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Abstract 

Chronic Obstructive Pulmonary Disease (COPD) is the third commonest cause of 

death worldwide. Its natural course is a decline in lung function, punctuated by 

exacerbations, leading to premature death. COPD pathogenesis remains incompletely 

understood. The disease is widely accepted to result from an excess protease over 

protective anti-protease activity, leading to extracellular matrix (ECM) damage in the 

lungs. However, this belief is oversimplified since both harmful pro-inflammatory and 

protective anti-inflammatory roles are now described for proteases in animal and cell 

culture models. 

Matrix Metalloproteinase (MMP)-12 was originally implicated in COPD by its 

degradation of elastin in the lung ECM. However, newer in vitro evidence reveals MMP-

12 to target substrates outside the ECM. Given these newer findings it was hypothesized 

that MMP-12 cleaves non-ECM proteins in COPD which may contribute to the disease 

process. This hypothesis was addressed initially using a candidate-based approach, by 

testing osteopontin and tissue factor pathway inhibitor as potential MMP-12 substrates. 

However, these proved to be neutrophil elastase targets. Next, a novel proteomic 

technique called TAILS (Terminal Amine Isotopic Labelling of Substrates) was employed 

to identify potential MMP-12 substrates using a Mmp12-1- smoking mouse model. This 

led to the discovery of new non-ECM MMP-12 substrates in the mouse model. Next, 

these findings were translated to human COPD sputum to identify potential MMP-12 

targets in COPD, both at exacerbation and during stable disease. Similarly, within human 

COPD sputum non-ECM MMP-12 substrates were discovered, of particular interest, 

complement factor C3 and the anticoagulant anti-thrombin Ill, revealing ever new 

potential ,roles for MMP-12 in COPD. 
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Chapter 1 Literature review 

1.0 COPD- Background, Disease Prevalence and Importance 

Chronic Obstructive Pulmonary disease (COPD) currently affects around 210 

million people globally [1]. It is the third commonest cause of death worldwide [2] and 

the only leading cause of mortality whose prevalence continues to rise [3]. While 

between 1966 and 1995 the age-adjusted death rates for coronary heart disease and 

stroke declined by 45% and 58% respectively, COPD death rate increased by 71% [3]. 

The WHO predicts the disease to become the fifth leading cause of disability worldwide 

by 2020 [3, 4]. The commonest aetiological factor is cigarette smoking and the natural 

history of the disease is one of a gradual decline in lung function, frequently punctuated 

by exacerbations, deterioration in quality of life and reduced life expectancy [S]. 

The true prevalence of COPD is difficult to ascertain. Reported prevalence 

figures for the disease are often underestimated [6-8] due to varying methods of 

diagnosis [7], inaccuracy in death certificate reporting [6], gender bias in population 

studies [8] and difficulty in diagnosing COPD due to overlapping symptoms with 

commonly associated conditions, such as ischemic heart disease [9]. Data from an 

international telephone survey carried out in the USA, Canada and six European 

countries estimated the prevalence of COPD at around 4% [10] while a systematic 

review of COPD prevalence studies estimated a range of 4-10% in countries where 

spirometry was used for diagnosis [7]. Perhaps the most accurate estimation is that 

from an international worldwide study {BOLD) in which spirometry was used for 

diagnosis as per the internationally recognised Global Initiative for Chronic Obstructive 

Lung Disease {GOLD) guidelines. This study placed the prevalence figure at 10.1% for 

GOLD stage II or higher [8]. 
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COPD is a huge economic burden. In Britain, it is the second commonest cause 

of emergency admissions, causing more than 25,000 deaths each year and costing the 

National Health Service (NHS) more than £800 million annually [1]. In the United States 

of America COPD accounts for around 750,000 admissions to hospital each year, with 

10-12% of stays occurring in critical care units [4]. The estimated annual cost is in the 

region of US$24 billion, 61% of which is due to direct medical spending, such as hospital 

based care [11]. With a continued rise in the COPD mortality rate [12] and disappointing 

smoking cessation rates [13] COPD management poses a unique challenge for us and 

future generations. 

One urgent requirement in the battle against COPD is the development of new 

strategies to develop drugs to combat the disease. The mainstay of current treatment is 

inhaled corticosteroids [5] which exert a non-discriminatory anti-inflammatory effect on 

the airways [14] . Unfortunately, COPD responds poorly to corticosteroid treatment, so 

mortality and disease progression remain unaffected [15] . In addition, such therapy 

leads to side effects which contribute to disease morbidity, such as osteoporosis and 

adrenal insufficiency [16]. Hence new drugs are needed. 

The recognized importance of proteases in COPD pathology [17-20] has led to 

clinical trials of anti-proteases targeting some of the main suspects in pathogenesis, 

notably matrix metalloprotease (MMP)-12 [21, 22] and neutrophil elastase (NE) [23] , in 

an effort to halt disease progression. Despite this, anti-protease trial outcomes in COPD 

have been disappointing in their lack of drug efficacy [21-23]. Furthermore, anti-MMP 

drugs investigated in other illnesses have been associated with significant side effects 

[24, 25] . In hindsight, this is unsurprising given the intricacies of the protease web, with 

crosstalk and similar substrate profiles existing between different proteases [26] . New 

strategies should therefore focus on protease targets, i.e. downstream of the protease. 

This should lead to newer more specific drugs with a narrower side effect profile than 
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those targeting the protease. To achieve this, the substrate profile of proteases, or 

'degradome' involved in COPD needs to be identified. 

The following literature review will focus on the mechanisms involved in COPD, 

highlight what is unknown in disease pathogenesis, and determine how identifying 

suspected MMP-12 substrates may develop better treatment. This thesis therefore aims 

to identify new targets within the degradome of MMP-12 in the airways in COPD. 

1.1 Risk Factors for COPD 

Smoking is the strongest known risk factor for COPD [5, 27, 28] . However, not 

all smokers develop COPD [8] and fixed airflow obstruction occurs in non-smokers [29], 

meaning other factors are involved. Among genetic factors, alpha-1-antitrypsin (AlAT) 

deficiency is known to cause premature emphysema [18], although this condition is rare. 

Single nucleotide polymorphisms in certain genes, such as the MMP-12 gene have been 

associated with COPD [30-32]; however further studies are needed to understand these 

associations further. More recently, exposure to indoor fumes derived from biomass 

fuels in dwellings with poor ventilation has been recognized as an important cause for 

COPD worldwide[33]. The role of air pollution, while known to exacerbate existing lung 

disease [34, 35], is thought to play a minimal role in COPD prevalence in comparison to 

the effect of cigarette smoking [36]. 

1.2 COPD- just an airway disease? 

COPD is defined as progressive, poorly reversible airflow limitation caused by an 

abnormal inflammatory response in the lungs to noxious stimuli [SJ, usually cigarette 

smoke [37]. Pathogenesis involves small airways inflammation and alveolar destruction, 

termed emphysema [38, 39]. "COPD" is hence an umbrella term encompassing a range 

of respiratory conditions, including chronic bronchitis and emphysema, all with the 
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common feature of non-fully reversible airflow obstruction. Mounting evidence 

suggests that there is an extra-pulmonary component to the disease which is 

responsible for associated co-morbidities, most especially cardiovascular disease (CVD) 

[4, 9, 40-42]. Indeed, the risk of CVD in COPD is two to three times greater than that 

attributed to smoking alone [4] and CVD accounts for a quarter of deaths in COPD [43]. 

Despite a recognized link between CVD and airway and systemic inflammation in COPD 

[44], the underlying mechanisms still require exploration. 

1.3 Mechanics of Airflow Limitation in COPD 

In COPD airflow limitation measured during forced expiration results from 

increased resistance in the small conducting airways, i.e. those with an internal diameter 

of <2mm present in the 4th to the 14th generation of branching [45-48], and/or increased 

lung compliance as a result of alveolar destruction [49]. The units for airway resistance 

are cm H20/L per second, and for lung compliance L/cmH 20, and their product (time) 

provides the time constant for lung emptying [SO]. This is reflected in spirometry 

measurements, i.e. FEV1 (forced expiratory volume in 1 second or the amount of air 

exhaled forcibly from the lungs in 1 second) and its ratio to FVC (forced vital capacity or 

the maximum volume of air forcibly exhaled), which remain the gold standard for 

diagnosing, monitoring and staging severity of COPD in clinical practice (Table 1.1) [S]. 
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Table 1.1 Diagnosis and classification of severity of airflow limitation in COPD using spirometry, 
as per GOLD guidelines (5) 

In patients with FEVi/FVC <0.7: 

Stage of Disease Severity of Airflow FEV 1 Percent 

Limitation Predicted 

GOLD I Mild ~80% 

GOLD II Moderate ~50% <80% 

GOLD Ill Severe ~30%< 50% 

GOLD IV Very Severe <30% 

1.4 Cellular Basis of COPD Pathogenesis 

In COPD, chronic inhalation of toxic gases, most commonly cigarette smoke, 

triggers activation of both the host's innate and adaptive immune response [51). This 

activation persists even after cessation of exposure to noxious stimuli [52, 53). Within 

the innate system, the mucociliary clearance works with the monocyte/macrophage 

system to clear the airways of deposited particles [51). Cigarette smoke, both directly 

[54) and through loss of epithelial cell tight junctions, triggers the release of cytokines 

[51). These include interleukin (IL)-6, 8 and macrophage chemoattractant protein 

(MCP)-1, resulting in mobilization of neutrophils and macrophages from the circulation 

into the epithelium [51, 54-58). These newly recruited inflammatory cells release 

proteolytic enzymes, most notoriously the MMPs and NE that degrade components of 

the extracellular matrix (ECM), notably elastin, causing emphysema [59, 60) . Damaged 

epithelium and endothelium as well as the release of elastin fragments activate the 

adaptive immune system via antigen-presenting cells using Major histocompatibility 

complex (MHC) class II molecules leading to a T-cell immune response which, in turn, 

activates B-cell mediated immunity within the lungs [61-65]. This process of 

"autoimmunity" has been proposed as a mechanism for the propagated inflammation 
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seen in COPD even after smoking cessation. A schematic representation of the 

inflammatory pathways in COPD is shown in the figure below (Figure 1.1) 
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Fig. 1.1 Schematic overview of inflammatory cell involvement in COPD. Cigarette smoke 
damages epithelial cells, leading to release of cytokines, such as IL-6, 8 and MCP. This triggers 
the recruitment of neutrophils and monocytes into the airways, the latter differentiating into 
macrophages. Both neutrophils and macrophages release proteolytic enzymes that degrade 
cellular and extracellular matrix components in the lung, releasing digested fragments, such as 
elastin fragments. These are picked up and presented to the T-cell system by antigen 
presenting cells which in turn activate a B-cell response. Abbreviations: IL, interleukin; MCP, 
macrophage chemoattractant protein; MIP, macrophage inflammatory protein; MMP matrix 
metalloproteinase; NE, neutrophil elastase; PR3, proteinase 3. 
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1.5 Correlation of Cellular Pathogenesis to Airflow Limitation 

Cell numbers in both the innate and adaptive immune system are associated 

with airflow obstruction in COPD. lntraluminal neutrophil counts sampled from 

bronchoalveolar lavage (BAL) (66, 67] and sputum (68] correlate negatively with FEV1 

and positively with rate of decline in lung function (44, 69]. Similarly, macrophage 

numbers in lung tissue (64, 70] and blood (71], and lung tissue CDS+ lymphocytes counts 

(64] are negatively associated with FEV1. What remains unclear, however, is how this 

influx of inflammatory cells leads to airway narrowing. The answer may lie in a lung 

resection study by Hogg et al (48]. The authors showed that inflammatory cell lung 

infiltrates, airway wall thickness, intraluminal mucus amount and airway wall lymphoid 

aggregates all increase simultaneously with increased airflow obstruction. This led them 

to suggest the following sequence of events: 1) influx of inflammatory cells that repair 

the epithelial damage leading to 2) excess connective tissue deposition within the 

airway walls, resulting in 3) permanent airway remodelling and 4) ultimately airflow 

obstruction. 

1.6 COPD Exacerbations 

COPD exacerbations are an acute worsening in patients' daily respiratory 

symptoms which may or may not lead to medical help being sought (72, 73]. At the 

more severe end hospitalisation is required. Exacerbations punctuate the natural 

course of COPD, accelerating lung function decline (74, 75], worsening health status [76) 

and increasing the risk of mortality (77, 78]. During the time of an exacerbation there is 

a heightened risk of myocardial injury (42], and further exacerbations suffered 

cumulatively increase the risk of myocardial infarction (41). Although patients with 

more severe COPD are more likely to develop an exacerbation (73], the strongest 

independent risk factor for an exacerbation is a history of previous exacerbations, 
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irrespective of COPD stage [79]. This has led to the recognition of a distinct COPD 

phenotype, the "frequent exacerbator", a patient experiencing 2 or more exacerbations 

per year [79]. Given the aforementioned risks associated with exacerbation, the 

frequent exacerbator is an important subject to focus on both clinically and in clinical 

trials. 

Exacerbations are associated with an increase in airway inflammation [80-83]: 

levels of neutrophils [80, 82, 84], lymphocytes [80, 83] and eosinophils [81-83] increase 

to varying levels in patients, as do proteases, such as NE [80, 82] and MMPs [85, 86]. 

The underlying cause for this heightened inflammatory status is not always evident [87]. 

Both bacterial [82, 88-91] and viral infections [82, 90, 92] occur with increased 

frequency at exacerbation, with acquisition of a new bacterial strain recognized as a 

cause for exacerbation [88] . A drop in environmental temperature has also been 

reported to increase exacerbation frequency [93]. However, whether this is due to the 

effect of low temperature alone or the increased incidence of viral infections in the 

winter is unknown. Other causative factors include atmospheric pollutants, as 

suggested by epidemiological data [94-97]. 

Similar to COPD, the nature and origin of exacerbations are heterogeneous. 

This explains why the current "one size fits all" management with corticosteroid 

treatment, often with the supplementation of antibiotics, is far from ideal. There is an 

imperative need to work towards individualized treatment. This requires a better 

understanding of exacerbation pathophysiology and aetiology for the development of 

more specific methods of diagnosis and treatment. Given the heightened release of 

proteases at exacerbation, one strategy should involve a better understanding of the 

substrate targets of these proteases. 
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1. 7 The Protease-Anti-protease Theory 

It is widely accepted, although by no means definite, that in COPD the 

destruction of ECM components and resulting alveolar damage is due to an excess of 

protease activity over inhibition by anti-proteases. In support of this theory, 

intratracheal instillation of human neutrophil proteases induces emphysema in rodents 

[17, 19, 98]; conversely, NE knockout (KO) mice are significantly protected against 

cigarette smoke-induced emphysema [99]. Similarly, MMP-12 KO mice are completely 

emphysema-resistant [100], unlike their wild type counterparts. Furthermore, in 

humans, the genetic condition AlAT deficiency leads to premature emphysema due to 

insufficient inhibition of NE [18] by its main anti-protease AlAT [101] . Similarly, in COPD, 

levels and destructive ability of proteases in the lung are increased [20, 60, 102]. 

The release of proteases by neutrophils is stimulated by their activation 

following interaction with endothelial cell surface selectins [103], cytokines, such as 

tumor necrosis factor (TNF)-a and chemoattractants, such as IL-8 or bacterial 

lipopolysaccharide (LPS) [104, 105]. These act via Toll-like receptors (TLR), myeloid 

differentiation primary response 88 (My-D88) adaptor protein and lnterleukin-1 

Receptor type 1 (IL-lRl) [54]. On activation, the protease-containing granules within 

the neutrophil cytoplasm fuse to the plasma cell membrane, thereby releasing the 

contents into the surrounding tissue [104, 105]. Neutrophil secretion of 

chemoattractants, such as macrophage inflammatory protein (MIP)-3a (CCL-19), MIP-3~ 

(CCL-20) [106] and proteinase 3 (PR3) [104] leads to recruitment of monocytes into the 

lung interstitium. These differentiate into macrophages with the potential to secrete a 

whole host of proteases, including MMP-1, 2, 9, 12, cathepsins K,L, S [107, 108] and 

phagocytosed NE of neutrophil origin [109-111] . The precise mechanisms responsible 

for stimulating macrophages to secrete proteases in COPD are still unclear. However, in 
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vitro data demonstrate significantly increased protease release by macrophages in the 

presence of interferon (IFN)-y and LPS and a slight increase induced by IL-4 [112]. 

The physiological role of proteases is to maintain healthy tissue homeostasis; 

therefore they demonstrate both pro-inflammatory roles e.g. when clearing bacterial 

infection as well as anti-inflammatory properties necessary to limit proteolytic damage 

of their surrounding tissues. Expectedly, their roles are extensive and include 1) 

activating microbicidal proteins [103], 2) processing cytokines [113, 114], chemokines 

[115-117], growth factors (118], other proteases and anti-proteases (99], 3) activating 

receptors (119] and 4) inducing apoptosis (105]. In COPD, it appears that the initial 

protease release in response to tissue damage fails to self-regulate and abate, and while 

this is often attributed to the imbalance between protease and anti-protease activity, 

serious evidence for this occurring in human non-AlAT induced COPD is strikingly lacking. 

It is true that several protease levels are increased in human COPD airways; however, 

with the exception of a few studies (85, 86, 120-123], often small in number of patients, 

and with conflicting findings of a protease-anti-protease imbalance, protease levels are 

often not measured in relation to their physiological inhibitors. Perhaps this imbalance 

only partially explains the pathogenesis in COPD and other hypotheses, such as different 

protease substrate profiles between COPD and healthy individuals need to be tested. 

1.8 Reactive Oxygen Species 

The term "reactive oxygen species" (ROS) refers to any oxygen-containing 

molecule (radical or non-radical) capable of initiating a harmful reaction to the host (124, 

125]. ROS are generated in redox reactions in phagocytic cells during mitochondrial 

metabolism and processes involving NADPH oxidase (NOX) (125]. Examples of ROS 

include the superoxide anion ff z and hydrogen peroxide H202 (124, 125]. While ROS 

may be harmful due to their oxidation of intracellular lipids, proteins and DNA, they are 
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also involved in bacterial killing within macrophages and neutrophils and therefore 

beneficial to the host (124, 126]. In the normal functioning cell, there is interplay 

between the generation and "mopping up" of ROS, i.e. the oxidant-anti-oxidant system, 

of which superoxide dismutase (SOD), catalase and glutathione (GSH) are the major 

pulmonary enzymatic anti-oxidant systems (125) . Loss of this oxidant-anti -oxidant 

balance, termed "oxidative stress," has been proposed as a mechanism involved in 

COPD pathogenesis (125]. 

The role of ROS in COPD is recognized in various studies. Firstly, cigarette 

smoking has been linked to ROS generation: 1) both the tar and gas components of 

cigarette smoke are rich sources of ROS-generating oxidants (125) ; 2) smoking causes a 

rise in BAL and alveolar macrophage iron levels which are involved in ROS production 

(127, 128); 3) smoking is linked to an increase in exhaled breath oxidant derived 

products, such as F2-isoprostanes (129); and 4) monocytes and alveolar macrophages 

derived from smokers generate more H20 2 [125]and ff 2 (130), respectively than those 

isolated from non-smokers. Secondly, there is evidence for increased ROS production in 

COPD: 1) exhaled breath ROS levels increase in stable COPD and further still in unstable 

COPD in comparison to healthy individuals (131) ; and 2) BAL xanthine oxidase activity, 

an enzyme that generates ff 2 and H20 2, is elevated in COPD compared to controls (132). 

Linking the oxidant-anti-oxidant imbalance seen in COPD with the protease­

anti-protease theory is particularly intriguing and may help discover mechanisms in 

COPD pathogenesis. One theory is that ROS inactivate anti-proteases in COPD. This has 

been shown in animal studies where acute exposure to cigarette smoke reduced the 

inhibitory effect of the anti -protease secretory leukocyte protease inhibitor (SLPI) on 

trypsin, an effect not seen in the presence of the anti-oxidant N-acteylcysteine (133) . 

Ex vivo, AlAT exposed to smokers' BAL macrophages less readily inhibited elastase than 

when exposed to non-smokers' macrophages. However, the latter improved in the 
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presence of antioxidants [134]. Another theory that may explain a potential link 

between oxidative stress and the protease/ anti-protease imbalance in COPD is the 

direct activation of proteases from their latent form by ROS. This has been shown by 

activation of neutrophil collagenase (MMP-8) in vitro [135]and gelatinase B (MMP-9), 

both in vitro and in vivo [136], in the presence of ROS, such as nitric oxide [135]. 

Similarly, the oxidant hypochlorous acid activates MMPs [137]. 

While the above studies provide links between oxidants and excess protease 

activity in COPD, more work is still needed. Indeed, the link between ROS and MMP-12 

has not been explored. 

1.9 Inflammatory Cells in COPD-Neutrophils 

Neutrophils originate in the bone marrow as pluripotent haematopoietic stem 

cells that first differentiate into myeloblasts [104]. These develop into promyelocytes, 

the stage at which granule protein synthesis commences [103] . On full differentiation 

neutrophils acquire their characteristic polymorphous nucleus and ability to retain 

neutral dyes [104]. Neutrophils are the host's initial defence against infection whereby 

they are recruited by chemotactic factors to sites of tissue inflammation to exert their 

anti-microbial activity by protease release [105, 138] and ROS production [138]. Once 

released from the bone marrow, neutrophils circulate in the bloodstream for only 6-8 

hours, thus placing them among the shortest lived cells [104]. 

In COPD, neutrophils accumulate in the lumen of large airways [52, 139, 140] 

and bronchial wall [70, 141, 142], with further airway accumulation at exacerbation [80, 

82, 84]. Airway neutrophil levels correlate negatively with airflow obstruction [68] and 

positively with a faster decline in lung function [69, 140] and greater degree of 

peripheral airway dysfunction [68, 143]. The number of neutrophils, however, is 

unlikely to fully explain lung function decline in COPD as other neutrophilic lung diseases, 

such as cystic fibrosis and bronchiectasis show no such link [109] . Neutrophils in COPD 
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may perhaps be intrinsically different and more destructive than in other conditions. 

Indeed, data show that neutrophils have enhanced proteolytic activity [20] and their 

chemotactic responses are both increased [20] and more erratic [144], leading to more 

damage in COPD. 

One of the most extensively studied neutrophil proteases is NE. While it has 

long been established that NE digests elastin [17-20], leading to alveolar destruction, 

newer evidence has shown that its repertoire includes substrates outside the ECM, such 

as growth factors [118], naturally occurring anti-coagulants [145] and other proteases, 

such as MMPs [146], some of which, following NE proteolysis, have the potential to be 

involved in COPD pathogenesis. Hypothetically, given this large range of NE substrates, 

some of which are involved in normal tissue homeostasis, it may be more beneficial to 

therapeutically target NE substrates linked with COPD pathology, rather than NE itself. 

As with MMP-12, this requires more research into NE substrates and their role in COPD. 

1.10 Inflammatory Cells in COPD-Macrophages 

Alveolar macrophages (AM) are derived from peripheral blood monocytes that 

mature into resident airway phagocytes [147], via an intermediate stage within the lung 

interstitium [148] in response to metabolic, immune-mediated and/ or pro­

inflammatory stimuli, [147] e.g. cigarette smoke. AM express pattern recognition 

receptors, thereby promoting tissue remodelling and homeostasis (147, 149, 150]. 

AM are a heterogeneous population that demonstrate plasticity in response to 

various cytokines and microbial products. In a simplified overview this plasticity or 

polarization manifests itself as a Ml or M2 phenotype [151-155] (Figure 1.2). Ml 

macrophages are known as classically activated cells and develop in response to IFN-y, 

microbial products, e.g. LPS and/ or cytokines, such as granulocyte macrophage-colony 

stimulating factor (GM-CSF) and TNF-a [152, 153]. Such AM are distinguished by their 

13 



release of pro-inflammatory cytokines, including IL-1~, TNF-a, IL-6, IL-12 and an 

increased production of ROS (152] . In contrast, exposure to IL-4 and IL-13 leads to 

alternatively activated M2 macrophages, characterized by expression of the mannose 

receptor and cluster of differentiation (CD) 163 (151], as well as an anti-inflammatory 

phenotype with a lower production of IL-12 and increased production of IL-10 compared 

to Ml (153]. The M2 phenotype is arbitrarily further subdivided into 3 subphenotypes: 

M2a, b and c (152, 154]. Release of IL-4 and/or IL-13 by T helper (h) 2 cells 

differentiates AM into a M2a phenotype involved in wound healing, suppression of 

immune-mediated inflammation and promotion of Th2 cell differentiation (152]. M2b 

and 2c produce IL-10 and/or TGF-~ in response to IL-lR signalling and TGF-~ respectively, 

thus promoting the differentiation of T regulatory cells (152]. In addition to cytokines, 

corticosteroids may also influence macrophage polarization by promoting differentiation 

into the M2c subphenotype [152, 155]. 

Within the setting of COPD pathogenesis AM are particularly important. They 

accumulate in the respiratory bronchioles in healthy cigarette smokers where 

emphysema first manifests (107] and their numbers increase further in COPD (108]. 

Among COPD patients, levels are increased in more severe stages of COPD compared 

with lower stage disease (156]. Their presence in the submucosa is linked to the degree 

of airflow obstruction (70] and their presence in the alveolar walls correlates with mild 

and moderate degrees of emphysema (157] . As previously mentioned, recruitment of 

macrophages to the airways is thought to occur via the monocyte-selective MCP-1 and 

the CXC chemokines, such as GRO-a via CXCR2 (58]. Both MCP-1 and GRO-a levels are 

increased in sputum and BAL in COPD (158]. Within the recruited macrophages the 

pattern recognition TLR, IL-lR and MyD88 signalling pathways are activated, leading to 

an up-regulation in the transcription of pro-inflammatory cytokines, such as TNF-a and 

IL-6 [54], via the transcription factor NF-KB (159]. In addition, receptor-type protein 
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tyrosine kinases (RTKs) and their ligands, such as Macrophage-Stimulating Protein (MSP) 

are also involved in the synthesis of cytokine production and also enable other 

macrophage functions, such as migration and phagocytosis [160]. 

Despite the pro-inflammatory nature of COPD, the distinction between Ml and 

M2 populations in this condition is not clear cut. Studies have unexpectedly shown a 

down-regulation of Ml associated genes [161, 162] and cytokines [162] in AM from 

smokers compared to non-smokers [161, 162], and COPD smokers compared to healthy 

smokers [161], as well as an upregulation of M2 related genes in AM isolated from COPD 

smokers compared to healthy smokers and in AM isolated from healthy smokers 

compared to healthy non-smokers [161]. This is in contrast to the findings by Yang et al. 

who showed an · increase in pro-inflammatory mediator release by monocytes on 

exposure to cigarette smoke [163]. Among a COPD GOLD stage 11-IH cohort of ex­

smokers and smokers, the former had a higher percentage of CD163+ (a marker for M2 

phenotype) BAL AM while no difference in anti-inflammatory or pro-inflammatory 

mediator levels was noted between the two groups [164]. More recently, Chana et al 

showed that macrophage phenotypes in COPD are more complex than the currently 

accepted Ml and M2 populations [165]. The authors were unable to clearly define two 

disparate sets of AM isolated form COPD lung tissue based on Ml and M2-defining cell 

surface receptors: >80% of CD14+CD16. cells were CD4ff (a Ml marker), yet all were also 

CD163·; of the CD14.CD16+ cells there was an equal distribution of CD163+ and CD163. 

[165]. Instead, a new subpopulation or phenotype of macrophages isolated from the 

30-40% Percoll interface was described that was less glucocorticoid sensitive compared 

to healthy smokers' and non-smokers' macrophages isolated form the same interface 

[165]. 

The differences seen in outcomes in the above studies may reflect the use of 

monocytes compared to differentiated AM, and/or reflect the heterogeneity as well as 
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the alternating plasticity of monocyte/ macrophage populations and the complex nature 

of macrophage biology in COPD. These discrepancies highlight the need for further 

studies on macrophage phenotype and biology in COPD. 
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Fig. 1.2 Macrophage differentiation. Monocytes may be classically activated to a pro­
inflammatory Ml phenotype whereby they produce cytokines, such as IL-6 and TNF-a and 
release ROS. In contrast, monocytes stimulated by IL-4 or IL-13 have an anti-inflammatory 
phenotype, characterised by lower IL-12 and higher IL-10 levels than Ml macrophages. These 
are known as alternatively activated or M2 macrophages. Abbreviations: GM-CSF, granulocyte 
macrophage-colony stimulating factor; IL, interleukin; IL-lR, interleukin-1 receptor; LPS, 
lipopolysaccharide; ROS, reactive oxygen species; TGF, transforming growth factor; TNF, 

tumour necrosis factor. 

1.11 Matrix Metalloproteinases-an Overview 

MMPs were first discovered in tadpole tails as enzymes possessing 

collagenolytic activity [166]. There are now 26 MMPs described [167] of which 23 have 

been found in humans [168]. MMPs belong to a large family of calcium-containing, zinc­

dependent endopeptidases capable of degrading ECM components, including elastin, 
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glycoproteins, proteoglycans and collagen [167]. They play important roles in tissue 

repair and remodelling, e.g. after myocardial infarction [169], and in the progression of 

diseases, such as atherosclerosis [170, 171], arthritis, cancer, chronic tissue ulcers and 

COPD [172, 173]. They are regulated by hormones [174], growth factors [175] and 

cytokines [174] and are secreted by a variety of connective tissue, pro-inflammatory and 

structural cells, including fibroblasts [176], osteoclasts [177], endothelial cells [178], 

macrophages [173], neutrophils [179] and lymphocytes [180]. Their activity is mainly 

inhibited by the tissue inhibitors of MMPs (TIMPs} of which 4 have been described: 

TIMP-1, 2, 3 and 4 [181]. Other natural inhibitors of MMPs include armacroglobulin 

[181], the C-terminal domain of procollagen C-terminal proteinase enhancer (CT-PCPE) 

[182], non-collagenous domains of human collagen type IV [183] and tissue factor 

pathway inhibitor-2 [184]. 

Most MMPs are secreted as zymogens or pre-propeptides. Their activation 

occurs in a stepwise fashion whereby a part of the propeptide at the NHrterminal 

domain is lost, usually by proteolytic cleavage, to form an intermediate molecule which 

is then catalysed, occasionally by autocatalysis, to release the active form [167, 168, 

185]. Activation of MMPs can be replicated in vitro by the use of mercury containing 

compounds, such as 4-aminophenylmercuric acetate (APMA) [168, 186]. Extracellular 

release usually occurs immediately after synthesis, with the exception of MMP-8 and 

MMP-9 which are stored intracellularly within neutrophil granules and released during 

inflammatory conditions [187]. MMPs are classified according to their domain 

arrangements and substrate specificities. A list of the MMPs in humans is provided in 

the table below (Table 1.2). 
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Table 1.2 Classification of human MMPs. Abbreviations: GPI, glycosylphosphatidylinositol. 
Adapted from Nagase et al. [168) and Verma et al. [167). 

Enzyme Type MMP 

Collagenases 

Interstitial collagenase; Collagenase 1 MMP-1 

Neutrophil collagenase; Collagenase 2 MMP-2 

Collagenase 3 MMP-13 

Gelatinases 

Gelatinase A MMP-2 

Gelatinase B MMP-9 

Stromelysins 

Stromelysin 1 MMP-3 

Stromelysin 2 MMP-10 

Matrilysins 

Matrilysin 1 MMP-7 

Matrilysin 2 MMP-26 

Stromelysin 3 MMP-11 

Membrane-type (MT) MMPs 

a) Transmembrane type 

MT-1 MMP MMP-14 

MT-2 MMP MMP-15 

MT-3 MMP MMP-16 

MT-5 MMP MMP-24 

b) GPl-anchored 

MT4-MMP MMP-17 

MT6-MMP MMP-25 
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Table 1.2 Classification of human MMPs; Abbreviations: GPI, glycosylphosphatidylinositol. 
Adapted from Nagase et al. [168) and Verma et al. [167). 

Others 

Macrophage elastase 

Rheumatoid Arthritis Synovial Inflammation (RASl)-1 

Enamelysin 

MMP identified on chromosome 1 

MMP identified on chromosome 1 

From Human Ovary cDNA 

Epilysin 

MMP-12 

MMP-19 

MMP-20 

MMP-21 

MMP-12 

MMP-23 

MMP-28 

1.12 Matrix Metalloproteinase-General Structure and Function 

In general, MMPs consist of a propeptide or pro-domain made up of about 80 

amino acids (aa), a catalytic domain (::::170 aa) and a haemopexin domain (::::200 aa). The 

haemopexin domain is joined to the catalytic domain by a linker peptide of variable 

length also known as the hinge region (Figure 1.3) [167, 168, 185]. Variations in 

structure complexity and consistency exist between the MMP classes, often relating to 

their substrate specificity and differing functions [167, 168, 188-190]. The following 

section describes the commonest features in the MMP structure and how these relate 

to enzyme function . 

The propeptide domain maintains latency of the MMP molecule by binding of its 

cysteine "switch" motif to the zinc ion in the catalytic domain [168] . The catalytic 

domain contains two zinc ions, one catalytic, the other structural, and up to 3 calcium 

ions that stabilize the structure [188]. The zinc binding motif in the catalytic domain 

consists of an amino acid sequence [191] which is necessary for substrate cleavage [168]. 

Once the MMP is activated substrate binding starts at the side closer to the N-terminus 

of the enzyme, with the substrate anchoring in its hydrophobic S'l (specificity) pocket 

(190]. The depth of S'l determines MMP substrate specificity, a property which has 
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been explored in the development of specific MMP inhibitors [167, 188, 189, 192]. On 

substrate binding, a water molecule is displaced from the zinc ion, and one of its protons 

is taken up by the glutamate carboxyl group of the catalytic domain, permitting peptide 

bond hydrolysis by a nucleophilic attack on the carbonyl carbon of the peptide bond by 

the polarized water [167]. The haemopexin domain is present at the C-terminal end of 

pro catalytic domain L 
haemopexin 

domain 

□~I --~IDI.__-----J 
Fig. 1.3 Schematic representation of the general structure of MMPs. Certain domains vary 
between classes of MMPs. However, with the exception of matrilysins, which lack a 
haemopexin domain and linker region, all MMPs consist of a pro-, catalytic and haemopexin 
domain. Abbreviations: L, linker or hinge region; pro, pro-domain. 

MMPs (193]. Unlike the propeptide and catalytic domain, the haemopexin domain may 

be absent in certain MMPs, such as the matrilysins (MMP-7 and 26) (192]. While the 

structure is conserved in the domains around the catalytic site variation occurs between 

the haemopexin domains of different MMPs (193], a feature which may be important to 

target in the development of specific MMP inhibiting drugs. The haemopexin domain 

serves a number of functions depending on the MMP. These include inhibitor and 

substrate binding, MMP activation, cell surface attachment, endocytosis and MMP 

degradation, and the formation of MMP multimers which may be essential for substrate 

cleavage by certain MMPs, e.g. MT-1 MMP cleavage of collagen type I fibres (185]. In 

contrast, the activity of MMP-12, such as elastin degradation appears to be unaffected 

by loss of the haemopexin domain (194]. 

1.13 Macrophage Metalloelastase/ Matrix Metalloproteinase-12 

Macrophage metalloelastase, or simply macrophage elastase (MME) was first 

isolated in 1975 from thioglycollate-stimulated murine peritoneal macrophages (195] . 
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Similar to other mammalian elastases it was found to degrade elastin, yet possessed a 

narrower substrate range and a wider resistance to elastase inhibitors [195]. 

Subsequent analysis identified it as a 22kDa metalloproteinase [196], derived from a 

53kDa proform [197] . The human counterpart (MMP-12), first isolated from alveolar 

macrophages, is a distinct MMP that shares 74% of its amino acid sequence with MME 

[198]. It is similarly secreted as a 54kDa proenzyme which readily undergoes 

autocleavage to the active 22kDa form via an intermediate 45kDa form [198]. 

Structurally, MMP-12 shares its common domains with other MMPs, most 

closely resembling MMP-1 and 3 [199]. In common with MMP-8 and 13 [168], MMP-12 

possesses a particularly deep 51' loop [199]. Its expression and secretion is upregulated 

by pro-inflammatory mediators, such as IL-1~ and TNF-a via extracellular signal­

regulated kinase (ERK), c-Jun kinase (JNK), phosphatidylinositol-3 kinase (Pl3K) and 

activator protein-1 activity pathways [200] . Similar to other MMPs, the activity of MMP-

12 is thought to be inhibited by TIMPs [201], although as it is part of the intricate 

protease web, regulation of its activity is likely to be a lot more complex with 

involvement of other proteases, substrates, co-factors and receptors (202]. 

1.14 Importance of Matrix Metalloproteinase-12 in COPD 

Since the development of the MME knockout (MMEI) mouse, MMP-12 has 

gained increasing recognition as a protease central to COPD pathogenesis. MMEI mice 

are bred from embryonic stem cells lacking most of exon 2 in the MME genome (100, 

146, 203] . Their macrophages show < 5% of the elastinolytic capacity of wild type 

(MME+;+) macrophages, thus reducing their ability to digest elastin in the pulmonary 

ECM [203]. This protects MMEI mice from cigarette smoke-induced emphysema [100] . 

In addition to the decrease in elastin degrading capacity of lung macrophages, MMEI 
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mice have lower levels of macrophages in their lungs; the lack of MME leads to a 

reduction in BAL elastin fibres which are chemoattractant to monocytes [146, 204-206]. 

Since MME also contributes to emphysema development indirectly by cleaving and 

inactivating the NE inhibitor AlAT, MMEf mice may also be protected from 

emphysema by increased NE inhibition through AlAT activity [99]. 

The involvement of MME in emphysema in mice provides a limited view of the 

role of MMP-12 in human COPD. In the first instance, murine lungs differ from humans' 

in their absence of respiratory bronchioles and mucous glands in the larger airways 

[207], so while mice develop emphysema without a chronic bronchitis component, the 

opposite is true in human COPD. Furthermore, MME and MMP-12 target different aa 

sequences within similar substrates which may lead to opposite effects on downstream 

signalling pathways. For instance, cleavage of CXCL-5 by MME and MMP-12 results in 

opposite effects on neutrophil recruitment [115]. In terms of COPD development, mice 

only develop emphysema in response to continued cigarette smoke exposure; once 

exposure ceases emphysema resolves [208]. Additionally, exacerbations and small 

airways inflammation, key features of human COPD which require further research, do 

not occur in mice [208]. Therefore, understanding the role of MMP-12 in human COPD 

through mouse studies requires validation in human studies and interpretation with 

caution . 

Studies on the role of MMP-12 in human COPD are disappointingly few, 

conflicting in their outcomes and occasionally small in number of participants. Among 

the genome-wide association studies (GWAS) Haq et al. described an increased 

frequency of two MMP-12 SNPs, 14 and 18, rs652438 and rs2276109 respectively in 

Caucasian patients with GOLD stages Ill and IV COPD [209]. In a separate study, SNP 14 

was linked to a decline in lung function when considered as a haplotype with the MMP-1 

promoter SNP 13 rs1799750 in a largely (95%) Caucasian group [210]. In contrast, no 
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association between SNP 18 and COPD was reported in this study (210] possibly 

reflecting a different population phenotype. In a GWAS on 1643 Caucasian COPD and 

healthy smoking control subjects no link was described between MMP-12 SNPs 14 and 

18 and COPD (30]. Similarly, a study on 111 COPD patients in Brazil found no association 

between SNP 18 and COPD (31], although numbers were small and the range of severity 

of COPD in the population was not clearly defined. More recently, in the COPDGene 

study carried out on 10, 192 smokers with varying lung function, another SNP on the 

MMP-12 gene, rsl 7368582, was associated with an increased risk of a moderate 

centrilobular emphysema as measured on CT scan (32]. 

SNP14 is present in the haemopexin encoding region of the gene and results 

from an arginine to serine mutation. It has been linked to increased MMP-12 proteolytic 

activity, increased sputum macrophage numbers and greater emphysema severity in 

COPD (211]. SNP 18 increases activator protein-1 binding and MMP-12 expression [212]. 

Despite conflicting outcomes there still is evidence in some of the above studies that 

suggests a link between MMP-12 SNP expression and airflow obstruction and 

emphysema. These MMP-12 SNPs have been associated with increased protease 

activity, making them likely candidates in COPD pathogenesis. Further research into the 

role of MMP-12 in COPD is therefore warranted. 

Similar to genetic studies, the literature is quite sparse on MMP-12 protein 

levels and function within COPD airways. Patients with COPD have higher levels of 

MMP-12 positive BAL macrophages [213, 214], MMP-12 positive sputum macrophages 

[213] and higher levels of MMP-12 within BAL supernatant [214] than healthy controls 

[213, 214], former smokers [213] and smokers without lung disease (213]. Similarly, 

MMP-12 levels in COPD sputum supernatant were increased compared to sputum from 

healthy smokers, non- smokers and never smokers in one study [215] and increased in 

COPD patients compared to healthy non-smokers in another cohort [122]. In a separate 
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study no difference in sputum MMP-12 levels or activity was noted between COPD 

patients, asthmatics or healthy volunteers [216]. Smoking also has an effect on MMP-12 

levels, increasing the number of MMP-12 positive macrophages in sputum and BAL [213], 

although in one study sputum supernatant MMP-12 levels were reported to be similar 

between smoking and non-smoking COPD subjects [122]. In this study sputum MMP-12 

activity was higher in COPD ex-smokers than COPD current smokers as was the MMP-12 

concentration/TIMP-1 level ratio and the MMP-12 activity/TIMP-1 and MMP-12 activity/ 

TIMP-2 ratios [122], suggesting that smoking may also affect MMP-12 activity. 

While some studies report higher airway MMP-12 levels in COPD compared to 

subjects without airflow obstruction [122, 213-215], no significant direct correlation 

between MMP-12 airway levels and degree of airflow obstruction has been described. A 

direct relationship, however, has been described between MMP-12 and emphysema 

measurements. Both sputum MMP-12 concentration and MMP-12 activity have been 

directly associated with extent of emphysema (measured in percentage of low­

attenuation areas on CT at < -950 Hounsfield units) in asthma and COPD subjects (r = 

0.377; 95% Cl, 0.126 to 0.591 and r = 0.442; 95% Cl, 0.198 to 0.639, respectively) [122). 

Similarly, alveolar macrophage MMP-12 mRNA levels have been linked to emphysema 

extent, measured by the percent predicted transfer factor corrected for alveolar volume 

(DLCO/VA) in COPD patients GOLD staged 0-4 (r2=0.2112, p=0.0004) [217]. These studies 

therefore suggest involvement of MMP-12 in emphysema, but also reveal the need for 

further studies to better understand how it is involved. 

1.15 Methods of Identifying MMP-12 substrates 

While originally identified as an elastinolytic protease, studies [218, 219] have 

shown MMP-12 to degrade a host of other substrates both within and outside the ECM 
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(summarised in Table 1.3). Most of these MMP-12-substrate cleavage reactions have 

Table 1.3 Summary of identified MMP-12 substrates 

Author/Vear Experiment MMP-12 substrate 

Da Silva et al. [220], Mouse models (in vivo); in Osteopontin 

2010 vitro 

Dean et al. [115], 2008 In vitro cleavage analysis; Human MMP-12 
In vitro chemotaxis; CXCll, 2, 3, 5, 8; 
Transalveolar in vivo CCL2,7,8,13 

chemotaxis MurineMME 
CXCll,2,3 

Churg et al. [113) In vivo smoke exposed Pro-TN Fa 

2003 WT/KO mice 
Murine AM (in vitro) 

Koolwijk et al. [119], Cell culture u-PAR 

2001 

Belaaouaj et al. [221), In vitro, in vivo Tissue factor pathway inhibitor 

2000 

Gronski et al. [219], In vitro Fibronectin, laminin, entactin, 

1997 chondroitan sulphate, heparin sulphate, a 

1antitrypsin, 
type 4 collagen 

Dong et al. [222], 1997 In vivo, Plasminogen 

Cell culture 

Chandler et al. [218], In vitro GST-TNF 

1996 Myelin basic protein 
Fibronectin 
Laminin 
Vitronectin 
Elastin 
Type 4 collagen 

Banda et al. [223), Cell culture Alpha-1 anti-trypsin 

1988 

only been characterised in vitro and there may be other potentially important ones 

which remain undiscovered. Identifying new MMP-12 substrates will increase 

knowledge of MMP-12 biology, help identify signalling pathways in disease pathogenesis, 

and enable the development of new drugs targeting mediators downstream from the 

enzyme. This latter point is particularly important in light of the disappointing MMP 

inhibitor clinical trial outcomes which showed no improvement or indeed poorer 
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survival, albeit in cancer patients on MMP inhibitors, such as marimastat, prinomastat 

and tanomastat compared to standard treatment or placebo [224] . Targeting a specific 

protease substrate rather than the protease itself is likely to yield a drug with a more 

favourable side effect profile . 

One of the simplest ways of identifying new protease substrates is to incubate 

the recombinant protease with a suspected recombinant substrate in vitro and then 

determine the presence of cleaved products using a protein separation technique, such 

as protein electrophoresis (PAGE) followed by Western blot. The characteristic pattern 

obtained on Western bot can then be used to identify similarly cleaved products in 

biological samples. A limitation of this method is the presence of bias as it is hypothesis 

driven and dependent on selecting suspected substrates beforehand based on the 

scientific literature. In addition, it is limited when applied to biological samples due to 

the simultaneous targeting of a particular substrate by different proteases in vivo which 

may all produce fragments too similar in weight to be distinguished by electrophoresis. 

The additional use of other techniques such as amino acid sequencing and mass 

spectrometry (MS) allows more accurate determination of the cleaved fragments, and 

hence the responsible protease/sin vivo [225] . 

More recent advances in the field of proteomics address the problem of using a 

biased approach as they allow the large scale identification of a particular protease 

substrate profile using specific knockout (KO) mouse samples [226, 227]. TAILS 

(Terminal Amine Isotopic Labelling of Substrates) has been developed to identify 

protease-generated neo-N-termini on an organism-wide scale [228-230]. It can 

therefore be utilized to distinguish peptide differences between wild type (WT) and KO 

mice samples, e.g. MMP-12. The process involves differential labelling of whole proteins 

in KO and WT samples with an isobaric tag known as iTRAQ (isobaric tag for relative and 

absolute quantitation). This allows labelling and blocking of all primary amines including 
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the NHr termini and lysine side chains. After labelling, the samples are pooled and 

trypsinized. Since the lysine residues have been labelled with an isobaric tag, trypsin 

digestion is limited to arginine, resulting in longer cleaved peptides for improved 

identification by mass spectrometry. Next, samples are added to a polyaldehyde 

dendritic polymer which negatively selects the trypsin generated free NH 2-termini. NHr 

amines present in the original samples have been labelled and therefore do not bind to 

the polymer. Similarly, naturally acetylated or cyclized NHr amines remain unselected. 

Following ultrafiltration the labelled substrates are separated from the polymer and its 

bound peptides and identified by tandem mass spectrometry (MS2). WT: KO peptide 

ratios equal to 1.0 represent substrates present in equal amounts in both WT and KO 

samples, and therefore unlikely to be targeted by the protease absent in the KO mouse. 

Ratios greater or less than 1.0 represent the gain or loss, respectively, of a peptide due 

to the protease absent in the KO sample. A schematic representation of TAILS is shown 

in figure 1.4 
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Fig. 1.4 TAILS procedure: KO and WT whole proteins are differentially labelled with isobaric 
tags, trypsin digested and pooled. Samples are added to a polyaldehyde polymer which binds 
the neo-NH2 termini generated by trypsin cleavage. Peptides present in the original samples 
remain unbound and are separated from the polymer by ultrafiltration. Peptides are then 
identified by MS2. WT: KO peptide ratios equal to 1 represent substrates present in equal 
amounts in both WT and KO samples. Ratios greater or less than 1.0 represent the gain or loss 
of a peptide due to the protease absent in the KO sample. Abbreviations: KO, knock out; MS2, 
tandem mass spectrometry; WT, wild type; black rectangles represent neo-NH2 termini; stars 
represent acetylation of NHr terminal peptides in the original proteins. Adapted from Prudova 

A et al. [230) 
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1.16 Osteopontin, a MMP-12 substrate in vitro 

Osteopontin (OPN), also known as Eta-1 (early T-cell activation-1) and spp-1 

(secreted phosphoprotein-1) is a ubiquitous protein present in various tissues, including 

immune cells [231], smooth muscle [231], bone [232], kidney [233] and breast [234]. Its 

main established functions are 1) inducing the migration of inflammatory and tumour 

cells by binding to integrin [235] and the hyaluronan cell surface receptor CD44 [236], 2) 

increasing inflammatory cell survival and adhesion, 3) shifting the Thl/Th2 inflammatory 

profile in favour of the Thl response [237], 4) stimulating release of pro-inflammatory 

mediators, such as TNF-a and IFN-y and 5) inhibiting IL-4 and IL-10 release [238] . 

Unsurprisingly, it is upregulated in inflammation and infection [239]. Its ability to be 

cleaved by MMP-12 [177, 220], its presence in obstructive airways disease [231] and its 

association with emphysema in mouse models [240] makes it a relevant MMP-12 

substrate to study in the context of COPD. However, while known to be degraded by 

MMP-12 in vitro, such cleavage has not yet been described in vivo in human COPD. 

Structurally, OPN consists of a central integrin binding sequence, arginine­

glycine-aspartic acid (RGD), the neighbouring thrombin cleavage site SVVYGLR and 

several phosphorylated and glycosylated sites which are well-conserved between 

species [238] . Also conserved are the 2 glutamine residues GLN-34 and GLN-36 via 

which transglutamination occurs [238], allowing the molecule to form crosslinks with 

itself, known as polymer formation, and other molecules [241], such as fibronectin, 

necessary for ECM formation in tissues, such as bone [232, 242]. Of note, OPN polymers 

have been linked to diseases, such as atherosclerosis [243] and osteoarthritis [244] , and 

with inflammatory processes, such as increased neutrophil recruitment in mice models 

[245] and increased sputum alveolar macrophage numbers in healthy and asthmatic 

subjects [246]. 
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The cleavage of OPN is of particular biological importance. OPN is cleaved by a 

various proteases, such as MMPs and the serine protease, thrombin, whose cleavage of 

the molecule is most documented. Thrombin potentiates the function of OPN by 

revealing the main a~ integrin binding site RGD, resulting in increased cell migration 

[235] and adhesion [247]. Thrombin cleavage of human OPN occurs just C-terminal to 

the RGD integrin binding site Arg169 -Ser170 [248]. Cleavage by MMP- 3 and 7 occurs at 

different sites to thrombin and includes the GL site immediately preceding the thrombin 

cleavage site [249]. In vitro data [177] have revealed MMP-12 isolated from rabbit 

osteoclasts to cleave bovine OPN between Gly159 and Leu160 motifs. While this had no 

effect of mobilization of osteoclasts, a separate study [220] investigating the stimulation 

of human T-cells by MMP-12-cleaved OPN fragments demonstrated an association 

between OPN cleavage and increased release of the pro-inflammatory cytokine IL-17. 

Table 1.4 below summarises some of the studies on OPN cleavage and the associated 

functional consequences on immune, tumour and other cells. 

The above studies show that, in general, cleavage of OPN renders the protein 

more active in terms of inducing cell adhesion and migration. However, most of this 

work has been done using thrombin as a protease. Further studies on the functional 

effect of OPN cleavage by MMP-12 in COPD are needed. Given the pro-inflammatory 

role of OPN, its link to emphysema in mice models, and its susceptibility to cleavage by 

MMP-12 in vitro, OPN is an important MMP-12 substrate to study in COPD. 
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Table 1.4 Summary of studies on OPN cleavage 

Author, Journal, Protease for OPN Main Tissue/ Cell type Main findings 
Year cleavage studied 
Senger, D. et al., Human Thrombin Human fibrosarcoma, Thrombin cleaved OPN 
Molecular Biology human bladder increases attachment 
of the Cell, 1994 carcinoma, human and spreading of human 
[250] intestinal smooth muscle foetal lung fibroblasts, 

and human foetal lung human bladder 
fibroblast cell lines carcinoma cells and 

human fibrosarcoma 
cells compared to full 
length OPN; attachment 
of human foetal lung 
fibroblasts is blocked by 
antibodies to GRGDS 

and avll3• 
Senger, D. et al., Human Thrombin Human fibrosarcoma, Human foetal lung 

Annals of the New human bladder fibroblasts, human 

York Academy of carcinoma, human bladder carcinoma cells 

Sciences, 1995 intestinal smooth muscle and human 

[247] and human foetal lung fibrosarcoma cells bind 
fibroblast cell lines and spread more readily 

to thrombin cleaved 
OPN than full length 
OPN 

Smith, L. et al, Human Thrombin M21 melanoma cell lines Bovine aortic cells 

Journal of Bovine aortic endothelial attach to the full length/ 

Biological cells cleaved OPN in the 

Chemistry, 1996 following descending 

[248] order: 30N-terminal 
fragment>l0N-terminal 
fragment>uncleaved 
OPN>C-terminal 
fragment. Binding of 
M21 cells to OPN is 
dependent on sequence 
within the 30N-terminal 
and !ON-terminal 
fragments which binds 
to a9!l1• 

Barry, S. et al., Human Thrombin Jurkat (J6) cells N-terminal thrombin 

Experimental Cell cleaved OPN fragment is 

Research 2000 involved in binding of J6 

[251] cells to a4!l1 
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Table 1.4 Summary of studies on OPN cleavage 

Agnihotri, R. et al., Human MMP-3, AsPC-1 (Pancreatic MMP-3/MMP-7 cleaved 

Journal of MMP-7, thrombin adenoma cell line), Hela OPN acts via RGD 

Biological (Cervical cancer cell line), sequence to increase 

Chemistry, 2001 primary mouse AsPC-1 adhesion 

(249) macrophages compared to uncleaved 
OPN. Cleaved OPN 
increases adhesion of 
Hela cells in the 
following descending 
order: thrombin cleaved 
OPN>MMP-7 cleaved 
OPN>MMP-3 cleaved 
OPN>uncleaved OPN. 
Migration of primary 
mouse macrophages 
decreases in the 
following descending 
order: MMP-3 cleaved 
OPN>uncleaved OPN. 

Weber, G. et al., Human Thrombin MH-5 murine macrophage Uncleaved murine OPN 

Journal of cell line; MT-thymus induces IL-12 and TNF-a 

Leukocyte Biology, derived macrophages secretion in 

2002 (236) from BALB/c mouse macrophages. N-
terminal thrombin 
cleaved murine OPN 
fragment increases 
macrophage secretion 
of pro-MMP-9 and 
causes macrophage 
haptotaxis, though 
latter effect was no 
greater than that seen 
with uncleaved OPN. 

Hou, P. et al., Rabbit MMP-12 Rabbit Osteoclasts Rabbit MMP-12 cleaved 

Bone, 2003 (177] human OPN at G166-
L168 to 30kDa and 
20kDa fragments 
identified as 
LPVKPTSSGSS and 
LKSRSKKFRRS by N-

terminal sequencing. 
MMP-12 did not affect 
osteoclast recruitment. 

Mi, Z. et al., Cancer Thrombin Murine breast cancer cell C-terminal fragment of 

Research, 2007 lines thrombin cleaved 

(235) murine OPN increases 
the migration and 
invasion of murine 
breast cancer cells 
compared to uncleaved 
murine OPN 
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Table 1.4 Summary of studies on OPN cleavage 

Grassinger, J. et al., Human MMP-3, Human haemopoietic N-terminal fragment of 

Blood, 2009 (252] MMP-7, thrombin progenitor and stem cells thrombin cleaved OPN 
binds to human blood 
stem cells via a 9~ 1 and 
a4~1; MMP-3 and MMP-
7 cleaved OPN does not 
bind to human blood 
stem cells. Thrombin 
cleaved OPN increases 
human haemopoietic 
progenitor and stem cell 
chemotaxis compared to 
uncleaved OPN . 

Nishimichi, N. et Human Thrombin SW480 primary SW480 cells bind 

al., Journal of adenocarcinoma colon similarly to polymeric 

Biological cells and thrombin cleaved 

Chemistry, 2009 OPN and less to 

(245] uncleaved OPN. Cells 
bind to cleaved OPN via 
SVVYGLR sequence. 

Da Silva A et al., Human MMP-12 Human T-cells MMP-12 cleavage of 

The American OPN in vitro produces 

Journal of 40kDa and 37kDa bands 

Pathology, 2010 on Western blot probed 

(220] with anti-OPN; two of 
the MMP-12 cleaved 
OPN fragments 
identified by mass 
spectrometry, SVVYG 
and IPVKQ increased IL-
17 production by T cells 
in culture but had no 
effect on IFN-y 
secretion. 

Arjormandi, M. et Human thrombin Sputum and BAL from While polymeric OPN 

al., PLOS one 2011 healthy and asthmatic BAL levels are 

(246] volunteers associated with higher 
concentrations of BAL 
macrophages, no link 
between cleaved OPN 
and macrophage levels 
was noted in human 
airways. 

Yamaguchi, Y. et Thrombin Human glioma cells Glioma cells more 

al., Journal of Plasma adherent to thrombin 

Biological Carboxypeptidase2 cleaved OPN and 

Chemistry, 2013 (CPB2) CPB2/thrombin double 

(253] cleaved OPN than 
uncleaved OPN 
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1.17 Tissue Factor Pathway Inhibitor (TFPI), an MMP-12 substrate in vitro 

TFPI is a glycoprotein present in 2 forms, TFPl-1 and 2. The 40kDa TFPl-1 is the 

main secreted form and circulates in plasma [254] at concentrations of 2.5-5nM [255]. It 

is chiefly secreted by endothelial cells (256, 257], platelets [258] and monocytes [259], 

and is recruited to sites of thrombus formation [145]. TFPl-2 occurs in 3 differentially 

glycosylated isoforms, 27kDa, 31kDa and 33kDa, and is largely restricted to the 

extracellular matrix [260]. While both molecules function as a serine proteinase 

inhibitor, TFPl-1 is the main influence on the tissue factor pathway [261]. TFPI binds to 

the Vlla/TF complex as well as Xa [262], enabling it to function as the main inhibitor of 

the tissue factor (extrinsic) coagulation pathway (263]. 

The anti-thrombotic function of TFPI is limited by its susceptibility to proteolysis. 

In vitro studies reveal the molecule to be cleaved by the serine protease plasmin with a 

reduction in its ability to inhibit clotting (264]. Similarly, cleavage of TFPI in vitro by the 

serine protease NE leads to a reduction in its anticoagulant activity [145] as does 

cleavage by MMP-1, 3, 7, 8, 9 and 12 (221], albeit at different sites to those targeted by 

the serine proteases. Among the MMPs, cleavage of TFPI by MMP-1 and 12 causes the 

greatest reduction in anticoagulation (221]. Similar to in vitro studies, mouse models 

and ex vivo data have shown susceptibility of TFPI to proteolysis with loss of its 

anticoagulant properties. In mouse models bleeding times were prolonged and fibrin 

clot formation reduced in Cathepsin G and NE KO mice (Elane-I-; Ctst1·) compared to WT 

controls, an effect reversed by anti-TFPI antibody (145]. Ex vivo, urokinase 

supplemented plasma (which leads to higher levels of plasmin) degraded the molecule 

with loss of function [264], and human platelets demonstrated a decrease in Xa 

production (inhibited by TFPI) in the presence of specific NE and Cathepsin G inhibitors, 

and a similar reduction in Xa production on exposure to mutant strains of TFPI resistant 

to NE and Cathepsin G cleavage [145]. In vivo data reveal co-localization of TFPI and its 
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upregulation with MMP-12 in human carotid atherosclerotic plaques [221], suggesting 

cleavage of TFPI by MMP-12 promotes CVD. 

The above studies highlight the need for further studies to investigate the role 

of MMP-12 cleavage of TFPI in promoting thrombotic events in COPD, as these may lead 

to the known increased risk of CVD. Indeed, the involvement of TFPI in preventing 

intravascular thrombosis, its loss of inhibitory action after proteolysis [145, 221), its 

localization to sites of thrombus formation [145), and its co-localization and 

upregulation with MMP-12 in atherosclerotic plaques [221) make it an important 

substrate to study in improving our understanding of the increased risk of CVD events in 

COPD [4]. 

1.18 Pharmacological Inhibition of MMP-12 

Since the disappointing MMP-inhibitor clinical trial outcomes, partly due to their 

unfavourable side effect profile [224], there has been interest in creating more selective 

MMP inhibitors with a narrower therapeutic selectivity. This has been met with 

considerable difficulty due to the sequence similarity in the MMP catalytic domains [265, 

266) . In addition, MMPs have roles in several disease processes, e.g. MMP-12 is 

implicated in emphysema development [146, 209, 211) as well as suppression of lung 

cancer metastasis [267). Interfering with one pathway in a certain illness may lead to 

unwanted outcomes in another. Indeed, earlier strategies involving the development of 

chelating compounds, such as hydroxamate that bind to the MMP zinc atoms, led to 

indiscriminate targeting of MMPs, resulting in undesirable side effects [268]. 

Newer compounds that replaced the hydroxamate group for weaker zinc 

binding groups, such as carboxylate and phosphatidyl groups demonstrated increased 

selectivity to MMPs, such as MMP-12 [269, 270). Wu et al developed a series of 

dibenzofuran sulphonamides, leading to the selection of a compound which showed 
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good selectivity against MMP-12 over other MMPs with good anti-inflammatory 

properties in a lung inflammation mouse model [271]. Devel et al developed non-zinc 

binding, non-phosphinic inhibitors with a longer and bent Pl' side chain designed to fit 

into the lower half of the 51' cavity [272]. The lack of positional constraints from zinc 

binding and alteration in the Pl' side chain allowed the development of an inhibitor with 

improved selectivity and potency. More work however is needed before translating 

these findings to human studies. Recently, a multinational 6 week, double blind, 

placebo controlled, randomized Phase II clinical trial was conducted to study the 

therapeutic and adverse effects of the MMP-9,-12 inhibitor, AZD1236, on patients with 

moderate/ severe COPD [22]. AZD1236 promised to be more selective than older 

inhibitors and indeed the adverse effect profile was similar between the study drug and 

placebo. However, no differences in inflammatory biomarkers or clinical effects were 

noted between the placebo and treatment arm. Clearly more work is needed to 

develop a MMP-12 inhibitor that is both efficient and limited in its side effects. The 

answer may therefore be to target molecules downstream from MMP-12 itself and 

focus on some of its substrates for a more favourable side effect profile. 

1.19 Conclusion 

The literature provides an exciting and potentially important role for MMP-12 

and its substrates in COPD. Mmp-12 ·I· mouse models are consistent in showing their 

inability to develop smoking related emphysema and human studies have shown both 

the presence and activity of MMP-12 in COPD airways. There is increasing evidence that 

the substrate profile of MMP-12 extends beyond ECM proteins to include both anti- and 

pro-inflammatory mediators with potential involvement in COPD pathogenesis. Further 

work is therefore needed to identify the substrate repertoire of MMP-12 that is involved 

in COPD. This will lead to the development of more focused therapies aimed 
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downstream of MMP-12 for better disease outcomes and a more favourable side effect 

profile. 

1.20 Aims 

Given the need to further determine the substrate repertoire of MMP-12 in 

COPD the aims of this thesis were: 

la) to use a candidate approach to determine if OPN is a substrate of MMP-12 in COPD 

airways; 

lb) to determine the association between OPN cleavage and inflammation in COPD 

airways; 

le) to determine the pro-inflammatory effect of MMP-12-cleaved OPN on monocytes 

and macrophages; 

2a) to use a candidate based approach to determine if TFPI is a substrate of MMP-12 in 

COPD airways; 

2b) to determine the association between TFPI cleavage and inflammation in COPD 

airways; 

2c) to determine the link between cleavage of TFPI in the airways, circulating TFPI levels 

and CVD risk in COPD; 

3a) to use a novel proteomic approach, TAILS, to identify MMP-12 substrates in COPD 

using a smoking Mmp-12·1-mouse model 

3b) to determine which MMP-12 substrates identified in the smoking Mmp-12·1· mouse 

model were present in COPD sputum at exacerbation and stable disease. 
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Chapter 2 Methods 

2.0 In vitro cleavage assays 

All cleavage experiments were carried out at 37°C. Details of individual cleavage 

assays are described in the relevant methods sections of the results chapters. 

2.1 Patients 

For the "Investigating Biomarkers in Acute Exacerbations of Chronic Obstructive 

Disease" study patients with a physician diagnosis of an exacerbation of COPD were 

recruited at presentation to hospital with an exacerbation (Visit 1). They were followed 

up 5-7 days later (Visit 2) and 4 weeks later (visit 3/ recovery visit). The study was 

approved by the National Ethics Research Service (NRES), REC reference 10/H0403/85. 

For monocyte and macrophage experiments blood was taken from healthy 

never smoked volunteers. The study was approved by NRES, REC reference BT17012011. 

For the "The Effect of Statins in Patients with COPD" clinical trial (clinical trials 

identifier NCT01151306) patients with COPD with FEV1 30-80% predicted were recruited. 

None of the patients had a self-reported history of diabetes mellitus or ischaemic heart 

disease. None had been prescribed statins prior to the start of the trial. Baseline, pre­

intervention data were used for this thesis. Ethical (REC 10/H0408/10) and governance 

(including Medicines and Healthcare Products Regulatory agency) approvals were 

granted. 

In all the above studies patients gave written informed consent before any 

investigations were carried out. All procedures were carried out in accordance with the 

Declaration of Helsinki (273] . 

2.2 Spirometry 

Post-bronchodilator spirometry was carried out in the "Investigating Biomarkers 

in Acute Exacerbations of Chronic Obstructive Disease" study at visit 3 when patients 
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were stable and the "The Effect of Statins in Patients with COPD" clinical trial. Forced 

expiratory manoeuvres FEV1 and forced vital capacity (FVC) were measured in 

accordance with the ATS/ERS task force recommendations for lung function [274] 

testing using a desktop spirometer Microlab MK6 spirometer (Micro Medical Ltd, 

Rochester, UK}. 

2.3 Cardiovascular measurements 

These were taken in the "The Effect of Statins in Patients with COPD" trial only. 

Patients were asked to refrain from inhaling short- and long-acting bronchodilators 4h 

and 12h, respectively, prior to measuring peripheral blood pressure (705-/T, Omron, 

Milton Keynes, UK) . Mean arterial pressure (MAP) was calculated. Aortic Pulse Wave 

Velocity (PWV) (carotid-femoral) was performed after resting supine for 10 min by the 

same experienced operator using a Sphygmocor device (Atcor Medical, West Ryde, 

Australia). Arterial PWV is the most accepted method of measuring arterial stiffness 

whereby the arterial tree is seen as a viscoelastic tube whose elastic properties generate 

a forward pressure wave along the tree, with arterial branch points and high resistance 

at the tube end generating retrograde waves. Increased arterial stiffness generates 

faster forward and retrograde waves. This is known as the propagative model [275-277]. 

Carotid-femoral PWV measurement is based on the propagative model. It is accepted as 

the standard method of measuring aortic stiffness which increases with age 

hypertension and diabetes and has been shown to predict CV risk in epidemiological 

studies. It is measured by obtaining a variety of waveforms (including distension, 

pressure or Doppler) transcutaneously at the right common carotid and right femoral 

arteries. The time delay (t) is the time between the feet of the two waveforms and D is 

the surface distance between the two recording sites; PWV is thus calculated as PWV=D 

(metres) /t (seconds) [277]. 
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2.4 Thoracic CT scans 

CT scans of the thorax were carried out in the "Investigating Biomarkers in Acute 

Exacerbations of Chronic Obstructive Disease" study, where patients consented four 

weeks after the end of an exacerbation. Scans were taken with the following 

parameters: rotation time, 0.Ss; slice thickness, 0.625mm; interval, 0.5mm; peak, 120kV. 

Both lungs were scanned from top to bottom. Subjects were asked to hold their breath 

at deep inspiration in the supine position during scanning. Scans were interpreted by a 

NHS consultant radiologist. 

2.5 Sputum induction 

Sputum was only collected in the "Investigating Biomarkers in Acute 

Exacerbations of Chronic Obstructive Disease" study. Sputum was expectorated 

spontaneously at visits 1 and 2 and where possible induced at visit 3 when spontaneous 

expectoration was not possible, when consent given and patients met the criteria for 

safe induction. Twenty minutes prior to sputum induction 400µg salbutamol was 

administered via spacer. Patients were then asked to sequentially inhale 3%, 4% and 5% 

saline for 5 min via an ultrasonic nebulizer. Spirometry was checked after each 

inhalation and prior to patient discharge from the unit to ensure that airflow obstruction 

had not dropped by more than 10% from baseline. 

2.6 Sputum processing 

Sputum was processed within 2 h of expectoration. Sputum plugs were selected 

from saliva, added to a volume of PBS 8 ml X the sputum weight in grams and mixed by 

vortex and a rolling mixer. Next, the mixture was centrifuged at 790xg, at 4°C for 10 min 

and 4 volumes of the supernatant stored at -80°C for future analysis. Next, freshly made 

0.2% DTT was added to the remaining PBS/sputum mixture in a 4:1 ratio to the original 

sputum weight, the mixture placed on the vortex, then a rolling mixer for 15 min and 

then filtered through a PBS-pre wet 48µm nylon mesh filter (Sefar, Bury, UK) . The total 
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cell count and viability of the sputum filtrate sample was determined by the trypan blue 

exclusion method using a modified Neubauer haemocytometer. Only samples with a 

cell viability of >50% and squamous cell contamination <30% were processed further. 

Next, the sample was centrifuged at 790xg at 4° C for 10 minutes and the resulting 

supernatant stored at -80°C for future analysis. The remaining cell pellet was 

resuspended in a volume of PBS adjusted to a give a suspension of 0.5 x 106 cells/ml for 

cytospin preparation. Cytospins were air dried, fixed with methanol for 15 minutes and 

stained with Rapi-diff (Triangle, Skelmersdale, UK). For cell counts 400 leukocytes were 

counted; results were expressed as absolute counts/g of sputum as well as a percentage 

of the total leukocyte count. 

2. 7 Protein determination assay 

The Bio-Rad protein determination assay (Bio-Rad Laboratories, Hertfordshire, 

UK) was used to measure the protein concentration in human sputum supernatant and 

mouse BALF samples. Bovine serum albumin (BSA) (Millipore Limited, Co Durham, UK) 

was used as the standard. It was serially diluted twofold in PBS, starting from 

2,000µgmr1 to 62.5µgmr1. Next, 500µL Bio-Rad protein assay reagent, diluted 1:5 in 

deionized water, was added to lOµL of each standard or sample. Next, 200 µL of the 

reagent/standard or reagent/sample mixture was plated onto a 96-well plate and 

allowed to incubate at room temperature for 5 min. The optical density of samples was 

measured against the standards at a 595nm wavelength using a microplate reader 

(Flexstation 3, Sunnyvale, CA, USA) . All samples were analysed twice. 

2.8 Sputum spiking ex vivo experiments 

Experiments were designed to determine whether MMP-12 cleaved particular 

substrates, i.e. osteopontin (OPN) and tissue factor pathway inhibitor (TFPI) in sputum. 

An ex vivo model was set up in which COPD PBS sputum supernatant was spiked with 
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recombinant histidine (HIS)tagged-OPN or TFPI and their cleavage pattern detected by 

probing with anti-6XHIS antibody by Western blotting. 

Undiluted sputum supernatant as well 1:5 and 1:25 diluted sputum deionized 

water was used for optimization of the experiment. Sputum samples were incubated 

with 200ng recombinant 6XHIS-tagged OPN or lO0ng recombinant lOXHIS-tagged TFPI 

(both R+D, Abingdon, UK) at 3iC for 30min, 1 h, 2 h, 3 h, 4 h, 20 and 52 h. Sputum 

alone placed in the incubator at 3iC at similar time points was used as a negative 

control; 44ng active MMP-12 (Enzo Life Sciences, Exeter, UK) incubated with 200ng 

recombinant 6XHIS-tagged OPN or lO0ng recombinant lOXHIS-tagged TFPI at 3iC for 

30min and 180min, respectively was the positive control. All reaction samples had equal 

volumes. Following incubation, reaction samples were analysed by SDS-PAGE method 

and Western blotting using an anti-6X HIS antibody (Abeam, Cambridge, UK). Since best 

results with a minimal noise to signal ratio were achieved with 1:5 diluted sputum, this 

dilution was used in further spiking experiments. A representative blot is shown in fig. 

2.1. To determine the proteinase/s involved in OPN and TFPI cleavage in sputum, the 

experiments were also carried out in the presence of protease inhibitor. These 

inhibition assays are detailed in the methods section of the results chapter. 
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Fig. 2.1 Recombinant 6XHIS tagged-OPN is increasingly cleaved in increasing concentrations of 
sputum. Representative anti-6XHIS tag Western blot: 200ng recombinant 6XHIS tagged-OPN 
was spiked in undiluted sputum, 1:5 and 1:25 diluted sputum for 2h and the cleaved fragments 
identified by Western blot. Unspiked sputum was used as negative control. Abbreviations: 
OPN, osteopontin; ..:::::::J represents increasing concentration of sputum. 

2.9 lmmunoprecipitation 

lmmunoprecipitation was employed to test whether sputum MMP-12 was 

responsible for cleaving spiked recombinant proteins in ex vivo experiments. First, PBS 

sputum supernatants were pre-cleared to reduce non-specific binding to beads by 

incubating 30µL of sputum supernatant with 12µL of non-specific lgG (2µgml"1
) for lh on 

ice. Next, 20µL of bead slurry (Sigma-Aldrich, Dorset, UK) were added to the mixture 

and incubated for 30min at 4°C with gentle agitation. The mixture was then spun at 

14,000xg at 4°C for 10 min, keeping the supernatant while discarding the bead slurry. 

Mouse monoclonal anti-human MMP-12 antibody (R+D, Abingdon, UK) and rabbit 

polyclonal anti-human MMP-12 antibody (AbCam, Cambridge, UK), both diluted to 

2µgml"1 in deionized water, were assayed as immunoprecipitating antibodies. In-house 

animal matched isotype antibodies were used as negative controls. Each 30µL sputum 

supernatant aliquot was incubated overnight with gentle agitation at 4° C with l0µL of 

either of the immunoprecipitating antibody or the matched isotype. The next day, 20µL 
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bead slurry was incubated with each antibody-sputum supernatant mixture for 4h at 4°C. 

The bead slurry-antibody-antigen complex was separated from the rest of the sample by 

centrifugation at 14,000rpm for 3 min at 4°C, and the supernatant stored for analysis. 

The remaining precipitated bead slurry-antigen-antibody complex was washed in 1ml 

PBS and centrifuged at 14,000rpm for 3 min at 4° C to remove non-specific antibody­

antigen binding. Each time the supernatant was discarded. After six washes the 

antigen-antibody complex was added to 2 X loading buffer in a 1:1 volume ratio, heated 

to and incubated at 94°C for 5 min. Following a brief microfuge spin at room 

temperature the supernatant was ready for analysis by SOS-PAGE and Western blotting. 

Unfortunately, this technique proved unsuccessful at isolating MMP-12 from sputum 

supernatant. It was therefore abandoned in favour of inhibition assays. 

2.10 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

2.10.1 Sample preparation 

First, a stock of 2 X reducing buffer was made by the addition of 3.2ml lM Tris­

HCI (pH 6.8) to 8ml 10% SOS (Sigma-Aldrich, Dorset, UK), 4ml 100% glycerol (Fisher 

Scientific, Loughborough, UK), 2ml b-mercaptoethanol blue solution (Sigma-Aldrich, 

Dorset, UK) and 2.8ml deionized water. Next, lSµL of each sample were added to lSµL 

2 X reducing gel loading buffer. Each mixture was briefly centrifuged at 13,000rpm at 

room temperature, then heated to 94°C for 5 min and similarly centrifuged again. The 

sample/ reducing buffer mixture was then ready for electrophoresis. 

2.10.2 Preparation of acrylamide gels 

Gels were made using the Bio-Rad Mini-protean Ill gel electrophoresis apparatus 

(Bio-Rad Laboratories, Hertfordshire, UK). A 10-well comb and 1.5mm spacer plate gel 

were selected to allow the running of up to 10 x lSµL samples per gel. A 10% percent 

acrylamide gel was chosen to allow separation of proteins. 
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Each resolving gel was prepared by the sequential addition of the following to a 

universal container: 4ml deionised water, 3.3ml 30% acrylamide (Sigma-Aldrich, Dorset, 

UK), lOOµL 10% SDS (Sigma-Aldrich, Dorset, UK), 2.5ml l.SM Tris-HCI (pH8.8), 10% 

ammonium persulphate (Promega, Southampton, UK) and 4µL 

tetramethylethylenediamine (Sigma-Aldrich, Dorset, UK) . The gel was added to the gap 

between the glass plates, allowing a depth of 1 cm for the later addition of the stacking 

gel. A few drops of water-saturated isobutanol (Fisher Scientific, Loughborough, UK) 

were then added to the gel which was allowed to set at room temperature. Next, the 

isobutanol was washed off and the stacking gel prepared by the sequential addition of 

the following components to a universal container: 3.4ml deionized water, 830µL 30% 

acrylamide, SOµL 10% SDS, 630µL 1.0M Tris-HCI (pH 6.8), SOµL 10% ammonium 

persulphate and SµL tetramethylethylenediamine. This was added to the resolving gel 

until the space between the glass plates was filled . The comb was then inserted into the 

stacking gel and removed once set. For some experiments ready-made 10% 

polyacrylamide gels were used (Bio-Rad Laboratories). 

2.10.3 Running SOS-PAGE gels 

First, the gel tank was filled with lx Tris-glycine/SOS running buffer (25mM Tris 

base, 192mM glycine, 0.1% SDS). Next, the gels were transferred to the gel tank filled 

with running buffer. The samples were run through the stacking gel at 100V and then 

through the resolving gel at 200V. The power supply was disconnected just before the 

samples reached the bottom of the glass plates. Sample weight was checked against a 

pre-stained molecular weight standard (Bio-Rad Laboratories). 

2.11 Western blotting 

The Bio-Rad protein transfer apparatus (Bio-Rad Laboratories) was used for 

Western blotting. First, stacking gels was cut away from resolving gels and discarded. 

The resolving gels, filter paper sheets and fibre pads (all Bio-Rad Laboratories) were 
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allowed to equilibrate for a minimum of 15 min in 1 X transfer buffer {25mM Tris base, 

192mM glycine). The PVDF membrane (Millipore Limited, Co Durham, UK) was cut to 

size and soaked in 100% methanol (Fisher Scientific, Loughborough, UK) for 15 min to 

activate, followed by 1 X transfer buffer for a further 15 min to equilibrate. The transfer 

tank was filled with 250ml of refrigerated 1 X transfer buffer and placed on ice. The gel 

sandwich was assembled and placed into a cassette. The blot was run at 100V, 350mA 

for 60 min. On completion the PVDF membrane was separated from the rest of the gel 

sandwich and blocked for 60 min in 5% BSA (Millipore Limited, Co Durham, UK) dissolved 

in 0.1% phosphate-buffered saline (Oxoid Limited, Hampshire, UK) -Tween20 (Sigma­

Aldrich, Dorset, UK) (PBS-T). The blot was then placed in primary antibody diluted in 5% 

BSA-0.1% PBS-T overnight at 4°C. The next day the blot was washed for 10 min in 0.1% 

PBS-T, three times, then placed in horseradish peroxidase {HRP)-conjugated secondary 

antibody for 60 min. After three 10 min washes in 0.1% PBS-T, the blot was ready for 

enhanced chemiluminescence {ECL) detection. When a HRP-conjugated primary 

antibody was used, e.g. anti -6 X histidine (HIS) antibody, the protocol varied by placing 

the blot in primary antibody for 60 min and washing three times in 0.1% PBS-T before 

detection by ECL. 

2.12 ECL Method of Protein Detection 

After blotting away excess PBS-T, the PVDF membrane was placed in pre-mixed 

ECL reagents 1 and 2 (GE Healthcare, Amersham, UK) for 1 min at room temperature, 

away from direct light. Next, the membrane was placed in a plastic bag in a developing 

cassette . Photographic film (GE Healthcare, Amersham, UK) was loaded onto the plastic 

bag in a dark room and the film exposed. The film was then immersed in developing 

fluid (Kodak, Sigma-Aldrich, Dorset, UK), diluted 1:5 in deionized water, until bands 

became visible. The film was then washed in water and fixed in fixing solution (Kodak, 

Sigma-Aldrich, Dorset, UK), diluted 1:5 for analysis later. 
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2.13 Stripping Western Blots 

Occasionally blots were stripped to allow blot probing with a different antibody. 

First, Restore Stripping Buffer (Thermo Scientific, Langense/bold, Germany) was warmed 

to 37°C for 30 min. Next, the blot was immersed into the buffer and allowed to incubate 

for 30 min at 37°C. The blot was then washed in 0.1% PBS-T for 10 minutes, three times, 

and then blocked for one hour in 5% BSA-0.1%PBS-T at room temperature. The blot was 

then ready for probing with a different primary antibody. 

2.14 Silver Staining Method of Protein Detection 

Silver staining allows the detection of proteins in as low an amount as nanogram 

quantities [278]. Peptide fragments not recognized by primary antibodies specific for 

the C-or N-terminal end may be detectable by silver stain. 

Unless otherwise stated, all reagents used were obtained from Bio-Rad 

Laboratories. Following electrophoresis, gels were fixed, washed and stained as 

described below. 

2.14.1 Fixative step 

Fixative enhancer solution was prepared by the addition of 200ml reagent grade 

methanol, 40ml reagent grade acetic acid (both Fisher Scientific, Loughborough, UK) and 

40ml fixative enhancer concentrate to 120ml deionized water. Gels were placed in the 

fixative enhancer solution for 18 h at 4°C. Different durations were tested for this step 

starting from 30min. An 18h incubation period was consistently found to yield the 

clearest protein bands. 

2.14.2 Wash step 

After decanting the fixative enhancer solution, the gel was gently agitated in 

400ml deionized water for 10 min at room temperature. The process was repeated 

three times. Washes lasting less than 40min in total were noted to lead to an increase in 

background staining. 
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2.14.3 Staining step 

This required the sequential addition of 35ml deionized water, 5ml silver 

complex solution, 5ml reduction moderator solution and 5 ml of image development 

solution to a beaker within 5 min of use. Immediately before staining 50ml 

development accelerator solution, brought to room temperature, was added to the 

mixture. The gel was then immersed in the staining solution and agitated on a rocker 

for 20 min. Once the desired level of staining was reached the staining step was halted. 

2.14.4 Stop step 

Staining was stopped by placing the gel in 5% acetic acid solution on a rocker 

for 15 min. Next, the gel was rinsed in deionized water and imaged using the 

GeneGenius bioima~ing system (Syngene, Cambridge, UK) . 

2.15 Enzyme-Linked lmmunosorbent Assay (ELISA) 

MMP-12 was measured in sputum supernatant by ELISA (Dendritics, Lyon, 

France). This kit identifies both the pro- and catalytic domains of the enzyme. Plates 

were coated with 120µL of capture antibody diluted to 2.5µg/ml in 0.lM carbonate/ 

bicarbonate buffer pH 9.55-9.65 and left overnight on a rocker at room temperature. 

The following day, plates were washed with 0.05%Tween in PBS (PBS-T). Next, lO0µL of 

samples or standards, diluted in 1% BSA in PBS-T were added to the plates and 

incubated at 37°C for 2 h. Next, plates were washed in PBS-T, followed by the addition 

of l00µL HRP-conjugated detection antibody diluted to 3µg/ml in 1% BSA in PBS-T. 

Plates were incubated at 37°C for 1 h. Next, plates were washed 3 times in PBS-T, 

followed by the addition of l00µL of 3, 3', 5, 5'-tetramethylbenzidine HRP supersensitive 

microwell substrate (Tebu Bio Laboratories, Peterborough, UK). The optical density of 

each well was then read using a microplate reader (Flexstation 3, Sunnyvale, CA, USA) 

set at 620nm. The standard curve was set to a 4 parameter fit; the lower limit of the 
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assay was <S0pg/ml. This investigation was abandoned as MMP-12 levels in sputum 

were below the lower limit of detection of this assay. 

TFPl-1 levels in heparin and EDTA plasma samples were measured using a 

DuoSet ELISA kit (R+D, Abingdon, UK) . Further details are provided in the methods 

section of the relevant results chapter. 

2.16 Proteome Profiler Antibody Arrays 

The Proteome Profiler Human Protease Array kit was used to determine relative 

differences in protease expression between sputum supernatant samples. All materials 

used were obtained from the Proteome profiler human protease array kit, catalogue 

number ARY021 (R+D, Abingdon, UK). Equal volumes of samples to be analysed were 

thawed . Next, nitrocellulose membranes containing capture antibody spots were 

blocked in 2ml Array Buffer 6 on a rocker at room temperature for 1 h. Meanwhile, 

samples were added to 0.5ml of Array Buffer 4 and the final volume adjusted to 1.5ml 

with Array Buffer 6. Next, lSµL of detection antibody cocktail was added to each 

sample aliquot and allowed to incubate at room temperature for 1 h. Next, Array Buffer 

6 was replaced with the sample/ detection antibody mixture; membranes were left to 

incubate in the mixture overnight at 4°C. The following day, membranes were washed 

for lOmin in 1 X wash buffer at room temperature three times. Next, membranes were 

incubated in Streptavidin-HRP diluted in Array Buffer 6 for 30min at room temperature. 

Next, the membranes were washed three times, followed by incubation in a 

chemiluminescent mixture, Chemi Reagent Mix, for 1 min at room temperature . Next, 

the membranes were covered in a plastic membrane and exposed to X-ray film within an 

autoradiography film cassette till signals were visualised as spots. Further details are 

provided in the methods section of the relevant results chapter. 
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2.17 Western blotting and Proteome profiler human protease array Data 

Analysis 

Western blot bands and Proteome Profiler Human Protease Array Kit spots were 

developed on X-ray films and analysed using a transmission-mode scanner and image 

analysis software (GIMP2.6 1.0). Signal intensities (pixel densities) for each spot/band 

were measured as grayscale images using the histogram dialog in GIMP where values 0-

255 represented a scale of signal intensities ranging from black to white. The pixel 

density of each signal was measured using the "fuzzy select" tool. This value was then 

subtracted from the background value measured from a clear area of the array so that a 

positive value for each signal was obtained. This value was then normalised to the value 

obtained from the signal obtained from a reference standard. Further details are 

provided in the methods section of the relevant results chapter. 

2.18 Human Monocyte Preparation 

Human peripheral blood monocytes (PBMC) were obtained by standard 

venepuncture of 50ml blood into EDTA tubes from each healthy volunteer. Blood was 

diluted with an equal volume of Hank's balanced salt solution (Sigma-Aldrich, Dorset, 

UK) and overlain onto an equal volume of Histopaque-1077 (Sigma-Aldrich). Next, the 

blood mixture was centrifuged at 800xg for 30 min and the PBMC ring collected. Next, a 

positive selection of CD14+ cells was performed by incubating the PBMC, resuspended in 

MACS buffer [2mM EDTA (Sigma-Aldrich) and 0.5% foetal bovine serum (Sigma-Aldrich) 

in PBS], with MACS colloidal supermagnetic microbeads conjugated with monoclonal 

anti-human CD14+ antibodies (Miltenyi Biotec, Bergisch Gladbach, Germany). Next, the 

cells were washed in MACS buffer, centrifuged at 350xg for 10 min at 4°C, resuspended 

in 500µL MACS buffer, and loaded onto a separation column (MS column, Miltenyi 

Biotec) placed in the magnetic field of a MiniMACS separator (Miltenyi Biotec). The 

trapped CD14+ cells were then eluted from the column in MACS buffer. They were then 
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centrifuged at 350xg for 5 min at 4°C and resuspended in the appropriate buffer. Cells 

were resuspended in buffer A (Section 2.20) for a final cell concentration of 1.1 x106 

cells/ml for reactive oxidative species measurements or in complete RPMI for a final 

concentration of 0.5 x106 cells/ml for macrophage differentiation experiments (Section 

2.21). 

2.19 Reactive Oxidative Species (ROS) 

PBMC were isolated as previously described (section 2.19), resuspended in 

Buffer A [Hank's balanced salt solution with Ca 2+/Mg2+ without phenol red containing 

20mM HEPES (all Gibco, Life Technologies, Paisley, UK) and 0.1% BSA] at a final 

concentration of 1.1 x106 cells/ml, 45µL of which were plated per well in a 96 well plate. 

To test the effect of OPN concentration on PBMC ROS production OPN was added in a 

final concentration of lOµg/ml, lµg/ml or 0.lµg/ml to each well at 37°C and 5% CO2 for 

20 min. PBS was used as negative control to OPN. Next, lO0µL luminol (67 µg/ml) 

(Sigma-Aldrich, Dorset, UK) followed by 50 particles/ cell zymosan (Life Technologies, 

Paisley, UK) was added to half of the OPN and PBS-containing wells (experimental wells) 

while Buffer A was added to the other half of the OPN and PBS-containing wells as a 

negative control to zymosan. Next, plates were immediately placed in a luminometer 

(FLUOstar OPTIMA, BMG Labtech, Offenburg, Germany) programmed to take readings 

every 2 min for 2 h at 37°C. Each condition was carried out at least in duplicate. 

Similarly, to compare the effect of OPN to MMP-12-cleaved OPN on PBMC ROS 

production 4 separate conditions were tested: 1) OPN (R+D) alone at a final 

concentration of 10 µg/ml 2) OPN 10 µg/ml and llng MMP-12 (Enzo Life Sciences) in a 

ratio of 4.5:1 by weight respectively added to the well 3) llng MMP-12 alone and 4) PBS 

as the negative control to OPN and MMP-12. All conditions were allowed to incubate 

alongside the monocytes at 37°C for 20 minutes before adding to the corresponding 

wells. As before, luminol followed by zymosan was added to the experimental wells 
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while luminol followed by Buffer A provided the negative control to zymosan. Plates 

were read in a luminometer (FLUOstar OPTIMA) as before with each condition carried 

out in duplicate. 

2.20 Macrophage Differentiation Protocol 

The following experiment was set up to determine the effect of OPN and MMP-

12-cleaved OPN on the differentiation of Ml Macrophages. PBMC were isolated from 

healthy human volunteers as above (Section 2.19), resuspended in complete RPMI 

[RPMl-1640 (Sigma-Aldrich) containing 10% human AB serum (Sigma-Aldrich), 2mM L­

glutamine (Sigma-Aldrich), lO0U/ml penicillin (Sigma-Aldrich), lO0µg/ml streptomycin 

(Sigma-Aldrich), and lOmM HEPES] containing lOng/ml GM-CSF (Miltenyi Biotec) and 

seeded at 0.5 x106 cells/ml onto each well of a 24 well tissue culture plate (Costar, 

Sigma-Aldrich, Dorset, UK) . On day 3 a further S00µL complete RPMI containing 2X GM­

CSF lOng/ml were added per well. On day 7 the medium in each well was replaced with 

1.5ml of complete RPMI containing 10ng/ml GM-CSF and lOng/ml IFN-y (R+D) . To 

determine the effect of OPN or MMP-12-cleaved OPN on macrophage differentiation 

OPN (R+D) was added at a final concentration of 0.Sµg/ml per well on its own or 

together with 0.lµg/ml MMP-12 (Enzo Life Sciences) . The effect of MMP-12 was 

determined by the addition of MMP-12 (0.lµg/ml) on its own. Neither OPN nor MMP-

12 was added to wells designated negative controls. On day 8 the medium was spiked 

with lOng/ml LPS. The next day the supernatant was harvested and stored at -80°C until 

further analysis while RLT lysis buffer (RNeasy Mini Kit, Qiagen, Hilden, Germany) was 

added to the cells for RNA extraction. All experimental conditions were carried out in 

triplicate. 
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2.21 Real-time Polymerase Chain Reaction (qPCR) 

Monocyte derived macrophages were lysed in RLT buffer (RNeasy Mini kit, 

Qiagen) and homogenized using a shredder column (Qiagen). Homogenates were 

stored at -80°C until further use. Total RNA was extracted according to the 

manufacturer's instructions using an RNeasy Mini kit and RNA was eluted in 30µ1 RNase 

free distilled water. The amount of RNA eluted was determined using a Nanodrop-100 

spectrophotometer. Extracted RNA was reverse transcribed using Superscript Reverse 

Transcriptase (Life technologies, Paisley, UK) and cDNA was amplified using a Brilliant Ill 

Ultra-Fast SYBR Green qPCR Master Mix kit (Agilent Technologies, CA, USA) according to 

manufacturer's instructions. Target genes, Mannose Receptor (MR), a marker of 

macrophage M2 differentiation, and IL-12, a marker of macrophage Ml differentiation, 

as well as housekeeping gene ~-actin transcripts were real-time quantified from cDNA 

using a QuantiFast SYBR Green PCR kit and gene specific primer assays (Sigma Aldrich, 

Dorset, UK). Since ~-actin was used for normalisation, ~-actin PCR was included in each 

reaction plate. PCRs were all set up in triplicate reactions. Primer sequences were as 

follows : IL-12 forward : AGAAAGATAGAGTCTTCACGG; IL-12 reverse: 

AAGATGAGCTATAGTAGCGG; MR forward: AAATTTGAGGGCAGTGAAAG; MR reverse: 

GGATTTGGAGAAAATCTG; ~-actin forward: GACGACATGGAGAAAATCTG; ~-actin reverse: 

ATGATCTGGGTCATCTTCTC. 
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Chapter 3 The Presence and Cleavage of OPN in COPD Airways 

3.0 Background 

MMP-12 cleaves OPN in vitro four amino acids N-terminal to the well­

documented thrombin cleavage site, similarly exposing its RGD sequence [177]. 

Following thrombin proteolysis, this exposed motif facilitates OPN binding to a~ 

integrins on a number of cell types [236, 245, 248, 250, 253], thereby increasing their 

adhesive [245, 248, 250, 253] and migratory properties [236, 250]. For instance, murine 

macrophages [236] and human foetal lung fibroblasts [250] bind and spread more 

readily along thrombin-cleaved OPN than the full length protein. Similar to thrombin, 

MMP-3 and 7 increase adhesion of OPN to pancreatic adenoma cells via the exposed 

RGD motif, and murine macrophage chemotaxis to OPN is increased following its 

cleavage by MMP-3 [249] . Since cellular adhesion and migration are linked to cellular 

inflammatory roles, the above studies have led to the speculation that the pro­

inflammatory effect of OPN is increased following its proteolysis. 

Despite both thrombin and MMP-12 having close cleavage sites on the OPN 

molecule, the functional consequences of MMP-12 proteolysis of OPN are not clear. 

There are fewer studies on MMP-12 cleavage of OPN, and results from available studies 

are conflicting in terms of whether MMP-12 potentiates the inflammatory role of OPN. 

For example, Hou et al documented no difference in rate of rabbit osteoclast migration 

to full length OPN or MMP-12-cleaved OPN [177]. Goncalves Da Silva et al. showed no 

difference in T cell release of the classical macrophage activator IFN-y in the presence of 

MMP-12-cleaved or full length OPN, but noted that MMP-12- cleaved OPN increased T­

cell release of the pro-inflammatory mediator IL-17 compared to uncleaved OPN [220]. 

These studies indicate that MMP-12 cleaved OPN has different inflammatory 
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consequences on different cell types. Therefore the findings from one cell type cannot 

be easily applied to another. 

Both OPN [240] and MMP-12 [146, 203] have been linked to emphysema in 

mouse model studies and both are secreted by macrophages [198, 279] which are 

central to COPD pathogenesis [107, 108, 156, 157]. However, the effect of MMP-12-

cleaved OPN on human macrophages in COPD has not yet been explored. In the 

adenosine deaminase KO mouse (Ada·1-), developed as a model of lung injury and 

emphysema, OPN RNA was upregulated in lung tissue extracts and BALF cell pellets 

compared with wildtype strains, with OPN being localized to BALF alveolar macrophages 

on cytospins using immunofluorescence [240]. This suggests involvement of 

macrophage-secreted OPN in emphysema. Furthermore, at the protein level a 30kDa 

cleaved OPN fragment was present on western blots of murine BALF, although the 

protease responsible for cleavage was not deciphered. In support of the above findings, 

the double KO (Ada·/-OPN-1-) is significantly protected from emphysema compared with 

the Ada-I- strain, once again suggesting involvement of OPN in emphysema. Knowledge 

of the involvement of MMP-12 in emphysema is also derived from KO mouse models. 

Macrophages derived from MME·/- mice have <5% of the elastinolytic activity of their 

wildtype [159] counterparts, making MME·/- mice completely resistant to cigarette 

smoke-induced emphysema [203] . 

In humans MMP-12 and OPN RNA levels are upregulated in airway macrophages 

from smokers compared to non-smokers [280] . Furthermore, BALF OPN protein levels, 

measured by ELISA, are increased in smokers compared to non-smokers and inversely 

related to the degree of airflow obstruction [280]. Sputum OPN levels are also elevated 

in asthmatics compared to non-asthmatic subjects and smoking asthmatics compared to 

non-smoking asthmatics [281] . However, whether the OPN measured in these studies 
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was cleaved or full length is unknown. A 25kDa OPN fragment has been described in 

BALF in asthmatics, and a 17kDa fragment in asthmatic sputum, the latter noted to be 

more abundant in asthma compared to healthy subjects [246). The authors suggested 

the 25kDa fragment resulted from thrombin proteolysis due to similar sized fragments 

obtained with in vitro cleavage of OPN by thrombin, yet the protease that produced the 

17kDa fragment was not determined [246) . Similar studies have not yet been carried 

out in COPD patients. Therefore, while macrophages, OPN and MMP-12 are all 

associated with smoking, airway disease and emphysema, it is unknown whether all are 

linked in human COPD by one common mechanism involving MMP-12 cleavage of OPN. 

Given the above evidence it was hypothesized that in COPD OPN may be present 

in the airways where it may be cleaved by MMP-12, with more cleavage occurring at 

exacerbation compared to stable disease. MMP-12-cleaved OPN, in turn, may increase 

the pro-inflammatory function of macrophages and their monocyte precursors. To 

detect the mechanism of cleavage of OPN in COPD, a novel ex vivo model was used 

whereby sputum was collected from COPD patients at exacerbation and recovery and 

spiked with recombinant OPN before detecting its cleavage using western blotting. To 

determine the pro-inflammatory effects of MMP-12-cleaved OPN, monocytes and 

macrophages were stimulated with full length or MMP-12-cleaved OPN and compared 

for markers of inflammation, including ROS production by monocytes and the presence 

of phenotypic markers of classical activation of macrophages. 

3.1 Methods 

3.1.1 In vitro cleavage assays 

OPN (R+D, Abingdon, UK) was reconstituted at lO0µg/ml in deionized water; 

200ng OPN were incubated with 44ng active MMP-12 (Enzo Life Sciences, Exeter, UK} in 
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deionised water in a total volume of 12µL. The reaction was carried out at 3iC for 30, 

60 and 120min. To inhibit MMP-12, 200ng of OPN were incubated with 44ng active 

MMP-12 at 3iC in a final concentration of 25µM llomastat (Sigma Aldrich, Dorset, UK) 

or lmM EDTA and a total volume of 12µL. Thrombin (0.05U) and OPN (200ng) were 

used as positive control, the latter also as standard. Similarly, to test whether OPN was 

cleaved by NE and uPA, 500ng OPN was incubated with 0.05U NE or 55ng uPA (all R+D) 

at 3iC for 18h, with 500ng OPN as standard. 

3.1.2 Patient cohort and study design 

Patients with clinically proven COPD were recruited at presentation to hospital 

with an exacerbation (Visit 1) and were followed up 5-7 days later (Visit 2) and again 

after 4 weeks (Visit 3/ recovery visit). Sputum was obtained at all visits where possible. 

The study was approved by NRES, REC reference 10/H0403/85. 

For monocyte and macrophage experiments blood was taken from healthy non­

smoking volunteers under a different study approved by NRES, REC reference 

BT17012011. Written informed consent was obtained before all procedures which were 

carried out in accordance with the Declaration of Helsinki [273] . 

3.1.3 Spirometry and CT scans 

Forced expiratory manoeuvres FEV1 and FVC were measured in accordance with 

the ATS/ERS task force recommendations for lung function [274], as previously 

described (Section 2.2). The CT scan protocol is described in Section 2.4. 

3.1.4 Sputum induction 

Sputum was induced from COPD patients at 4 weeks if unable to expectorate 

spontaneously. The procedure is described in Section 2.5. 
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3.1.5 Sputum processing 

Sputum was processed within 2 hours of expectoration as described in Section 

2.6. Only samples with a cell viability of >50% and squamous cell contamination <30% 

were processed further. For cell counts 400 leukocytes were counted; results were 

expressed as absolute counts/g of sputum as well as a percentage of the total leukocyte 

count. 

3.1.6 Sputum spiking ex vivo experiments 

Each sputum supernatant sample was diluted 1:5 in PBS and spiked with 200ng 

recombinant HIS-tagged human OPN (R+D, Abingdon, UK) . Samples were incubated in a 

total volume of 11µ1 at 37°C at the following time points: 15 min, lh, 2h, 4h, 8h, 24h, 

48h, 60h and 72h. To compare cleavage of OPN in the airways at exacerbation to 

cleavage at recovery, sputum obtained from visit 1 (exacerbation sample) was spiked 

with OPN as above for 120 minutes and compared with similarly OPN-spiked sputum 

obtained from visit 3 (recovery sample). Visit 2 sputum was used as the exacerbation 

sample for patients unable to produce sputum at visit 1. For assays involving protease 

inhibitors, 1:5 diluted sputum samples were pre-incubated with protease inhibitors for 1 

hour at 37°C. Next, 200ng recombinant HIS-tagged human OPN was added to the 

sputum/ inhibitor mix for a further 120 minutes at 37°C. The following inhibitors at the 

following final concentrations were used: 25µM ilomastat {Sigma Aldrich, Dorset, UK}, 

50X-3.125X Serine Protease Inhibitor Cocktail {Fisher Scientific, Loughborough, UK}, 

lOµM amiloride (Sigma Aldrich), lµM sivelestat (Sigma Aldrich) and 0.SU-0.0625U 

hirudin {Sigma Aldrich). All procedures were carried out at least twice. 
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3.1.7 Western blotting 

In vitro cleavage reaction products were diluted 1:2 in 2 X loading buffer, run on 

10% gels (Bio-Rad Laboratories, Hertfordshire, UK) and transferred to PVDF membranes 

(Hybond-P, GE Healthcare, Amersham, Buckinghamshire, UK) which were probed with 

anti-human OPN rabbit polyclonal antibody (AbCam, Cambridge, UK) diluted 1:1000, 

followed by HRP-conjugated polyclonal goat anti-rabbit secondary antibody (Sigma 

Aldrich, Dorset, UK) diluted 1:10,000. Proteins were visualised by the addition of a 

chemiluminescent mixture (GE Healthcare, Amersham, UK) to the membranes followed 

by their exposure to autoradiography film (GE Healthcare, Amersham, UK). Experiments 

were carried out at least twice. 

Similarly, sputum samples were diluted 1:2 in 2x loading buffer, run on 10% gels 

and then transferred to PVDF membranes which were probed with anti-human OPN 

rabbit polyclonal antibody (R+D, Abingdon, UK) diluted 1:1000, followed by HRP­

conjugated polyclonal goat anti -rabbit secondary antibody. Blots were exposed to 

autoradiography film as above. Experiments were carried out at least twice. 

Ex vivo sputum spiking experiments: following incubation of recombinant 

human HIS-tagged OPN in sputum, samples were diluted 1:2 in 2x loading buffer, run on 

10% gels and then transferred to PVDF membranes which were probed with HRP­

conjugated rabbit polyclonal anti-6XHIS antibody (Abeam, Cambridge, UK) diluted 

1:5000, or anti -human OPN rabbit polyclonal antibody as above. Experiments were 

carried out at least twice. 

3.1.8 Silver stain 

Gels were fixed overnight at 4°C in a mixture of 50% methanol, 10% acetic acid, 

10% fixative enhancer concentrate (Bio-Rad, Munich, UK) and 30% deionised water, by 
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volume. Next, gels were washed for 10 minutes in deionised water four times, followed 

by staining using the silver stain plus kit (Bio-Rad) as per the manufacturer's instructions. 

Once the desired level of staining was achieved gels were placed in 5% acetic acid 

solution. Gels were imaged using the GeneGenius bioimaging system (Syngene, 

Cambridge, UK) 

3.1.9 Proteome profiler human protease array 

Following sputum spiking experiments, sputum supernatant samples were 

arbitrarily divided into two groups: 1) samples that cleaved spiked OPN completely to a 

20kDa fragment within 4 hours (termed fast OPN cleavers), and 2) samples that took 

longer than 4 hours (termed slow OPN cleavers). Protease levels in the two groups were 

compared using the Proteome Profiler Human Protease Array Kit (R+D, Abingdon, UK). 

Undiluted sputum was pooled into the above two groups to a total of 60µL per group 

and incubated with detection antibody cocktail at room temperature for 1 hour. Next, 

each sample/antibody mixture was added to a nitrocellulose membrane, coated with 

protease-specific capture antibodies, and incubated on a rocker overnight at 2-8°C. 

Next day, membranes were incubated in Streptavidin-HRP (R+D}, followed by the 

addition of a chemiluminescent mixture (R+D). Protease levels in sputum were then 

visualised as specific duplicate spots of varying intensity following exposure to 

autoradiography film . The intensity signal for each protease was measured in pixel 

density using GIMP version 2.6 1.0 and normalised to the pixel density of a reference 

spot on the membrane. 

3.1.10 Sputum Protein Level Determination 

The protein concentration in COPD sputum supernatant was measured using the 

Bradford assay (Bio-Rad, Munich, Germany), as previously described (Section 2. 7). The 
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optical density measured at 595nm wavelength using a microplate reader (Flexstation 3, 

Sunnyvale, CA, USA} . The sample protein concentration was back calculated with 

reference to the standard curve which had an upper limit of detection of 2000µgml'1 and 

a lower limit of 62.Sµgml'1. Samples were tested twice. 

3.1.11 Human Monocyte Preparation 

PBMC were obtained by venepuncture into EDTA tubes from healthy volunteers 

after giving written informed consent, REC reference BT17012011. Blood was processed 

for monocyte isolation as described in Section 2.18. 

3.1.12 ROS Measurement 

This is described in section 2.19. 

3.1.13 Macrophage Differentiation Protocol 

This is described in Section 2.20 

3.1.14 qPCR 

This is fully described in Section 2.21. Extracted RNA from monocyte derived 

macrophages was reverse transcribed using Superscript Reverse Transcriptase {life 

technologies, Paisley, UK) and cDNA was amplified using a Brilliant Ill Ultra-Fast SYBR 

Green qPCR Master Mix kit (Agilent Technologies, CA, USA) according to manufacturer's 

instructions. Target genes, Mannose Receptor (MR), a marker of macrophage M2 

differentiation, and IL-12, a marker of macrophage Ml differentiation, as well as 

housekeeping gene ~-actin transcripts were real-time quantified from cDNA using a 

QuantiFast SYBR Green PCR kit and gene specific primer assays (Sigma Aldrich, Dorset, 

UK). ~-actin PCR was included in each reaction plate. PCRs were all set up in triplicate 

reactions. Primer sequences were as follows: IL-12 forward: 

61 



AGAAAGATAGAGTCTTCACGG; IL-12 reverse: AAGATGAGCTATAGTAGCGG; Mannose 

Receptor forward: AMmGAGGGCAGTGAAAG; Mannose Receptor reverse: 

GGAmGGAGAAAATCTG; ~-actin forward: GACGACATGGAGAAAATCTG; ~-actin reverse: 

ATGATCTGGGTCATCTTCTC. 

3.1.15 Analysis and Statistics 

Normality of data was determined using the D' Agostino and Pearson omnibus 

normality test. Sputum neutrophil and macrophage counts were log 2 transformed to 

assume a normal distribution before analysis. Normally distributed data were compared 

using the paired or unpaired t-test as appropriate. All other data apart from optical 

densitometry assumed a normal distribution. The level of cleaved recombinant OPN 

after incubation in sputum was expressed as the optical densitometry of the spiked OPN 

6SkDa monomer normalized to the optical densitometry of the standard recombinant 

OPN 6SkDa monomer on the same Western blot. Optical densitometry was measured in 

pixel density using GIMP version 2.6 1.0 (www.gimp.org). Differences in OPN cleavage 

between exacerbation and recovery visits were determined by comparing the optical 

densitometry of the normalized spiked 65kDa 6X HIS tagged-OPN monomer at each visit 

using the paired Wilcoxon matched pairs signed rank test. Data were analysed using 

GraphPad Prism version 6.05 (GraphPad Software, San Diego, California, USA). A p value 

< 0.05 was taken as statistically significant. 

3.2 Results 

3.2.1 MMP-12 cleaves osteopontin in vitro 

The recombinant human OPN monomer has a size of 65kDa. After incubation 

with MMP-12 at 37°C for 30 minutes and 2 hours the 65kDa OPN monomer was 

completely cleaved to a :::20kDa fragment (fig. 3.1). Cleavage was partially inhibited in 

62 



the presence of lmM EDTA (fig. 3.2} and completely inhibited by 25µM ilomastat (fig. 

3.1}. Following incubation of OPN with O.OSU human thrombin a sole OPN fragment in 

the 20-40kDa range was detected (fig. 3.2}. 

S0kDa 

20kDa 

OPN 

MMP-12 
llomastat 

+ + 
+ 

+ 
+ 

+ 

+ 
+ 

+ 
+ 
+ 

+ 

+ 

+ 

Incubation time 60min 30min 120min 30min 60min 120min 

Fig. 3.1 MMP-12 cleaves OPN to a =20kDa fragment in vitro. This fragment is not detected in 
the absence of MMP-12 or in the presence of the metalloprotease inhibitor ilomastat. OPN 
(200ng) was incubated with the active domain of MMP-12 (44ng) at the above time points at 
37"C in the presence or absence of 25µM ilomastat. The reactions products were resolved by 
10% SDS gel electrophoresis and transferred to a PVDF membrane probed with anti-OPN 
antibody. Abbreviations: MMP-12, matrix metalloproteinase-12; OPN, osteopontin; PVDF: 
polyvinylidene fluoride. 
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Fig. 3.2 MMP-12 cleaves OPN to a ::20kDa fragment in vitro. Cleavage of OPN by MMP-12 is 
incompletely inhibited by lmM EDTA as shown by the presence of larger OPN fragments. 
Thrombin cleaves OPN to a ::30kOa fragment. OPN (200ng) was incubated with the active 
domain of MMP-12 (44ng) for 30min at 37°C in the presence or absence of lmM EDTA or 
incubated with O.OSU human thrombin for 30min; the reaction products were resolved by 10% 
SOS gel electrophoresis and bands visualised with silver stain. Abbreviations: EDTA, 
ethylenediaminetetraacetic acid; MMP-12, matrix metalloproteinase-12; OPN, osteopontin 

3.2.2 OPN is present in human COPD sputum in cleaved and uncleaved forms 

Anti-OPN Western blot analysis of COPD sputum at exacerbation (n=8) and 

recovery (n=8) revealed the presence of OPN in polymeric and 65kDa monomeric forms . 

In addition, 4 main OPN fragments were noted at =40kDa, =30kDa, ==25 and ==20kDa . Not 

all forms of OPN were present in all patients (fig 3.3). No differences in cleaved OPN 

fragments were noted between samples taken at exacerbation and recovery. 
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Fig. 3.3 OPN is present in COPD sputum in polymeric, monomeric and cleaved forms, at 
exacerbation and when patients have recovered. Representative anti -OPN Western blot from 
sputum from 4 COPD patients A, B, C and D, each sampled at exacerbation and when 
recovered. Lane 1: recombinant human OPN only; lane 2: Patient A sputum at exacerbation; 
lane 3: Patient A sputum at recovery; lane 4: Patient B sputum at exacerbation; lane 5: Patient 
B sputum at recovery; lane 6: Patient C sputum at exacerbation; lane 7: Patient C sputum at 
recovery; lane 8: Patient D sputum at exacerbation; lane 9: Patient D sputum at recovery. The 
OPN monomer is present at ::::65 kDa. Fragments are noted at ::::40kDa, 30kDa, 25kDa and 
<20kDa; not all fragments are present in all patients. Bands >65kDa represent OPN polymers. 
Equal volumes of COPD sputum supernatant per patient and visit were resolved on 10% SDS 
gels by electrophoresis; proteins were then transferred to a PVDF membrane probed with anti ­
OPN antibody. Similar levels of protein were present between paired exacerbation and 
recovery samples as shown by silver stain (fig. 3.4a and b). 200ng recombinant human OPN 
was used as standard. Only PBS sputum supernatants were analysed. Abbreviations: E, 
exacerbation sputum; OPN, osteopontin; PVDF, polyvinylidene fluoride, R, recovery sputum. 
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Fig. 3.4 Sputum protein levels are similar at exacerbation and recovery. A) Representative 
silver stain of paired exacerbation (Visit 1) and recovery (Visit 3) sputum samples showing 
similar stain intensity between visits. Lane 1: Patient A sputum at exacerbation; lane 2: Patient 
A sputum at recovery; lane 3: Patient B sputum at exacerbation; lane 4: Patient B sputum at 
recovery; lane 5: Patient C sputum at exacerbation; lane 6: Patient C sputum at recovery; lane 
7: Patient D sputum at exacerbation; lane 8: Patient D sputum at exacerbation . B) Sputum 
protein stain was similar between exacerbation and recovery visits, as measured by optical 
densitometry following silver stain (n=lO paired samples, p=0.34, paired t-test). Abbreviations: 
OD, optical density; AU, arbitrary units. 

3.2.3 MMP-12 is present in human COPD sputum 

Anti -MMP-12 western blot analysis of COPD sputum at exacerbation and 

recovery (n=18, n=23, respectively, n=17 matched pairs) revealed the presence of MMP-

12 in all its three forms: the 54kDa inactive, the 45kDa intermediately active and the 

22kDa fully active form. All three forms of MMP-12 were present in all patients. No 

differences in intensity or expression of the three forms were noted between matched 

exacerbation and recovery samples. A representative blot is shown in fig 3.5. 
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Fig. 3.5 All three forms of MMP-12 are present in COPD sputum at exacerbation and when 
patients have recovered: 54kDa inactive form, 45kDa intermediately active form and 22kDa 
fully active form. Representative anti-MMP-12 Western blot from sputum from 5 COPD 
patients A, B, C, D and E sampled at exacerbation and/or when recovered. Lane 1: 
recombinant human MMP-12 only; lane 2: Patient A sputum at exacerbation; lane 3: Patient A 
sputum at recovery; lane 4: Patient B sputum at exacerbation; lane 5: Patient B sputum at 
recovery; lane 6: Patient C sputum at recovery; lane 7: Patient D sputum at exacerbation; lane 
8: Patient D sputum at recovery; lane 9: Patient E sputum at recovery. Equal volumes of COPD 
sputum supernatant per patient and visit were resolved on 10% SOS gels by electrophoresis; 
proteins were then transferred to a PVDF membrane probed with anti-MMP-12 antibody. 75ng 
recombinant human MMP-12 was used as standard. Only PBS sputum supernatants were 
analysed. Abbreviations: E, exacerbation; MMP-12, matrix metalloproteinase-12; PVDF, 
polyvinylidene fluoride, R, recovery. 

3.2.4 OPN is cleaved in situ in human COPD sputum 

To determine if OPN fragments present in sputum were due to sputum protease 

activity, 10 diluted 1:5 human COPD exacerbation and recovery sputum samples were 

spiked with recombinant 6X HIS tagged-human OPN and allowed to incubate at 37°C for 

15min, lh, 2h, 4h, 8h, 24h, 48h and 72h. Only PBS sputum supernatant samples were 

used in this experiment. Cleavage of recombinant OPN was seen within 15 min in 9 out 

of 10 samples, i.e. the =20kDa fragment appeared within 15 min. By 4h of incubation, 

the 65kDa recombinant OPN monomer was fully digested in 8 out of 10 samples; this 

time point was therefore arbitrarily used as the cut-off for distinguishing fast OPN­

cleaving from slow OPN-cleaving sputum samples, in later experiments. Cleavage of 
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recombinant OPN failed to occur by 72 hrs in 1 sample. Cleavage of OPN occurred in 

sputum in a time-dependent manner (fig. 3.6). 

S0kDa 

20kDa 

S0kDa 

20kDa 

S0kDa 

20kDa 
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20kDa 

Time points 0.25 1 2 4 8 24 48 60 72 
(hours) 

Patient 1 

Patient 2 

• 
Patient 3 

Patient 4 

Fig. 3.6 Representative anti-OPN western blots from 4 patients showing time dependent 
cleavage of recombinant OPN to a final fragment of =20kDa. Each sputum sample was first 
diluted 1:5 in PBS so that inherent OPN was undetectable and then spiked with 200ng of 
recombinant GX HIS-tagged OPN. Samples were then incubated at 37°C at various time points 
from 15 minutes to 72 hours. Next, samples were resolved on 10% SDS gels by electrophoresis 
and then transferred to PVDF membranes probed with anti-OPN antibody. OPN monomer is 
visible at =65kDa and fragments visible <50kDa. Bands >65kDa represent polymerization of 
recombinant OPN in COPD sputum. Loss of band signal with increasing incubation times 
represents OPN degradation. Only PBS sputum supernatant samples were used. 
Abbreviations: OPN, osteopontin; PVDF, polyvinylidene fluoride. 
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3.2.5 Comparison of OPN cleavage in COPD sputum at exacerbation and recovery 

Further to the above sputum spiking experiments, recombinant HIS tagged-

human OPN was incubated in exacerbation sputum supernatant samples for 4 hours at 

37°C and compared to similarly spiked corresponding sputum samples at recovery {n=24 

paired samples) {fig. 3.7a) . Both DTT and PBS sputum supernatant was used, however 

only similarly processed sputum was compared between visits in any one patient. While 

sputum cleavage of OPN varied between patients, there was no overall difference in 

sputum cleavage of OPN between exacerbation and recovery samples, as measured by 

the optical densitometry of the 65kDa 6X HIS tagged-OPN monomer after incubation in 

sputum (p=0.22) {fig. 3.7b) . 

a b 
OPN cleavage 

1 .5 p=0 .22 

1 .0 

SOkDa 
:::> 
~ 0 .5 
0 
0 

20kDa 0 .0 

1. 2. 3. 4. 5. 6. 7. -0 .5 

Exacerbation Recovery 

Fig. 3.7 Cleavage of GX HIS tagged-OPN occurs at different rates in sputum from different COPD 
patients, but no overall difference was noted between OPN cleavage at exacerbation compared 
to recovery (n=24). a) Representative anti-GX HIS antibody probed western blot for 3 patient 
sputum samples A-C, sampled at exacerbation and when recovered: lane 1: recombinant OPN 
only; lane 2: Patient A sputum at exacerbation; lane 3: Patient A sputum at recovery; lane 4: 
Patient B sputum at exacerbation; lane 5: Patient B sputum at recovery; lane 6: Patient C 
sputum at exacerbation. Each sputum sample was diluted 1:5 in PBS, spiked with 200ng GX HIS 
tagged-OPN and incubated at 37°C for 120 min. 200ng OPN was used as standard. The 
resultant western blot shows different rates of GX HIS tagged-OPN cleavage which occurs 
fastest in Patient B and slowest in Patient A. OPN was not cleaved when incubated in PBS at 
37°C for 120 min (lane 1). b) No significant difference in OPN cleavage was noted between 
exacerbation and recovery, as measured by the optical densitometry of the 65kDa GX HIS 
tagged-OPN monomer after incubation in sputum (n=24, p=0.22 Wilcoxon matched-pairs 
signed rank test). Similar levels of protein were present between paired exacerbation and 
recovery sputum samples (fig. 4.6). Both OTT and PBS sputum supernatant was used, however 
only similarly processed sputum was compared between visits in any one patient. 
Abbreviations: OPN, osteopontin; OD, optical densitometry; AU, arbitrary units. 
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3.2.6 Proteome profiler assay 

To explore further the differences in sputum proteases between fast and slow 

OPN-cleaving samples a proteome profiler assay was employed. Fig. 3.8 a-d show the 

differences in PBS sputum supernatant levels between fast OPN cleavers and slow OPN 

cleavers (n=3 patient in each group). Since data could not be analysed statistically, they 

were described qualitatively. Sputum levels of ADAMS, ADAM9, Cathepsin D, Kallikrein 

6, Kallikrein 7 and uPA were increased in OPN fast cleavers in comparison to OPN slow 

cleavers, with Kallikrein 6 and 7 being undetectable in slow OPN cleavers. Conversely, 

sputum levels of Cathepsin B, Cathepsin C, Cathepsin S, Cathepsin V, Cathepsin X, 

DDPIV/CD26 (Dipeptidyl-peptidase 4), Kallikrein 13, MMP-1, MMP-7, MMP-13 and 

proteinase 3 were higher in OPN slow cleavers compared to OPN fast cleavers, with 

MMP-1, MMP-7 and MMP-13 being completely undetectable in OPN fast cleavers. 

Cathepsin A, Kallikrein 10 and MMP-12 sputum levels were similar between OPN fast 

and slow cleavers. ADAMTSl, ADAMTS13, Cathepsin E, Cathepsin L, Kallikrein 3, 

Kallikrein S, MMP-2, MMP-3, Neprilysin/CDlO, Presenilin-1 and Proprotein Convertase 9 

were undetectable in both fast and slow OPN cleavers. While sputum levels of protein 

were higher in fast OPN cleavers compared to slow OPN cleavers, this difference did not 

reach statistical significance (mean 1084±303.Sµg/ml v 872.9±339.Bµg/ml, respectively, 

n=S, 6 respectively, p=0.31) (fig. 3.9) . 
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Fig. 3.8a-d Differences in sputum protease levels between fast OPN cleavers and slow OPN 
cleavers. PBS sputum supernatant samples were pooled from 3 patients at recovery in each 
group, fast and slow OPN cleavers, to a total of SOµL in each group. Sputum supernatant levels 
of ADAMS, ADAM9, Cathepsin D, Kallikrein 6, Kallikrein 7 and uPA were increased in OPN fast 
cleavers in comparison to OPN slow cleavers. Protein levels were similar between fast (black) 
and slow (grey) OPN cleavers (shown in fig. 3.9). The experiment was conducted once. 
Abbreviations: AU, arbitrary units; DDPIV, dipeptidyl-peptidase 4; MMP, matrix 
metalloproteinase; OD, optical densitometry; OPN, osteopontin; uPA, Urokinase-type 
plasminogen activator. 
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Fig. 3.9 Differences in sputum protein levels between fast and slow OPN cleavers did not reach 

statistical significance (n=S fast OPN cleavers, 6 slow OPN cleavers, p=0.31, unpaired t-test). 
Protein was measured by the protein Bradford assay. Only PBS sputum supernatant samples 
were analysed. 

3.2.7: Inhibition Assays: ex vivo sputum cleavage of OPN in the presence of protease 

inhibitors 

As the main differences in sputum protease levels between the two groups were 

higher levels in the fast cleavers of 1) the metalloproteases ADAMS and ADAM 9, 2) the 

serine proteases Kallikrein 6, Kallikrein 7 and 3) the serine protease uPA, a series of 

inhibition assays were carried out to determine the main protease class/es involved in 

sputum OPN cleavage. Therefore, four Visit 3 PBS sputum supernatant samples from 

four COPD patients were spiked with recombinant 6X HIS-tagged OPN in the presence of 

25µM of the metalloprotease inhibitor ilomastat or serine protease inhibitor cocktail. 
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llomastat failed to inhibit sputum cleavage of OPN in all patients (representative 

blots in fig. 3.10a and b). Since the product literature for ilomastat reports a Ki range of 

0.1nM-27nM for MMPs-1, 2, 3, 7, 8, 9, 12, 14 and 26, the concentration used in this 

study should have sufficed. The inhibitory potential of a serine protease inhibitor 

cocktail (SPIC) was also investigated in four PBS sputum supernatant samples from four 

patients. SOX SPIC inhibited OPN cleavage completely in two out of the four sputum 

samples at a concentration of SOX (representative blot in fig. 3.11a). Serially diluting the 

inhibitor cocktail 1:2 led to increasing cleavage of OPN in both these samples 

(representative blot in fig. 3.lla). In one sample SOX SPIC partially inhibited 

recombinant OPN cleavage (fig. 3.11b). In one sputum sample SOX SPIC failed to inhibit 

cleavage of recombinant OPN (fig. 3.11c). 
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Fig. 3.10 llomastat does not inhibit recombinant OPN cleavage in COPD sputum; a) immunoblot 
probed with anti-OPN antibody and b) immunoblot probed with anti-6XHIS tag antibody. 
Recombinant human 6XHIS tagged OPN was incubated in COPD sputum, patients A-C in the 
presence(+) or absence(-) of 25µM llomastat at 37°C for 2 hours and its cleavage in the same 
patient samples compared. Lower or lack of signal intensity reflects increased recombinant 
OPN degradation: patient B cleaves OPN more readily than patients A, C and D. Only PBS 
sputum supernatant was used. Abbreviations: OPN, osteopontin. 
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Fig. 3.lla and b SOX SPIC inhibits recombinant OPN cleavage in sputum; Anti-6XHIS tag 
antibody western blots; each immunoblot represents 1 COPD patient. SPIC was serially diluted 
1:2, starting from SOX. 200ng 6X HIS tagged OPN was then added to each serial dilution of 
cocktail inhibitor and allowed to incubate. SOX SPIC inhibits recombinant OPN cleavage in 
sputum completely (a). This was noted in n=2 patients of 4 patients. SOX SPIC partially blocks 
recombinant OPN cleavage in sputum in n=l of 4 patients (b). Only PBS sputum supernatant 
was used. Abbreviations: OPN, osteopontin; SPIC, serine protease inhibitor cocktail. 

75 



c) 

S0kDa 

20kDa 

OPN 
SPIC 

Sputum 

Anti-6XHIS Western Blot 

+ + + + + + ++ 

+ + + + + ++ 

Fig 3.llc SOX SPIC failed to inhibit recombinant OPN cleavage in sputum from 1 patient. Anti­
GXHIS tag antibody western blot; immunoblot represents 1 COPD patient. SPIC was serially 
diluted 1:2, starting from SOX. 200ng GX HIS tagged OPN was then added to each serial dilution 
of cocktail inhibitor and allowed to incubate. Only PBS sputum supernatant was used. 
Abbreviations: OPN, osteopontin; SPIC, serine protease inhibitor cocktail. 

Further inhibition experiments were carried out to detect which serine 

protease/s cleaved OPN. Amiloride {lOµM) was chosen as it inhibits Urokinase-type 

plasminogen activator (uPA)(Ki=7 µM) [282] which was elevated in fast compared to 

slow OPN cleavers (fig. 4.8b). Sivelestat {lµM) was also chosen as it is an inhibitor of the 

serine protease NE which, although not a component of the proteome profiler assay, is 

an important serine protease in COPD pathogenesis [17-20]. Similarly, the serine 

protease thrombin was not a component of the proteome profiler assay, but since OPN 

cleavage data in the literature centres around thrombin activity inhibition, assays with 

up to 0.SU/µL of the thrombin inh ibitor hirudin were performed. No difference in OPN 

cleavage between amiloride treated and untreated PBS sputum supernatant samples 
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was noted (n=6) (fig. 3.12a and b). In contrast, in three sivelestat-treated PBS sputum 

supernatant samples (fig. 3.13a and b) OPN cleavage was reduced compared with 

matched untreated samples, as shown by the presence of the 65kDa OPN monomer 

after incubation with inhibitor. In the remaining three PBS sputum supernatant samples 

there was no difference in OPN cleavage between sivelestat treated and untreated 

samples. 

In both the above experiments, fragmentation of recombinant OPN used as the 

standard was noted. This may have been due to instability of the recombinant protein. 

It must be said, however, that this fragmentation was less than that seen when 

recombinant OPN was spiked into sputum from COPD patients. 

Hirudin in concentrations up to 0.SU/µL had no effect on OPN cleavage in PBS 

sputum supernatant samples (n=3). Since the range of sputum thrombin concentration 

is 1.15-10.2U/ml [283], this level of hirudin should inhibit the activity of thrombin 

activity if it were responsible for OPN cleavage. A representative immunoblot testing 

the dose response of Hirudin on OPN cleavage in one sputum sample is shown in fig. 

3.14. 
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Fig. 3.12a and b Amiloride does not inhibit OPN cleavage in COPD sputum; immunoblots 
probed with anti-6X HIS tag antibody. Recombinant human 6X HIS tagged OPN (200ng) was 
incubated in COPD sputum, patients A, B, M (a) and J, K,L (b) (n=6) in the presence (+) or 
absence (-) of lOµM of the uPA inhibitor amiloride at 37°C for 2 hours. Only PBS sputum 
supernatant was used. Abbreviations: OPN, osteopontin; uPA, Urokinase-type plasminogen 
activator. 
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Fig. 3.13a and b Recombinant OPN cleavage decreased the presence of sivelestat in sputum 
from 3 patients; immunoblots probed with anti-6X HIS tag antibody. Recombinant human GX 
HIS-tagged OPN {200ng) was incubated in COPD sputum, patients A-F (n=G) in the presence (+) 
or absence (-) of lµM NE inhibitor sivelestat at 37°C for 2 hours minutes and its cleavage in the 
same patient samples compared. Arrows point to 6SkDa OPN monomer. OPN degradation 
decreased in the presence of sivelestat in sputum from patients C and D {a) and patient E{b) 
but was unaffected by sivelestat-treated sputum from patients A, B (a) and F(b). Only PBS 
sputum supernatant was used. Abbreviations: NE, neutrophil elastase; OPN, osteopontin. 
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Fig 3.14 Hirudin does not inhibit recombinant OPN cleavage in sputum; immunoblot probed 
with anti-6X HIS tag antibody representing 1 COPD patient. Recombinant human 6X HIS tagged 
OPN (200ng) was incubated in COPD sputum in the absence (-) or presence (+) of 1:2 serial 
dilutions of the thrombin inhibitor hirudin, starting from O.SU/µI. The experiment was 
repeated in 2 other patients. Only PBS sputum supernatant was used. Abbreviations: OPN, 
osteopontin. 

3.2.8 OPN is cleaved by NE and uPA 

Since sivelestat inhibited OPN cleavage in some of the sputum samples (fig. 

3.13a and b}, recombinant OPN was incubated with NE in vitro, to confirm OPN as a 

substrate for NE. Similarly, OPN was incubated with uPA in vitro, as although no 

inhibition of OPN cleavage was noted with the uPA inhibitor amiloride, levels of uPA 

were strikingly elevated in fast cleavers compared to slow cleavers (fig. 3.8b}. OPN was 

cleaved by both NE and uPA in vitro. NE cleaved OPN to a <20kDa fragment (fig. 3.15} 

while uPA cleaved OPN to a ::::20kDa fragment (fig. 3.16} . 
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Fig. 3.15 NE cleaves OPN in vitro to a <20kDa fragment. OPN (S00ng) was incubated with 0.0SU 
NE in vitro at 37°C for 18h. The reactions products were resolved by 10% SDS gel 
electrophoresis and transferred to a PVDF membrane probed with anti-OPN antibody. 
Abbreviations: NE, neutrophil elastase; OPN, osteopontin; PVDF, polyvinylidene fluoride. 
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Fig. 3.16 uPA cleaves OPN in vitro to a =20kDa fragment (arrow). OPN (S00ng) was incubated 
with SSng uPA in vitro at 37°C for 18h. The reactions products were resolved by 10% SDS gel 
electrophoresis and transferred to a PVDF membrane probed with anti-OPN antibody. 
Abbreviations: OPN, osteopontin; PVDF, polyvinylidene fluoride; uPA, urokinase-type 
plasminogen activator. 
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3.2.9 Clinical characteristics of fast OPN cleavers and slow OPN cleavers 

The clinical characteristics of fast OPN cleaving and slow OPN cleaving patients 

are summarised in table 3.1 below. Sputum supernatant samples were analysed from 

nine fast OPN cleaving and 13 slow OPN cleaving patients. There was no statistical 

difference in age, cigarette pack years and spirometry between fast OPN cleavers and 

slow OPN cleavers. Two fast OPN cleavers had a FEV1/FVC ratio >0.7, yet they had 

evidence of emphysema on CT thorax. One slow OPN cleavers had a FEVi/FVC ratio >0.7 

and no evidence of emphysema on CT. 

Fast OPN cleavers had higher sputum TCC than slow OPN cleavers (20.49±18.61 

x106 cells/g sputum, 7.95±9.50 xl06 cells/g sputum, respectively), yet this difference was 

not statistically significant (p=0.058). Sputum neutrophil and macrophage indices were 

available for 8 fast OPN cleavers and 13 slow OPN cleavers. Sputum neutrophil counts 

were higher in fast OPN cleavers compared to slow OPN cleavers, although this 

difference was just outside statistical significance [median (range) 20.09 (1.07-54.49) 

x106 cells/g, 2.94 (0.16-25.63) x106 cells/g, respectively, p=0.056). Sputum macrophage 

counts were similar between fast OPN cleavers and slow OPN cleavers [median (range) 

0.32 (0.00-0.72) x106 cells/g, 0.38 (0.00-10.35) xl06 cells/g, respectively, p=0.69). 

Sputum neutrophil percentages were significantly higher in fast OPN cleavers compared 

to slow OPN cleavers (mean 94.11±6.20%, 78.45±20.77%, respectively, p=0.04) while the 

reverse was true for sputum macrophage percentages (mean 4.69±5.08%, 

15.75±15.42%, respectively, p=0.005) (fig. 3.17 a and b) . 
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Table 3.1 Clinical characteristics of fast OPN cleavers and slow OPN cleavers 
Demographics Fast OPN cleavers Slow OPN cleavers 

Male/ Female (n) 8/1 10/3 

Age/ Years* 67±8 68±11 

Current/ex-smokers/never (n) 2/7/0 9/4/1 

Cigarette Pack years* 60.22±35.39 47.29 ±21.40 

ICS yes/ no/ N/A (n) 7/1/1 14/0/0 

Lung function/ CT/ MRC grade Fast OPN cleavers Slow OPN cleavers 

FEVi/ Ls-1 * 1.25±0.73 1.4 ±0.7 

FEVi/ percent predicted* 46.00±22.83 49.14±17.98 

FEV1/FVC* 0.47±0.19 0.48 ±0.14 

Emphysema on CT yes/ no /N/A (n) 5/3/1 8/4/2 

MRC grades 3-5 (n) Grade 3(1), 4 (3), 5(5) Grade 3(5), 4(6), 5(3) 

Sputum cell counts Fast OPN cleavers Slow OPN cleavers 

Sputum TCC/ xl0
6 

cells/g* 20.49±18.61 7.95±9.50 

Sputum neutrophil count/ 20.09 (1.07-54.49) 2.94 (0.16-25.63) 

x106 cells/g median (range) 

Sputum macrophage count/ 0.32 (0.00-0.72) 0.38 (0.00-10.35) 

x106 cells/g median (range) 

Sputum neutrophil percentage* 94.11±6.20 78.45±20. 77 

Sputum macrophage percentage* 4.69±5.08% 15. 75±15.42 

*Data presented as mean ±standard deviation. Abbreviations: ICS, Inhaled corticosteroids {n), 
number; N/ A, not available; TCC, total cell count 
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Fig. 3.17 Fast OPN cleavers have higher sputum neutrophil percentages a) and lower sputum 
macrophage percentages b) compared to slow OPN cleavers (n=8, 13; fast OPN cleavers, slow 
OPN cleavers, respectively, p=0.04, p=0.05, respectively, unpaired t-test) 

3.2.10 Functional assays of MMP-12-cleaved OPN: ROS assay 

To test the whether OPN has a pro-inflammatory effect on PBMCs, as measured 

by increased ROS production, the effect of increasing OPN concentration on ROS 

production was tested. No difference in PBMC ROS production was noted with 

increasing concentrations of OPN (0.01-lOµg/ml) (n=3 patients), nor any difference 

noted between OPN and PBS (n=3 patients) (figure 3.18). Next, to test whether MMP-

12-cleaved OPN had an increased pro-inflammatory effect compared to uncleaved OPN, 

the effect of both on PBMC ROS production was tested. No difference in PBMC ROS 

production was noted between cells treated with uncleaved OPN and those treated with 

MMP-12-cleaved OPN (figure 3.19). Due to a lack of effect, this experiment was 

discontinued after n=2 patients. 

84 



400 

300 

200 

1 0 0 

; 400 

~ 

"' 
; 30 0 

= . 
= 
~ 200 

= . 
~ 10 0 . 
0 , 
... 

"' 
; 3 00 

= . 
= 
-; 2 00 
u 
= . 
~ 10 0 

0 , 

a P BS 

5 0 100 

Minutes 

C 1µg fml O P N 

5 0 1 0 0 

M i n ute s 

e 0 .01 µg /m l O P N 

~ o+--------.------,----
50 1 00 

M inu t es 

b 1 0 µg lm l O P N 

,oo 

300 

2 0 0 

1 00 

50 100 

M lnu tea 

d 0 .1 µ glm l OPN 

400 

300 

20 0 

100 

50 1 00 

M inutes 

Fig. 3.18 ROS production by PBMC undergoing zymosan phagocytosis is not altered by OPN up 
to a concentration of l0µg/ml. PBMC derived from healthy volunteers were incubated with 
Buffer A containing PBS or increasing concentrations of OPN. Next, zymosan was added and 
their ROS production measured immediately and after every 2min for 2h. The experiment was 
carried out 3 times using PBMC from 3 individuals. Graphical data shown are from one 
individual. Abbreviations: OPN, osteopontin; PBMC, peripheral blood mononuclear cells; ROS, 
reactive oxidative species. 
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Fig. 3.19 No difference in PBMC ROS production was noted between uncleaved and MMP-12-
cleaved OPN. PBMC derived from healthy volunteers were incubated with PBS a), uncleaved 
OPN {l0µg/ml) b), MMP-12-cleaved OPN {l0µg/ml) c) or MMP-12 d). ROS production was 
measured every 2 min for 2h. The experiment was carried out twice using PBMC from two 
individuals. Graphical data shown are from one individual. Abbreviations: MMP-12, matrix 
metalloproteinase-12; OPN, osteopontin; PBMC, peripheral blood mononuclear cells; ROS, 
reactive oxidative species. 
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3.2.11 Functional assays of MMP-12-cleaved OPN: qPCR 

Mannose Receptor RNA levels were lowest in macrophages in the MMP-12 only 

wells, although no statistically significant difference was noted between the four 

different conditions, including uncleaved OPN and MMP-12-cleaved OPN (fig. 3.20 n=3). 

In contrast to the results obtained for qPCR for Mannose Receptor, IL-12 RNA was higher 

in MMP-12 only treated macrophages compared to OPN/MMP-12 treated macrophages; 

however, once again there was no statistically significant difference between the four 

conditions, including uncleaved OPN and MMP-12-cleaved OPN (fig. 3.21, n=3). 
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Fig. 3.20 qPCR showing RNA levels of Mannose Receptor in macrophages incubated under 
different conditions. Although levels of Mannose Receptor RNA were lowest in the MMP-12 
only treated cells, no statistical difference was seen between the conditions using ANOVA 
(n=3). Abbreviations: OPN, osteopontin. 
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Fig. 3.21 qPCR showing RNA levels of IL-12 in macrophages incubated under different 
conditions. No statistical difference was seen between the conditions using ANOVA (n=3). 
Abbreviations: OPN, osteopontin. 

3.3 Discussion 

The main aims of this chapter were to determine if OPN was present and 

cleaved by MMP-12 in the airways in COPD. Western blotting of COPD sputum revealed 

the presence and processing of OPN with a cleavage signature similar to MMP-12/OPN 

in vitro incubation; both blots identified a ==20kDa OPN fragment. Similarly, spiking 

COPD sputum with HIS tagged-OPN, led to the de novo release of a ==20kDa HIS tagged­

OPN fragment. However, while this may be suggestive of MMP-12 cleaving OPN in vivo, 

it does not rule out other proteases producing similar sized OPN fragments. Indeed, 

the in vitro studies in this chapter demonstrated the complexity of OPN cleavage. In 

addition to its cleavage by MMP-12, OPN was also susceptible to cleavage by two serine 

proteases in vitro, NE and uPA, leading to the release of a similar sized == 20kDa fragment. 

These in vitro findings, therefore suggest that OPN may be cleaved in the airways by any 

of these three proteases, or indeed all three. 
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On further exploration, ilomastat, a broad spectrum metalloprotease inhibitor, 

failed to inhibit the cleavage of OPN in sputum. Furthermore, there was no difference in 

sputum MMP-12 levels between fast and slow OPN cleavers, nor sputum macrophages, 

the main source of MMP-12 [198]. In contrast, cleavage of OPN in COPD sputum was 

noted to be serine protease cocktail dependent and in some samples NE dependent. 

Cleavage of OPN in COPD sputum was also related to neutrophilic inflammation, as 

shown by higher neutrophil levels in fast compared to slow OPN cleavers. While sputum 

uPA levels were higher in fast OPN cleavers, amiloride, an inhibitor of uPA [284] failed to 

inhibit OPN cleavage, suggesting that uPA was not responsible for OPN processing. 

Similarly, thrombin inhibition with hirudin failed to inhibit OPN cleavage in sputum, 

despite its use in sufficient concentrations [283]. The inhibition studies therefore show 

that in COPD OPN cleavage is serine protease, in particular NE, dependent, rather than 

metalloproteinase dependent. 

NE is important in COPD pathogenesis [17-20]; it degrades ECM components to 

cause emphysema in animal models [17, 19] and in individuals deficient in its inhibitor 

alAT [18]. While most COPD studies have focused on ECM substrates of NE, there is 

recognition of non-ECM proteins as NE substrates, such as complement factor C3 [285] 

and immunoglobulin [286]. OPN has not been previously described as a NE substrate, 

and while it is a component of bone ECM[232], it also exists in soluble forms, as in the 

airways [231, 281, 287]. This study thus extends the non-ECM substrate profile of NE. 

The role of NE cleaved OPN is not known. Since cleavage of OPN by the serine protease 

thrombin potentiates its inflammatory role [288-290] by exposing its RGD motif to 

enhance integrin binding [248, 250, 252], it is tempting to speculate a similar role for NE­

cleaved QPN. However, this is a role that remains unexplored and further studies are 

needed. 
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Of note, NE inhibition did not affect OPN cleavage in all sputum samples. This 

may reflect the heterogeneity of the proteases involved in cleavage of OPN in sputum, 

and/or the variety in activity and level of NE in different samples. Unfortunately, due to 

the technical difficulty in obtaining sputum samples it was not possible to match sputum 

samples for NE levels prior to the inhibition assays. Although airway neutrophils 

increase at exacerbation [80, 82, 84] there was no difference in OPN cleavage between 

sputum exacerbation and recovery samples. This may be due to the use of a semi­

quantitative method of analysis by Western blotting which may not have been sensitive 

enough to detect differences in cleavage. 

One limitation in the clinical part of the study was the inclusion of three patients 

with a FEVi/FVC greater than 70%. While one of them had radiological evidence of 

emphysema on CT, the other two declined scanning. Despite this, the patients' data 

were included in the study to reflect a closer picture to that encountered in clinical 

practice. 

The other aim of this chapter was to explore the functional role of MMP-12 

cleaved OPN. Given the importance of macrophages and their monocyte precursors in 

COPD [70, 107, 108, 156, 157] and the up-regulation of OPN RNA in airway macrophages 

in smokers, the effect of MMP-12-cleaved OPN on monocyte ROS production and 

macrophage phenotype was studied. MR was chosen as a marker of the M2 phenotype 

due to its involvement in phagocytosis [151]; IL-12 is an accepted marker of the Ml 

phenotype [152]. No differences in monocyte ROS production were noted between 

controls, uncleaved and MMP-12- cleaved OPN, and as a result the experiment was 

stopped after n=2. Similarly, no effect on macrophage phenotype was noted . The 

results obtained in the ROS analysis are somewhat similar to a previous study where no 

effect was noted by OPN cleavage products on neutrophil ROS production [291]. 
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The functional experiments had a number of limitations which may explain the 

lack of effect of MMP-12-cleaved OPN on monocytes/ macrophages. One possible 

explanation may be the use of monocytes/ macrophages from healthy volunteers rather 

than COPD patients, the latter likely to have been more pro-inflammatory. 

Unfortunately, only ethics approval for bloodletting from healthy individuals was 

available. To somewhat counteract this effect in macrophage experiments, the isolated 

monocytes were matured into a Ml phenotype to more closely resemble COPD cells. 

However, one still cannot exclude the possibility that MMP-12-cleaved OPN would have 

had more of a pro-inflammatory effect had COPD macrophages been used. One could 

also speculate that if MMP12-cleaved-OPN causes macrophages to acquire a Ml 

phenotype, then the decision to mature monocytes to Ml macrophages may have 

hindered detection of Ml macrophage polarization by MMP12-cleaved-OPN, as the Ml 

phenotype had already been attained. To test this speculation a similar experiment 

with M2 macrophages needs to be conducted. Another possible explanation for the lack 

of a pro-inflammatory effect with MMP-12-cleaved OPN may be due to the 

concentrations of OPN chosen being too low or the MMP-12 levels being too low to 

cause sufficient OPN cleavage. However, OPN levels were decided in accordance with 

available literature [292], and the MMP-12: OPN ratio and incubation times chosen were 

based on earlier in vitro cleavage findings. 

In conclusion, this study reveals OPN as a new substrate of serine proteases, in 

particular NE within COPD airways. OPN processing within COPD airways is closely 

linked to neutrophilic inflammation. In contrast, while MMP-12 readily cleaved OPN in 

vitro, it did not appear to have a major role in its processing in vivo. Similarly, no link 

between airway macrophages and OPN cleavage was noted. In view of these findings, 

further studies should be directed at understanding the role of airway neutrophil 

involvement in OPN cleavage in COPD. 
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Chapter 4 The Presence and Cleavage of TFPI in COPD Airways 

4.0 Background 

In vitro studies employing NHrterminal sequencing demonstrate that MMP-12 

cleaves TFPI at three sites, Lys20-Leu 21
, Arg83-lle84 and Ser174-Thre175 [221) . This results in 

COOH terminal processing of TFPI [221) which prevents its binding to Xa and its 

inhibition of coagulation [262). Other MMPs, notably MMP-1, 7 and 9 also cleave TFPI 

in vitro and reduce its anticoagulant effect; however, this occurs less efficiently than 

with MMP-12 [221). In addition to the MMPs, NE cleaves TFPI in vitro into three 

fragments, one of the cleavage sites being Thre87-Thre88 [293) . Similar to cleavage by 

MMPs, NE proteolysis of TFPI impairs its anticoagulant activity, although the mechanism 

differs. NE disrupts the peptide sequence of TFPI within its NHrterminal region; this 

impairs tightening of the TFPI-Xa complex needed to prevent coagulation [293) . In 

addition, NE proteolysis impairs TFPI inhibition of VIia [293). Therefore, in vitro TFPI is 

readily susceptible to proteolytic cleavage by various enzymes which results in loss of its 

anti-coagulant activity. However, the relative contribution of MMP-12 to loss of TFPI 

function in vivo is unclear. 

Ex vivo and in vivo studies on TFPI proteolysis focus on cleavage by serine 

proteases, rather than MMP-12. Higuchi et al. [293) showed that stimulated human 

neutrophils restore TF activity from the Xa-TFPI-Vlla/TF quaternary structure ex vivo, a 

finding reversed by the specific NE inhibitor MeO-Suc-Ala-Ala-Pro-Val-CH2CI. The 

authors suggest that this effect may be mediated by NE proteolysis of TFPI. In a study 

by Massberg et al [145), double KO mice, lacking NE and Cathepsin G (NE·1-ctsg~1·) had 

reduced thrombus formation and prolonged bleeding times compared to WT mice. Ex 

vivo, their neutrophils were inefficient at cleaving TFPI and only able to promote 

coagulation to the same level as WT mice in the presence of TFPI antibody. 
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Furthermore, anti-TFPI Western blots of intracardiac thrombus from the double KO mice 

showed a clear reduction in the NE-digested TFPI fragment compared to thrombus from 

WT mice. These studies present a role for NE proteolysis of TFPI in promoting 

intravascular coagulation in vivo . Whether similar findings occur with cleavage of TFPI 

by MMP-12 in vivo is unknown as such studies have not been carried out on the MMP-

12 KO mouse. 

Belaaouaj et al. [221] investigated the role of MMP-12-cleaved TFPI in 

intravascular coagulation in human samples. Sections from two endarterectomy 

specimens were analysed for MMP-12 and TFPI mRNA by qPCR, and the presence of 

both proteins was determined by immunohistochemistry. MMP-12 and TFPI mRNA 

were detected within the atherosclerotic plaques, as was the presence of both proteins 

on stained tissue slides. Of note was that sections stained more intensely for TFPI in 

areas that did not reveal any MMP-12. While the study suggests that TFPI is degraded 

by MMP-12 at sites of intravascular coagulation in humans, more work is still needed to 

prove this. Nonetheless, it provides an interesting working hypothesis that TFPI 

proteolysis by MMP-12 promotes intravascular thrombosis and hence cardiovascular 

disease (CVD). If this were true, one might expect patients with CVD to have lower 

levels of circulating TFPI due to its enzymatic degradation. Unfortunately, results from 

such cohort studies are conflicting and difficult to compare as they are dependent on 

multiple factors. These include the type of CVD studied, the enrolment of patients 

during an acute coronary event or patients with chronic ischaemic heart disease 

recruited when stable, and whether TFPI antigen levels or TFPI activity levels were 

measured (reviewed in [294]) . 

To date no similar studies exist on the role of TFPI proteolysis in CVD in COPD. 

COPD increases the risk of CVD two to three fold greater than that attributed to smoking 
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(4]. Furthermore, CVD accounts for more than a quarter deaths in COPD (43]. 

Therefore, given the above data, and the aforementioned importance of the proteolytic 

enzyme MMP-12 in COPD, it was hypothesised that TFPI is a substrate for MMP-12 in 

the airways whereby its cleavage leads to lower circulating levels of TFPI and an 

increased risk of cardiovascular disease in COPD. To detect the mechanism and level of 

cleavage of TFPI in COPD, a novel ex vivo model was used whereby sputum was 

collected from COPD patients at exacerbation and recovery and spiked with 

recombinant TFPI before detecting its cleavage using Western blotting. This was 

correlated to plasma levels of TFPI which in turn were correlated to a non-invasive 

measure of future risk of CVD in a COPD cohort, measured by the aortic pulse wave 

velocity, a measure of aortic stiffness (276, 295-298]. 

4.1 Methods 

4.1.1 /n vitro cleavage 

TFPI (R+D, Abingdon, UK) was reconstituted at lO0µg/ml in 25mM Tris and 

150mM NaCl, pH 7.5; 300ng TFPI were incubated with 44ng active MMP-12 (Enzo Life 

Sciences, Exeter, UK) in deionised water in a total volume of 12µL. The reaction was 

carried out at 3iC for 60, 120, 150 and 180min. To inhibit MMP-12, 300ng of TFPI were 

incubated with 44ng active MMP-12 at 3iC in a final concentration of 25µM llomastat 

{Sigma Aldrich, Dorset, UK) . 300ng TFPI provided the standard. Similarly, to test 

whether TFPI was cleaved by NE and uPA, 500ng TFPI was incubated with 0.05U NE or 

55ng uPA (all R+D) at 3iC for 18h, with 500ng TFPI as standard. 
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4.1.2 Patient cohort and study design 

Patients with clinically proven COPD were recruited at presentation to hospital 

with an exacerbation (Visit 1) and were followed up 5-7 days later (Visit 2) and again 

after 4 weeks (visit 3 or recovery visit). Blood for lithium heparin plasma samples and 

sputum was obtained at all visits where possible. Ethical approvals were granted, REC 

reference 10/H0403/85. 

EDTA plasma samples were obtained in a further study "The Effect of Statins in 

Patients with COPD" (clinical trials identifier NCT01151306). Samples were taken from 

clinically stable patients at the baseline visit, pre-statin treatment. Clinical stability was 

defined as no change in regular treatment and no symptom change beyond day-to-day 

variation in the previous four weeks. None of the patients had a history of diabetes 

mellitus or ischaemic heart disease. None had been prescribed statins prior to the start 

of the trial. Spirometry was between 30-80% predicted. Ethical (REC 10/H0408/10) and 

governance (including Medicines and Healthcare Products Regulatory agency) approvals 

were granted. 

Written informed consent was obtained before the start of each study. All 

procedures which were carried out in accordance with the Declaration of Helsinki [273). 

4.1.3 Spirometry and CT scans 

Spirometry was carried out as described in Section 2.2. The thoracic CT scan 

protocol is described in Section 2.4. 

4.1.4 Cardiovascular measurements 

These were taken in the "The Effect of Statins in Patients with COPD" trial only. 

This is described in section 2.3. 
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4.1.5 Lithium heparin plasma preparation 

Blood was collected into lithium heparin containing tubes. Whole blood was 

spun at 2000xg for 15 min at 4°C and the resultant supernatant divided into aliquots on 

ice. Samples were stored at -80°C till analysis. 

4.1.6 EDTA plasma preparation 

Blood was collected into EDTA containing tubes. Whole blood was spun at 

lO00xg for 15 min at 4°C and the resultant supernatant divided into aliquots on ice. 

Samples were stored at -80°C till analysis. 

4.1.7 Sputum induction 

This was carried out as described in section 2.5. 

4.1.8 Sputum processing 

This was carried out as described in section 2.6. Only supernatants derived from 

PBS processing were used in this chapter. 

4.1.9 Sputum spiking ex vivo experiments 

Each sputum supernatant sample was diluted 1:5 in PBS and spiked with lO0ng 

recombinant l0X HIS-tagged human TFPI (R+D, Abingdon, UK). Samples were incubated 

in a final total volume of 11µ1 at 37°C at various time points : 15 min, lh, 2h, 4h, 8h, 24h, 

48h, 60h and 72h. To compare cleavage of TFPI in the airways at exacerbation to 

cleavage at recovery, sputum obtained from Visit 1 (exacerbation sample) was spiked 

with TFPI as above for 15 min and compared with similarly spiked sputum obtained from 

Visit 3 (recovery sample). Visit 2 sputum was used as the exacerbation sample for 

patients unable to produce sputum at visit 1. For assays involving protease inhibitors, 

1:5 diluted sputum samples were pre-incubated with protease inhibitors for lh at 37°C. 
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Next, lO0ng recombinant HIS-tagged human TFPI was added to the sputum/ inhibitor 

mix for a further 15 minutes at 37°C. The following inhibitors at the following final 

concentrations were used: 25µM ilomastat (Sigma Aldrich, Dorset, UK}, lOX Serine 

Protease Inhibitor Cocktail (Fisher Scientific, Loughborough, UK), P8340 Serine, Cysteine, 

Aspartate, Amidopeptidase Protease inhibitor cocktail diluted 1:100 {Sigma Aldrich}, 

P2801 Protease Inhibitor Cocktail VIII for Broad Range Cysteine Proteases diluted 1:100 

(Melford Biolaboratories, Ipswich, UK}, lOµM amiloride {Sigma Aldrich}, and lµM 

sivelestat (Sigma Aldrich). Inhibitor concentrations were used as recommended by the 

manufacturer. All procedures were carried out at least twice. 

4.1.10 Western blotting 

In vitro cleavage reaction products were diluted 1:2 in 2x loading buffer, run on 

10% gels (Bio-Rad Laboratories, Hertfordshire, UK) and transferred to PVDF membranes 

(Hybond-P, GE Healthcare, Amersham, Buckinghamshire, UK) which were probed with 

anti-human TFPI mouse monoclonal antibody (R+D, Abingdon, UK) diluted 1:250, 

followed by HRP-conjugated polyclonal goat anti-mouse secondary antibody {Sigma 

Aldrich, Dorset, UK) diluted 1:10,000. Proteins were visualised by the addition of a 

chemiluminescent mixture (GE Healthcare, Amersham, UK) to the membranes followed 

by their exposure to autoradiography film (GE Healthcare). Experiments were carried 

out at least twice. 

Similarly, sputum samples were diluted 1:2 in 2x loading buffer, run on 10% gels 

and then transferred to PVDF membranes which were probed with anti-human TFPI 

mouse monoclonal antibody (R+D) diluted 1:500, followed by HRP-conjugated polyclonal 

goat anti-mouse secondary antibody. Blots were exposed to autoradiography film as 

above. Experiments were carried out at least twice. 
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Ex vivo sputum spiking experiments: following incubation of recombinant 

human HIS-tagged TFPI in sputum, samples were diluted 1:2 in 2x loading buffer, run on 

10% gels and then transferred to PVDF membranes which were probed with HRP­

conjugated rabbit polyclonal anti-6XHIS antibody (Abeam, Cambridge, UK) diluted 

1:5000. Blots were exposed to autoradiography film as above. Experiments were 

carried out at least twice. 

4.1.11 Proteome profiler human protease array 

Following sputum spiking experiments, sputum supernatant samples were 

arbitrarily divided into two groups: 1) samples where fragmentation of the spiked 

recombinant TFPI monomer was evident on Western blot within 15 min of spiking 

(termed 11fast TFPI cleavers") and 2) samples in which the spiked recombinant TFPI 

monomer took longer than 15 min to fragment (termed 11slow TFPI cleavers"). 

Undiluted sputum supernatant was pooled into the above two separate groups to a 

total of 60µL per group and their protease levels compared using the Proteome Profiler 

Human Protease Array Kit (R+D). The procedure was carried out twice with a total of 

five slow TFPl-cleaving and nine fast TFPl-cleaving PBS sputum supernatant samples 

were analysed. The procedure was carried out as detailed in section 2.16. 

4.1.12 ELISA 

TFPl-1 levels in heparin and EDTA plasma samples were measured in duplicate 

using a DuoSet ELISA kit (R+O, Abingdon, UK). Samples were diluted 1:50-150 and their 

optical density measured at 450nm and 570nm in a microplate reader (Flex Station 3, 

Molecular Devises, Sunnyvale, CA, USA). The final optical density for the samples was 

the value read at 570nm subtracted from the 450nm value. This value was read with 
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reference to a 7-point 4-parameter standard curve created by using 2-fold serial 

dilutions starting at 1000pg/ml. 

4.1.13 Analysis and statistics 

Normality of data was determined using the Kolmogorov-Smirnov test or the 

D' Agostino normality test. Data were compared using the unpaired t-test, Mann 

Whitney test or the Wilcoxon matched-pairs signed rank, as appropriate. Associations 

between variables and TFPI plasma levels were examined using Spearman's Correlation. 

The level of cleaved recombinant TFPI after incubation in sputum was expressed as the 

optical densitometry of the spiked TFPI 40kDa monomer normalized to the optical 

densitometry of the standard recombinant TFPI 40kDa monomer on the same Western 

blot. Optical densitometry was measured in pixel density using GIMP version 2.6 1.0 

(www.gimp.org) . Data from the "The Effect of Statins in Patients with COPD" trial were 

analysed using Statistical Package for the Social Sciences version 21.0 software (SPSS, 

Chicago, IL, USA) . All other data were analysed using GraphPad Prism version 6.05 

(GraphPad Software, San Diego, California, USA). Statistical significance was set at p < 

0.05. 

4.2 Results 

4.2.1 MMP-12 cleaves TFPI in vitro 

Recombinant human TFPI monomer has a size of 40kDa. After incubation with 

MMP-12 at 37°C for 180 min the 40kDa monomer was completely cleaved to a ::::20kDa 

fragment (fig. 4.1). Cleavage was completely inhibited by 25µM ilomastat (fig. 4.1). 
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Fig. 4.1 MMP-12 cleaves TFPI in vitro to a =20kOa fragment. Cleavage was inhibited by 2SµM 
ilomastat. TFPI (300ng) was incubated with 44ng fully active MMP-12 in vitro at 37°C at the 
above time points in the presence or absence of 2SµM ilomastat. The reactions products were 
resolved by 10% SOS gel electrophoresis and transferred to a PVDF membrane probed with 
anti-TFPI antibody. Abbreviations: MMP-12, matrix metalloproteinase-12; PVDF, 
polyvinylidene fluoride; TFPI, tissue factor pathway inhibitor. 

4.2.2 TFPI is present in human COPD sputum in cleaved and uncleaved forms 

Anti-TFPI Western blots of sputum taken from COPD patients (n=7} at the 

recovery visit revealed the presence of TFPI. TFPI was present in three molecular weight 

forms: the 40kDa monomer and 2 main fragments at =30kDa and <20kDa (fig. 4.2). 
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Fig. 4.2 TFPI monomer and fragments are present in human COPD sputum. Anti-TFPI Western 
blot: lane 1, 300ng recombinant human TFPI monomer (standard); lanes 2-8 TFPI monomer at 
40kDa and TFPI fragments at =30kDa and <20kDa in COPD Visit 3 sputum samples (n=7). Equal 
volumes of COPD sputum supernatant per patient were resolved on 10% SOS gels by 
electrophoresis. Proteins were then transferred to a PVDF membrane probed with anti-TFPI 
antibody. 300ng TFPI was used as standard. Abbreviations: PVDF, polyvinylidene fluoride; 
TFPI, tissue factor pathway inhibitor. 

4.2.3 TFPI is cleaved in situ in human COPD sputum 

To determine if TFPI fragments present in sputum were due to sputum protease 

activity, 15 diluted 1:5 human COPD sputum samples (n=3 paired exacerbation and 

recovery, n=3 unpaired exacerbation samples and n=6 recovery samples) were spiked 

with lO0ng recombinant l0X HIS tagged-human TFPI and allowed to incubate at 37°C for 

15min, lh, 2h, 4h, 8h, 24h, 48h and 72h. Cleavage of TFPI occurred in sputum in a time­

dependent manner (fig 4.3). Recombinant TFPI was cleaved within 15 min incubation in 

seven samples while cleavage took longer than 15 min in the remaining three samples. 

TFPI was degraded into three main fragments: =30kDa, <20kDa and <15kD (fig. 4.4) . Not 

all three fragments were visible in all samples. Since most recombinant TFPI/ sputum 

incubations led to TFPI fragmentation within 15 min, this time point was arbitrarily 

t aken as the cut-off for dist inguishing fast TFPl -cleaving sputum samples from slow TFPI-
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cleaving sputum samples in later experiments. Therefore, samples where TFPI 

fragments (<40kDa} were visible within 15 min of incubation of recombinant TFPI in 

sputum supernatant on Western blot were termed "fast cleavers", samples where no 

fragments were visible within 15 min incubation were termed "slow cleavers." Out of 

25 Visit 3 PBS sputum supernatant samples from 25 patients tested 18 were fast 

cleavers and seven slow cleavers (a representative Western blot is shown in fig. 4.5) . 

40kDa 

25kDa 

+ + + + + + + + 
TFPI + + + + + + + 
Sputum 
Incubation 0.25 0.25 1 2 4 8 24 72 

Time 

(hours) 

Fig. 4.3 TFPI cleavage in COPD sputum is time-dependent. Representative anti-GX HIS probed 
western blot of one PBS sputum supernatant sample shows increasing degradation of 
recombinant l0X HIS tagged-TFPI in COPD sputum with increasing duration of incubation in 
sputum at 37°C. Abbreviations: TFPI, tissue factor pathway inhibitor. 
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Fig. 4.4 Cleavage of l0X HIS tagged-TFPI occurs at different rates in sputum from different 
COPD patients. Representative anti-6X HIS antibody probed western blot of PBS sputum 
supernatant samples from 5 patients, V-Z, taken from the recovery visit. Each sputum sample 
was spiked with lO0ng recombinant l0X HIS tagged-TFPI and incubated at 37°C for 15 minutes. 
The resultant Western blot shows different rates of lOX HIS tagged-TFPI cleavage which occurs 
fastest in Patient V and slowest in Patient Z. Arrows show the three main cleaved HIS tagged­
TFPI fragments produced in COPD sputum, =30kDa, <20kDa and <lSkD. Lettering was assigned 
randomly to denote different patients. Abbreviations: TFPI, tissue factor pathway inhibitor. 
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Fig. 4.5 Cleavage of l0X HIS tagged-TFPI occurs at different rates in sputum from different 
COPD patients. Representative anti-6X HIS antibody probed Western blot of PBS sputum 
supernatant samples from nine patients, A-I, taken from the recovery visit: each sputum 
sample was diluted 1:5 in PBS, spiked with 100ng l0X HIS tagged-TFPI and incubated at 37°C for 
15 min. Lettering was assigned randomly to denote different patients. Abbreviations: TFPI, 
tissue factor pathway inhibitor. 

4.2.4 Comparison of cleavage of TFPI in COPD sputum at exacerbation and recovery 

Further to the above sputum spiking experiments recombinant lOX HIS tagged­

human TFPI was incubated in exacerbation sputum samples for 15 min at 37°C and 

compared to similarly spiked matched sputum samples at recovery (n=16 paired 

samples) . No difference in TFPI cleavage was noted between exacerbation and recovery 

sputum samples, as measured by the optical densitometry of the 40kDa lOX HIS tagged­

TFPI monomer after incubation in sputum (p=0.28, Wilcoxon matched-pairs signed rank 

test) (fig. 4.6). A representative Western blot is shown in fig. 4. 7. 
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Fig. 4.6 Level of cleavage of human recombinant l0X HIS tagged-TFPI in sputum supernatant 
was similar at Visit 1 (exacerbation) and Visit 3 (recovery). lOX HIS tagged-TFPI (l00ng/ per 
sputum sample) was incubated in paired Visit 1 and 3 PBS sputum supernatant samples for 15 
min at 37"C. Sample proteins were then resolved by gel electrophoresis and transferred to a 
PVDF membrane which was then probed with anti-6X HIS tag antibody to measure the 
remaining recombinant TFPI after its incubation in sputum. The graph therefore represents the 
optical densitometry of the remaining signal of recombinant TFPI on Western blot. All values 
were normalised to the TFPI standard on each blot (n=16 paired samples p=0.28, Wilcoxon 
matched-pairs signed rank test). There was no statistical difference in protein signal between 
exacerbation and recovery samples as shown by silver stain of a representative group of paired 
sputum supernatant samples analysed from the cohort (fig. 3.4 a and b). Abbreviations: AU, 
arbitrary units; OD, optical densitometry; TFPI, tissue factor pathway inhibitor. 
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Fig. 4.7 Representative anti-6X HIS antibody probed western blot comparing degradation of 
10X HIS tagged-TFPI in COPD PBS supernatant sputum in paired samples taken at exacerbation 
and recovery in two patients. Abbreviations: E, exacerbation; R, recovery; TFPI, tissue factor 
pathway inhibitor. 

4.2.5 Proteome profiler assay 

To explore further the differences in sputum proteases between fast and slow 

TFPl-cleaving samples a proteome profiler assay was employed . Fig. 4.8a-d show the 

differences in PBS sputum supernatant levels between fast TFPI cleavers and slow TFPI 

cleavers (n=9 fast cleavers, n=5 slow cleavers}. Since data could not be analysed 

statistically, they were described qualitatively. Compared to slow TFPI cleavers, fast TFPI 

cleavers had ?:1.5 X higher mean levels of Neprilysin, Presenilin-1, uPA, Kallikrein 7, and 

the metalloproteases MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-12, MMP-13, 

ADAM 8, ADAM 9, ADAMTSl and ADAMTS13. Compared to fast TFPI cleavers, slow TFPI 

cleavers had ?:1.5 X higher mean levels of PR3 (proteinase 3} and Cathepsins E and L. 
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Fig. 4.Sa-d Differences in sputum protease levels between fast (black) TFPI cleavers and slow 
(grey) TFPI cleavers. Over two experiments, PBS sputum supernatant recovery samples were 
pooled from nine fast TFPI cleavers and five slow TFPI cleavers. A total of GOµL sputum were 
pooled into each group each time the experiment was conducted. Compared to slow TFPI 
cleavers, fast TFPI cleavers had ~1.5 X higher mean levels of Neprilysin, Presenilin-1, uPA, 
Kallikrein 7, and the metalloproteases MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-12, 
MMP-13, ADAM 8, ADAM 9, ADAMTSl and ADAMTS13. Abbreviations: AU, arbitrary units; 
DDPIV, dipeptidyl-peptidase 4; MMP, matrix metalloproteinase; OD, optical densitometry; 
PCSK9, proprotein convertase 9; PR3, proteinase 3; TFPI, tissue factor pathway inhibitor; uPA, 
urokinase-type plasminogen activator. 

4.2.6 Inhibition Assays: ex vivo sputum cleavage of TFPI in the presence of protease 

inhibitors 

A series of inhibition assays were carried out to determine the main protease 

class/es involved in sputum TFPI cleavage. Visit 3 PBS sputum supernatant samples 

from five COPD patients were spiked with TFPI in the presence or absence of the 

following inhibitors: 1) the metalloprotease inhibitor llomastat, 2) a serine protease 
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inhibitor cocktail, 3) a serine/ cysteine/amidopeptidases/ aspartic protease inhibitor 

cocktail and 4) a cysteine protease inhibitor cocktail. 

Cleavage of TFPI was unaffected by llomastat as shown by similar fragmentation 

of spiked TFPI in ilomastat-containing and ilomastat-free samples {fig. 4.9). In contrast, 

degradation of TFPI was inhibited, albeit incompletely, by 10X serine protease inhibitor 

cocktail {fig. 4.10). Similarly, less fragmentation of recombinant TFPI occurred in the 

presence of the P8340 cocktail than without it {fig. 4.11). Cleavage of spiked TFPI was 

unaffected by the cysteine protease inhibitor cocktail {fig. 4.12). In addition to the 

above experiments, the effect on recombinant TFPI cleavage of ilomastat in combination 

with the serine protease inhibitor cocktail was compared to serine protease inhibitor 

cocktail alone. No difference in TFPI cleavage was noted between these two conditions 

{fig. 4.13). 
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Fig. 4.9 llomastat does not inhibit TFPI cleavage in COPD sputum; immunoblot probed with 
anti-6X HIS tag antibody. Recombinant human l0X HIS tagged-TFPI (l00ng) was incubated in 
COPD sputum, patients A-E (n=S) in the presence or absence of 25µM llomastat at 37°C for 15 
minutes and its cleavage in the same patient samples compared. Lower or lack of signal 
intensity reflects increased recombinant TFPI degradation: patients A, Band C cleave TFPI more 
than patients D and E. Abbreviations: TFPI, tissue factor pathway inhibitor. 
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Fig. 4.10 TFPI cleavage in sputum is serine protease dependent; immunoblot probed with anti-
6X HIS tag antibody. Recombinant human l0X HIS tagged-TFPI (l00ng) was incubated in COPD 
sputum, patients A-E (n=S) in the presence or absence of l0X SPIC at 37°C for 15 min. Lower 
signal intensity and the presence of lower weight fragments reflect increased recombinant TFPI 
degradation in the absence of serine protease inhibitor; patients A, B and C cleave TFPI more 
than patients D and E. Abbreviations: SPIC, serine protease inhibitor cocktail; TFPI, tissue 
factor pathway inhibitor. 
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Fig. 4.11 TFPI cleavage in sputum is partially inhibited by a 
serine/cysteine/amidopeptidases/aspartic protease inhibitor cocktail P8340; immunoblot 
probed with anti-6X HIS tag antibody. Recombinant human l0X HIS tagged-TFPI (l00ng) was 
incubated in COPD sputum, patients A-E (n=5) in the presence or absence of P8340 at 37°C for 
15 min. Lower signal intensity and the presence of lower weight fragments reflect increased 
recombinant TFPI degradation in the absence of inhibitor cocktail; patients A, B, C and D cleave 
TFPI more than patient E. Abbreviations: TFPI, tissue factor pathway inhibitor. 
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Fig. 4.12 Cysteine protease inhibition does not inhibit TFPI cleavage in COPD sputum; 
immunoblot probed with anti-6X HIS tag antibody. Recombinant human l0X HIS tagged-TFPI 
(l00ng) was incubated in COPD sputum, patients A-D (n=4) in the presence or absence of 
cysteine protease inhibitor cocktail at 37°C for 15 min. Abbreviations: CPIC, cysteine protease 
inhibitor cocktail; TFPI, tissue factor pathway inhibitor. 
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Fig. 4.13 No clear differences were noted between samples treated with 10X SPIC/ llomastat 
and 10X SPIC only; immunoblot probed with anti- 6X HIS tag antibody. Recombinant human 
10X HIS tagged-TFPI (l00ng) was incubated in COPD sputum, patients A-E (n=S) in the presence 
of 10X SPIC alone or a combination of 10X SPIC/ llomastat at 37°C for 15 min. Patients A, B, C 
and D cleave TFPI more than patient E. Abbreviations: SPIC, serine protease inhibitor cocktail; 
TFPI, tissue factor pathway inhibitor. 

Further inhibition experiments were carried out to detect which serine 

protease/s cleaved TFPI. Amiloride {l0µM) was chosen as it inhibits plasminogen {uPA) 

{Ki=7µM) (282] which was elevated in fast compared to slow TFPI cleavers {fig. 4.14). 

Sivelestat {lµM) was also chosen as it is an inhibitor of the serine protease NE which, 

although not a component of the proteome profiler assay, is an important serine 

protease in COPD pathogenesis. Amiloride at a concentration of lOµM failed to inhibit 

TFPI cleavage in five sputum supernatant samples from five different COPD patients 

while lµM Sivelestat partially or completely inhibited TFPI cleavage in four of these five 

samples (fig. 4.15). 
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Fig. 4.14 The uPA inhibitor, amiloride does not inhibit TFPI cleavage in COPD sputum; 
immunoblot probed with anti-6X HIS tag antibody. Recombinant human l0X HIS tagged TFPI 
(l00ng) was incubated in COPD sputum, patients A-E (n=5) in the presence or absence of a final 
concentration of l0µM Amiloride at 37°C for 15 min; its cleavage in the same patient samples 
was compared. Lower or lack of signal intensity reflects increased recombinant TFPI 
degradation. Abbreviations: TFPI, tissue factor pathway inhibitor; uPA, urokinase-type 
plasminogen activator. 
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Fig. 4.15 The NE inhibitor, sivelestat inhibits TFPI cleavage in COPD sputum; immunoblot 
probed with anti-6X HIS tag antibody. Less TFPI degradation occurred in the presence of 
sivelestat (patients A-D), with the exception of patient E where complete degradation occurred 
irrespective of presence of the inhibitor. Recombinant human l0X HIS tagged-TFPI (l00ng) was 
incubated in COPD sputum, patients A-E (n=5) in the presence or absence of a final 
concentration of lµM sivelestat at 37°C for 15 min and its cleavage in the same patient samples 
compared. Lower or lack of signal intensity reflects increased recombinant TFPI degradation. 
Abbreviations: NE, neutrophil elastase, TFPI, tissue factor pathway inhibitor. 

112 



4.2.7 TFPI is cleaved by NE and uPA 

Since sivelestat inhibited TFPI cleavage in some of the sputum samples (fig. 

4.15), recombinant TFPI was incubated with NE in vitro, to confirm TFPI as a substrate 

for NE. Similarly, TFPI was incubated with uPA in vitro, as although no inhibition of TFPI 

cleavage was noted with the uPA inhibitor amiloride, levels of uPA were strikingly 

elevated in fast cleavers compared to slow cleavers (fig. 4.8b). TFPI was cleaved by both 

NE and uPA in vitro. NE cleaved TFPI to a <20kDa fragment (fig. 4.16) while uPA cleaved 

TFPI to a ==35kDa fragment (fig. 4.17). 

40kDa 

25kDa 

TFPI 
NE 

+ + 

+ 

Fig. 4.16 NE cleaves TFPI in vitro to a <20kDa fragment (arrow). TFPI (S00ng) was incubated 
with 0.0SU NE in vitro at 37°C for 18h. The reactions products were resolved by 10% SOS gel 
electrophoresis and transferred to a PVDF membrane probed with anti-TFPI antibody. 
Abbreviations: NE, neutrophil elastase; PVDF, polyvinylidene fluoride; TFPI, tissue factor 

pathway inhibitor. 
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Fig. 4.17 uPA cleaves TFPI in vitro to a =35kDa fragment. TFPI (S00ng) was incubated with SSng 
uPA in vitro at 37°C for 18h. The reactions products were resolved by 10% SDS gel 
electrophoresis and transferred to a PVDF membrane probed with anti-TFPI antibody. 
Abbreviations: PVDF, polyvinylidene fluoride; TFPI, tissue factor pathway inhibitor; uPA, 
urokinase-type plasminogen activator. 

4.2.8 Clinical characteristics of fast TFPI cleavers and slow TFPI cleavers 

The clinical characteristics of fast and slow TFPI cleavers are summarised in table 

4.1 below. Both patient groups were similar in terms of age, cigarette pack years and 

lung function. There were both current and ex-smokers in the fast TFPI cleavers group 

while all slow TFPI cleavers were current smokers. 

Sputum cell indices in the two groups are represented in fig. 4.18a-e. Sputum 

total cell counts (TCC) were higher in fast TFPI cleavers than slow TFPI cleavers [median 

(range) fast 7.18(0.50-54.90) x106 cells/g, slow 1.29(0.37-2.78) x106 cells/g, p=0.001]. 

Similarly, sputum neutrophil counts and sputum neutrophil percentages were higher in 

fast than in slow TFPI cleavers [med ian (range) sputum neutrophil count: fast 8.16 (1.71-

54.49) x106 cells/g, slow 0.57(0.16-1.79) x10
6 

cells/g, p=0.002; mean sputum neutrophil 

percentage: fast 94.33%±5.25, slow 51.04±22.91, p=0.01). Sputum macrophage counts 

were similar between fast and slow TFPI cleavers [median (range) fast 0.36(0.00-2.49) 

x106 cells/g, slow 0.35(0.15-0.90) x10
6 

cells/g, p=0.71. Sputum macrophage percentages 
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were significantly lower in fast TFPI cleavers than slow TFPI cleavers (mean sputum 

macrophage percentage: fast 5.14%±5.10 v. slow 30.78%±16.53, p<0.0001). 

Table 4.1 Comparison of fast TFPI cleavers and slow TFPI cleavers 

Demographics Fast TFPI cleavers Slow TFPI cleavers 
Male/ Female (n) 17/3 6/1 
Age/ Years* 68±9 64±10 
Current/ex-smokers (n) 8/12 7/0 
Pack years* 56±33 59±17 
ICS yes/ no/ N/A (n) 16/3/1 6/1/0 
Lung function/ CT/ MRC grade Fast TFPI cleavers Slow TFPI cleavers 

FEVi/ L* 1.33±0.73 1.53±0.62 
FEV1/ percent predicted* 47.5±20.79 51.86±6.40 

FEV1/FVC* 0.47±0.16 53.43±13.44 

Emphysema on CT yes/ no /N/A (n) 10/7/3 5/0/2 
MRC grades 3-5 (n) Grade 3(5), 4 (6), 5(9) Grade 3(2), 4 (2), 5(3) 

Sputum cell counts Fast TFPI cleavers Slow TFPI cleavers 

Sputum TCC/ 7.18(0.50-54.90) 1.29(0.37-2.78) 
x106 cells/g median (range( 

Sputum neutrophil count/ 8.16(1.71-54.49) 0.57(0.16-1.79) 

x106 cells/g median (range( 

Sputum macrophage count/ 0.36(0.00-2.49) 0.35(0.15-0.90) 
x106 cells/g median (range) 

Sputum neutrophil percentage*• 94.33±5.25 51.04±22.91 

Sputum macrophage percentage*• 5.14±5.10 30. 78±16.53 

Plasma Measurements Fast TFPI cleavers Slow TFPI cleavers 

Heparin Plasma TFPI levels/ngmr1 *• 6.36±1.37 12.99±12.46 
*Data presented as mean ±standard deviation; •p<0.05. Abbreviations: ICS, Inhaled 

corticosteroids (n), number; N/A, not available; TCC, total cell count; TFPI, tissue factor 
pathway inhibitor 
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Fig. 4.18 Sputum indices were compared between fast and slow TFPI cleavers. Fast TFPI 
cleavers had higher TCC (p=0.0003) (a), higher neutrophil counts (p=0.0002) (b), higher 
neutrophil percentages (d) and lower macrophage percentages (p<0.0001) (e) compared to 
slow TFPI cleavers. There were similar macrophage counts between fast and slow cleavers 
(p=0.71) (c). TCC data were available for n=17 fast TFPI cleavers, n=7 slow TFPI cleavers; for all 
other sputum indices n=16 fast TFPI cleavers, n=S slow cleavers, p<0.05 taken as significant. 
TCC, neutrophil counts and macrophage counts were compared using the Mann Whitney test. 
Neutrophil percentages and macrophage percentages were compared using the unpaired t­
test. Abbreviations: TCC, total cell count; TFPI, tissue factor pathway inhibitor. 

Heparin plasma TFPI levels were first measured in the above fast TFPI (n=18) 

and slow TFPI cleavers (n=7). Levels were significantly lower in fast TFPI cleavers 
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compared to slow TFPI cleavers (mean TFPI levels 6.36±1.37, 12.99±12.46 respectively, 

p=0.04), thus following the opposite trend to sputum neutrophils (fig. 4.19). This trend 

of higher sputum neutrophil indices and lower plasma TFPI levels in fast TFPI cleavers 

may suggest that increased levels of sputum neutrophils leads to increased degradation 

of TFPI in the airways as reflected by lower circulating levels of TFPI. To test this 

hypothesis plasma TFPI was measured and correlated to sputum neutrophil indices in in 

a larger number of samples from the same patient cohort (REC reference 10/H0403/85) 

(see 4.3.8) . 
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Fig. 4.19 Fast TFPI cleavers had lower heparin plasma TFPI levels compared to slow TFPI 
cleavers (n=18 fast TFPI cleavers, 7 slow TFPI cleavers, p=0.04, unpaired t-test). Abbreviations: 

TFPI, tissue factor pathway inhibitor. 

4.2.9 Heparin plasma TFPI levels at exacerbation and recovery 

TFPI levels were measured in 72 paired exacerbation (Visit 1) and recovery 

(Visit3) samples. Plasma TFPI levels were significantly raised at exacerbation compared 

to recovery [median (range) 6.45 (0.00-58.20) ngmr
1
, 5.55 (0.30-54.13) ngml'1 

respectively, p=0.01] (fig. 4.20). At visit 3 plasma TFPI levels negatively correlated to 
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sputum neutrophil counts (r=-0.4, p=0.03, n=32 patients fig. 4.21) No correlation was 

noted between plasma TFPI levels and sputum neutrophil counts at visit 1, although the 

direction of the relationship was similar to that seen at Visit 3 (r=-0.1, p=0.63, n=26 

patients). Plasma TFPI levels did not correlate with sputum neutrophil percentages at 

Visits 1 or 3. Similarly, no correlation was noted between plasma TFPI levels and sputum 

macrophage counts, sputum macrophage percentages or sputum TCC at either visit. The 

correlation data between heparin plasma TFPI levels and sputum indices is summarised 

in table 4.2 below. 

Heparin plasma TFPI 
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Fig. 4.20 Plasma TFPI levels are elevated at exacerbation (Visit 1) compared to recovery (Visit 3) 
(n=72 (median (range) 6.45 (0.00-58.20) ngmr1, 5.55 (0.30-54.13) ngmr1, respectively, p=0.01 
Wilcoxon matched-pairs signed rank test]. Abbreviations: TFPI, tissue factor pathway inhibitor. 
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Fig. 4.21 Sputum neutrophil counts indirectly correlate with plasma TFPI levels at recovery 
(Visit 3) (r=-0.4, p=0.03, n=32 patients). Abbreviations: TFPI, tissue factor pathway inhibitor 

Table 4.2 Correlation of heparin plasma TFPI values at Visit 1 and Visit 3 to sputum cell indices 
Heparin Plasma TFPI Visit 1 Correlations 

Measurement No of patients r value p value 

Sputum TCC 30 0.06 0.74 
Sputum neutrophil count 26 -0.11 0.60 
Sputum neutrophil percentage 26 0.05 0.80 
Sputum macrophage count 26 -0.10 0.63 
Sputum macrophage percentage 26 0.11 0.57 
Heparin Plasma TFPI Visit 3 Correlations 

Measurement n r value p value 

Sputum TCC 37 -0.30 0.09 

Sputum neutrophil count* 32 -0.40 0.03 

Sputum neutrophil percentage 32 -0.16 0.39 
Sputum macrophage count 32 -0.24 0.19 

Sputum macrophage percentage 32 0.14 0.44 .. 
Abbreviations: TCC, Total Cell Count; TFPI, tissue factor pathway mh1b1tor. *p<0.05 
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4.2.10 Correlation of plasma TFPI levels to aortic stiffness 

To test the hypothesis that cleaved, i.e. lower TFPI levels were associated with 

increased aortic stiffness the relationship between EDTA plasma TFPI levels and aortic 

PWV was analysed. Only baseline (pre-statin treatment) data were used. 40 patients 

were selected at random from the study. The demographic data at baseline are 

summarized in table 4.3. 

Table 4.3 Demographic data at baseline visit (clinical trial NCT01151306) 

Demographic Data Baseline Visit 

Male/ Female (n) 32/8 
Age/ Years* 63.50±7.25 
Smoking Pack years* 53.61±24.99 
MAP/ mmHg* 111.43±17.19 

FEVi/ L* 1.55±0.56 
FEV1/ percent predicted* 54.45±14.26 
FEV1/FVC* 47.05±12.03 
Aortic PWV/ ms·1 9.65±3.26 
EDTA Plasma TFPI levels/ngmr

1
* • 89.26±25.99 

*Data presented as mean ±standard deviation Abbreviations: MAP, Mean Arterial Pressure; 
PWV, Pulse Wave Velocity; TFPI, tissue factor pathway inhibitor 

Univariate analysis revealed a positive correlation between plasma TFPI levels 

and aortic PWV (r=0.41, p=0.009). There was no significant correlation between TFPI 

levels and FEV1, FVC, gender, age or pack years. Similarly, there was no significant 

correlation between aortic PWV and gender, age or smoking pack years. PWV and MAP 

correlated positively (r=0.48, p=0.02). In the multivariate linear regression analysis 

aortic PWV was chosen as the dependent variable; age, smoking pack years, gender, 

MAP and plasma TFPI level as independent variables. This significant positive 

correlation between aortic PWV and plasma TFPI level persisted even after adjusting for 

age, smoking pack years, gender and MAP using multivariate linear regression (partial 

correlation=0.39, p=0.014,). 

120 



4.3 Discussion 

This chapter presents several novel findings. For the first time TFPI is shown to 

be present in the airways where it is also cleaved. Its cleavage is mainly neutrophil 

driven, occurring faster in the presence of higher sputum neutrophils, and most limited 

when NE is inhibited. In addition, circulating TFPI levels are indirectly correlated to 

sputum neutrophil counts, leading to speculation that its degradation by neutrophil 

enzymes results in lower detectable levels in blood. These findings are important as they 

not only reveal a new substrate for NE in COPD, but also uncover a potential new role 

for the airways - involvement in coagulation. The latter may be useful in understanding 

the link between airway inflammation and the risk of thrombotic events in COPD [4, 9, 

40-42, 299). 

The in vitro findings in this chapter which demonstrate TFPI cleavage by MMP-

12 and NE are in agreement with previously published data [221, 293). This study adds 

to the complexity of TFPI proteolysis by introducing uPA as another protease that 

cleaves TFPI in vitro. Indeed, this complexity may explain why none of the protease 

inhibitors used alone inhibited TFPI cleavage completely. In vitro cleavage of TFPI by 

MMP-12 and NE produced a <25kDa and a <20kDa fragment, respectively while uPA 

cleaved TFPI to a 35kDa fragment. Western blots of COPD sputum probed with anti-TFPI 

antibody as well as the sputum spiking experiments showed similar sized fragments to 

those obtained in vitro. This suggests TFPI is cleaved by these proteases in sputum, 

although it does not clarify whether the <20/25kDa fragments are produced by MMP-12 

or NE alone, or indeed both. 

With the exception of one sputum sample, the NE inhibitor sivelestat, prevented 

complete degradation of TFPI in sputum, but allowed partial cleavage to the 35kDa 

fragment, suggesting that while NE cleaves TFPI it is not involved in the release of this 
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particular 35kDa fragment. This appears to be produced by uPA. The broad spectrum 

ilomastat failed to inhibit TFPI cleavage in sputum. Since ilomastat inhibited in vitro TFPI 

cleavage by MMP-12 and since the literature reveals that lower levels of MMP-12 are 

present in COPD sputum (122] than those used in the in vitro assays, one would expect 

to see some inhibition of TFPI cleavage with ilomastat if MMP-12 were significantly 

involved in TFPI degradation. Furthermore, macrophage number, the source of MMP-12 

(198], is not positively related to TFPI cleavage. However, one cannot rule out the 

possibility that MMP-12 cleavage of TFPI is overshadowed by a higher degree of NE 

activity given that both proteases produce a similar sized fragment. 

The study in this chapter first centred on the cleavage of TFPI in the airways, as 

this is the main site of protease activity in COPD. While TFPI was found to be present in 

the airways the reason for this or the mechanism by which this occurs is unknown. TFPI 

is secreted by the endothelium (255] which, within the lungs, is in close proximity to 

alveoli. One possibility may be that TFPI diffuses across the endothelial-epithelial 

barrier. The next step was to look at how TFPI degradation in the airways was related to 

levels in the vasculature where thrombotic events occur. Due to a limited supply of 

samples it was not possible to directly correlate sputum and plasma TFPI levels. 

However, in the study it was noted that patients termed "fast cleavers" had a tendency 

to lower plasma TFPI levels. While accepting that sample numbers were rather low in 

the slow cleavers group, the findings suggested that increased degradation of TFPI in the 

airways was associated with lower TFPI levels in the circulation. 

Unexpectedly, plasma TFPI was higher at exacerbation than recovery which is 

the reverse of what was expected given that airway neutrophil counts rise at 

exacerbation . These findings may partly be explained by increased production of TFPI in 

inflammatory states as a result of endothelial dysfunction (257]. Furthermore, perhaps 
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increased "leakiness" of the endothelium during heightened inflammatory states [300] 

allows more TFPI to travel across the endothelial-alveolar epithelial barrier. A less 

recognized function of TFPI is anti-bacterial activity. In a mouse model of severe sepsis 

the C-terminal fragment of recombinant TFPI activated complement leading to a 

microbicidal effect against E.coli [301]. This raises the possibility that increased 

circulating levels of TFPI at exacerbation may be a pathophysiological response to 

contain infection. Another discrepancy was that no difference in TFPI cleavage was 

noted between sputum exacerbation and recovery samples. This may be due to the use 

of a semi-quantitative method of analysis which may not have been sensitive enough to 

detect differences in cleavage. 

Given that previous studies show loss of anticoagulant function following TFPI 

degradation [221, 293], it was hypothesized that low plasma TFPI would be associated 

with an increased risk of CVD, measured by a higher aortic PWV [276, 295, 296]. The 

results, however, showed the opposite findings. Higher plasma TFPI levels were 

positively correlated with higher aortic PWV; this relationship remained statistically 

significant even after multivariate analysis. Of note, however, is that this is in keeping 

with most CVD studies whereby higher TFPI levels predict CVD risk (reviewed in [294]). 

Similarly, in the previous study TFPI levels increased at exacerbation, a time of increased 

risk of thrombotic events [41, 42], although it must be pointed out that plasma was 

collected differently in the two studies which led to a difference in magnitude in TFPI 

measurements. TFPI has previously been identified as a marker of endothelial 

dysfunction [302] . Since endothelial dysfunction reportedly precedes angiographic or 

invasive ultrasonographic evidence of atherosclerotic plaques [303], TFPI may have 

potential use as an early biomarker of CVD in COPD. Another explanation for the strong 

positive relationship between TFPI and aortic PWV may be that wider pressure 

differences across arteries increase blood flow turbulence leading to direct stimulation 
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of the endothel ium and subsequent release of TFPI. However this is only a speculative 

suggestion and currently there are no data to support this. 

In conclusion, TFPI is present in the airways in COPD where it is degraded by NE. 

Within the circulation TFPI levels increase at exacerbation and are positively related to 

aortic stiffness. TFPI may therefore be useful as an early biomarker of increased CVD 

risk in COPD. Further studies are needed to better understand the link between the 

presence and cleavage of TFPI in the airways and its role in the circulation. 

124 



Chapter 5 Identifying MMP-12 substrates in COPD 

5.0 Background 

In the previous two chapters a candidate based approach was used to 

determine whether substrates cleaved by MMP-12 in vitro were also targets of this 

enzyme in COPD. Similar to other biological systems [26, 304), a "protease web" exists 

in COPD airways [60, 99, 305) whereby substrate degradation is the result of a series of 

"cross talks" between various proteases. This makes it challenging to match cleavage of 

a substrate to the activity of a specific protease. Exploring a particular protease 

degradome in vivo therefore requires a more sophisticated high throughput technique 

that addresses such complexities. 

MMP-12 was first identified in macrophages as an elastinolytic protease [197). 

Discovery of resistance to cigarette smoke-induced emphysema in Mmp-12-1- mice 

ensued [100). This promoted the idea that MMP-12 was destructive. Yet more recent 

data has challenged this belief by extending the role of MMP-12 beyond elastin 

degradation to inactivation of pro-inflammatory mediators. In vitro, MMP-12 inactivates 

murine ELR+ chemokines CCL-2, 7, 8 and 13 by cleavage at position 4-5 which may 

explain the increased neutrophil and macrophage recruitment to LPS in airways of Mmp-

12-1- mice [115) . Similarly, MMP-12 is protective in viral infection in mice partly by its 

cleavage of interferon-alpha [306). In a collagen-induced arthritis model Mmp-1Z1-mice 

suffered more severe neutrophilic joint inflammation due to lack of MMP-12 cleavage 

and subsequent inactivation of complement factors C3a and C5a [307). This paradoxical 

role of MMP-12 in inflammation and its ever-expanding known substrate profile further 

adds to the difficulty in using a candidate approach to explore new MMP-12 substrates 

in COPD. 
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TAILS (terminal amine isotopic labelling of substrates) is a novel proteomic 

technique used to determine the substrate profile of a specific protease within a 

complex biological system. This involves labelling the N-terminal end of peptides (the N­

terminome) within a sample, followed by their identification by LC-MS/MS analysis [228, 

229]. Thus, a particular protease degradome may be determined by comparing the 

differentially labelled N-terminomes of protease-treated and control samples. 

Alternatively, the N-terminome of a specific protease KO mouse may be compared to its 

WT counterpart. In addition to the identification and relative quantification of peptides 

between samples, TAILS enables the determination of the precise cleavage sites of these 

peptides as well as the natural N-terminus of proteins. The previous use of gel 

electrophoresis for peptide resolution prior to identification is unnecessary with TAILS 

which enables more accurate identification of a larger number of peptides [308, 309]. 

Furthermore, while previous methods of degradome determination may have relied on 

genetic overexpression of a protease or its introduction into a cell line that constitutively 

lacks it, the sensitivity of TAILS [308-310] does away with this, allowing exploration 

under more physiological conditions. Indeed, TAILS has been successfully employed to 

identify new MMP-12 substrates in viral infections [306] ;ind in a collagen-induced 

arthritis murine model [307]. This makes it a useful tool to determine the MMP-12 

degradome in COPD airways by applying it to the Mmp-12-1-smoking mouse model. 

Human COPD sputum is a rich source of proteases [20, 60, 122, 213-215] 

resulting from the influx of inflammatory cells into the airways [66, 68, 69]. While the 

activity of proteases is thought to be linked to airway damage [18, 20, 98-100, 305] and 

airflow limitation in COPD [305] little is known about their proteolytic processed 

signatures. This would be useful to understand the underlying mechanism. Most 

studies focus on one protease only, thus failing to address the complexity of protease 

activity, or this "protease web". Verrills et al [311] identified, using a proteomic 
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approach, peptide differences between asthmatic, COPD and healthy subjects. 

However, the study was carried out on blood samples which limits its use given that 

airway inflammation is central to COPD pathogenesis. In another study [312] the 

sputum degradome was analysed, using a shotgun proteomics approach following gel 

electrophoresis, leading to a low number of confident peptides. Therefore, there is an 

urgent need to use newer proteomics approaches to study the COPD sputum 

degradome: the sputome. 

Based on previous observations [306, 307], MMP-12 plays a pivotal role in 

chemokine processing and affects the resolution of inflammation, thus extending its 

proteolytic substrates repertoire outside the ECM matrix substrates. The hypothesis was 

that in COPD MMP-12 targets immune and inflammatory components outside the 

extracellular matrix. The aims of this chapter were firstly to identify MMP-12 substrates 

using a smoking Mmp-12-1- mouse model, and secondly to search for the newly identified 

murine MMP-12 substrates in human COPD sputum. TAILS was therefore used for the 

relative quantification of substrates in the BALF of Mmp-12-1- mice and their WT 

counterparts. Next the MMP-12 targets identified in mice were searched for in nine 

paired exacerbation and recovery COPD sputum samples using TAILS. In doing so not 

only was the degradome and N-terminome of COPD sputum described, but peptide 

differences at exacerbation and recovery were also determined. 
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5.1 Methods 

5.1.1 BALF samples from Mmp-12-1-and Mmp-12+/+ mice 

Mouse BALF samples were a very generous gift from Professor Steven D. Shapiro 

(Division of Pulmonary, Allergy and Critical Care Medicine, University of Pittsburgh). 

Mmp-12-1- and Mmp-12+/+ mice (n = 4) were exposed to cigarette smoke from 2 

unfiltered cigarettes (University of Kentucky) 6 days a week for 6 weeks, the time 

needed for Mmp-12+/+ mice to develop emphysema; Mmp-12-1- mice remain 

emphysema-free [100]. Mice were then sacrificed followed by the insertion of a 22-

gauge i.v. catheter into their trachea through which lungs were lavaged with 1 ml 0.9% 

saline. Lavage was repeated 3 times to obtain around 1ml BALF per mouse. The BALF 

was then centrifuged at maximum speed for 3 minutes and the resultant supernatant 

stored at -80°C until analysis. 

Mmp-12-1- mice were generated in Professor Shapiro's laboratory [146]. The 

construct was created by the insertion of the phosphoglycerolkinase promoter and 

neomycin resistance genes (PGK-neo) between intron 1 and 2 and electroincorporated 

into RW4 ES cells. Next, C57BL/6J blastocysts were microinjected with the correctly 

targeted clones. Mice which were homozygous for the MMP-12 mutation were 

backcrossed 10 generations into the C57BL/6J background. Mmp-12+/+ were age and 

sex-matched to provide the controls. Only male mice were used in reported 

experiments. 

5.1.2 Sputum samples 

Sputum induction and processing was carried out as described in sections 2.5 

and 2.6, respectively. Only sputum supernatant samples were used in the proteomics 

experiments. Both OTT and PBS processed sputum samples were utilized. 
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5.1.3 Whole Protein TMT Labelling 

250µg for each sample was used per TMT label in each six-channel (6-plex) 

experiment and precipitated by centrifugation at 4,000 rpm for 8 min in a 4:2:3 

methanol: chloroform: HPLC water volume ratio. The resulting pellet was then mixed 

with 4 volumes of methanol followed by centrifugation at 4000 rpm for 10 minutes. The 

supernatant was discarded and the air-dried protein precipitate dissolved in 30µL 6M 

guanidine HCL, 50µL HPLC water and 20µL 1M HEPES pH 8. Tris (2-carboxyethyl) 

phosphine (TCEP) was added in a final concentration of lOmM as a reducing agent. The 

pH of the mixture was adjusted to >6 and incubated at 55°C for 30 min. Alkylation was 

achieved by the addition of iodoacetamide in a final concentration of 25mM for 30 min 

at room temperature in the dark. Each TMT label (0.8mg) was dissolved in a volume of 

DMSO equal to the reaction mixture. To label peptide a- and E-amines TMT labels were 

added to the sample and incubated at room temperature in the dark for 1 h. To quench 

the labels and prevent their carry-over to the trypsin digests, 25µL 1M ethanolamine 

was incubated with each label/sample mixture for 30 minutes at room temperature. All 

sample mixtures were then combined and cleaned in a 8:1 ice-cold acetone: methanol 

volume ratio for 2-18h at -80°C. The next day, the pellet was sedimented by 

centrifugation at 8,500 rpm for 15 min at 4°C. After discarding the supernatant the 

pellet was resuspended in ice-cold methanol and centrifuged at 8,500 rpm for 15min, 

the procedure repeated twice to remove any precipitated guanidine chloride. Once air­

dried the protein pellet was resuspended in 200µL lO0mM NaOH, 200µL 200mM HEPES 

(pH 7.5-8) and the volume adjusted to 1ml with HPLC water. After adjusting the pH to 

6.5-8, the proteome was trypsinized by incubation with sequencing grade TrypsinGold 

(Promega, Madison, Wisconsin, USA) for 18h at 37°C at a 1:100, enzyme: proteome mass 

ratio . Trypsinization was assessed by 10% SOS-PAGE and Imperial stain (Thermo Fisher 

Scientific, Rockford Illinois, USA). Prior to the next step of N-terminal enrichment lO0µL 
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of trypsinized sample was removed, acidified to pH <2.5 with 100% acetic acid and 

stored on C18 Stage tips for analysis of the pre-TAILS sample. 

5.1.4 Whole Protein Dimethylation 

Samples were precipitated. Human sputum or mouse BALF supernatant was 

incubated in quarter of its volume of 100% trichloroacetic acid (TCA) on ice for 10 min. 

The mixture was then centrifuged at 4°C at 14,000 rpm for 10 min. The supernatant was 

discarded and the pellet centrifuged in 1ml ice-cold acetone at 4°C at 14,000 rpm for 

Smin, repeated twice, centrifuging increased to 10 minutes on the last spin. Once air­

dried the pellet was resuspended in a final concentration of 4M guanidine HCL (pH 7.0), 

lO0mM HEPES (pH 8.0) and lOmM DTT and incubated at 6S°C for 30 min. Once cooled 

to room temperature, alkylation of the sample was achieved by incubation with a final 

concentration of lSmM iodoacetamide for 30 min in the dark at room temperature. The 

pH was next adjusted to 6.5 with NaOH or HCL. Next, to label peptide a- and E-amines, 

samples were incubated for 18h at 37°C with isotopically super-heavy [40mM heavy 

formaldehyde (13CD 20) + 20mM NaBD3CN (sodium cyanoborodeuteride)], heavy [40mM 

13CD20 +20mM NaBH3CN (sodium cyanoborohydride)], medium [40mM medium 

formaldehyde (CD20) + 20mM NaBH 3CN] or light labels [40mM light formaldehyde 

(CH 20) + 20mM NaBH3CN], all final concentrations. The labels used varied depending on 

the experiment. The following day, the labelling step was repeated at half the final 

concentration of labels used the day before, and the sample mixture incubated for a 

further 2h at 37°C. Next, sample mixtures were cleaned in acetone: methanol, followed 

by protein precipitation, trypsinization and storage as described in Section 5.2.3. 
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5.1.5 N-terminal Enrichment 

To negatively select against unlabelled a-amines of trypsinized peptides, 

samples were incubated with a 3-5 fold excess (w/w) of dendritic polyglycerol aldehyde 

polymer and 1M ALD for 18h at 37°C, following pH adjustment to 6-6.5 with 1M HCL. 

Ten microliters 1M ALD was added for each 1mg protein in the sample to ensure 

catalysis of the binding reaction of the polymer to free a-amines of peptides. Unbound 

peptides were separated from polymer-bound peptides by filtration using centrifugal 

filter units with l0kDa cut-off membranes (Amicon, Millipore, Billerica, Massachusetts, 

USA). Once concentrated to ~100µL, the polymer was washed with lO0µL of lO0mM 

ammonium bicarbonate. The polymer-bound peptides on the filter were then 

discarded while the filtrate was collected, acidified with 100% acetic acid to pH <2.5 and 

stored on C18 Stage tips till analysis. 

5.1.6 High Performance Liquid Chromatography (HPLC) and Mass Spectrometry {MS) 

All HPLC and MS experiments were carried out by the UBC Centre for High 

Throughput Biology. Analysis was performed on a nanoHPLC system (Thermo Scientific) 

consisting of a nanospray ionization source coupled to a LTQ-Orbitrap hybrid mass 

spectrometer (LTQ-Orbitrap XL, Thermo Scientific). The ionization source included a 

fused-silica trap column (length, 2 cm; inner diameter, 100 µm; packed with 5-µm­

diameter Aqua C-18 beads; Phenomenex), fused-silica fritted analytical column (length, 

20 cm; inner diameter, 50 µm; packed with 3-µm-diameter Reprosil-Pur C-18-AQ beads; 

Dr. Maisch GmbH) and a silica gold-coated spray tip (20-µm inner diameter, 6-µm 

diameter opening, pulled on a P-2000 laser puller; Sutter Instruments; coated on EM 

SCD00S Super Cool Sputtering Device, Leica Microsystems). Peptides were eluted from 

Stage tips in 80% ACN (acetonitrile), 0.1% formic acid mobile phase, then SpeedVac 

concentrated to near-dryness and dissolved in 20 µI mobile phase 2% ACN, 0.1% formic 
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acid . Ten microliters were loaded onto the column. Buffer A was 0.5% formic acid, 

buffer B 0.5% acetic acid/ 80% ACN. Gradients were run from 0% B to 15% B over 15 

min, then from 15% B to 40% B in the next 65 min, then increased to 100% B over 10 

min period, held at 100% B for 30 min. The LTQ-Orbitrap was set to acquire a full-range 

scan at 60,000 resolution (m/z 350-1,800) in the Orbitrap and to simultaneously 

fragment the top five peptide ions in each cycle in the LTQ (minimum intensity 200 

counts) . Parent ions were then excluded from MS/MS for the next 180s. The Orbitrap 

was continuously recalibrated against protonated (Si (CH3)2O)6 at m/z = 445.120025 

using the lock-mass function. 

5.1.7 Spectrum-to-sequence Matching and Statistics 

Data acquired with the Orbitrap XL spectra were matched to peptide sequences 

in the mouse or human UniProt protein database (October 2013) with added standard 

laboratory and common contamination protein entries and reverse decoy sequences 

using the Andromeda algorithm29 as implemented in the MaxQuant software package 

vl.4.12 [313], with a peptide false discovery rate (FDR) set at 0.01. Searches were 

performed using the following parameters: a mass tolerance of 5 p.p.m. for the parent 

ion, 0.5 Da for the fragment ions, carbamidomethylation of cysteine residues 

(+57.021464 Da), variable N-terminal modification by acetylation (+42.010565 Da), 

methionine oxidation (+15.994915 Dal, and amino acid cyclization, semi-Arg-C cleavage 

specificity with up to two missed cleavages and (KR IX) as simple cleavage site rule for 

trypsin with up to three missed cleavages. In addition the following were set as variable 

modification at the peptide N termini and fixed modification at the peptide lysine 

residues : isobaric mass tag for TMT labelling and superheavy (+36.0757 Da), heavy (+ 

34.0631) medium (+32.0564 Da) and light (+28.0313 Da) for dimethyl labelling. For 

murine experiments Mmp-12-1-1 Mmp12+1+ratios of ~0.67 and <!:l.5 were analysed 
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further; similarly for human experiments exacerbation/ recovery ratios of :::;Q.67 and 

~1.5 were reported as significant. Demographic data were analysed GraphPad Prism 

version 6.05 (GraphPad Software, San Diego, California, USA). 

5.2 Results 

5.2.1 Mice samples 

TAILS was used to identify potential MMP-12 targets in COPD by the relative 

quantification of substrates in four cigarette smoke-exposed Mmp-12-1-and Mmp-12+/+ 

mice. Pre-TAILS identified a total of 1778 N-terminal peptides in the BALF proteome of 

Mmp-12-1-and Mmp-12+/+ mice. Following N-terminal enrichment by TAILS a total of 62 

unique mature and cleaved neo-N-terminal peptides were identified. Using the cut off 

Mmp-12-1-; Mmp-12+/+ratios of :::;Q.67 and ~1.5, 22 neo-N-terminal peptides 

(corresponding to 19 proteins) were identified which were differentially cleaved in 

Mmp-lZI- and Mmp-12+1+. Of these, 15 peptides (corresponding to 13 proteins) were 

found to have a level ~1.5 in Mmp-12-1- compared to Mmp-12+!+_ In contrast, seven 

peptides, corresponding to seven proteins were :::;Q.67 times lower in Mmp-12-1-

compared to Mmp-12+1+. The sites of cleavage and ratios for the differentially cleaved 

peptides are summarized below in table 5.1 

In this protease KO smoking mouse model, the potential MMP-12 substrates 

identified were similar to validated MMP-12 targets in published data derived from 

Mmp-1z1- embryonic fibroblasts, Mmp-12-1- macrophages and Mmp-1z1- peritonitis 

murine models [10]. These included: alpha-2-HS glycoprotein, anti-thrombin Ill, 

clusterin, complement C3, complement C4b, complement factor H-related protein-1, 

hemopexin, serotransferrin and serum albumin. In addition to the aforementioned 

potential MMP-12 substrates, alpha-2-macroglobulin, beta-1, 4-galactosyltransferase 2, 
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transmembrane protease 7, DEP domain-containing mTOR-interacting protein, 

kininogen-1, pleckstrin homology domain-containing family H member 1, tumour 

necrosis factor ligand superfamily member 11 and zinc finger protein 518B were 

identified as potential new substrates of MMP-12. Furthermore, the current smoking 

mouse KO model identified new cleavage sites for the already known MMP-12 

substrates: alpha-2-HS-glycoprotein, complement C3 and clusterin. 
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Table 5.1 Cleavage sites and Mmp-12·1/Mmp-12•1• ratios for the differentially cleaved 
peptides. Numbers in italics represent known cleavage sites 
Gene Ontology Protein Average Start position Cleavage site 

ratios of of neo N- (Pl-Pl') 

neo-N- terminal 

terminal peptides 
peptides (Pl') 
(Mmp-12·!· 

/Mmp-
12•!•) 

Acute phase Alpha-2-HS- 18.92, 1.52 19,24 S-A, T-G 
glycoprotein 

Acute phase Serum albumin 3.58, 1.53 25,473 R-E, C-V 

Acute phase Hemopexin 2.67 24 A-S 

Acute phase Serotransferrin 0.53 642 S-T 

Blood Alpha-2- 0.13 730 Y-S 

coagulation macroglobulin 

Blood Antithrombin-111 2.07 35 G-N 

coagulation 

Blood Kininogen-1 2.88 389 R-S 

coagulation 

Transmembrane Transmembrane 0.43 294 Y-D 

serine protease protease serine 7 

Negative DEP domain- 0.61 147 G-V 

regulator of the containing mTOR-

mTORCl and interacting protein 

mTORC2 signaling 

pathways 

Transcription Zinc finger protein 1.60 293 K-V 

518B 

Cell death Clusterin 3.22 22 G-E 

regulation 

Complement Complement factor 4.14 24 G-E 

system H-related protein-1 

Complement Complement factor 1.84 23 A-T 

system B -
Complement Complement C4-B 0.41 953 R-T 

system 
Complement Complement C3 10.79; 0.37; 671, 749, 960 R-5, R-5, K-V 

system 2.87 

Bone metabol ism Tumor necrosis 1.96 195 K-V 

factor ligand 

superfamily 

member 11 

Cytoskeletal Pleckstrin 0.03 164 D-A 

remodelling homology domain-
containing family H 
member 1 

Carbohydrate Beta-1,4- 2.32 237 I-A 

metabolism galactosyltransfera 

se 2 
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5.2.2 Human COPD exacerbation and recovery samples 

Of the potential MMP-12 substrates detected in mice, alpha-2-HS-glycoprotein, 

anti-thrombin Ill, complement factors C3 and C4b, hemopexin and serum albumin were 

identified in both exacerbation and recovery human sputum by TAILS. Of note, a similar 

cleavage site was identified between murine and human anti-thrombin Ill, at G35N and 

G35S respectively, strongly suggestive of MMP-12 cleavage in sputum. The proteins 

cleaved in both COPD sputum and mouse BALF are summarised in table 5.2. 

TAILS enabled comparison of substrate proteolysis in human COPD sputum at 

exacerbation and recovery. Proteolysis of 16 substrates occurred with increased 

intensity both at exacerbation as well as recovery, depending on the site of cleavage. 

For instance, cathepsin G was cleaved with increased intensity at A37Y and R123N at 

exacerbation, and also cleaved with increased intensity at T106Q at recovery. The 

cleavage sites of these 16 peptides are shown in table 5.3. 

Table 5.2 Murine MMP-12 targets are present in human COPD sputum. This table reveals the 
MMP-12-cleaved peptides and their cleavage sites in the murine cigarette smoke exposed­
model as well as the corresponding human peptides detected by TAILS in COPD exacerbation 

and recovery sputum. 

Protein Protein cleavage site/s for Protein cleavage site/s 
MMP-12 substrates in identified in human 
mouse BALF exacerbation or recovery 

sputum 

Alpha-2-HS glycoprotein T24G R'""T 

Ant i-thrombin Ill Gj~N C33H, G3s5 

Complement 3 R611S, R'4'S, K'ouV Kl/jv, A' 4 HR, 1" 00E 

Complement C4b R'°'T E'oul, T'H'I, Rl454E 

Hemopexin Az45 H33G 

Serum albumin R25E, c" " V c79H, r 'bHE 
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Table 5.3 Proteins with peptides increased both at exacerbation and recovery; the numbers in 
the columns by the cleavage sites represent the recovery/exacerbation peptide ratios. 
Protein Cleavage Average Cleavage Average ratios of 

sites for ratios of sites for neo-N-terminal 
peptides neo-N- peptides peptides 
increased at terminal increased (recovery/ 
exacerbation peptides at exacerbation) 

(recovery/ recovery 
exacerbation 
) 

Cathepsin G A31y 0.41 TlOGQ 1.52 
R123N 0.30 

Coronin Cs2E 0.50 ,sic, 1.79 
T110L 1.85 

Cystatin-5 A3sD 0.58 c119s 1.55 

Histone H2A lsgR 0.50 Ls1E 1.67 
type 1-C 

lg alpha-1 chain v 290 0.53 L3s5 1.89 
C region L323A 0.55 

lntegrin-alpha Ts2GV 0.51 12s1T 1.82 
M VG1sT 0.6 51001H 1.75 

19685 0.5 

MMP-9 527T 0.1 R42sF 2.31 
L29V 0.05 r421E 1.98 
L195 0.56 
Tl26Q 0.39 
R3230 0.24 
1ss1A 0.49 
LGGOD 0.44 
v698T 0.37 

MPO A24s5 0.60 123GN 3.17 
R331L 0.24 T2405 1.66 
T334E 0.34 
R442V 0.37 
R46SQ 0.42 
AsGsC 0.31 
cs691 0.55 
V618S 0.53 

Myosin-9 11239A 0.56 V239S 1.68 

137 



Table 5.3 continued Proteins with peptides increased both at exacerbation and recovery 

Mucin-SAC As8T 0.48 Y627A 1.69 
Ns1GS 0.40 
F149L 0.53 
vaa2c 0.60 
viossv 0.56 
Vl290I 0.14 
Rl431A 0.14 
v11s60 0.58 
Hl764G 0.15 
c4m A 0.49 

Mucin-58 cs41sv 0.47 5Go4F 1.81 

Neutrophil defensin 3 v46s 0.12 137A 3.75 
A13C a.so 
Ta3C 0.36 

Polymeric r4oc 0.55 RmQ 1.70 
lmmunoglobulin (4ly 0.39 
Receptor vgsv 0.35 

V96N 0.42 
F204S 0.38 

0231v 0.11 
F3095 0.51 
v421, 0.16 
LS29T 0.28 
AS57A 0.20 
Assav 0.07 
vs145 0.08 
Ks1aA 0.25 

Protein SET v101T 0.58 5s2A 1.71 

Serum albumin C19H 0.61 T2GaE 1.82 

UPF0762 protein T235 0.56 5214r 1.78 

C6orf58 
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51 proteins were cleaved with increased intensity at exacerbation; their 

cleavage sites and the relative quantification of their cleaved peptides at exacerbation 

and recovery are summarized in table 5.4. The function of the corresponding proteins is 

shown in table 5.7. 
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Table 5.4 Proteins with peptides increased at exacerbation only; peptide cleavage sites and 
peptide recovery/exacerbation ratios are shown. 

Protein Peptides increased Average ratios of neo-N-
at exacerbation terminal peptides (recovery/ 

exacerbation) 
Actin-related protein 2/3 complex Izz4T 0.51 
subunit 2 

Adenosylhomocysteinase v 191A 0.54 

Alpha-actinin-4 A 44"T 0.51 
I196S 1.59 

Alpha-enolase V
22

S 0.57 

Annexin Gl43T 0.50 

Antileukoproteinase K'Lc 0.21 

Anti-thrombin Ill C33H 0.10 
G3s5 0.09 

ARP2 actin-related protein 2 Tl8.:lT 1.53 

AZUl protein v ~4V 0.61 

Beta-2-microglobulin y'~y 0.34 

Calreticulin LszS 0.08 
5535 0.18 

Calpain-1 catalytic subunit ljbK 0.59 

Carcinoembryonic antigen-related v 841 0.59 

cell adhesion molecule 8 ,ass 0.05 

Cathelicidin antimicrobial peptide AU4L 0.51 

Choline transporter-like protein 4 S" 0 °F 0.58 

Complement C3 KujV 0.02 

I1s66E 0.03 

Complement C4B E' 0 ul 0.25 
T9a2A 0.13 
Rl454E 0.23 

Cystatin-SA c11~s 0.57 

Cystatin-SN em s 0.56 

Cytochrome c oxidase subunit 2 TlML 0.54 

Deleted in malignant brain tumors I'~ V 0.26 

1 protein E7601 0.25 
T9a2A 0.13 
Rl454E 0.23 

Enolase 
v l98G 0.51 

Elongation factor 1-alpha 1 V
117

A 0.52 
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Table 5.4 continued: Proteins with peptides increased at exacerbation only 
Filamin-A K000V 0.52 

Gelsolin r'bjs 0.56 

Glycogen phosphorylase, liver V"'D 0.52 
form 

Haptoglobin I161c 0.55 

Heat shock cognate 71 kDa protein V6oA 0.49 
V220K 0.001 
T223A 0.16 
I292D 0.07 

Heat shock protein HSP 90-alpha l""T 0.51 

Hematopoietic lineage cell-specific l'~"R 0.54 

protein 

Hemopexin H33G 0.57 

Histone H4 1485 0.52 

lg alpha-2 cha in C region Cu~T 0.47 

lntegrin beta-2 A284A 0.46 
v421T 0.44 

Lactotra nsferri n VB3A 0.59 
A1625 0.57 
C354A 0.50 
LsBC 0.55 

Leukocyte elastase inhibitor s···v 0.52 
A2s2R 0.54 
v 2s60 0.48 

Macrophage capping protein V83H 0.15 

Major vault protein L
713

S 0.52 

Neutrophil elastase 1130N 0.02 

N131A 0.31 

N133V 0.34 
Ll53A 0.55 

M l55G 0.53 
V240N 0.63 

Phosphoglycerate mutase 1 M l21Q 0.51 

Prote in disulfide-isomerase A3 V' 4 S 0.50 

Pulmonary surfactant -related v ll~G 0.51 

protein 

P35-related protein v40G, 0.50 

Rab GDP dissociation inhibitor beta A4s5 0.57 
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Table 5.4 continued: Proteins with peptides increased at exacerbation only 
Ras-related protein Ral-A lb'D 0.55 

Resistin 1455 0.53 

Septin-2 vl,1T 0.57 

Septin-9 Vl92I 0.52 

SH3 domain-binding glutamic acid- 133G 0.52 

rich-like protein 

Transitional endoplasmic reticulum A!UUI 0.55 
ATPase VS7\ 0.55 

Twinfilin-2 l'"E 0.52 

27 proteins were cleaved with increased intensity at recovery; their cleavage 

sites and the relative quantification of their cleaved peptides at exacerbation and 

recovery are summarized in table 5.5 below. The function of the corresponding proteins 

is shown in table 5.7. 
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Table 5.5 Proteins with peptides increased at recovery only; peptide cleavage sites and peptide 
recovery/exacerbation ratios are shown. 

Protein Peptides increased Average ratios of neo-N-
at recovery terminal peptides (recovery/ 

exacerbation) 

Acyl-protein thioesterase 1 AouS 1.78 

Aldehyde dehydrogenase family 3 ,,uov 1.57 
member Bl 
Alpha-1-antichymotrypsin pl~L 8.36 

Annexin rll's 1.68 

Annexin A4 T°OV 1.71 

Cata lase A44bF 1.59 

cDNA FLJS3963 v 0~s 1.52 

Complement decay-accelerating G3sD 1.67 

factor 

Cornulin vll,. 1.71 

Clathrin heavy chain 1 V'""R 1.52 

Cysteine-rich secretory protein 3 Tj0A 1.71 

Glucose-6-phosphate isomerase A"' 0 N 1.64 

Glutathione 5-transferase P A~~A 1.76 

Growth factor receptor-bound v lllQ 1.59 

protein 2 
Heat shock cognate 71 kDa protein SULT 2.39 

lg delta chain C region vl/ly 1.86 
V201A 1.74 

lg mu heavy chain disease protein v 441 1.51 

Neutrophil collagenase vj" Q 1.89 

Peptidoglycan recognition protein 1'"0 R 1.51 

1 

Plastin-2 516sv 1.83 
A366F 1.79 
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Table 5.5 continued: Proteins with peptides increased at recovery only 
Proteasome subunit beta type-1 I4YA 1.64 

Protein-arginine deiminase type-4 ,~u•s 1.67 

Ras GTPase-activating-like protein v"~"T 1.90 

IQGAPl Vsnl 1.70 

Tubulin alpha-4A chain Gjb~G 1.52 

Tubulin beta chain ljUS 1.53 

Vinculin v29s 1.78 

6-phosphogluconate l&s l 1.79 

dehydrogenase, decarboxylating 

144 



5.2.3 The human sputum degradome in COPD 

Clinical data and sputum cell counts for the nine patients whose sputum 

samples were used in the TAILS analysis are summarized in table 5.6 below. All patients 

had a FEV1 % predicted <80%, and all, apart from 1 with a FEV1/FVC =0.75, had a ratio 

<0. 7. Sputum cell counts were available for eight patients at exacerbation and all nine 

patients at recovery. Data derived from TAILS analysis of COPD exacerbation and 

recovery sputum led to the identification of 1,116 peptides. These peptide sequences 

were matched in the UniProt database, www.uniprot.org.. to determine the 

corresponding proteins and their functions. Sputum proteins were grouped into the 

following categories according to their function: cell adhesion/migration, complement 

system, acute phase response, extracellular matrix structure/function, anti-microbicidal 

activity, cytoskeletal function/ remodelling, carbohydrate metabolism, oxidoreductase 

activity, cell death regulation/ DNA synthesis/repair, immune response, protease 

activity, protease inhibition and ATP synthesis/ function. Proteins with an unclear, or not 

yet known, function were grouped into an "other/unknown" category. These protein 

groups are summarized in table 5.7. Proteins marked *are described as MMP-12 targets 

in published data. 
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Table 5.6 Clinical and sputum characteristics of COPD patients 

Demographics 
Male/ Female (n) 5/4 

Age/ Years* 71 (8) 

Current/ex-smokers (n) 5/4 

Pack years* 47 (18) 

ICS yes/ no/ (n) 8/1 

Lung function/ CT/ MRC grade 
FEVl/ Ls-1 * 1.18 (0.65) 

FEVl/ percent predicted* 48.11 (16.99) 

FEVl/FVC* 0.48 (0.15) 

Emphysema on CT yes/ no /N/ A (n) 3/2/4 

MRC grades 3-5 (n) Grade 3(4)/ Grade 4 (2)/ Grade 5 (3) 

Sputum cell counts at exacerbation 
Sputum TCC/ 20.30 (2.04-148.00) 

x106 cells/g median (range) 

Sputum neutrophil count/ 20.28 (0.46-148.00) 

x106 cells/g median (range) 

Sputum macrophage count/ 0.00 (0.00-0.21) 

x106 cells/g median (range) 

Sputum neutrophil percentage 99 .88 (21.25-100.00) 

median (range) 

Sputum macrophage percentage 0.00 (0.00-51.00) 

median (range) 

Sputum cell counts at recovery 
Sputum TCC/ 9.77 (0.39-54.90) 

x106 cells/g median (range) 

Sputum neutrophil count/ 9.40 (0.17-54.49) 

x106 cells/g median (range) 

Sputum macrophage count/ 0.36 (0.00-0.73) 

x106 cells/g median (range) 

Sputum neutrophil percentage 95.75 (40.00-100.00) 

median (range) 

Sputum macrophage percentage 3.75 (0.00-51.75) 

median (range) 
*Data presented as mean ±standard deviation; + p<0.05. Abbreviations: ICS, Inhaled 
corticosteroids (n}, number; N/ A, not available; TCC, total cell count. 
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Table 5.7 Proteins identified in human COPD sputum by TAILS grouped according to their 
function/s. *=described as MMP-12 targets in published data. 

Cell adhesion/migration 
Annexin Al* 
Annexin A3 
Annexin AS 
Annexin A6 
Carcinoembryonic antigen-related cell 
adhesion molecule 1 
Carcinoembryonic antigen-related cell 
adhesion molecule 6 
Carcinoembryonic antigen-related cell 
adhesion molecule 8 
Fermitin family homolog 3* 
Galectin-3-binding protein 
Histidine-rich glycoprotein* 
lntegrin alpha-M 
lntegrin beta-2 
Moesin 
Olfactomedin-4 
Ras-related C3 botulinum toxin substrate 3 
Ras-related protein Ral-B 
Rho GDP-dissociation inhibitor 1 
Rho GDP-dissociation inhibitor 2 
Rho-related GTP-binding protein RhoG 
Septin-2* 
Septin-9 
Sialic acid-binding lg-like lectin 5 
Trefoil factor 3 
Vinculin 
Acute phase response 
Alpha-1-acid glycoprotein 1 
Alpha-2-HS-glycoprotein* 
Annexin Al* 
Arachidonate 5-lipoxygenase 

CCL16 
Coronin-lA* 
Glucose-6-phosphate isomerase 

Granulins* 
Heat shock 70 kDa protein lA/1B* 
Heat shock 70 kDa protein 6 
Heat shock cognate 71 kDa protein 
Heat shock protein HSP 90-alpha* 

Hemopexin* 
Leukotriene A-4 hydrolase 
Lymphocyte-specific protein 1 

Pantetheinase 
Peptidyl-prolyl cis-trans isomerase FKBPlA * 

Protein S100-A8 
Serum albumin* 

Complement system 
Complement C3* 
Complement C4 beta chain* 
Complement decay-accelerating factor 
Complement factor B 

Extracellular matrix structure and function 
Fibrinogen beta chain 
Fibrinogen gamma chain 
Galectin-3* 
lgGFc-binding protein 
Mucin-4 
Mucin-SAC 
Mucin-5B 
Pulmonary surfactant-associated protein Al 
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Table 5.7 continued: Proteins identified in human COPD sputum by TAILS 

Antimicrobicidal activity Cytoskeletal function/ remodelling 
Bactericidal permeability-increasing protein Adipocyte plasma membrane-associated 
Cathelicidin antimicrobial peptide protein 
Lactotransferrin Alpha-actinin-1 * 
Neutrophil defensin 3 Alpha-actin in-4 * 

Actin*, cytoplasmic 1 
Actin-related protein 2/3 complex subunit 
1B* 
Actin-related protein 3 
Calpain-1 catalytic subunit 
Copine-3 
Coronin-lA* 
Dysferlin 
Endoplasmin 
Eukaryotic initiation factor 4A-II 
F-actin-capping protein subunit beta* 
Fila min-A* 
Gelsolin * 
Glia maturation factor gamma 
Hematopoietic lineage cell-specific protein 
Macrophage-capping protein* 
Myosin-9* 
Myosin regulatory light chain 12A 
Na(+)/H(+) exchange regulatory cofactor 
Nesprin-1 
NHE-RFl 
Plastin-3 
Profilin-1 * 
Ras-related C3 botulinum toxin substrate 2 
Ras GTPase-activating-like protein IQGAPl 
Ras-related proteinRap-lb 
Transitional endoplasmic reticulum ATPase* 
Thioredoxin reductase 1, cytoplasmic 
Thymosin beta-4 
Tropomyosin alpha-3 chain 
Tubulin alpha-4A chain 
Tubulin beta chain 
Twinfilin-2 
Unconventional myosin-lf 
Vesicular integral-membrane protein VIP36 
Vimentin* 
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Table 5.7 continued: Proteins identified in human COPD sputum by TAILS 

Carbohydrate metabolism 
Alpha-amylase 2B 
Alpha-enolase 
Beta-glucuronidase 
Citrate synthase 
Di-N-acetylchitobiase 

Enolase 
Fructose-bisphosphate aldolase A 
Fructose-bisphosphate aldolase C 

Glycogenin-1 
Glycogen phosphorylase, liver form 
Glucose-6-phosphate isomerase 
Hexokinase-3 
Malate dehydrogenase 
N-acetylglucosamine-6-sulfatase 
Phosphoglucomutase-1 
Phosphoglycerate kinase 1 
Protein kinase C beta type 
Pyruvate kinase PKM 
Resistin 
Transketolase 
Triosephosphate isomerase 
6-phosphogluconolactonase 

Oxidoreductase activity 
Aldehyde dehydrogenase family 16 member 
Al 
Cata lase 

Ceruloplasmin 
Clusterin* 
Cytochrome c oxidase subunit SB 
EROl-like protein alpha 
Glutaredoxin-1 
Glutathione 5-transferase P 
Glyceraldehyde-3-phosphate dehydrogenase 
Nicotinamide phosphoribosyltransferase 
Nicotinate phosphoribosyltransferase 
Pyridoxal kinase 
Sulfhydryl oxidase 1 
Thioredoxin 
Thioredoxin domain-containing protein 17 
Transcobalamin-1 
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Table 5.7 continued: Proteins identified in human COPD sputum by TAILS 

Cell death regulation/ DNA synthesis and 

repair 
Adenosylhomocysteinase 
Adenylosuccinate synthetase isozyme 2 
Calcineurin-like phosphoesterase domain­
containing protein 1 
Clusterin* 
Cullin-4A 
Cytidine deaminase 
Elongation factor 1-gamma 
Elongation factor 2 
Eukaryotic translation initiation factor SA-1 
Heterogeneous nuclear ribonucleoprotein 
Al 
Heterogeneous nuclear ribonucleoproteins 
A2/B1 
Heterogeneous nuclear ribonucleoprotein 

DO 
Heterogeneous nuclear ribonucleoprotein K 
Heterogeneous nuclear ribonucleoprotein U­
like protein 1 
Heterogeneous nuclear ribonucleoprotein U­
like protein 2 
Histone Hlt 
Histone Hl.5 
Histone H2A type 1-C 
Histone H2B typel-L 
Histone H3.2 
Histone H4 
Hypoxanthine-guanine 
phosphoribosyltransferase 
lnosine-5-monophosphate dehydrogenase 1 
Programmed cell death 6-interacting 

protein* 
Prolactin-inducible protein 
Protein SET 
Purine nucleoside phosphorylase 
Serine/threonine-protein phosphatase 2A 65 
kDa regulatory subunit A beta isoform 
Thymidine phosphorylase 
Ubiquitin-conjugating enzyme E2 03 
Ubiquitin-like modifier-activating enzyme 1 
14-3-3 protein zeta/delta 

Immune response 
Basic salivary proline-rich protein 3 
Beta-2-m icroglobulin* 
Calreticulin* 
Clathrin heavy chain 1 
Cysteine-rich secretory protein 3 
Deleted in malignant brain tumors 1 protein 
EH domain-containing protein 1 
Galectin-3-binding protein 
Ficolin-1 
Histidine-rich glycoprotein* 
HLA class I histocompatibility antigen, Cw-14 
alpha chain 
lg alpha-1 chain C region 
lg delta chain C region 
lg J chain 
lg kappa chain C region 
lg kappa chain V-1 region EU 
lg kappa chain V-IV region Len 
lg lambda-2 chain C regions 
lg mu heavy chain disease protein 
Lysozyme C 
Monocyte differentiation antigen CD14* 
Myeloid cell nuclear differentiation antigen 
Peptidoglycan recognition protein 1 
Polymeric immunoglobulin receptor 
Protein-arginine deiminase type-4 
Protein S100-A8 
Tapasin 
Tyrosine-protein kinase HCK 
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Table 5.7 continued: Proteins identified in human COPD sputum by TAILS 
Protease inhibition 
Al pha-1-antichymotrypsi n 
Al pha-2-HS-glycoprotei n * 
Alpha-2-macroglobulin 
Antileukoproteinase 
Cystatin-B 
Cystatin-C 
Cystatin-5 
Cystatin-SA 
Cystatin-SN 
Haptoglobin* 
Leukocyte elastase inhibitor 

Neutrophilic inflammation 
Azurocidin 
Bactericidal permeability-increasing protein 
Cathepsin G 
Matrix metalloproteinase-9 
Myeloblastin 
Myeloperoxidase 
Neutrophil collagenase 
Neutrophil elastase 
Protein-arginine deiminase type-4 
Protein 5100-AS 
Regulation of cellular proliferation 
Major vault protein 
Retinoic acid receptor responder protein 1 
Serotra nsferri n * 

Natural killer cell toxicity 
Syntaxin-binding protein 2 

Protease activity 
ADP-sugar pyrophosphatase 
Cathepsin G 
Cathepsin S 
Dipeptidyl peptidase 3 
Matrix metalloproteinase-9 
Mitochondrial peptide methionine sulfoxide 
reductase 
Myeloblastin 
Myeloperoxidase 
Neutrophil collagenase 
Neutrophil elastase 
Proteasome subunit alpha type-5 
Proteasome subunit alpha type-7 
Proteasome subunit beta type-1 
Proteasome subunit beta type-4 * 
Proteasome subunit beta type-6 
Proteasome subunit beta type-9 
Tripeptidyl-peptidase 1 

lipid metabolism 
Chloride intracellular channel protein 1 
Phospholipase B-like 1 
Putative lipocalin 1-like protein 1 
Zinc-alpha-2-glycoprotein 

Coagulation 
Antithrombin-111* 
WD repeat-containing protein 1 
6-phosphogluconate dehydrogenase, 
decarboxylating 

T-cell regulation 
CCL16 
Eosinophil lysophospholipase/Galectin-10 
Signal-regulatory protein gamma 
Receptor-type tyrosine-protein phosphatase 
C 
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Table 5.7 continued: Proteins identified in human COPD sputum by TAILS 

ATP synthesis and function Other/ unknown 
ATP-citrate synthase Acyl-protein thioesterase 1 
ATP-dependent RNA helicase DDX39A Alpha-lB-glycoprotein 
ATP synthase subunit alpha Alpha-2-macroglobulin-like protein 1 
ATP synthase subunit beta Apolipoprotein A-I* 

Nucleoside diphosphate kinase Arginase-1 
Synaptic vesicle membrane protein VAT-1 Beta-microseminoprotein 
homolog BPI fold-containing family B member 1 
T-complex protein 1 subunit beta BPI fold-containing family B member 2 
Tryptophan-tRNA ligase cAMP-dependent protein kinase type I-alpha 
78 kDa glucose-regulated protein regulatory subunit 

Coactosin-like protein 
Cornulin 
Docking protein 3D-dopachrome 
decarboxylase 
Dolichyl-diphosphooligosaccharide--protein 
glycosyltransferase subunit 1 
EF-hand domain-containing protein D2 
Fatty acid binding protein, epidermal 
G-protein coupled receptor family C group 6 
member A 
Growth factor receptor-bound protein 2 
Guanine nucleotide-binding protein G(i) 
subunit alpha-2 
Guanine nucleotide-binding protein 
G(l)/G(S)/G(T) subunit beta-1 
Haemoglobin subunit beta 
lmportin subunit beta-1 
Inositol 1,4,5-trisphosphate 
interacting protein 
Osteoclast-stimulating factor 1 
Peptidyl-prolyl cis-trans isomerase 

receptor-

POTE ankyrin domain family member E 
Praline and serine rich-protein 2 
Rab GDP dissociation inhibitor beta 
Ribonuclease pancreatic 
Salivary acidic praline-rich phosphoprotein 1 
SH3 domain-binding glutamic acid-rich-like 
protein 
Signal-regulatory protein beta-1 isoform 3 
Sorcin 
Syntenin-1 
Transl in 
UPF0762 protein C6orf58 
14-3-3 protein eta 
60S ribosomal protein L4 
78 kDa glucose-regulated protein 
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5.3 Discussion 

This chapter presents for the first time the degradome and N-terminome of 

MMP-12 in COPD and describes the most comprehensive analysis to date of the COPD 

sputome. The murine MMP-12 degradome reveals the striking versatility of the 

protease which includes substrates with opposing functions, such as proteases and their 

inhibitors, pro-coagulants and anti-coagulants as well as complement factors, pro­

inflammatory mediators, signalling peptides, and modulators of cytoskeletal function. 

While most of these MMP-12 substrates are novel in terms of their discovery in the 

setting of COPD, others, such as transmembrane serine protease-7 and RANK, are novel 

in their actual discovery as MMP-12 substrates. The human COPD sputome study 

reveals MMP-12 substrates described in the current murine model as well as several 

others discovered identified in other studies [307]. The findings in this chapter 

therefore demonstrate MMP-12 activity outside degradation of the extracellular matrix. 

This suggests a pivotal role for MMP-12 in COPD. 

The human sputum study provides a clear insight into proteolytic events in 

COPD. Proteolysis is a constant process occurring both at exacerbation and recovery. 

Interestingly, while there is a tendency for different substrates to be targeted at 

exacerbation and recovery, similar substrates were also cleaved, albeit at different sites. 

Also of note, a larger number of substrates were targeted at exacerbation compared to 

recovery, reflecting increased proteolysis at exacerbation. Similar to the murine MMP-

12 study, the substrates degraded were heterogeneous, often with opposing functions, 

e.g. alpha-2-macroglobulin (protease inhibitor) and transmembrane serine protease-7 

(protease), anti-thrombin Ill (anti-coagulant) and kininogen-1 (pro-coagulant). This 

highlights the complexity of COPD pathogenesis and demonstrates that the widely held 

view of the disease resulting from an imbalance of protease over anti-protease activity, 
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with proteolysis viewed solely as harmful, is incorrect and incomplete. Indeed, this 

complexity may explain the inefficacy of a MMP-12 inhibitor in a clinic trial [22], 

highlighting the need for more tailored therapeutic targeting downstream of proteases. 

Complement C3 and anti-thrombin Ill were both identified as potential MMP-12 

substrates in the murine study as well as cleaved peptides in COPD sputum. C3, which is 

cleaved into C3a and C3b, plays a central role in the complement system and innate and 

adaptive immunity. C3a, an anaphylatoxin, is involved in the recruitment of leukocytes 

to sites of infection and inflammation while C3b ensures continuation of the 

complement cascade and promotes opsonisation and subsequent phagocytosis of 

pathogens [314]. Data suggest the involvement of both fragments in T-cell activation 

during infection and inflammation [314-316] . Bellac et al [307] demonstrated that 

MMP-12 cleavage of C3a leads to its inactivation while MMP-12 cleavage of C3b leads to 

an increase in phagocytosis. This suggests that cleavage of C3 promotes resolution of 

inflammation. The increased cleavage of C3 in exacerbation compared to recovery 

sputum in the present study may reveal a negative feedback loop that sets in as a 

defence mechanism to aid resolution of heightened inflammation at exacerbation. 

MMP-12 cleavage of anti-thrombin Ill causes a decrease in its anticoagulation function 

both in vitro and in vivo , the latter demonstrated by Mmp-1i-1- mice having a higher 

activated partial thromboplastin time [307] . In this study there was an increase in anti­

thrombin Ill cleavage at exacerbation compared to recovery which may provide further 

understanding of the mechanisms responsible for the increased risk of thrombotic 

events seen during COPD exacerbations [41, 42]. 

One of strengths of the study is that in both instances as close to physiological 

conditions were used. The murine model did away with the addition of recombinant 

proteases to the tested sample. In the case of human COPD sputum, samples were 
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analysed both at exacerbation and during stable disease to reflect the nature of the 

illness. Several of the MMP-12 substrates discovered using the Mmp-1z1- model are in 

agreement with published data [307], increasing confidence in the findings. Similarly, 

several of the sputum peptides discovered are in agreement with earlier proteomic 

studies on COPD blood [311] and BAL [317], with the added benefit of discovering a 

larger number of peptides. In addition, several of the peptides discovered are in 

keeping with the known pathology of COPD, adding to the strength of the study. These 

include peptides derived from oxidoreductive enzymes, such as catalase and 

glutaredoxin-1, and others, such as neutrophil defensin and NE linked to neutrophilic 

inflammation. Intriguingly, other peptides are derived from more recently discovered 

proteins in COPD which have a less clear function, such as Clara Cell 6 [318, 319]. 

Using BALF, several challenges arose. Firstly, a low diversity of proteins was 

found . This may represent the low protein content in BALF. Analysing lung 

homogenates as well as BALF may have provided a sample with a higher protein yield. 

Secondly, BALF collection is technically difficult and involves the addition of saline to the 

airways to increase sample yield. This results in a dilute sample. Thirdly, there is a high 

cost in the use of animal models to study the substrate profile of a protease. The 

potential MMP-12 substrates described in this murine model have not been validated in 

the present study by in vitro cleavage and gel electrophoresis. This is, however, an 

ongoing study where further work is being carried out. In addition, several of these 

peptides have already been confirmed as MMP-12 substrates in published data [307], 

albeit in non-COPD murine models, which might indicate that MMP12 plays a larger 

inflammatory role in various diseases and is not localized to the lungs specifically. 

Similarly, while several COPD peptides discovered in this study have previously been 

validated as MMP-12 substrates in murine or cell culture studies, this has not yet been 

confirmed in human studies. MMP-12 was not detected by TAILS in human COPD 
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sputum. Perhaps this reflects its presence in low quantities, making it undetectable with 

current mass spectrometers. However, given the paradoxical function of MMP-12 seen 

in this study, as well as others (115, 220, 306, 307], one could argue that studying or 

confirming the protease involved is of much less value than focusing downstream on the 

peptides identified. Indeed, this study highlights the need for a change in the current 

thinking model whereby the protease is viewed as "bad" and the anti-protease as 

"good". It is time to focus attention on the degraded peptides in studying the 

pathogenesis of COPD, not just the proteases that produce them. One limitation to the 

study is that one of the patients had a FEV1/FVC =0.75, i.e. outside the range for COPD. 

Patients were recruited at hospital with a physician diagnosis of COPD exacerbation 

when often too ill to perform spirometry. Despite this being a limitation it reflects a 

more realistic picture of the illness, reflecting patients who are seen and treated in 

clinical practice. 

In summary, the COPD mouse model reveals the involvement of MMP-12 

activity outside the extracellular matrix. Several MMP-12 targets are also present in 

human airways, often with opposing functions. This strongly highlights the need to 

study COPD using a different model whereby the protease targets, rather than the 

proteases are centre-stage. This study provides a library of peptides for such studies and 

confirms TAILS as an ideal tool to use in studying the protease degradome in COPD. 
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Chapter 6 Discussion and Further Work 

6.0 Introduction 

MMP-12 has been implicated in COPD in animal studies and human genetic 

studies. However, few studies have focused on its activity at the protein level in COPD 

airways. As a result the mechanisms by which it is associated with COPD pathology 

remain unclear. This as well as the disappointing results of MMP inhibitors means that 

further understanding of MMP-12 biology is needed. This thesis sought to discover its 

substrate repertoire as this will lead to the design of more specific safer drugs designed 

to target mediators downstream of the protease. The following chapter summarizes the 

main findings and further work that should be followed on from this thesis. 

6.1 MMP-12 is present and active in COPD sputum 

One of the first steps in this thesis was to demonstrate the presence of active 

MMP-12 in human COPD sputum. Chaudhuri et al. [122] measured the presence of 

MMP-12 by ELISA and measured activity of the enzyme by a FRET assay. The 

disadvantages of such assays are their cross-reactivity with other MMPs and the need to 

activate the MMP in the biological sample under investigation by the operator prior to 

the activity assay. In this thesis human COPD sputum was analysed by Western blotting 

to detect the MMP-12. For this first time the presence of active MMP-12 in COPD 

airways was noted without prior manipulation of biological samples. In addition, this 

thesis also revealed the presence of the inactive and intermediately active forms 

alongside the fully active form, suggesting that activation of MMP-12 occurs in situ in 

the airways. This adds further weight to the findings by Chaudhuri et al. [122] that 

MMP-12 is present and active in human airways in COPD. 
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A limitation of note is that a semi-quantitative method was used to identify MMP-12 in 

sputum. When ELISA was used to quantify MMP-12 in sputum supernatant, levels were 

below the lower limit of detection of the kit (Dendritics, Lyon, France). Unfortunately, 

due to the limited sputum supernatant samples available, it was not possible to optimize 

detection with this kit or ELISA kits from other manufacturers. 

6.2 OPN and TFPI were identified as new substrates for NE, rather than MMP-

12, in human COPD 

Following the identification of active MMP-12 in COPD sputum, the next step 

was to use a candidate-based approach to determine which in vitro substrates of MMP-

12 were present in COPD airways. The in vitro data in the first two results chapters 

confirmed the literature findings that OPN and TFPI are both cleaved by MMP-12. To 

determine whether the in vitro findings could be translated to the airways, COPD 

sputum was analysed by Western blotting for OPN and TFPI fragments. Both were 

present in cleaved forms, with some fragments of a similar size to the MMP-12-cleaved 

OPN and TFPI fragments obtained following in vitro cleavage. Furthermore, the addition 

of recombinant OPN and TFPI to COPD sputum led to their cleavage into fragments, 

some of which were similar in size to those produced by MMP-12 cleavage in vitro. 

While this suggested that MMP-12 was responsible for cleaving OPN and TFPI in vivo, 

further studies were needed to confirm this. This task proved challenging. At first, an 

experiment was designed to immunoprecipitate MMP-12 out of sputum, followed by 

the addition of OPN or TFPI to sputum. If different sized fragments were obtained on 

spiking sputum with OPN and TFPI, with and without MMP-12 immunoprecipitation, 

then this would further suggest that MMP-12 was responsible for OPN and TFPI 

fragments. Unfortunately, immunoprecipitation of MMP-12 in sputum supernatant was 

unsuccessful, perhaps due to its presence in low amounts. 
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Since immunoprecipitation was unsuccessful a series of inhibition assays were 

conducted. Broad spectrum inhibitors were initially employed, followed by specific 

protease ones. Surprisingly, both TFPI and OPN cleavage occurred in sputum despite the 

presence of the metalloprotease inhibitors, suggesting that MMP-12 was not the main 

protease responsible for the degradation. In contrast, inhibition, albeit incomplete, of 

OPN and TFPI cleavage in sputum was seen with a broad spectrum serine protease 

inhibitor complex. By using a more specific serine protease inhibitor targeting NE only, 

notable inhibition of both OPN and TFPI cleavage was noted. Furthermore, higher 

sputum neutrophils were linked with increased OPN and TFPI cleavage in sputum. 

Further weight was added to these findings by in vitro experiments demonstrating that 

NE cleaves both OPN and TFPI. This is all suggestive of OPN and TFPI proteolysis in COPD 

airways being driven by NE. While MMP inhibition had no effect on OPN and TFPI 

cleavage in sputum, one cannot rule out MMP-12 activity still being present as there is 

the possibility that serine proteases are present in larger amounts than MMP-12 and 

therefore overshadow its activity. Had more sputum samples been available sputum 

neutrophil elastase levels could have been measured and compared in fast and slow 

OPN and TFPl-cleaving samples. 

6.3 Protease activity in COPD airways is complex with different proteases 

targeting similar substrates 

Complete inhibition of OPN and TFPI cleavage was never achieved with any 

inhibitor despite using high enough doses, often in combination too. This is due to the 

complexity of protease activity in the airways whereby different proteases target the 

same substrates. This highlights the difficulty in using a candidate based approach to 

determine the substrate profile of a particular protease. Indeed, the newer and more 

sophisticated technique of TAILS was next used to identify MMP-12 substrates. 
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6.4 MMP-12 targets a large variety of substrates outside the ECM 

TAILS on mouse BAL samples provided a library of potential MMP-12 substrates 

for the first time in COPD. This included substrates with opposing functions, such as 

proteases and their inhibitors, pro-coagulants and anti-coagulants as well as 

complement factors, pro-inflammatory mediators, signalling peptides, and modulators 

of cytoskeletal function. Of note was the identification of C3 as a MMP-12 target. 

Earlier studies demonstrate that C3 is activated by MMP-12 leading to its pro­

inflammatory role through its recruitment of inflammatory cells [307]. Also of interest, 

anti-thrombin Ill was identified as another potential substrate; its cleavage by MMP-12 

has been shown cause loss of its anti-coagulant function [307]. This makes for 

interesting findings if further studies lead to their therapeutic manipulation. In the case 

of C3, preventing its cleavage may decrease inflammatory cell recruitment to the 

airways; targeting anti-thrombin Ill could reduce the intravascular thrombotic events 

and perhaps the incidence of CVD in COPD. Naturally, further studies are required to 

confirm that these are true MMP-12 substrates. This would be done by incubating the 

recombinant potential substrates identified by TAILS with recombinant MMP-12 and 

analysing the fragments obtained by gel electrophoresis followed by Edman sequencing. 

If this sequencing matches that detected by TAILS the substrates will be confirmed as 

MMP-12 targets. 

6.5 TAILS on human COPD sputum identified the presence of MMP-12 

substrates 

Human COPD sputum was analysed for the first time by TAILS to determine 

whether the potential MMP-12 substrates identified in the mouse BAL study were 

present in the human COPD sputum degradome. There were peptides derived from 5 
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common proteins in the mouse and human study. Of note, these included complement 

C3 and anti-thrombin Ill whose importance in inflammatory cell recruitment and 

coagulation, respectively have been highlighted. In addition several peptides that were 

identified as MMP-12 substrates in previous MMP-12 murine studies were detected by 

TAILS in COPD sputum. Further studies are still needed to confirm that these peptides 

are cleaved by MMP-12 in human COPD. However this provides an important direction 

and basis for planning future studies aimed at improving the understanding of MMP-12 

biology in COPD. 

TAILS identified the presence of peptides with opposing functions. These 

included substrates such as proteases and anti-proteases, pro-inflammatory and anti­

inflammatory mediators, as well as pro-coagulants and anti-coagulants. This suggests 

that airway proteolysis involves the targeting of substrates with opposing functions and 

may therefore be more complex than previously thought. Indeed, this study highlights 

the need for a change in the current thinking model in COPD whereby the protease is 

viewed as "bad" and the anti-protease as "good". It is time to focus attention on the 

degraded peptides in studying the pathogenesis of COPD, not just the proteases that 

produce them. 

6.6 TAILS was used successfully to identify the human COPD sputum 

degradome 

For the first time, human COPD sputum was analysed by TAILS. Matched 

samples were analysed at exacerbation and recovery. This led to the identification of 

1,116 peptides, providing the most comprehensive analysis to date of human COPD 

sputum. The variety of peptides identified highlighted the importance of proteolysis, 

anti-microbicidal, inflammatory cell recruitment, coagulation, complement system and 

redox activity, among other processes, providing further insight into the complexity of 
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the airway environment in COPD. Further studies are needed to compare COPD human 

sputum with samples from smokers without airflow obstruction and never smokers. 

Furthermore, TAILS on plasma samples will provide a clearer understanding of the link 

between airway and systemic inflammation in COPD. 

6. 7 Neutrophils are chiefly involved in proteolytic events in COPD airways 

All three results chapters highlight the importance of neutrophils as a source of 

proteolysis in COPD. Inhibition of both OPN and TFPI cleavage in the airways was most 

notably achieved by serine protease or neutrophil elastase inhibitors. Sputum 

neutrophil counts were associated with increased and faster cleavage of OPN and TFPI in 

sputum ex vivo. Both OPN and TFPI were cleaved by NE in vitro. Furthermore, TAILS 

identified several peptides of neutrophil origin, such as NE, myeloperoxidase, 

myeloblastin, MMP-9, Cathepsin G, MMP-8 and MMP-9. 

6.8 The lungs are involved in coagulation in COPD 

When determining whether MMP-12 targeted TFPI in COPD it was noted that 

TFPI was present in COPD airways where it was actively cleaved. This identified a role 

for the airways in coagulation in COPD. This was of particular importance given the 

association between airway inflammation and CVD risk in COPD, CVD being often 

associated with intravascular thrombotic events. While cleavage of TFPI in the airways 

was driven by neutrophils, the precise functional role for this occurrence remained 

unclear. It was suspected that increased degradation of TFPI in the airways may lead to 

lower circulating TFPI levels thereby reducing the anti-coagulant properties of blood. 

However, contrary to the expected, higher peripheral TFPI levels were associated with 

increased risk of cardiovascular events. It must be noted that this study was restricted 

by a limited supply of human sputum samples; hence the use of Western blotting which 
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only allows semi-quantitative measurement. In order to better understand the 

functional role of TFPI cleavage in COPD airways and the utility of TFPI as a biomarker, 

more accurate measurement of sputum TFPI by methods such as ELISA is needed. 

Furthermore, this needs to be supplemented by measurements of other components of 

the coagulation pathways in the airways. This will allow more accurate comparison of 

airway and peripheral TFPI and provide a better understanding of the role of the lungs in 

coagulation. 

6.9 Conclusion 

The role of proteolysis in the airways in COPD is a lot more complex than 

previously thought. While proteolysis and peptide identification are central to 

improving understanding of COPD, the disease must no longer be simply viewed as an 

imbalance of proteases over anti-proteases. This thesis has highlighted novel roles for 

COPD airways, the complexity and paradoxical role of airway proteases, including MMP-

12 and NE, and provided a library of potential MMP-12 substrates as well as the most 

comprehensive description of degradome in COPD airways. These findings will hopefully 

be used in the development of better drugs in the continued battle against COPD. 
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