is a recognised chal-

lenge with significant intra-observer variation. Given the central role of lung

biopsy tissue samples to my proposed research robust histological diagnoses

were essential. In addition to an initial diagnostic sample review by a respi-

ratory histopathologist with a specific interest in interstitial lung diseases

at University Hospital Southampton (Dr. Sanjay Jogai), two recognised

experts, Professor Andrew Nicholson (Professor of Respiratory Pathology,

Royal Brompton Hospital, London, UK) and Dr. Aurelie Fabre (Consultant

Histopathologist, St. Vincent’s University Hospital, Dublin, Ireland) were

therefore approached. Both kindly agreed to collaborate, reviewing all

diagnostic samples used, applying specific pathological scoring systems as

detailed below, and reviewing the histopathological data presented.

2.2.3 MicroCT studies

Clinical material

Clinically indicated diagnostic surgical lung biopsy specimens were obtained

from four patients with a subsequent multidisciplinary diagnosis of IPF.

Specimens had been diagnosed as showing typical features of a UIP pattern,

confirmed by independent review by two pathologists. The samples received

standard processing with fixation in neutral bu↵ered formalin for 48 hours

and embedding in para�n wax. Control formalin-fixed para�n-embedded

healthy lung tissue (n=2) was obtained from macroscopically normal lung

sampled remote from the cancer site in two patients undergoing surgery for

lung cancer.

MicroCT imaging protocol

The para�n-embedded lung samples were scanned using a custom-built

Nikon Metrology microCT scanner at the µ-VIS Centre for Computed To-
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mography at the University of Southampton. The scanner uses a 2D X-

ray detector and an X-ray source to create projection images which are

then reconstructed in 3D. The sample is rotated whilst the X-ray source

is static. Multiple parameters including resolution, angular step, number of

projections, and gain can be varied enabling optimisation for each sample

type analysed.

All scans and reconstructions were performed by Dr. Mark Malvogordato,

Dr. Philipp Schneider, and Mr Hew Pang at the µ-VIS Centre. Previous

work had developed the methodology to visualise structural features such

as airways, however experiments to maximise visualisation of soft tissue

structures had not been performed.215 Initial work therefore optimised the

scanning protocol to:

• Maximise image quality to enable histopathological tissue assessment,

specifically addressing soft tissue contrast and hence visualisation of

fibroblastic foci

• Enable specimen scanning whilst mounted on standard histopathologi-

cal trays, so facilitating subsequent serial sectioning and integration of

histological sections with the microCT data volume

This required an iterative review process between myself, Dr. Schneider

and Dr. Malvogordato, identifying the optimal settings to maximise resolu-

tion and signal to noise ratio. Final scans and reconstructions were performed

at an isotropic voxel size of 8 µm. An X-ray tube potential peak of 55 kVp

was used at a beam current of 104-114 µA. 2601 tomographic radiographic

viewpoints of the samples were assessed (360� rotation in 0.14� steps) by

acquiring 64 repeated projections (2000x2000 pixels) for each angular step

to increase signal-to-noise ratio through frame averaging. Integration time

for individual projections was set to 500 ms, resulting in a field of view of

16x16mm2. The gross image acquisition time per sample was about 24 hours.

The projections were then reconstructed in 3D using the Feldkamp, Davis,

and Kress algorithm for cone beam tomography in the DigiR3D tomography
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reconstruction module of the DigiXCT software suite (Digisens, Le Bourget-

du-Lac, France) or using standard filtered-back projection within CTPro3D

(v. XT 2.2 service pack 10, Nikon Metrology, UK) and CTAgent (v. XT 2.2

service pack 10, Nikon Metrology, UK).225

Histology acquisition

Following microCT imaging 4 µm-thick serial sections were cut by Ms. Jenny

Norman in the Histochemistry Research Unit over an approximate depth

of 1000 µm. Sections every 8 µm (corresponding to the actual microCT

voxel size of 8 µm) were de-para�nised and stained using modified Movat’s

pentachrome or hematoxylin and eosin stain, as described in the section

tinctorial stains below.226 Whole sections were imaged using a 20x objective

on a Dot-Slide scanning system (Olympus, Southend-on-Sea, UK), and

visualised with Olyvia 2.6 (Olympus, Southend-on-Sea, UK).

MicroCT image visualization and correlation with histological sec-

tions

Image pre-processing, segmentation, 3D volume reconstruction and quan-

tification of microCT data was performed with the 3D analysis software

AvizoFire 7.1 (FEI, Oregon, USA). Three or more structural features in

each microCT volume were matched to a specific histological section, and

the 3D orientation of the microCT volume was correspondingly transformed

for plane correspondence between histological and microCT data. For direct

comparisons of histological and microCT sections the Fiji distribution of

the image processing and analysis software ImageJ (version 1.49p) plugin

Landmark Correspondences was used to co-register the images after the

initial matching for plane correspondence.227,228
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MicroCT segmentation and analyses

Segmentation is the grouping of voxels into objects. Fibroblastic foci were

segmented in the corresponding microCT slice every 8 µm over 1000 µm,

using the Lasso function in the segmentation editor, having been identified

in the histological sections as aggregates of spindle-shaped cells with a

characteristic blue-green colour on Movat’s pentachrome stain as illustrated

in Figure 2.1 or pale colour on haematoxylin and eosin stain, representing

focal deposits of young, immature collagen and proteoglycans within the

sub-epithelial interstitium. Missing levels (for example due to ribbon section

breaks) were manually interpolated. Each tissue block was segmented by one

observer, with a total of three independent observers (myself, Dr. Francesco

Cinetto and Dr. Giacomo Sgalla) for the four tissue blocks.

Following segmentation, individual foci were then tagged by the labelling

function, with foci with no touching voxel faces, edges, or corners in common

considered as being distinct and assigned a unique index. The foci were then

visualised through volume rendering using a cyclic colourmap so that foci in

close proximity were more likely to be shown in di↵erent colours. Volume,

3D shape and occurrence of fibroblast foci were then quantified.

MicroCT para�n segmentation

For 3D volume renderings and calculation of lung tissue volume for fibrob-

lastic focus volume density calculation, para�n was segmented from each

microCT volumetric data set as demonstrated in Figure 2.2. To segment

lung tissue from para�n, global thresholding followed by the ‘Smooth Labels’

function (a computational modified Gauss filter that smoothes the region

boundaries) was applied, with the threshold identified as the mean greyscale

value of a 1 mm3 volume of para�n.229 Using the ‘Crop’ function the

subvolume corresponding to the histological stack was then extracted, and

lung tissue volume quantified for focus volume density calculation.
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Figure 2.1: Two fibroblastic foci identified by a charactersitic blue-green colour on
Movat’s pentachrome stain.
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Fibroblastic focus connectivity analyses

Connectivity between fibroblastic foci was assessed visually through microCT

3-plane visualisation, 3D foci segmentations, and corresponding sequential

2D histology section review. Total number of foci per case and fibroblastic

foci tissue density were calculated. Stereological analysis was performed

and fibroblastic foci every 20-30 µm over approximately 1000 µm were

marked on photo-micrographed whole tissue sections using Olyvia by two

histopathologists (Dr. Aurelie Fabre and Dr. Sanjay Jogai). The Euler-

Poincar characteristic or Euler number, a measure of connectivity in a

network, was then calculated as described below.116,122,230–232

Using adjacent sections as physical dissectors for counting events in both

directions (using each single section once as a sampling section and once as

a look-up section) isolated fibroblast foci without connections to previously

visible foci were denoted as islands (I) or disconnected parts (tangents with

a convex surface), fibroblast foci that spanned sections were designated as

bridges (B) or redundant connections (tangents with saddle surface), and

foci surrounded entirely by tissue were referred to as holes (H) or internal

cavities (tangents with concave surface). The observed dissectors contribute

to the Euler number according to:

X
X3 =

X
I �

X
B +

X
H

Where the subscript 3 indicates that the analysis is occurring in a three-

dimensional space. The greater the number of bridges and holes is compared

to islands, the greater the connectivity and the more negative the Euler

number becomes. A positive number indicates that the number of islands

is greater than the number of bridges and holes, indicating that there is no

evidence of connectivity.
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Fibroblastic focus 2D profusion analyses

Profusion of fibroblast foci every 20-30 µm over approximately 1000 µm was

measured. Semi-quantitative analysis was performed by Professor Nicholson;

the absence of fibroblastic foci was scored as 0, and the most profuse score

was 6 after a previously described method.106 For quantitative analysis whole

lung tissue area was calculated using the image analysis software cellSens

1.4 (Olympus Southend-on-Sea, UK), and total number of fibroblast foci

obtained by counting all foci from photo-micrographed whole tissue sections

marked by two histopathologists (Dr. Aurelie Fabre and Dr. Sanjay Jogai).

Fibroblast foci / cm2 of tissue was then calculated.

2.2.4 Collagen studies

A series of adjacent cryosections from flash frozen lung tissue from fourteen

non-fibrotic control tissue samples (macroscopically normal lung sampled

remote from a cancer site in patients undergoing surgery for early stage

lung cancer) and sixteen IPF tissue samples (eleven VATS biopsy and five

transplant IPF lung tissue samples) stored in liquid nitrogen were generated

for:

• Immunohistochemistry and amine oxidase activity assay (5 µm sec-

tions)

• Atomic force microscopy microindentation experiments (50 µm sec-

tions)

• Enzymatic extraction of collagen for force microscopy nanoindentation

experiments (Five 50 µm sections)

• RNA (Five 50 µm sections)

• Hydroxyproline and pyridinium cross-link quantification (Approxi-

mately 1 mm3 of adjacent lung tissue following cryosection)
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2.2.5 Hydroxyproline and pyridinium cross-link quan-

tification

Assays for the quantification of hydroxyproline and pyridinium cross-links

were performed together with Mr James Roberts (Synairgen plc, Southamp-

ton, UK) who established the methodologies.

Acid hydrolysis

Samples in tightly closed screw-capped tubes were hydrolysed in 6M HCl at

100�C for 18 hours. After cooling to room temperature samples were cen-

trifuged at 13,000g for 10 minutes. Samples were then evaporated to dryness

using a Genevac EZ-2 centrifugal solvent evaporator (Genevac, Ipswich, UK),

dry weight calculated, and samples resuspended in 200 µl H2O.

Hydroxyproline assay

Quantitative determination of total collagen was performed using the Quick-

Zyme total collagen assay according to manufacturers instructions. The

amino acid hydroxyproline is formed by post-translational hydroxylation of

proline and is a major component of collagen (approximately 13.5%) where

it stabilises the triple helix.233,234 Measurement of hydroxyproline therefore

enables assessment of the total collagen present in any form in a sample.234,235

The assay has a total collagen range of 6 to 300 µg/ml, and so initial ex-

periments identified that 30 fold dilution was required for samples. Collagen

standards and samples were pipetted in duplicate into the assay microplate.

Assay bu↵er containing Chloramine-T to oxidize the hydroxyproline was

added, and incubated for 20 minutes at room temperature whilst shaking

the plate. Detection reagent containing 4-(Dimethylamino)benzaldehyde

(DMAB) which reacts with the oxidized hydroxyproline to produce a chro-

mophore was added, and the plate incubated for 60 minutes at 60�C.

The plate was cooled on ice to room temperature then read at 570 nm

with a Labsystems Multiskan Acent plate reader (Thermo Fisher Scientific,
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Loughborough, UK). Quantification was performed using standard curves

generated by the Multiskan Acent plate reader software based on a four

parameter logistic curve fit.

Total amino acid content in the hydrolysate was then measured using the

QuickZyme Protein Assay according to manufacturers instructions, enabling

collagen per total amount of protein to be calculated. Genipin, a hydrolysate

of geniposide from gardenia fruits, produces blue pigment on reaction with

amino acids except for proline and hydroxyproline.236 Absorbance of genipin-

amino acids increases linearly with amino acid concentration, enabling cal-

culation of total amino acid content of samples. The assay has a total

protein range of 0.05 to 3 mg/ml and so initial experiments identified that

30 fold dilution in 6M HCl was required for samples. A hydrolyzed protein

standard and hydrolyzed samples were pipetted into the assay microplate.

Assay bu↵er was added, plate contents mixed by shaking, then colour reagent

working solution containing genipin added and the plate again shaken. After

incubation for 60 minutes at 85�C the plate was cooled on ice to room

temperature and read at 570 nm. Quantification was performed using

standard curves generated by the Multiskan Acent software based on a four

parameter logistic curve fit.

Pyridinium cross-link assay

Pyridininum cross-links in the hydrolysate were quantified using a Quidel

MicroVue PYD Enzyme Immunoassay according to manufacturers instruc-

tions. This is a competitive enzyme immunoassay using a monoclonal anti-

pyridinium crosslinks antibody to measure the pyridinium cross links PYD

and DPD with a sensitivity of 7.5 nM and a dynamic range of 15 to 750

nM. Briefly, samples and standards were diluted 1:10 with Assay Bu↵er

and pipetted in duplicate into assay Coated Strip wells. Enzyme conjugate

was added and samples incubated for 3 hours at 2 to 8�C in the dark.

Strips were inverted and washed three times with Wash Bu↵er. Working

Substrate Solution was added to each well and incubated for 60 minutes

at room temperature. Stop Solution was then added to each well and the
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optical density read at 405 nm with a Labsystems Multiskan Acent plate

reader. Quantification was performed using standard curves generated by

the Multiskan Acent software based on a four parameter logistic curve fit.

The quantity of Pyridinium cross-links was expressed as total amount of

residues per collagen molecule, assuming 300 Hydroxyproline residues per

collagen triple helix.

2.2.6 Atomic force microscopy

Atomic force microscopy (AFM) is a type of very high-resolution scanning

probe microscopy with resolution at the nanometer scale. A bendable can-

tilever with a tip at its end is used to scan the specimen surface, and changes

in topography perpendicular to the surface are recorded through assessment

of cantilever deflection. It enables measurement of 3D topography, but also

by applying controlled force to the surface to induce surface deformation, the

mechanical properties of the surface can be studied. Mechanical assessment

of biological structures via AFM is of increasing interest because it enables

assessment of biomechanics at di↵erent hierarchical levels from nano- to the

micro-metre scale.

All AFM experiments were performed in collaboration with Dr. Orestis

G. Andriotis and Professor Philipp Thurner at the Institute of Lightweight

Design and Structural Biomechanics, Faculty of Mechanical Engineering,

Vienna University of Technology, Vienna, Austria. Experiments were de-

signed between myself and Dr. Andriotis, with all engineering aspects of

AFM experiments determined and performed as described briefly below by

Dr. Andriotis. The methodology for enzymatic extraction of collagen and

nano-scale collagen indentation was initially developed through collaboration

between Prof. Davies and Prof. Thurner, with Dr. Wiparat Manuyakorn

and Dr. Andriotis finalising the protocols detailed below for enzymatic

extraction of collagen fibrils from human bronchi for AFM cantilever-based

nanoindentation experiments.237 Complementary methodologies for sample

microindentation were developed for this work by Dr. Andriotis and myself.
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Experiments were performed using a NanoWizardw ULTRA Speed A

AFM system (JPK Instruments AG, Berlin) employing pyrex nitride can-

tilevers (NanoWorld AG, Switzerland) of 0.48 Nm-1 spring constant for AFM

nanoindenation experiments and CSC38 cantilevers (µMasch, Innovative

Solutions Bulgaria Ltd., Bulgaria) of 0.03 Nm-1 spring constant for AFM

microindenation experiments, where the spring constant is defined as the

ratio of the force a↵ecting the spring to the displacement caused by it. During

mechanical assessment samples were hydrated in phosphate bu↵ered saline

(PBS).

Typical force-displacement curves are shown below in Figure 2.3 for

microscale indentation and Figure 2.4 for nanoscale indentation. The curves

have two characteristic domains, the loading and the unloading. The loading

curve is a result of both the elastic and plastic deformation while the

unloading curves describes the elastic deformation and therefore the elastic

properties are determined by analyzing the unloading curve. For any type

of indenter, the elastic modulus of the sample (a measure of an object’s

tendency to be deformed elastically) is given by the equation:

Esample =
1

�

p
⇡

2
(1� V 2

sample)
Scp
Ac(h)

Where Ac(h) is the projected area function, Sc the contact sti↵ness, i.e.

the slope of the unloading curve at maximum displacement, Vsample is the

Poisson’s ratio of the sample, and � is a dimensionless parameter which is

close to unity and varies with the indenter shape (1.0226 < � < 1.085).

Microindentation

To assess whole tissue sti↵ness AFM microindentation experiments were

performed on 50 µm cryosections by Dr. Orestis Andriotis (Figure 2.3).

Microindentation enables assessment of the mechanics of larger structures,

such as localized areas on tissue sections composed of hundreds of collagen

fibrils, by attaching microspheres on to the end of the flexible AFM cantilever.
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The tip radius of these spheres ranges from 2 - 50 µm, giving a volume

interaction between the sphere and the tissue in the order of 100 µm3.

Frozen cryosections were shipped to Dr. Andriotis; immediately prior

to an experiment a tissue section was warmed to room temperature in PBS

containing a protease inhibitor cocktail to minimise tissue degradation. To

inform tissue area selection for measurements, a 5 µm cryosection adjacent

to the 50 µm section was stained with H&E, digitally imaged, and the data

provided to Dr. Andriotis. A light microscope is integrated within the

atomic force microscope and areas with major blood vessels or airways were

excluded from measurement. Between 80 to 150 force-displacement curve

measurements were performed for each tissue section.

Nanoindentation

Collagen was enzymatically extracted using 1 mg/ml bovine hyaluronidase

and 1 mg/ml trypsin in 0.1 M Sorensen’s phosphate bu↵er (pH 7.2) at 37�C

for 24 hours.237,238 After thorough washing with deionized water the samples

were smeared on to glass slides to reveal areas with individual fibrils. Samples

were then left to dry overnight at 37�C then stored in a desiccating storage

box with silica gels until shipped to Dr. Andriotis. Extracted collagen fibrils

were assessed by employing a conical nanotip with tip radius of about 7 - 10

nm at the end of a flexible cantilever, as illustrated in Figure 2.4. Accurate

quantification is possible because the volume interaction between the nanotip

and collagen fibril is in the order of 0.1 - 1 nm3. AFM imaging prior to

force-displacement acquisition of the dry sample enabled individual collagen

fibrils to be identified. The sample was then hydrated in PBS and force-

displacement data were recorded and subsequently analyzed by Dr. Andriotis

with well-established mathematical models, such as the Oliver-Pharr model,

so enabling determination of the elastic modulus of the measured collagen

fibril.239 For each tissue sample a minimum of four collagen fibrils were

studied, with 30 to 50 force-displacement curves measured per fibril. The

total acquisition time was kept as low as possible to minimise thermal drift

e↵ects.
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A

B

Figure 2.3: Micro-scale atomic force microscopy. (A) Illustration of a microsphere
attached on the edge of a cantilever indenting a tissue section. (B) Typical
force-displacement curves from AFM microindentation on a lung parenchyma
tissue section. Images courtesy of Dr. Orestis Andriotis, Vienna University of

Technology.

57



Chapter 2. Materials and Methods

A

B

Figure 2.4: Nano-scale atomic force microscopy. (A) Illustration of a cantilever
tip indenting the surface of a collagen fibril during AFM nanoindentation. (B)
Typical force-displacement curves from AFM nanoindentation on a collagen fibril.

Images courtesy of Dr. Orestis Andriotis, Vienna University of Technology.
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2.2.7 Amine oxidase activity assay

An in situ assay for the detection of amine oxidase activity has previously

demonstrated localisation of amine oxidase activity in skin tissue sections.240

As the LOX family of enzymes are amine oxidases, this methodology may

enable both quantification and localisation of biological activity of LOX and

LOXL family members in tissue. An amine substrate, 1,4-diaminobutane, in

the presence of an amine oxidase is oxidised to an aldehyde and H2O2. In

the presence of luminol, horseradish peroxidase, and H2O2 there is a chemi-

luminescent reaction which can be imaged for quantification and localisation

of amine oxidase activity. This methodology was therefore adapted for lung

tissue sections.

Non-fibrotic or IPF 5 µm lung tissue cryosections on glass slides were

air dried for 10 minutes. 40 mg/ml 1,4-diaminobutane in phosphate bu↵er

solution (5mM di-sodium hydrogen phosphate, 5 mM sodium hi-hydrogen

phosphate monohydrate; pH 7.2), and 4 µl/ml horesradish peroxidase were

added to an equal volume of luminol. This substrate solution was then

applied to each tissue section and incubated at 37�C for 5 minutes. Excess

substrate solution was carefully removed, then a glass coverslip applied

followed by digital imaging with a chemiluminescence Amersham Imager 600

(GE Healthcare Life Sciences, Little Chalfont, UK) (Figure 2.5). For inhibi-

tion experiments 300 µM �-aminopropionitrile (BAPN), a potent irreversible

inhibitor of lysyl oxidases, or PBS alone were pre-incubated for 30 minutes

prior to washing and substrate addition.152 After imaging, semi-quantitative

analysis was performed, with the mean grey scale value of each tissue area

following background subtraction calculated using the Fiji distribution of the

image processing and analysis software ImageJ (version 1.49p), with each

sample normalised to the wet weight of 250 µm of adjacent cryosections.
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A B C

Figure 2.5: The in situ amine oxidase assay was performed on a tissue cryosection
from lung. (A) White light image of the cryosection upon a glass slide. (B)
Chemiluminescence image of the signal from the in situ assay amine oxidase assay.
(C) Overlaid image. The white arrows identify the tissue section in each image.

2.2.8 Routine lung fibroblast culture

Culture of primary parenchymal fibroblasts

Primary human lung parenchymal fibroblasts (HLFs) were grown from sur-

gical lung biopsy samples. Biopsy samples were cut into approximately 2 x 2

mm pieces using forceps and scalpel in a well of a 6-well plate, with outgrowth

encouraged by scratching the sample in the plate. Samples were maintained

in Dulbecco’s Modified Eagles Medium (DMEM), supplemented with 10%

(v/v) heat-inactivated foetal bovine serum (FBS), 50 IU/ml penicillin, 50

µg/ml streptomycin, 1 mM sodium pyruvate, 1 mM nonessential amino

acids, and 2 mM L-glutamine (complete DMEM). When 80% confluency

was reached cells were passaged or cryopreserved (at a minimum of passage

2). Initial expansion from biopsies was typically performed by myself, Dr.

Franco Conforti, or Dr. Elizabeth Davies. Cell were used between passage

number 3 and 5.
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HLFs were incubated in a Heraeus humidified incubator at 37�C with

5% CO2 in air. All culture reagents were pre-warmed to 37�C. HLFs were

routinely cultured on Nunc tissue culture plastic in complete DMEM.

Viable cell counting

The trypan blue exclusion method was performed to determine cell viability.

The dye is excluded by live cells with an intact membrane whilst non-viable

cells with a damaged membrane stain blue and so can be excluded from

the cell count. 20 µl cell suspension was diluted into 50 µl HBSS and 30

µl 0.4% trypan blue, and 1 mm2 counts were perfomed with an Improved

Neubauer Hamocytometer (Marienfield Superior, Lauda-Königshofen, Ger-

many) (depth 0.1 mm; 1/400 mm2). The average of 4 counts was calculated

then viable cell count per millilitre was calculated according to:

Viable cells / ml = (Viable cell number) x (Dilution factor) x 104

Cells were then diluted in complete DMEM to the required concentration.

Cryopreservation of fibroblasts

Cells were trypsinised then pelleted at 300g for 5 minutes at 4�C. The

medium was removed and roughly 1x106 cells/ml resuspended in chilled

cryopreservation media (complete DMEM/10% (v/v) dimethylsulphoxide

(DMSO)). These were frozen in 2ml cryovials at a rate of -1�C /minute

to -80�C in a Mr. FrostyTM freezing container containing isoproyl alcohol,

prior to being placed in long-term storage in liquid nitrogen at -196�C.

For regeneration, cells were warmed rapidly to 37�C by pipetting pre-

warmed medium, pelleted, resuspended in complete DMEM and transferred

to a 75cm2 flask for routine culture.

Trypsinisation of confluent monolayers

Cells were passaged for routine expansion or use in experiments at 80-

90% confluence. Monolayers were washed twice with Hank’s Balanced Salt
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Solution (HBSS) without Ca2+ or Mg2+ to remove trace serum. For a 75cm2

tissue culture flask the monolayer was washed with 1ml 0.05% trypsin-EDTA

and then incubated at 37�C with 5% CO2 until the majority of cells were

visibly detached (typically 1 - 2 minutes) followed by trypsin inactivation by

the addition of complete DMEM.

2.2.9 A 3D model of ECM production

Methodology developed to study the characteristics of induced pluripotent

stem cell-derived fibroblasts has previously demonstrated production of an

organised 3D extracellular matrix.224 Initial experiments determined the

translation of this methodology to primary human lung fibroblasts, with

optimisation of cell plating methodology, plating density, media, and mem-

brane pore density for formation of a structured 3D ECM. The established

methodology is described below. All experiments were performed by myself

except for BAPN inhibition studies which were performed by Mr James

Roberts (Synairgen plc, Southampton, UK).

3D fibroblast culture

Millicell Hanging Cell Culture Inserts (6.5mm with a 1µm pore polyethylene

terephtalate (PET) membrane insert) were pre-incubated with complete

DMEM (300 µl and 900 µl in the apical and basolateral compartments of

the Hanging Cell Culture Insert respectively) for a minimum of 1 hour to

aid cell adherence before removal of the apical media and the addition of

HLFs (15,000 cells/ 300 µl/well) to the apical compartment of the Hanging

Cell Insert. Hanging Cell Insert pre-incubation with serum containing

media, and a cell plating density of no greater than 45,000 cells / cm2

minimised cell clumping, so ensuring a uniform cell layer developed. Cultures

were maintained in complete DMEM for 24 hours, when it was replaced

with 3:1 (DMEM:Ham’s F12) supplemented with 5% (v/v) heat-inactivated

foetal bovine serum (FBS), 50 IU/ml penicillin, 50 µg/ml streptomycin, 2.5

µg/ml/ml Fungizoner, 1 mM sodium pyruvate, 1 mM nonessential amino
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acids, 2 mM L-glutamine, 0.18mM adenine, 8 mM HEPES, 5 µg/ml insulin,

0.5 µg/ml hydrocortisone, and 10 ng/ml human epidermal growth factor

(EGF), and 10 µg/ml L-Ascorbic Acid-2-Phosphate sequimagnesium salt

hydrate (AsA) (complete DMEM/F12). The medium was then replaced

every 3rd day, with the culture maintained for up to 6 weeks. Where

indicated, at day 7 cells were treated with TGF�1. Human recombinant

TGF�1 was reconstituted to a stock solution of 1 µg/ml. During initial

titration experiments of 0.25 ng/ml to 10 ng/ml of TGF�1, a dose dependent

time to the cell layer contracting into a spheriod shaped structure was

observed. If TGF�1 treatment was subsequently discontinued a gradual

outgrowth of the structure was observed. In subsequent experiments, for

maximal speed of contraction cells were treated at a concentration of 10

ng/ml for 72 hours; at the subsequent media change 1 ng/ml was then

continued until the final time point of an experiment. Supernatants were

harvested at multiple time points as indicated, clarified by centrifugation

at 300g for 5 min at 4�C, then stored at -80�C. Cultures were harvested

at multiple time points and the membrane removed from the Hanging Cell

Insert, then stored in RNAlater, frozen in liquid nitrogen, or fixed in 4%

paraformaldehyde (PFA) for subsequent analyses as described.

Cell contraction assay

To assess the e↵ect of TGF�1 on cell contraction, time-lapse bright-field

microscopy was performed, imaging the Millicell Hanging Cell Culture Inserts

for up to 120 hours at 37 �C with 5% CO2 within a culture chamber using the

Leica AF6000 system microscope and software (Leica Microsystems GmbH,

Wetzlar, Germany).

Cell proliferation assay

At time points as indicated cell proliferation was assessed by Click-iTr

EdU cell proliferation assay (Life Technologies, Paisey, UK) according to

manufacturers instructions. Proliferating cells are identified by detection of
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active DNA synthesis through addition of the thymidine nuceloside analogue

EdU (5-ethynyl-2’-deoxyuridine).241 Initial experiments identified optimal

EdU concentration and treatment duration. Cells were treated with 10 µM

EdU or DMSO control in Complete DMEM/F12 media for 24 hours. The

media was then removed, cells fixed in 4% paraformaldehyde (PFA) for 15

minutes, and hanging well membranes cut onto glass slides then washed

twice with 3% BSA-PBS. After removal of the wash solution 0.5% Triton

X-100-PBS was added for 20 minutes then washed twice with 3% BSA-PBS.

The Click-iT reaction cocktail was then added and incubated for 30 minutes

at room temperature protected from light. This contains an Alexa Fluorr

647 dye with an azide and copper, so enabling a click reaction to occur, a

copper catalyzed covalent reaction between an azide and an alkyne.242 The

Alexa Fluor dye azide reacts with an alkyne in the EdU, so covalently linking

the Alexa Fluor to the EdU. Following a further wash with 3% BSA-PBS,

cells were incubated overnight with a fluorescein isothiocyanate (FITC) con-

jugated ↵-SMA antibody (Mouse monoclonal, 1:250, Sigma-Aldrich). The

following day following 2 further washes, DNA was then stained by incubation

with 1 µg/ml of DAPI in PBS at room temperature for 10 minutes. After final

washes with PBS cells were mounted in ProLongr Gold Antifade Mountant

then visualised by fluorescent microscopy (Leica AF6000 system microscope

and software, Leica Microsystems GmbH, Wetzlar, Germany). Percentage

of EdU positive cells was calculated from the fluorescent microscopy image

using thresholding within the image analysis software cellSens 1.4 (Olympus

Southend-on-Sea, UK).

2.2.10 Reverse Transcription Quantitative Polymerase

Chain Reaction (RTqPCR)

RNA Isolation

RNA was isolated using the RNeasy Mini kit according to manufacturer’s

instructions, which uses a silica-based membrane to enable RNA isolation

and purification. Samples were transferred into 2 ml eppendorfs with Zirmil
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Y 1.5 mm beads (Saint-Gobain ZirPro, Paris, France) and 600 µl of Bu↵er

RLT, which is a highly denaturing guanidine-thiocyanate containing bu↵er

and immediately inactivates RNases. Homogenisation was then performed

using a Savant FastPrep FP12 Ribolyser (Qbiogene, Cedex, France) for 40s

on speed 6 then placed on ice for 3 minutes. After centrifugation at 17000g

for 3 minutes the supernatant was removed and used for RNA analysis. To

provide appropriate binding conditions to the spin column membrane, 600

µl of 70% ethanol was added to the supernatant and mixed by pipetting.

The sample was then transferred to an RNeasy spin column in a 2 ml

collection tube and centrifuged for 15s at 10000g. 700 µl of Bu↵er RW1

was added and the column centrifuged for 15s at 10000g then 500 µl of

Bu↵er RPE added and centrifuged for 15s at 10000g. A further 500 µl of

Bu↵er RPE was then added, and the column centrifuged for 2 min at 10000g.

The spin column was placed in a new 1.5 ml collection tube, and 30 µl of

RNase/DNase free H2O added directly to the column. The RNA was then

eluted by centrifugation for 1 minute at 10000g. RNA was then quantified

using a NanoDrop ND-1000 Spectrophotometer, with sample concentration

calculated through absorbance at the 260 nm wavelength. The ratio of

absorbance at 260 and 280 nm was used to assess RNA purity, with a ratio

of between 1.8 and 2.0 desired.

Reverse Transcription and DNase Treatment

To reverse transcibe RNA to cDNA, the QuantiTect Reverse Transcription

Kit was used according to manufacturer’s instructions. Firstly, to remove

any trace of genomic DNA contamination the RNA (500 ng) was added

with 2 µl of gDNA Wipeout Bu↵er and RNase/DNase free H2O to a final

volume of 14 µl, and the sample incubated at 42�C for 2 minutes. The RNA

sample was then reverse transcribed to cDNA using a master mix prepared

from Quantiscript Reverse Transcriptase (1 µl per reaction), Quantiscript

RT Bu↵er (4 µl per reaction), and RT Primer mix (1 µl per reaction),

with incubation at 42�C for 15 minutes. The sample was then incubated
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at 95�C to inactivate the Reverse Transcriptase, and the cDNA diluted 1:10

in DNase/RNase free H2O and stored at �20�.

Quantitative Polymerase Chain Reaction (qPCR)

Real time quantitative polymerase chain reaction (RTqPCR) was performed

using the BioRad CFX96 system. TaqManr-style sequence-specific probes

labelled with a fluorescent reporter which only detects cDNA containing

the sequence complementary to each probe were used. All reactions were

performed in duplicate in white 96-well plates. Each reaction contained 5

µl 2x master mix, 2 µl dH2O, 2.5 µl cDNA, and 0.5 µl of primer and probe

(see Appendix A for sequences). Changes in gene expression were compared

to two previously determined constitutively expressed housekeeping genes

(Ubiquitin C and Phospholipase A2 (UBC/A2)). Data were analysed using

the��Ct method.243 Fluorescent dye is released during cDNA amplification,

and so samples with more of the gene of interest have increased fluorescent

intensity. The number of amplification cycles required for a specific fluores-

cent intensity threshold to be reached, the CT value, is therefore directly

related to the amount of target gene cDNA present. CT values for each gene

of interest were normalised to the geometric mean of the housekeeping genes,

and these data then normalised to an appropriate baseline control sample.

2.2.11 Immunohistochemistry

4 µm tissue sections were cut and dried onto poly-L-lysine coated slides then

depara�nised with clearene and hydrated through graded alcohols. Sections

were washed in tris-bu↵ered saline (TBS), placed in methanol containing

hydrogen peroxide for 10 minutes to block endogenous peroxide activity,

then washed again in TBS. Antigen retrieval was then performed using

heat mediated retrieval (microwave citrate bu↵er) (Appendix A) to break

methylene bridges, as formation of methylene bridges during fixation cross-

links proteins and so can mask antigenic sites. Sections were then rinsed in

dH2O and TBS before blocking of endogenous biotin to eliminate background
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staining using avidin, biotin and blocking medium. Slides were incubated

overnight with primary antibody (Table 2.1) in TBS in humidified chambers

at 4�C. The following day sections were incubated in biotinylated secondary

antibodies, washed with TBS, then incubated with avidin-biotin complex

(ABC solution) which binds to the biotinylated antibody to increase antigenic

site signal intensity. Sections were stained with 3,3-diaminodenzidine (DAB)

which produces a brown precipitate in the presence of hydrogen peroxide

followed by counter staining with haemotoxylin to stain nuclei prior to

dehydration through graded alcohols and clearene and mounting in pertex.

Immunohistochemistry of LOX and LOXL2

For IHC visualisation of LOX and LOXL2 a protocol previously optimised

by Gilead Sciences (Foster City, USA) using reagents from A.Menarini Di-

agnostics Ltd. (Winnersh-Wokingham, UK) was applied. 5 µm cryosections

were warmed to room temperature then fixed with 4% Paraformaldehye

(PFA) for 10 minutes prior to washing with PBS-Tween 20 (0.01%) (PBS-

T). Endogenous peroxide activity was blocked with Peroxide Blocker for

10 minutes then sections were washed with PBS-T. Non-specific binding

was blocked with Background Blocker With Casein for 30 minutes, then

incubated for 1 hour at room temperature with primary antibody applied

in A.Menarini Antibody diluent. Sections were washed with PBS-T then a

conjugated goat anti-rabbit polymer-horseradish secondary antibody applied

for 30 minutes. Sections were washed again with PBS-T then stained

with DAB for 3 minutes, washed, counter stained with haemotoxylin then

dehydrated through graded alcohols and clearene and mounted in pertex.

Antibody titration

Antibody titration was performed for all antibodies to identify the dilution

with optimal staining but minimal non-specific binding and background

staining. Typically four doubling dilutions were initially tested; for anti-

bodies with no guidance regarding antigen retrieval the optimum method
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Antibody Working Dilution Species Pre-treatment Manufacturer

Collagen Type 1 1:500 Rabbit MWC Abcam

LOX 1:300 Rabbit None Gilead Sciences

LOXL2 1:300 Rabbit None Gilead Sciences

LOXL4 1:300 Rabbit MWC Abcam

LH2 1:200 Rabbit MWC Abcam

Pro-collagen Type I 1:100 Rat MWC Abcam

Tenascin C 1:500 Rabbit MWC Abcam

Table 2.1: Immunohistochemistry antibody dilutions. LOX (Lysyl oxidase), LOXL
(Lysyl oxidase like), LH2 (Lysyl hydroxylase 2), Microwave citrate (MWC).

was identified experimentally; enzymatic (pronase) and heat mediated (mi-

crowave citrate) (Appendix A) were tested. For each antibody a positive

control antibody from the same host, a negative control, and an isotope

control were studied.

2.2.12 Tinctorial staining

Tinctorial staining (also known as special staining) is used to selectively

stain cells and tissue components, using natural and artificial dyes that

were typically developed by the textile industry. These methodologies are

of particular use in this work to visualise extracellular matrix components.

Masson’s trichrome stain

Masson’s trichrome stain is a sequential stain used to di↵erentiate between

collagen and smooth muscle, and to identify an increase in collagenous

tissue.244 The staining requires timing optimisation for the specific tissue.

Following depara�nisation and hydration through graded alcohols 4 µm

sections were stained in sequential dyes. Firstly they were put in Weigart’s

Haematoxylin to stain nuclei for 5 minutes then ‘blued’ in running tap water

for 5 minutes followed by staining in ponceau-acid fuchsin for 3 minutes
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and washing with tap water. The sections were then di↵erentiated in 1%

phosphomolybdic acid (PMA) / 1% phosphotungstic acid (PTA) for 10

minutes. The PMA / PTA competes with the dye molecules and gains access

to the collagen, ensuring in the subsequent step that only the collagen will

be free to stain when treated with the large molcule dye aniline blue. The

acid is washed o↵ and then the sections are counterstained with aniline blue

for 5 minutes prior to dehyrdation through graded alcohols and clearene

and mounting in pertex. When visualised by microscopy the following are

identifiable:

• nuclei - black

• collagen - blue

• fibrin - pink

• muscle and red blood cells - red

Movat’s pentachrome stain

The modified Movat’s Pentachrome stain di↵erentiates collagen, elastin,

proteoglycan/mucin, and muscle so enabling assessment of inter-relationships

which are challenging to assess with most routine stains.226 It is of particular

use in fibrotic lung diseases as it enables consistent identification of fibrob-

lastic foci which are in a myxoid stroma and so stain a characteristic blue-

green colour whilst also identifying the extent of fibrosis through staining of

collagen yellow. The staining requires timing optimisation for the specific

tissue.

Following depara�nisation and hydration through graded alcohols 4 µm

sections were stained in sequential dyes. Firstly staining in alcian blue for 20

minutes was performed before being sections were placed in alkaline alcohol

for 1 hour, so converting soluble alcian blue into non-soluble monastral fast

blue. After thorough washing (as failure to remove all alkaline alcohol

will inhibit subsequent stains) Verheo↵’s haematoxylin was applied for 15
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minutes, followed by di↵erentiation in 2% ferric chloride. Di↵erentiation

must be confirmed by microscopy, with elastic fibres remaining black within a

relatively clear background. Slides were then placed in 5% sodium thiosulfate

for one minute, washed and stained with crocein scarlet-acid fuchsin (8:2)

for 2 minutes. Slides were then washed, rinsed in 0.5% acetic acid and

di↵erentiated in 5% phosphotungstic acid for 7 minutes prior to washing in

0.5% acetic acid water and rinsing in 100% alcohol three times. Finally,

to stain collagen yellow alcoholic sa↵ron was applied for 20 minutes prior to

dehydration in alcohol and clearene and mounting in pertex. When visualised

by microscopy the following are identifiable:

• nuclei and elastic fibres - black

• collagen and reticular fibres - yellow

• mucin or proteoglycan/ground substance - blue/green

• fibrin - intense red

• muscle - red

Picro-Sirius Red stain

For visualisation of fibrillar collagen a Picro-Sirius Red Stain Kit (Abcam,

Cambridge, UK) was used according to manufacturer’s instructions. Picro-

Sirius Red is a strong, linear anionic dye with six sulfonate groups that

can react with the side chain groups of the basic amino acids present in

collagen fibrils, so enhancing their natural birefringence under cross-polarized

light.245,246 Following depara�nisation and hydration through graded alco-

hols 4 µm sections were stained in Picro-Sirius Red solution, rinsed in 0.5%

acetic acid, then dehydrated in absolute alcohol, cleared in clearene and

mounted in pertex. The stain is then viewed with either standard bright-field

microscopy or cross-polarized light. With bright-field microscopy collagen is

red on a pale yellow background. With polarized light birefringence is highly

specific for collagen, with the thicker collagen fibres yellow/orange and the

thinner collagen fibres green.
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Alcian blue stain

For visualisation of glycosaminoglycans (GAGs) alcian blue staining was

used. Alcian blue is a tetravalent cation with a copper containing core which

binds to glycosaminoglycans at high ionic strength.247 Following depara�n-

isation and hydration through graded alcohols 4 µm sections were placed in

3% acetic acid for 2 minutes then stained with Alcian Blue at pH 2.5 for 30

minutes. After washing sections were counter-stained with Nuclear-fast red

for 10 minutes, washed, hydrated through graded alcohols and clearene and

mounted in pertex.

2.2.13 Transmission electron microscopy (TEM)

To enable assessment of the ultrastructure of the 3D fibroblast culture,

samples were visualised by TEM. 3D fibroblast culture samples were fixed

with 3% glutaraldehyde and 4% formaldehyde in 0.1 M PIPES bu↵er pH 7.2

at room temperature for 1 hour. Samples were then processed by Dr Anton

Page (Biomedical Imaging Unit, University of Southampton). All steps were

performed at room temperature unless stated otherwise. Briefly, samples

were washed twice in 0.1 M PIPES pH 7.2 for 5 minutes then treated with

a post fixative solution of 1% osmium tetroxide in 0.1M pIPES bu↵er at pH

7.2 for 1 hour. After rinsing in distilled water, samples were treated with

2% uranyl acetate for 20 minutes then taken through graded ethanol (30%,

50%, 70%, 95%) for 10 minutes for each step followed by two 20 minute

steps in absolute ethanol. Samples were placed in 1 ml acetonitrile for 10

minutes, and this was then replaced with a 50:50 mixture of acetonitrile

and Spurr resin. Following overnight incubation the solution was replaced

with pure Spurr resin for 6 hours, then transferred to a Spurr resin filled

capsule and then polymerised at 70�C. Ultrathin sections (50 nM thickness)

were mounted on a copper grid, stained with Uranyl acetate and Reynolds

lead stain, and then representative images acquired by myself with a Philips

EM 201 transmission electron microscope. For measurement of collagen fibril

diameter, for each sample, 100 fibril diameters were measured from calibrated
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electron micrographs within the Fiji distribution of the image processing and

analysis software ImageJ (version 1.49p), and values plotted as histograms.

Collagen fibril minor diameter was considered to represent the actual collagen

fibril diameter.

2.2.14 Second harmonic imaging microscopy

The label free optical method of second harmonic generation imaging (SHG),

enables quantitative visualisation of the macromolecular and supramolecular

assembly of collagen in tissues. SHG is a nonlinear process in which photons

from an intense laser light of one frequency interact with a nonlinear material

and are up-converted to exactly twice the incident frequency (or half the

wavelength).248–250 Only non-centrosymmetric structures such as collagen

are capable of emitting SHG light.249 The emission pattern comprises both

forward (FSHG) and backward (B SHG) propagating components, with the

relative emission directionality (FSHG / B SHG) determined by regularity of

the collagen fibril/fiber assembly.250

Initial work was undertaken with Dr. Kevin Eliceiri at the Laboratory for

Optical and Computational Instrumentation at the University of Madison-

Wisconsin, USA. Images from 4 µm H&E stained lung tissue sections were

captured at x20 using an optical workstation, with circular polarized light to

avoid alignment specific results.250 Prior to imaging architecturally preserved

areas of UIP tissue, fibroblastic foci, and established areas of fibrosis from

five UIP tissue samples were marked by Dr. Sanjay Jogai. Briefly, the

optical workstation is a custom built multiphoton laser scanning system with

a Ti:Sapphire laser coupled to a homebuilt laser-scanning system on a fixed

microscope base.250 The laser excitation wavelength was 890 nm and the

corresponding SHG signal was filtered at 445nm. Either unfiltered 890nm

multi-photon excitation (MPE) images or 445nm filtered image (B SHG) for

the SHG signal only were captured at 1024x1024 resolution. As eosin from

the H&E stain autofluoresces, the unfiltered MPE signal enabled assessment

of structures stained by eosin, whilst the SHG signal enabled assessment of
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fibrillar collagens. Fifty fields of view from non-fibrotic lung tissue, from

architecturally preserved areas of UIP tissue, and from established areas of

fibrosis from UIP tissue were captured from five IPF and five non-fibrotic

tissue samples. Laser power was kept constant across experiments, as were

PMT voltage and gain. Collagen fibres imaged by SHG were then quantitated

using CurveAlign / CT-FIRE V2.3 (LOCI, Madison, Wisconsin) software, as

demonstrated in Figure 2.6.251

Given the heterogeneity of lung tissue, this initial work identified the

importance of accurately correlating the origin of the SHG signal with tissue

histology. The feasibility of acquiring co-registered SHG and bright-field

images was therefore explored. Recent developmental work at LOCI provided

the opportunity to assess this methodology, which is not routinely available

in SHG laboratories. Co-registered images were captured by Dr. Jeremy

Bredfeldt using a developmental compact automated multiphoton microscope

at LOCI with a x20 objective lens with an 800 nm laser excitation wavelength

and a 390/20 emission filter for SHG signal at 1024x1024 resolution. Integra-

tion of a multiphoton and white light slide scanning system enables accurate

co-localisation of SHG and bright-field microscopy images. As the SHG and

bright-field images are not parfocal, image transformation was required, and

so the Fiji (version 1.49p) plugin Landmark Correspondences was used to

co-register the images.227,228

2.2.15 Statistics

Data were plotted as mean ± standard error of the mean (SEM) or mean

+ standard deviation (SD). Normality of distribution was assessed using the

Shapiro-Wilk test. Statistical analyses of single comparisons of 2 groups in

the form of Student’s t-Test (if data were parametric) and Mann-Whitney

U-test (if data were non-parametric) were used. When appropriate Pearson

(if data were parametric) and Spearman’s rank-order (if data were non-

parametric) correlation coe�cients were calculated to measure the strength

of association between two variables. For multiple comparisons ANOVA, or
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A B

C D

Figure 2.6: Quantitative analysis of SHG images by CT-FIRE. CT-FIRE was
developed at LOCI to enable automatic extraction of collagen fibers in an SHG
image followed by quantification of fibres.251 In (A) a representative SHG image.
In (B) a curvelet denoising filter is applied followed by fibre extraction using an
automated tracking algorithm in (C). In (D) extracted fibres are overlaid on the

original SHG image.

a Kruskal-Wallis test if data were non-parametric was used. A Bonferroni

post test was included when appropriate. Data were plotted and statistical

analyses were performed on GraphPad Prism v6.0d (GraphPad Software Inc,

San Diego, CA, USA) or IBM SPSS Statistics v22.0 (IBM, Portsmouth,
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UK) . Results were considered significant if p < 0.05, where ? = p < 0.05,

?? = p < 0.01, ? ? ? = p < 0.001.
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Chapter 3

A three-dimensional
characterisation of fibroblastic
foci

3.1 Introduction and Objectives

Classification of fibrotic interstitial lung diseases is predominantly informed

by 2D histopathologic analyses and HRCT.2,10 Whilst the complex inter-

related structures of alveoli, airways, vasculature, and lymphatics are dis-

rupted in fibrotic lung diseases, little is known regarding these changes in

3D at the micrometre to millimetre scale. Increased understanding of 3D

histological changes could further inform our understanding of underlying

pathophysiology and classification of fibrotic lung diseases. MicroCT is one

non-destructive method to investigate 3D changes at this scale however its

role in the assessment of para�n embedded diagnostic fibrotic lung tissue

samples has not previously been investigated.

Fibroblastic foci are a key diagnostic feature of UIP thought to represent

areas of active fibrosis, and their profusion has been reported to be of

prognostic significance.104,106,252 Furthermore, they are proposed to be linked

in a complex reticulum that is highly interconnected and extends from the

pleura into the underlying parenchyma as the leading edge of a “wave” of
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fibrosis, yet the 3D morphology and spatial inter-relationships of fibroblastic

foci remain poorly understood.116,117,119

Given the pivotal nature of fibroproliferation to the progression of IPF

and the key role that fibroblastic foci are believed to play in this process,59,61

new insights into the structure of fibroblastic foci may further advance our

understanding of whether they are interlinked in a quasi-malignant process or

they comprise multiple distinct structures that have arisen as a consequence

of multi-focal lung injury.59,60,116

The objectives of this study were to:

i) Evaluate feature correspondence between microCT and matched histo-

logical sections of UIP lung tissue with particular reference to fibroblastic

foci

ii) Characterise fibroblastic foci in 3D through integrated histological and

microCT analyses

Four diagnostic para�n embedded UIP tissue samples in standard tissue

cassettes were scanned by microCT prior to histological serial sectioning

over 1 mm. Feature correspondence between histological sections and mi-

croCT was examined through image co-registration. Fibroblastic foci were

segmented within the microCT volumetric data set and their volume, shape,

and occurrence analysed.

3.2 Results

Clinical details of the 4 cases including one year longitudinal FVC and

mortality data are provided in Table 3.1.
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Table 3.1: Patient demographics and longitudinal clinical data for the 4 subjects
with usual interstitial pneumonia / idiopathic pulmonary fibrosis

Case Gender Age at biopsy

FVC % predicted

within 3 months

of biopsy

Absolute FVC

% change 1 yr

after biopsy

Vital status

1 F 61 81 -4
Alive (42 months

follow up)

2 M 66 63 -3
Alive (24 months

follow up)

3 F 74 86 -22
Died (41 months

post biopsy)

4 M 72 81 -7
Died (18 months

post biopsy)

FVC, forced vital capacity.

3.2.1 Imaging of IPF lung tissue by microCT

First, visualization of diagnostic para�n-embedded lung tissue 3D microar-

chitecture by micro-CT was assessed. Micro-CT enabled interactive multi-

planar assessment of tissue microarchitecture. 3D reconstructions identified

clear morphological di↵erences between normal and IPF lung tissue, with

volume renderings in Figure 3.1 of 2 mm lung tissue cubes demonstrating

loss of alveolar structures and increased parenchymal thickness in IPF tissue.
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Feature correspondence between corresponding histological sections and

micro-CT slices of IPF lung tissue was then assessed, with qualitative

comparison (Figure 3.2 and Figure 3.3) demonstrating that micro-CT can

visualise normal lung structural features, such as airways, blood vessels,

and alveolar airspaces, in addition to structural features of the UIP pattern,

including heterogeneity of the distribution of interstitial fibrosis and normal

appearing lung, architectural distortion, and honeycomb change.
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3.2.2 3D characterisation of fibroblastic foci by inte-

grated histological and microCT analyses

Evaluation of whether fibroblastic foci, the key histological feature of the UIP

pattern, were identifiable in microCT image data was then performed. Cor-

relation of histological slices and co-registered microCT images established

features typically enabling identification of fibroblast foci greater than 200

µm when integrated with visualisation in three di↵erent planes (xy, xz, yz),

specifically anatomical position of fibroblast foci adjacent to airspaces, and

reduced greyscale intensity of fibroblast foci when compared to surrounding

tissue as illustrated in Figure 3.4 and Figure 3.5.

Figure 3.4: Multi-plane visualisation of a fibroblastic focus with microCT. (A)
Movat’s Pentachrome stain of UIP/IPF tissue with a fibroblastic focus identified
by the *. The corresponding area of the microCT volume is seen in the xy-plane
in (B), but in addition the focus can also be visualised in the xz-plane (C) and in
the yz-plane (D), enabling further assessment of the 3D morphology of fibroblast

foci. Scale bar in (A) is 200 µm.
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Figure 3.5: Visualisation of a fibroblastic focus by microCT and histology. Regis-
tration based image matching of a histological section of UIP/IPF tissue stained
with Movat’s Pentachrome-stain (A) and the corresponding microCT image (B).
A fibroblastic focus is identified by the asterisk (*). In (C) a 3D volume rendering
of the corresponding microCT volume (1 mm per side) identifies the focus. A
co-registered histology section is visualised on the superior surface. Scale bar in

(A) is 200 µm.

Initial visual 3-plane microCT analyses suggested a locally complex fi-

broblastic focus morphology in 3D that was not apparent on cross-sectional

2D histopathologic examination. To confirm this finding histological iden-
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tification of fibroblastic foci, followed by segmentation of the corresponding

image sections within the microCT volume was performed to enable accurate

assessment of their 3D structure.

Fibroblast foci were digitally labeled in the corresponding micro-CT slice

every 8 µm over 1,000 µm, using the segmentation editor, having been iden-

tified in the histological sections as aggregates of spindle-shaped cells with

a characteristic blue-green color on Movat’s pentachrome stained sections

or pale color on hematoxylin and eosin stained sections; these stainings

represent focal deposits of young, immature collagen and proteoglycans

within the subepithelial interstitium. All foci within the micro-CT field of

view were labeled. 3D visualisation and quantification of the segmented

data identified complex discrete structures with marked variation in size and

shape (Figure 3.6, Table 3.2, and Figure 3.7) that appear to be a non-uniform

process.

Fibroblastic focus volumes ranged from 1.6 x 104 to 9.9 x 107 mm3. No

evidence of substantial extension of individual foci inwards from the pleura to

the parenchyma at a tissue scale was identified. For the largest foci (volumes

bigger than 2x107 µm3), the greatest dimension typically extended parallel

to the pleura.
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Figure 3.6: Fibroblastic foci are locally complex structures. A computer generated
3D surface view rendering of one fibroblastic focus from microCT segmentation
identifies that fibroblastic foci are locally complex structures in 3D. The focus is
blue and for reference the pleural surface is visualised in yellow (height 1 mm)

with a microCT slice inferiorly.
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Table 3.2: Fibroblastic focus measurements. Values are mean ± SEM. For each
microCT volumetric data set (n = 4), lung tissue was segmented from para�n
through global thresholding with the threshold fixed at the mean gray scale value
of a 1 mm3 volume of para�n. The subvolume (256 mm3 ) of the microCT data
corresponding to the histological stack was extracted, and the tissue volume was
quantified. Fibroblast foci were digitally labeled within the microCT volume, and

volume, surface area, and density were quantified.

Case
Mean fibroblastic focus

volume (µm3)

Mean fibroblastic focus

surface area (µm2)

Number of

fibroblastic foci per

mm3 of lung tissue

1 1,259,719 ± 428,674 151,707 ± 49,574 4

2 1,512,851 ± 532,603 131,315 ± 34,518 0.9

3 1,269,145 ± 214,309 142,599 ± 21,073 11.1

4 1,394,336 ± 354,353 128,756 ± 29,022 5.00

Figure 3.7: Fibroblastic focus volume distribution by case. Fibroblastic foci were
digitally labelled within the microCT volume, and volumes quantified.
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Whilst integrated microCT and histological analysis identified a complex

fibroblastic focus structure in 3D, our understanding of fibroblastic foci from

2D histopathology is of small discrete lesions. Review of digitally imaged

sequential 2D histology sections identified the complex morphology of an

individual fibroblast focus in 3D, with a number of apparently independent

fibroblast foci in 2D identified to form one morphologically discrete structure.

These foci ranged from relatively simple 3D structures (Figure 3.8 ) to

more morphologically complex structures adjacent to established fibrosis

(Figure 3.9).

324µm
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Figure 3.8: Review of coaligned Movat’s pentachrome-stained sections of an area
of usual interstitial pneumonia tissue demonstrates one morphologically simple
fibroblastic focus in 3D. Illustrative photomicrographs. In (D) the focus is
identified by the black arrow. In (I) the focus is no longer visible. Section depth
in microns is indicated for each photomicrograph. Scale bar in (A) is 200 µm.

3.2.3 Fibroblastic focus connectivity analyses

MicroCT 3-plane visualisation, 3D segmentations (Figure 3.10), and sequen-

tial 2D histology sections were then specifically evaluated for evidence of
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Figure 3.9: Review of coaligned Movat’s pentachrome-stained sections of an area
of usual interstitial pneumonia tissue demonstrates the complex morphology of
one fibroblastic focus in 3D. Following identification of one fibroblastic focus (A,
black arrow), illustrative photomicrographs (A-M) demonstrate the changes in
morphology of one fibroblastic unit when sequential sections are visually reviewed,
with apparently discrete foci forming part of one locally complex individual
structure in 3D. In (N) and (O) the focus is no longer visible. Section depth
in microns is indicated for each photomicrograph. Scale bar in (A) is 500 µm.

fibroblastic focus interconnectivity at a larger tissue scale. Numerous inde-
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pendent multiform fibroblastic foci were identified in each tissue volume but

with no evidence of general interconnectivity. Fibroblastic focus frequency

ranged from 0.9 to 11.1 per mm3 of lung tissue.

To quantitatively assess for evidence of fibroblastic focus connectivity the

Euler number, a measure of redundancy in a network, was calculated for each

case. This identified no evidence of fibroblastic focus interconnectivity, with

Euler numbers presented in Table 3.3.

Table 3.3: Stereoscopic analysis of 4 subjects with UIP/IPF and Euler number
(X3) calculations. In a connected network the Euler number is a measure of the
redundancy of a system, with the more the negative the number the greater the

connectivity, and a positive number identifying no evidence of connectivity.

Case 1 Case 2 Case 3 Case 4

Depth studied 964 µm 984 µm 984 µm 984 µm

Euler number (X3) 8 104 6 12
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3.2.4 Fibroblastic focus profusion analyses

Given the identified variability of foci in 3D, fibroblastic focus profusion

on 2D histological sections was then semi-quantitatively and quantitatively

assessed over a depth of 1 mm of lung tissue from each patient. Analyses

identified variability quantitatively (up to 4-fold intra-tissue variation) and

semi-quantitatively (Figure 3.11).

A B

C D

Figure 3.11: Quantitative and semi-quantitative analyses of 2D fibroblastic focus
profusion. Fibroblastic focus profusion every 20-30 µm over approximately 1000
µm was measured on tissue sections semi-quantitatively (FF score, scale 0 - 6) or
quantitatively (fibroblast foci per cm2 of tissue). (A) Case 1, (B) Case 2, (C) Case

3, (D) Case 4.
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Finally, an exploratory analysis investigating the association between 3D

fibroblast focus density and change in FVC over 1 year identified a negative

correlation (Figure 3.12).

Figure 3.12: Correlation of fibroblastic focus density with forced vital capacity
(FVC). Correlation of fibroblast focus density (foci per mm3 of lung tissue)
with one year FVC percentage change as assessed by linear regression (P=0.04;

R2=0.92)
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3.3 Discussion

Through an integrated histological and micro-CT analysis of IPF lung tissue

fibroblast foci were characterised in 3D, identifying that they are morpholog-

ically complex structures with large variations in shape and volume. Within

each tissue sample, numerous discrete fibroblast structures were present,

without evidence of general interconnectivity.

Whilst IPF remains an idiopathic disease there have been several pro-

posals regarding mechanisms of pathogenesis, one of which is that fi-

broblast foci form a highly complex and interconnected reticulum extend-

ing from the pleura to the lung parenchyma as a “wave” of progressive

fibroproliferation.116,117,119 This concept was informed by a study from

Cool et al in which a computer-generated 3D reconstruction and Euler

connectivity analysis of histological sections over a depth of 500 µm were

proposed to demonstrate an interconnected fibroblast reticulum.116 However,

the methodological advances of our work enabled visualisation of far larger

tissue volumes than previously possible, and we identified that the preced-

ing reconstruction scale was consistent with visualisation of one relatively

morphologically simple fibroblast focus of comparable dimensions to that

shown in Figure 3.5. With multiple methodologies, our analyses showed that

fibroblastic foci are independent, discrete structures and, as a group, are not

part of a reticulum. In support of this finding, human androgen receptor

gene methylation assay analysis of foci by Cool et al identified balanced

methylation indicating polyclonality of foci.116 Our results are consistent

with the concept that fibroblastic foci represent discrete non-connected sites

of localised lung injury, with 3D reconstructions identifying a constellation

of independent fibroblast structures in support of the paradigm that IPF is

a consequence of aberrant wound healing responses to lung micro-injuries.
59,60

At a 2D cross-sectional histological level, fibroblastic foci are usually

considered small, distinct lesions, although they are often found grouped

in proximity, forming what are thought to be areas of active fibrosis.8,102,110
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These results show that in 3D, foci in proximity and typically with shared

areas of established fibrosis actually form one complex discrete fibroblastic

structure. A heterogeneous population was identified with large variations

in size and shape, and over a 100-fold di↵erence between largest and small-

est volume fibroblastic foci, suggesting previously unrecognised plasticity.

Whilst the underlying reasons for this finding require further investigation,

there are a number of speculative possibilities for this finding, which suggests

previously unrecognised plasticity. It is possible that the size and morphology

of an individual focus reflects the extent and distribution of injury at a lung

surface. Alternatively, volume variation could indicate temporal growth of

foci, with the smallest foci occurring at the most recent sites of injury. The

latter possibility is in keeping with our identification of small isolated foci.

Further work would be required to investigate these relationships in more

detail.

Although significant progress has been made, our understanding of the

pathogenesis and treatment of IPF remains limited. Nintedanib and pir-

fenidone are two novel anti-fibrotic drugs that were recently shown to approx-

imately halve the rate of decline of lung function in IPF, with both having

multiple actions on the proliferation and signalling pathways of fibroblasts

and myofibroblasts.37–41 However, additional therapies are urgently required

since these two drugs only reduce the rate of disease progression. This study

emphasises the importance of investigating new agents which prevent and/or

ameliorate the repeated lung injuries that result in multiple independent

fibroblastic foci.

Increased profusion of fibroblast foci has been proposed to correlate

with mortality in patients with IPF. In 2001 King et al. identified that

extent of young connective tissue present within fibroblastic foci on lung

biopsy predicts survival in IPF (Risk Ratio 1.93 (95% CI 1.31 to 2.83,

p=0.0009).104 However, the findings of subsequent semi-quantitative and

quantitative studies have varied, and the clinical significance of this finding

remains uncertain.105,107,252,253 Di↵erences in patient selection and method-

ology have been suggested to account for discordant findings, with marked
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variations in methodologies, including semiquantitative scoring, quantitative

point counting of random fields, or whole-slide fibroblast focus quantification.

To our knowledge, no previous study has systematically assessed variability of

foci within tissue samples. Our data indicated that fibroblast focus profusion

can vary markedly over a 1 mm depth of tissue; however, studies correlating

profusion with mortality have typically reviewed one or two tissue sections

per lobe sampled. Focus variability within tissue samples should therefore be

considered in future studies correlating fibroblast focus profusion with clinical

outcome. In support of the concept of fibroblast foci as a marker of disease

activity was our finding of a possible association between 3D fibroblast focus

density and FVC change. Whilst our samples can be considered directly

comparable, each having typical features of UIP and having been sampled to

obtain diagnosis, given our very limited sample size larger studies would

be required to confirm such an association. A prospective study would

provide the opportunity to investigate this, whilst enabling assessment for

the variability of fibroblast focus density between lung lobes if more than

one site were sampled for diagnostic purposes. However, as patients with a

typical UIP pattern on HRCT or significant co-morbidities will not have a

diagnostic surgical lung biopsy performed, the potential for analysis of an

atypical or biased population of patients with IPF must be recognised when

considering the feasibility of such an approach.

To our knowledge this is the first study to apply microCT to study

diagnostic fibrotic lung tissue.208,209 Although microCT has informed our

understanding of distal airways disease in COPD and chronic lung allograft

rejection, these studies were performed with flash frozen tissue. In this study

non-destructive systematic whole tissue virtual sectioning at 8 µm resolutions

was achieved in conventional wax-embedded tissue blocks. Whilst soft tissue

visualisation through conventional X-ray-based CT is a recognised challenge

due to the low X-ray absorption of soft tissues, this microCT imaging protocol

was optimised for image contrast between soft tissue and para�n, and

also between di↵erent micro-architectural features within the tissue itself.215

Removal of para�n by thresholding enabled visualisation of 3D tissue volume
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renders. This provided an intuitive method to qualitatively assess tissue

morphology, with comparison of normal and UIP/IPF tissue identifying

appearances consistent with a previous stereological finding of increased

parenchymal thickness.201 Excellent micro-architectural feature correlation

between histology and microCT imaging was observed, and diagnostic struc-

tural features of a pattern of UIP were visualised.

There are significant advantages to the use of para�n-embedded tis-

sue to study fibrotic interstitial lung diseases. Whilst images of para�n-

embedded tissue have a lower contrast than air-inflated, fixed and dried tissue

samples, access to su�cient fresh or frozen diagnostic tissue with robust

histopathological integration poses significant challenges in fibrotic ILDs.

The isotropic sampling of the microCT data permits virtual re-sectioning

of tissue samples at any arbitrary orientation or position, with the potential

to reveal functional characteristics such as connectivity non-destructively.

Furthermore, use of para�n-embedded samples allows integration of co-

registered histology sections within the 3D microCT volumetric data set; this

enables accurate 3D integration of cellular and micro-architectural features

of fibrotic lung diseases. There are however currently a number of technical

limitations of microCT imaging of para�n-embedded tissue.215 The field of

view reduces as resolution is increased, and if the sample is larger than the

field of view then a halo artefact may be present at the periphery of the image.

Whilst formalin fixation is known to induce tissue shrinkage, it is unknown if

shrinkage is comparable between disease processes, and so systematic assess-

ment of these changes is required if 3D morphology is to be compared.254 As

discussed further in Chapter 6, to address these limitations inter-disciplinary

collaboration between engineers, computer scientists, biomedical researchers,

and clinicians is required to ensure the application of microCT to study

fibrotic lung diseases is to fully exploited.
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3.4 Conclusion

This study has demonstrated that the application of novel 3D imaging

methodologies can further advance concepts of disease pathogenesis in fi-

brotic lung diseases. It has indicated that fibroblastic foci are heterogeneous

and of varying size, complexity, and frequency in each patient’s biopsy,

suggesting previously unrecognised plasticity. It has also shown that these

fibroblastic structures are independent of each other, consistent with their

being the product of discrete sites of lung injury and repair.
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Chapter 4

A characterisation of fibrillar
collagen in Idiopathic
Pulmonary Fibrosis

4.1 Introduction and Objectives

Recent work suggests that altered ECM deposition and tissue sti↵ness may

not simply be an outcome of fibrosis but may also contribute to fibroge-

nesis. Whilst altered collagen assembly and sti↵ness at the cellular-scale

are proposed to contribute to fibrogenesis, whether this occurs in human

IPF, and at what hierarchical level (fibril, fibre, or tissue) is incompletely

understood. There is limited evidence whether disproportionately increased

collagen cross-linking and/or altered collagen fibril assembly and/or altered

fibre accumulation is occurring - as opposed to increased collagen deposition

alone - and the hierarchical level at which any change in biomechanical

properties occurs. New insights into these changes may further advance our

understanding of IPF pathogenesis and inform approaches to therapeutically

target pathways of collagen production and assembly.

The objectives of this study of IPF lung tissue were to:

i) Perform integrated biochemical, biomechanical, histological, and non-

linear imaging analyses to characterise changes in fibrillar collagen

structure and function in IPF

101



Chapter 4. A characterisation of fibrillar collagen in Idiopathic Pulmonary Fibrosis

IPF/UIP tissues (n=16) and non-fibrotic control lung tissues (n=14) were

studied. Total collagen content was quantified by hydroxyproline assay, and

patterns of fibrillar collagen deposition evaluated by SHG. LOX family gene

and protein expression was assessed by RTqPCR and histochemistry, and

amine oxidase activity quantified by in situ assay. In cross-disciplinary

collaboration regional microscale variations in tissue sti↵ness were analysed

by AFM microindentation. Collagen was extracted by enzymatic digestion

and the topography and mechanical properties of individual collagen fibrils

analysed using AFM and nanoindentation.

4.2 Results

Demographic details of the study population are provided in Table 4.1.

Table 4.1: Baseline Characteristics of the Study Population

Characteristic
Non-fibrotic control

(n = 14)

IPF

(n = 16)
p value

Age, mean 67.0 ± 10.9 63.8 ± 6 n.s.

Male sex, n (%) 11 (78.6) 10 (68.8) n.s.

Body-mass index, mean 27.7 ± 2.7 29.5 ± 5.5 n.s.

History of smoking, n (%) 10 (71.4) 10 (68.8) n.s.

FVC, % predicted, mean 96.2 ± 16.2 66.7 ± 17.4 p < 0.001

TLCO, % predicted, mean 81.1 ± 13.2 50.1 ± 14.0 p < 0.001

Plus-minus values are means ± SD. IPF, idiopathic pulmonary fibrosis. FVC,
forced vital capacity. TLCO, transfer factor of the lung for carbon monoxide. The
body-mass index (BMI) is the weight in kilograms divided by the square of the
height in metres. BMI was available for 7 patients in the non-fibrotic group and

16 in the IPF group.
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4.2.1 Collagen expression in IPF tissue

Firstly total collagen content was quantified in IPF and non-fibrotic control

tissue by hydroxyproline assay (Figure 4.1). This identified no di↵erence

in mean total collagen in IPF tissue when compared to non-fibrotic tissue

following normalisation to either dry weight or to total protein. Non-fibrotic

control lung tissue had a mean (± SD) hydroxyproline content of 22.52± 5.81

µg/mg lung dry weight whilst IPF lung tissue had a mean of 21.18 ± 7.38

µg/mg. Total hydroxyproline content varied between tissue samples with a

range of 11.3 - 39.6 µg/mg in IPF and 13.2 - 31.5 µg/mg in non-fibrotic lung

tissue samples.

A B

Figure 4.1: Total collagen content in IPF and non-fibrotic lung tissue. Total
collagen content was quantified from non-fibrotic (n=14) and IPF lung tissue
(n=16) by hydroxyproline assay and normalised by dry weight (A) or total protein
(B). Date are mean + SD with individual tissue results presented as a scatter

dot-plot.

As IPF is a heterogeneous disease process, with areas considered to

be microscopically normal alternating with fibroblastic foci and areas of

established fibrosis, local patterns of collagen expression in IPF and non-

fibrotic tissue were then characterised. Fibrillar collagen expression within

IPF tissue sections was qualitatively and quantitatively assessed by SHG,

which detects fibrillar collagens without exogenous labels. Given the hetero-

geneity of IPF lung tissue, eosin autofluorescence aided identification of areas

of interest prior to SHG image acquisition as illustrated in Figure 4.2 and
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Figure 4.3. In non-fibrotic lung tissue the collagen signal was predominantly

from around blood vessels and airways (Figure 4.2C). A small number

of collagen fibres were visualised within alveolar walls (Figure 4.3A). In

contrast, in IPF lung tissue, within areas identified by a histopathologist as

morphologically normal, increased fibrillar collagen expression was visualised

in alveolar walls (Figure 4.3B). Within fibroblastic foci (Figure 4.3C) some

fibrillar collagen was present, although the SHG signal was greater adjacent

to each fibroblastic focus in a ‘band’ of surrounding collagen. The strongest

SHG signal within IPF lung tissue was consistently from areas of established

fibrosis (Figure 4.3D) which were typically adjacent to fibroblastic foci.
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Figure 4.2: SHG of non-fibrotic and IPF lung tissue. A tilescan (3x3) of multi-
photon and SHG images from 4 µm H&E stained lung tissue sections was captured
using an optical workstation (20x objective). As eosin from the H&E stain
is autofluorescent, the unfiltered multi-photon signal (red) enabled assessment
of structures stained by eosin (A, B) whilst the SHG signal (green) enabled
assessment of fibrillar collagens (C, D). Overlaid eosin and SHG images (E, F).
(A, C, E) Non-fibrotic control lung parenchyma. (B, D, F) IPF parenchyma. A
bronchiole (Br), blood vessel (BV), alveolus (Al), and an area of fibrosis (Fb) are

labelled. Scale bars are 100 µm.
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A B

C D

*

Eosin Collagen

‘Normal’ IPF architecture

Fibroblastic focus Established fibrosis IPF

Non-fibrotic

Figure 4.3: Patterns of fibrillar collagen deposition in non-fibrotic and UIP lung
tissue. Multi-photon and SHG images from 4 µm H&E stained lung tissue sections
were captured using an optical workstation (20x objective). Overlaid multi-photon
(eosin, red) and SHG (collagen, green) images. (A) non-fibrotic control lung
parenchyma. (B) an area of ’normal’ lung parenchyma within IPF tissue whilst
in (C) a fibroblastic focus is identified by the * and in (D) an area of established
fibrosis. Representative images from non-fibrotic (n=5) and IPF (n=5) lung tissue.
Images (B), (C), and (D) were acquired from one tissue section. Scale bars are 50

µm.
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Quantitative computational analysis of collagen fibres extracted from

SHG images from non-fibrotic alveolar lung tissue, from architecturally pre-

served areas of IPF alveolar tissue (‘normal’ IPF), and from focal established

areas of fibrosis from IPF tissue was then performed (Figure 4.4). Significant

increases in collagen fibres per field of view between non-fibrotic lung tissue

(mean ± SD, 165.3 ± 145.3), architecturally preserved areas of IPF tissue

(314.6 ± 143.4), and established areas of fibrosis from UIP tissue (687.1 ±
196.8) were identified.

Figure 4.4: Quantitative analysis of collagen fibres extracted from SHG images (50
distinct images per group from non-fibrotic (n=5) and IPF (n=5) tissue samples.
CT-FIRE analysis was then performed to quantify collagen fibres per field of view
from non-fibrotic lung tissue, from architecturally preserved areas of IPF tissue
(‘normal’ IPF), and from areas of fibrosis from IPF tissue. Data are mean + SD.

?? = p < 0.01

Although eosin autofluorescence aided identification of lung structures

prior to SHG acquisition, detailed identification of structures was challenging,

in particular of fibroblastic foci, which as a consequence of their myxoid

stroma have reduced eosin staining and hence autofluorescence in comparison

to surrounding structures (Figure 4.3c). An alternative methodology is to

integrate SHG and white light imaging within one microscope, so enabling

co-registered images. Recent developmental work at the Laboratory for

Optical and Computational Instrumentation (LOCI, Madison, Wisconsin,

USA) provided the opportunity to assess this methodology, which is not
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routinely available in SHG laboratories. An example of this methodology

visualising a fibroblastic focus is shown in Figure 4.5, demonstrating that

in a heterogeneous disease process such as IPF, in future studies it may

provide detailed understanding of the histological structures from which an

SHG signal originates.
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H&E SHG

Merged H&E and SHG

Figure 4.5: A co-registered SHG and H&E image of a fibroblastic focus. Images
were captured using a developmental compact automated multiphoton microscope
using a 20x objective lens. Integration of a multiphoton and white light slide scan-
ning system enables accurate co-localisation of SHG and bright-field microscopy
images. The fibroblastic focus is identified in each image by the *. (A) H&E (B)

SHG (C) Merged co-registered SHG and H&E image. 109
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4.2.2 The sti↵ness of IPF tissue at the microscale

To investigate the biomechanical properties of IPF tissue at the microscale,

AFM microindentation of non-fibrotic and IPF lung tissue cryosections was

then performed (Figure 4.6). IPF tissue was significantly sti↵er than non-

fibrotic tissue. Spatially heterogeneous changes in sti↵ness in IPF tissue are

illustrated in the Elastrograph of Figure 4.6, with highly localised areas of

increased sti↵ness (maximum individual measurement 89.1 kPa) which were

not present in non-fibrotic lung tissue (maximum individual measurement

26.8 kPa). Non-fibrotic control lung tissue possessed a mean (± SD) Young’s

modulus of 2.18 ± 1.17 kPa (range 0.58 - 3.45) whilst IPF lung tissue had a

mean of 5.34 ± 3.58 kPa (range 0.93 - 13.27).
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A B

C D

Non-fibrotic IPF

Figure 4.6: Microscale sti↵ness of IPF and non-fibrotic lung tissue as determined by
AFM. AFM microindentation experiments were performed on 50 µm cryosections
of IPF lung tissue (n=10) and non-fibrotic control tissue (n=8). Between 80 to
150 force-displacement curve measurements were performed for each tissue section
and Young’s modulus calculated. Representative elastographs from non-fibrotic
(A) and IPF (B) lung tissues. Axis labels indicate spatial scale in micrometers
and colour bars the indentation modulus in kilopascals. (C) The individual mea-
surements of non-fibrotic tissue and IPF lung tissue. Individual points represent a
single measurement, and the horizontal lines represent the mean values. (D) The
mean sti↵ness of each non-fibrotic and IPF lung tissue sample. Data are mean +

SD. * p < 0.05

4.2.3 Lysyl oxidase expression and activity in IPF tis-

sue

Given the finding of increased IPF tissue sti↵ness in the absence of increased

total collagen content, the expression of the collagen cross-linking LOX family

was then investigated. Di↵erential changes in the mRNA expression of lysyl

oxidase enzymes were identified in IPF tissue compared to non-fibrotic lung
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tissue, with significant increases in the relative mRNA expressions of LOXL2,

LOXL3, and LOXL4 (Figure 4.7). No di↵erence was identified in LOX

expression whilst there was a trend towards increased LOXL1 expression

which did not reach significance.

Protein expression of the collagen cross-linking enzymes LOX, LOXL2,

and LOXL4 was then assessed by immunohistochemistry (Figure 4.8). Find-

ings were consistent with those of the mRNA data. In non-fibrotic tissue

LOX expression was identified within blood vessel walls (white arrow, Fig-

ure 4.8A), whilst minimal LOXL2 expression was identified. Within IPF

lung tissue areas of increased stromal LOXL2 expression were identified

(Figure 4.8D), whilst no increase in LOX expression was seen. The use

of cryosections for LOX and LOXL2 IHC precluded detailed morphological

assessment, however LOXL4 IHC was possible on para�n embedded tissue

sections. This identified the presence of minimal LOXL4 within non-fibrotic

tissue blood vessels, however in IPF tissue a clear increase in the expression

of LOXL4 was identified including within fibroblast foci (Figure 4.9).
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A B

C D

E

Figure 4.7: Analysis of LOX family mRNA expression. RNA was isolated and
reverse transcribed for cDNA analysis. Expression of LOX (A), LOXL1 (B),
LOXL2 (C), LOXL3 (D), and LOXL4 (E) were analysed using the ��Ct method
normalising to the housekeeping genes UBC/A2 and expressed relative to one
non-fibrotic lung tissue sample. Box plot represents median, with 25 and 75%
interquartiles. Whiskers represent minimum and maximum values. n = 11 for

non-fibrotic and n = 11 for IPF lung tissue. ?? = p < 0.01
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To further investigate the functional consequence of increased LOX family

expression, an in situ amine oxidase assay was then applied to IPF lung

tissue cryosections, so enabling assessment of amine oxidase localisation and

activity. The relative contribution of the LOX family to lung amine oxidase

activity is unknown, however minimal amine oxidase activity was present

following pre-incubation with the LOX family inhibitor BAPN (Figure 4.10),

consistent with the identified amine oxidase activity relating predominantly

to LOX family activity.

No

Figure 4.10: Inhibition of lung tissue amine oxidase activity by BAPN. Sequential
cryosections from IPF lung tissue were pre-incubated with 300 µM BAPN or
PBS for 30 minutes at 37�C, then incubated with the amine substrate, 1,4-

diaminobutane followed by detection on a chemiluminescence imager.

Amine oxidase activity was measured semi-quantitatively in non-fibrotic

and IPF lung tissue (Figure 4.11). A significant increase in amine oxidase

activity was identified in IPF lung tissue consistent with increased LOX

family activity.
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Figure 4.11: Amine oxidase activity of non-fibrotic and IPF lung tissue. Cryosec-
tions from non-fibrotic (n=5) and IPF lung tissue (n=8) were analysed in a single
batch and detected on a chemiluminescence imager. Semi-quantitative analysis
was performed by the calculation of the mean intensity of the signal from each
area of tissue, and normalised to the wet weight of 250 µm of cryosections taken
adjacent to the tissue section used for the in situ assay. Results are expressed

relative to one healthy tissue sample. Data are mean + SD. * p < 0.05

To explore the spatial relationship of amine oxidase activity with LOX

family expression, sequential cryosections were stained for H&E, Movat’s

Pentachrome, LOX, and LOXL2. The in situ assay was then performed

on the next sequential section, and following the assay F-actin and nuclei

were stained on the section and visualised by immunofluorescence microscopy

(Figure 4.12). Although resolution limits of the chemiluminescence imager

prevented detailed assessment of localisation patterns, areas with increased

LOXL2 expression had greater amine oxidase activity. Within these areas

both collagen (yellow) and elastin (black) are present on Movat’s Pen-

tachrome stain.
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PHALLOIDINDAPI Amine Oxidase
Activity

Figure 4.12: Localisation of amine oxidase activity. Sequential cryosections of
IPF lung tissue (n=2) were stained with (A) H&E (B) Movat’s Pentachrome
(C) LOX IHC (D) LOXL2 IHC. (E) Immunofluorescence with DAPI (nuclei) and
Phalloidin (F-actin) of the cryosection used for amine oxidase assay (F) Inverted
chemiluminescence image of amine oxidase activity. The white arrow identifies an

area of increased amine oxidase activity. Scale bar in (A) is 500 µm.
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4.2.4 Collagen cross-linking in IPF tissue

Next, to investigate whether specific collagen cross-linking pathways are

increased in IPF, the expression of LH2, which catalyses the hydroxylation

of lysine to hydroxylysine within collagen telopeptides and so determines

mature cross-link type, was analysed. A significant increase in LH2A mRNA

expression, and a trend towards increased LH2B mRNA expression were

identified in IPF lung tissue (Figure 4.13). This was confirmed at the protein

level by IHC, where increased expression was identified relative to non-fibrotic

control lung tissue including within fibroblastic foci (Figure 4.14).

A B

Figure 4.13: Analysis of lysyl hydroxylase 2 (LH2) mRNA expression. RNA was
isolated and reverse transcribed for cDNA analysis. Expression of LH2A (A) and
LH2B (B) were analysed using the ��Ct method normalising to the housekeeping
genes UBC/A2 and expressed relative to one non-fibrotic lung tissue sample.
Box plot represents median, with 25 and 75% interquartiles. Whiskers represent
minimum and maximum values. n = 14 for non-fibrotic and n = 14 for IPF tissue.

? = p < 0.05
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Figure 4.14: The expression of lysyl hydroxylase 2 (LH2) in IPF (n=3) and non-
fibrotic (n=3) lung tissue was assessed by immunohistochemistry. Tissues were
stained with DAB and counterstained with haematoxylin (blue). For reference a
Movat’s pentachrome stain from an adjacent section is seen in (A), with a higher
magnification area identified in (B) including a fibroblastic focus identified by the
*. Representative images are shown of IPF tissue ((C) with higher magnification
in (D)) and non-fibrotic tissue ((E) with higher magnification in (F)). The star in
(D) identifies LH2 expression within a fibroblastic focus. Scale bars are 100 µm.

Hydroxylysine derived collagen cross-links were therefore quantified. A

significant increase in the density of mature trivalent pyridinoline cross-links

was identified, with non-fibrotic lung tissue having a mean (± SD) of 0.29 ±
0.05 mol/mol (range 0.22 - 0.39) and IPF lung tissue a mean of 0.38 ± 0.06

mol/mol (range 0.23 - 0.44) (Figure 4.15).
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Figure 4.15: Quantification of mature collagen cross-links. IPF lung tissue (n=16)
and non-fibrotic control tissue (n=14) samples were acid hydrolysed and then
mature trivalent (pyridinoline (PYD) and deoxypyridinoline (DPD)) cross-links
were quantified by Enzyme Immunoassay. The quantity of mature collagen cross-
links was expressed as total amount of residues per collagen molecule, assuming
300 Hydroxyproline residues per collagen triple helix. Data are mean + SD. ??? =

p < 0.001

4.2.5 The sti↵ness of IPF collagen fibrils at the

nanoscale

Giving the finding of increased collagen cross-linking in IPF, the nanoscale

properties of individual collagen fibrils were then analysed following enzy-

matic extraction (Figure 4.16). This identified marked variability in the

sti↵ness of IPF fibrils, with a trend towards increased sti↵ness which although

approaching did not reach statistical significance (p=0.054). Non-fibrotic

control lung collagen fibrils possessed a mean (± SD) Young’s modulus of

2.46 ± 0.91 MPa (range 0.86 - 3.17) whilst IPF fibrils had a mean of 4.23

± 3.92 MPa (range 0.99 - 13.27). A possible trend towards a reduction in

the height of IPF fibrils was identified (46.4 ± 0.5 nM vs. 52.9 ± 11.0 in

non-fibrotic fibrils) which did not reach statistical significance.
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A B

Figure 4.16: Nanoscale sti↵ness of IPF and non-fibrotic lung tissue collagen fibrils
as determined by AFM. AFM nanoindentation experiments were performed on
collagen fibrils enzymatically extracted from IPF (n=9) and non-fibrotic control
tissue (n=5) whilst hydrated in PBS. For each tissue sample a minimum of four
collagen fibrils were studied, with 30 to 50 force-displacement curves measured
per fibril. (A) The indentation modulus of non-fibrotic and IPF lung tissue
fibrils. Individual points correspond to the averaged modulus of each fibril, and
the horizontal lines represent the mean values of non-fibrotic and IPF fibrils.
(B) The fibril diameters of non-fibrotic and IPF fibrils were calculated through
measurement of fibril height. Individual points correspond to the averaged height
of each fibril, and the horizontal lines represent the mean values of non-fibrotic

and IPF fibrils.

4.2.6 The relationship between biomechanical proper-

ties, collagen content, and collagen cross-links in

lung tissue

Finally, the relationship between biomechanical properties, collagen content,

and collagen cross-links was investigated. At the microscale lung tissue sti↵-

ness was independent of total collagen content (Figure 4.17) but significantly

associated with pyridinoline collagen cross-link density with a Pearson’s

correlation coe�cient of 0.74 (Figure 4.18).

At the nanoscale no direct correlations were identified between collagen

fibril sti↵ness and cross-linking density, nor between nanoscale collagen fibril

sti↵ness and microscale lung tissue sti↵ness (Figure 4.19)
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Figure 4.17: Scatterplot of mean tissue sti↵ness (Young’s modulus, kPa) with
total collagen content of adjacent cryosections (n=8 non-fibrotic and n=10 IPF
tissue samples) Each point represents an individual tissue sample; non-fibrotic
data points are blue and IPF data points are black. No association was identified.

Figure 4.18: Correlation of tissue sti↵ness with collagen cross-link density. Mean
tissue sti↵ness (Young’s modulus, kPa) was correlated with collagen cross-link
density (n=8 non-fibrotic and n=10 IPF tissue samples). Each point represents
an individual tissue sample; non-fibrotic data points are blue and IPF data points
are black. The corresponding Pearson’s correlation coe�cient (r) and the p value

are shown.
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A B

Figure 4.19: Scatterplots of collagen fibril sti↵ness (n=5 non-fibrotic and n=9 IPF
samples) with collagen cross-link density (A) and mean lung tissue sti↵ness (B).
Each point represents an individual tissue sample; non-fibrotic data points are blue

and IPF data points are black. No associations were identified.

The potential influence of patient demographics (FVC and age) upon

readouts was then investigated. There were no apparent demographic asso-

ciated correlations in the IPF tissue samples. However, in keeping with a

previous report, in the non-fibrotic control samples the pyridinoline collagen

cross-link density correlated with age with a Pearson correlation coe�cient

of 0.67 (Figure 4.20).186
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Figure 4.20: Pyridinoline cross link density correlates with age in non-fibrotic
subjects. Scatterplot of age and cross-link density (n=14 non-fibrotic tissue
samples). Each point represents an individual tissue sample. The corresponding

Pearson correlation coe�cient (r) and the p value are shown.
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4.3 Discussion

In this study biochemical, biomechanical, histological, and non-linear imag-

ing analyses have provided insights into the metabolism of fibrillar collagens

in IPF. Collagen fibril structure and function were abnormal, with marked

variation in fibril sti↵ness, increased hydroxylation of collagen telopeptides

by LH2, and increased expression of the collagen cross-linking enzymes

LOXL2, LOXL3, and LOXL4. The sti↵ness of IPF tissue was increased

and strongly correlated with increased collagen cross-linking density but not

total collagen content. Together these findings identify the importance, as a

consequence of dysregulated post-translational modifications, of structurally

and functionally abnormal collagen - as opposed to simply increased collagen

accumulation - to the pathogenesis of IPF.

No di↵erence was identified in total collagen content between IPF and

non-fibrotic lung tissue. This might be considered surprising as progressive

collagen deposition is proposed as a core pathway in IPF.2 However, this

finding is consistent with previous studies on human IPF tissue samples. In

1980 Fulmer et al. identified no di↵erence between IPF and control collagen

content.167 Two subsequent studies in the 1980’s identified increased collagen

deposition in IPF tissue.166,168 In the largest of these, Kirk et al. studied 21

IPF patients, however only in autopsy samples was a significant di↵erence in

collagen content identified, with comparable collagen measurements in open

lung biopsy samples and control samples.166 To our knowledge only one study

has since quantified total collagen content in tissue from patients with IPF

classified according to the current international consensus guidelines, and

again no significant increase in collagen was identified.169

There are a number of possible reasons for this finding. IPF is by defini-

tion a heterogeneous disease process and so sampling one small tissue volume

may not be representative of the disease process in an individual patient. The

sensitivity of a biochemical assay to quantify the focal regional increases in

collagen content identified on histological sections may be limited given the

significant contribution that structures such as blood vessels are anticipated
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to make to total collagen content. Alternatively, given that on biochemical

analysis total collagen was quantified and normalised to dry weight or to

total protein, it is possible within IPF tissue there is no proportional increase

in collagen relative to other lung proteins. Quantification of absolute total

collagen within a whole lung would provide greater understanding however

this would only be feasible post mortem or transplant.

Temporal changes in collagen in human IPF remain poorly understood.

The accepted paradigm is of increasing collagen deposition in IPF tissues.2

Here, SHG analyses identified regional di↵erences in collagen expression in

IPF tissue, with fibre density increased between non-fibrotic lung tissue,

architecturally preserved areas of IPF tissue, and established areas of fibrosis

from IPF tissue. The observation that lung tissue with preserved alveolar

architecture had increased collagen signal is in keeping with recent work by

Kottmann et al. who identified di↵erences in these regions versus non-fibrotic

lung tissue, with increased collagen 1 : collagen III ratio.255 It is possible that

alterations in alveolar fibrillar collagen expression might precede or cause

progression and/or extension of fibrosis, with increased sti↵ness activating

mesenchymal cells via mechanotransduction.198 Whilst fibrillar collagens were

present within fibroblastic foci, expression was greatest adjacent to foci in

a band of dense fibrosis. Whether this increases further as honeycomb lung

develops is uncertain. Whilst collagen degradation has not been investigated,

an increase in the density of pyridinium crosslinks has been proposed to

increase the resistance of collagen fibrils to proteolytic degradation.184 It is

therefore of interest that collagen degradation products were recently found

to be elevated in IPF.256 The PROFILE study identified that several matrix-

metalloproteinase degraded protein fragments (neoepitopes), including C1M

(MMP-mediated Type I collagen degradation) and C3M (MMP-mediated

Type III collagen degradation) are increased in the serum of patients with

IPF compared to age-matched healthy controls, and that in serial measure-

ments the rate of change in neoepitopes predicts survival.257 Whether the

collagen degradation is a marker of progressive collagen deposition or perhaps

suggestive of an increased rate of aberrant tissue remodelling - rather than
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simply progressive collagen deposition - remains uncertain. Greater under-

standing of temporal changes in collagen expression in IPF might be obtained

through recent developments integrating light microscopy and label free SHG

imaging. This has the potential to enable detailed characterisation of local

fibrillar collagen patterns if matched tissue samples considered to represent

distinct disease stages were studied from individual patients undergoing lung

transplantation for IPF.

Upregulation of multiple lysyl oxidases were identified, with significant

increases in the gene expression of LOXL2, LOXL3, and LOXL4 but

not of LOX or LOXL1. Lysyl oxidases are secreted enzymes that post-

translationally modify collagen and elastin in the extracellular matrix to

enable covalent cross-linking.152 They are proposed to play a key role as a

biological control point in the process of fiber-forming collagen production.

Expression of lysyl oxidases is tightly controlled in normal development.

Dysregulated expression has been identified in fibrotic conditions although

there is relatively limited human data, with increased collagen stabilization

through irreversible cross-linking proposed to promote disease progression by

increasing tissue sti↵ness and preventing collagen degradation. Additionally,

multiple biological activities distinct from enzymatic cross-linking of colla-

gens and elastin have been proposed for LOX family members including the

promotion of cancer cell migration, invasion, and angiogenesis. In this study

their traditional cross-linking role has been considered however it is possible

that distinct non-enzymatic roles underlie the upregulation of multiple LOX

family members.

LOX is the most abundantly expressed family member and is criti-

cal for vascular, mineralized, and non-mineralized connective tissues, with

knockout mice exhibiting perinatal death as a consequence of vascular and

cardiovascular defects.152 The functions of the other LOX family members

are less well understood but both di↵erential regulation and functionally

district roles for each enzyme have been proposed. LOXL1 localises to sites

of elastogenesis, and mice lacking LOXL1 do not deposit normal elastic

fibers, developing pelvic organ prolapase, enlarged airspaces of the lung,
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and loose skin.258 LOXL2 null mice are perinatal lethal in half of mice as

a consequence of congenital heart defects.259 LOXL3 is expressed in human

lung tissue, and amine oxidase activity for elastin and multiple collagens has

been demonstrated.260 Mice lacking LOXL3 are perinatal lethal and exhibit

cleft palate and vertebral defects.261 LOXL4 is expressed in aortic endothelial

cells where it is induced by TGF�1, and so has been proposed to have a role

in vascular remodelling.262

A number of human studies from fibrosis of other organs have identified

increased LOX expression, with serum LOX levels elevated in patients with

systemic sclerosis and LOX expression increased in myocardial fibrosis 263,264

LOX has been proposed as a target for IPF therapies, however this originates

from animal studies.265 Within the bleomycin mouse model of lung fibrosis

upregulation of LOX and LOXL2 but not of LOXL1 or LOXL3 has been

identified.266 Inhibition of LOX by BAPN during the inflammatory phase

reduced inflammatory cell infiltration and the development of fibrosis how-

ever inhibition at later time points did not influence fibrogenesis. Although

LOX expression was not upregulated in this study, this does not exclude

the possibility that LOX enzymatic activity is increased. Active LOX is

formed by cleavage of its propeptide by BMP-1, and the matricellular protein

periostin, whose expression is increased in IPF, has been shown to promote

BMP-1 mediated proteolytic activation of LOX.267,268

In 2010 Barry-Hamilton et al. identified LOXL2 expression in diseased

IPF stroma, and demonstrated e�cacy in the bleomycin mouse model of

simtuzumab, a LOXL2-specific monoclonal antibody, with significant re-

ductions in lung fibrosis, activated fibroblasts, and TGF-� signalling.178

LOXL2 was proposed to be pro-fibrogenic by altering mechanical tension and

hence increasing fibroblast activation and TGF-� signalling from the latency-

associated complex, although this was not directly shown. More recently,

serum LOXL2 levels have been associated with increased risk for IPF disease

progression.179 Despite these findings a Phase 2 study in IPF of simtuzumab

was recently terminated early by the study’s Data Monitoring Committee

due to lack of e�cacy (ClinicalTrials.gov NCT01769196). Whilst there are
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many possible reasons for lack of e�cacy, one speculative explanation is that

the upregulation of only LOX and LOXL2 within the bleomycin model in

which preclinical e�cacy was demonstrated did not adequately model human

IPF where we have identified increased expression of LOXL2, LOXL3, and

LOXL4. Therapeutic targeting of additional LOX family members and not

simply LOXL2 alone may therefore be required to inhibit pathologic collagen

cross-linking.

LH2 expression, which hydroxylates telopeptide Lys residues, and the

resulting hydroxylysine derived collagen cross links were increased in IPF

lung tissue. These data are consistent with that of Last et al., who in

1990 identified a significant increase in pyridinium crosslinks in what was

then considered IPF.186 Overhydroxylation of lysine residues by the lysyl

hydroxylase LH2 has been identified in fibrosis and in cancer.157,181,269 As

HLCCs are common in bone, whereas LCCs are abundant in soft connective

tissue, it is hypothesised that this change in cross-link type has functional

implications, with an in vitro study identifying that in osteoblasts the

overexpression of LH2 results in altered collagen fibrillogenesis including a

reduction in the diameter of collagen fibrils.148,270 Two alternatively spliced

isoforms of LH2 have been identified, LH2A (spliced at exon 13) and LH2b

(full length).157 In this study an increase in LH2A, and a trend towards

increased LH2B expression was identified. Whilst increased LH2B expression

has been most studied, these findings are in keeping with recent findings in

lung cancer where both LH2A and LH2B expression was upregulated.269

This was the first study to investigate regional microscale variations in

sti↵ness in diagnostic IPF tissue samples, with Booth et al. having previously

studied transplant samples. Whilst it has a number of methodological

di↵erences to this previous work, in particular the use of lung cryosections

rather than fresh tissue, results were comparable (mean tissue sti↵ness in non-

fibrotic lung tissue of 2.18 kPa versus 1.96 kPa). A lower mean tissue sti↵ness

was identified in IPF lung (5.34 kPa versus 16.52 Kpa), however Booth et al.

analysed two selected transplant tissue samples, whilst with analysis of ten

samples a greater heterogeneity might be anticipated. One limitation of this
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work is that lung biomechanical properties in situ are likely to di↵er from

tissue sections, and it is unclear how these data might be impacted by factors

such as loss of surface tension at the air-liquid interface, and cell viability.

Marked focal variability in sti↵ness in IPF lung tissue was present,

however it was not technically possible in this study to correlate AFM

elastographs with histological features such as fibroblast foci. Whether

fibrosis progresses through radial growth of collagen deposition, or through

isolated areas of increased local sti↵ness inducing a pro-fibrotic mechanical

environment is uncertain.271 At a whole lung scale the relationship between

parenchymal tissue stifness and alterations in lung function is not linear. 2D

elastic network models of the fibrotic lung have investigated how initially

isolated regions of increased lung tissue sti↵ness might grow, and how this

might a↵ect the bulk modulus of the lung. Bates et al. demonstrated

that when isolated lesions increase in number they suddenly reach a point,

the percolation threshold, at which they become connected, and the elastic

modulus can significantly and suddenly increase.272 More recently they have

identified that the spatial correlation of collagen deposition as it develops

over time may have a strong e↵ect on the rate of lung function decline and

cell biomechanical environment.271 A better understanding of patterns of

collagen expression and how they relate to changes in local tissue sti↵ness

may further inform these concepts of disease progression.

In other organ systems and in animal models both total collagen con-

tent and/or collagen cross-linking density have been proposed to influence

tissue sti↵ness. In cervical tissue collagen content correlates with tissue

sti↵ness, and collagen content of resected breast tumours correlates with

elastic modulus.273,274 LOX treatment of collagen gels significantly increased

sti↵ness of collagen gels.275 Studies of rat and heart aorta have identified

that increased sti↵ness correlated with LOX-mediated cross-linking rather

than increased collagen deposition.155,276 Pyridinoline cross-linking density

has been correlated with tissue sti↵ness in cartilage and bone, with crosslink

density proposed to have a greater impact in determining tensile sti↵ness

than total collagen content in ligaments.277 In liver fibrosis Georges et al.
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identified that alterations in liver sti↵ness precede myofibroblast activation

and fibrosis but that liver sti↵ness did not directly correlate with extent

of fibrosis, instead proposing that liver sti↵ness results predominantly from

altered ECM cross-linking.278

Within the lung, multiple factors have been proposed to influence the

local biomechanical properties of lung tissue including collagen content,

collagen cross-linking, collagen fibre orientation, and other ECM components

including proteoglycans and elastin.279 However, direct evidence for these

factors, and their relative contributions, to alterations in human fibrotic

lung disease tissue sti↵ness has been minimal. Here, for the first time

we characterised ex vivo whole tissue sti↵ness in IPF tissue samples and

identified that increased sti↵ness correlated with pyridinoline collagen cross-

linking but not total collagen content. This suggests that, in IPF abnormal

collagen formation as a consequence of alterations in the regulation of post-

translational modifications to collagen, and not simply increased collagen

deposition, contribute significantly to pathologically increased sti↵ness. The

resultant aberrant mechanical environment is anticipated to then induce

fibrosis-associated mechanotransduction pathways, mesenchymal cell activa-

tion, and ultimately fibrosis progression.198

There is limited data describing morphological and functional collagen

changes at the nanoscale in human fibrosis. In lipodermatosclerosis a de-

crease in collagen fibril diameter has been observed which was proposed to

be a consequence of an increase in pyridinoline cross links, of glycosylated

hydroxylysine residues, and the ratio of collagen III to collagen I.280 Here, the

application of novel functional AFM analyses at the nanoscale identified that,

in IPF, individual collagen fibrils have a trend towards increased sti↵ness and

reduced fibril height. Whilst the increased sti↵ness and reduced fibril height

was not significant, this may be a consequence of limited statistical power

given the relatively limited sample number it was possible to study in cross-

disciplinary collaboration.

Covalent cross-links have been proposed to increase fibril sti↵ness by

developing a lateral network of linkages.281,282 Furthermore, increasing cross-
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linking is proposed to reduce the inter-molecular distance of collagen within

fibrils, with models of artificially crosslinked collagen fibrils identifying a

reduction in water between molecules.281,282 As a consequence the density of

collagen fibrils increases and this has been proposed to increase fibril sti↵ness,

although to date there is limited experimental evidence for this. The identi-

fied trend towards a reduction of fibril height in IPF would be consistent with

this concept. If following additional analyses these findings were confirmed

then assessment of the ratio of collagen type I to collagen type III would

be required, as changes in fibrillar collagen ratios, in particular collagen I :

collagen III, have been shown to a↵ect collagen fibril diameter, with fibril di-

ameter increasing with collagen I proportion.283,284 Whilst individual fibrillar

collagen types were not characterised in this study, increased understanding

of their gene and protein expression patterns would be of clear interest if

integrated with studies of the functional consequences of altered collagen

metabolism in IPF. From individual fibrils to larger collagen assemblies it is

possible that collagen type may significantly influence structure and hence

biomechanics. For example, Type V collagen has been proposed to have a

central role in modulating collagen fibril diameter, with targeted deletion

in mice of the ↵22(V) N-telopeptide altering corneal collagen from 25 nm

for wild-type corneal samples to 35 nm for heterozygotes and 50 nm for

homozygotes with the deletion.285

In this study a direct correlation between fibril sti↵ness and pyridinium

cross-link density was not identified. It is possible that the relatively small

number of fibrils analysed per tissue sample limited the power to identify

a biologically relevant correlations. Furthermore, only mature pyridinium

cross-link density was quantified, whilst measurement of all bivalent and

trivalent cross-links may be required for direct correlations at this scale.

Additionally the possible influence of non-enzymatic glycation upon fibril

sti↵ness was not investigated. No direct correlation between nanoscale fibril

sti↵ness and microscale tissue sti↵ness was observed. Given the multiple

intervening levels of structural hierarchy between individual collagen fibrils

and the tissue scale this is perhaps not surprising, with variables including
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alterations in the assembly and topology of larger collagen assemblies and

the influence of additional ECM components potentially contributing. As

discussed in Chapter 6, this finding therefore raises a number of questions

for future investigation.

4.4 Conclusions

In conclusion, biochemical, biomechanical, histological, and non-linear imag-

ing analyses have provided novel insights into collagen metabolism in IPF.

This study demonstrates that pathologic post-translational modifications of

collagen but not total collagen content strongly influences the dysregulation

of mechanical properties in IPF lung tissue, and identifies the potential

importance of di↵erential LOX family expression to IPF pathogenesis.
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An in vitro model of
extracellular matrix production

5.1 Introduction and Objectives

Tissue analyses have informed the classification of interstitial lung diseases,

however to better understand mechanisms of disease pathogenesis, and to de-

velop novel therapeutics, we require models with disease relevance. Typically

animal and 2D cell-based models have been employed. Although preclinical

data from such models demonstrated anti-fibrotic actions for both nintedanib

and pirfenidone, many therapeutic candidates with very similar data have not

translated - or even potentially caused harm - to patients with IPF, and the

relevance of translating findings from preclinical models of IPF to patients

remains uncertain.36,216 A clear research priority is therefore the development

of better pre-clinical models of pulmonary fibrosis.

One possible approach is the development of more advanced 3D cell

culture systems integrating disease relevant tissue or cells. A 3D in vitro

fibroblast model of ECM production using primary human lung fibroblasts

would provide a novel platform for mechanistic and therapeutic studies of

dysregulated ECM pathways in lung fibrosis including those identified in

Chapter 4. In this study I therefore planned to develop and characterise

a long term 3D in vitro model of fibrillar collagen production using lung
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parenchymal fibroblasts explanted from patients with IPF or non-fibrotic

lung tissue.

The objectives of this study were to:

i) Establish and characterise a long term model of ECM production by

fibroblasts from human lung tissue

ii) Establish methodologies to study fibrillar collagen metabolism within

the model

iii) Compare the behaviour of non-fibrotic or IPF-tissue derived fibroblasts

within the model

Primary lung fibroblasts were cultured on a hanging cell culture insert

for up to 6 weeks. Morphology was assessed by tinctorial staining of para�n

embedded histological sections and the ultrastructure of the model visualised

by transmission electron microscopy. Fibrillar collagen was enzymatically

extracted and visualised by atomic force microscopy. Lung fibroblasts ex-

planted from patients with IPF or non-fibrotic lung tissue were cultured in

the presence or abscence of TGF�1, and morphology, gene expression, and

collagen deposition studied. Finally, the e↵ect of the LOX inhibitor BAPN

on the cross-linking and structure of fibrillar collagen within the model was

assessed.

5.2 Results

5.2.1 A 3D model of ECM production by primary lung

fibroblasts

The ultrastructure of the model including the production of intercalated

fibrillar collagen was assessed by transmission electron microscopy (TEM).

TEM of the fibroblast culture at two weeks identified a layer of one to

two cells. By 6 weeks a complex multilayered structure typically of 3 to
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4 cell layers had formed. Incorporation of ECM including fibrillar collagen

structures was identifiable, demonstrating completion of the biosynthetic

cascade of collagen formation (Figure 5.1). Ascorbic acid was essential for

normal morphological fibril formation (Figure 5.2), consistent with previous

findings that the key collagen synthesis enzyme prolyl-4-hydroxylase requires

ascorbate as a cofactor.136
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Collagen from lung parenchymal tissue or the model was enzymatically

extracted and imaged by atomic force microscopy, identifying the character-

istic morphology of fibrillar collagen (Figure 5.3). Comparison with lung

parenchymal collagen identified morphological similarities including fibril

height (58.1 ± 10 nM in the 3D model and 52.9 ± 11.0 nM in non-fibrotic

fibrils from lung tissue).

A

B C

Lung tissue collagen

5 week culture collagen

Figure 5.3: Visualisation of fibrillar collagen by atomic force microscopy (AFM).
Parenchymal non-fibrotic lung fibroblasts (n=3) were cultured for 5 weeks and
then collagen enzymatically extracted and visualised by AFM (A). For reference,
in (B) non-fibrotic lung parenchymal collagen. In (C) the fibril height of non-
fibrotic lung tissue collagen (n=27 fibrils) and non-fibrotic 3D model collagen (n=4

fibrils). Data are mean + SD.

Having confirmed the production of fibrillar collagen within the model,

the e↵ect of treatment with the pro-fibrotic cytokine TGF�1 was then

studied. Rolling and contraction of the cell layer occurred, and a compact,
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typically spheroid shaped structure formed (Figure 5.4). Visualisation by

transmission electron microscopy identified a clear increase in ECM depo-

sition following TGF�1 treatment, with multiple ECM components present

including fibrillar collagens (Figure 5.5).

A

*

B

Figure 5.4: Following TGF�1 treatment cell layer contraction occurs. Parenchymal
non-fibroitc lung fibroblasts (n=3) were cultured for 1 week (A) then treated with
TGF�1 (10 ng/ml). Over 24 hours rolling and contraction of the cell layer was
observed, with formation of a compact, typically spheroid shaped structure (B)
identified by the *. In (B) the edge of the hanging culture insert is visible in the

top left corner. Bright-field microscopy, 5x.
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Histological staining identified formation of multi-cellular foci with com-

plex ECM deposition including fibrillar collagen and proteoglycans (Fig-

ure 5.6). Comparison of the histochemical deposition of collagen in the

model to fibroblastic foci in vivo using the Movat’s pentachrome stain, which

stains mature collagen yellow and immature collagen blue-green, identifies

histological similarities (Figure 5.7).

Figure 5.6: Multi-cellular foci form following long term TGF�1 treatment.
Parenchymal non-fibrotic lung fibroblasts (n=3) were cultured for 1 week then
treated with TGF�1 for 5 weeks, para�n embedded, and stained with either
Masson’s trichrome stain ((A) with higher magnification in (B)) where the royal
blue of the stain identifies collagen and nuclei are stained black, or Alcian blue
((C) with higher magnification in (D)), where the blue stain identifies GAGs and

nuclei are stained pink. Scale bars are 50 µm.
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BA

Figure 5.7: Histological similarity of the 3D model to that of a fibroblastic focus
in IPF lung tissue. Parenchymal lung fibroblasts were cultured for 1 week,
then treated with TGF�1 for 5 weeks. Histochemical analysis using Movat’s
pentachrome stain was performed (B). For comparison in (A) a fibroblastic focus

from the lung tissue of a patient with IPF. Scale bars are 40 µm.

Immunohistochemical studies confirmed expression within the model of

tenascin-C, procollagen Type I, and collagen type I (Figure 5.8), with

morphological similarities to the expression patterns within fibroblastic foci

(Figure 5.9, Figure 5.10). Areas of tenascin-C expression typically correlated

with pro-collagen type I expression, whilst in areas with collagen type I

expression reduced tenascin-C and minimal pro-collagen type I expression

were identified.
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A B

C D

E F

Pro-collagen Type I

Collagen Type I

Tenascin-C

Figure 5.8: Immunohistochemical assessment for Tenascin C, Procollagen Type
I, and Collagen Type I in the 3D model. Parenchymal lung fibroblasts (non-
fibrotic n=4) were cultured for 1 week then treated with TGF�1 for 5 weeks
and para�n embedded. The expression of Tenascin C (A,B), Procollagen Type 1
(C,D), and Collagen Type 1 (E,F) was assessed by immunohistochemistry. Tissues
were stained with DAB and counterstained with haematoxylin (blue). Scale bars

are 50 µm.

145



Chapter 5. An in vitro model of extracellular matrix production

BA

* * * *

Figure 5.9: Tenascin C expression (B) was assessed in IPF lung tissue (n=5) by
immunohistochemistry. Tissues were stained with DAB and counterstained with
haematoxylin (blue). For reference a Movat’s pentachrome stain from an adjacent
section is seen in (A). Fibroblastic foci are identified by the *. Scale bar is 200

µm.
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Figure 5.10: Procollagen Type I and Collagen Type I expression were assessed
in IPF lung tissue (n=5) by immunohistochemistry. Tissues were stained with
DAB and counterstained with haematoxylin (blue). For reference a Movat’s
pentachrome stain from an adjacent section is seen in (A), with a higher mag-
nification area identified in (B) including a fibroblastic focus identified by the
*. Representative images are shown of Procollagen Type I ((C) with higher
magnification in (D)) and Collagen I ((E) with higher magnification in (F)).

Fibroblastic foci are identified by the *. Scale bars are 100 µm.
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Temporal changes in collagen cross-linking and collagen deposition within

the model were then quantified, identifying a progressive increase in both

(Figure 5.11). Following 6 weeks of culture there were quantitative sim-

ilarities with those identified from human lung tissue analyses performed

in Chapter 4; the hydroxyproline content was 16.14 ± 1.84 µg/mg (this

compares with 21.18 ± 7.38 µg/mg in IPF tissue) whilst the density of

mature trivalent pyridinoline cross-links was 0.22 ± 0.045 mol/mol (0.38

± 0.06 mol/mol in IPF tissue).

A B

Figure 5.11: Temporal changes in collagen cross links. Parenchymal IPF lung
fibroblasts (2 weeks (n=2), 4 weeks (n=4), 6 weeks (n=4)) were cultured for 1 week
then treated with TGF�1 for up to 5 weeks. For analysis of mature collagen cross-
links samples were acid hydrolysed and then hydroxyproline quantified by hydrox-
yproline assay (A) and mature trivalent (pyridinoline (PYD) and deoxypyridinoline
(DPD)) cross-links (B) were quantified by Enzyme Immunoassay. Data are mean

+ SD.

5.2.2 Phenotypic comparison of non-fibrotic and IPF-

tissue derived fibroblasts within the model

Having established methodology for the production of formed ECM including

fibrillar collagen by parenchymal lung fibroblasts, non-fibrotic and IPF-

tissue derived fibroblasts were studied within the model. Assessment of cell

proliferation identified reduced proliferation of IPF fibroblasts compared to

non-fibrotic fibroblasts (Figure 5.12).
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Figure 5.12: Cell proliferation is reduced in IPF fibroblasts. Parenchymal lung
fibroblasts (normal n=4 and IPF n=4) were cultured for 3 weeks then treated with
the thymidine analogue EdU for 24 hours. EdU was labeled with the Click-iTr

reaction cocktail, treated with mounting media containing DAPI, then visualised
with fluorescent microscopy. EdU-positive cells are labeled red, and nuclei are
stained blue. (A) Non-fibrotic Fibroblasts (B) IPF fibroblasts (C) Percentage of

EdU positive cells. Scale bars are 10 µm. Data are mean + SD. * p < 0.05

Following long term culture increased collagen deposition by IPF fibrob-

lasts was identified, consistent with a biosynthetic phenotype (Figure 5.13).
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A B

Figure 5.13: Altered collagen production by IPF fibroblasts. Parenchymal lung
fibroblasts (non-fibrotic n=4 and IPF n=4) were cultured for 6 weeks then para�n
embedded and stained with Masson’s Trichrome stain. (A) Non-fibrotic fibroblasts

(B) IPF fibroblasts. Scale bars are 10 µm.

The speed of contraction of the fibroblast layer following treatment with

TGF�1 was then compared (Figure 5.14). This identified a consistent delay

in the contraction of the IPF fibroblasts.

Following long term culture the morphology of the multicellular foci

was then assessed (Figure 5.15), qualitatively identifying disordered collagen

deposition by the IPF fibroblasts.
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Figure 5.14: Multicellular focus formation is delayed in IPF fibroblasts. Parenchy-
mal lung fibroblasts (non-fibrotic n=4 and IPF n=4) were cultured for 1 week, then
treated with TGF�1, whole Hanging Cell Inserts imaged by time lapse microscopy
(merged tile scan of whole Hanging insert), and as illustrated in (A) the time to

contraction identified (B). Data are mean + SD. * p < 0.05

Figure 5.15: Multicellular focus morphology and collagen production is disordered
in IPF fibroblast cultures. Parenchymal lung fibroblasts (non-fibrotic n=4 and
IPF n=4) were cultured for 1 week then treated with TGF�1 for 5 weeks, para�n
embedded, and stained with Masson’s Trichrome stain. (A) Normal Fibroblasts

(B) IPF fibroblasts. Scale bars are 200 µm.
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To further characterise the finding of altered collagen deposition by IPF fi-

broblasts, the gene expression of fibrillar collagens and the post-translational

LH2 and lysyl oxidase enzymes were then analysed by quantitative RT-

PCR following 3 and 6 weeks of culture. The expression of collagen I was

significantly increased in IPF fibroblasts in the presence or absence of TGF�1,

with a trend towards TGF�1 inducing collagen I expression (Figure 5.16).

In contrast with collagen I, no di↵erence in collagen III mRNA expression

was evident. At 3 weeks LH2A and LH2B expression were increased in IPF

fibroblasts, consistent with increased hydroxylation of collagen telopeptides

by IPF fibroblasts (Figure 5.17). At 3 weeks treatment with TGF�1 did not

induce expression of LH2, although at 6 weeks there was a possible trend

towards induction of LH2B in IPF fibroblasts. Increased gene expression of

the collagen cross-linking enzymes LOX and LOXL1 - LOXL4 by IPF fibrob-

lasts was identified, whilst treatment with TGF�1 downregulated LOXL3 and

LOXL4 expression (Figure 5.18).

A B

Figure 5.16: Analysis of collagen mRNA expression by lung fibroblasts. Parenchy-
mal lung fibroblasts (non-fibrotic n=5 and IPF n=5) were cultured for 1 week then
treated ± TGF�1 for up to 5 weeks. RNA was isolated and reverse transcribed for
cDNA analysis. Expression of COL1A1 (A) and COL3A1 (B) were analysed using
the ��Ct method normalising to the housekeeping genes UBC/A2 and expressed
relative to one non-fibrotic lung tissue sample. Box plot represents median, with
25 and 75% interquartiles. Whiskers represent minimum and maximum values.

?? = p < 0.01 ? ? ? = p < 0.001
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A B

Figure 5.17: Analysis of lysyl hydroxylase 2 (LH2) mRNA expression by lung
fibroblasts in the 3D model. Parenchymal lung fibroblasts (non-fibrotic n=5 and
IPF n=5) were cultured for 1 week then treated ± TGF�1 for up to 5 weeks.
RNA was isolated and reverse transcribed for cDNA analysis. Expression of
LH2A (A) and LH2B (B) were analysed using the ��Ct method normalising to
the housekeeping genes UBC/A2 and expressed relative to one non-fibrotic lung
tissue fibroblast line. Box plot represents median, with 25 and 75% interquartiles.
Whiskers represent minimum and maximum values. ?? = p < 0.01 ??? = p < 0.001
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A B
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Figure 5.18: Analysis of lysyl oxidase (LOX) family mRNA expression by lung
fibroblasts. Parenchymal lung fibroblasts (non-fibrotic n=5 and IPF n=5) were
cultured for 1 week then treated ± TGF�1 for up to 5 weeks. RNA was isolated
and reverse transcribed for cDNA analysis. Expression of LOX (A), LOXL1 (B),
LOXL2 (C), LOXL3 (D), and LOXL4 (E) were analysed using the ��Ct method
normalising to the housekeeping genes UBC/A2 and expressed relative to one
non-fibrotic lung tissue sample. Box plot represents median, with 25 and 75%
interquartiles. Whiskers represent minimum and maximum values. ?? = p < 0.01

? ? ? = p < 0.001
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Given the findings of increased collagen, LH2, and LOX family gene ex-

pression, the hydroxproline content and hydroxylysine derived collagen cross-

links were quantified (Figure 5.19). Whilst analysis of only a limited number

of samples was possible, in keeping with the gene expression findings a trend

towards increased hydroxyproline content and mature trivalent pyridinoline

cross-links in IPF cultures was identified.

A B

Figure 5.19: Temporal changes in collagen content and collagen cross links from
non-fibrotic and IPF fibroblasts. Parenchymal lung fibroblasts (non-fibrotic (n=1)
and IPF (n=3)) were cultured for 1 week then treated with TGF�1 for up to 5
weeks. For analysis of mature collagen cross-links samples were acid hydrolysed
and then hydroxyproline quantified by hydroxyproline assay (A) and mature
trivalent (pyridinoline (PYD) and deoxypyridinoline (DPD)) cross-links (B) were

quantified by Enzyme Immunoassay. Data are mean + SD.

5.2.3 Inhibition of lysyl oxidase activity within the

model

Finally inhibition of lysyl oxidase enzyme activity by the competitive irre-

versible inhibitor BAPN was studied within the model. BAPN inhibited

pyridinium collagen cross-link formation but did not influence total collagen

content (Figure 5.20). When visualised by electron microscopy the assembly

of collagen structures was markedly altered, with loss of the fibrillar networks

identified in control cultures. Instead, agglomerates of collagen fibrils with

irregular shapes and a significantly increased diameter (77.0 ± 16.6 vs. 43.5

± 6.4 in control cultures) (Figure 5.21 and Figure 5.22) were identified.
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A B

Figure 5.20: Inhibition of collagen cross links by �-aminopropionitrile (BAPN).
Parenchymal IPF lung fibroblasts (n=4) were cultured ± 1 mM BAPN and
after 1 week were treated with TGF�1 for 5 weeks. For analysis of mature
collagen cross-links (A) samples were acid hydrolysed and then mature trivalent
(pyridinoline (PYD) and deoxypyridinoline (DPD)) cross-links were quantified by
Enzyme Immunoassay. Hydroxyproline (B) was quantified by hydroxyproline assay
and normalised by total protein. The quantity of mature collagen cross-links
was expressed as total amount of residues per collagen molecule, assuming 300

Hydroxyproline residues per collagen triple helix.
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Figure 5.21: Inhibition of lysyl oxidase activity by �-aminopropionitrile (BAPN)
alters collagen structure and assembly. Parenchymal IPF lung fibroblasts (n=3)
were cultured ± 1 mM BAPN and after 1 week were treated with TGF�1 for
5 weeks. Formed fibrillar collagen production was then assessed by transmission
electron microscopy with paired magnifications (A, B) (C, D) and (E, F) of control

(A, C, E) and BAPN (B, D, F) treatment.
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A B

Figure 5.22: Inhibition of lysyl oxidase activity by �-aminopropionitrile (BAPN)
alters collagen fibril diameter. Parenchymal IPF lung fibroblasts (n=4) were
cultured ± 1 mM BAPN and after 1 week were treated with TGF�1 for 5 weeks.
For each condition 100 fibril diameters were measured from calibrated electron
micrographs, and values plotted as mean + SD (A) and as histograms (B).
Collagen fibril minor diameter was considered to represent the actual collagen

fibril diameter. ?? = p < 0.01
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5.3 Discussion

A novel long-term 3D hanging cell culture fibroblast model of ECM pro-

duction has been developed that can be cultured using primary human

lung fibroblasts derived either from patients with lung fibrosis or from non-

fibrotic lung parenchyma. Histochemistry and electron microscopy have

demonstrated formation of a multi-layer cell structure with incorporated

fibrillar collagen deposition which is altered with IPF fibroblasts compared

with normal fibroblasts. Following treatment with TGF�1, which induces

myofibroblast di↵erentiation, multicellular foci form, with mature and imma-

ture collagen deposition histochemically similar to that seen in fibroblastic

foci in vivo. No exogenous sca↵old or matrix component is required, and

so the behaviour of cells can be studied within a native 3D environment.

The methodology is consistent and reproducible, and enables cell-mediated

ECM synthesis, including the biosynthetic cascade of collagen formation,

to be studied. To our knowledge, no in vitro model of IPF has previously

demonstrated these features.

A number of previous studies have described the formation of multi-

layered fibroblast structures following long term culture in vitro. Clark et

al. treated dermal fibroblasts with TGF-� and identified development of a

fibroplasia-like tissue up to 16 cell layers thick within a tissue culture dish.222

Fukamizu et al. studied human foreskin fibroblasts; addition of TGF-�

accelerated the reorganization of cells to form a compact, tissue-like structure

floating in the medium or attached to the edge of the culture well.223 These

studies used standard tissue culture plastic which has a Young’s modulus of

2 - 4 Gpa, and it is anticipated that such high, non-physiological sti↵ness

may activate fibroblasts.220

In this study, methodology adapted from the long term culture of induced

pluripotent stem cell-derived fibroblasts established a system for the synthesis

of incorporated, organised ECM whilst culturing primary lung fibroblasts

on a hanging cell culture insert.224 The hanging cell culture system enabled

media changes both apically and basally during long term culture, potentially
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aiding multi-layered cell nutrient uptake, and whilst the sti↵ness of the

hanging insert was not directly quantified, as a suspended membrane with

pores it is anticipated to be lower than that of tissue culture plastic.

Culture substrate may be of particular importance in phenotypic studies

as it has been proposed that mechano-sensed information might permanently

induce fibrotic behaviour of lung fibroblasts, with Balestrini et al. iden-

tifying that explanting and passaging murine fibroblasts on pathologically

sti↵ substrate (100 kPa) for three weeks produced sustained myofibroblast

activity even when cells were then cultured on healthy soft substrates.286

Here, prior to culture within the 3D system, cells were routinely cultured on

plasticware, potentially influencing cell behaviour within the model, although

the phenotypic di↵erences identified in the model between non-fibrotic and

diseased fibroblasts suggests that irrespective of initial culture conditions,

cells within the model retain features of disease relevance.

A limitation of this model methodology is the prolonged culture period

required. Given slow in vitro conversion of procollagen to collagen, Chen

et al. previously developed the Scar-in-a-Jar fibroplasia system, applying

macromolecular ‘crowding’ to enable more rapid collagen production.287

However, to our knowledge biochemical quantitation of cross-links and vi-

sualisation of collagen fibrils has not been described within this system,

and the relevance of such a system to human ECM production in vivo

remains uncertain. Given that the aim of this study was to closely model

physiological lung ECM production in health and disease such a methodology

was therefore not investigated. The approach developed in this study is

supported by the similarities of the in vitro ECM produced with human

tissue characterisations including collagen content, collagen fibril diameter,

collagen cross-link density, and the presence of ECM proteins expressed

within fibroblast foci.

Fibroblasts from a range of fibrotic diseases including IPF display aber-

rations in the fibrogenic response.288 Here, multiple phenotypic di↵erences

between non-fibrotic and IPF fibroblasts were identified in the 3D model,

including reduced proliferation and altered collagen deposition. The reasons
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for widespread alterations in gene expression and behaviour in IPF are

uncertain although epigenetic changes have been identified.289 In keeping

with our data, a number of studies have reported similar di↵erences in 2D

culture between fibroblasts explanted from healthy and IPF lung tissue. A

biosynthetic phenotype for IPF fibroblasts has been proposed, and studies

have identified a lower proliferation index, increased expression of ↵-SMA ,

and increased production of interstitial collagen type I.93–96,96–98

Within the 3D model, increased gene expression of LOX and LOXL1

- LOXL4 by IPF fibroblasts was identified, whilst treatment with TGF�1

downregulated LOXL3 and LOXL4 expression. Further investigation is

required to understand the influence of long term TGF�1 treatment upon

the regulation of the LOX family (as opposed to the 24 to 48 hours typically

studied). Furthermore, the steroid dexamethasone has been shown to up-

regulate LOX expression, and it is possible that the complex media required

for this long term model, which includes the steroid hydrocortisone, may

additionally influence the response of fibroblasts to TGF�1 including LOX

family regulation.290

A number of previous studies have demonstrated regulation of lysyl

oxidases by TGF�1, with di↵erences between cell types suggesting distinct

organ and cell-specific regulatory e↵ects. In endothelial cells, treatment

with TGF�1 induced LOXL4 expression, whilst LOXL3 expression was

downregulated.262 In human trabecular cells, treatment with TGF�1 sig-

nificantly upregulated LOX and LOXL1-LOXL4 expression. In contrast in

human pulmonary artery smooth muscle cells, TGF�1 induced the expression

of LOX but not LOXL1 - LOXL4.291,292 In this study it was reported,

although the data were not shown, that in human lung fibroblasts TGF�1

induced LOX and LOXL1 expression but that LOXL3 and LOXL4 were not

induced by TGF�1.292

The speed of contraction of the fibroblast layer following treatment with

TGF�1 was reduced in IPF fibroblasts. There are a number of possible expla-

nations for the finding of decreased cellular traction by IPF fibroblasts within

the model, which contrasts with work by Miki et al. who identified that IPF
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fibroblasts had increased contractility within Type I collagen gels.293 Firstly,

altered deposition of ECM by IPF fibroblasts may slow contraction within

the model. Secondly, reduced proliferation of IPF fibroblasts within the

model may delay the propagation of whole hanging cell culture contractility.

Alternatively, the response to TGF�1 may di↵er within the model between

normal and IPF fibroblasts, in keeping with the finding in 2D culture that IPF

and normal fibrobalsts may vary in their response to growth factors including

TGF�, with normal fibroblasts showing a proliferative response whilst UIP

fibroblasts may show enhanced synthetic activity.94 Furthermore, although

↵-SMA and vimentin expression was not quantified in the primary fibroblast

lines used for experiments, it is possible that the IPF tissue explants had

a greater proportion of myofibroblast cells, and so IPF cultures developed

fewer de novo ↵-SMA filaments following TGF�1 treatment; in contrast

non-fibrotic fibroblasts may have developed ↵-SMA filaments and so exerted

traction forces simultaneously for the first time.

This study has developed the methodology for a 3D model of ECM pro-

duction by human lung parenchymal fibroblasts including the establishment

of multiple readouts to study collagen fibrillogenesis in health and disease.

Whilst future studies of the biomechanics at the tissue and fibril scale within

the model are required, the finding of comparable gene expression patterns

within the model to IPF tissue suggests that mechanistic and therapeutic

studies of dysregulated ECM pathways such as those identified in Chapter 4

may have relevance to human IPF.

To confirm that, within the model, studies of ECM pathways are feasible,

the e↵ect of inhibiting lysyl oxidase activity was studied. Pyridinoline

collagen cross-linking was inhibited by BAPN treatment, consistent with

previous reports that BAPN specifically inhibits the active site of the lysyl

oxidases.152 Whilst any possible toxic or inhibitory e↵ect of BAPN upon

cells was not directly investigated, this has not been identified in previ-

ous studies.294 Following BAPN treatment total collagen content was not

significantly altered, however gross changes in collagen morphology were

apparent, with electron microscopy demonstrating loss of structured fibrillar
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networks, a significant increase in fibril diameter, and loss of the typical

circular outline of collagen fibrils. It is plausible that these changes would

have functional consequences including dysregulated assembly of hierarchical

collagen structures, intercalation of additional ECM components, and nano-

and microscale biomechanics. Recently Herchenhan et al. cultured tendon-

like constructs prepared from tenocytes and identified that BAPN treatment

from days 14 to 21 lead to a reduction in sti↵ness with collagen fibrils

of irregular profiles and widely dispersed diameters, although the average

fibril diameter was unchanged.294 Total collagen content developed normally,

and no influence upon cell behaviour including gene expression of proteins

previously associated with regulation of fibrillogenesis was identified. An

essential role for LOX activity in collagen fibril formation was therefore

proposed. A second recent study by Wang et al. investigated the role

of LOX and TG2 mediated corneal collagen fibril cross-linking. Whilst

TG2 inhibition increased fibril diameter, no influence of LOX inhibition

by BAPN on fibril shape following 14 days of culture was identified.295 It

was suggested that the di↵ering e↵ects of LOX inhibition between these

studies may be a consequence of organ and cell-type specific regulation of

collagen fibrillogenesis.294 An additional possibility is that LOX activity may

influence certain stages of collagen fibrillogenesis, with a study of chondrocyte

fibril formation demonstrating that at least 35 days of BAPN treatment was

required to significantly increase fibril diameter.296 As discussed in Chapter

6, a number of future investigations are therefore planned.

5.4 Conclusion

A novel model culture system where primary parenchymal lung fibroblasts

synthesise ECM including fibrillar collagens intercalated between stratified

cell layers has been developed. Following treatment with TGF� histochemi-

cal similarities to fibroblastic foci are present. Multiple phenotypic di↵erences

are identified between IPF and non-fibrotic fibroblasts and the ECM they
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produce. This model has potential utility in mechanistic and therapeutic

studies of fibrotic lung diseases.
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Final Discussion

The purpose of this study is to better understand fibroblastic foci and

alterations in fibrillar collagens in the pathobiology of IPF, so facilitating

future progress in basic and applied research. In this final chapter I will

summarise the novel findings of this present work and the implications for

our understanding of IPF in a wider context, and discuss possible avenues

for future research, some of which are in progress.

A novel integrated microCT and histological analysis has demonstrated

the potential for new understanding of fibrotic ILDs to arise from 3D analyses

at the micrometre to millimetre scale. Whilst fibroblastic foci have been

considered small, discrete lesions, this study identifies that in 3D they are

actually heterogeneous and of varying size and complexity, further informing

concepts of pathobiology. Furthermore, whilst the concept of a complex

interconnected quasi-malignant reticulum has been proposed, no evidence

in support of this concept was identified, with analyses identifying multiple

discrete fibroblastic structures in support of the paradigm that IPF is a

consequence of aberrant wound healing responses to lung micro-injuries.

For the first time the relationship between alterations in fibrillar collagens

and biomechanical function was investigated in human IPF. Collagen fibril

structure and function were abnormal, with increased fibril sti↵ness, in-

creased hydroxylation of collagen telopeptides by LH2, and increased expres-

sion of the collagen cross-linking enzymes LOXL2, LOXL3, and LOXL4. The

sti↵ness of IPF tissue was increased and strongly correlated with increased
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collagen cross-linking density but not total collagen content. Together

these findings identify the importance, as a consequence of dysregulated

post-translational modifications, of structurally and functionally abnormal

collagen - as opposed to simply increased collagen accumulation - to the

pathogenesis of IPF, with increased sti↵ness proposed to induce mesenchymal

cell activation and hence fibrosis progression.

A novel model culture system where primary parenchymal lung fibroblasts

synthesise multiple ECM components including fibrillar collagens interca-

lated between stratified cell layers has been developed. Following treatment

with TGF� histochemical similarities to fibroblastic foci are present. Multi-

ple phenotypic di↵erences are identified between IPF and non-fibrotic fibrob-

lasts and the ECM they produce, suggesting that this model has potential

utility in mechanistic and therapeutic studies of fibrotic lung diseases.

The following sections elaborate on each of these findings, and discuss

areas of potential future research, some of which are already in progress.

6.1 3D imaging of fibrotic lung diseases

MicroCT enabled non-destructive systematic whole tissue virtual sectioning

at 8 µm resolutions, providing new insight into a well described histo-

logic structure, fibroblastic foci, whilst demonstrating its potential as a 3D

histopathology tool to study para�n embedded tissue. Fibroblastic focus

characterisation was selected for this first ILD microCT study as it provided

the clear opportunity to address an important pathologic concept. However,

there are many questions - both diagnostic and pathogenetic - which microCT

of para�n embedded tissue may address.

This work was performed using a custom built large-scale multi-purpose

industrial scanner. Scan times were slow (about 24 hours per sample) com-

pared to that anticipated to be achievable if dedicated hardware optimised to

image soft tissue samples were to be developed.215 This study has provided

su�cient proof of concept of the potential utility of microCT to the study
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of ILD that inter-disciplinary collaborations between engineers, computer

scientists, biomedical researchers, and clinicians have been established, and

development of such hardware is underway with the aim of developing novel

classification, diagnostic, and stratification approaches in ILD.

Whilst a predominantly manual segmentation methodology was ap-

plied during this first study, development of automatic and semi-automatic

methodologies could further enable quantitative feature extraction and anal-

yses such as 3D topographical distribution of lung fibrosis. Whereas larger

fibroblastic foci were directly identifiable within microCT image data, typ-

ically those less than 200µm were not. Improved identification and seg-

mentation of smaller fibroblastic foci may be possible through improved

contrast resolution, thresholding and pattern recognition approaches. Au-

tomated approaches, based on exploiting the X-ray attenuation contrast

window between tissue and para�n mounting medium, and also between

di↵erent tissue compartments may further facilitate subsequent visualisation

and quantification. Methodologies for semi-automatic image segmentation

of features such as airways and blood vessels may allow morphometric

analyses, and sterological methodologies could be applied to microCT images

to quantify lung morphometry.297

Walsh et al. recently studied the relationship between histologic fibrob-

lastic focus profusion and HRCT patterns of fibrotic lung disease.298 They

identified that profusion of fibroblastic foci correlated most strongly with

severity of traction bronchiectasis, however our understanding of the relation-

ship between radiological and histological features of interstitial lung diseases

remains limited. MicroCT has the potential to bridge the micrometre to

millimetre scale separation of these methodologies, so providing the ability to

investigate novel questions such as whether there is a structural relationship

between airway dilatation and fibroblastic focus profusion.

In an era of evidence-based therapeutics proven to modify the disease

progression of IPF, accurate ILD diagnosis is now essential, however the

use of terms such as possible, probable, or definite IPF within the guideline

demonstrates that IPF remains poorly defined, and inter-observer agreement
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between radiologists (=0.52) and between histopathologists (=0.46) can

be limited.2,299,300 The availability of large banks of archived diagnostic

para�n-embedded samples with longitudinal follow up data could facilitate

systematic microCT analyses of fibrotic ILDs to identify novel diagnostic 2D

or 3D morphometric features and relationships. Patterns of disease which are

not apparent in 2D histological analyses, and the identification of similarities

and di↵erences between ILDs, might further advance our understanding of

underlying disease pathobiology.

6.2 Fibroblastic focus morphology and inter-

relationships in 3D

For the first time the heterogeneity and morphological variability and com-

plexity of fibroblastic foci was visualised in 3D, identifying that foci are

discrete structures which are not interconnected in a fibroblastic reticulum.

However, the underlying reasons for this finding remain uncertain, and there

are a number of fundamental questions for future studies.

The definition of a fibroblast focus is a general limitation to IPF histo-

logical research, given that it is entirely morphological and hence subject to

inter-observer variability. The identification of marked variability of fibrob-

last foci further demonstrates that the current approach based solely upon

morphology is inadequate. Furthermore, it is possible that foci of di↵ering

size could represent distinct populations of (myo)fibroblasts. Systematic

characterisation of fibroblastic structures integrating both morphological

and immunohistochemical or transcriptomic studies could further inform the

development of a standardised definition of a fibroblast focus. This would

strengthen translational research studies of fibroblast foci and may improve

clinical diagnostic accuracy.

Although fibroblastic foci are considered to be a key diagnostic feature

of UIP/IPF, they are not pathognomic of UIP, and can be present in other

ILDs.301 Whether the complexity and variability of fibroblastic foci in 3D
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is unique to IPF would require the study of foci across disease processes.

Organising pneumonia, an airway based process with buds of granulation

tissue, has morphological similarities with fibroblastic foci and comparison

would further inform such a study.

The possible association identified in this study between 3D fibroblast

focus density and FVC decline is tantalising however, given the extremely

small sample size (n=4), the finding must be considered speculative but

supportive of future supportive prospective studies. Additional parameters

such as focus volume or distribution may also correlate with disease behaviour

and would merit investigation within such as study with the aim of developing

better prognostic or disease stratification approaches.

6.3 Ex vivo analyses of fibrillar collagens

To our knowledge no previous study has investigated the relationship between

functional biomechanical properties and fibrillar collagens in IPF. The finding

that structurally abnormal collagen, as opposed to a relative increase in

collagen deposition, is a predominant determinant of lung tissue biomechanics

in IPF, raises a number of important questions for future studies.

Alterations in the structure, quantity, and distribution of multiple ECM

components have been proposed to occur in IPF.302 Whilst this study

has considered only fibrillar collagens, mass spectrometry of acellular IPF

lung matrix recently identifed 85 matrisome proteins.129 When compared

to healthy tissue marked di↵erences in relative protein quantities were ob-

served. IPF matrices were enriched for GAGs and microfibillar-associated

proteins, with multiple proteins identified including periostin, versican, and

nephronectin, and a number of proteins with reduced expression including

decorin, lumican, biglycan, and laminins. The cumulative e↵ect of these

changes on ECM structure, sti↵ness, and function remains uncertain however

they would be anticipated to influence both fibrillar collagen properties and

ECM sti↵ness in IPF.
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The importance of both ECM stifness, topology, and composition to

cell behaviour is illustrated by recent work culturing cells on gels of dif-

fering composition but with identical sti↵ness. A compliant collagen coated

gel limited cell spread and proliferation, whilst on a hyaluronan-based gel

conjugated with fibronectin, cell spread and proliferation continued.303 The

development of state of the art label free optical imaging integrated with co-

registered light microscopy therefore provides the opportunity to investigate

the relationship of ECM topology to disease behaviour in IPF. Whilst the

SHG analyses in this study captured only the backwards SHG signal, the

SHG emission pattern comprises both forward (FSHG) and backward (B

SHG) propagating components. The relative emission directionality (FSHG

/ B SHG) is determined by regularity of the collagen fibril/fiber assembly.250

Quantification of the FSHG / B SHG ratio may provide further insight into

collagen fibril diameter, arrangement, and density in fibrotic lung diseases.

Integration with functional AFM studies would enable investigation of the

functional relationships between ECM topology, composition, sti↵ness and

have the potential to develop a true multi-scale understanding of ECM -

structure - function relationships in fibrotic lung diseases. In addition to

advancing understanding of pathogenesis it is possible that collagen topology

might have utility as a prognostic or diagnostic biomarker of fibrotic lung

diseases, as organised stromal collagen fibre alignment has been associated

with tumour progression.304

Recent studies have demonstrated the importance of hydration on col-

lagen mechanical properties, identifying that water stabilises the colla-

gen molecule structure, and that following water removal molecular and

supramolecular changes can generate very large stresses of up to 100Mpa305.

However, even small changes in osmotic pressure produce macroscopic

stresses comparable with peak muscle stresses in tendon. It is possible

that high osmotic pressure of other ECM constituents such as hydrophilic

proteoglycans might dynamically a↵ect the function of collagen fibrils. The

presence of proteoglycans within fibroblastic foci might therefore significantly

influence changes in collagen mediated local tissue sti↵ness. Additionally
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proteoglycans such as biglycan or decorin may influence fibrillogenesis.145

The biochemical and histological characterisation of proteoglycans would

therefore be of particular interest for future work integrating biomechanical

analyses.

Quantification of biological activity of LOX and LOXL family members

is typically performed in homogenised tissue, whilst localisation of enzyme

expression is investigated by immunohistochemistry or immunofluorescence.

In this study a novel in situ assay of amine oxidase activity was applied.

Increased LOXL2 expression correlated to areas of increased amine oxidase

activity, although resolution was very limited as imaging for the assay was

performed with a general purpose chemiluminescence machine. Improved

sensitivity and resolution might be gained through dedicated, optimised

optics, potentially enabling accurate visualisation of sites of active amine

oxidase activity. If then integrated with co-registered immunofluorescence

or confocal imaging then the functional sites of activity of individual LOX

family members and its relationship to ECM or cellular components could

be further investigated. Additionally, this methodology could be applied

to demonstrate target engagement of novel inhibitory compounds inhibiting

lysyl oxidases.

Whilst this study has focussed on IPF, there is an array of further work

that could be conducted to better understand common and divergent disease

mechanisms between IPF, other ILDs, and other pathologies such as cancer.

For example, a significant body of literature supports the importance of

alterations in the ECM in cancer progression, with myofibroblasts generating

a desmoplastic collagen-rich stroma in solid cancers.306 Recently, Chen et

al. identified in a murine metastatic lung cancer model that LH2 increased

tumour sti↵ness and enhanced tumour cell invasion and metastasis, with

tumour stroma containing higher levels of HLCC and lower LCC derived

collagen-cross-links.269 Identification of similarities and di↵erences would

further inform basic concepts of disease pathogenesis and potentially com-

monalities and di↵erences in therapeutic targeting.
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6.4 A 3D model of fibroblastic focus ECM

production

A novel model culture system where primary parenchymal lung fibroblasts

synthesise ECM including fibrillar collagens intercalated between stratified

cell layers has been developed. Multiple phenotypic di↵erences between

IPF and non-fibrotic fibroblasts and the ECM they produce are identified,

and following treatment with TGF� there are histochemical similarities to

fibroblastic foci. Within the model the synthesis of fibrillar collagens by IPF

fibroblasts is dysregulated and has multiple similarities to the findings from

the ex vivo IPF tissue characterisation, supporting the utility of the model

in mechanistic and therapeutic studies of ECM pathways in human fibrotic

lung diseases.

Whilst methodologies to investigate multiple components of fibrillar col-

lagen metabolism were established, a number of aspects including functional

biomechanical properties and collagen degradation have yet to be explored.

Characterisation of the functional biomechanical properties of the model

at the microscale and of the produced fibrillar collagens at the nanoscale

would provide the opportunity to study the relationship of biomechanics to

fibrogenic pathways in IPF. Understanding of matrix stability (and hence

likelyhood of reversibility) might be achieved through quantitation of the

relative collagen fractions extracted under increasingly harsh conditions:

neutral salt soluble (soluble, secreted collagens and procollagens); acetic acid

soluble (mature collagens); pepsin soluble (fibrillar and moderately cross-

linked collagens); and insoluble (highly cross-linked collagens).307

Study of the dysregulated collagen synthesis pathways identified in the

ex vivo IPF tissue studies would be of particular interest within the model.

Multiple lysyl oxidases were upregulated in IPF lung tissue, however the

reasons for this and their individual functional roles within ECM pathways

remain unknown. Does each contribute to enzymatic cross-linking of col-

lagens? Is there a primary contributor, and if not what is the relative

importance of each in non-fibrotic and IPF fibroblasts to collagen formation
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and function? Are there distinct functional roles - such as fibrillogenesis

control or substrate specificity - for each? One approach to investigate this

would be through modulation of individual lysyl oxidases by small interfering

RNA (siRNA) or gene editing approaches. The application of a number of

the methodologies developed during the ex vivo IPF tissue characterisations

including functional atomic force microscopy, an in situ amine oxidase assay,

and label free imaging approaches would provide the opportunity to further

investigate lysyl oxidase / collagen structure-function relationships in fibrosis.

Understanding the role and relative importance of each lysyl oxidase to

IPF pathogenesis is vital if novel therapeutics are to be developed with the

potential to prevent pathologic collagen cross-linking, as such an approach

could normalise the balance between fibrogenesis and fibrolysis, so raising

the possibility of halting fibrosis progression.

This study focussed upon fibrillar collagens however electron microscopy

identified multiple intercalated ECM components. Histochemical analyses

identified proteoglycans and tenascin-C, supporting further work to better

characterise constituents, and to investigate what similarities and di↵erences

there are with the ECM produced by IPF and non-fibrotic fibroblasts in

comparison with IPF and normal healthy lung tissue in vivo. This might

be achieved through gene expression studies of cells within the model, or if

solubilisation were to be achieved then a detailed characterisation of ECM

production by proteomic analyses could be performed.

Recently the gene expression patterns of healthy and IPF-derived lung

fibroblasts were studied when seeded on healthy or IPF-derived matrices.195

Matrix origin, rather than the cell origin, was proposed to have the dominant

impact on gene expression. Having established that structured ECM is

produced by the model, methodology to decellularise the model and to study

the influence of matrices derived from either IPF or normal fibroblasts on

gene expression would be of interest, in particular as if the methodology were

established then the e↵ect of therapeutic targeting within the model followed

by decellularisation on subsequent cell behaviour could be investigated.
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Clinical trials have now demonstrated the e�cacy of two antifibrotic

agents, nintedanib and pirfenidone, for the treatment of patients with

IPF.37–41 Nintedanib is a tyrosine kinase inhibitor that suppresses multiple

signalling receptors.42,47–50 Pirfenidone is an orally administered pyridine that

has combined anti-inflammatory, anti-oxidant, and anti-fibrotic actions in

experimental models of pulmonary fibrosis, although the precise mechanism

of action is unknown.51–56 Regulation of TGF� in vitro, and inhibition of

fibroblast and collagen synthesis in animal models of lung fibrosis has been

demonstrated.52,55,57,58 Having established the 3D model, the e↵ect of treat-

ment with these approved therapies upon fibrogenic pathways including ECM

synthesis could be investigated. If direct e↵ects upon dysregulated ECM

pathways were not identified then studying the combination of nintedanib

or pirfenidone with a novel therapy targeting a dysregulated ECM pathway

would provide preclinical data to inform clinical trials studying so-called

combination therapy.

Multiple cell populations including fibroblasts, epithelial cells, and

macrophages are proposed to have key roles in lung tissue regeneration

in health and fibrosis.61 This model assessed the behaviour of fibroblasts

alone, however in vivo cells are not in isolation, and cross-talk between cell

types, such as between epithelial cells and fibroblasts within the epithelial-

mesenchymal tropic unit, plays a key role in tissue homeostasis.308,309 Re-

cently, Prasad et al. studied the e↵ect of fibroblast phenotypes on ep-

ithelial repair using an epithelial scratch wound model in co-culture with

fibroblasts, identifying a di↵erential epithelial repair response when IPF or

normal fibroblasts were cultured.308 As this 3D model was developed using

a Hanging Cell Culture system, a possible extension would be to investigate

the influence of alveolar epithelial cells upon non-fibrotic and IPF fibroblast

synthesis of ECM including the regulation of fibrillar collagen production. An

alternative approach would be to characterise the e↵ects upon cell behaviour

and ECM production of treatment with extrinsic mediators within the model;

for example, bronchoalveolar lavage fluid from patients with IPF has been

shown to increase the matrix invasion of primary lung fibroblasts, whilst
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mesenchymal stem cells may contribute to tissue repair through the secretion

of multiple cytokines.310,311

6.5 Final Conclusion

This study demonstrates that the application of multi-modal imaging

methodologies can further advance concepts of disease pathogenesis in fi-

brotic lung diseases. It provides novel data that in 3D fibroblastic foci

are heterogeneous and of varying size and complexity, suggesting previously

unrecognised plasticity. It also shows that these fibroblastic structures are

independent of each other, consistent with their being the product of discrete

sites of lung injury and repair. It identifies that in IPF post-translational

modifications of collagen and not increased relative total collagen content

strongly influence the dysregulation of mechanical properties in IPF lung

tissue, and identifies di↵erential LOX family expression as a novel therapeutic

target. Finally, a novel model culture system of fibroblast foci has been

developed with potential utility in mechanistic and therapeutic studies of

fibrotic lung diseases.
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Y. Sibille, and B. Lundbäck, eds.), pp. 256–259, European Respiratory

Society, Aug. 2013.

[2] G. Raghu, H. R. Collard, J. J. Egan, F. J. Martinez, J. Behr, K. K.

Brown, T. V. Colby, J.-F. Cordier, K. R. Flaherty, J. A. Lasky, D. A.

Lynch, J. H. Ryu, J. J. Swigris, A. U. Wells, J. Ancochea, D. Bouros,

C. Carvalho, U. Costabel, M. Ebina, D. M. Hansell, T. Johkoh, D. S.

Kim, T. E. King, Y. Kondoh, J. Myers, N. L. Muller, A. G. Nicholson,

L. Richeldi, M. Selman, R. F. Dudden, B. S. Griss, S. L. Protzko, H. J.

Schunemann, and on behalf of the ATS/ERS/JRS/ALAT Committee

on Idiopathic Pulmonary Fibrosis, “An O�cial ATS/ERS/JRS/ALAT

Statement: Idiopathic Pulmonary Fibrosis: Evidence-based Guidelines

for Diagnosis and Management,” American Journal of Respiratory and

Critical Care Medicine, vol. 183, pp. 788–824, Mar. 2011.

[3] B. Ley, H. R. Collard, and T. E. King, “Clinical Course and Prediction

of Survival in Idiopathic Pulmonary Fibrosis,” American Journal of

Respiratory and Critical Care Medicine, vol. 183, pp. 431–440, Feb.

2011.

[4] L. Hamman and A. Rich, “Acute di↵use interstitial fibrosis of the

lungs,” Bull. Johns Hopkins Hosp., vol. 74, pp. 177–212, Sept. 1944.

177



References

[5] P. W. Noble and R. J. Homer, “Back to the future: historical perspec-

tive on the pathogenesis of idiopathic pulmonary fibrosis,” American

Journal of Respiratory Cell and Molecular Biology, vol. 33, pp. 113–

120, Aug. 2005.

[6] A. A. Liebow and D. B. Carrington, “The interstitial pneumonias,” in

Frontiers of pulmonary radiology (S. M, E. J. Potchen, and L. M, eds.),

pp. 102–141, New York: Grune & Stratteon, Sept. 1969.

[7] “American Thoracic Society. Idiopathic pulmonary fibrosis: diagnosis

and treatment. International consensus statement. American Thoracic

Society (ATS), and the European Respiratory Society (ERS),” Amer-

ican Journal of Respiratory and Critical Care Medicine, vol. 161,

pp. 646–64, Feb. 2000.

[8] A. L. Katzenstein and J. L. Myers, “Idiopathic pulmonary fibrosis:

clinical relevance of pathologic classification.,” American Journal of

Respiratory and Critical Care Medicine, vol. 157, pp. 1301–1315, Mar.

1998.

[9] Z. D. Daniil, F. C. Gilchrist, A. G. Nicholson, D. M. Hansell, J. Harris,

T. V. Colby, and R. M. du Bois, “A histologic pattern of nonspecific

interstitial pneumonia is associated with a better prognosis than usual

interstitial pneumonia in patients with cryptogenic fibrosing alveolitis,”

American Journal of Respiratory and Critical Care Medicine, vol. 160,

pp. 899–905, Sept. 1999.

[10] “American Thoracic Society/European Respiratory Society Interna-

tional Multidisciplinary Consensus Classification of the Idiopathic In-

terstitial Pneumonias.,” in American Journal of Respiratory and Crit-

ical Care Medicine, pp. 277–304, Jan. 2002.

[11] E. B. Meltzer and P. W. Noble, “Idiopathic pulmonary fibrosis,”

Orphanet Journal of Rare Diseases, vol. 3, p. 8, Mar. 2008.

[12] J. Hutchinson, A. Fogarty, R. Hubbard, and T. McKeever, “Global

incidence and mortality of idiopathic pulmonary fibrosis: a systematic

178



References

review,” European Respiratory Journal, vol. 46, pp. 795–806, Aug.

2015.

[13] V. Navaratnam, K. M. Fleming, J. West, C. J. P. Smith, R. G. Jenkins,

A. Fogarty, and R. B. Hubbard, “The rising incidence of idiopathic

pulmonary fibrosis in the UK,” Thorax, vol. 66, pp. 462–467, May

2011.

[14] K. B. Baumgartner, J. M. Samet, C. A. Stidley, T. V. Colby, and J. A.

Waldron, “Cigarette smoking: a risk factor for idiopathic pulmonary

fibrosis.,” American Journal of Respiratory and Critical Care Medicine,

vol. 155, pp. 242–248, May 1997.

[15] R. Hubbard, “Occupational dust exposure and the aetiology of cryp-

togenic fibrosing alveolitis,” European Respiratory Journal, vol. 18,

pp. 119S–121S, Sept. 2001.

[16] J. S. Lee, H. R. Collard, G. Raghu, M. P. Sweet, S. R. Hays, G. M.

Campos, J. A. Golden, and T. E. King, Jr., “Does Chronic Microaspi-

ration Cause Idiopathic Pulmonary Fibrosis?,” The American Journal

of Medicine, vol. 123, pp. 304–311, Apr. 2010.

[17] J. S. Lee, H. R. Collard, K. J. Anstrom, F. J. Martinez, I. Noth, R. S.

Roberts, E. Yow, and G. Raghu, “Anti-acid treatment and disease

progression in idiopathic pulmonary fibrosis: an analysis of data from

three randomised controlled trials,” The Lancet Respiratory Medicine,

vol. 1, pp. 369–376, July 2013.

[18] S. C. Wootton, D. S. Kim, Y. Kondoh, E. Chen, J. S. Lee, J. W. Song,

J. W. Huh, H. Taniguchi, C. Chiu, H. Boushey, L. H. Lancaster, P. J.

Wolters, J. DeRisi, D. Ganem, and H. R. Collard, “Viral Infection

in Acute Exacerbation of Idiopathic Pulmonary Fibrosis,” American

Journal of Respiratory and Critical Care Medicine, vol. 183, pp. 1698–

1702, June 2011.

[19] P. L. Molyneaux, M. J. Cox, S. A. G. Willis-Owen, P. Mallia, K. E.

Russell, A.-M. Russell, E. Murphy, S. L. Johnston, D. A. Schwartz,

179



References

A. U. Wells, W. O. C. Cookson, T. M. Maher, and M. F. Mo↵att,

“The Role of Bacteria in the Pathogenesis and Progression of Idiopathic

Pulmonary Fibrosis,” American Journal of Respiratory and Critical

Care Medicine, vol. 190, pp. 906–913, Oct. 2014.

[20] M. K. Han, Y. Zhou, S. Murray, N. Tayob, I. Noth, V. N. Lama,

B. B. Moore, E. S. White, K. R. Flaherty, G. B. Hu↵nagle, and

F. J. Martinez, “Lung microbiome and disease progression in idiopathic

pulmonary fibrosis: an analysis of the COMET study,” The Lancet

Respiratory Medicine, vol. 2, pp. 548–556, July 2014.

[21] J. A. Kropski, T. S. Blackwell, and J. E. Loyd, “The genetic basis

of idiopathic pulmonary fibrosis,” European Respiratory Journal, Apr.

2015.

[22] T. E. Fingerlin, E. Murphy, W. Zhang, A. L. Peljto, K. K. Brown,

M. P. Steele, J. E. Loyd, G. P. Cosgrove, D. Lynch, S. Groshong,

H. R. Collard, P. J. Wolters, W. Z. Bradford, K. Kossen, S. D. Seiwert,

R. M. du Bois, C. K. Garcia, M. S. Devine, G. Gudmundsson, H. J.

Isaksson, N. Kaminski, Y. Zhang, K. F. Gibson, L. H. Lancaster,

J. D. Cogan, W. R. Mason, T. M. Maher, P. L. Molyneaux, A. U.

Wells, M. F. Mo↵att, M. Selman, A. Pardo, D. S. Kim, J. D. Crapo,

B. J. Make, E. A. Regan, D. S. Walek, J. J. Daniel, Y. Kamatani,

D. Zelenika, K. Smith, D. McKean, B. S. Pedersen, J. Talbert, R. N.

Kidd, C. R. Markin, K. B. Beckman, M. Lathrop, M. I. Schwarz, and

D. A. Schwartz, “Genome-wide association study identifies multiple

susceptibility loci for pulmonary fibrosis,” Nature Genetics, vol. 45,

pp. 613–620, Apr. 2013.

[23] I. Noth, Y. Zhang, S.-F. Ma, C. Flores, M. Barber, Y. Huang, S. M.

Broderick, M. S. Wade, P. Hysi, J. Scuirba, T. J. Richards, B. M. Juan-

Guardela, R. Vij, M. K. Han, F. J. Martinez, K. Kossen, S. D. Seiwert,

J. D. Christie, D. Nicolae, N. Kaminski, and J. G. Garcia, “Genetic

variants associated with idiopathic pulmonary fibrosis susceptibility

180



References

and mortality: a genome-wide association study,” The Lancet Respi-

ratory Medicine, vol. 1, pp. 309–317, June 2013.

[24] M. A. Seibold, A. L. Wise, M. C. Speer, M. P. Steele, K. K. Brown,

J. E. Loyd, T. E. Fingerlin, W. Zhang, G. Gudmundsson, S. D.

Groshong, C. M. Evans, S. Garantziotis, K. B. Adler, B. F. Dickey,

R. M. du Bois, I. V. Yang, A. Herron, D. Kervitsky, J. L. Talbert,

C. Markin, J. Park, A. L. Crews, S. H. Slifer, S. Auerbach, M. G.

Roy, J. Lin, C. E. Hennessy, M. I. Schwarz, and D. A. Schwartz, “A

common MUC5B promoter polymorphism and pulmonary fibrosis,”

New England Journal of Medicine, vol. 364, pp. 1503–1512, Apr. 2011.

[25] G. M. Hunninghake, H. Hatabu, Y. Okajima, W. Gao, J. Dupuis,

J. C. Latourelle, M. Nishino, T. Araki, O. E. Zazueta, S. Kurugol,
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Appendix A

Reagents, Media and Bu↵ers

A.1 Cell culture media

A.1.1 Complete DMEM

Dulbecco’s Modified Eagles Medium (DMEM)

10% (v/v) Heat-inactivated foetal bovine serum (FBS)

50 IU/ml Penicillin

50 µg/ml Streptomycin

2 mM L-glutamine

1 mM Sodium pyruvate

1 mM Nonessential amino acids (MEM)

A.1.2 Complete DMEM/F12

Dulbecco’s Modified Eagles Medium (DMEM) (3 Parts)

Ham’s F12 (1 Part)

5% (v/v) Heat-inactivated foetal bovine serum (FBS)

50 IU/ml Penicillin

50 µg/ml Streptomycin
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2.5 µg/ml/ml Fungizoner

2 mM L-glutamine

1 mM Sodium pyruvate

1 mM Nonessential amino acids (MEM)

0.18 mM adenine

8 mM HEPES

5 µg/ml insulin

0.5 µg/ml hydrocortisone

10 ng/ml human epidermal growth factor (EGF)

10 µg/ml L-Ascorbic Acid-2-Phosphate sequimagnesium salt hydrate (AsA)

A.2 Bu↵ers

A.2.1 Citrate Antigen Retrieval Bu↵er

0.01 M Citric Acid pH 6.0

Following depara�nization and endogenous peroxidase blocking, sections

were immersed in citrate antigen retrieval bu↵er, placed within a Panasonic

NN-6450 (800 watts) microwave oven, and the microwave set to medium

power for 25 minutes followed by cooling in running water and washing with

TBS before continuing with the immunostaining technique.

A.2.2 10x Phosphate Bu↵ered Saline (PBS)

727 mM NaCl

45 mM Na2HPO4

5.7 mM Na2HPO4·H2O
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Table A.1: Sorenson’s Phosphate Bu↵er

Sorensen Phosphate Bu↵er 0.1M

Stock Bu↵er

0.2 M Solution A 0.2 M NaH2PO4

pH 7.2 - 7.4 Solution B 0.2 M Na2HPO4

Working Bu↵er

0.1 M

pH 7.2 - 7.4 Dilute stock bu↵er 1:1

A.2.3 Sorenson’s Phosphate Bu↵er

See Table A.1.

A.3 RTqPCR Primers

Col1a1

Sense Primer AGACAGTGATTGAATACAAAACCA

Anti-sense Primer GGAGTTTACAGGAAGCAGACA

Assay Type Taqman

Source PrimerDesign

Col3a1

Sense Primer ATATGCCCACAGCCTTCTAC

Anti-sense Primer CAGGAATGCCAGGAGGAC

Assay Type Primer/Perfect Probe

Source PrimerDesign
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Lox

Sense Primer GATATAGTCTAAATTAGCAAAGCACATAG

Anti-sense Primer ATTACGCAGCACAGTCCTTG

Assay Type Taqman

Source PrimerDesign

Loxl1

Sense Primer TGCAGCCTGGGAACTACATC

Anti-sense Primer AGAAACGTAGCGACCTGTGTA

Assay Type Taqman

Source PrimerDesign

Loxl2

Sense Primer CAACAACTGAGTCTGAACGAATG

Anti-sense Primer GGGTCCCTTTCCTCCTGAG

Assay Type Taqman

Source PrimerDesign

Loxl3

Sense Primer CATCTGGCTGGACAACTTGA

Anti-sense Primer CATCCTCATCGTGCGTACAG

Assay Type Taqman

Source PrimerDesign

Loxl4

Sense Primer AGGGAGTGACTGTAGGCTG

Anti-sense Primer GTTCACAATCACCTGGAAGATATA

Assay Type Taqman

Source PrimerDesign
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PLOD2 LH2a

Sense Primer GAACTATTTTGTTCGTGATAAACTGGA

Anti-sense Primer AGTCTTTTTCCCTTTGTAAAGTCATTT

Assay Type Taqman

Source PrimerDesign

PLOD2 LH2b

Sense Primer CCGAAATGCTAGAGAAATGGGTGT

Anti-sense Primer CACGGTTTATATACTTTTCCTTCCA

Assay Type Taqman

Source PrimerDesign
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S. Jogai, A. Alzetani, B. Marshall, K.M.A. O’Reilly, J. Warner, P. Lackie,

D.E. Davies, D. Hansell, A.G. Nicholson, I. Sinclair, K. Brown, L. Richeldi.

Three-Dimensional Characterisation of Fibroblast Foci in Idiopathic Pul-

monary Fibrosis. JCI Insight. 2016;1:e86375
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